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Foreword

For the benefit of the general readership, it might be a good idea to first explain
the difference between “inverse problems” versus “analysis problems” using simple
general terms as defined by Professor Shiro Kubo of Osaka University in his book
published in the early 1990s.

Analysis problems are well-posed problems concerned with finding distribu-
tion(s) of certain variable(s) in a domain of a given size and shape that can be
multiply connected and time-dependent. Results of the analysis problems also de-
pend on boundary and/or initial conditions given at every point of a boundary of
the domain. Properties of the media filling the domain must also be given in ad-
dition to strengths and locations/distribution of any possible sources/sinks. Finally,
equation(s) governing the field variable(s) must be given. If all of these pieces of in-
formation are given, then the problem of finding the field distribution of variable(s)
is a well-posed problem that can be solved using appropriate numerical integration
algorithms.

However, if at least one of these pieces of information is missing, such under-
specified problems become inverse problems of determining the missing piece of
information in addition to simultaneously solving the original analysis problem. To
enable ourselves to accomplish this complex task, we must be given an additional
piece of information (typically, a part of the solution of the corresponding analysis
problem) which makes the inverse problem an over-specified or ill-posed problem.

For example, when given size and shape of an isotropic plate and either Neumann
or Dirichlet boundary conditions at every point along the edges of the plate, steady
state heat conduction in the plate will be governed by the LaPlace’s equation for
temperature. This would be a classical well-posed analysis problem. However, if
boundary conditions are not given on one boundary of this plate, the problem of
finding temperature distribution in the plate becomes under-specified and cannot be
solved. This problem will become solvable if we provide both Dirichlet and Neuman
boundary conditions simultaneously on at least some parts of the plate’s boundaries
which will make this an over-specified or ill-posed inverse problem of determining
the missing boundary conditions and simultaneously determining the distribution of
temperature throughout the plate.

Inverse problems have traditionally been considered mathematically challenging
problems and have consequently been studied predominantly by mathematicians.
Since there are many practical inverse problems in a variety of disciplines that re-
quire mathematical tools for their solution, it is scientists and engineers that have
been developing many of these methods recently out of necessity to obtain prac-
tical results. Consequently, an initially wide gap between scientists and engineers
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versus applied mathematicians has been steadily narrowing as both communities
have realized that they have many things to learn from each other.

This book is a welcome and unique publication that uses a common language
to blend the rigour of the applied mathematics world and the reality of a research
scientist’s or an engineer’s world. Thus, it should appeal to everyone who has the
basic knowledge of differential equations and at least a rudimentary understanding
of basic mathematical models used in field theory and general continuum mechanics
and transport processes. Specifically, applied mathematicians will be able to find
here physical relevance for some of their theoretical work and learn to appreciate
the importance of developing understandable, easy-to-use, easy to adapt and reliable
algorithms for the solution of different classes of inverse problems. At the same time,
research scientists and engineers will be able to learn from this book that some of
the methods and formulations that they have been using in the past are prone to
problems of non-uniqueness of the results and that accuracy of many of the practical
methods could easily become a real issue when solving inverse problems.

Actually, this book could be used not only as a valuable reference book, but also
as a textbook for students in the fields of applied mathematics, engineering and exact
sciences. Besides its simple language, this book is easy to comprehend also because
it contains a number of illustrative examples and exercises demonstrating each of
the major concepts and algorithms.

For example, basic concepts of regularization of ill-posed problems are very
nicely explained and demonstrated so that even a complete novice to this field can
understand and apply them. Formulations and applications in image processing and
thermal fields presented in this book have direct practical applications and add sig-
nificantly to the more complete understanding of the general problematics of inverse
problems governed by elliptic and parabolic partial differential equations. Inverse
scattering problems have not been covered in this book as this field can easily fill a
separate book.

Many formulations for the solution of inverse problems used to be very disci-
pline specific and even problem specific. Thus, despite their mathematical elegance
and solution efficiency and accuracy, most of the classical inverse problems solution
methods had severe limitations concerning their fields of applicability. Furthermore,
most of these methods used to be highly mathematical, thus requiring highly math-
ematical education on the part of users.

Since industry requires fast and simple algorithms for the solution of a wide
variety of inverse problems, this implies a growing need for users that do not have
a very high degree of mathematical education. Consequently, many of the currently
used general algorithms for the solution of inverse problems eventually result in
some sort of a functional that needs to be minimized. This has been recognized by
the authors of this book which have therefore included some of the most popular
minimization algorithms in this text.

Hence, this book provides a closed loop on how to formulate an inverse problem,
how to choose an appropriate algorithm for its solution, and how to perform the
solution procedure.
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I recommend this book highly to those that are learning about inverse problems
as well as to those that think that they know everything about such problems. Both
entities will be pleasantly surprised with the ease that concepts, formulations and
solution algorithms are explained in this book.

George S. Dulikravich

Miami, Florida

June 2011



Preface

Archimedes, is this crown made of gold?
King Hiero II of Syracuseﬂ, circa 250 BCE.

(... ) to find a shape of a bell by means of the sounds
which it is capable of sending out.
Sir A. Schusteifl, 1882.

Can one hear the shape of a drum?
Marc Kacﬁ, 1966.

@ Hiero I (308 BCE - 215 BCE).
b Sir A. Schuster (1851-1934).
¢ Marc Kac (1914-1984).

On inverse problems

Perhaps the most famous inverse problem for the mathematical community is: Can
one hear the shape of a drum? [40,163]]. That is: Is one able to figure out the shape of a
drum based on the sound it emits? The corresponding direct problem is to determine
the sound emitted by a drum of known shape. The solution to the direct problem is
long known, but the solution to the inverse problem eluded the scientific community
for a long time. It was found to be negative: there are two drums, different in shape,
that emit the same sound, see [36]. Several other mathematical aspects concerning
the resolution of inverse problems have been investigated in recent years.

Parallel to that, a large number of significant inverse problem methodology ap-
plications were developed in engineering, medicine, geophysics and astrophysics,
as well as in several other branches of science and technology.

Why? Because inverse problems is an interdisciplinary area that matches the
mathematical model of a problem to its experimental data. Or, given a bunch of
numbers, data, in a data driven research, looks for a mathematical model. It is an
interface between theory and practice!

About this book

The general purpose of this book is to introduce certain key ideas on inverse prob-
lems and discuss some meaningful applications. With this approach, we hope to be
able to stimulate the reader to study inverse problems and to use them in practical
situations.
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The book is divided, though not in sequence, in two main parts, one of a more
mathematical nature, and the other more linked to applications. It adopts an ele-
mentary approach to the mathematical analysis of inverse problems and develops a
general methodology for the solution of real inverse problems. Further, it discusses
a series of applications of this methodology, ranging from image processing applied
to medicine, to problems of radiation applied to tomography, and onto problems
of conductive heat transfer used in the design of thermal devices. The choice of
applications reflect the acquaintance of the authors.

In order to make the book of a manageable size and suitable for a larger audience,
we opted to make the presentation of mathematical concepts in the context of lin-
ear, finite dimensional, inverse problems. In this setting, key issues can be handled
with mathematical care, in a rather “pedestrian” and easy way because the problem
is linear and finite dimensional, requiring only acquaintance with basic ideas from
linear algebra. Geometrical ideas, which are a key to generalization, are empha-
sized.

Some of the applications considered, however, involve problems which are nei-
ther finite dimensional nor linear. The treatment then is numerical, and the ideas
from the first part of the book are used as guidelines, through extrapolation. This
is possible, in part, because, to simplify, this book deals, several times, with least
squares methods. Although the subjects in this book are intricate, the chapters can
be read, somewhat, independently of one another. This is because of the intended
redundancy, employed for pedagogical reasons, like in an old teaching’s tradition:
attention, association and repetition. To make it easier to peruse the book, a descrip-
tion of the book’s content, chapter by chapter, is given on pages [4Hal

The pre-requisites to read this book are calculus of several variables and linear
algebra. Nonetheless, a few concepts and results from linear algebra and calculus are
reviewed in the appendix, in order to make the book reasonably self-contained. Even
though knowledge of differential equations is necessary to understand some parts,
basic concepts on this subject are not supplied or reviewed. Knowledge of numerical
methods might be useful for reading certain sections. We included exercises at the
end of each chapter, many of them guided, to make it easier for readers to grasp, and
extend the concepts presented.

We believe that this book can be read, with some interest and to their profit,
by upper division undergraduate students and beginning graduate students in ap-
plied mathematics, physics, engineering, and biology. Since it also includes some
thoughts on mathematical modeling, which are in the back of the minds of re-
searchers, but are not usually spelled out, this book may interest them too.

Some remarks

Practical matters: we use emphasised expressions to signal a group of words with a
specific meaning when they are being defined either explicit or implicitly. The end
of an example, a proof, or an argument is indicated by a small black square. [ |

The authors will be happy to receive any comments and/or suggestions on this book.
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This text reflects the partnership between a mathematician and an engineer. It
is the result of a cross fertilization, in full collaboration, that greatly enthuses us
and that, we hope, encourages others to break the usual barriers and pursue similar
partnerships.

Francisco Duarte Moura Neto
Antonio José da Silva Neto
Nova Friburgo, Brazil

July 2012



Acknowledgements

We are deeply indebted to Professors George S. Dulikravich from Florida Interna-
tional University, Haroldo Fraga Campos Velho from the brazilian National Space
Research Institute (INPE), Ricardo Fabbri from Rio de Janeiro State University, and
Robert E. White from North Carolina State University that read throughoutly the
manuscript and pointed out innumerous ways to improve it. Professor Dulikravich
encouraged us to have it published in English. Professor Campos Velho helped us
to clarify our classification scheme of inverse problems leading to an improved Sec-
tion[2Z.8] We also thank very strongly Professor Luiz Mariano Carvalho, from Rio de
Janeiro State University, which read several parts of the book, including the Chap-
ter[[land Afterword, giving very pertinent suggestions, and encouraging us in sev-
eral ways to pursue our best in writing this book. We thank them very emphatically
for their time, patience, expertise, and friendship. Of course, entire responsability
rests with the authors for the mistakes, typos and less than good explanations that
remain in the book. Also, it is a great honor that Professor Dulikravich, founder and
editor-in-chief of the journal Inverse Problems in Science and Engineering, accepted
to write the foreword of this book.

A previous version of this book was published originally in Portuguese, but ad-
ditional material has been included here. We recognize and appreciate the careful
initial translation into English of the previous book by Mr. Rodrigo Morante.

During all these years we have been working on inverse problems, we benefited
from discussions with several colleagues and students, which greatly helped us to
understand better the issues involved on their solutions and we thank them all.

We want to acknowledge our colleagues and staff of Instituto Politécnico from the
Rio de Janeiro State University, in Nova Friburgo, for constructing and mantaining
such a challenging academic environment in the inner Mata Atldntica, Serra do
Mar, a remaining part of the original rain forest in the State of Rio de Janeiro, a
hundred miles northeast from the city of Rio de Janeiro.

The campus of Instituto Politécnico was severely affected by the torrential rains
and devastating landslides that occurred on january 11, 2011 in the city of Nova
Friburgcﬂl. As a result, we were campus-less by more than a year and just recently,
on march 2012, moved to a new campus. During this annus horribilis our Instituto
was maintained ‘alive’ by brave colleagues and staff that take on the mission of
education heartily. We again thank them all.

We also acknowledge the partial financial support from Conselho Nacional de
Desenvolvimento Cientifico e Tecnolégico (CNPq), Coordenacdo de Aperfeicoa-
mento de Pessoal de Nivel Superior (Capes) and Fundagdo Carlos Chagas Filho de

"' NY Times http://www.nytimes.com/2011/01/14/world/americas/14brazil.htm]



XVI Acknowledgements

Amparo a Pesquisa do Estado do Rio de Janeiro (Faperj), which permited us to de-
velop research projects, and supported our undergraduate and graduate students by
granting scholarships to them.

We also thank the Brazilian Society of Applied and Computational Mathematics
(SBMAC) that, by accepting our proposal to lecture on inverse problems during
its annual meeting in 1999, stimulated us to write down some of our ideas and
experiences on the subject. Thanks are also due to EDUERYJ, the Rio de Janeiro State
University Press, specially to its former Director, Professor Licia Bastos, which
took on the mission to publish the earlier Portuguese version of this book.

We register special thanks to Professor Paulo Marcio Mello, former Director of
the Centro de Produg¢do (CEPUERIJ) of the Rio de Janeiro State University. Partial
support from CEPUERJ made it possible to publish the referred earlier version.

We register our thanks to Rui Ribeiro de Azevedo for helping us with the book
cover and to Maysa Sacramento de Magalhaes who took the photo in the book cover.

We thank the staff from Springer for such a friendly interaction.

fdmn

F. D. Moura Neto wants to acknowledge his luck, happiness and gratefullness to
have been taught mathematics by Professor Carlos Tomei, from Pontiphical Catholic
University of Rio de Janeiro, by the late Professor Ronald DiPerna, from the Uni-
versity of California, Berkeley, and by his thesis advisor, Professor John Charles
Neu. Their lectures and scientific points of view were always very inspiring and set
a high standard that he strives to attain. The fine institutions previously mentioned
were his Alma Mater and he also wants to acknowledge their enormous contribution
to his education.

He wants to thank and register the loving care of his late mother Maria Luiz
who fought strongly for her children to have a good education. At this point he also
wants to express, with love, a special gratitude to his wife, Maysa, and their chil-
dren, Daniel and Cecilia, for nurturing and sharing the most happy and adventurous
moments of his life.

ajsn

A. J. Silva Neto wants to thank a number of professionals that were very important
in his formal education, and also in his activities both in consulting engineering and
the academia. He was very fortunate, since his early education at the undergraduate
and graduate levels as an engineer, for being in touch with very intelligent and hard
working professors, such as Raad Yahya Qassim (Nuclear Engineering Department
Head), Nilson C. Roberty (undergraduate advisor - Mechanical/Nuclear Engineer-
ing) and Antdnio C. Marques Alvim (M.Sc. advisor - Nuclear Engineering), all three
from Federal University of Rio de Janeiro, Brazil, and Mehmet N. Ozisik (Ph.D.
Adpvisor - Major in Mechanical and Aerospace Engineering) and Robert E. White
(Ph.D. Advisor - Minor in Computational Mathematics), both from North Carolina
State University, USA. While working for Promon Engenharia, Brazil, as a consul-
tant engineer, he had the privilege to work with, and learn from, Diogo Dominguez,



Acknowledgements XVII

Raghavan P. Kesavan Nair, Leonardo Yamamoto, Jodo Paulo Granato Lopes, Al-
varo Braganca Jr., André Castello Branco, Silvio Zen, Eric Rosenthal, and Lazaro
Brener, true leaders in their fields. Regarding his first steps on education, research
and practice on inverse problems, the following professionals were fundamental
in the establishment of the high quality standards to be followed: James V. Beck,
Oleg M. Alifanov, George S. Dulikravich, Norman J. McCormick, K. A. Woodbury,
Diego Murio, Eugene Artioukhine, César C. Santana, and Paulo A. Berqué de Sam-
paio. The following colleagues played an important role in the development of some
of the results presented in this book: Geraldo A. G. Cidade (Chapter[), fromFederal
University of Rio de Janeiro, and Gil de Carvalho (Chapter[@)), from Rio de Janeiro
State University. As nothing is truly valuable unless being full of dedication and
passion, thanks are also due to those magnificent human beings that have to endure
so many hardships, besides my absence, in order to allow my dedication to the re-
search, practice and teaching in engineering and applied mathematics, my dear wife
Gilsineida, and our lovely children Lucas and Luisa.



Contents

Foreword
Preface
Acknowledgements

0 Road Map
0.1 Inverse ProblemsinaSnapshot . . . . . ... .. ... ... ...
0.2 Applied Inverse Problems . . . . . ... ... ... ... ... ...
0.3 Crossing the Science-TechnologyGap . . . . .. .. ... .. ...
0.4 Chapterby Chapter . . . . .. .. ... ... ... . ... ...

vl
Xl
(1

[t

[t

B

7!

1 Mathematical Modeling f
L1 ModelS .. oo oo i
1.2 ObservingReality . . . . . ... ... .. ... ... ... . ... . 3
1.3 The Art of Idealization: Model Characterization . . . . . ... ... [id
1.4 Resolution of the Idealization: Mathematics . . . . . .. ... ... 13
1.5 Idealized Data Processing: Solution Operator . . . . . .. .. ... [17
1.6 Mind the Gap: Least Squares . . . . . .. ... ... ........ (17
1.7 Optimal SOIUtON . « o o v v e e 21
1.8 A Suboptimal SOIUtiOn . . . . o\ v k2
1.9 Applicationto Darcy’sLaw . . . . ... ... ... ... ...... k2
EXercises . . . . . . . . e e k3
237

kd

Rd

[3d

(3

(7

7

(8

[43

lad

laq

2 Fundamental Concepts in Inverse Problems

2.1 Condition of Function Evaluation. . . . . .. .. .. ... .....
2.2 Condition as a Derivative Bound . . . . . .. .. .. ... .....
2.3 Other Derivatives and Other Notions of Condition . . . . . . . . ..
2.4 Condition of Vector-Valued Functions of Several Variables . . . . .
2.5 Stability of Algorithms of Function Evaluation . . . ... ... ..
2.6 Questions on Existence and Uniqueness . . . . . ... ... ....

2.6.1 ExactData .. .. ......................

26.2 RealData . ... ... ... ... ... ... ........
2.7 Well-Posed Problems . . . . . ... ... ... ...........
2.8 Classification of Inverse Problems . . . . ... ... ... .....

2.8.1 Classes of Mathematical Models . . . . . ... ... ....



XX Contents

2.8.2 Classes of Inverse Problems . . . .. ... .........
Exercises . . . . . ... e

3 Spectral Analysis of an Inverse Problem

3.1 AnExample . . . . . ...
3.2 Uncertainty Multiplication Factor . . . . . . ... ... ... ...
3.3 Regularization Scheme . . . . . ... ... ... ... .......
3.4 Tikhonov’s Regularization . . . ... .. ... ... ........
3.5 Regularization Strategy . . . . . . . . ... ...
3.6 Reference Value in Tikhonov’s Method . . . . . . . ... ... ..
3.7 Steepest Descent Method . . . . ... ... ... ... ... ...
3.8 LandweberMethod . . . . .. ... ... ... .. ... .
3.9 Discrepancy Principle . . . . . . ... ...
3.10 Conjugate Gradient . . . . . . . . . .. ... ... .. ...

3.10.1 Conjugate Gradient Algorithm . . . . . . .. ... .. ...

3.10.2 Two-Step Optimization . . . . . . . . . ... ... .....

3.10.3 A Few Geometric Properties . . . . . ... ... ......
3.11 Spectral Analysis of Tikhonov’s Regularization . . . . .. ... ..
Exercises . . . . . ...

4 TImage Restoration
4.1 DegradedImages . . . . ... ... ... .. ... ..
42 RestoringImages . . . ... .. ... ... ..
4.3 Restoration Algorithm . . . . ... ... .. ... ... ...
43.1 Newton’sMethod . . . . . ... ... ... ........
4.3.2 Modified Newton’s Method with Gain Factor . . . . . . ..
4.3.3 Stopping Criterion . . . . . . ... ... ... ... ... .
4.3.4 Regularization Strategy . . . . . . .. ... ... ..
43.5 Gauss-SeidelMethod . . . . . . ... ...
4.3.6 Restoration Methodology . . . . ... ... ........
4.4 PhotoRestoration . . . .. ... ... ...
45 TextRestoration . . . . .. ... ... ... ... ... ...,
4.6 Biological Image Restoration . . . . . ... ... ..........
Exercises . . . . . . ...

5 Radiative Transfer and Heat Conduction
5.1 Mathematical Description. . . . . ... ... ... .. .......
5.2 Modified Newton’sMethod . . . . .. .. ... ... ........
5.3 Levenberg-Marquardt’sMethod . . . . ... ... ... ... ...
5.4 Confidence Intervals for Parameter Estimates . . . . . .. .. ...
5.5 Phase Function, Albedo and Optical Thickness . . . ... ... ..
5.6 Thermal Conductivity, Optical Thickness and Albedo . . . . . . ..
5.7 Refractive Index and Optical Thickness . . . . ... ... .. ...
Exercises . . . . . . ..

EEEEEEEEE EeccrecccEeEeE:s SEREEEERERREEErE EE




Contents XXI

6 Thermal Characterization 129
6.1 Experimental Device: Hot Wire Method . . . . . .. ... .. ... [12d
6.2 Traditional Experimental Approach . . . ... ... ... ..... (131
6.3 Inverse Problem Approach . . . . ... ... ... ......... [134

6.3.1 HeatEquation. . . . ... ... ... .. ... ... ..., [134
6.3.2 Parameter Estimation . . . . . ... ... .. ... .... [133
6.3.3 Levenberg-Marquardt . ... ... .. ... ........ [133
6.3.4 ConfidencelIntervals . . . ... ... ... ... .... 134
6.3.5 Application to the Characterization of a Phenolic Foam with
Lignin. . . . ... ... .
6.4 ExperimentDesign . . ... ... ... ... ... ...

Exercises . . . . . ... e

134
134
7 Heat Conduction 141
7.1 Mathematical Formulation . . . ... ... .. ........... 141
7.2 Expansion in Terms of Known Functions . . . . . .. ... .. ... 144
7.3 Conjugate Gradient Method . . . . ... ... ... ........ 144
7.4  Thermal Source in Heat Transfer by Conduction . . . . . . ... .. 144
7.4.1 Heat Transfer by Conduction . . . . . . ... ... .. ... 144

7.4.2 Sensitivity Problem . . . . .. ... oo 147

7.4.3 Adjoint Problem and Gradient Equation . . . . . ... ... 147

7.4.4 Computation of the Critical Point . . . . .. ... .. ... 15d

7.5 Minimization with the Conjugate Gradient Method . . . . . . . .. 15d
7.5.1 Conjugate Gradient Algorithm . . . . . ... .. ... ... 15d

7.5.2  Stopping Criterion and Discrepancy Principle . . . . . . . . 151

7.6 EstimationResults . . . ... ... ... ... ... .... 152
Exercises . . . .. ... 154
157

157

157

161

167

164

164

169

169

169

171

8 A General Perspective

8.1 Inverse Problems and Their Types . . . . ... ... ... .....
8.1.1 Classification of Problems . . . . ... ... ... . ....
8.1.2 Observation Operators . . . . . . . . . ... ... .. ..
8.1.3 Inverse Problems in Practice . . . ... ... ... .....
8.1.4 Domainof Dependence . . . . . ... . ... ... .....
8.1.5 Typesof Inverse Problems . . . . ... ... ... .....

8.2 Gradient Calculation . . . . ... ... ... ... ........
8.2.1 Reformulation of the Direct Problem . . .. ... .. ...
8.2.2  Gradient Calculation by Its Definition . . . . . ... .. ..
8.2.3 Interpretation of the Gradient. . . . . . ... ... .. ...
8.2.4  Operational Rule for the Computation of the Gradient

Afterword: Some Thoughts on Model Complexity and Knowledge

A Spectral Theory and a Few Other Ideas From Mathematics
A.1 Norms, Inner Products and Tensor Products . . . .. ... ... ..
A.2 Spectral Theorem . . . . . ... ... .. ... ... ........



XXII

Contents

A.3 Singular Value Decomposition . . . . . . ... ... ... ..... [193
A.4 Special Classes of Matrices . . . . . . . ... .. ... ....... Rod
A.4.1 ProjectionMatrices . . . . . . .. ... Rod

A.4.2 Forgetting Matrices . . . . . . . ... ... ... 202

A5 Taylor’'sFormulae . . . . . . ... .. ... ... ... ... ... Ro4
Exercises . . . . . ... 207
References lﬁ
Index



Chapter 0
Road Map

We shall begin by presenting some areas of application of inverse problems and the
content of book’s chapters.

0.1 Inverse Problems in a Snapshot

Given a line, y = 3x + 4, to find a point that belongs to the line is a so-called
direct problem. Given two points, (—1,1) and (0,4), an inverse problem is to find the
equation of the line that they determine.

Let us make this a larger section. Given a line, y = 3x + 4, in order to find the y
value when, say, x = —1 is a direct problem.

Given a class of lines, y = ax + b, and theoretically measured data

(X Yomeas) = (11, (6 3) = (04,

finding the specific line, that satisfies the data, i.e. finding thata = 3 and b = 4, is
an inverse identification problem.

Given a line, y = 3x + 4, and theoretically measured data,y
source x = —1, is an inverse reconstruction problem.

Reality enters the picture if, for instance, to solve an inverse identification prob-
lem, one is given a set of experimental data,

= 1, finding the

meas

Ky Veasy ) = (CLLDL (X, Vias,) = (1,6.85), (%, Y,000,) = (0.3.9)

which does not allow an immediate matching with the model, i.e., there is no model
in the class able to interpole the data.

These examples are quite simple and it is somewhat difficult to grasp their distinct
nature. We shall return to these matters in Section 2.8

0.2 Applied Inverse Problems

Due to the growing interest in inverse problems, several seminars and international
congresses have taken place: First International Conference on Inverse Problems
in Engineering: Theory and Practice, 1993 [8] (its seventh edition took place in
Orlando, USA, in May 2011); Inverse Problems in Diffusion Processes, 1994 [31]];
Experimental and Numerical Methods for Solving Ill-Posed Inverse Problems: Med-
ical and Nonmedical Applications, 1995 [9]] and the Joint International Conference
on Mathematical Methods and Supercomputing for Nuclear Applications, 1997 [6],
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to mention but a few. The number of published results pertaining original research
has also grown. Just as an example, in the 2011 edition of the International Congress
on Industrial and Applied Mathematics, that took place in Vancouver, ICTAM 2011,
one finds a large number of simposia on inverse problems, as well as on computa-
tional modeling, finances and applications to life sciences, in which inverse prob-
lems also play an important role.

As examples of inverse problems applications in everyday life we can mention
the following reconstruction problemd: underground non-metallic materials detec-
tion by reflected radiation means; intensity and position estimation of luminous radi-
ation from a biological source using experimental radiation measures; tomography
(Computerized Tomography, or CT; Single Photon Emission Computerized Tomog-
raphy, or SPECT; Near Infrared Optical Tomography, or NIROT); thermal sources
intensity estimation with functional dependence in space and/or time in heat transfer
problems, based in transient temperature measures, and initial condition estimation
of transient problems in conductive heat transfer.

The estimation of properties used in mathematical models of physical systems
is, in its own right, a special class of inverse problems, the so-called identification
problems. It is common to estimate the thermal conductivity and diffusivity of mate-
rials, depending, or not, on temperature, in diffusive processes, and also the radiative
properties — single scattering albedo, optical thickness and anisotropic scattering
phase function — in heat transfer by thermal radiation in participating media. The
study of combustion inside furnaces is one of the areas where this kind of thermal
radiation inverse problems are applied.

Another important inverse problems class is image reconstruction (the aforemen-
tioned tomography problem can be included here too), which can be formulated
as a mixed identification and reconstruction problem. Based on the estimation of
medium properties, it is possible to identify defects in components — through non-
destructive testing in industry, — or altered regions in biological tissues — applied
in diagnosis and treatment in medicine.

A research and technological innovation area that has received growing demands
is new materials development. Recent trends in the use of materials, points to the
development of materials with specific properties, designed in advance to meet the
demands of new applications, ranging from engineering to medicine.

The need to use adequate techniques for new materials characterization, that is,
determination of their properties, is obvious. However, the degrees of freedom of an
experimental device are usually restrained during its development and operational
phases. This, in turn, frequently imposes practical limitations, which restricts the
experiment’s possibilities only to a fraction. In this case, inverse problems method-
ology has been used to determine those properties, and also in the design of experi-
ments, allowing to tackle more complex and challenging problems.

! The notion of reconstruction problems is discussed in Sections 2.8l and 81l The prob-
lems mentioned here can be formulated as reconstruction problems but can also be formu-
lated as identification problems or sometimes a mix of reconstruction and identification
problems, depending on the mathematical model adopted and the role that the estimated
quantity plays in it.
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We all have faced the resolution of inverse problems before. Perhaps not from a
mathematical point of view, though. Kids love solving inverse problems. “ I'm the
part of the bird that’s not in the sky. I can swim in the ocean and yet remain dry.
What am B?” They love the ambiguity inherent to inverse problems, one of which
is that they, in general, have more than one answer. Mathematicians, due to this
feature, classify inverse problems as ill-posed problems.

One of the greatest ideas in mathematics is giving a name to that which is not
known: the unknown (x, perhaps?). In solving inverse problems this is done all the
time. When something is named it may be talked about, even if one does not grasp it
in its wholeness. After that, and persevering a little, enlightenment may be reached.
The “unknown” will be limited or nailed down by assertions which it satisfiedd. Step
by step, the range of possible x’s is reduced. Many times, in the end, it remains just
a unique x. That is when mathematicians utter in satisfaction “The solution exists,
and is unique!”

Another great discovery was the notion of functiorﬂ From it the notion of solu-
tion operator is only a step away: the solution operator of a given problem is that
abstruse mathematical concept that, from the data, reveals the solution. Oh, yes,
this is a function because — do you remember? — the solution is unique, as it was
shown.

The solution operator has to bear resemblance with reality, and it must be con-
structed from observations of the system or phenomenon under investigation. It must
model reality. It must fit the data, as much as possible. Is this least squares?

Then comes the solution operator representation. What does it do with the data
to produce the answer? Is it a linear function? A polynomial, perhaps? Is it the sum
of the derivatives of order less than four of the data? There are lots of possibilities!

What we want is to know the answer. How about to transform that representa-
tion into an algorithm, a finite procedure that, in the end, will grant us the divine
grace of knowing the answer to the problem?

2 “T am a shadow”.

3 Strictly speaking, this is not mathematics, it is modeling — physical modeling in a broad
sense, which may include biological modeling, sociological modeling and so on.

* The notion of function, or almost it, has been reinvented under different names in so many
sciences because it is a fundamental concept. When being taught mathematics, however,
few really are able to grasp the concept in its fullness.

Just to make it clear, since we shall use it frequently, a function f, with domain A
and codomain B, is a rule that for each element x € A attributes a unique element f(x)
belonging to B. The attribution is indicated by +, and the notation for f, with all its
features is

fA—->B
x = f(x)

or, sometimes, a shorter version is usual: A 3 x — f(x) € B.
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Well, it is not exactly that way. The algorithm only tells us what should be done
and the order thereof. In the end, we may feel much too lazy to do all the work. Or,
perhaps, computations would take us so long that we may have to devote to it the
rest of our lives! Now, instead, how about programming the algorithm?

And the computer does well what it is told to do. To do orderly? “So, they are
talking about serial programming? So boring!” What then is the neat idea? Partial
order? Parallel computing?

Finally, the numbers or a picture (worth a thousand words): the answer! Even so,
a mathematical answer. And the problem ends. Ends? (The answer is yes, for this
book. However...)

No! We still have to place it all inside a capsule, inside a wrapper, inside a product
which is intensely loaded with knowledge.

And, through crossroads, the scientific and technological adventure continues.

0.4 Chapter by Chapter

The chapters in this book can be read more or less independently of one another. It
is convenient to describe the contents of the book chapter by chapter, so the reader
can locate more easily a specific content. We do it next.

Chapter [l Mathematical Modeling. In this chapter we present some basic ideas
on mathematical modeling, what special type of questions a math-
ematical modeler wants to answer (which a mathematical illiterate
would not pose), and the role of inverse problems in this setting. The
methodology used to illustrate the explanation is multivariate linear
regression, and an application to flow in porous medium is considered.
The notion of function, which plays a very prominent role throughout
the book, is emphasized here.

Chapter 2 Fundamental Concepts in Inverse Problems. Here we present the clas-
sical analytical difficulties of inverse problems, the questions of ex-
istence, uniqueness and ill-posedeness. The discussion is elementary,
and the examples come from algebraic equations. The condition on
the evaluation of functions is touched upon and the question of sta-
bility of numerical algorithms is also pointed out by simple examples.
General classifications of mathematical models and inverse problems
are presented.

Chapter 3l Spectral Analysis of an Inverse Problem. This chapter introduces the
regularization of a finite dimensional inverse problem, in order to get
a meaningful approximation of its solution. Linear algebra ideas, in
particular the spectral theory of symmetric matrices, are used to un-
derstand the workings of simple regularization schemes. The methods
of Tikhonov, steepest descent, Landweber, and conjugate gradient are
discussed in this context, and the discrepancy principle is presented.



0.4 Chapter by Chapter 5

Chapter[d Image Restoration. This is the first chapter devoted to applications.

De-blurring of images is considered, and examples from restoration
of digital images, text, and biological images are handled. Some blur-
ring mechanisms based on convolution are presented. These problems
are formulated as nonlinear systems, using Tikhonov’s regularization
technique, with a family of regularization terms constructed with Breg-
man’s divergences, and are solved by Newton-Raphson’s root finder
algorithm coupled with Gauss-Seidel iterative method. A schematic
presentation of a restoration algorithm is included.

Chapter Al Radiative Transfer and Heat Conduction. In this chapter inverse prob-

lems involving the linear Boltzmann equation of radiative transfer are
presented. The interaction of radiation with heat conduction is also
considered. The Levenberg-Marquardt method is discussed and used
to solve inverse problems. Several parameters are determined: phase
function expansion coefficients, single scattering albedo, optical thick-
ness, thermal conductivity, and refraction index. Confidence intervals
are obtained.

Chapter[@ Thermal Characterization. This chapter discusses thermal characteri-

zation of a polymeric material using data acquired with the hot-wire
method. This amounts to determine the material’s thermal conductiv-
ity and specific heat with a transient technique. The inverse problem
methodology, which allows determination of more parameters than
traditional experimental methods, gives better results. Again, we em-
ploy the Levenberg-Marquardt method. Confidence intervals for the
results are determined.

Chapter[l] Heat Conduction. This chapter considers the reconstruction of a

thermal source in a heat conduction problem. It is formulated as an
optimization problem in an infinite dimensional space. The conjugate
gradient method in a function space (Alifanov’s iterative regularization
method) is presented and applied to this problem. The use of discrep-
ancy principle as a stopping criterion is illustrated.

Chapter[8] A General Perspective. This chapter proposes a reasonably general for-

Afterword

mulation of inverse problems and their types, while stressing the role
of observation operators. Further, it discusses the gradient of objective
functions, with some generality, leaving aside, however, mathematical
aspects.

Some Thoughts on Model Complexity and Knowledge. In the last
chapter we engage in a discussion of different levels of mathemati-
cal models, from quantification of phenomena, somewhat proposed by
Pythagoras, to the revolutionary concept set in motion by Newton of
a dynamical model, and the role of computation and inverse problems
in that endeavor.
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Appendix A Spectral Theory and a Few Other Ideas from Mathematics. In the ap-
pendix, we collect some concepts and results from linear algebra and
calculus, that are used throughout the book: norms, distances, inner-
products, orthogonal matrices, projections, spectral theorem of a real,
symmetric matrix, singular value decomposition of a real matrix, and
Taylor’s formulae.



Chapter 1
Mathematical Modeling

In this chapter we present some of the aspects of the interface between mathematics
and its applications, the so-called mathematical modeling. This is neither mathemat-
ics nor applied mathematics and is usually performed by scientists and engineers.
We do this in the context of linear algebra, which allows easy comparison between
direct and inverse problems. We also show some of the modeling stages and encour-
age the use of a least-squares method. An application to the study of flow in a porous
medium is presented. Some key issues pertaining to the use of models in practical
situations are discussed.

1.1 Models

We want to think about how we may come to understand a phenomenon, process or
physical system. To simulate this endeavor, we make a thought experimen, under
the assumption of conducting an investigation into the behavior of a hypothetical
system, schematically represented by a black box.

Consider a black box whose inner working mechanisms are unknown and that,
given a stimulus or input, answers with a reaction or output. See Fig. [l

[l

Input
D R

]|®
e Output

Fig. 1.1 Black box: the mental prototype

We aim to foretell the box behaviour in several distinct situations. In particular,
we would like to tackle the following problems:

Py: Given an arbitrary stimulus, tell what the corresponding reaction will be;
P5: Given the reaction, tell what stimulus produced it.

However, we are not interested in generic predictions, but only in those based in
scientific descriptions of the behaviour of the black box. To that end, we will

! Thought experiments have been used by several scientists, as for instance G. Galilei (1564-
1642), R. Descartes (1596-1650), 1. Newton (1643-1727), and A. Einstein (1879-1955),
and it turns out to be a good artifact of investigation to keep in mind.



8 1 Mathematical Modeling

associate to the real situation a physical model and a corresponding mathematical
model. Predictions will be made from the latter.

We shall call physical model any description of the phenomena involved using
such concepts as, for example, number of items, mass, volume, energy, momentum,
charge and their conservation, exchange, movement, or transference, etc.

By mathematical model we mean any kind of mathematical structure, such as,
for example, a function, an equation, a set with an equivalence relationship, a vector
space, a group, a graph, a probability distribution, a Markov chain, a neural network,
a system of non-linear partial differential equations, an elliptic operator defined on
a fiber space, etc.

Our guiding methodology when choosing a model, which we shall call modeling,
is part of the scientific method, that we present in a somewhat modern language.

In practical situations we try to choose or develop a mathematical model that best
describes the physical model, avoiding contradictions with reality and deviations
from the phenomena of interest. We only keep the model as long as it is not refuted
by experimental datefl.

1.2 Observing Reality

The sleuth that is to solve a crime, or, in other words, who is to foretell the behaviour
of a person or group of persons in a given situation, must create a careful profile of
those persons and know, as best he can, the episode and the circumstances. Thus, he
must bear in mind the various elements of the deed, the deeds before it and its con-
sequences. To that end he must search for information where it is available, which,
logically, includes the crime scene. He must observe and carry on the investigation,
questioning persons, in any way, related to the crime, and analyzing their answersl.

Our goal is to be able to guess the behaviour of the black box, Fig. [ Il Anal-
ogously to the observation of a crime’s trail, we begin the observational and ex-
perimental phase of our project. By applying different stimuli to the black box we
observe and take note of the corresponding reactions.

2 The mathematical model will be accepted as long as its predictions do not contradict ex-
perimental facts. That is a very strong requirement of the scientific discourse. If the model
fails, one does not have any impediment to throw it away, to reject it, no matter for how
long and for how many it has been used. In fact, one is obliged to reject it. This very strong
stance, singles out the scientific method. This is precisely what Johannes Kepler (1571-
1630) did. At a certain point, he believed that the orbits of the planets, around the sun, were
circles. However, the data collected by Tycho Brahe (1546-1601) indicated that the orbit
of Mars could not be fitted by a circle. This difficulty led him to discard the hypothesis
that the orbits were circles, and embrace the more accurate model of elliptical orbits.
Obviously, he can also consider the forensic analysis that makes it possible to track the
trajectory of a projectile, a body, or a car, and any kind of materials involved. This consti-
tutes, in foresight, a set of inverse problems, which, naturally, uses knowledge of physics
and mathematics.

w
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The next step is to organize the experimental data in a way suitable for analysis.
We thus create a database of real or experimental data. This is critical, since the
way data is organized will emphasize certain aspects at the expense of others. Infor-
mation can be presented, for example, as tables, diagrams, graphs and images. Some
possible data structures are sketched in Fig.[[.2] Catalogues of possible stimuli and
conceivable reactions can be created (Fig.[[.2b, first row, second column). Some-
times, these catalogues correspond to the domain and the codomain of appropriate
functions.

Assume we want to answer problems formulated in Section [Tl page [7l and
some other questions that may arise out of curiosity or by chance. However, we
would want to avoid resorting, everytime, to experimentation. With this is mind, but
still wanting to do it scientifically, we build a mathematical model of the situation.

As a matter of fact, the experimental database allows one to answer some prob-
lems. Many people would be perfectly happy to solve their problems that way. Then,
why should we build a mathematical model of the situation in the first place? Among
the many reasons to do so, we mention two:

e Once a mathematical model has been devised, a natural environment is avail-
able in which several settings and hypothesis can be generated and tested, i.e.
a number of scenarious may be constructed. In the example, it is possible, by
standard deductive reasoning (logic implication), to propose candidates for
reactions due to a wider range of stimuli values;

o A remarkable advantage of a mathematical model is the compression of infor-
mation. Once the model is obtained, additional structures within the database
become apparent. Those perceived structures are enough to render almost use-
less large parts of the database. This results in effective compressiotﬂ which,
in turn, leads to comprehension.

1.3 The Art of Idealization: Model Characterization

A class of models is chosen according to the given situation, technological and/or
pratical measuring capabilities, purpose, and so on. Choosing a class of models is
known as model characterization. We remark that this endeavour is not an applica-
tion of mathematics in itself (in the sense that it is not solely the carrying out of an
algorithm); indeed, it is an intelligent activity, a task generally highly complex, an
art that demands an educated sensibility to execute it at its best. As a matter of fact,

4 It is relevant to realize that mathematical models can effectively compress data. To illus-
trate this point, assume that we are dealing with data on the price of photocopies. If one
has a database, then we need to have a table relating the number of copies and its price.
We would have, for example, that one copy costs 10 cents, two copies cost 20 cents, three
copies cost 30 cents and so on up to, say, a hundred copies that cost 10 monetary units
(m.u.), a very long table. And it could be longer! By means of a mathematical model,
using the notion of function, we say that the price of n copies is nx 0.10 m.u., with n € IN.
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this is so much true that, at times, in novel situations, the stage of characterization
may require the development of new mathematical structuresﬁg.

To characterize the model, for example, we can perform an exploratory data
analysis, in which we contemplate the data and afterwards may point out simple
relationships between them.

Let’s make it concrete by returning to the black box example. Assume that the
stimulus and its corresponding reaction can be quantified/described each of them by
three measurings that we collect in vectorﬂ the

input signal, X=(x1,x2,x3)T e R3?,

and the
output signal, y=(y1,y2,y3)" € R*.

The description of the input/output signals as elements of IR? is evidently part of the
characterization stageﬂﬁ? The summing up of the data in a table constitutes one of
the simplest quantitative models, the DB (database) model.

An exploratory analysis of the available data may suggest as reasonable the fol-
lowing additional hypotheses on the black box workings:

H,: Reproducibility — The repetition of the same input signal produces the same
output signaﬂ;

3 An illustration of this is the invention of complex numbers by Tartaglia (1500-1557) and
Cardano (1501-1576) in 1545 to solve equations of the third degree. These equations were
associated with practical problems, which indicated that they had three real roots. How-
ever, the available methods did not allow their solution because they required the square
root of a negative number, which, at that time, had not yet been defined.

Here, vectors are vertical, or column vectors, that is, n X 1 matrices. Also, they are repre-

=N

sented using bold letters. The entries of a m X n matrix, A, are denoted by A;;,i = 1,...,m,
and j = 1,...,n. For A, in particular for vertical vectors, A7 represents the transpose
of A, that is, the matrix whose entries are given by (AT),-_, = Ay, forali=1,...,n,
j=1...,m.

We could have chosen R*, as the set of possible inputs if measures were related to three-
dimensional space, and we also had to characterize time. Or, maybe, even higher order
dimensional spaces could be necessary as is the case when, for example, we want to keep
other information such as temperature, pressure, etc in the output signal.

Note the non-sequential nature of modeling. Even before acquiring the experimental data
of which we spoke in the previous section, we must start characterizing the model. See
Section 2.8l page B4 and the Afterword, starting on page [[77] for further considerations
on modeling.

It should be pointed out that the same here subtends within a certain margin of error associ-
ated with the model. The variability could be, for instance, characterized by a probabilistic
random variable, or by an interval. This would require a more complete or detailed model.
The characterization of a model always assumes some idealization. That is, even though
the real phenomena do not strictly satisfy a certain assumption, we assume they satisfy
in order to proceed with modeling. What is important is that conclusions from the model
and from reality do not differ significantly. Sometimes this is a quantitative statement: the
difference between numbers, coming from the model, and data, from reality, should be
bounded by a certain predefined value. Modeling is an art that has to be practiced for one
to have a good grasp on it.

o

©
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H,: Proportionality — If the input signal is amplified @ times, the output signal
is also amplified by that same factor;

Hj: Superposition of effects — If we add up two input signals, the output signal is
the sum of the output signals corresponding to the individual input signal.

These hypotheses form an example of what we mean by a physical model of the
real situation. Espousing these hypotheses allows us to obtain a model that is more
complete than the DB model, a descriptive modell. This, in principle, contains the
data set, though not necessarily in an explicit manner'4.

Mathematically, the first hypothesis means that

H,: The attribution, input — output, is a function.

We shall denote that function by ¥, and call it the behaviour function of the
black box3. The second and third hypotheses essentially characterize ¥ as a lin-
ear function,

H,: ¥’s evaluation commutes with scalar multiplicatio,

F(Au)=AF(u) forall 1 e R, ue R?, (1.2)

19 In a sense, this means that inputs do not interact. Each one goes through the black box in
its own way, ignoring the other.

! Descriptive models, roughly speaking, try to answer questions like: “What happened?”
(“What”) or “When it happened?” (“When”). Databases try to answer questions of the
same nature. On the other hand, the explanatory model focuses in: “How it happened?”
(“How”). Further discussion on the nature of models is presented in Afterword, page [[771

12 What we mean here is that, for example, the function R > x — f(x) = x> € R contains
the information of the following table,

S ERCIRAEY
=i [ T 1o]T]%]

We could say that f encapsulates the table.

131t is worth to remind that, for some functions, different inputs imply different outputs,
whereas for some other functions, certain different inputs can give the same output. The
former case is not the rule and deserves a special name, the function is called injective or
a one-to-one function.

4 ¢ of a multiple is the multiple of ¥. One may have some restrictions on this way of
stating this property, and rightly so. Let us be more precise. First consider the function
multiplication by scalar A, given by

AR - R
v b A(v)=Av.

Hypothesis H, can be written in terms of a commutation of a composition of functions,
FoA=AoF, (1.1)

which justifies the assertion at the beginning of this footnote.
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H;: The evaluation of ¥ commutes with vector sumrnatio,

Fu+v) = F)+F) forallu, veR>. (1.4)

Granting the validity of the hypothesis H|, the act of organizing the data as stimuli
or reactions, as suggested in Fig. [[.Zb, page Ol would correspond, respectively, to
the construction of the domain and the codomain of the behaviour — characterized
by a function — of the black box.

In our example, the characterization stage reaches its end when we specify the
model, by saying that the black box behaviour is described by a function, which is
linear.

Non-linear models are relevant in many applications and will be dealt with in
other sections within this book. We only considered the linear model so far, to facil-
itate the understanding of the concepts presented here.

1.4 Resolution of the Idealization: Mathematics

We are assuming that the mathematical model of the black box is a linear function,
from R? to R3. This characterizes the model. However, we do not know which
specific linear function it is. One needs to determine that function, or, at least, to
approximate it, in order to solve the problems posed in Section[T1l This is the stage

15 ¢ of a sum is the sum of % ’s. Similarly to the previous footnote, we can rewrite hypothesis
H; as commutation of composition of functions. The idea of preserving the notion of
commutation is a neat one. However, to do that, one sometimes has to work a bit (to adapt
notions). Let S be the function that adds two vectors,

S:R'xR’ - R’

(wv) » Suv)=u+v.
Also, let 7 be, essentially, two copies of 7, representing the function

FRxR - R'xR’
wy) = F@y) = (F@),Fv).

It may seem odd to define such a function, but that is exactly what we need here. In fact,
Eq. (L4) can be rewritten as

FoS = SofF. (1.3)

Note that if we stick to the computer science notion of overloading a function, we can still
denote ¥ by F. In this case, Eq. (L3) could be written simply as 7 o S = S o F.

Simply put, we just want to say that, for a linear function, ¥ of a sum is the sum of the
F’s, or that ¥ commutes with summation. To make this statement precise, we need to do
what we have just done. When you have to spell it out, before simplicity becomes simple,
it may seem somewhat complex at times. Finally, we are not always blessed with com-
mutation, so when we are, nothing more appropriate than to make an effort to recognize
it.
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Table 1.1 Data set: stimuli X reactions

stimuli || xeR® | e | e | e

reactions || F(x) e R? || a; | a | as

in which the model is determined, where an inverse identification problem is solved
to pinpoint a specific linear function.

Example 1.1. Model identification using an ideal database. In the example we
are considering, it is very easy to determine the model. We will do it first in a par-
ticular case. Let {e;, e, e3}, be the canonical basis of R3,

e; =(1,0,00", e =(0,1,00", e =(0,0,1)".

Assume that we know the reaction of the black box when stimuli e;, e, and e; are
applied. That is, let us say we have the information contained in the ideal database

e Fle)=a, etoF(e)=a), et F(e)=as, (L5

where a1, a5, a3 € R3. This dataset could also be represent by Table [Tl
Now, construct the 3 x 3 matrix A whose columns are formed by the images of
the vectors e;, ¥ (e;), for j =1,2,3,i.e.:

| | |
F(e) F(e) Fles)
| | |

A

I
2
i
S}

az |. (1.6)

Then, if a generic stimulus is denoted by x = (xy, x7, x3)7 € R3, the reaction F (x)
will be given by the product Ax€R3. In fact, by 7 s linearity,

T(X) = 7'-()6181 + xp€r + X3e3)
= x1F(e) +x2F(er) + x3F (e3)
| | | X
= | Fle)) F(e) Fe3) x|,
| | | X3

or, simply put, the reaction ¥ (x) is given by the product Ax € R?,
F(x) = Ax. (1.7)
|

In the previous example, determining the model, that is, choosing a specific linear
function ¥, boils down to finding A, as can be seen immediately from Eq. (L7).
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We are now in a good position to define a third general problem. Although it is not
as fundamental as the two presented in Section [T} even so it is equally important,
and it is instrumental in the resolution of the former,

P5: From a structured data set, determine matrix A.

If, as we assume, Eq. (I.3)) is known to us, i.e., we have the information contained
in that equation, or equivalently in Table[[.T] we can see that, based on Eq. (.6, it
is more than automatic to obtain A.

Now, let us consider the more general situation when we know ¥ in some given
basis of R3, not necessarily the canonical one.

Example 1.2. Identification using more general ideal data. Assume the values of
F in a basis {u;, uy, u3} of R? are known'q. That is, let us say that the ideal database

WS Fu)=vi, W F)=vy, W Fw)=vi, (1.8

is available to us. Clearly, this information could be organized in a table similar to
Table[T1]

This is motivated by the fact that, for practical experimentaﬂ, economical, or
even ethical reasons, it is not always possible to apply the rather special choice of
stimuli e, e;, and ez, but maybe it is possible to apply stimuli u;, u,, and us.

Since the columns of matrix A in Eq. (L8} are given by the images of the canon-
ical vectors by ¥, and since we have to determine them from the information in
Eq. (L8), we must, in the first place, write the canonical vectors in terms of the el-
ements of the basis {u;, up, usz}. We will use e; as an example. Let ¢y, ¢, and c3 be
the only scalars such that

€ = cCciu; +cup +co3us.

Let U be the matrix whose columns are the vectors u;, i = 1,2,3 and let V be the
matrix such that its columns are v;, i.e.,

U=l wy w w3 |, and V=|v vy v3 |. (1.9)

[ [
Also, let ¢=(cy, c2, c3)T. With this notation,

€] = ciju; + coup + c3u3

[ c
=] U Uy u3 o,
[ c3
or, simply,
ee=Uc. (1.10)

16 See page in the Appendix [Al to recall the definition of a basis of a vector space.
17 This issue is exemplified in the last paragraph of Section page2
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Now, multiplying both sides of Eq. (LI0) by the inverse of matrix U, U~!, and since
U~'U=T is the 3 x 3 identity matrix, we have

c=Ule;. (1.11)
Notice that to obtain ¢ explicitly corresponds to finding the solution of a system of

linear equations (see Eq. (I.I0), where the unknown is ¢). Determination of the first
column of A results now from the linearity of ¥, and Eqgs. (I.8), (I.9)), and (.11,

F(er1) = F(ciu; + couy + c3u3)
=c1F (u) + 2F (w2) + 37 (u3)
=C1V] +CpVy +C3V3 = Ve

=VU e .
If we do the same for e, and e;, we can see that F (x) = Ax with
A=vU!. (1.12)

Thus, from Eq. (I7) and the dataset, Eq. (I.8), we have just determined the model
in this case,

F(x)=VU 'x.
|

It is worthwhile to pay attention to this result. Equation (I.12) justifies the following
assertion_9:

knowing a linear transformation in a basisY leads to the Sfull knowledge of i

'8 This is an interesting result. We have a function defined in R3. The set of all functions
from R? to R? is a huge set. In principle, we have an enormous variety of possibilities to
build a function whose domain and codomain are IR?. Our task is simply this: we have to
choose where to send through this function a very large number of points of the domain,
having an equally large number of possibilities on the codomain from where to choose.
Because it is a linear function, that is, because it satisfies a few simple algebraic rules, Egs.
(L2) and (T.4), the number of possibilities to define the function is drastically reduced. In
fact, knowing the value of the function in three randomly chosen points of R virtually
determines the value of the function in all the other points. Of course, it is not just any
three points that can be used, since, in particular, the origin cannot be chosen as one of
those points. Technically, those three points must form a basis of R*. But, anyway, the
limitation imposed by linearity is awesome: it reduces an uncountable set of information
to a finite set with three data.

19 In this example, to know a linear transformation on a basis is to have Eq. (I.8) or Eq. (T.9)),
(since both have the same structured information content).

20 In the example, to know F is, by Eq. (L), to know Eq. (LI2).
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1.5 Idealized Data Processing: Solution Operator

Notice that questions P; to P3 are of different nature. Questions P, and P, are
natural questions which can be posed by anyone who has devoted attention to the
behaviour of the black box. However, question P3 can only be asked by a modeler,
that is, someone who tries to create a mathematical model to describe the behaviour
of the black box.

After having characterized a model, problems P; to P3 can be solved from the
point of view of the mathematical model. This is very simple in this case, and that
is what we will do next.

For the first one, given X, an input signal, the solution is simply the product Ax.
The second one is solved by means of the inverse of A. If y is the output, the input
that generates it is A~ 'y.

Moreover, the third problem, determining A itself, can also be presented in math-
ematical terms. The determination of A was given in Eq. (L12), A = VU,

Schematically, we show in Table the information required to answer each
problem and the number crushing procedure that needs to be performed in these
elementary linear algebra problems. It is customary to say that Py is a direct prob-
lem while P, and Pj are inverse problems. This terminology is not in contradiction?]
with the kind of mathematical tasks involved to solve each one, see Table[I.2] More-
over, P; is an example of a so-called reconstruction problem and P53 an identification
problem.

It is now plain to see that, since the solutions to problems P; and P, depend on
A, we need, in principle, to solve problem P3; and only then deal with the other two.

On the other hand, as we will see in Section [[.8] knowing how to solve direct
problems can be used for inverse problems resolution, if the notion of solving is
made flexible.

In some applications, problems P, and P3 can appear combined. One such exam-
ple will be discussed in Chapter ] There, one wants to recover a real image from a
distorted one obtained from an experimental device. However, the distortion caused
by the experimental technique is not known in advance.

1.6 Mind the Gap: Least Squares

We remark that, in the previous section, the solutions to problems P; to P3 were
constructed with, virtually, no contact with experiments, only in the realm of the
mathematical model. In particular, it is assumed that the information in Eq. (LS},
which could come from an experiment, is ideally known, i.e., without errors.

In this section we will bring the mathematical model in contact with reality, using
the physical model and the experimental data as a bridge. The criterion chosen to
make such a contact possible is not a part of mathematics. However, its application
is mathematical (or algorithmic).

21 See, however, Exercise[[3]
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The introduction of reality in the model begins with the answer to question P3,
basing it not on an ideal database, Eq. (I8}, but from a real database, made up
of measurements with all the ambiguity thereof, that is, with all the contradictions
between the experimental data and the hypotheses H; to Hs, listed on page[I1] that
may exist by chance (compare with Fig.[[.3] page[19).

In this case, the estimation of model parameters or the idenﬁcation of the model
corresponds to the determination of A, from experimental dataf2.

Summing up, in the characterization stage, we choose a class of models. In the
stage of estimation or identification, we pick, based on real data, one of the models
within that class.

Example 1.3. Identification using experimental data. Let
{5y e R* xR, for k=1,....n (1.13)

be the experimental data set, formed by ordered pairs (couples) of input and output
signals. We say that the data is perfectly representable (or that it can be interpolated)
by a linear function if there exists a matrix A such that

Axf =y*  forall k=1,...,n. (1.14)

Otherwise we say that the data is not perfectly representable by a linear function.
The one dimensional case is illustrated in Fig[T.3

a) b)

Fig. 1.3 Here are represented two data sets consisting of several pairs of real numbers, i.e.,
elements of R?. The first one may be viewed as related to an ideal data set and the second
to a real, experimental, data set. (a) A set of input and output signals perfectly representable
by a linear function. (b) The set of input and output signals displayed here is not perfectly
representable by a linear function. However, we can choose a linear model to represent it, by
means, for example, of the least squares method.

If the data is perfectly representable by a linear function we choose some input
signals, uy, wy, us, that form a basis of R? with the corresponding output signals,
V1, V2, v3, and Egs. (T.9) and (.12)) define A.

22 There are lots of ways to call this. Statisticians prefer, perhaps, estimation. You would
calibrate the model, were you an engineer. Electrical engineers may prefer to speak of
identification. Those which investigate artificial intelligence may train the model. Some
call it determination of parameters, fitting the model to the data, or model selection.
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If we want to keep the linear model even when the data is not perfectly rep-
resentable by a linear function?d, we must relax the condition in Eq. (L14). We
consider now a way we can do it. Let

3
IV =( V)2 =) + (02) + (1))
j=1

J

be the Euclidean norm of
v =(vi, 2, V3)T€R3 .
Also, let x{ be the /" coordinate of x*, that is,
x~ =(x’f,)/§, xlg)T .

Denote by M(3,3) the set of real 3 X 3 matrices. For B € M(3,3), we define half the
quadratic error function,

E(B)

[
N =
Iy

S

8
[

<

.
-

3 2
[Z B,-j)/;]—yf} . (1.15)

Note that the data is perfectly representable by A if and only if E(A) = 0.
We choose A, the matrix defining the linear model, as the one, within all B €
M(3,3), that minimizes E,

A = argming. ;3 E(B) ,
that is,
EA) = Ber}r‘lliélﬁ) E(B).
|
This criterion is known as the least squares method. It bridges the gap between the
mathematical model and the experimental data. We stress that the determination

of A satisfying the aforementioned criterion is, strictly speaking, a mathematical
problem.

23 One reason to want to keep the linear model is its simplicity which is a value that is worth
to strive for.

4 Here, and elsewhere in this book, we use 1 / 2 for a slight simplification in the critical
point equation. There is no need for it.
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1.7 Optimal Solution

To obtain the optimal solution, the minimum point of E in Eq. (L.13)) must be deter-
mined. We search for this minimum by means of the critical point equation,

B—E =0, for [m=1,2,3.
OBy,
We have
8B,-j = 5.5,
6Blm ilOjm >

where 6;;, the Kronecker’s delta, is a notation?J for the elements of the identity

matrix, 7, i.e.,
1, ifi=I
0ir = { 0, ifi#l

Thus,
E s [( \ k] k]{ - 0B;; ]
= B,-jx - )i
0B, =1 ,:Z] ; ! j=1 9By,
n 3 3
= Z [(Z B,-jxj] - yf] 6,-1xﬁ,
k=1 i=1 [\ j=1
n 3
k| &
:Z [ZBIJX]; —yl}xm
k=1 L\ j=1
3 n n
= ZBIJ[ XI;XI,;]_ yfxﬁz
j=1 k=1 k=1
3
=[ZBlejm]_Dlma (1.16)
j=1
where
n n
Cin= &, and Dy, =" yiak, . (1.17)
k=1 k=1

The critical point equation for the critical point B (a matrix) is rewritten as
BC = D,

where C and D are known matrices, Eq.(L.17), determined from the data. The solu-
tion is then given by

B = DC'. (1.18)
The expression for B looks like Eq. (L.12)).

25 Using this notation, the product of 7 by a matrix A, TA that, evidently, equals A, yields
the strange looking expression: Z;:l 0ijAji = Aj.
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1.8 A Suboptimal Solution

A strategy that can be used at times when solving inverse problem P3 involves solv-
ing the direct problem P; several times. One guesses or estimates values of the
parameters (comprising the entries of matrix A in the example), a successive num-
ber of times, and solve P; for those values, selecting the value of A that best fits the
data, in a previously established sense. In other words, the estimation (which cor-
responds to the minimization of E) can be performed by a net search, or sampling,
that we describe briefly here.

Several values of the parameters, i.e., several matrices, will be chosen in succes-
sion which we shall denote by Al A2 AT They define a grid or net in M(3,3).
With them, the direct problem P, is solved successive times. That is, AJx* is com-
puted, for k=1,...,n, j=1,...,m. We use that information to compute

EA)N, j = 1,....m,

with E defined by Eq. (L13).

The strategy to choose the next matrix in the sequence, A" or decide to stop
the search, and to keep A™, or any other of the previous matrices, Al A2 AL
as solving the identification problem, is the defining step in several modern, non-
gradient based, optimization methods. Nowadays, several methods employ different
strategies in choosing the grid, as for instance in simulated annealing, [46] 50, [71]],
and others, so-called, metaheuristics, [69]]. This is a suboptimal strategy, due to the
fact that, since

(Al,..., A"} c M,
we have

minBe[Al’._.’Am] E(B) > gg[\l} E(B) . (119)

Sure enough some limit theorem, when m — +co, can be pursued. This is too far
from our goal in this book.

1.9 Application to Darcy’s Law

Here, we present an application of the model we have been discussing in this chapter.
We trade the general black box model by the study of the flow of a fluid in a saturated
porous medium. In such a medium, the flux, u, and the gradient of the pressure, Vp,
satisfy Darcy’s law ([28], [56]),

1
u=-—-KVp, forxeQ,
u

where K is the permeability tensor of the medium, u > 0 is the viscosity of the
fluid, and Q c R3 is the porous region. Also, p : Q - Randu : Q — R3. In
general, the permeability K = K(x) is a matrix-valued function,

K: Q— M@3,3),
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where, we recall, M(3,3) represents the set of 3x3 real matrices. In simple words, the
permeability measures the easiness for the fluid to go through the porous medium.
If K is a constant function, the porous medium is called homogeneous, otherwise it
is a heterogeneous porous medium. If the medium is heterogeneous, the easiness of
flow varies along the medium. If K is a scalar multiple of the identity matrix, K =
kI, then the medium is said to be isotropic. Otherwise, it is an anisotropic porous
medium (in which case, the easiness of flow differs depending on the direction of
the pressure gradient). Just to practice the terminology, we can have an isotropic
medium, with k changing in space, in which case it is also heterogeneous.

Assume that we are investigating the permeability of a homogeneous anisotropic
porous medium, and that we have a table containing several measurements of (vec-
tor) fluid flows, u* for given applied pressure gradient, &¥ = —Vp,

FeRPufeR?, k=1,...,n.

Assume also that the fluid viscosity, u, is known. Then, following Eq. (L.13)), we
define half the quadratic error function,

1 &1
- |—K§k+llk|2
2; u

n 3 3 1
Z —K,‘jf];- +M§-€
1 1”

k=1 i= j=

E(K)

2

1
3 (1.20)

This function is to be minimized to obtain the permeability tensor of the porous
medium, i.e., the permeability tensor K, satisfies

K. = argmingy; 3, E(K) .

Exercises

1.1. Show that: (a) Eq. (II) is equivalent to Eq. (I2)); (b) Eq. (I3) is equivalent to
Eq. (C4).

1.2. Verify the validity of Eq. (T.12).

1.3. Assume that the mathematical model relating stimuli x € R? and reactions
y € R? is given by By = x, where B is a 3 x 3 matrix. Construct a table similar to
Table[[2lin this case. Read critically the paragraph where the footnote 21lis called,
page[l7l

1.4. (a) Verify the assertion in the sentence following Eq. (IT3)). (b) Give conditions
on the data, Eq. (ILI3), such that there is only one solution to E(A) = 0.

1.5. (a) Compute Z;:I 0ijA jk-

(b) Check the details on the derivation of Eq. (L.16)).
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(c) From data, Eq. (II3), define matrices X = (x',...,x") and Y = (y',...,y").
Show that C=XX" and D=YX", where C and D are defined in Eq. (ILI7).

(d) If X is invertible (in particular, X must be a 3 X 3 matrix), show that the
expression for B, Eq. (LI8)), reduces to Eq. (L12).

1.6. Determine the critical point equation for function £ = E(K) given by Eq. (L.20).

1.7. Simple regression model. Consider the simple regression model
y=a+bx, (1.21)

where a and b are called regression coefficients, a is the intercept and b is the slope,
x is called regressor, predictor or independent variable, and y is the response or
dependent variable. Assume that you have pairs of measurements (x;,y;) € R2,
i =1,...,n,of regressor and response variables. The residual equation is

ri=y;i—(a+bx),

and half the quadratic error function is

n

E(a,b) = % Z r,-2 = % [yi—(a+ bx,-)]2 .

i=1 i=1
(a) Obtain the critical point equation

(6E OE

= %) = (0,0). (1.22)

(b) Denote the solution of Eq. by (&, b), and show that
(2, 2) (2 v) - (2 %) (2, xov)
2
nSi 2 - (2L )
n Yy Xiyi = (Zflzl Xi) (2?:1 )’i)

= . (1.23b)
ny 2 - (S x)

Hint. Write the equations in matrix form and make use of the expression for
the inverse of a 2 X 2 matrix,

A BY' 1 D -B
C D] AD-BC\-C A |’
(¢c) It is worthwhile to verify the dimensional correctness of Eq. (IL23). Check

this.
Hint. Let the units of a variable x be denoted by [x]. Typical values of [x]
would be L for length, M for mass, and T for time. Then, if [x] = X and
[y] = Y, one can check from Eq. (L23) that [4] = Y and [b] = Y/X. This
is compatible with Eq. (I.ZI)) since b is multiplied by x to, partly, produce y,
[b][x] = [y], and then, [b] = [y]/[x] = Y/X.

a=

, (1.23a)

o
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(d) In the setting of statistics, the following notations are usual,

Show that
Sa = Z(X,'—)_C)z, and Sxy :Z.yi(xi_)_c)~
i=1 i=1

(e) Show that

a=y-bx,
2?: Xi 2?: Vi
B— Z?:]xiyi_( : )n( ] )
2 (W)
?=1 xi - 1]1

D Xiyi—nxy  Siy

Y2 -n(® Se

(f) Let H(E) denote the Hessian of E, that is, the matrix of the second order
derivatives of E,

PE PE

2
HE) =| % BF
bda 9>

Compute H(E) la.5)-
(g) Determine an expression for the eigenvalue@ of H(E).

(h) Show that the eigenvalues of H(E) are positive, whenever n > 2.
Hint. Show that @ + /a2 — 8 > 0 whenever @ > 0 and a® > f3.

(i) Use the spectral theorem to show that (4, b) is a minimum point of E since
H(E) is a positive-definite matrix?].

26 For a reminder on how to compute eigenvalues in simple cases, see Example [A1l
page

%7 Further information about regression models can be seen in [53]. In particular, the mod-
eling of residues as a probabilistic distribution is discussed. Usually, the normal distribu-
tion is used, which amounts to introducing another parameter, o, in the model present in
Eq. (L21), corresponding to the standard deviation of the normal, leading to the model
y = a + bx + €, where € ~ N(0,0%) stands for the normal distribution with zero mean and
variance o2,
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1.8. Consider Darcy’s law for a homogeneous, isotropic porous medium, in one di-
mension. Use previous exercise with a = 0 in Eq. (IL2I)), to model the relationship
between flux and pressure gradient. Determine an appropriate expression for an es-
timator of the scalar permeability, by mimicking the steps proposed in Exercise[T.7]



Chapter 2
Fundamental Concepts in Inverse Problems

The final answer to several problems can be reduced to evaluating a function—the
solution function or the solution operator—and in the case of inverse problems it
is not different. This is the point of view of a mathematician — insisting in the
use of the notion of function. Not that one can always come about with the solu-
tion operator explicitly, but we can think abstractly on it and deduce its properties.
This justifies the treatment that we present in this chapter of some of the aspects
and complications that arise in the evaluation of functions. Next, we discuss some
general aspects of mathematical models and inverse problems. A few classification
schemes of inverse problems, illuminating different aspects, are presented. These
classifications are used in subsequent chapters.

At times, the functions we are dealing with are quite complex, or are given in an
extremely intricate way (for example, the function happens to be the solution of a
partial differential equation [PDE]). In such a case it is almost always unavoidable
to resort to a computer to produce a numerical value, i.e., a numerical solution. In
this case the knowledge of the properties of the solution operator turns out to be
very useful, even when we do not have the solution operator explicitly. In any case,
the evaluation of the function (solution)—the final result—will be within a certain
range of error, which varies mainly due to the following characteristics:

1. The problem is more complicated, or ill-behaved;
2. The function is more ill-behaved;

3. The way in which the function is evaluated in the computer (the algorithm)
can be better or worse.

Case 1 is related to the need of regularizing the problem and we will present that
concept in Chapter 3l Presently we deal with cases 2 and 3. Once a (small) error is
introduced in a computation —through an experimental datum or due to round-off—
it affects the final outcome. The error in the result can: (i) be reduced; (ii) remain
small; (iii) be amplified.

There are two notions that can help us to understand error dynamics when eval-
uating a function: (a) the condition of the function being evaluated; and (b) the
stabilit)El of the algorithm used to evaluate it.

Condition will be dealt with in Sections[2.1]to2.4land algorithm stability in Sec-
tion2.3l Section[2.6lcovers some questions related to existence and uniqueness. The
notion of well-posed problem in the sense of Hadamard is considered in Section[2.7}
In Section 28] a very simple classification of inverse problems is presented.

! The word stability can have several meanings. It is used even to name the notion of condi-
tion, in the sense that will be defined in this chapter, depending on authors. Caution is to
be exercised as its meaning depends on the context.
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2.1 Condition of Function Evaluation

Evaluation of a function at a given point can be well or ill conditioned. This is an
intrinsic property of the function being evaluated and it does not depend on approx-
imations.

Qualitatively it is said that the evaluation is well-conditioned if a small error in
the point where the function is evaluated does not affect greatly the value of the
function. If, however, a small error in the evaluation point leads to a large error in
the value of the function, the evaluation is ill-conditioned.

It is possible to identify the notion of well-conditioned evaluation with continuity.
Nevertheless, we desire a more restrictive notion, in the sense that well-conditioned
implies continuity, but not the other way around. This shall be important when work-
ing with finite-precision arithmetic, and will allow us to distinguish different be-
haviours among continuous functions. Given a function, its qualitative behaviour
can even depend on the region of the domain, having places where its evaluation is
well-conditioned, and others where it is ill-conditioned. Let us see an example to
illustrate this discussion.

Example 2.1. Evaluation of a rational function. Consider the evaluation of the
function f(x) = 1/(1 — x). The computation of f(x) is:

(a) ill-conditioned, if x lies near 1, (but, of course, x must be different from 1);
(b) well-conditioned, otherwise.
We shall treat these two cases next:

(a) When x is near 1.

Assume x=1.00049 and that in the computation we use an approximate value,
x*=1.0005. In this case, the absolute error of the evaluation is:

ews = f(xXN)—f(x)=-10°/245.

We remark that an error of 107> = x* — x in the data led to an evaluation error
of —103/24.5. The error is magnified by the multiplication factor

_error in the result (of the evaluation) 103/24.5

s

error in the point (of the domain) 10-5
which, in absolute value satisfies ¢ = |m] > 10°.

(b) When x is far from 1.

When x is far from 1, the previous magnification phenomenon does not occur.
Let x=1998, and x* =2000 an approximation of x. Then the absolute error in

the evaluation is
1 1 2

1-2000 1-1998  1999-1997

Thus, the amplification factor of the error is (1999-1997)~! < 107°, effec-
tively reducing the error. [ |

€abs =
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2.2 Condition as a Derivative Bound

To study how a data error affects the evaluation of a function f, let x be the point of
interest and let x* be its approximation, and consider the quotient

_error in the result (evaluation)  f(x*) — f(x) 1)

~ error in the datum (domain)  x*—x ’
Of course, Eq. Z.1) is Newton’s quotient of f, a preliminary step in the definition
of the derivative of a function. In the limit, x* — x, we have m — f’(x) and we define
f’(x) as the error multiplication factor of the evaluation error of f at x. This is a

local quantity, coming from a local operator, %

Definition 2.1. GiVGI‘E f:DcR— Rofclass C', cp(x) = |f"(x)| is the condition
number of the (evaluation) of f at x. We also say that the evaluation of f at x is
well-conditioned if cy(x) < 1 and ill-conditioned if cy(x) > 1.

Thus, if the absolute value of the derivative of f is bounded by 1 at all the points
of its domain of definition, i.e., if |f'(x)| < 1 for all x € D, then the evaluation of
f is always well-conditioned. A simple example is the evaluation of sin x, for any
x € R.

2.3 Other Derivatives and Other Notions of Condition

It is not always convenient to access the sensitivity of the evaluation of a function by
means of Eq. (Z.I). As a matter of fact, Eq. (2.1)) is written in terms of the quotient
of two absolute errors: the evaluation absolute error and the data absolute error. At
times, it is more interesting to consider relative errors. This leads to other possi-
bilities to define the multiplication factor of the error in the evaluation. We present
several alternatives in Table 211

Table 2.1 Possible definitions for the multiplication factor of the error

numerator — absolute error relative error
denominator | in the evaluation in the evaluation
data @ . ®)
absolute error M ~ f'(x) )= f()) [ /() ~ ')
rox X=X 7
()
date TACH i AT . FE=fQ) [f) xf W)
lati e ~
relative error (r—x)/x s e

2 We recall that R” > Q 3 x — f(x) € R” is called a function of class C* if the derivatives
of its component functions of order at least k exist and are continuous. A function of class
C is just a continuous function.
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As done in the case of Eq. (2.1), we can propose the notion of multiplication
factor by considering the limit x* — x, in the quotients of Table 2.1l Thus, we have
the following multiplication factorﬁ, my(x), at x:

(a) f’(x): the (usual) derivative of f at x;

() f'(x)/f(x): the logarithmic derivative of f at x (in fact, the derivative of
In f(x));

(c) xf’(x): derivative (differential operator) without a special name;

(d) xf’(x)/f(x): the elasticity of f at x (much used in economics).

Likewise, we define the condition number as the absolute value of the multiplica-
tion factor, ¢y(x) = |my(x)|. In this case, we can talk about well or ill-conditioned
evaluation for all of the condition numbers presented.

For all cases, from (a) to (d), the notion of well-conditioned evaluation is that the
absolute value of the condition be less than or equal to one.

On the other hand, to be bounded by one can, sometimes, be considered too
restrictive. We opt here for this criterion because in this case there is always a re-
duction of the error. That can be unnecessary, however. It must be pointed out that,
in some applications, it is possible to work with values greater than one: a small am-
plification of the error in the data can be manageable. The transition value between
well and ill-conditioned evaluations depends on the given problem and objectives.

2.4 Condition of Vector-Valued Functions of Several Variables
Consider now a vector-valued function of several variables,

f:R">Q - R"
Xz(xh""xn)T = f(X):(f](.X],...,xn),...,fm(XI,...,.xn))T

where Q is a subset of R". As done previously for functions of a single variable,
we can define different condition numbers (of the evaluation) of function f at x. The
important thing to keep in mind is that the condition is the norm of the multiplier of
the error in the data determining the error in the evaluation.

To begin, let us recall that Taylor’s formulaﬂ gives

f(x*) - f(x) = T, - (X —X) + 0(|x* - x|2) ,asxt = X, (2.22)

3 When one desires to be more specific, one may say, for example, that f’(x)/f(x) is the
multiplication factor (of the evaluation) of the relative error (in the result) with respect to
the absolute error (in the datum).

4 See precise statements of Taylor’s formulae on page 204 of the Appendix [Al
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Here, Jf, is the Jacobian matrix of f, the m X n matrix of first-order derivatives of
f, evaluated at x,

f 9f

ox) T Oxy
Jte=| o

Ofm Ofom

axy Ut Oxy X

Also, O is the usual big-O order symbol, and the norm of a vector v is given by

1
_ (.2 2\2
|v|-(v1+...+v,,) .

Equation (Z.2a) allows us to write

fx) - fx) 1 . Ix* — x|2)
= f,- - [0} ) 2.2b
tcol ooy 0 ( IECol (2.2b)
f(x*) - £(x) = [X|TF, - & -x) +0 (|x* - x|2) , (2.2¢)
i
() -0 I . (X -x (X - x|2)
= f,- [0) s 2.2d
ol Fe W\ ( IECol (22d)

as X* — x, in all cases.
Due to this result, Eq. (2.2), we define the multiplication matrices (of the
evaluation):

(a) absolute (error in the result) to absolute (error in the datum),
Maa = Tt (2.32)
(b) relative (error in the result) to absolute (error in the datum),
Mg = JE/IEX] (2.3b)
(c) absolute (error in the result) to relative (error in the datum),
Mar = IXIT Tt ; (2.3¢0)
(d) relative (error in the result) to relative (error in the datum),
M, = IXIFE/IEX)] . (2.3d)

It is worthwhile to compare these matrices with the one dimensional case, as shown
in Table 2.1l These are generalizations, and therefore the notation is slightly more
cumbersome, but the fundamental meaning remains.

Note that, from the definition of the norm of a matrix, Eq. (A3)), and its properties,
Eq. (A6), we have that

|T - (X" = %)l < 1] X" = x].
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The condition number of the evaluation, in these cases, is the norm of the multi-
plication matrix,

cp(x) = |Jf,|, absolute to absolute (2.4a)
cr(x) = |J1f,|/If(x)| , relative to absolute (2.4b)
cr(x) = |x]-|Jf,|, absolute to relative (2.4¢)
cr(x) = Ix]-|JE/IEX)]| , relative to relative (2.44)

Example 2.2. Condition number of a matrix. Given a matrix A, we will analyze
the condition of the function f(x) = Ax.
For the linear function f,

Jt.=A, forall x
The condition number, relative to relative, is given by (see Eq. (Z3d))
[xI1AI/1AX] .
Now, assume that A is invertible, and let y = Ax. Therefore, x =A‘1y, and

IxI1Al _ 1A”"yI
|Ax| Iyl

Al < JA'11A],

due to Eq. (AG).
Thus, notwithstanding the point where the function f is being evaluated, the con-
dition number is bounded by |[A~'||A]. In this case, it is customary to say that

k(A) = [A7'IAl

is the condition of matrix A.
In general it is clear that the condition of the evaluation of f(x) = Ax depends on
the point x where such evaluation is to be done, and it can be less than k(A). [ |

Example 2.3. Condition in the resolution of a linear system of equations. Con-
sider the linear problem

Kx =y,

where y € R” is a datum and x € R” is the unknown. Assume that K is invertible so
that x = K~'y. We want to analyze the condition of the solution operator

y — K_ly.

The condition number in this case, when considering the relation of the absolute
error in the evaluation to the absolute error in the datum, Eq. 2.3a), is [K~']. ]

The previous example is used in Chapters[3land 4]
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Example 2.4. Difference between close numbers. It is known that the difference
between two numbers that are close is ill-behaved when finite-precision arithmetic
is used, as is usually the case with digital computers.

This fact is not directly related to finite-precision arithmetic, but to the intrinsic
nature of the difference function, and to the fact that it is ill-conditioned for close
numbers.

At the beginning, consider the function

RXxR>(xy = mxy=x-yeR,

that calculates the difference between two numbers and let us compute its elastic-
ity as defined in the following equation (compare with Eq. (Z.3d) and verify their
dissimilarity). We have

Em(x,y)=(fa—m,la—m)=( — -2 )

2 +y?
|Em(x, y)l = 4 / G2 (2.5

Now, |Em(x, y)| cannot be less than or equal to 1 (unless x and y have opposite signs,
but then m would not be a difference, it would be a sum). Verify. Yet, it is possible
to obtain regions of R? in which the difference has a moderate elasticity, say, less
than 2. Although there is an amplification of the error, it is a “small” amplification.
On the other hand, if we choose y near x, y = x + €, with € small, then the elasticity,

[Em(x,x+ €)= V(2 + (x+¢€)?)/e?,

can be arbitrarily large subject to € being sufficiently small and x # 0.

Summing up, the problem of computing the difference between two numbers can
be: (a) well-conditioned, if the numbers are far apart; (b) ill-conditioned if the num-
bers are close. Notice that this is not related to the use of finite-precision arithmetic,
but will be observed in the presence of round-off errors when using such arithmetic.

Finally, it would be more correct to use the norm of the multiplication factor —
the condition number of m — as obtained from Eq. (Z.3d), instead of the norm of
the elasticity, Eq. (2.4d). However, in this case, these two notions coincide. [ |

from whence

2.5 Stability of Algorithms of Function Evaluation

As mentioned before, the notions of condition and stability are important in un-
derstanding how the errors alter the final outcome of a computation. The notion of
condition of the evaluation of a function is intrinsic to the function whose outcome
(image value) is to be computed, so it is unavoidable to deal with it as long as we
work with that particular function. On the other hand, the notion of stability depends
on the algorithm that is used to compute the value of the function.
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Since there are several ways to evaluate a function, it is possible to select one
that best fits our needs. An algorithm to compute the value of a function is unstable
when the errors occurring through the intermediate steps (of the computation) are
amplified. If this is not the case, the algorithm is stable.

An algorithm to compute the value of a function is constituted of several ele-
mentary steps. To study its stability every step must be analyzed separately, and the
effect of the introduction of an error must be tracked.

Example 2.5. Evaluation of an algebraic function. The evaluation of f(x) =
Vx + 1— +/x is well-conditioned, for all x > 0. We will show two algorithms for
this evaluation: the more natural one is unstable, the other one is stable.

The evaluation of f is always well-conditioned, since the absolute value of its
elasticity,

IEf(0)l =

<

s

| =

1 X
2 ‘ Vx+ 1 4/x
is always bounded by %

We will consider two algorithms to evaluate f. The first one corresponds to the
direct computation of

Vx+1-+x,

and the second one is based on the algebraic expression,

1
Va+l+yx

The two expressions are algebraically equivalent. In fact,

1

for all x > 0.

To analyze the stability of the natural algorithms streaming from these two equiv-
alent algebraic expressions, we depict in Fig. 2.1l the steps that make up each algo-
rithm. The schemes in the figure help to prove that the second algorithm is prefer-
able, as we shall see.

Each algorithm is assembled with the intermediate steps defined by the following
functions,

pi(x) = Vx, px)=x+1,
p3(x) = Vx, pay) =z-y,
ps(y:2) =y+2z, pe(x)=1/x.

The steps of each one of the two algorithms correspond to some of these functions
and the algorithms can be interpreted as compositions of these functions.
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P4 Vx+1-+/x

X H\/}

P2
S

First algorithm

P1 Vx Vi+ 1+ Vx

A

\/F+\/_

Second algorithm

Fig. 2.1 Diagrams of the algorithms

Since the elasticity of the composition of functions is the product of the elasticity
of the function

E(piopro...opy) =E(@)XE(pP)X...XE(p,), (2.6)

it suffices to analyze each step. We have that

[EpiO)I=1/2,|Ep>WI=Iy/@ + DI<1, Eps(0)=Ep1(y),

and, finally, we recall that the elasticity of the difference function, p4, has already
been analyzed in example 2.4

Now, we see that step py4 is crucial to decide if the first algorithm is stable or not.
It will be stable if

y=+Vxandz= Vx + 1

are not too close. However, due to the elasticity of ps, we see that, if they are close,
the multiplication factor will be large. Therefore, this algorithm will only work well

> We recall that the composition of two functions, p; and p,, denoted by p; o pa, is the
function,

(P10 p2)(x) = pi1(p2(x)) .
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if x is very close to zero. For x far from zero, y and z will be close, and the algorithm
will behave inadequately (it will be unstable).

Now let us check the second algorithm. Steps p;, p» and p3 are common to the
first algorithm. Besides,

|Eps(n.2)l = {02 +2)/(+2)?* < 1,

since we are dealing only with non-negative values of y and z. Also, |Eps(y)| = 1.
Thus, we see that all the multiplication factors in the various steps of the second
algorithm are less than or equal to 1, rendering it stable. ]

Example 2.6. Evaluation of a polynomial. Given the cubic polynomial
p(x) = (x —99m)(x — 100m)(x — 1017),

where 7 is given by the value of a pocket calculator, we will present two algorithms
to evaluate p in x, = 314.15. The first one will use directly the previous expres-
sion, the second one will be based in the power form of p(x) and will use Horner’s
method.

Let us start by analyzing the condition of the evaluation. Since the elasticity of
the product is the sum of the elasticities,

E(f-g)=Ef +Eg, 2.7

we see that the elasticity of the evaluation of p(x) is given by

Ep(x) = al + al + x
P = 90 T X =100 x—101x "

Thus, this evaluation is ill-conditioned at x, =314.15 due to the necessity of evalu-
ating (x — 1007) in this point. In fact,
314.15 314.15 314.15

314.15-997 T 314.15- 1007 © 314.15— 101x
~ 100.2928 — 33905.86 — 99.7030 ~ —33905 .

Ep(314.15) =

Notwithstanding, the first algorithm is superior to the second one. In fact, in the first
case, we obtain

p(x0) = (x, = 997)(x, — 1007)(x, — 1017) = 0.091446 ,

while using Horner’s method (starting the algorithm by the innermost expression,
Xxo — 3007 and proceeding outwards), we obtain:

p(x,) = ((x, — 3007)x, — 299997%)x, — 9999007 = —0.229 .

Evidently, this result contains numerical errors, since the answer should be
positive. [ |

The fact that a problem is ill-conditioned does not prevent us from computing its
result. We must choose carefully the algorithm to be used, no matter if it is an ill or
well-conditioned problem.
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2.6 Questions on Existence and Uniqueness

Some of the difficulties in solving inverse problems are related to the available in-

formation: quantity (not sufficient data or seemingly overabundance thereof) and

quality of information. We will illustrate these points by means of simple examples.
Let us suppose that the function that truly generates the phenomenon is

f(x) =2x+1.

In the inverse identification problem we assume that such function is unknown to
us. We do assume, however, that we can determine to which class of functions the
phenomenon, f(x)=2x+1, belongs, i.e., we characterize the model. The observation
of the phenomenon allows us to characterize it as, say, belonging to the class of
functions of the form

fup(X)=ax+b,

where a and b are arbitrary constants. From the available data we must then de-
termine @ and b, i.e., we must identify or select the model. We shall consider two
situations, when one has exact data, or, otherwise, has real (noisy) data.

2.6.1 Exact Data

For the sake of the present analysis, we assume that the available data are exact. We
then have three possibilities:

(a) Not sufficient data. The basic unit of information in this example corresponds
to a point in the graph of the model. Assume known that the point (1, 3) be-
longs to the graph of f. It is obvious that this datum is not sufficient for us to
determine a and b. As a matter of fact we only know that

f(1)=3ora+b=3,

It is then impossible to determine the model (find the values of @ and b
uniquely). ]

(b) Sufficient data. We know data (1, 3) and (2, 5). Thus, a+b = 3 and 2a+b = 5,
from whence we can determine that a = 2 and b = 1, and select the model
f(x)=2x+1. [ |

(c) Too much data. Assume now that it is known that the points (0, 1), (1, 3), and
also (2, 5) belong to the graph of f. Then

a=2and b=1.

It is plain to see that we have too much data, since we could determine a and
b without knowing the three ordered pairs, being for that matter sufficient to
know any two of such pairs. We point out that too much data does not cause
problems in the determination of the model when exact data is used.
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2.6.2 Real Data

In practice we do not have exact data, so it is best to have too much data, even if some
repetition occurs. In spite of it, in many occasions, we only have a sufficient number
of (non-repeated) data due, for example, to costs of acquiring data. Sometimes, real
data will be called noisy data. We still have three possibilities, discussed below:

(a) Insufficient data. Datum (1,3.1) has an error—as we know, for our “phe-
nomenon,” f(1)=3 and not 3.1. Moreover, this datum is insufficient, because
we obtain only one relation between a and b,

a+b=3.1,

but cannot determine them individually, not even approximately. Another re-
striction must be imposed so the inverse problem has a unique solution. A
concrete and unexpected example of how this can be achieved in real prob-
lems can be seen in Section 4.6 ]

(b) Sufficient data. Consider that we have the following approximate data: (1,
3.1) and (2, 4.9). Then, an approximation for a and b is obtained by substitut-
ing the data in a class of models,

(2.8)

a+b=3.1
2a+b=49

which givesa = 1.8 and b = 1.3. [ ]

However, even with sufficient (but with errors, i.e., noisy) data, it is not always
possible to estimate the parameters by imposing that the model fits or interpolates
the data. Later, we will see on example [2.7] that clarifies this remark.

Alternatively, in these cases, we try to minimize a certain measure of discrepancy
between the model and the data. In the example, for every proposed model within
the characterized class, that is, for every pair (a, ), we would compute the difference
between the data and what is established by the model and combine these differences
in some way and minimize it.

For example, if the pair (a, b) is known, the model is given by f, ;, and the point

(1, fap(1))

should belong to the graph. This would be what the model establishes, the so-
called predictior@ of the model. The data however indicates that the point should
be (1,3.1), so

Janr(1)=3.1

¢ Here the word prediction means not only “foretelling the future” as is usual; it is foretelling
in regions where data is not available. In models involving time, however, it carries the for-
mer meaning. In any case, we search for scientific predictions, as discussed in Chapter [Tl
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is a measure of the error due to the difference between what the model foretells and
what actually happens. This must be done with all the experimental data. The results
may be combined to create a discrepancy measure between what the model foretells
with (a, b) and what the real data shows. Finally, we must find the value of the pair
(a, b) that minimizes that measure.

As an example, let us consider the discrepancy (or error) measure given by

1
E@5) = 3 [(as() = 317 + (fun(2) ~ 4.97]
= % [(a+b— 3.1)% + (2a+b—4.9)2] .

The minimum point of E is given by its critical point, i.e., the point where the
gradient of E is null,

0= g—Ez(a+b—3.1)+2(2a+b—4.9)
a
OF
0=—r=(a+b=3.)+Qa+b-49).

We thus conclude that
a+b=3.1 and 2a+b=49.

It is a coincidence that, due to the form of the function f,;, the system in Eq. 23,
and the one just obtained, are the same. At times the problem obtained by interpola-
tion as in Eq. (2.8) does not have a solution, while the one obtained by least squares,
like the one we just deduced, is solvable. This is a way to reach a solution in real
inverse problems. This subject is addressed in example 2.7l

(c) Too much data. Assume that

(xl7yl)5 (x25y2)5 MR (xn7yl‘l)5 Wlth n 2 3 9

are several experimental points associated with the “phenomenon” f(x) =
2x + 1.

It is unavoidable that these experimental data are contaminated by errors and impre-
cisions intrinsic to the measuring process. Thus, the data are usually incompatible,
i.e., it is impossible to solve for a and b the system

i = fap(x1) =y1 = (ax; +b) =0
Y2 = fap(x2) = y2 — (ax2 + b) = 0

Yn — fa,b(xn) =Yn— (axn + b) =0.

Usually we say that, since the system has n equations and only two unknown vari-
ables, it possibly has no solution.
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In general we would say that there is no model in the characterized class of mod-
els that interpolates the data, i.e., the data cannot be fitted by the model.

We deal with this question from a geometrical point of view, in the context we
are discussing. Note that the system can be rewritten as

Xy 1 yi
X2 1 2
al . |+b].|=
Xn 1 Yn
We introduce the notation x = (x1,...,x,)7, 1=(,..., DT andy = (y1,...,y)7.

This notation allows the vector equation above to be written as
ax+bl =y.

Thus, the solution of the system of equations can be rephrased as the problem of
finding a linear combination of the vectors x and 1 to obtain y. These vectors, x and
1, belong to R”, and they are only two. It is necessary n linearly independent vectors
to represent an arbitrary vector of IR” as a linear combination of them. Therefore, it
is very rare for one to be able to choose a and b in order that y = ax + b1. That this
is the case is easily visualized by means of a simple figure, see Fig.

% — y—ax—bl

I
X |

ax+b1

Fig. 2.2 Plane (2-dimensional subspace) in IR”. Vector y does not belong to the plane spanned
by x and 1, span {x, 1} = {ax + b1, for all a, b € R}.

Let us consider the method of least squares. Define the error or residual vector,
r=y-(ax+5bl),

given as the vector of differences between the experimental measurements, y, and
the predictions of the model with coefficients a and b, ax + b1.

Effectively, what can be done is to choose a linear combination between x and 1
(i.e., choose a and b), in such a way that the functional error,

1 1 1 v
Elab)= I = 3ly —ax—b1F = 2 > (i~ (axi + b)) |
i=1

is minimized. Since the sum stands for the error vector’s squared norm, [y —ax—b1 %,
a look at Fig. suggests that it is equivalent to requiring that the error vector be
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orthogonal to the plane spanned by x and 1. Or, elseEl
X,y—ax—-bl)=0 and (1,y—-ax->bl)=0.
This can be written as
x' (y—ax-b1)=0, and 17 (y—ax-b1)=0,
which leads to,

ax'x +bx'1 =x"y

al’x +p171 =17y,

whence,

x'x x"1\(a x'y
(1Tx IlTIl)(b “\1'y ) 29)
Defining A = (x, 1), an n X 2 matrix, Eq. (2.9) can be rewritten as

ATA(Z) = ATy (2.10)

which is usually called normal equation. Therefore, the determination of the model
reduces to solving the linear system, Eq. (Z.10). [

We remark that, even though matrix A”A may not be invertible, Eq. ZI0) will
always have a solution. We shall treat this question later on. Assume, however, that
AT A is invertible. Then, the solution to the inverse problem can be represented by

( . ): (A74) " ATy. 2.11)

This is the solution of the inverse problem given by the least squares method, which
corresponds to the evaluation of the function,

y o (ATA) ATy,

It is pertinent here to recall the discussion of Section regarding the stability
of function evaluation algorithms. As a matter of fact, the algorithm suggested by

-1
the expression, (ATA) ATy is not the best way to evaluate it; it can be unstable
(depending on matrix A) and even inefficient from a computational point of viewﬁ,

7 The notation of inner product is recalled on page[I89 Appendix [Al

8 The question of the inefficiency of the algorithms must be considered. Non-efficient meth-
ods can render impractical the use of a given algorithm. In the present case, depending on
the size of ATA, it may be very time consuming to find its inverse. Recall however that one
wants to find (a,b)” satisfying Eq. (Z.10).
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because it presumes that the inverse of ATA will be computed. The geometric in-
terpretation of the problem at hand is the basis for the construction of alternative
algorithms, stable and more efficient, see [33]].

Assume now that A is invertible. Then A7 is also invertible, since

(AT)—I — (A_I)T.
Therefore,
a A T\ T -1
(b) = A'(AT) ATy=Aly. (2.12)
This result, Eq. (Z.12), is valid whether the data are exact or not. ]

Example 2.7. Sufficient data and the least squares method. We consider now an
example in which, although there are sufficient data, it is impossible to identify the
model due to the existence of experimental errors.

Assume a phenomenon is given precisely by

Thus, in particular, g(1)=0.99 . Again, assume that g is unknown and that, after the
model has been characterized, the following class of models is obtained,

1
C= {gc for all ¢ € R where g.(x) = m} .
Finally, let (1, 1.1) be the only experimental datum.
Well the given datum is, in principle, sufficient to select the model, since only one
parameter, ¢, is to be determined. However, if we try to determine ¢ by interpolation,
i.e., by means of the equation

1

ge(l) = m=1-1 ,

we see that it is impossible. In fact, for every value of ¢, g.(1) will be less than
one. An adequate approach is to use the approximation of least squares previously

presented.
Let
2
Ee) = 211 2=l :
(C)_E( 1 —ge(1)) _5 . _HTC)Z .
99
The minimum of E is reached when dE/dc = 0, thus ¢ = 1, (see Fig.23). ]

It must be noted that, in the case of inexact data, it is certainly better to use “too
much” data. In the example just discussed, if we have access to more data points,
even if they contain errors, we may be able to estimate a model more symmetric
with relation to the y-axis, like the phenomenon that is being modeled.
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y
X
a)
y
X
b)
Fig. 2.3 a) The graph of a phenomenon: g(x) = m b) Estimated graph: g;(x) =

D
1+(x=1)2/99 *

2.7 Well-Posed Problems

Hadamard defined the notion of a well-posed problem as being one that:
(i) has a solution (existence);
(ii) the solution is unique (uniqueness);
(iii) the solution depends “smoothly” on the data (regularity).

When any of these properties is not satisfied, we say that the problem is ill-posed.
As we have already seen, inverse problems do not always satisfy properties (i)—(iii).

Sometimes, property (i) is not satisfied because it is impossible, once the class
of models is characterized, to interpolate the data with any model within the class.
This has been exemplified in the previous section. We may surpass this by relaxing
the notion of solution — an approximation instead of an interpolation, for example
in a least squares sense.

If property (ii) is not satisfied, additional restrictions must be found to force the
solution to be unique. It is not possible to obtain a unique solution if information
is lacking—there are no mathematical tricks to circumvent lack of knowledge. The
difficulty here steams from the modelization of the phenomenon.

It is said implicitly that the problem involves data. In this case we can talk about
the set of data and properties (i) and (ii) implies that the attribution

data — solution

is a function called solution operator, since for any data there is a solution and it is
unique. Property (iii) asks for additional features of the solution operator.
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Property (iii) is more complex from a technical point of view. The notion of
smoothness has to be specified for each problem and, sometimes, can be trans-
lated as continuity or differentiability. It is common for inverse problems in infinite
dimension spaces to be discontinuous. These problems must be rendered
discrete to be solved by means of a computer. It is almost certain that a discrete prob-
lem, coming from the discretization of a differential equation model, is continuous.
Even in this case it may be difficult to obtain the solution, since it can, still, be ill
conditioned.

Thus, in practice, if “well-posed” is to mean a reasonable behaviour in the nu-
merical solution to problems, property (iii) may be substituted by well-conditioned
when we deal with finite dimension spaces. The goal of regularization techniques is
to move around the difficulties associated with the lack of smooth dependence be-
tween the input data and the solution. In some texts this is called a stability problem.

2.8 Classification of Inverse Problems

We give a brief overview of general classes of mathematical models and a discussion
of several ways to classify inverse problems.

2.8.1 Classes of Mathematical Models

When investigating a phenomenon or a physical system, one of the first things to
do is to characterize a mathematical model, i.e., to select a class of models. This
question, which is of the utmost importance, was considered very superficially in
Chapter [Tl

For several purposes, the characterization of the system leads to choosing a set of
functions or equations (algebraic, ordinary and/or partial differential equations, inte-
gral equations, integro-differential, algebraic-differential equations, etc), containing
certain unknown constant parameters and/or functions. Of course, other classes of
models can be considered, expressing, nonetheless, basic relations satisfied by the
system or phenomenon under investigation, but we shall only consider the previous
ones.

Taking a somewhat more general point of view, we remark that models can be
either discrete or continuous, either deterministic or stochastic, and either given by
a function (kinematic) or by an equation (dynamic). Each pair of these concepts,
although not exaustive, are exclusive.

Even though each kind of model set forth previously distinguishes itself by its
own technical tools of the trade, we just focus in their conceptual differences, as far
as modeling is concerned. We may also split most of the problems between linear
and nonlinear types. So, when characterizing a model, one possible first thing to
do is deciding that it will be, say, a linear, discrete, stochastic, dynamic model. See
Table 2.2

From a standpoint of knowledge level, the ‘dynamic’ or equation model is more
fundamental than the ‘kinematic’ or function model. The distinction between
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Table 2.2 Mathematical models

45

| categories | | values |
information content full: deterministic lacking: stochastic
nature of variables discrete continuous
nature of modelization || descriptive (kinematic) || explanatory (dynamic)
mathematical structure function equation
mathematical property linear non-linear

models, that are given by a function or by an equation, is best understood through
examples. One such example is given by summing integers.

Example 2.8. Sum of integers. Consider the ‘phenomenon’ resulting from pro-
gressively adding integers,

L1+2=3,1+2+3=6,10,15,21,...
This phenomenon can be modeled by the function F : IN — IN such that

nn+1)

Fn)=F, = — forallne IN.

This is a ‘kinematic’ or descriptive model. The corresponding recurrence relation

Foyi=F,+(n+1), forn > 1,

together with initial condition F; = 1, is a ‘dynamic’ or explanatory model of the
same ‘phenomenon’, the sum of the first n integers. Both are discrete, deterministic
models. The kinematic model is nonlinear and the dynamic is (nonhomogeneous)
linear. |

In the same line a simple classical example from mechanics is, perhaps, the best.
We shall consider it next.

Example 2.9. Uniform motion. For uniform motion of a pointwise particle in a
straight line, the kinematic model (a function) is

[0,00[3 1t x(f) = xp + vot € R,

where x(f) represents the position at a given time ¢, vy is the constant velocity, and
Xo is the initial position (position at time ¢ = 0). Clearly, this is a continuous, deter-
ministic, linear (better, affine function), kinematic model.
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The corresponding dynamic model is given by Newton’s second law (differential
equation),

e
dr?

subjected to the following initial conditions,

=F, fort>0, withF =0,

dx
x(0)=xp, and —| =v(0) = vp.
d[ =0
Here m represents the mass of the particle, and F the resultant of forces acting on it.
This is a continuous, deterministic, linear, dynamic model. [ |

We shall not consider here the characterization of models any further. See, however,
Afterword, page 77}

2.8.2 Classes of Inverse Problems

A classification scheme of inverse problems arises from the process point of view,
represented by the black box (see Fig. [I.1] on page [7). There, the black box set-
up could represent the interaction between an external observer (researcher) and a
physical system, where the observer could interact with the system by stimulating it
and collecting information about its behaviour or reaction.

In line with what was said in Chapter[Tl we can consider three general classes of
problems:

Py: Direct problem — Given an arbitrary stimulus, tell what the corresponding
reaction will be;

Py: Inverse reconstruction problem — Given the reaction, tell what stimulus
produced it;

Ps: Inverse identification problem — From a data set, determine the parameters
and/or functions that specify the system.

This book emphasizes the solution of inverse problems, either reconstruction or
identification of models, and we shall only consider problems related to classes of
models represented by:

e linear or non-linear equations in spaces of finite dimension,
AX) =y,
where A is a linear or non-linear function,

R">Q>x- A(x) € R”

9 Of course, it is not always possible to have such clear cut separation between observer and
physical systems. However, we shall only consider these.
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andy € R™;

e initial and/or boundary value problems for differential or integro-differential
equations.

Once a particular class of models is selected, we solve the inverse problem by ap-
proximately determining the value of the unknown model’s constants or functions,
using experimental data.

When dealing with differential equation models, we classify the inverse problem
with respect to the role, in the differential equation, of the object to be estimated,
which can be:

(i) initial conditions;
(i) boundary conditions;
(iii) forcing terms;
(iv) coefficients of the equation, ie. properties of the systen@.

Here, (i) to (iii) are reconstruction problems and (iv) is an identification problem.

Moreover, we have a natural splitting of inverse problems to be considered, ei-
ther the models are of finite dimension (such as a system of n equations and m
unknowns) or of infinite dimension (such as an initial value problem for a partial
differential equation), and if the object being estimated is of finite dimension (some
parameters or constants of the model) or of infinite dimension (such as a function,
or an infinite number of parameters). Problems are then classified as belonging to
one of the following types:

Type I: Estimation of a finite number of parameters in a model of finite dimension;

Type II: Estimation of an infinite number of parameters or a function in a model of
finite dimension,;

Type III: Estimation of a finite number of parameters in a model of infinite
dimension;

Type IV: Estimation of an infinite number of parameters or a function in a model
of infinite dimension.

10 Just to mention a few, the coefficients could represent material or geometrical properties
as the viscosity of a fluid, the thermal conductivity of a solid material, the permeability
of a porous medium, and so on. If the coeflicient varies throughout the space (it would
be a function, not just a constant number) one says that the medium is heterogeneous,
otherwise, if it is constant everywhere in space, one says that the medium is homogeneous.
If the coefficients vary with respect to the direction in space, then the medium is said to be
anisotropic, otherwise it is said isotropic.
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Table 2.3 Classification of inverse problems according to the dimension of the model and of
the object being estimated

Estimation of quantity — Finite Infinite

Dimension of the model |

‘ Finite H Type I H Type II |

Infinite H Type 11 H Type IV |

This is summed up in Table 23 Inverse problems of Type I are considered in
Chapters 1-4; Chapters 5-8 deal mainly with inverse problems of Types III and
IV. In this book we do not consider Type II inverse problems. Section [8.1] further
elaborates on this classification.

Beck [[IT}[T0] proposed the classification of inverse problems with respect to the
type of the unknown of the inverse problem, either parameters or functions. Our
classification is just an extension of his, in the sense that we split his classification
taking into account the dimension of the model, essentially, either finite when, typ-
ically, the model is given by an algebraic function/equation, or infinite when, most
of the times, the model is a differential/integral equation. Therefore, Beck’s estima-
tion of parameters corresponds to Type I or III problems, and Beck’s estimation of
functions corresponds to Type II or IV inverse problems. This further splitting is
justified by the increased level of mathematical complexity of going from a model
of finite dimension to one of infinite dimension.

Exercises

2.1. Let f be areal function of one variable, f : R — R. Itis worthwhile to see what
is the consequence of the fact that the different multiplication factors are constant.
Determine the functions such that:

(a) f'(x)=c. What can you say about its graph?
(d) f/f(0)=c;

(© xf'(x)=c;

d xf'(x0)/f(x)=c.

Verify that the graph of a function satisfying (b), when plotted in a log-normal scale,
is a straight line. Analogously, verify that the graphs of a function satisfying (c), in
a normal-log scale, and of a function satisfying (d), in a log-log scale, are straight
lines.

2.2. For functions f(x) = Inx, g(x) = e®, h(x) = &, I(x) = ﬁ discuss the regions
of well and ill-conditioning, for the four types of condition numbers defined, in
general, in Eq. (2.4), or on page[30 for a scalar function of one real variable.
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2.3. (a) Since 7 = AA™! use Eq. (A8) to show that
k(A) =1,
that is, the condition of any matrix is greater than or equal to 1.
(b) Show that
KA) = kAT,
that is, the condition of a matrix and of its inverse are equal.

24. Letp; : R— R, j=1,...,N, be differentiable functions that do not vanish at
any point, i.e.,

pi(x) # OforallxeR j=1,...,N.

(a) Show that the elasticity of the composition is the product of the elasticities,
that is,

E(piop2)=Epi-Ep>.
(b) Show, by induction, that
E(pyopro...opy)=Epi-Eps-...Epn.
(c) Show that the elasticity of the product is the sum of the elasticities, that is,
E(p1-p2)=Ep1+Ep>.
(d) Show, therefore, that
E(pi-p2-...-pNn)=Ep1 +Epr+ ...+ Epyn .
2.5. The difference function between non-negative numbers is given by
[0, +oo[ X [0, +oo[ 3 (x,y) » m(x,y) = x—yeR.
(a) Show that
| Em(x,y) | > 1.
(b) Determine and sketch the region in [0, +oo[ X [0, +oo[ satisfying
| Em(x,y) | <2.
Hint. Example[A] on page[192] can be useful here.
(c¢) Do the same for

| Em(x,y) | > 4.
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2.6. (a) Check the assertion on the last paragraph of Section[2.4] on page 33l
(b) Let f: R" — R and define the elasticity of f,

x1 Of xp Of X, Of
foxy fox 7 f ox,)

Ef(x) = (
Let cy(x) denote the relative to relative condition number of f. Show that
IEf(l < ¢p(X).

(c) Conclude that if [Ef(x)] < 1 then f is well-conditioned with respect to the
relative to relative condition number.

2.7. Let m be the difference function as in Exercise Compute the condition
number of m, for each notion of condition number set forth in Eq. 2.4).

2.8. We should have not used the elasticity in Example[2.3l Compute the relative to
relative condition number of function ps in that example.

2.9. Let ¢/(x) denote either one of the condition numbers of f as defined by Eq. 2.4).
Leth =f o g. Show that

cn(X) < c(8(X)) cy(X) -
Hint. Recall chain’s rule, Jh, = 9,1 J gx.

2.10. Write down the algorithms discussed in Example 2.3]as composition of func-
tions.

2.11. Relate normal equation (2.10) and its solution, Eq. (Z.11), with the results of
Exercise[[.7l (Pay attention: the roles of constants a and b are interchanged.)

2.12. QR method for the solution of least squares. From Eq. (Z.11)) and recalling
that A = (x,1) the solution of the least squares problem,

X 1
@b’ = argmin(a!b)E(a,b) = argmin(a!b)zly —ax — bI2 ,

_ T T -1 T
( ):(ATA) 'ATy=( 1T ;T% ) ("Il )y. (2.13a)

Consider the function

is given by

S

(2.13b)

R" x R" 5 (x.y) &( ax.y) ) .

b(x,y)
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The condition of the algorithm to compute (4,5)” suggested by Eq. @13 is very
-1
high since it depends on the computation of the triple product (ATA) AT, This
undermines the stability of the algorithm.
This exercise proposes an alternative algorithm based on the method QR, [33].
Consider the vector

v=ax+b1 =(x1l)( ):A(ATA)_IATy

S

which represents the vector, in the plane generated by x and 1, closer to y, repre-
senting its orthogonal projectio.

(a) Consider the function
T4\ 4T
x> AX) =A(ATA) A

which represents the projection matrix from R” to the space generated by
the vectors x and 1. Show that A(x — A1) = A(x), for all 2 € R. (From a
geometrical point of view this result is expected since the space generated by
x and 1 is the same as the space generated by x — A1 and 1. Of course, we are
assuming that x and 1 are independent, i.e., that X is not a multiple of 1.)

(b) In particular, choose A, such that x — 4,1 L 1. Check how the quadruple
product present in A(x — A, 1) simplifies.
Hint. AT A is diagonal, therefore easily invertible.
(c) In this case, obtain a simpler expression for v.
(d) Determine a, 8 such that
ax-A4L1)+pLl=v.
Hint. Use item (b) and Fourier-Pythagoras trick, page 209
(e) From the result in item (d), determine an expression for (&,13), where
v=ax+ bl ,
obtaining a more stable algorithm for least squares.

2.13. Using the concepts introduced in Sections 2.1] and 23] study the evaluation
and algorithms to compute

f(x) =sinx—x.

Hint. You may consider using a truncated Taylor’s series of sin x.

! Further discussion on orthogonal projections can be seen in Section[A.4.1]
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2.14. Heat conduction problem. Consider a one-dimensional bar, isolated in its
lateral surface, being heated in one extremity, and in contact with the ambient at the
temperature T, in the other extremity. Assume also that heat is being transferred
to its interior. Let 7 = T(x,t) denote its temperature on position x, at time 7 . Then
T satisfies the following initial and boundary value problem for a partial differential
equation,

oT 0 oT
pcpE(x,t) =5 (k(T,x)g) + g(x,0),

forx € [0,L], ¢t >0,

oT
—k==

o =q"@), fort>0,

x=0

(left boundary: prescribed heat flux),

orT
—k—

=h[T(Ljt)— Tym) , fort>0,
Ox

x=L

(right boundary: contact with ambient),
T(x,0) = To(x), forz>0,

(initial condition). Here, p = p(x) is the specific mass of the material, ¢, = c,(x) is
the specific heat of the material, k = k(T,x) is the thermal conductivity, g = g(x,t)
is an internal heat source/sink, ¢’ is the interfacial heat flux, & is the convection
coeflicient, and Ty = Ty(x) is the initial temperature of the bar.

Classify the following problems with respect to being direct, inverse identifica-
tion, or inverse reconstruction problems:

(a) Givenk, g, p, cp, q”, h,and T, determine T = T'(x,1);

(b) Givenk, g, p, cp, h, Ty, and measurements of temperature at certain times, on
some locations of the bar, determine g”’;

(c) Givenk, p, cp, g, h, To, and measurements of temperature at certain times,
on some locations of the bar, determine g;

(d) Givenk,p, g, cp, q"”, h, and measurements of temperature at certain times, on
some locations of the bar, determine T;

(e) Givenp, g, ¢p, 4", h, To, and measurements of temperature at certain times,
on some locations of the bar, determine k;

(f) Givenp, g, ¢,, q”, To, and measurements of temperature at certain times, on
some locations of the bar, determine k and /;

(g) Given p, g, ¢p, h, Ty, and measurements of temperature at certain times, on
some locations of the bar, determine k and ¢”’.



Chapter 3
Spectral Analysis of an Inverse Problem

In this chapter we treat the solution of systems of linear equations in finite dimen-
sion spaces. This can be seen as examples of inverse reconstruction problemsEl of
Type I. We present a mathematical analysis of these linear inverse problems of finite
dimension based on the spectral theorem. We study several aspects and behaviour of
well-established methods for solving inverse problems. In particular, the concept of
regularization, a very important notion in the area of inverse problems, will be dealt
with. The analysis presented here is elementary — it depends on notions of linear
algebra and convergence of numerical series. A similar study of regularization for
problems in infinite dimensional spaces depends on functional analysis and is be-
yond the scope of this book. The interested reader is encouraged to consult [44]29].

As seen in Chapter 2] when different algorithms are applied to the same prob-
lem, different properties and behaviours are to be expected. In particular, some are
stable, while others are unstable. On the other hand, different formulations for the
same problem (even when mathematically equivalent) lead to different algorithms.
This has already been seen in example 23] page 34l We will develop this idea, pre-
senting some algorithms, Tikhonov in Section 3.4] steepest descent in Section[3.7]
Landweber in Section[3.8] and conjugate gradient in Section[3.10] to solve the same
problem.

The mathematical analysis of some of the methods presented will be performed,
in order to gain intuition in the behaviour of the algorithms and be able to chose and
propose the best suited method to solve a specific inverse problem. In this analysis
(Sections 341 B8] and B.11), the spectral theorem and the singular value decompo-
sition will be used. A derivation of the conjugate gradient method is performed in
Section

In Sections 3.3] and we consider, respectively, regularization
schemes, strategies and the discrepancy principle. We begin the discussion, in Sec-
tion B.J] with a numerical example to motivate the reader, and we analyse it, in
general, in Section[3.21

3.1 An Example

Given the matrix

1 0
K = , 3.1
(0 loﬁ)

! For classifications of inverse problems, see Section[2.8.2]
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and the vector y = (1,27'97 it is plain to see that x = (1,1)” is the solution of the

system
Kx=y. 3.2)

The solution to problems of the kind given by Eq. (3.2)), where matrix K is known, y
is fixed and where x is to be found, can be somewhat complex, since small variations
in y may lead to large variations in x. For instance, let us perturb y by p = (0,2719)7,
We obtain a solution that differs from x by r = (0, DT, ie.

o[ -
() ()

Thus, the input error, p, is multiplied by a factor of |r|/|p| = 1024, and the problem
is ill-conditioned.

This is, however, a radical behaviour that is not common to all perturbations,
even if they are of the same magnitude. As a matter of fact, if p = (27'°,0)7, then

r= 2719 0)7, since
1 2—10 1 2—10
f(i)+ Co )=o)+ ()

and thus the multiplication factor of the error is much smaller, |r|/|p] = 1.

We then realize that the computation of the evaluation of the inverse of K at
points contaminated by small errors is more sensitive to certain perturbations than
to others. Some of these perturbations result in excessive amplification.

This kind of situation can be avoided by subtly modifying the problem. Instead
of solving Eq. (3.2)), a slightly altered (perturbed) problem is solved,

Kix=y,, a>0, (3.3)

in such a way that Eq. (3.3) behaves, as much as possible, as Eq. (3.2)), but being bet-
ter conditioned with relation to certain perturbations of y. We say that the problem
presented in Eq. (33)) is a regularization of the original problem, Eq. (3.2). These
notions will be defined precisely later.

Choose

1 0
Ka:(o 1 L)’a“dya=y, O<a<l, (3.4)
(1=a)10 210

and note that
K,—K, as a—0.

Let x? be the solution of Eq. (3.3) for the choices of K, and y, in Eq. (3.4). We
let @ assume a few values, @ = 1/2", n = 1,...,9, and determine the error and the
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Table 3.1 Numerical results for the error multiplication factor

a 1/2 1/4 1/8 1/16 1/32 1/64 | 1/128 | 1/256 | 1/512
|| 0.998 | 0.887 | 0.474 | 0.049 | 0.456 | 0.709 | 0.849 | 0.923 | 0.961
Irl/Ipl 1022 909 485 50 467 726 869 945 984

corresponding multiplication factor of the error, keeping the perturbation equal to
p = (0,271%7. The results are presented in Table[3.1]

In this example, it is possible to obtain better results when the regularization
parameter @ = 1/16. The error multiplication factor plummets from 1024, when
« = 0, to 50, when the perturbation in the data is p = (0,2710)7.

3.2 Uncertainty Multiplication Factor

Consider the linear problem
Kx=y, (3.5

where K and y are given data, and x is the unknown. We assume that K is invertible.
Also, consider a family of perturbations of y parameterized by e, y¢, such that |y —
¥l <€ and define x€ as the solution of the perturbed equation,

Kx =y°. (3.6)

By subtracting the perturbed equation, Eq. (3.8)), from the unperturbed equation,
Eq. 33), we get

Kx-x)=y"—y or x‘-x=K!(y-y).
Now,
I — x| = 1K' (y* =yl ,
and using Eq. (A@), we obtain,

Ix — x| < |[K'[ly* —yl. (3.7)

That is, the error y© — y due to only knowing the approximation y* of y —this one
unknown— is, at most, amplified by |[K~!|, as can be deduced from Eq. (3.7). See
example 2.3l page B2 where this has already been discussed.

The maximum amplification is reached for certain perturbations. As stated by

Eq' m;

K 'z
[K~'| = max ! l
lzl=e |z|

2 K(x+r)=y+p that when subtracted from Kx=y, yields Kr=p.



56 3 Spectral Analysis of an Inverse Problem

Therefore, there exists at least one z, with |z,| =€, such that
K™ = |K™ "2,/ 12|
If we choose y€ in such a way that y*—y=z,, we will have
K~y =yl =K' (y = y)l.

However,
Ky =x¢ and Kly=x,

due to the definitions of x and x¢ (see Egs. (3.3) and (3.6)). Therefore,
IK~" 1y =yl = Ix = x]. (3.8)

Summing up, we have, for every y, at least a perturbation y¢ =y +z, (i.e., a point at
a distance € from y), such that the error will be amplified by |K~!|. Here, the solution
is

=K'y =KNy+z,)=x+K"z,,

and the error’s magnitude is

K 'z,] =K "|€.

3.3 Regularization Scheme

As we saw, uncertainties in y, in the right hand side of equation Kx = y are, at
most, amplified by |K~!|, see Eq. (3.7). This multiplication factor can be quite large.
It only depends on the smallest singular value of matrix K, since

K =oK™ =1/0u(K),

where, in general, o1(A) represents the largest, and o,(A), the smallest singular
values of an n X n matrix A, (see page[I93]of Section [A3).

Just to reinforce, if K has a singular value near zero, then |K -1 will be large. If
the uncertainty in the data is mainly in the direction associated with the smallest
singular values of K, the uncertainty in the solution of the equation can be greatly
amplified. By regularizing the problem, as exemplified in Section[3.1] this situation
can be avoided. We shall consider regularization procedures more systematically.

Let

K,:R"—>R", and b, e R", a>0,

be, respectively, a family of invertible matrices (linear operators), and a family of
vectors, parameterized by @ > 0. Also, assume that y € R”. Consider the problem
given by

K, x=y+b,, a>0 (3.9

and let x = x? be its solution, where the superscript « indicates that the solution
depends on a.
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Definition 3.1. The families K, and b,, @ > 0, constitute a linear regularization
scheme for the linear problem Kx =y, if the following conditions hold:

K, = K, |by] \,O and |K;"| /K|, asa \, 0. (3.10)

(¢

Here, « is called regularization parameter. The perturbed problem, Eq. (39D, is
called the regularized problem, K, is the regularized matrix, and x* is the regular-
ized solution.

We remark that the solution operator of Eq. is represented by the function

R'sy—x* =K, (y+b,) e R". (3.11)

Theorem 1. (a) If the pair K, and b, constitute a linear regularization scheme,
we have

x> x,asa— 0. (3.12)

(b) The evaluation’s condition of the regularized problem solution, Eq. (311, is
less than the evaluation’s condition of the unperturbed problem

y—x=Ky, (3.13)
solution of the original problem, Eq. (3.3).
Proof
(a) By definition of x and x?, Egs. (B.11) and (3.13),
X' —x=K,'(y+by) - K'y=(K;' =Ky +K,'b, .

From triangle’s inequality, Eq. (A27), Eq. (A6), and definition requirement
on K,, Eq. (3.10), we get,

I = x| = (7' = K™Dy — Kbl
<IK;' = K71yl + 1K, 11bol
<IK;" = K71yl + 1K' [1bql (3.14)
By definition,
iiir(l)Kd = K if and only if 51,13% K, - K|=0,
and, since the inversion of matrices is a continuous function,

limK;' =K', or lin’(lJlK;l -K'1=0.
a—>

a—0

Finally, using Eq. (3.14), Eq. (3.10) and previous result, we prove thatx* — x,
asa — 0. [ ]

3 Here, for instance, a, \, 0 as a \, 0 means that a, is an increasing function of & > 0, and
that lim,_,g a, = 0, is taken only from the right of zero.
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(b) The condition of the evaluation of the solution of the regularized problem,
Eq. (311), is less than the condition of the evaluation of x = K~'y, solution of
the original problem, Eq. (3.3)), since |K;]| < |K7!, for @ > 0 as is required in
the definition of a linear regularization scheme, Eq. (3.1Q). This is illustrated
in Fig. 311 [

-1
1Ko Il

g

o

Fig. 3.1 Graph of the norm of K' as a function of «, illustrating some requirements for K,
to be a linear regularization

Let us say one more time that the requirement on the condition lays with the in-
verse, because it is this matrix that solves (theoretically) the inverse problem, and
transforms it into a function evaluation problem. To restrain the growth of error in
the data, matrices with smaller condition numbers are preferred, which justifies the
last condition in Eq. (3.10).

3.4 Tikhonov’s Regularization

In this section, we present and analyze a classical regularization scheme, the
Tikhonov’s regularization scheme, 88| [1, 2]]. We apply this regularization to the
problem given by Eq. (3.3). The analysis depends on the classical spectral theory of
linear operators in finite dimension vector spaces (Sections[A.2] and[A3)).

We are going to see that Eq. (3.3) can be substituted by the equivalent problem
of minimizing the functional

1
fx) = Ele—ylz, (3.15)

where we recall here that K and y are given.

Theorem 2. Let K be an invertible matrix. Then,
(i) X4 is the minimum point of f if and only if X, is the solution of Eq. (3.3);
(ii) The critical point equation of f is K" Kx = K'y;

(iii) The critical point equation of f is equivalent to Eq. (3.3)).
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Proof. (i) x, satisfies Kx, =y if and only if f(x,) = 0. Now, f(x) > 0 for all x.
Therefore, x, is the only minimum point of f (since K is invertible).

(ii) Let us compute the critical point equation of f, Vf(x) = 0. First, the directional
derivative of f at x, in the direction of h, is given by

dfe(h) = lim f&x+eh) - f(x)

e—0 €
L1 2 2
lim > (IK(x + eh) -y ~ |Kx ~ yF)
1
= lim — ((K(x + €¢h) —y, K(x + €h) — y)
e—0 2€
- (Kx-y,Kx-y))
1
= lirr(]) 3 ((Kx —y, Kh) + (Kh, Kx — y) + (Kh, Kh}))
= (Kx -y, Kh)
= (K" (Kx -y),h), (3.16)

To get this result, we used the bilinearity of the inner product, its symmetry, and the
way a matrix changes places in the inner product.

From the definition of gradient of f, Vf — the vector that represents the deriva-
tive through the inner product — we obtain

dfi(h) = (Vf(x),h),
for all h € R". We reach the conclusion thafl
Vi) = K'(Kx-y), (3.17)
which leads to the critical point equation
K'kx=KTy. (3.18)

(iii) We recall that a matrix K is invertible if and only if its transpose, K T is also
invertible, and

(KH™ = &H. (3.19)
Then, by multiplying both sides of Eq. (3.18) on the left by (K7)~!, we see that x

satisfies the critical point equation if and only if x satisfies Eq. (3.3). [ |

Equation (3.18)) is known as normal equation.
To avoid the amplification of the error in the solution of Eq. (3.3)) it is common
to penalize the distance from the solution to a reference value, or the norm of the

* This is an alternative deduction, more calculus and geometry oriented and using the al-
gebraic structure of the function, than both the one presented in Section —that em-
ploys index notation—, and the one presented in Section 2.6l —that employs orthogonal
projections—, to obtain the critical point equation in similar situations.
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solution vector (the distance with respect to the origin). By a reference value we
mean a known approximate solution to the problem. We will denote a reference
value by Xx,.

In the case of Tikhonov’s method, this idea is implemented by modifying the
regularization term, making it penalize the growth of the distance from the reference
value. For the problem defined in Eq. (3.3), this consists in solving the critical point
equation of the functional

1 a
fa®) = SIKx =y + ZIx = x I, (3.20)

with @ > 0, the so-called regularization parameter. The minimum point x* satisfies
the critical point equation

ax?-x,)+K'Kx* =K'y, (3.21)
obtained in a similar way to Eq. (3.18). We rewrite it as
(aI+KTK)x” =K'y +ax,. (3.22)

We will verify that Eq. (3.22)) provides a regularization scheme for Eq. (3.18)). Ob-
serve that, strictly speaking, the problem that is being regularized is Eq. (3.18) and

not Eq. (33).
Let

Ay =al +K'K and b, = ax,, a>0. (3.23)

Theorem 3. The families A,, by, @ > 0, are a linear regularization scheme for
equation KT Kx = KTy.

Proof. Since A, — K'K, as @ — 0 and [b,| \, 0, the first two conditions in
Eq. (3.10) are satisfied.
Now, following the notation in Appendix[Al if

MKTK) > (KTK) > ... > 3,(KTK)> 0,

are the eigenvalues of KT K (the last inequality is strict, since KT K is invertible),
then the eigenvalues of (K7 K)~! satisfy

AKTK)™) = 1/ 41(KTK)

fori=1,...,n. It results that

! > L > ... 2> # >
A(KTK) ~ 2,-1(KTK) A(KTK)

0,

Thus, due to remark[AT](c), p.

I(K"K)™' = 1/2,(K"K).
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Also, from Exercise[A.8] p. 210l
Aial +K'K) = a + (KTK).
Therefore,

AL = (e + KTK)™'|
=(a+ LKTK)™".

Hence, we see that the condition of the problem, when @ > 0, is inferior to that
when a = 0. Notice that |A;!| is a decreasing function of  with limit [(KT K)™!], as
a— 0,

lim]A'| = I(KTK)™|
a—0

satisfying the third requirement in Eq. (3.10).
Thus, we reach the conclusion that A, and b, determine a linear regularization
scheme for the linear problem, Eq. (3.18). [

When compared to the original problem, Eq. (3.18), we see that this regulariza-
tion scheme shifts the eigenvalues of the matrix of the problem by «. Since they are
all real and non-negative (see example[A.2lon page[193)), they are far from the origin
at least by «, including the one with smallest absolute value, which determines the
condition of (KT K)™!.

3.5 Regularization Strategy

The notion of regularization scheme has the goal of constraining, in the solution,
the effect of the growth of the error coming from the data, by means of modifying
the problem’s condition. However, the knowledge of an error estimate or the spec-
ified level of uncertainty in the data is not taken into consideration. The notion of
regularization strategy is important when this information is available.

Assume that the right-side of Eq. (3.3), y, is known only approximately, with a
maximum error of €, i.e., y© is known and not necessarily y, in such a way that

ly-yl<e. (3.24)
Let the pair K, and b, be a linear regularization scheme for Eq. (3.3), and denote
by x*€ the approximation to x obtained by means of K, when the datum is y¢, i.e.,
x*€ is the solution of the regularized equation with noisy or corrupted data,
K. x*=y“+b,. (3.25)
Then,

x“€ = K;l(yf +b,).
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Definition 3.2. Let K, b,, for @ > 0, be a linear regularization scheme, and y© an
approximation of y, with precision level €. A regularization strategy corresponds to
a choice of the value of the regularization parameter, «, to be used, as a function of
the precision level of the data, i.e., it is a relation between « and €, @ = a(¢€), such
that a(e) — 0, as € — 0.

In the presence of noisy data, this is the concept needed, as can be seen from the
next simple theorem.

Theorem 4. Let K,, b,, @ > 0, be a linear regularization scheme for equation
Kx =y, and y° be an approximation of y with precision level ¢, i.e. satisfying
Eq. @24). Also, let x*€ be the solution of the regularized problem with noisy data,
Eq (3.25), and @ = a(e) a regularization strategy. Then

a(€),e

lim x
e—0

=X.

Proof. From the solution of the regularized equation with noisy data we get,

X —x =K, '(y+b,) - Ky
=K'y -y)+ (K, =K Dy + K, 'b, .

Therefore, using triangle inequality, Eq. (A2), and Egs. (A6) and (3.10) we get,
X — x| < K le + 1K, = K"yl + 1K "[Ibal -
Now, letting @ = a(€) be a regularization strategy, and € — 0 in the previous equa-

tion, we get the result. [ |

A relevant magnitude to be taken into consideration when evaluating the quality
of the regularization scheme with corrupted data is

e _

Ix x| .

We now present a qualitative analysis that shows some of the problems likely to
arise when we choose @ = a(€). We have,

x®€ — x| < |x*€ — x| + |x* — x|
<IKN(Y +by) — KN (y + bo)l + K, (KX + b,) — X|
< IK; (v =PI+ (K, 'K = x| + K, by
<IK 'y =yl + 1K, 'K = T11x] + K, " [bol . (3.26)

We surmise the qualitative behaviour of the norm of the total error, |x*€ — x|, by
looking at the behaviour of its bound given by

E(a) = E() + Ex(a) + E3(@) ,
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where

Ei(@) = K, [y - yl,
Ex(a) = |K,'K - I|]x], and
Es(@) = |K,'[Ibg] .

From Eq. GI0), K,'K — I = K, (K - K,), and Egs. (A3)) and (A6), we have,

Ex(@) < K, 'K — K, Ix]
<IK'IK - Kol IxI, and
Es(@) < |K7'[Ibg] .

From this, E>(a@), Ez(a@) — 0, as @ — 0, and

lim E(a) = liII(l) Ei(@) =K "y -yl. (3.27)
a—>

a—0

In practice, we cannot consider the limit as € — 0; the value of € # 0 to be chosen
should be a plausible or known level for the error in the data, due, for example, to
the working precision of the measurement device. In general, once € > 0 is fixed, no
advantage is gained by choosing a close to zero, since, as shown in Eq. G.27), E(a)
does not go to zero as @ — 0. This is illustrated in Fig.[3. 2. The upper bound of the
total error, E(@), may reach a minimum for a value of «, say o*, far from zero. We
must warn the reader, however, that strictly speaking this is not a conclusion about
the behaviour of |x*€ — x|.

Definition 3.3. We say that a regularization strategy, @ = a(€), is optimal when

a(€),e e _

|x -x] = inf|x x| .
@

3.6 Reference Value in Tikhonov’s Method
Mimicking the derivation of Eq. (3.28), we can deduce that
X" —x=K,'(y-y)+ (K;'K - Dx+ K, 'b, . (3.28)
In Tikhonov’s method, with reference value x,, we have
(a/I + KTK) x¥€ = KTy6 +ax, ,
and substituting, in Eq. (3.28),

K,byA, =al +K'K,
b, by ax,, KbyK'K,
yby KTy, and y¢ by K'y¢
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discrepancy
principle
8 ________________________
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Fig. 3.2 Qualitative behaviour: (a) of the total error bound, E(@) = E (@) + Ex(@) + Es();

(b) of the discrepancy, D(a) = |[Kx*€ — y¢|

we get

Therefore,

X" —x = AJKT(y - y) + (A K"K - D)x + aA]'x,
= A KT (y - y) + A, (KTK = Ap)x + ox,)
= A KT (y - y) - A (x-x,) .

g -1 T -1
X = x| <AL TK Y =yl + AL TIx = x| .

(3.29)
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Assume that we will solve the inverse problem with a priori information — we know
an approximate value of X, x,, and a value 6 >0 (as small as we are able to get), such
that |x — x,| <6, (i.e., X, is a vector not much different from the solution, x, we are
looking for). In this case, the second term on the right side of the inequality given
in Eq. (329), would be bounded by ad|(K” K)~'|, which could be small, even if «
is not. When [x] is large (in the absence of a reference value we may take x, =0), it
is advantageous to control the second term using some previous information. Thus,
a is not forced to be small. That is convenient since it is preferable to choose
slightly different from zero, on the account of the first term. In fact, the first term,
which depends on the multiplication factor of the data error, |A}!], is not too large
when « is not too small (see the graph of E;(«) in Fig. B.2h).
This analysis justifies the following assertion:

in inverse problems, good quality additional information contributes to a better
determination of the solution, even when experimental errors are present.

3.7 Steepest Descent Method

Another regularization scheme that can be applied to the problem given by Eq.
consists in considering an iterative minimization method for functional f, defined
by Eq. (313). Instead of directly solving the algebraic linear system, Eq. (3.3),
we choose an indirect method, which generates a minimizing sequence for the
functional f. This implies a change in the regularization strategy with respect to
Tikhonov’s method, as we shall see.

Assume that X, is the minimum point of f. We say that x; e R", with [e N, is a
minimizing sequence of f if

X; = Xeo aS [ > 400 .

In this case, x; converges to the solution of Eq. (3.3), whenever K is invertible.
Thus, if we generate a minimizing sequence for the functional defined in Eq. (3.13),
we construct a sequence that converges to the solution of Eq. (33)). If we stop the
sequence in a finite number of steps, we may end up with only an approximate
solution.

The steepest descent method generates a minimizing sequence for f in the fol-
lowing way. Given an initial approximation x, of the minimum point of f, one
computes X, the minimum point of the restriction of f to the line that passes by x,,
whose direction is the (local) steepest descent of function f at x,,.

We recall here that the steepest descent direction of f at x,, is given by a vector
in the direction opposite to the gradient, i.e., for example, in the direction of

-V (x,) = —K"(Kx, - ).

Therefore, the straight line along which we look for a minimum point of f is given
parametrically by

R>tx,—1Vf(x,) € R".
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The minimum point of f along the line can be written as
X =X, —1'Vf(x,), (3.30)
where * is the minimum point of the real valued function of a real variable,
Rt h(t) = f (%, —1Vf(X,)) = %IK(XO - 1Vf(x,) -y € R.
However,
(1) = (K%, 3 = 1KV (50, Kx — ¥ ~ KV f(%,)
= % (1Kx, — ¥I° = 2KKV £(%,), KX, = ¥) + PIKV (%)) .

which is a second order polynomial in ¢. Therefore, the critical point equation for h
is

0 = dh/dt = ~(KV f(X,), KX, = y) + 1KV f(x,)* ,
that, by using Eq. (B.17), yields

_ (KVf(%), KX, —y) _ IK"(KX, —y)P
IKV £ (x,)I* IKKT(Kx, - y)I*

*

Using again the expression for V£(x,), Eq. @17), and Eq. (330), we obtain

KT(Kx, — y)I
X] =X, — Ly)lz KT(KXO — y) .
IKKT (KX, = y)l
The next step of the algorithm is obtained by applying the same idea, beginning now
at x;. Thus, successively we obtain

IKT(Kx; — y)I*

-———= 7 _K'(Kx;-y) i=0,1,2,... (3.31)
KK (Kx; — y)I Y

Xi+1 = X;

This algorithm can be thought of as a regularization scheme if we identify the
i-th step with parameter @, « = 1/i, i > 1. This will be better seen in the next
section when we consider the Landweber method. We note that we are searching
for a solution in sets “much smaller” than the whole space, which may lead to a
“regularity” in the solution. Even so, this scheme is not of the kind considered in
definition 311 In particular, it does not have a linear structure and is more difficult

to analyze.

3.8 Landweber Method

The Landweber method is an iterative minimization scheme obtained by modifying
the steepest descent method.
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Observing Eq. (B.31), we see that —Vf(x;) = —K7 (Kx; — y) is multiplied by the
factor
K" (Kx; = y)I

IKKT(Kx; - y)IF

This implies that x;, is the best solution through the line
t - x;-1Vf(x;) .

In the Landweber method this costly and complicated factor is substituted by
a constant y > 0, and then in every step only a suboptimal solution is obtained
through the given line. Specified an initial guess Xo, this method is then defined by
the iteration

Xiv1 = X; — YK (Kx; - y)
=vyKly + (I - yKTK) X; ,

fori=0,1,2,....
The solution of this recursion relation is given explicitly in terms of the initial
condition X( and the vectory as

i I - 7KT
1=0

We now analyze the behaviour of this iteration scheme to check when it is a linear
regularization scheme. Let D(6;, 65, . .., 6,) denote a diagonal matrix with diagonal
entries 6y, 65,...,6,. Let also 4; = 1;(KTK) be the j™ largest eigenvalue of KTK,
and v; a corresponding eigenvector, in such a way that P = (v{,v2,...,v,) is an
orthogonal matrix diagonalizing K TK, ie.,

=y K'y+(1-yK K)x fori=1,2,... (3.32)

K"K = PD(Ay, 0, ..., 0,)PT .
Since
i—1
D=y =A==y /v4;,
I=o0

we have

{ (I —yD(Ay,..., /ln)]l} P'KTy

+P[IT —yD(y,..., )] P'xo
1—(1 =y 1—(1 =y,
( 71)’._.’ (- ))PTKTy
4 A
+ PD((1=yA1),....(1 = y4)") P'xo . (3.33)

- o
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Thus, identifying the i-th step with the regularization parameter a, « = 1/i,i > 1,
the i-th iterate, x;, is the solution of the following equation

Ayixii =K'y + by, (3.34a)
where
A A,
A]/i:PD( l SR .)PT, (3.34b)
L= =y4) L= (1 =y,
and
A1 _')’/ll)i An(1 _'y/ln)i T
by = PD -, - | P . 3.34
T e e ) LT

Theorem S. The family A;,;, by, i = 1,2,. .., defines a linear regularization scheme
for the linear problem K" Kx = K"y, when parameter y > 0 is sufficiently small in
such a way that

0<yd;<1, (3.35)
for j=1,...,n.
Proof. As a matter of fact,

Ay — PDP" = K"K,
by — 0, (3.36)

as i — +o0, and since |1 —y/lj| < 1, we have that (1 —y/lj)l — 0 asi — oo, and then

1= (1-y4,) 1
Wikl = T 2 L S TR as i oo,
|
Equation (3.33) tells us that the eigenvalues of the inverse, 1/4;, which may be
very large (when A; is very small, near zero), are mitigated by the regularization
scheme by means of the factor

1—(1-y)".

This factor is close to zero whenever A; is close to zero. We also remark that the
initial condition xo is progressively “forgotten” as it is multiplied by (1 — yA4,)’,
which tends to zero as i grows, forall j = 1,2...,n.

Note that Eq. can be replaced by asking only that y satisfies

1
0<y<—. (3.37)
A
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3.9 Discrepancy Principle

In any regularization scheme such as steepest descent, Landweber iteration or con-
jugated gradient method, the regularization parameter « is related to the iteration
counter i, « = 1/i.

Applying a linear regularization scheme in a problem having at most a level € of
data error, |y — y¢| < €, we have

|KX(Y,E _ y€| — |KK;l(y€ —+ b(l/) — ysl
<|KK,' = Iyl + IKK;'| Ibe] .

It is obvious that, as the iteration number tends to infinity, i — +oo,
a=1/i—»0 and |Kx**-y|—>0.

This is illustrated in Fig.[3.2b.
Thus, we could think it is appropriate to pre-specify an arbitrary small tolerance,
0, in which case we would proceed with the iterations until

|Kx!/"€ — y¢] becomes smaller than ¢.

We see that, if we adopt this stopping criterion, we risk choosing values of @ = 1/i
smaller than o*, and, as shown in Fig. 3.2k, the error in

|Xl/i,€ _

Xl 9
which is to be minimized, but that cannot be directly accessed (when x is unknown),
would end up increasing.

As a matter of fact,

|Kx'/"€—y€| can decrease,

while, at the same time,

|X1/i,6

—x| can increase as i — +co .
This is an extremely important observation. In Fig. it is immediately verifiable
that this is the case when a < a*.

Since the error in y€ is at most €, it is reasonable to assume that the algorithm
should stop when

IKx' -y < €.

That is, we are choosing 6 = €. This stopping criterion is known as discrepancy
principle.

For a practical application and a visualization of the fact that this principle yields
good results, while difficulties arise when it is not in use (i.e., whenever we use too
small a 6) see Fig.[Z3lon page[[31]
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3.10 Conjugate Gradient

The conjugate gradient method is a very important regularization method that gen-
erates a minimizing sequence. In fact, when applied to the resolution of a linear
system defined by a real symmetric matrix it arrives to the solution in a finite num-
ber of steps, at most the size of the matrix, considering the computations are carried
out in infinite precision (exact) arithmetic.

For completeness, we present a derivation of the conjugate gradient method for
finite dimension problems. Conjugate gradient has been introduced by Hestenes and
Stiefel [37]]. Rather comprehensive presentations are given by Shewchuck [67]], and
Golub and Van Loan [33]. A conjugate gradient method applied to a heat transfer
problem is presented in Chapter[7l

3.10.1 Conjugate Gradient Algorithm

Let A be a real, symmetric, positive definite matrixﬁ, and consider the problem
Ax=Db, (3.38)

where b € R” is a known vector in R” and x € R” is unknown. Denote the solution
by X,.

As in the case of the steepest descent method, the conjugate gradient method is an
iterative method that searches for solution by minimizing a functional along certain
directions. Here we consider the functiona

1
E(x) = ExTAx -x'b. (3.39)

It can be shown that
VE =Ax-b, (3.40)

and, therefore, X, is a critical point of E if and only if it solves Eq. (3.33).

The derivation of the conjugate gradient method we present is based on two-
step optimization, with very little geometry discussed. Geometrical aspects of the
conjugate gradient would take us too long at this point, so we have spelled out
the details in exercises for the interested reader in the Appendix [Al (see exercises
beginning on Exercise[A. 40, page 2T9).

Before delving in its derivation, we present its algorithmic form. Conjugate gra-
dient uses search directions p;, i = 0,1,2,...,n — 1 defined iteratively. Given an
initial guess Xy for the minimum point of E = E(x), the first search direction is
po = VE |,= AXo — b, and the method proceeds in the following way,

Xis1 = X; — Bipi (3.41a)
Pi+1 = VE |y, +Vis1Pi = AXis1 — b+ yi1pi s (3.41b)

3 The definition of a positive definite matrix is given on page [[93]
¢ See Exercise[A.13] page 211l to verify that the level sets of E are ellipsoids.
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fori =0,1,2,... with the following choice of parameters,

_ (Ax;—b)(Ax; - b)
N p! Ap;

(AXir1 — b)T (Ax;11 —b)
Y= T A — )T (AX; — b)

Bi (3.41c)

(3.41d)

For simplicity, but mainly for computational efficiency, we introduce the residuall,
r = b - AX,' ,

and then, applying A on both sides of Eq. (3.41a), and subtracting b, we get the
following recursion relation for the residuals,

riy] =T + BiAp; . (3.42)

Therefore, the conjugate gradient method can be rewritten in algorithmic form as

p= i (3.43)
= 43a

p! Ap;
Xi+1 = X; — BiPi (3.43b)
rip1 = I+ BAp; (3.43¢)

I‘T r;
Yin = 0 (3.43d)

I'l. r;
Pi+1 = —Tis1 + Yir1Pi (3.43¢)

fori =0,1,2,..., with

Po =Axo—b, andrp =b - Axg . (3.43f)

3.10.2 Two-Step Optimization

We begin by presenting the first optimization step of the conjugate gradient method.
Landweber, steepest descent, and conjugate gradient proceed, in each iteration step,
along a prescribed direction

Xit+1 =X,‘—ﬁip,‘,i=0,1,... (344)

where §; is a parameter that specifies the size of the step to be taken in the search
direction, p;.

Consider the line in R” that goes through x; and has direction p;, defined by the
image of the function

RBﬁl—)Xi—ﬁp[ERn.

7 Here, the residual is directly related to the gradient of E, r; = =VE |,,.
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For conjugate gradient, steepest descent (but not for Landweber), and other so-called
conjugate directions methods one chooses §; in such a way that the functional E,
Eq. (B39), restricted to the line, attains its minimum value. The restricted functional
is given by

R>BmIB) =EX;i—pp) e R,

where
I(B) = E(x;) - Bp] (AX; —b) + %ﬁzpf Ap; . (3.45)

It is worthwhile noticing that /() is just a second degree polynomial in 8, with funny
looking coefficients. The critical point of /, i.e. the solution of (dl/dp) |g,= 0, is given
by
B = ‘coefficient of 8
" ‘twice the coef. of g%’
p; (Ax; —b) p/T;
~ plAp plAp:

(3.46)

Now, substituting the value of S3; in [, we get the minimum of E restricted to the
search line,

2
1 [Pl (Ax; = b))
IB) =Ex; —Bip) = EX) — s ————

2 plAp;
2
E(x;) l(piTr,-) (3.47)
= X;)— < . .
2 plAp;
Clearly, the decrease in E,
7o \2
1 (pri)
5T , (3.48)
2 p,‘ Api

depends only on the direction, not on p;’s norm, as should be expected. In fact, the
quantity in Eq. (348) is homogeneous of degree zerdd in p;. In other words, if we
change p; by a non-null multiple of p;, ap;, with a # 0, the quantity in Eq. (3.48))
does not change.

In the case of steepest descent, we would take y; = 0 for all i, in Eqs. (3.43d) and
(B:43¢)), in which case the search directions are

Pi =VE |Xi=AX,'—b = -I i=0,1,2,... .

It should be remarked that if x; is already the solution of the problem, x; = X,, then
r; = 0, the quantity in Eq. (3.48) is null and, in fact, the minimum value of I(3),
Eq. (3:43), would occur for 5 = 0.

8 A function R"\{0} > x +— g(x) € R is called homogeneous of degree o if and only if
g(Ax) = 17g(x) for all A € R\{0}, and for all x € R"\{0}.
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Unless x; is already the solution of the problem, the quantity in Eq. (3.48)) will
be strictly positive, representing an effective reduction in the value of E, which, in
principle, is good since the goal is to find the minimum point corresponding to the
minimum value of E.

We begin by presenting the second optimization step of the conjugate gradient
method which is related to the choice of search direction. This choice has three in-
gredients. In the first step, it coincides with the steepest descent since the first search
direction is po = AXy — b. The next ingredient is that it consists in a perturbation of
the direction of the gradient of the functional E by the previous search direction,

pi = VE|y, + ¥iPi-1

=AX;i — b +yipin

= —I; + YiPi-1 ,i = 1,2,... (349)
Finally, y; is specified by choosing it in order to maximize the decrease in E,
Eq. B48). After substituting p; given by Eq. (3.49), in Eq. (3.48), we have to max-
imize the function

2

|[(=ri+ypi) 1]

R>y hy) = .
(—1; + ypi)” A (=1; + ypii1)

(3.50)

The maximum point of this function is given by

p.rir! Ar; — ! rir] Apiy
Yi= 1 7 . (3.51)
p,_ rir; Ar; +r; 1;p,_ Ap;-|

Although at first sight it may seem daunting, it is a simple computation that we
prefer to leave as a guided exercise for the reader, Exercise[3.16l

3.10.3 A Few Geometric Properties

What is left, now, in the derivation of conjugate gradient is to show that 3; and y;
given, respectively, by Egs. and (@.3]) correspond to the values presented
in Eq. (343). This is a consequence of the geometric properties of the conjugate
gradient method, presented next.

Theorem 6. Using the notation introduced previously, the following geometric as-
sertions concerning the conjugate gradient method hold:

(a) (Orthogonality of residuals) r;;; is orthogonal to r;, (and also to all the previ-
ous residuals r;_q, ..., Ty);

(b) (Orthogonality of residuals and search directions) r;;; is orthogonal to p; and
to pi—1, (and all the way down until py);

(c) (A—orthogonalityﬁ of p;’s) pi+2 is A—orthogonal to p;,; and p; (in fact, p; L
p;, foralli # j),ie., pl.TApj =0 foralli # j

® For a discussion of A-orthogonality see Exercise [A.3] page 208
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(d) p/r; = -r’r;, forall i.

|
Before proving this theorem, we show how it is used to simplify 5; and ;.
From Eq. (3.46) and using item (d) of the previous theorem we get,
T T T
p; Ii (-ri+ypi-)'r; LT
Bi=-———=- YR B i (3.52)
p,‘ Api p,‘ Api p,‘ Api

This concludes the derivation of Eq. (3.43a)) for 5;.
As for Eq. (B.43d) for y;, a little more work has to be done. Start by multiplying
both sides of Eq. (3.42)) from the left by r” ., and using item (a) above to get,

i+1°
r,?;]ri+1 Z,Bir,?;.]Api )
which yields
r,?j,_lri+]

r’ Ap;

i+l

Bi=

Equating the expression for §; from Eq.(3.32) and from the previous equation, we
get,

T An. T .
L AP Ty Tisl
T —

p; Apl I, I

Now, from Eq. (3:31) with i + 1 in place of i, using item (b), p/_ r; = 0, and the
previous equation, we get,

T
L Xt

Yi+1 =
r'r;

This concludes the derivation of the conjugate gradient algorithm, Eq. (3.43).
Next we prove assertions (a) to (d) of theorem [6]

Proof. (theorem[6)). The proof of this theorem is done by induction. We sketch it by
showing the first step when i = 0, i.e., we show that

(ap) Orthogonality of residuals: r; is orthogonal to ro;

(bg) Orthogonality of residual and search direction: r; is orthogonal to py;

(cp) A—orthogonality of search directions: p; is A—orthogonal to po;

(do) piro = —r{ro,

and how to prove the second step, when i = 1, from the first, i.e., that
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(a;) Orthogonality of residuals: r; is orthogonal to ry and r;;
(by) Orthogonality of residual and search direction: r; is orthogonal to py and py;
(c;) A—orthogonality of search directions: p, is A—orthogonal to py and p;;
(dy) piry =-rlry.
First step: i = 0. Now we tackle the first step.

(ap) 11 is orthogonal to ry, i.e., r; L ro. By multiplying both sides of Eq. (3.43d),
withi =0,

r; =ro + BoApo

on the left by r(, substituting the value of By by expression on Eq. (3.43a),
and recalling that py = —rp, we get

T T T
r,r; =ryro + Bor, Apo
T
r,ro
_ T 0 T _
=TIyro + TI'OAPO =0.
0 Po

(bg) Since pp = —ry, and ryp L ry, we conclude that r; L po.

(co) From Eq. (3:43d), withi = 0, and r; L 1o, we get

rir; =r! (ro +BoApo)

= (ro + BoApo)’ BoAPo
= Bor} Apo + Bipa Apo -

Now, from Eq. (3:43), and pre-multiplication by p] A we get

PoAP1 = Py A (11 + ¥1Po)

T T

=Py A|-To —BoAPo + ——Po (3.53)
I‘0 ro

Bori Apo + Bipt A?

T
I‘O | )

Po
= —pj Aro — Bopp A%po + pLApo =0,

and we conclude that p; is A—orthogonal to py.
(dop) Since pg = —ry, item (d) follows for i = 0.
Second step: i = 1.

(a;) Now, we consider the orthogonality of the second residual to the previous
residuals. From Eq. (3.43d) with i = 1,
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r)» =rI) +ﬁ]Ap] .

By multiplying the previous equation on the left by r;, and using Eq. (3.43a))
withi =1, we get

T. _ T T
rir =rr +pir Ap;
T
rr
=r{r + ——r[Ap; =0,
]Apl
since, from p; = —r; + y1Ppo,

p| Api = (=11 +y1po)’ Api
-0

T T
= -1 Ap: + Y1 PoAp! .
Thatis, r, L ry. Also, r; L 1y
rgry =1} (ry +B1Ap))

=1ori +B1(=po) Ap1 = 0.
(by) Sincer; L rgandry = —pg, we have r, L po. Moreover,
rp; =15 (—r +y1po) = 0.
(c1) We show that p, is A-orthogonal to py since

PLAp2 = PyA (=12 + y2p1)

=0
—_—

= —pgArz + v pgAp]

1
=—(@o-1)'r=0.

~ Bo

We remark that to show plTApz = 0 one only needs to change 1 to 2 and 0 to

1 in Eq. (3.33).
(d;) Note that

-0
T T T..1 7.1 7.1
piri =(-Ti+ypo) =-I|I +y Ir =-rr .

To complete the proof of theorem[d] it is enough to use induction. [ |
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The ‘dynamics’ set forth by the conjugate gradient method, Eq. (3.43), ‘preserves’
the geometric structure stated in items (a) to (d). That is, at step i, the choice of the
next search direction, that is of v;,1, is made in such a way that:

(a) the nextresidual, r;., is orthogonal to the previous ones;
(b) the next residual, r;; 1, is orthogonal to the previous search directions;
(c) the search direction p;;; is A-orthogonal to the previous search directions;

(d) and p/r; = -r/r;.

3.11 Spectral Analysis of Tikhonov’s Regularization

We will see in detail the difference between solutions x and x?, respectively, of
Egs. (33) and (3:22) and, in particular, we will analyze the spectral behaviour of
the regularization of the problem.

Using the notation introduced in Appendix[Al let

o1>...20,>0

be the singular values of K. The smallest singular value o, = 0,(K) > 0, is non null
because K is invertible.
The eigenvalues of KTK,

A1 >2...24,>0,
are related to the singular values of K by
/ll' = 0',2 .

as can be seen from observation[A.T](d) on page[199]
Let

D=D®,...,6,)

be the diagonal matrix whose main diagonal is formed by 6, ..., 8,. The singular
value decomposition of K, theorem[§ on page[T93l is rendered as

K = QD(oy,...,0,)P",

with Q = (wy,...,w,), and P = (vy,...,V,), which are appropriate orthogonal
matrices whose columns are denoted, respectively, by w; and v,. Therefore,

K"K = PD*(oy,...,0,)P" =PD(03,...,05)P" .
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Alternatively, we can write, emphasizing the use of matrices and vectors, that
n
K= QD(O'],...,O'H)PT = ZO’,‘W,‘V?.
i=1
Therefore,
n
K"K = PD(A,,...,A,)PT = PD(o?,...,c2)PT = Z vl (3.54)
i=1

Analogously, for the regularized matrix, we have,

Ay =al +K'K
=aPP" + PD(0},...,00)P"

=PD(a/+0'%,...,a+0'ﬁ)PT

=Y @+l . (3.55)
i=1

Comparing the spectral representations of the matrices K7 K and A,, provided by
Eqgs. (3.34) and (3.33), we see how the regularization modifies the original problem,
and the role of regularizing parameter.

From the previous results, we can conclude that,

n
KT ZPD(Ul,...,O'n)QT ZZO','V,'WiT,
i=1

and
1 |
K= PD(—, , —) or = Z —viw!,
(o] Oy i—1 (%]
51
(KTK) ™! = PD[—, , )PT = vivl,
of o Zl 2
1 1 o
A" =PD e Pl = viv)
(4a) [a+0'% a+0’%) ;“"‘0'1'2 o
Also,
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Finally, the solutions to Eqgs. (3.3) and (3.22)) are given respectively by

n n

1 1
x=Kly=) —vwly= Y —viw,y), 3.56
y ;sz ;mx,w (3.56)
x? = AJ'KTy + aA]'x,
g On T
= PD Sy
(a+0'% a+0',21)Q y
a a -
+ PD 7o 5 P x,
CZ+0'] a+ oy,

_Za+ ViW; y+z V,V X,
—Z mww+z

From Egs. (3.36) and (3.537), it is obvious that the regularized solution, x,,, converges
to the exact solution, X, as «—0.

V,<V,,Xr> (3.57)

Exercises

3.1. Augment Table B Ilby considering the values of |r| and |r|/|p] where K,r = p,
with p = (2719.0), as « varies. Qualitatively, how the regularized problem behaves
for these perturbations?

3.2. Check whether K,, defined by Eq. (3.4), is a linear regularization scheme.
3.3. Show that Eq. (3.19)) is valid.

3.4. Let K be an invertible matrix, and let X, y be given such that Kx = y. Let p be
a perturbation on y and r the corresponding perturbation on x, K(x + r) =y + p.

(a) Show that r depends only on p (and not on y nor x) and show thatr = r(p) =
K~ 'p.

(b) Consider the error multiplication factor

[r(p)I
Ipl

mg(p) = ; (3.58)

and show that it is a homogeneous function of zero degree. (See definition of
homogeneous function in footnote on page[72])

(c) Let A4 # 0 be an eigenvalue associated with eigenvector v, of K, and compute
mg (V).

(d) Letmg = max,z mg(p). Show that mg = |K~!|. (See definition on Eq. (A3).)
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3.5. For the family of perturbations on the right hand side, y, of Kx =y,
[0,27] +— p(B) = (cosh,sinb),

(a) determine the corresponding perturbation on X, on the left hand side, for K
given by Eq. (3.1));

(b) compute
8(0) = mg(p(0)) ,
and sketch its graph;

(¢) do the same for the regularized matrix K,,, defined by Eq. (3.4).

(32

(a) Verify that this class of matrices contains matrix K, from Eq. (3I), and K,,,

from Eq. (3.4).

(b) Determine the eigenvalues of A.

3.6. Let

(c) Assume 8 and y small. Use the approximation V1 +x ~ 1 + 3, for x near
zero, to obtain approximations for the eigenvalues of A.

(d) Determine the eigenvectors of A.
Hint. Note that ax + by = 0 has solution (x,y) = &(—b,a), for all £ € R.

(e) Verify directly that the eigenvectors of A are orthogonal.
(f) Compute m4(p(#)) as defined in Exercise (3.3).
(g) Compute m, = max, ma(p).

3.7. (a) Check the details on the derivation of Eq. (3.16).

(b) Let f, be defined by Eq. (3.20). Show that its critical point equation is given
by Eq. 321).

3.8. Let A be a real, square, symmetric matrix with non-negative eigenvalues,
A1, A2, . . ., Ay. A Tikhonov regularization of matrix A, is defined by

A = A+kI, forke€]0,+ oof.

k

Show that

1
T kra,

‘min

where my is defined in Exercise (3.4), and A, = mine(i 2, n Ai-

‘min ey
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3.9. Consider the symmetric matrix

100 98
4 = (98 100)’

or, more generally, let

(a) Compute the characteristic polynomial and find its roots (the eigenvalues of
A). Denote the eigenvalues by 4; > A,.

(b) Determine eigenvectors v; and v, corresponding to each eigenvalue.

(c) Show that the eigenvectors corresponding to different eigenvalues are
orthogonal.

(d) By dividing each eigenvector by its norm, find P such that A = PDP” where
_ A0
b= (7 2)

3.10. (a) Find the spectrum of

1 1-2
b= (1—% 1 )'

(b) Compute v an orthonormal eigenvector associated with eigenvalue 4, and
v>", an orthonormal eigenvector associated with the other eigenvalue.
(c) Let
pu(®) = cosOV!" +sinfv>" .
Determine r,(6) such that Br,(0) = p,(6).

(d) Determine

|r,(0)]
PO

(e) Sketch the graph of mp(p,(6)), as a function of 6.

mp(Pa(0))

(f) Note that B = A/n, where A is the matrix of Exercise[3.9] Show that, for large
n, 11(B) > A,(B), satisfy

A1(B)~2 and A(B)~0,
that is,

lim A4;(B)=2, and lim A»,(B)=0.
n—+oo

n—-+oo
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3.11. Let B. = B + €I, a Tikhonov regularization of matrix B from Exercise [3.10
and redo that exercise for it.

3.12. Check the details in the proof of theorem[dl
3.13. (a) Derive Eq. (3.28).
(b) Verify the validity of Eq. (3.32).
(c) Check the details on the derivation of Eq. (3.33).
(d) Check the details on the derivation of Eq. (3.34).
(e) Verify the equivalence between Egs. and (3.37).

3.14. We are in debt in Eq. (338)) since DefinitionB.Ilrequires [by ;] N\, 0, as i — oo.
Show that this holds.
Hint. Let 0 < a < 1 and show that a*/(1 — a¥) is a decreasing function.

3.15. Descent method for positive definite matrices. Let A be a real, symmetric,
positive definite matrix, and consider the solution of the linear system

Ax=b, (3.59)

where b € R” is given. Let
1 r T
E(x) = EX Ax—-x'b.

(a) Show that

VE =Ax-Db

(b) Let x, be the solution of Eq. (3.39), Ax, = b. For any x # x,, show that
E(x) > E(Xy4)

Hint. Let x = x, + h and expand E(x, + h), collecting the zero order terms
in h, the first order, and the second order terms. The zero and first order terms
have simple expressions.

(¢) Let R 3t x; — {VE |,€ R" be a line in R", and let [ = [(¢) be a function
given by

Rat—=lH=Ex—-tVE|,)eR.
Show that its minimum point, £/, is given by

. (Ax;-b)(Ax; - b)
7 (Ax; - D)TA(Ax; — b)
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(d) Define the steepest descent method by
Xip1 =X — 1 (Ax; = b),
and, likewise, define the Landweber method by,
Xir1 = X; — Y(AX; —b) , (3.60)

where v is a positive constant, y > 0. Use the spectral theorem, the regulariza-
tion parameter @ = 1/i, i > 1, and mimick the development in Section[3.8] to
show that Eq. (3.60) leads to a linear regularization scheme associated with
solving Eq. (3:39).

3.16. The aim of this exercise is to derive an expression for the maximum point, y;,

Eq. B:31), of function & = h(y), Eq. (3.30).

(a) Write A(y) as the quotient of two polynomials of second degree,

(a1y + az)?

hiy) = — L2
(7) 17]’)/2 + bz’y + b3

(3.61)

that is, determine appropriate constants ai, az, b1, b, and b3 from Eq. (3.30).

(b) Using the simplified form of A(y) in Eq. (B.&1)), keeping the constants ay, as,
by, by and b3, differentiate it and write the numerator as the product of two
polynomials of degree one.

(c) Find the two critical points of & written in terms of a;, a, b1, b» and b3, and
next, substitute their values obtained in item (a).

(d) Show that h(y) > 0, for all v € IR. Compute lim,_, . h(y). Next, argue that
one of the critical points obtained is already a root of /2 and corresponds to its
minimum point, and the other critical point must be a maximum point.

3.17. Let ¢ denote the error in the i—th iteration of the conjugate gradient method,
€ = X; — X4. Recall that x;.| = X; — Bip;.
(a) From the previous equation, obtain a recursive equation for €, in terms of ¢;.
(b) If one requires that €] be A—orthogonal to p;, show that one gets an expres-
sion for 3; as in Eq. (3.46).
(c) From Eq. (3.49) for p;, and assuming that p;’s are A—orthogonal, piTAp =0
if i # j, show that

y P,-TAl‘i

i = .
P Api-i

The request of A—orthogonality can replace the minimization procedures in the

derivation of conjugate gradient method. However, one still needs to use the stated

properties in theorem[6]to simplify parameters 3; and y;, as done in Section 3. 10

3.18. Use induction to prove the results stated in Theorem[6l



Chapter 4
Image Restoration

Assume we have access to a certain image obtained by means of a device that, in the
process of acquisition, causes a degradation, such as blurring. The objective of this
chapter is to show how to restore the image from the degraded image, considering
specific exampleﬂ.

In the image processing literature, the recovery of an original image of an ob-
ject is called restoration or reconstruction, depending on the situation. We shall not
discuss this distinctiorf.

In any case, in the nomenclature of inverse problems we are using as setforth in
Section 2.8] both of these cases, restoration or reconstruction, are suitably called
reconstruction inverse problems.

We assume here that the image is in grayscale. Every shade of gray will be rep-
resented by a real number between O (pure black) and 1 (pure white). The origi-
nal image is represented by a set of pixels (i,j),i = 1,...,Land j = 1,..., M,
which are small monochromatic squares in the plane that make up the image. Each
pixel has an associated shade of grey, denoted by I;; or I(i, j), which constitutes an
L x M matrix (or a vector of LM coordinates). A typical image can be made up
of 256 x 512 = 131072 pixels. Analogously, we will denote by Y;;, i = 1,...,L,
j=1,..., M the grayscale of the blurring of the original image.

The inverse problems to be solved in this chapter deal with obtaining I, the orig-
inal image, from Y, the blurred image. These problemsﬁ are of Type I, and, most of
them, deal with inverse reconstruction problems, as presented in Section[2.8] which,
properly translated, means that given a degraded image one wants to determine the
original image, or, more realistically, to estimate it.

4.1 Degraded Images
We shall assume that the degraded image is obtained from the original image through

a linear transformation. Let B be the transformation that maps the original image I
to its degraded counterpart Y, Y = B, explicitly given by

! The results presented in this chapter were obtained by G. A. G. Cidade [24].

2 We just observe that reconstruction is associated with operators whose singular values are
just 0 and 1 (or some other constant value), whereas when restoration is concerned the
range of singular values is more extense. For understanding what are the consequences of
having just 0 and 1 as singular values see Section[A.4.2]

3 See the classification in Table 23] page 48]
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L M
j= D ) B Ly, =l Lj=1,.. M. (4.1)

=1 j=1

We call Eq. (£])) the observation equation. We note that Y corresponds to the ex-
perimental data, and we call the linear operator B the blurring matrid] or, strictly
speaking, blurring operator.

We assume that the blurring matrix has a specific structure
B =by, for —-N<k<Nand -N<I<N, (4.22)
and Bl'-'}-" =0, otherwise . (4.2b)

Here by, for —N < k, [ < N, is called the matrix of blurring weights, This means
that blurring is equal for every position of the pixel (homogeneous blurring).

At each pixel (i, j), the blurring takes into consideration the shades of the neigh-
bouring pixels so that the domain of dependence is the square neighbourhood cen-
tered in pixel (i,j) covering N pixels to the left, right, up and down (see Fig. 1)
comprising (2N + 1) X (2N + 1) pixels whose values determine the value of the pixel
(i,). In particular, (by) is a 2N + 1) X (2N + 1) matrix. Usually, one takes N <L, M.
Moreover, the coefficients are chosen preferably in such a way that

Z Z by=1, (4.3)

with by; > 0 for =N <k, [ < N.

Figure [ illustrates the action of a blurring matrix with N = 1, on the pixel
(i, ))=(7,3). This pixel belongs to the discrete grid where the image is defined. The
square around it demarcates the domain of dependence of the shade of gray Y73, of
pixel (7,3) of the blurred image, in tones of gray of the pixels of the original image
pixels,

I, 172, Is2, Is3, 173, 133, 14, 174, and g4 .

We can assume that by; admits separation of variables, in the sense that by = f fi,
for some f;, =N < k < N. In this case, f; > 0 for all k, and Eq. (£.3) implies that

N
Z Se=1. (4.4)
k=—N

Here, f; can be one of the profiles shown in Fig. (a) truncated gaussian, (b)
truncated parabolic, or (c) preferred direction. It could also be a combination of the
previous profiles or some more general weighting function.

# Strictly speaking B = (B;ljj/) is not a matrix. However, it defines a linear operator.
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: TJ' Iss Igs 175 Lgs 195
by b oy b,
Is4 T 64 Loy g4 T o4
b0 b0 P10
k . T
g I53 Les I 73 Igs Los
b o1 P < | =753
blurring matrix A I Lo I7, Iy 192
with N=1
discrete grid of the image >
I's) Lo Iy L, Tor
- = !

Fig. 4.1 The blurring matrix with N = 1 acts on the point (i, j) = (7, 3) of the discrete grid of
the image (pixels)

With respect to the situation depicted in Fig. [£1l one possibility is to choose
fo1 =1/4, fo = 1/2 and f; = 1/4 which leads to the following matrix of blurring
weights

b_i.1 b_io by ) U= o f)
bo.1 boo  bo1 |=| So
bi-1  bio b1t N
L1 1
IR DR B
= | D ==1]242 4.5)
j 1 i 16 1 2 1
16 8 16
Therefore, in this case, for instance,
1
Y73:R(162+2172+182
+2163 + 4173 + 2Ig3 + Igq + 2174 + Ig4) . (4.6)

This scheme cannot be taken all the way to the boundaries of the image. At a
boundary point we cannot find enough neighbour pixels to take the weighted aver-
age. we describe two possible approaches for such situations. One simple approach
here is to consider that the required pixels lying outside the image have a constant
value, for example zero or one (or some other intermediate constant value). An-
other approach is to add the weights of the pixels that lie outside of the image to the
weights of the pixels that are in the image, in a symmetric fashion. This is equivalent
to attributing the pixel outside of the image the shade of gray of its symmetric pixel
across the boundary (border) of the image.
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c) preferred direction

Fig. 4.2 The blurring matrix can represent several kinds of tensorial two-dimensional convo-
lutions: gaussian, parabolic, with preferred direction, or a combination of them

For illustration purposes, say now that (7,3) is a pixel location on the right bound-
ary of the image. The positions (8,4), (8,3), (8,2) are outside the image and do not
correspond to any pixel. We let the weights 1/16, 2/16 and 1/16 of these positions to
be added to the symmetric pixels, with respect to the boundary, respectively, (6,4),
(6,3), and (6,2). The result is

1
Y3 = 1_6 Iy + 2I77 + 4l + 4173 + 24 + 2174) . 4.7

4.2 Restoring Images

The inverse reconstruction problem to be considered here is to obtain the vector I
when the matrix B and the experimental data Y are known, by solving Eq. (&)
for L.
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We can look at this problem as a finite dimension optimization problem. First,
the norm of an image I is taken as the Euclidean norm of I thought of as a vector
in RIM,

not the norm in the set of L X M matrices, as defined in Eq. (A3). Next, consider the
discrepancy (or residual) vector Y — B, and the functional obtained from its norm

RO = %lY—BIF, (4.8)

to which we add a Tikhonov’s regularization term, [81} 26} 27, [70. [86] getting
1

on = 5 Y = BIP + aS(I)
1 L M N N 2
) Z Z (Yij - Z bklli+k,j+l) +aSd), (4.9)
=l j=1 k=-NI=—N

where S is the regularization termf] and « is the regularization parameter, with
a > 0. Here, B and Y are given by the problem. Finally, the inverse problem is
formulated as finding the minimum point of Q.

Several regularization terms can be used, and common terms areﬁ (231 26, [16]:

L M
1 =n 1 - \2
Norm S =_|I-1F = 2 ;(1,-,—1,-,) (4.10a)
L M I
Entropy ST =- (I,~—I_,~—I,~~ln #) (4.10b)
;FZI AT Ay I;

In both cases, I is a reference value (an image as close as possible to the image that
is to be restored), known a priori.

The notion of regularization and its properties are discussed in Chapter Bl The
concept of reference value is introduced in Section 3.4] page [60] and the advantage
of its use is explained in Section[3.6 page[63l

> To improve readability we insert a comma (,) between the subscripts of / whenever ade-
quate: Ly ji-

% Some regularization terms can be interpreted as Bregman’s divergences or distances
[14. [81 231 [42]]. The use of Bregman’s divergences as regularization terms in Tikhonov’s
functional was proposed by N. C. Roberty [27]], from the Universidade Federal do Rio
de Janeiro. Bregman’s distance was introduced in and it is not a metric in the usual
sense. Exercise[A. T4l recalls the notion of metric spaces, while Exercise[A.33] presents the
definition of Bregman’s divergences. Some other exercises in Appendix [Al elucidate the
concept of Bregman’s divergence.
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In the case now under consideration, image restoration, the reference value can
be the given blurred image I =Y, or a gray image (i.e., with everywhere constant
intensity),

Il'jZC . fOfiZl,...,szl,...,M N

where c is a constant that can be chosen equal to the mean value of the intensities of
the blurred image,

4.3 Restoration Algorithm

Image restoration can be carried out by Tikhonov’s method, with the regularization
term given by the entropy functional, Eq. (Z.10b). The regularized problem corre-
sponds to the minimum point equation of the functional Q, and is a variant of the
one analyzed in Chapter[3l The entropy functional chosen here renders the regular-
ization as non-linear, differing from the one treated in the referred chapter.
Substituting the expression of S (/) given in the right hand side of Eq. in

Eq. .9), we obtain
2

ol =

L M N N
Z(Yij - Z Z bk11i+k,j+1]

=1 j=1 k=—-N I=—N

L M _ I

—QZZ(IU_IU_IUIH%) . (411)
j=

i=1 j=1 1

M| =

L

To minimize this functional, the critical point equation is used

0
Q=O forallr=1,...,L,s=1,...,M. (4.12)
aIrs
This is a non-linear system of LM equations and LM unknowns, I;;, i=1,...,L, j=
1,..., M. For notational convenience, let F,;=0Q/0I,, and F the function
R¥MsI—FI)eRMM (4.13)

where, from Eq. @11), its (r, s)-th functiorl] is given by F,,,

L M N N I.
Fyo=— Z Z (Y,-, - Z Z bulisk st | bris-j + aln I—‘ . (4.14)

i=1 j=1 k=—N I=-N rs

7 When computing F,, we use that

N N
0l;;/01,y = 60, and Z Z biOliiyjs1 /01y = br_is; .

k=—N I=—N
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Using this notation, the system of non-linear critical point equations of Q, Eq.
(4.12), becomes

FI)=0. (4.15)

Therefore, the inverse problem is reduced to solving Eq. {@13). We will show how
this non-linear system can be solved by the Newton’s method.

4.3.1 Solution of a System of Non-linear Equations Using
Newton’s Method

Consider a system of equations like the one in Eq. (d.13). Newton’s method is it-
erative and, under certain circumstances, converges to the solution. We sketch its
derivation.

An initial estimate of the solution is needed: I°. Then, I?*! is defined from I7,
with p = 0, 1,..., using a linearization of Eq. by means of a Taylor’s series
expansion of functlon F around I”.

Due to the Taylor’s formuld of F, we have

Fd) = FI") + Z Z o w = Ih,)

m=1 n=1

+o(|1—11’| ) , asI—>I". (4.16)

Here, we should be careful with the dimensions of the mathematical objects. As
stated in Eq. 13), F, evaluated at any point, is an element of R, i.e., the left
side of Eq. (4.16) has LM elements. This also holds for every term 0F /81, for all
m=1,....L.n=1,....M

For Newton’s method, I?*! is defined by keeping only up to the first order term
of Taylor’s expansion of F, right side of Eq. (£.16)), setting the left side equal to zero
(we are iteratively looking for a solution of equation F = 0), and substituting T by
17*!. Thus, Newton’s method for solution of Eq. @13) is

0=FI)+ ZZ o7 IP;1 —15,) . (4.17)

m=1 n=

To determine I”*!, we assume that I? is known. Therefore, we see that Eq. @17
is a system of linear equations for I”*!. This system has LM equations and LM
unknowns, I2¢! wherem=1,...,L,n=1,....M

Newton’s method can be conveniently written in algorithmic form as below. Let
the vector of corrections

AP =17 1P,

with entries (AI”), ,, m = 1,...,L, j = 1,..., M. Choose an arbitrary tolerance
(threshold) € > 0.

8 Taylor’s formula is recalled in Section
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1. Initialization
Choose an initial estimatd] I°.

2. Computation of the increment
For p =0,1,..., determine AI” = (Al?),,, € RM such tha@

L M
OF
ALY, = -F?). 4.1
ZZ%” o = —F(7) (4.182)

m=1 n=1

3. Computation of a new approximation
Comput

=1+ AP . (4.18b)

4. Use of the stopping criterion
Compute |[AI?|=[IP*! —T7|. Stop if |AI”| < €. Otherwise, let p=p+1 and go to
step 2.

4.3.2 Modified Newton’s Method with Gain Factor

Newton’s method, as presented in Eq. (@.18), does not always converge. It is conve-
nient to introduce a modification by means of a gain factor vy, changing Eq. (Z.13D)
and substituting it by

=1 4 yATP (4.19)
that will lead to the convergence of the method to the solution of Eq. (£.13) in a

wider range of cases, if the gain factor y is adequately chosen.

4.3.3 Stopping Criterion

The iterative computations, by means of the modified Newton’s method, defined by
Eqs. @I8a) and (@.19)), is interrupted when at least one of the following conditions
is satisfied

AI] < &, S = S(IP) < & or [QIP*) — Q)] < &, (4.20)

where €], & and e; are values sufficiently small, chosen a priori.

° For the problems we are aiming at, the initial estimate, I°, can be, for example, 1, i.e., the
blurred image, or a totally gray image.

19 Compare with Eq. (@.17).

' Given I”, by choosing AI” and I"*! as in Eq. {.I8), it follows that I’*! satisfies Eq. .17).
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4.3.4 Regularization Strategy

As mentioned in Chapter[3] the regularized problem differs from the original prob-
lem. It is only in the limit (as the regularization parameter approaches zero) that the
solution of the regularized problem approaches the solution of the original problem,
in special circumstances determined by a specific mathematical analysis. On the
other hand, as was also mentioned in the same chapter, in practice the regularization
parameter should not always approach zero, since, in the inevitable presence of mea-
surement noise, the errors in the solution of the inverse problem can be minimized
by correctly choosing the value of the regularization parameter. Thus, it is neces-
sary to find the best regularization parameter, o*, which lets the original problem
be minimally altered, and yet, that the solution remains stable. The regularization
presented here is non-linear, in contrast with that defined in Section[3.3]

It is possible to develop algorithms to determine the best regularization param-
eter, [84 [85)]. However, they are computationally costly. A natural approach is to
perform numerical experiments with the restoration algorithm, to determine a good
approximation for the optimal regularization parameter.

4.3.5 Solving Sparse Linear Systems Using the
Gauss-Seidel Method

We now present an iterative method suitable for solving the system of equations
(@T18a).
From Eq. (@14), we obtain

OF Sl a
C;;n = 81,,:, = k:Z_N lzz_N bklbr—m+k,s—n+l + E6r17163n 5 (421)
forr,m=1,2,...,Land s,n=1,2,..., M. Here, we also use the equations that can

be found in the footnote on page

The linear system of equations given by Eqs. @.I8a) and @21} is banded[] the
length of it (distance from the non-zero elements to the diagonal) varying with the
order of the blurring matrix represented in Egs. (£.1) and (@2). The diagonal of
fourth order tensor C is given by the elements C}> , of C, such that r = m and s = n,
i.e., by elements Cj,». For some types of blurring operator, it is guaranteed that the
diagonal is dominant for the matrix C of the linear system of Eq. (£.18a).

Due to the large number of unknowns to be computed (for example, if LM =

256 x 512), and the features of matrix C, that we just described, an iterative method

12 Every point of the image is related only to its neighbours, within the reach of the blurring
matrix.
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is better suited to solve the system of Eq. (4.184), and we choose the Gauss-Seidel
method[

Putting aside the term of the diagonal in Eq. (£.18a)), we obtain the correction
term of a Gauss-Seidel iteration,

1 LA oF
Y/ —— A ol of a2

- AIP9 4.23
@F /Ll FTA M (4-23)

1P

mEr mEs
Here g is the iteration counter of the Gauss-Seidel method and ¢ can be g or g + 1.
This is so because, depending on the form the elements of AI”¢ are stored in the
vector of unknowns Al, for every unknown of the system, characterized by specific
r, s, it will use the previous value of the unknowns (i.e., the value computed in the
previous iteration, AI”?) in some (m,n) positions, or the present values AIP4*! in
other (m,n) positions, computed in the current iteration, g + 1.
For this problem, we can set the initial estimate to zero, AI?? = 0.

4.3.6 Restoration Methodology

We summarize here the methodology adopted throughout this chapter:

1. Original problem. Determine vector I that solves the equation
BI=Y;

13 We recall here the Gauss-Seidel method, [35]. Consider the system
Ax=b . (4.22)

Let D be the diagonal matrix whose elements in the diagonal coincide with the diagonal
entries of A. Let L and U denote, respectively, the lower and upper-triangular matrices,
formed by the elements of A. Then,

A=L+D+U,
and the system can be rewritten as
(L+D)x=-Ux+b .

Denoting by x? the g-th iteration (approximation of the solution), the Gauss-Seidel method
is: given x° = x, arbitrarily chosen, let

(L+D)x™' = -Ux?+b,
for g = 0,1,2. .., until convergence is reached. Using index notation, we have
1 - 1
X = a;' {bi - (Z a,-/-)c;?+ + Z a,-/-x;’.]} .
Jj<i J>i

It is expected that lim,_, .., X = X, where x denotes the solution of Eq. (4.22)). This can be
guaranteed under special circumstances.
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2. Alternative formulation. Minimize the function
R() = 3|Y - BIP;

3. Regularized problem. Minimize the function
O) = R() + S (D

4. Critical point. Determine the critical point equation
Vo = 0;

5. Ciritical point equation solution. use modified Newton’s method, to solve the
non-linear critical point system of equations;

6. Linear system solution. use Gauss-Seidel method to solve the linear system
of equations which appears in Newton’s method
C(IP*! —1P) = —F(I?), where C is from Eq. @2]).

In the following sections, we will present three examples of the application of this
methodology to the restoration of a photograph, a text and a biological image.

4.4 Photo Restoration

In Fig. @3b, it is shown the blurring of the original 256 x 256 pixels image, pre-
sented in Fig.[£3h, due to a blurring matrix consisting on a Gaussian weight, with a
dependence domain of 3 x 3 points, that is, by; satisfies Eq. (£.3)) and

2., .2
rk+rl)
b

(4.24)

by o exp (_ 202

where o is relateﬂ to the bandwidth and r; = |k|.

The space of shades of gray, [0,1], is discretized and coded with 256 integer
values, between 0 and 255, where O corresponds to black and 255 to Whit. The
histograms in Fig. d3] present the frequency distribution of occurrence of every
(discrete) shade in the image. For example, if in 143 (horizontal axis) the frequency
is 1003 (vertical axis), it means that there are 1003 pixels in the image with shade
143.

Figure 43k exhibits the photograph’s restoration, done without regularization,
stopped in the 200-th iteration of the Newton’s method, and in Fig. 43U the regular-
ized restoration (a=0.06).

The histogram of the image restored with regularization is, qualitatively, the one
closer to the histogram of the original image. This corroborates the evident improve-
ment in the image restored with regularization.

The behaviour of functionals Q, R and S defined in Eqs. {.8)—(.10) is recorded
in Fig.[£.4] The minimization of functional Q is related to the maximization of the
entropy functional, S.

14 The symbol « means that the quantities are proportional, that is, if @ « b, then there is a
constant ¢ such that a = ¢b.
15 The discretization of the shade space is known as quantization.
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0 127 235

(b)

1] 127 285

Fig. 4.3 Restoration of an artificially modified image, from a Gaussian with 3x3 points and
o?=1. Images are on the left and their shade of gray histograms are on the right. (a) original
image; (b) blurred image. (Author: G. A. G. Cidade from the Universidade Federal do Rio de
Janeiro).
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0 127 255

1] 127 255

Fig. 4.3 (Cont.) Restoration of an artificially modified image, from a Gaussian with 3x3
points and o = 1. (c) restored image without regularization (@ = 0, y = 0.1); (d) restored
image with regularization (¢ =0.06, y=0.1). (Author: G. A. G. Cidade).
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Fig. 4.4 Behaviour of the functionals Q, S and R during the iterative process. (a) @ =0 and
y=0.3; (b) a=0and y=0.1; (¢c) «=0.06 and y=0.1; (d) «=0.06 and y=0.05. (Author: G.
A. G. Cidade).
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When the regularization parameter is not present, « = 0, it is observed that
the proposed algorithm diverges, even when one uses a gain factor in the correc-
tions of the intensity in Newton’s iterative procedure, Eq. #.19), as can be seen in
Figs.[d.4h,b.

Figures [4.4k,d show the convergence of the algorithm, that naturally is achieved
faster for the largest gain factor, y=0.1. In this case, approximately 20 iterations are
needed. On the other hand, 40 iterations will be necessary if y=0.05. Functional R,
shown in these figures, corresponds to half the square of the norm of the residuals,
defined as the difference between original blurred image, Y, and restored blurred
image, BI, given by

1
R() = E|Y — BI]®.

4.5 Text Restoration

Figures and b present an original text (256 X 256 pixels) and the result of its
blurring by means of a Gaussian blurring matrix with 5 x 5 points and o = 10.

Text restoration is shown in Fig.[£.3k. There are border effects, that is, structures
along the border that are not present neither in the original text nor in the blurred
image. These occur due to inadequate treatment of pixels near the border (boundary)
of the image. This effect can be minimized by considering reflexive conditions at the
borders, or simply by considering null the intensity of elements outside the image.
See Exercises g4

A simple text has, essentially, but two shades: black and white. This is reflected
by the histograms of the original and restored texts (Fig.[4£.3). However, the blurred
text exhibits gray pixels, as shown by its histogram Fig. .3b. Notice that the original
and restored texts can be easily read, unlike the blurred text.

4.6 Biological Image Restoration

In this section we consider a biological image restoration, which consists of an ex-
ample of an inverse problem involving a combination of identification and recon-
struction problems (problems P, and P;, Section[2.g).

Results of applying the methodology described in this chapter to a real biolog-
ical image of 600 nm X 600 nm are presented in Fig. The image represents an
erythroblast being formed, under a leukemic pathology. This image has been ac-
quired by means of an atomic force microscope at the Institute of Biophysics Carlos
Chagas Filho, of the Universidade Federal do Rio de Janeiro [23].

In the inverse problem presented here, the original image, I, is being restored to-
gether with the choice of the blurring operator given by matrix B. This is an ill-posed
problem to determine I, since neither the blurring matrix B is known, in contrast with
the problems treated in the previous sections, nor the original image is known.
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4 Image Restoration

0 127 255
0 127 255
0 127 255

Fig. 4.5 Restoration of a text blurred by means of a Gaussian. (a) original text; (b) blurred
text; (c) restored text with regularization parameter @ = 0.2, and gain factor y =0.1. (Author:

G. A. G. Cidade).
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Fig. 4.6 Restorarion of an image obtained by means of an atomic force microscope, together
with the blurring matrix identification . (a) original image; (b) restored image with @ =0.03,
v = 0.2, Gaussian with 9x9 points and o> =10; (c) restored image with & = 0.03, y = 0.2,
and Gaussians with 15 x 15 points and o = 20, 40 and 60. (Author: G. A. G. Cidade. Images
acquired with an Atomic Force Microscope at the Instituto de Biofisica Carlos Chagas Filho
of the Universidade Federal do Rio de Janeiro.)
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If we knew the original image, or if we knew several images and their blurred
counterparts, we could adapt the methodology employed to solve the model problem
considered in Chapter[Ilto identify the blurring matrix.

In the absence of a more quantitative criterion, the blurring matrix identifica-
tion is performed qualitatively, taking into consideration the perception of medical
specialists, in relation to the best informative content, due to different restorations,
obtained from assumed blurring matrices.

To find the blurring matrix in a less conjectural way, one can use Gaussian to-
pographies (see Fig. to represent, as much as possible, the geometric aspect of
the tip of the microscope, which is the main cause for the degradation that the image
undergoes. In other words, we assume that the class of blurring operators is known,
i.e., we characterize the model, being the specific model identified simultaneously
with the restoration of the image.

We used blurring matrices of 9 X 9, 15 x 15 and 21 x 21 points, with different
values for o2: 10, 20, 40 and 60.

From Fig. it can be concluded that we gain more information with Gaussian
topographies of 15 x 15 than with those of 9 x 9. For the tests with 21 X 21 points
the results were not substantially better.

Figure .6k, resulting from the procedure, is considerably better than the blurred
image. As in the previous section, the border effects here present are also due to
inadequately considering the outside neighbour elements of the border of the image.

Exercises

4.1. Show that Eq. (&4) is valid.

4.2. Assume that pixel (7,3) is located at the upper right corner of the image. Fol-
lowing the deduction of Eq. (7)), and assuming symmetry, show that we should
take

1 1
Y73 = T6 (4lsz + 417p + 43 + 4173) = 7 s + Ina + 163 + I73) .

4.3. Consider a 3 X 3 blurring weight matri'§

b_i_1 b_io by
b = bo-1  boo  boi
bi-1  bio  biy

Let I be an image and Y its blurred counterpart. Assume we use symmetric condi-
tions on the boundary. Work out explicit formulae for the blurred image Y tone of
grays, Y, if

(a) pixel (i,j) is in the interior of the image;

16 Working with indices is sometimes very cumbersome. Several of the following exercises
proposes practicing a little ‘indices mechanics’...
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(b) pixel (i,)) is in the image’s lower boundary;
(c) pixel (i,j) is in the image’s lower left corner.

4.4. Do a similar problem as Exercise (@3), however, instead of using a symmetric
condition at boundaries and corners, assume that outside the image, pixels have a
uniform value, denoted by /

ext®

4.5. Given two pixels (i,j) and (7',;"), we define their distance by
d (@), (,j)) = max{li = 'l 1j = J'I} »
where max of a finite set of real numbers denotes the largest one in the set.

(a) Give explicitly the pixels that comprise the circle centered at (i, ) and radius
L,

Cap() = {1 d (G0, (.j)) =1} .
(b) Determine the disk By; j(2), centered at (i, j) and radius 2,
Bip(2) ={{".j") 1 d(G.),{@.j)) <2} .

(c) Sketch the sets C; j)(1) and By j,(2).
(d) Give, in the same way, the circle with center (i, /) and radius N.
4.6. (a) Let
P={j) i f=1,....My={i,i=1,...,M}*,

be the set of pixels of a square image. Given a set of pixels S C P, define the
distance of pixel (i,)) to set S by

d((i.j),8) = min{d (. ), (I".))), (I".)) € S},

where min of a finite set of real numbers denotes the smallest one in the set.
The right boundary of the image is

R={(.j)eP, | =My={Mj).j=1..M.
Determine d ((i,),R).

(b) Likewise, define respectively, L, the left, U, the top, and D, the bottom image
boundaries, and compute d ((i,j),L), d ((i,)),U), and d ((i, )),D).

(c) The boundary of the image is defined by 8 = LU T U R U D. Compute
d((i.).B).

Hint. Use functions max and/or min to express your answer.
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4.7. Assume that B is a blurring operator with form given by Eq. (£.2).

(a) Let (i,)) be a fixed interior pixel (not on the boundary of the image), and at a
distance at least N from the boundary of the image. In particular, B(; ,(N) C
. Show that

N N
Yii= >0 > bulisiju (4.25)

k==N I=-N

Hint. Change, for instance, the index of summation 7/, by k, with i’ = i+ k, in
Eq. (&), that is ‘center’ the summation around i.

(b) The structure of the blurring operator cannot be taken all the way to the
boundary of the image. This is why in (a), the pixel (i,)) is restricted to the
pixels of distance N or more from the boundary. Verify this. If (i,/) has dis-
tance less than N, we cannot compute Y;; using Eq. @.23).

4.8. Given a blurring operator B, as in Eq. (&.1)), define the domain of dependence
of pixel (i,/) as the set of pixels of the image I that contribute to the value of the
pixel in the blurred image, Y, that is,

Diijy = {(7".') such that B}/ # 0} .

Assume that the blurring operator B has the structure specified in Eq. (£2). Deter-
mine for which pixels (i,j) € P, one has

Dy, j = B, (N) .

4.9. The blurring operator B has the structure presented in Eq. (4.2). Let 8 be the
(2N + 1) X (2N + 1) matrix given by

boy_y o e e byw
B=| bo-n bo,o boy
byn cr e e by

(a) Give an expression for the entries of 3, B y, in terms of by;. That is, determine
k(i) and I(j") such that

Bij = bk(i/)b[(j/), fori/,j/=1,...,2N+ 1.
(b) For pixel (i, ), define the (2N + 1) X (2N + 1) matrix 7 = 7%/ given by

linj-n -+ Lieng o+ lienjen
I=1%= IL;n I Liv |- (4.26)

Linj-n - Lun; - Lunjsn
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Give an expression for the entries of 7 = 70/, T f’j) in terms of the entries
Ii; of the image I, similar to what was done in (a).

4.10. (a) Given m x n matrices, A and B, define the following pointwise matrix
product, giving rise to a m X n matrix, C = A : B where C;; = A;;- Bj;.
Compute 3 : I, where S is defined in Exercise[£.9] and I is an image.

(b) Compute the pointwise matrix product, 8 : 7)), between matrix given by
Eq. @3), denoted here by 3, and 77, defined in Eq. @26), when N = 1,
and (i,)) = (7.3).

(c) Let S(A) be the sum of all elements of matrix A,
S(A) = Z Z Aij.
=1 j=1
Compute S (3 : 77¥) and compare with Eq. (.6)).
(d) Show that Eq. (4.23) can be written as
Yij =5 (B . I(i’j) .

4.11. The entropy regularization, Eq. (4.10b), makes use of the function s(x) =
Xo—x+ xIn x—’; with x¢ = I_,-j and x = [;;. Take, for concreteness, xo = 1/2.

(a) Compute and sketch s’.

(b) Compute and sketch s”. Show that s”’(x) > O for all x. Conclude that s is
strictly conve

(c) Sketch s.

4.12. Letf = (f,) be a vector in R" with entries f,,, and m a constant in IR. Consider
Csisz4r measure, [42],

fp_mq
®, = 1+q2fp t 4.27)

and Bregman divergence, [14]],

Bo, (£:F) = Oy(f) = O4(F) = (VOLP.f = ).

(b) Show that the family of Bregman divergence, parametrized by ¢, is

1 f[?_?q —q —
Bo, = m; b= = =5

17 The concept of convexity of functions is recalled in Exercise [A.34] page 216l
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(c) Derive the following family of regularization terms, parametrized by g

S = Bo, (LD
Z Z I‘I l] ij _ I_Z(Ilj _ I_U) . (4.28)

Here, each value of ¢ yields different regularization terms such as the ones
defined in Eq. (EI]) These regularization terms may be used in the last term

of Eq. @

Hint. Deﬁne fp = ljjas the estimated value of the shade of gray for the image
at the pixel (i,)), and ; its corresponding reference value. Observe that the
term m? in Eq. (EZZ[) cancels out in the derivation steps of Eq. (#.28)).

(b) Setting ¢ = 1, derive Eq. (@I0a), from the family of regularization terms
given by Eq. (£.28).

(c) Considering the limit ¢ — 0, in Eq. (4.28)), check that

lim Be, (LD = S (D),
q—0

where S (I) is given by Eq. (@.10B).
Hint. Recall that limy_o (x? = 1)/g = In x.

4.13. Use the same notation as in Exercise d.121

(a) Show that 6,(x) = q ,when g > 1, and 6,(x) = —Xq;’"q, when 0 < ¢ < 1,
are strictly convex functlons

(b) Show that the family of Bregman divergence, parametrized by ¢, is
f f n —q-1 —
Bo,= ), [—q Sty =Tl
14
when ¢ > 1, and determine the corresponding expression when 0 < g < 1.

(c) Derive the following family of regularization terms, parametrized by g

S@ = Bo, (1, I

ZZ[ - Iy - Lj)} : (4.29)

when g > 1. Derive also the expression when 0 < g < 1.

(b) Setting ¢ = 2, derive Eq. (@I0a), from the family of regularization terms
given by Eq. (4.29).



Exercises 107

(c) Considering the limit g — 0, in Eq. 4.29), check the relation between

lim B, (L),
and S (I) given by Eq. (£.10B).
4.14. (a) Derive Eq. (@I4), from Eq. @.17).
(b) Derive Eq. (.21)), from Eq. @.14).
4.15. (a) Show that for a general value g > 0, Eq. (@14 is written as

M M
_ZZ Ylj— Z Zbkllh—kﬁ—l r—i,s—j

=1 j=1 k=—N I=—

(1 - 1%) - (4.30)

=
Il

(b) Considering the limit ¢ — 0, derive Eq. (4.14) from Eq. 30).
4.16. Show that for a general value g > 0 Eq. (d2])) is written as

N

N
— q-1
- Z Z bklbr—m+k,s—n+l + a'Irs 6rm63n .
k=-N I=-N

oF
Cpy = 50
almn

4.17. Equation (@.24) states a proportionality that by has to satisfy.

(a) Let ¢ denote the constant of proportionality for a 3 X 3 blurring matrix. Deter-
mine it.

(b) Show that by, in Eq. (#.24) admits a separation of variables structure.

(c) Let ¢ denote the constant of proportionality for a NXN blurring matrix. Obtain
an expression for it.



Chapter 5
Radiative Transfer and Heat Conduction

We show in this chapter how to estimate the value of several material properties,
such as single scattering albedo and thermal conductivity, present in the heating
process of a material with thermal radiation.

The inverse problems considered here deal with the estimation of a finite num-
ber of parameters, related to an infinite dimensional model. These problems are
solved as finite dimensional optimization problems, using the Levenberg-Marquadt
method, which is a variant of Newton’s method for non-linear systems of equations.
In an intermediary step, this method includes a regularization, similar to Tikhonov’s
regularization (Section 3.4).

This chapter deals with inverse identification problems. According to Table 23]
pageld38] they are classified as Type 11l inverse problems.

5.1 Mathematical Description

Consider the example depicted in Fig. 3.1l of a material body subjected to heating
due to thermal radiation. Assume we can regulate the intensity and the position of
the heat sources and that we perform temperature measurements in some material
body points, using temperature sensordl.

DOV

X

T
temperature
Sensors

W% W

Fig. 5.1 Schematic representation of a participating medium (absorbent, emittant, and scat-
terer) being subject to radiation originated in external sources. Here Z represents material
properties, X intensity of external sources of radiation and W = I(Z,X) measurements of
temperature at several positions within the material body.

Z - material properties
Ww=I(Z,X)

! In this example the measurements involve only temperature. Notwithstanding, problems
involving thermal radiation measurements are discussed within this chapter, as well.
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We denote by W a vector representing the output of this physical system, given
by the resulting set of temperature measurements, comprising measurements in sev-
eral specific points. By X we denote values representing levels and types of the
regulation of the system (external sinks or sources), i.e. systems input, and by Z the
physical/material properties of the body which influence the system’s output.

The question is: given temperature measurements, W, and knowing the value of
the regulation, X, obtain an estimate, Z, of the physical properties values.

In a general way, consider the question of obtaining an estimate, Z, for some con-
stants, present in a mathematical model for a physical system’s output. This output is
represented by a physical magnitude, W, obtained from experimental measurements
of the real output of the physical system.

The hypotheses used throughout this chapter are

Z=Z,.... 20" eRY, W=W,,..., W)l e RM,

and X can be an element of RX, or even a function. We represent the dependence of
W in Z and X in a functional form by W = I(Z, X).

The dependence of I = (/},... ,Iy)T on Z can be explicit —as was the case
considered in Chapter [Tl when the relationship between the system inputs, x, and
the system outputs, y, was given by a linear function, R? 5 x — Ax € R?®— or
implicit, if W and Z satisfy a given, possibly non-linear, system of equations, which
would be written as

GW,ZX) =0,

for some known function G : R™ x R¥ x R — RM.

Another possibility is when Z is a parameter of a differential or integro-differential
equation, and W represents some observation of its solution (such as the value of
the solution in some points of the domain, or an average of the solution for some
part of the domain) [68,[81]]. In this case, X can be the value of an initial or boundary
condition, or a source. Unless we can find the solution explicitly, we would say that
I is given implicitly (as the solution of the appropriate equation).

In the first two cases the inverse problem is of Type I, while in the last one the in-
verse problem is of Type I11, in accordance with the classification given in Table[Z.3]
page[d8] This is the type with which we will deal in this chapter.

More generally, the relation between W, Z and X implies a relation of cause-
effect (stimulus-reaction), linear or non-linear, that can be explicit or implicit. Here
I represents the solution operator—the abstract object that explicitly renders W
as a function of Z and X. In practice, I may be impossible to obtain explicitly.
Sometimes its existence, or even its uniqueness and smooth dependence on data, can
be abstractly proven. That information may be insufficient for application purposes,
and must be complemented by some numerical solution. Fortunately, the qualitative
theoretical results can bring to light behaviour and properties of the algorithm for
numerical solution.



5.2 Modified Newton’s Method 111

Given material properties Z and parameters X the i-th predicted output of the
system is [;(Z, X). This is compared with the effectively measured quantity (experi-
mental data), W;, defining the residual,

R =R/(Z,X) = [(ZX)-W,. (5.1

Here, Z = (Zy,...,Zy)" € RY is the vector of unknowns of the problem.

The inverse problem is solved as an optimization problem, on a space of finite
dimension, in which we pursue the minimization of the functional representing half
the sum of the squared residuals,

— 02 = Lre = LR = Lpzy - wp
0 =0(2)= JIRP = SR'R = ~|I(Z) - W|

M
1 2

= Zl [I(Z) - Wi])? , (5.2)

where R = (Ry,...,Ry)T € RM represents the residual between computed mag-

nitudes I and measurements (experimental data) W, and M is the total number of
experimental data available.

This formulation is similar to the minimization problems presented in Sections2.6]
and[3.4] and is an instance of the least squares method.

5.2 Modified Newton’s Method

The functional given by Eq. (3.2), is minimized by finding its critical point, VQ = 0,
that is,

90

— =0 fork=12,...,N, 5.3

A or (5.3)
which constitutes a system of N non-linear equations and N unknowns, Z = (Zi, ...,
Zy). From Egs. (&) to (33), the critical point equation is rewritten as

& ol
Ri— =0 fork=1,2,...,N. (5.4)
0z
We solve Eq. (3.4) by means of a modified Newton’s method, that can be deduced
as follows. Using a Taylor’s expansion of R around Z", where n will be the index
of the iterations in the iterative procedure, and keeping only the zero and first order

terms, we have

n+1 n = (9R;' n .
R! =R,.+ZaZjAzj, fori=1,2,...,M. (5.5)
=1

Here, R” represents the evaluation of R in Z",

R" = R(Z") = LZ")-W, (5.6)
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and,
AZ” - Zn+1 _ Zn ,

or, in coordinates, R} = R;(Z") and AZ” Z"+1 Z".
Using Eq. (3.3) in the system of equatlons dﬂ[) and noticing that dR;/dZ; =

01;/0Z;, we obtain,
ol;
Az;]
o 0Z;
fork=1,2,...,N

We look at I as a function of Z only, making X constant. By definition, the Jaco-
bian matrix of I with respect to Z, J = 91|, has entries

=0, (5.7)

zZ=7"

]

Jij=01;/]0Z;,

fori=1,...,M,and j=1,...,N, that s,

o . o
0Z, 0Zyn
07, 0Zn

The system of equations (3.7) can, therefore, be rewritten in the form known as
normal equation

(j'n)TjnAzn — _(j-n)TRn , (58)

where J" represents J 1| ,_.

An iterative procedure can be constructed to determine the vector of unknowns Z
that minimizes the functional Q, knowing the experimental data, W, and computed
values, I, which depend on the unknowns to be determined, Z.

Starting from an initial estimate, 7° and measurements W, residuals are com-
puted from Eq. (3.6), and corrections are computed sequentially from Eq. (&.8)),
where n is the iteration counter. The algorithm can be written a

R"=I(Z"X)-W (5.9a)
I TN = ~(TH'R" (5.9b)
7' =7+ A7 (5.9¢)

2 The method described here is a modification of Newton’s method (presented in Sec-
tion B3l page @2). We remark that the goal is not Newton’s method, but the solution
of Eq. (34), that is obtained here by means of the modified Newton’s method, given by
Eq. (59). For the problem treated here Newton’s method demands the computation of
second order derivatives of I, while the method based on Eq. (3.8)) avoids that. See Exer-

cise[5.1]
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The iterative procedure is interrupted when a convergence criterion defined a priori
is satisfied. For example,

|AZ}’/Z?|<8, forall j with j=1,2,...,N.

Here, ¢ is a sufficiently small value, say 107>, Another possibility is the use of the
vector of corrections norm, |AZ"| < € as considered in Newton’s method.

Observe that in every iteration the values I' =LZ"),i=1,2,...,M, are com-
puted using the estimates for the unknowns, Z". This involves, in the examples dis-
cussed later in this chapter, the solution of differential or integro-differential equa-
tions. This makes them implicit inverse problems.

Finally, we remark that the solution of Eq. can be written as

-1

AZ' = - [T 'R (5.10)
Equation 3,10 represents explicitly the solution of Eq. (3.8)), making use of the in-
versdd of (7" J™.

5.3 Levenberg-Marquardt’s Method

The methods presented in Section 3] and the algorithm presented in the previous
section, are Newton-like, and can encounter convergence difficulties if the initial
estimate for the vector of unknowns, Z°, is not adequately selected. Choosing an
adequate initial estimate can prove extremely difficult.

In 1963, Marquardt [54] designed the algorithm that will be described presently,
with the objective of reaching convergence with a wider range of initial estimates.
One of the referees of his work noticed that, in 1944, Levenberg had made a similar
proposal: adding a term in the diagonal of matrix J7.J. The method came to be
known as the Levenberg-Marquardt method.

Based on Eq. (&.8)), the Levenberg-Marquardt method considers the determina-
tion of the corrections AZ" by means of the following equation,

[( n)Tj-n + /lnz':l Azn — _(j-n)TRn . (51 1)

Here A = A" is the damping factor and I represents the identity matrix. Observe
that this formulation is similar to the Tikhonov’s regularization, Eq. (3.22)).

Similar to the developments in the previous section, an iterative algorithm is built
to determine the vector of unknowns Z that should minimize the functional Q. The
procedure is based on Eq. (3.11). From an initial estimate, Z°, corrections are se-
quentially computed,

AZ' = - [ g g+ T G R, forn=0,1,..., (5.12)

3 In computations, one rarely inverts a matrix due to its high computational cost. It is prefer-
able to solve the system of equations. Therefore, the corrections AZ" are computed by
solving the linear algebraic system of equations (5.8). For theoretical considerations it is
sometimes useful to have closed form solutions, that is, to have the solution written in
terms of a solution operator.
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where n is an iteration counter, and the new estimates for the vector of unknowns are
computed by Eq. (3.9¢). The iterations are interrupted when a convergence criterion
established a priori is satisfied.

It should be noticed that the solution of the problem described by Eq. (3.11)
differs from the one given by Eq. (3.8). On the other hand, our aim is to solve
Eq. (54). To guarantee the convergence, at the beginning of the iterative process,
a relatively high value is assigned to A, A°, thus emphasizing the importance of
the diagonal of matrix (J7.J + AT) relative to the information contained in the
elements outside the diagonal. Through the iterative procedure, the value of the
damping factor A is to be reduced, in such a way that its value approaches zero as
the procedure approaches its conclusion. In the light of the notion of regularization,
described in Chapter[3l Eq. (3.11) is a kind of regularization of Eq. (3.8).

An algorithm to control the value of the damping factor will be described shortly,
[34). Letc > 1,d > 1 and & > 1. Let also Q" = Q(Z"). When Q"' < Q"/c, the
reduction "' = 2"/d is performed. Otherwise, 1" = £1"! is taken, and a new
estimate for the vector of unknowns Z"*! is computed for the same value of the
iteration counter n, using again the previous estimate Z". Silva Neto and Ozisik,
[74, [75 [79]], used ¢ = d = & = 2 in the applications in heat transfer by means of
thermal radiation.

5.4 Confidence Intervals for Parameter Estimates

Folowing Gallant [34] 381 59], the confidence intervals of the estimates of the param-
eters Z are computed using the sensitivity coefficients,

81,/0Z; i=1,...,M andj=1,...,N,

and the standard deviation, o, of the error present in the experimental data.

Let VI be the M x N matrix whose entries are given by the sensitivity coeflicients,
ol;
0Z;

(VD;; =

z
In this case, the square of the standard deviation of the estimators of the parameters
are given by

3 = (nod,) = {diag[ v Vi (5.132)

where diag(A) represents the vector whose elements are the elements of the diagonal
of a matrix A.

Assuming a normal distribution for the experimental errors, with zero mean, the
99 % confidence intervals for the estimates Z; are [33]

|2;-2.57607,. 2; + 257607 forj=1,....N. (5.13b)

In general, smaller confidence intervals are associated with larger sensitivity coeffi-
cients and smaller experimental errors, thus producing better estimates.
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flat plate of a participating radiation leaving the medium polar angles 0

medium ggﬁ‘:ﬁ%ﬁq ->measurement
1-D domain _ (isotropic) W =cosb =0
incident be;r:(gigsu;()hed participating medipi¥; 0<b<m 1<0 u>0
radiation ’ N v | uet
N = -
o T N
f::\ll?::g:he Aisolropic <9
medium T=0 =T n=0
x= =L space of the angles

between radiation and axis T

Fig. 5.2 Radiative transfer in a participating medium. Optical variable 7 is related (sometimes
linearly) to the spatial variable x.

5.5 Phase Function, Albedo and Optical Thickness

Different types of radiation, like neutral particles, gamma rays and photons have
been used to identify objects in industry (through non-destructive tests) and also in
medicine (for diagnosis and therapy).

Heat transfer by thermal radiation in a participating medium, that is, one that
emits, absorbs and scatters radiation, schematically represented in Figs. B.Iland 3.2}
is modeled according to the linear version of the Boltzmann equation [60, 80, 69l 57].

It is worthwhile to mention that the physical phenomena relevant to neutron trans-
port in nuclear reactors, or to tomography with scattering (NIROT—Near Infrared
Optical Tomography) can also be represented mathematically by the linear Boltz-
mann equation.

Consider the situation depicted in Fig. representing a flat plate made of a
scattering anisotropic, gray material with transparent boundary surfaces, subject to
external isotropic radiation on its left surface, in a permanent regimen (steady-state
— it does not depend on time).

A material is anisotropically scattering when the scattering depends on angle and
it is gray if the properties do not depend on the radiation’s wavelength. A material
has a transparent surface when this surface does not reflect radiation.

In this case, and also considering azimuthal symmetry and a cold medium (no
emission), the linear Boltzmann equation is written as [60] (see Fig.

ol w (1 , o,
HE(T,,U)+I(T,H)=E lp(/l,u)l(r,u)du, (5.14a)

in0<7r<7y, -1<u<1, and
10,0)=1, >0, and I(to,u) =0, foru <O0. (5.14b)

In this equation, I(7,u) is the radiation intensity in position 7, following direction
represented by u. Here, 7 is the spatial optical variable, and u is the cosine of the po-
lar angle 6 formed between the direction of the radiation beam and the 7 axis. Also,
w 1is the single scattering albedo (the ratio between the scattering and the extinc-
tion coefficients, o; and B, respectively, with 8 = o + k,, and k, is the absorption
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coefficient), 7o is the medium’s optical thickness (related to the geometrical thick-
ness of the medium) and p(u, 1) is the anisotropic scattering phase function.

We remark that % p(u, 1) represents the probability density of an incident beam
with direction ¢’ to be scattered following the direction represented by . More
explicitly, the probability that the scattered direction u is between y; and y, given
that the incident direction is x4’ is given in terms of p(u,u’) by

’ l Hz ’
P sp<p|p)= Ef P’y du.
Hi
The medium is isotropic when the scattering is uniform in all directions, i.e., when
p(u, ') = c, for all u,u’ € [—1,1], where c is a constant value. Since

P-1<pu<l|g)=1, (5.15)

it is then necessary that ¢ = 1.

The second term in the left hand side of Eq. (3.14a) represents the absorption
and scattering of radiation by the medium away from the direction represented by u
(out scattering) and the right hand side represents the way the radiation is scattered
by the medium into such direction (in scattering). The emission of radiation by the
medium can be neglected if compared to the incident radiation in 7 = 0. We recall
that we are considering here a steady state problem (it does not depend on time).

When the operator, the medium’s geometry (in this case, the optical thickness 7
for the plane-parallel medium), the material properties (here, w and p = p(u,u’))
and the boundary conditions (given in this example by Eq. (3.14b)) we say that the
model is characterized. That is, it is modeled by steady state linear Boltzmann equa-
tion, with specific type Dirichlet boundary conditions and identified (all constants
and auxiliary functions are given). In this case we deal with a direct problem, and
the radiation intensity I(r, i) can be computed in all of the spatial domain0 < 7 < 7,
and the angular domain -1 < u < 1.

Different analytic and numerical techniques have been developed to solve the lin-
ear radiative transport equation, Eq. (&.14). Wick [03] and Chandrasekhar [20, 21
created the discrete-ordinates method, by replacing the right-side term of Eq. (3.14a))
by a Gaussian quadrature term. This leads to a system of ordinary differential equa-
tions with as many equations as points used in the quadrature. Silva Neto and
Roberty [80] presented a comparison between spherical harmonics expansion meth-
ods, Py, Galerkin, global base and discrete-ordinates (i.e., finite differences + Gaus-
sian quadrature), S v, for the case of isotropic scattering. Chalhout et al. [19] consid-
ered three variations of the discrete ordinates method and performed a comparison
with the Monte Carlo method. Moura Neto and Silva Neto [63] presented solu-
tions using methods with integrating factor and operator splitting.

We use the customary representation of the scattering phase function by expan-
sion in Legendre polynomials [60} [79] 47],

L
Py = Y QL+ D) fiP P, (5.16)
=0

where f;, =0, 1,..., L are the coeflicients of expansion with fy=1.
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In the example presented here, we consider the inverse problem of estimating si-
multaneously the medium’s optical thickness, 7y, the single scattering albedo, w, and
the scattering phase function, p(u,u’), by means of its coefficients, f;, [=1,2,...,L,
in the expansion in Legendre polynomials, Eq. (79, 47].

The vector of unknowns is made up of the following elements

Z: (To’a)’fl7""fL)T7

to be determined using the experimental measurements of the radiation that leaves
the medium, W;, i = 1,2,..., M, by minimizing the functional

0 = 0(10, w, f1,...,fL)

1 1 &
=_IRP =< ) [LIZ]-W]*.
SIRP = 2 Z} [11Z] - W]

Here I;[Z],i = 1,2,...,M are the values of the radiation intensities computed by
the solution of the direct problem described by Eq. (3.14) and evaluated in the same
directions in which the radiation leaving the medium is measured, y;, i = 1,2,...,.M
which are pre-defined directions, assuming the parameters Z = (1o, w, fi1, f2, ..., f1)
are known,

LIZ) = I[to, w, f1, f2, ..., fL)ui), fori=1,2,....M .

The Levenberg-Marquardt method, described in Section 3.3} is used to solve this
optimization problem in finite dimension.

Since we do not have experimental data on this problem, we use synthetic or
artificial data. For that we mean data generated from solving the direct problem with
known parameters and adding random values to simulate experimental errors. In the
example we are considering, we assume that the parameters Z = (1o, w, fi, ..., fi)"
are known in advance and we use them to solve the direct problem, Eq. (3.14). The
synthetic data is then determined by

Wi = Li[to,w, f1,..., fLl(u) + ce
where ¢; is a realization of a uniform random variable in the interval [—-1,1],

¢ =vymaxI(to,u), fori=1,....M,
1

and 7y is a maximum percentage error parameter.

It should be remarked that the solution of inverse problems with synthetic data
makes it possible to verify that the computational procedure is correct, before ap-
plying it to real problems.

The value of the phase function is related to the angle subtended between the
directions of the incident radiation and the scattered radiation [22]]. The results pre-
sented in Figs. 3.3 and [5.4] where computed assuming the incident radiation to be
exclusively in the direction of vector (1, 0). A representation in polar coordinates is
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Fig. 5.3 Estimation of an anisotropic scattering phase function, with L = 7, characterizing
forward scattering, w = 0.5 and 7y = 2.0. For forward scattering, the phase function repre-
sentation is restricted to the 1 and 4" quadrant. The experimental error reached 6.2 % of the
highest intensity value that was measured. Here, M is the number of coefficients of the phase
function that were considered in the estimations. Solid line represents the exact phase func-
tion, and dashed line represents the estimates for the phase function obtained with different
values for M*. The best result occurs with M* = 4.
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Fig. 5.4 Estimation of a phase function with L = 5, with preferential backward scattering,
w=0.1 and 79 = 10.0. In a preferred backward scattering, one should have fj p(u,1)du >

fol p(u,1)du, which is the case if p(u,1) < p(—u,1), for u > 0, as shown in the graph of
the phase function. The experimental error reached 4.1 % of the highest intensity measured
value. The number of coefficients of the phase function, M*, were chosen as 1 to 4. Solid line
represents the exact phase function, and dashed line represents the phase function obtained
estimate with different values for M*. Fairly good results were obtained with M* = 2 and
M =3.
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Fig. 5.5 Confidence intervals for the single scattering albedo (w), optical thickness (), and
first two coeflicients of the anisotropic scattering phase function expansion (f; and f,) esti-
mates when the phase function has L = 7 terms.

— exact values, - - - confidence intervals, -e-e- estimates. Experimental error in the highest
mean value of the measured intensities: (a) 6.2 %, and (b) 2.1 %.
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given in which the distance from the point on the graph to the origin provides the
probability density for the radiation to be scattered according to that direction.

Figure 3.3 represents the phase function estimation of an anisotropic scattering,
with preferential forward scattering with L =7, (see Eq. (3.16)). Due to the experi-
mental error occurring in the measurements, W, of y =6.2 % of the highest value of
the measured intensity (where, 6.2 % is, therefore, the lowest percentage of experi-
mental error in the measurements being considered), it is not possible to recover all
the coefficients. The highest-order coefficients, with relatively low numerical val-
ues, are more rapidly affected, causing the estimation to deteriorate. However, the
relevant information for the design of thermal equipments is the shape of the phase
function, and not necessarily the value of each coefficient separately.

As a matter of fact, the number of coefficients, L, of the anisotropic scattering
phase function represented in Eq. is also an unknown of the problem. Silva
Neto and Ozisik developed a criterion to choose the number of coefficients in
the expansion M* in such a way to obtain the best possible estimated phase function,
considering the available experimental data.

In the test case represented in Fig.[5.3] M* = 3 or 4 values would be chosen. It
must be pointed out that, in the absence of experimental errors (an ideal situation that
does not happen in practice) all seven coefficients, i.e., M* = L =7, were estimated
within the precision established a priori in the stopping criterion.

Figures[5.3h and b show the estimates for w, 7o, and for the first two coefficients,
f1 and f>, of the phase function represented in Fig. 5.3l The different executions of
the computational code correspond to estimates due to different sets of experimental
data. Figure presents the results when the lowest experimental error reaches
6.2 % and, in Fig.[5.3b, the lowest experimental error reaches 2.1 %.

Figure [5.4] presents the results on the estimation of a phase function with L =
5, corresponding to a medium with preferential backward scattering. The lowest
experimental error here considered is 4.1 %. In this example we would choose M* =
2 or3.

Using the expression for the confidence intervals, Eq. (3.13)), we are able to com-
pute them for the various parameters being estimated, and we represent them in
graphical form in Fig. As expected, the estimates, in the examples given here,
have narrower confidence intervals, when the experimental data presents lower lev-
els of noise.

5.6 Thermal Conductivity, Optical Thickness and Albedo

Silva Neto and Ozisik solved an inverse problem involving heat transfer due
to conduction and radiation in a participating medium, considering only isotropic
scattering (not depending on the polar angle). Lobato et al. [48]] dealt with a simi-
lar problem, but using stochastic methods [69] for the minimization of the squared
residues functional.

Consider the situation illustrated in Fig. A plane-parallel, gray, isotropically
scattering medium with transparent boundary surfaces, is subject to incident external
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Fig. 5.6 Heat transfer by thermal conduction and radiation in a participating medium

isotropic radiation that reaches surface v = 0. The surfaces at T = 0 and 7 = 79 are
kept at constant temperatures 7 and 7>, respectively.

The mathematical formulation of the heat transfer problem due to one dimen-
sional, steady-state heat conduction, in which the coupling with the transfer due to
radiation in the participating medium is achieved by the source term, is given, in a
dimensionless formulation, by a boundary value problem of an ordinary differential
equation (Poisson’s equation, with a non-linear source term and Dirichlet boundary
conditions) [60]

d*0  (1-w)

dr? N

[0*) - G INm] =0, in0<7<. (5.17a)

with boundary conditions,

0©(0) = 1 and O(rg) = T»/T} . (5.17b)
Here
1! kB T
G'Nr) == | Inwdy, N=——x, O=—, 517
[71(7) ZL (7, 1) du o T T (5.17¢)

where ® is the dimensionless temperature, N is the conduction-radiation parameter,
w is the simple scattering albedo, & is the thermal conductivity, 8 is the extinction
coeflicient (absorption + scattering), n is the medium’s refractive index, and & is the
Stefan-Boltzmann’s constant.

Modeling of the radiative transfer in the participating medium is achieved by
means of the linear Boltzmann’s equation [60],

ol w (! o,
#E(T’H)-’—I(T’#)=H(®(T))+Ef I(t,)")du’, (5.17d)
-1
in 0<t<71y and — 1<u<l1,and

10,y =1, for u >0, and I(tg,u) =0, foru <0, (5.17¢)
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where the source term, H(®), is related to the medium’s temperature distribution,
HO®) = (1-w)0*, (5.17f)

and the remaining symbols have already been defined. We observe that since the
medium is an isotropic scatterer, the phase function of scattering is

1 1
5”(’“"“’)25 for all u, u’ .

Equation (3.17) provides a complete mathematical formulation for the one dimen-
sional heat transfer problem, in steady state regime, by the combined mode of con-
duction and radiation. The problem of conduction, Eqs. (3.17a)-(G.17d), and the
radiation problem, Eqs. (. 1Zd)-(G.171), are coupled by means of the source terms,
given respectively by

G"=G'[Iland H = H(Q) .

To solve Eq. (3.17), we use an iterative procedure. Starting with a first estimate of
I, we solve Eqs. (BI7a)—-(3.1Zd) to obtain an estimate of ®. From this estimate of
@, we solve Egs. (RIZd)—@I7Z1) to obtain a new estimate of /. This is done until
convergence is reached.

In the solution of the direct problem, Silva Neto and Ozisik [74]] used the iterative
procedure described with the Galerkin method, global basis for the part of the prob-
lem related to heat transfer due to radiation in a participating medium, Eqs. (3. 17d)—-
(G170, and the finite difference method for the part of the problem related to heat
transfer by conduction, Eqs. . 17a)—-(3.17d).

In the inverse problem just presented, we consider the simultaneous estimation
of the optical thickness, 7¢, the single scattering albedo, w, and the conduction-
radiation parameter, N. We use synthetic experimental measurements of the radia-
tion, W;, i =1,2,..., M, and of temperature inside the medium, represented by X,
j=1,2,..., K. The vector of unknowns Z = (19, w, N)T is determined — the model
is identified — as the minimum point by minimization of the functional

1 M
0=0(rp.w.N) = 5 Zl i (0, w, N) — W2

K
1 2
+§;[®j(ro,w,1v)—xj] : (5.18)
where I;(tg,w,N), i = 1,2,..., M, are the radiation intensities computed in the

same surface and in the same directions in which the radiation is measured, W;,
i=1,2,...,M. Here, ®j(tro,w,N), j = 1,2,..., K, are temperatures computed in
the same positions where the temperatures are measured, X, j = 1,2,..., K. The
radiation and temperature intensities are computed by solving Eq. (3.17), following
the procedure already described.
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Fig. 5.7 Confidence intervals for the optical thickness (1), single scattering albedo (w),
and conduction-radiation parameter (V) estimates in the combined conduction-radiation heat

transfer model.
— exact values, - - - confidence intervals, -e-e- estimates. Experimental error of 4 % of the

largest value of the magnitudes that were measured.
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Figure [3.7] presents the results of the parameters (7o, w, N) estimation, for a test
case in which the exact values,

(10, w, N) = (1.0, 0.9, 0.05),

were known a priori. The different results considered represent, as before, estimates,
obtained with the execution of the computational code with different sets of syn-
thetic experimental data. The artificially generated experimental error is set to 4 %
of the value of the largest measured magnitude.

Conduction-radiation parameter, N, is relatively small, which indicates a domi-
nance of the radiative heat transfer mechanism. This fact is proved by the relatively
large size of confidence intervald] of the estimates of N (N depends on the medium’s
thermal conductivity, k), when compared to those obtained for the parameters 7
and w.

5.7 Refractive Index and Optical Thickness

Consider a gray flat plate in radiative equilibrium, with two gray boundary surfaces,
opaque —diffuse emittant and reflector (non-specular),— with emissivity & and re-
flectivity p, which are kept at constant temperatures Ty and T, (see Fig.[3.3).

To T
elTIrrTtTriE =

1=0 thermocouple$ T=T,

Fig. 5.8 Schematic representation of a one dimensional medium in radiative thermal equilib-
rium

The temperature distribution inside the medium, 7'(7) satisfies [[73],

T(0)-T; 0@+ [L-1]s

= , (5.19)
To=T;  1+2|i-1]s
where the function 6(7) satisfies the integral equation
1 70
o(r) = 3 [Ez(T) + f 0" E\(It —7']) dT’] . (5.20)
0
Here, E,,(7) represents the m-th integral exponential function, given by
1
En(1) = f " e dy, (5.21a)
0

* The confidence intervals are related to the sensitivity coefficients d1/dt, I/0w, OI/6N,
00/d7), 00/0w, and IO/ON.
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and the constant S is given by

S=1 —2fm 0(7') E5(7) dt’ . (5.21b)
0

Given the optical thickness of the medium, 7y, function 6(7) is computed by Eq. -
@G20). If 6(7) is known, parameter S is computed using Eq. (3.21b)). The tempera-
ture distribution inside the medium is then computed by Eq. (3.19)).

For opaque and gray surfaces, £=1—p. When the refractive index of the medium,
nm, 1s higher than that of its environment, n., the reflectivity p is related to the
relative refractive index n=ny,/n. as follows,

1 (1 @Gn+Dn-1) n’@m- 1)2l n-1

{2 6(n + 1) 2+ 1) n( )
2n3(n® +2n 1) 8n*(n* + 1)
M2+ Dn*=1) @2+ DHnr*-1)

—1-—
pim) n? n+1

. ln(n)} . (5.22)

In the inverse problem presented here, the simultaneous estimation of the relative
refractive index, n, and the medium’s optical thickness, 7y, is considered. The vector
of unknowns Z = (n, 7o), is to be determined from the experimental measurements
inside the medium, X;, i = 1,2, ..., M, by minimizing the functional

1 1 A
0(n.70) = 3R = > Zl [T (n,70) - XiI,

where T;(n,19),i = 1,2,..., M are the temperatures computed in the same positions
in which the experimental data are measured, X;, using the problem described by
Eqs. (5.19) through (5.22)).
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5 BE oo e S
1| . F 3
O: L 1 | L " | O: | L 1 | | s
2 4 6 8 10 <= % & @& W
@ g : ®
[ T T T 6 T T
JRis Sy E e o B - : -]
P o b S e s
2 s . =t 2_' """"""""" |
O Il L | 1 n OV N 1 | " 1 ]
2 4 6 8 _J0 2 4 6 8 _10

Fig. 5.9 Confidence intervals for the estimates.
— exact values, - - - confidence intervals, -e-e- estimates. Experimental error of the highest
temperature measurement: (a) 5 %; (b) 2.5 %.
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Results of the estimates of (n, 7p) are presented in Fig. in which the exact
values for the test case, (2.0, 3.0), were known a priori. The results correspond to
estimates obtained by means of different sets of experimental synthetic data. Two
levels of experimental errors corresponding to 5 % and 2.5 % are used, and the re-
sults are presented, respectively, in Figs.[5.9k and b.

As expected, these estimates are better (smaller confidence intervals for the same
confidence level) when the experimental data present lower noise levels.

Exercises

5.1. We recall that Newton’s method, presented in Section [£3] for the system of
equations G(Z) = 0, where G : RN — RY is a vector-valued function, is given by
the iterative scheme,

JG'AZ" = -G"
Zn+1 — Zn + AZ” ,
where JG" represents the Jacobian matrix of G, evaluated at Z"
JG"=9Glz=z ,

and G" =G(Z"). We remark that AZ" satisfies a linear system of equations.
In the case of Eq. (3.4), the function G has the following structure,

M
G (Z)= Z R; 01,/07Z,;

i=1

where, for simplicity, we are omitting the dependency of G in X.
Show that the equation for AZ" reads

[(jn)Tjn + An]AZn — _(jn)TRn ,
where
A= Z R(Z") (6°1;/02,0Z) -
i=1

(Compare this procedure with Eq. (3.8) and note that here, second order derivatives
of I are needed in order to compute matrices A", which make this algorithm more
expensive and more prone to numerical errors than the other.)

5.2. Deduce the Levenberg-Marquardt method considering the functional given by
Eq. (3.20).

5.3. Assume that the participant medium is isotropic, i.e., p(u,u’) = ¢ is a constant.

(a) Use Eq. (5.13) to determine the value of constant c.
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(b) Obtain the simplified version of the Boltzmann equation, Eq. (3.14), for I =
I(7, ).

(c) Show that there is not a solution of the integro-differential equation for the
isotropic medium, with the prescribed boundary conditions, depending only
ont,ie, I =1I(7).

(d) Obtain a solution I = I(7) if only the first requirement in Eq. (3.14b)) is asked
for.

5.4. An alternative approach for the solution of Eq. (3.14a)) uses an integrating fac-
tor. Define a new dependent variable as

J(tp) = e I(T,p)

and show that Eq. (3.14a) may be written as

oJ w (! or(iod N
pu—(tp) = = f i) ) gy du
(97' 2 -1

Write the boundary conditions given by Eq. (3.14b)) in terms of the new dependent
variable, [57].



Chapter 6
Thermal Characterization

The development of new materials is a research intensive area, which is fueled by
ever-increasing technological demands. With relevant applications, both in engi-
neering and medicine, there is an obvious need for using adequate techniques for
the characterization of new materials to verify if they meet the physical and chem-
ical properties specified in the design phase, such as viscosity, elasticity, density,
etc. In this context, the meaning of characterization differs from the meaning we
have established in Chapters [Il and Pl Here characterization means determination
of the properties of the material, which we call inverse identification problem, and
requires, most commonly, the conduction of laboratory tests. We recognize the am-
biguity with our previous use of the word “characterization”, but since in the area of
materials the word characterization is used in the sense of identification we prefer
to maintain it and be able to have the chosen chapter title.

During the development and operation of an experimental device, it is common
to control different degrees of freedom to correctly estimate the properties under
scrutiny. Frequently, with such a procedure, practical limitations are imposed that
restrict the full use of the possibilities of the experiment.

Using a blend of theoretical and experimental approaches, determining unknown
quantities by coupling the experiment with the solution of inverse problems, a greater
number of degrees of freedom can be manipulated, involving even the simultaneous
determination of new unknowns, included in the problem due to more elaborate
physical, mathematical and computational models [18].

The hot wire method, for example, has been used successfully to determine the
thermal conductivity of ceramic materials, even becoming the worldwide standard
technique for values of up to 25 W/(m K). For polymers, the parallel hot wire tech-
nique is replaced by the cross-wire technique, where a junction of a thermocouple—
a temperature sensor—is welded to the hot wire, which works as a thermal source
at the core of the sample whose thermal properties are to be determined [17].

In this chapter we consider the determination of thermal properties of new poly-
meric materials by means of the solution of a heat transfer inverse problem, using
experimental data obtained by the hot wire method. This consists of an identification
inverse problem, being classified as a Type Il inverse problem (see Section[2.g)).

6.1 Experimental Device: Hot Wire Method

In this section we briefly describe the experimental device used to determine the
thermal conductivity of new materials.
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The hot wire method is a transient technique, i.e., it is based on the measurement
of the time variation of temperature due to a linear heat source embedded in the ma-
terial to be tested. The heat generated by the source is considered to be constant and
uniform between both ends of the test body. The basic elements of the experimental
device are sketched in Fig. From the temperature variation, measured by the
slope in Fig.[6.2h, in a known time interval, the thermal conductivity of the sample
is computed. In practice, the linear thermal source is approximated by a thin electric
resistor and the infinite solid is replaced by a finite size sample.

thermocouple (temperature sensor)

clamps
tets)t d i
0
y measurement
circuit
~ hot
wire
o 5 reference

heating circuit
Fig. 6.1 Experimental apparatus for the standard hot wire technique

The experimental apparatus is made up of two test bodies. In the upper face of the
first test body, two orthogonal incisions are carved to receive the measuring cross.
The depth of these incisions corresponds to the diameter of the wires to be inserted
within.

O(Lt)
temperature theoretical
92 i
|
experimental
=

Inty bt
@ Int 1 2

(b)

Fig. 6.2 Hot wire method. (a) Increase in temperature 6(r.t) as a function of time;
(b) Theoretical (infinite sample size) and presumed experimental (finite sample size)
graphs.

The measuring cross is formed by the hot wire (a resistor) and the thermocouple,
whose junctions are welded perpendicular to the wire. After placing the measuring
cross in the incisions, the second test body is placed upon it, wrapping the measuring
cross. The contact surfaces of the two test bodies must be sufficiently flat to ensure
good thermal contact. Clamps are used to fulfill this goal, pressing the two bodies
together.
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Some care should be taken when working with the hot wire method to ensure
the reliability of the results: (i) a resistor must be used as similar as possible to
the theoretical linear heat source; (ii) ensure the best possible contact between the
sample and the hot wire; (iii) the initial part of the temperature X time graph should
not be used for the computations —use only times in the range 7> ¢, in Fig.[6.2b,—
thus eliminating the effect of the thermal contact resistance between the electric
resistor (the wire) and the sample material; (iv) limit the test time to ensure that the
finite size of the sample does not affect the linearity of the measured temperatures
(t<t, in Fig.[6.2b).

6.2 Traditional Experimental Approach

Consider a linear thermal source that starts releasing heat due to Joule’s effect—
a resistor, for example— at time ¢ = 0, inside an infinite medium that is initially
at temperature 7' = T. Let the linear thermal source be infinite in extension and
located in the z axis. Due to the symmetry of the problem in the z direction, we have
a solution that does not depend on z and this situation can be modeled as an initial
value problem for the heat equation in two-dimensions,

T
(Z—t:kAT+s(X,t), x=(xy) eR?, t>0, (6.1a)
T(x,0) = To(x), x€R>. (6.1b)

Here T = T'(x,¢) is the temperature, AT = ‘;275 + ‘;ZTZ is the laplacian of T with respect

to the spatial variables, k is the medium’s thermal conductivity, s is the thermal
source term, and T is the initial temperature. Under the previous hypothesis, T is a
constant, and s is a singular thermal source corresponding to a multiple of a Dirac’s
delta (generalized) function centered at the origin,

s(x,1) = ¢'6(x), (6.2)

where ¢’ is the linear power density.

The solution of Eq. (&) can be written as the sum of a general solution of a ho-
mogeneous initial value problem, 7', and a particular solution of a non-homogeneous
initial value problem, T2 thatis, T = T! + T2, where T satisfies

oT!
?zkATI, xeR%L1>0, (6.3a)
T'(x,00=T,, xeR>. (6.3b)
and T2 satisfies
oT?
= kaT?+sx,0), xeR%t>0, (6.4a)

ot
T?(x,0)=0, xeR>. (6.4b)
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The solution of Eq. (&.3) relies on the fundamental solution of the heat equation
[39], through a convolution with the initial condition,

1 +00 —+00 _H
L f f 3 To(y) dy1 dys . 6.5)

The solution of Eq. (6.4) is attained by Duhamel’s principle [39,61]]. One looks for
a solution in the form of variation of parameters,

T%(x,t) = f Ux.t,7)dt, (6.6)
0

where, for each 7, U(-, -, 1) satisfies a homogeneous initial value problem, with
initial time ¢ = 7,

au
E:kAU, xeR% >, (6.7a)
Ux,r,7) = s(x,7), xe R%. (6.7b)

Since Eq. (&) is, in fact, a family of homogeneous problems, parametrized by 7,
its solution is obtained by convolution with the fundamental solution of the heat
equation,

I/(X 1 Z) = — f+00 f+°0 Ix(—y| 5 ( )
sty e 8y, T d )
4]( 7((1 z) — y y dyz

and then, substituting this result in Eq. (6.6)),

Pan= [ — [ sy dys dyad
P2 W= ) S, ¢ Ty D e

Since

1 +00 —+00 IX—)’|2
Tomt f e W dyidy, =1, (6.8)

Ty is a constant, and s is given by Eq. (6.2)), we have

g (M1 eyl

T(x,t)=Ty+ % t—e_m dr,
mTJog I —7T
q/ +oo
= To+ f  du, (6.9)
4k |x|2/4kt U

where we have made the change of variables u = [x|>/4k(t - 7).

For times sufficiently greater than ¢ = 0, and for radial distances, r, near the
linear source, more precisely, when |x|2 /4kt — 0, the temperature increases in the
following way, [12],

7

q

(Inf—=21In[x]) + O(1), as [x|*/4kt — O, (6.10)
drk

T(x,t) =Ty +
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as can be seen from Eq. (6.9)), and the following result,
e—u
f—du =lnue™+whu—-u)e ™+ f(ulnu —u)e du. (6.11)
u

This dependence is represented in Fig.[6.2h.
Now, from Eq. (6.10) and Fig. letting Xy # O be a certain fixed point of the
medium, and denoting 6, = T'(X¢,t1), and 6, = T(Xo,t2), we get

‘slope’ ~ 6.~ 6, = 7
Int, —Int;y 4nk’
/ ln(’—2)
q 141
d th k= — ———. 6.12
and then 17 6= 0) ( )

In the traditional experimental approach, temperatures are measured for different
times, (#;, 7)), for [ = 1,2,...,L, where L is the total number of experimental mea-
surements, and, from the fitting of a line to the points

(Int,6), with6, =T, -Ty, [=1,2,...,L,

by means of the least squares method, the slope of the line is obtained, and from it
the thermal conductivity of the material by means of Eq. (&12). A few more details
can be found in Exercise [6.4]

This method was used to determine the thermal conductivity of a phenolic foam,
with 25 % of its mass being of ligninE| The lignin used was obtained from sugarcane
bagasse. This is an important by-product of the sugar and ethanol industry, and
different applications are being sought for it, besides energy generation. The thermal
conductivity was found as

k =(0.072 £ 0.002) W/(mK) . (6.13)

The theoretical curve for an infinite medium and the expected curve, presumably
obtainable in an experiment with a finite sample are presented in Fig.[6.2b. Observe
that for time values relatively small (7 < ;) and relatively large (¢ > 1), deviations
from linearity occur. Therefore, experimental measurements in these situations are
to be avoided. The deviation for ¢ < #; is due to the thermal resistance between the
hot wire and the sample. The deviation from linearity for # > #, occurs when heat
reaches the sample’s surface, thus starting the process of heat transfer by convection
to the environment.

In a real experiment the sample’s dimensions are finite. Moreover, for materi-
als with high thermal diffusivity, & = k/pc,,, where p is the specific mass and ¢, is
the specific heat at constant pressure per unit mass, the interval where linearity oc-
curs can be very small. This feature renders experimentation unfeasible, within the
required precision.

! The experimental data used here was obtained by Professor Gil de Carvalho from Rio de
Janeiro State University [18].
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6.3 Inverse Problem Approach

In this section, we present a more general approach to identifying the relevant pa-
rameters in the physical model, based on solving an inverse problem. First we
present the model, next we set up an optimization problem to identify the model,
present an algorithm to solve the minimization problem, and present the results on
the determination of the thermal conductivity and specific heat of a phenolic foam.

6.3.1 Heat Equation

We shall consider the determination of the thermal conductivity of the medium us-
ing the point of view of applied inverse problems methodology. That is, we select
a mathematical model of the phenomenon —heat transfer by conduction,— then
formulate a least squares problem and set up an algorithm to solve it.

To deal with the inverse problem of heat transfer by conduction used here, con-
sider a sample of cylindrical shape with radius R, with a linear heat source along
its centerline, exchanging heat with the surrounding environment (ambient), and set
initially at room temperature, T,np. To keep the description as simple as possible, it
will be considered that the cylinder is long enough, making the heat transfer depend
only on the radial direction. The mathematical formulation of this problem is given
by the heat equation and Robin’s boundary conditions [12} [61]],

1 ﬁ oT (r, 1)

~ar (kr Z—z) +gr)o(r)=pcp ” (6.14a)
in0<r<R,fort>0,and

—ki—z (R, 1) = h(T(R,t) = Tamb) for t>0 (6.14b)

T(r,0) = Tamp in 0<r<R, (6.14c)

where g(r, t) is the volumetric power density, & is the convection heat transfer coef-
ficient, and the remaining symbols have already been defined.

When the geometry, material properties, boundary conditions, initial condition
and source term are known, Eq. can be solved, thus determining the medium’s
transient temperature distribution. This is a direct problem.

If some of these magnitudes, or a combination of them, are not known, but exper-
imental measurements of the temperature inside or at the boundary of the medium
are available, we deal with an inverse problem, which allows us to determine the
unknown magnitudes, granted that the data holds enough information.

Most of the techniques developed to solve inverse problems rely on solving the
direct problem with arbitrary values for the magnitudes that are to be determined.
Usually, the procedures involved are iterative, so the direct problem has to be solved
several times. It is thus desirable to have a method of solution of the direct problem
capable of attaining a high precision. At the same time, it should not consume much
computational time. In the example considered in Section[6.3.3] the finite difference
method was used to solve the problem of heat transfer through the sample.
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6.3.2 Parameter Estimation

Here we consider the formulation of the problem of simultaneously estimating the
thermal conductivity and the specific heat of a material. These parameters are rep-
resented by

Z=(kc,)

Notice that other parameters could be estimated simultaneously with the thermal
conductivity and the specific heat, such as the coefficient of heat transfer by con-
vection from the sample to the environment, 4. In this case, we should also perform
measurements at times ¢ > f,.

Let T¢(r,,t;) be computed temperatures, and T¢(r,,,7;) experimentally measured
temperatures, at positions r,,,, with m=1,2, ..., M, where M is the number of tem-
perature sensors employed, at times #;, with [=1,2,..., L, and L denoting the num-
ber of measurements performed by each sensor. Consider the norm given by half the
sum of the squares of the residues between computed and measured temperatures,

L

1 M
0z) = 5 ; D Telrms 1) = Telrm, )1 (6.15)

=1

or, simply,
1 < 1
=— T,-W,)*>==-R"R.
0 2;< ¥=5

Here, T; and W;, are compact notations, respectively for the calculated and measured
temperature, referred to the same sensor and at the same time. Also, R;=T;—W; and
I=MXxL.

The inverse problem considered here is solved as a finite dimension optimization
problem, where the norm Q is to be minimized, and the parameters correspond to
the minimum point of Q.

6.3.3 Levenberg-Marquardt

We describe here the Levenberg-Marquardt method [54], presented in section[3.3] to
estimate the parameters.

The minimum point of Q, Eq. (6.13), is pursued by solving the critical point
equation

00/0Z;=0, j=1,2.

Analogously to Section 53] an iterative procedure is built. Let n be the iteration
counter. New estimates of parameters, Z"*!, of residuals, R", and corrections, AZ",
are computed sequentially,
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R'=T"-W (6.16a)
-1
AZ' =[N+ T IR (6.16b)
7 = 7" + AZ" (6.16¢)
forn=0,1,2,..., until the convergence criterion

|AZ)/Z)| < e, j=1.2

is satisfied. Here, € is a small number, for example, 1073,
The elements of the I X 2 Jacobian matrix,

J,-,-:&T,-/azj, fOI‘iZI,...,I, andj=1,2,

as well as the residuals, R”, are computed at every iteration, by the solution of the
direct problem given by Eq. (6.14)), using the estimates for the unknowns obtained
in the previous iteration.

6.3.4 Confidence Intervals

As presented in Section B4l Walds’s confidence intervals of the estimates Z =
(k,cp)T are computed by [39]], page 87, [34]. In this case, the square of the standard
deviation is given by [38]]

2
o2 = [:;"] = {diag (VD) VT]_I} : 6.17)

where T = (Ty,....T)", T = T(Z) = T(k, ¢p), and o is the standard deviation of
the experimental errors.

Assuming a normal distribution for the experimental errors and 99 % of confi-
dence, the confidence intervals of the estimates of k and ¢, are [33],

k=25760% , k+2.5760%[ ,

and
le»-25760, . ¢, +25760,| .

6.3.5 Application to the Characterization of a Phenolic Foam with
Lignin

This section presents the results obtained in the estimation of thermal conductiv-

ity and specific heat of a phenolic foam, with 25 % of its mass being of lignin. As

mentioned at the beginning of this chapter, in materials’s literature the word ‘char-

acterization’ is used to mean what we call model identification, therefore we give
credit to this usage by employing it in this section’s title.
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Recall that the traditional experimental approach, described in Section was
only able to determine the thermal conductivity. With the approach based on the
inverse heat transfer problem, described in Section we were able to obtain,
from the same set of experimental data, not only the thermal conductivity, but also
the sample’s specific heat. The thermal conductivity was estimated as being

k =0.07319 W/(mK),
with the following 99 % confidence interval:
10.07313,0.07325[ W/(mK).

This value excellently agrees with the one obtained by the traditional approach,
Eq. @.13).

For the specific heat, determined simultaneously with the thermal conductivity,
the estimate obtained was ¢, = 1563.0J/(kgK) and the following 99 % confidence
interval was obtained

11559.6, 1566.4[ J/(kgK) .

Vega presents an expected value of 15907J/(kgK) for the specific heat of phe-
nolic resins, and this agrees very well with the value obtained by the solution of
the inverse problem considered here. The traditional approach provides no means of
estimating this property.
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Fig. 6.3 Temperature profiles (— theoretical +++ experimental)

Figure[63lpresents the temperature x time plot, which exhibits the computed tem-
peratures with the estimated properties k and ¢,,. The values of the measured temper-
atures W;, i = 1,2,..., I, which were used in the solution of the inverse problem, are
exhibited in the same graph. Notice the excellent agreement between experimental
data and temperature determined by the computational simulation.
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Fig. 6.4 Results of the simulations considering different initial estimates

Figure shows that the minimization iterative process converges to the same
solution, no matter which one of several initial estimates of the unknown magnitudes
is used. This suggests that the global minimum of Q is reached.

6.4 Experiment Design

Using the mathematical model and the computational simulation presented here,
it is possible to design experiments to obtain, precise and economically, physical
parameters, determining a priori the best localization for the temperature sensors,
as well as the best time intervals in which the experimental measurements are to be
performed.

The concepts of “best” or “optimum” are necessarily bound to a judgment cri-
terion that, in the situation described here, may, for example, consist in the min-
imization of the region contained in the confidence intervals that, as previously
described in this chapter, and in Chapter 3] is related to larger values of the sen-
sitivity coefficients.

Further details on inverse problems and experiment design for applications re-
lated to heat and mass transfer phenomena may be found in [50 71} 451 [511 [891 52} [49].

Exercises

6.1. Show that 72 defined in Eq. (6.6) satisfies Eq. (6.4).
Hint. Use Bernoulli’s formula

d (! B LOf
Eﬁf(s,l)dS—f(l,t)+fa E(s’t)ds'
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6.2. Show validity of Eq. (&.8).

Hint. Use polar coordinates in R.

6.3. Use integration by parts to show Eq. (6.11).

6.4. From Eq. (6.10), 0 = alnt, for « = ¢'/4nk. (a) Given measurements (;,6;),
obtain the least squares formulation to determine «; (b) obtain an expression for a
in terms of the experimental data; (c) write an expression for k.

6.5. Let
2
= ok = dc, = ok dc,
Show that
o; = 0——2 \ %2 and
LT ac,)

6.6. Write the matrix J7J, to be used in Eq. (G.I6B), for the vector of unknowns
Z = (k,cp,h)T, where k is the thermal conductivity, ¢, is the specific heat, and & is
the convection heat transfer coefficient, for the inverse heat conduction problem in
which these three parameters are to be estimated simultaneously.

6.7. Why, for ¢ < 1,, is the approximation of infinite medium, in the situation repre-
sented in Fig. (©.2), a good one?

6.8. The sensitivity coeflicients, [11]], are defined by

v - or
98z

where T represents the observable variable, that may be measured experimentally,
and z; one unknown to be determined with the solution of the inverse problem.
Considering the situation represented in Fig. (6.2), is it possible to estimate the
convection heat transfer coefficient, i.e. Z; = h considering the experimental data
acquired at t < t,? What is the link between this exercise and Exercise 6.7



Chapter 7
Heat Conduction

We present in this chapter estimates of the intensity of thermal sources with spatial
and temporal dependence in heat transfer by conduction. This is an inverse recon-
struction problem, and it is classified as a Type IV inverse problerrEl. In other words,
we consider a function estimation problem in an infinite dimensional model.

The regularization of the inverse problem is attained by changing it to the prob-
lem of optimizing a functional defined in an infinite dimension space by means of
the conjugate gradient method. Thus, as described in Sections 3.7] 3.8] and
respectively for the steepest descent, Landweber, and conjugate gradient methods,
regularization is achieved by means of an iterative minimization method. We em-
ploy here Alifanov’s iterative regularization method [871.

7.1 Mathematical Formulation

Let Q denote the set where the physical problem under investigation is defined —a
space-time or a spatial region where the action takes place. See Fig.[Z.1l Consider
the problem of determining a function g, knowing the problem’s input data, f, exper-
imental measurements, X, and how g influences the output of the physical system,
represented by T'[g].

Let us represent by

I'=ul,u...ul'y,
the subset (subregion) of Q where experimental measurements are taken, and by
QO>oTsx X(x)eR,

the measurements. If T; is just an isolated point, I'; = {x;}, the measurements can be
represented simply by X; = X(x;). Let

A=A U...UAL,
be the subset of Q where the unknown function g is defined,
Q>A3re gr)eRF.

Here A could be a part of the boundary of Q, or some other subset of Q2.
The physical system output, due to some source g, T'[g], is defined in Q,

Qo>wPH T[g](a))EIRl.
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Fig. 7.1 Representation of the physical domain Q, of subset A, where the unknown of the
problem (function g) is defined, and of the region I', where the experimental measurements
are performed

This quantity is evaluated at the points where the experimental measurements are
performed, i.e., in T

Given g, we can compute the difference between what the model predicts and the
measurements. For each x € I', we define the residual

T[gl(x) - X(x),

and, with this, by taking into account all the points where measurements are made,
we define the functional representing half the sum — when I is a discrete set — or
the integral — when I' is a continuum set — of the squares of the residuals,

1
Jgl = EfrIT[g](x)—X(x)de. (7.1)

The inverse problem of determining the function g = g(r) is solved as a minimiza-
tion problem in a space of infinite dimension, where one searches the minimum
point of the functional J in a function space.

If M>1,and [=1, i.e., when several sensors are used and the measurements are
scalar, it is customary to write the functional J=J[g] in the form

1
Jgl=5 2 fr (Tl8106) = X ()1 dix,

where T,,[g] and X,, represent the restrictions of T[g] and X to the region [,,. If the
measuring region is discrete —as is usually the case— and [, = {x]', ..., x4} the
functional is rewritten as

M N
Z Z {Tm,n[g] - Xm,n}2 s

m=1 n=1

N =

Jgl =

where T, ,[g] and X, , represent, respectively, the computed and measured quanti-
ties in x)' € I',,. If Q is a space-time subset, index n of x] stands for successive time
instants.

! See Table[2.3]
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Observe that as mentioned in Section [5.1] the dependence of the system output
T on the unknown g, represented here by T'[g], can be implicit in the sense that it
is related, for example, to the solution of a differential equation, exactly as in the
situation that we shall consider in this chapter. We remark that the dependence of
the computed magnitude 7 in g implies a cause-effect relationship, which can be
linear or non-linear, explicit or implicit.

To better understand the functional J[g] described by Eq. (Z1), consider the situ-
ation depicted in Fig.[Z.2h. This figure represents a thin plate with an internal thermal
source, which can depend both on space and time, g = g(x,f), and having its external
surfaces insulated. The mechanism of heat transfer within the plate is purely by heat
conduction. From transient temperature measurements, inside the medium, X, (?),
m=1,2,..., M (see Fig.[Z2b), it is desired to estimate the intensity of the thermal
source, g(x, ?).

measured
temperatures
t /o
L insulated insulated
0 —— boundary boundary
X
heat source
1 M X
x=0 x=L
(@)
measured
temperature m=M
X (t) ‘ m=1
m m=1
|
' time

observation 'f
interval
(b)

Fig. 7.2 (a) Distributed time-dependent thermal source. (b) Transient temperature measure-
ments.

In this case, the functional J, Eq. (Z1), is written as

1 i
HEEDY fo [Tlg)®) = X (O] dr (72)

m=1

where [0,t/] represents the observation time period in which experimental data is
acquired.

To obtain a computational solution, a discretization of the independent variables
(x and ¢ in this example) is performed. Nonetheless, as will be seen in the next
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sections, the minimization procedure of the functional given generically by Eq. (Z.1))
does not depend on such discretization. The procedure is fully performed in a func-
tion space. The discretization is performed afterwards, and only to obtain a compu-
tational solution.

The parameter estimation problems presented in Chapters [3] and [6] are finite di-
mensional optimizations. The search for a solution is performed by solving the crit-
ical point equation of the residual functional,for example Eq. (32)), in R”, to mini-
mize it.

On the other hand, the conjugate gradient with the adjoint equation, Alifanov’s
regularization method, considers directly the functional minimization problem, by
building a minimizing sequence. Conjugate gradient has been used successfully in
solving inverse problems of function estimation. This method, which has been pre-
sented for real symmetric matrices in Section[3.10] will be presented in Section [Z.3]
for the problem of heat conduction. Its success is due, mainly, to two important fea-
tures: (i) the regularization is embedded in it; and (ii) the method is computationally
efficient.

7.2 Expansion in Terms of Known Functions

Before carrying on with the estimation of functions, assume known a priori, in the
example presented in the previous section, that the intensity of the volumetric heat
source g = g(x, t) can be represented by separation of variables

L
glx 1) = (Z asz(X)] H().
1=0
Here, P;(x) and H(t) are known functiond] and a;,, 1=0,1,..., L are coeflicients. The

inverse problem of estimating a function g(x,f) is, then, reduced to the estimation of
a finite number of these coefficients,

T
Z = (ap,a,...,ar)

In this case we would have a parameter estimation problem. Thus the technique
described in Chapter[3] can be applied.

7.3 Conjugate Gradient Method

Consider the following iterative procedure for the estimation of the function g(r)
that minimizes the functional defined by Eq. (Z.I) [64],

¢ = ¢"(r) - B"P(r), n=0,1,2,..., (7.3)

where 7 is the iteration counter, 5" is a parameter that specifies the stepsize in the
search direction, P", given by

P'(r) = Jpu(r) +y" P\ (r) (7.4)

2 Such as Py(x) = x' and H(t) = e™".
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where y" is the conjugate coefficient, with ¥° = 0, and J4n(r) is the functional gra-
dienfl which, later on in this chapter, we shall show how to compute.

The case when y"=0,n=1,2,..., corresponds to the steepest descent method.
This usually converges slowly.

The search stepsize, 5", used in Eq. (Z.3), is found by minimizing the functional

R>p8" - J[gm—l] — J[gn —,Bnpn]

with relation to 8", that is,

n npnl _ . 1 N n 7 2
Hg=pP=min 3 [ (Talg-BrIw =X a0

The stepsize 8" is the solution of the critical point equation of functional J, restricted
to a line passing through g” = ¢"(r) in the direction defined by P" = P"(r), i.e., 8" is
the critical point of

RapB—Jg"-BP' eR.

In this case, g" satisfies Eq. (Z.3).
We will later show that in initial and boundary value problems for linear partial
differential equations, homogeneous or not, 5" is given by

M
Y [ Tl i = X0 AT, PN d
— T,
B == : (7.6)

M
Y, [ @rrir dx
m=1"Tn

where AT = AT[P] represents the linear operator that solves the sensitivity problem
with input value P and, likewise, AT, is the evaluation of AT[P] in [,.
The conjugate coefficient can be computed by

Y = fA 7. dr / fA [, dr, (7.7)

which minimizes J[g" — 8" P"] with respect to the possible choices of y" in the defi-
nition of P", Eq. (Z.4). This is in the same vein of what was done to show Eq (3.43d).

To use the iterative procedure described, it is necessary to know the gradient J¢(r)
and the variation AT,, = AT,,[ P"]. When obtaining the gradient, an adjoint equation
is used, and the variation AT, is obtained as the solution to the sensitivity problem.
In Section [Z.4l we show how to obtain the adjoint equation, and consequently the
gradient, as well as how to construct the sensitivity problem for the heat conduction
problem.

3 The general definition of the gradient of a functional is presented in Chapter [§]
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7.4 Thermal Source in Heat Transfer by Conduction

In this section, we present basic problems — the sensitivity problem and the ad-
joint equation — which are instrumental in constructing an algorithm to determine
thermal sources in heat conduction, from temperature measurements.

Obtaining the sensitivity problem, the adjoint equation and the gradient equation
is directly related to the operator of the direct problem, that connects the computed
magnitude, T'[g], to the function to be estimated, g(r). These questions will be dis-
cussed in a more general way, in Chapter [8]

We discuss here an example considering the estimation of the spatial and tem-
poral functional dependence of a thermal source, in a one dimensional medium,
without any previous knowledge of the functional dependence, [78].

7.4.1 Heat Transfer by Conduction

Consider a one dimensional plate of thickness L, under the action of heat sources
distributed within the material body, and time-dependent, represented by function
g = g(x,1). The plate is, initially, at temperature T, and its two boundary surfaces
are thermally insulated at all times. The mathematical formulation of the problem of
heat transfer by conduction in the medium, considering constant thermal properties
(homogeneous, isotropic medium), is given by

o*T oT

kw(x,t)+g(x,t) = pcp E(x,t), O<x<L,t>0 (7.8a)
oT oT
—0,n=0, —(L,n=0, for t >0 and (7.8b)
ox ox
T(x,0) =Ty, in0<x<L, (7.8¢)

where k is the material’s thermal conductivity, p is its specific mass and c,, is the
specific heat.

When the geometry, the material properties, the source term, the initial and bound-
ary conditions are known, we have a direct problem, whose solution provides the
knowledge of the temperature field in the full spatial and temporal domain. When
some of these characteristics (or a combination thereof) is unknown, but experimen-
tal measurements of temperature inside the medium or at its boundary are available,
we deal with an inverse problem, from which it is possible to estimate the unknown

quantities.
Here, we will consider the inverse problem for the estimation of g(x,f) = g1(x)g2(¢)
from the experimental transient measurements of temperature, X,,,(f), m=1,2,..., M,

on the boundaries and inside the medium, [78].

The temperature field necessary to compute step 2 of the algorithm presented
in Section [Z3.1lis obtained by solving Eq. (Z.8), using as source term the estimate
obtained in a previous step of the iterative procedure.
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7.4.2 Sensitivity Problem

In general, the sensitivity problem corresponds to a linearization of the original
problem. In the present case, the sensitivity problem is obtained by perturbing the
heat source, g — g+Ag, causing a variation in the temperature field, 7 — T+AT. The
sensitivity problem corresponds to the problem satisfied by AT

The problem given by Eq. (Z8)) is then written as

O0X(T + AT) (0T + AT)
kT +(g+Ag) :pcPT , O0<x<L, t>0,
o(T + AT)

=0, at x=0 and x=L, >0, and
Ox

T +AT =T, for t=0, in 0<x<L.

Since the problem is linear, when the perturbed equations are subtracted from the
original problem, the sensitivity problem for AT is obtained,

O*AT OAT
k (x, 1)+ Ag(x,t) = pcp——(x,1), O<x<L, t>0, (7.9a)
Ox? ot
OAT
W(x,t) =0, at x=0 and x=L, >0, (7.9b)
and AT(x,t) =0 for t=0, and O0<x<L. (7.9¢)

Notice that this problem is linear in Ag, but the problem in Eq. (Z.8) is not linear in
g, due to the non-homogeneity of the initial condition.

A perturbation in the source term, g — g+Ag, causes a perturbation in the tem-
perature distribution 7' — T + AT, that satisfies T[g+Ag] = T[g]+AT[Ag], where
AT = AT[Ag] represents the solution of Eq. (Z.9) and is linear in Ag.

7.4.3 Adjoint Problem and Gradient Equation

To obtain the adjoint problem, we first consider the minimization problem for J[g]
given by Eq. (Z.2), repeated here for convenience,

1 i
EEEDY fo [T1g](n 1) = X ()] dt (7.10)

m=1

subjected to the restriction that T satisfies Eq. (Z.8). Here, x,,, m=1,2,..., M, rep-
resent the positions of the temperature sensors, and # is the final time of observation
(aquisition of experimental data).

This minimization with restriction may be turned into a minimization problem
with no restrictions (unconstrained optimization). Multiply the restriction, Eq. (Z.8a)),
properly equated to zero by letting the term in the right hand side be moved to the
left hand side, by a Lagrange multiplier, A = A(x,t), integrate it and add to J[g] to
construct a Lagrangian functional,
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1 o
Lisl=5) fo [T181( 1) = Xu(0)] dr + (7.11)
m=1

e *T oT
+j; L A(x, 1) [kﬁ(x, 1+ g(x, t)—pcpE(x, | dxdr.

Here, 4 = A(x,t) is a so-called adjoint function. The minimization of £ is equivalent
to the minimization of J restricted to Eq. (Z.84). Further, we have to minimize £
restricted to satisfying Egs.

We shall compute the denvatlveﬁ 0f £ in g, and denote it by d.L,. We have

I (7 )
Lig+Ag] = EZ f [Talg)(0) + AT, [AQND) ~ X dt - (7.12)

OXT + AT
ff/l( )[ TEEAD 4 gt

(T + AT)

dxdt.
ot .

+ Ag(x,t) — pcp

Here, T,,[g](£) = T[g](x,.1). Subtracting Eq. (Z.I1) from Eq. (Z.12) results

Llg+Agl - L[g]

1
= f Z[Z(Tm[g](t) X)) + ATu[AgI(O] ATw[Agl(1) dt +

ff Alx t)[ (xt) ,oc,,aaA (x,0)| dxdt
tf L
+ff Alx,)Ag(x,t)dx dt .
o Jo

The derivative is obtained from the previous expression by dropping the second
order terms in Ag due to the linearity of the considered problems. Here, it is only
necessary to think that Ag is small, an infinitesimal, that AT,,[Ag] = O(Ag), and that
second order terms, (Ag)z, are even smaller and can be despised. Therefore,

1y M
dL[Ag] = f 2. [Tl = Xu(0] AT

tf 6
ff /l(xt)[ (xt) pcp—(xt) dxdt

+ff Ax,)Ag(x,t) dx dt . (7.13)
o Jo

* The definition of the derivative of a functional, in an abstract context, is presented in
Chapter[§l
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Now, A must be chosen in a way to cancel the sum of the first two integrals on the
right side of the equation, or, in other words, in such a way that d£L,[Ag] is given
by the last integral on the right hand side of Eq. (Z13). This is an operational rule
that allows to determine the gradient of £, £/, and its justification is presented in
Section[8.2.4

Integrating by parts the second integral and using the boundary conditions that
AT satisfies, we see that these integrals will cancel each other if A satisfies the
following adjoint problem

PR+ S ) - X650 = ey Py (710
72 2, (X, X, X = X) = =pep (%, .14a

for O<x<L, t>0 (7.14b)
ol
a—(x,t):O at x=0and x=L, >0 (7.14c¢)
X
and A(x,t;) =0, forO<x<L. (7.144)

Therefore, Eq. (Z13) is reduced to

L
dL,[Ag] =fff A(x,t) Ag(x,t) dxdt . (7.15)
0o Jo

Due to the definition, the gradient .E;,(x,t) is the function that represents the deriva-
tive in the inner product, i.e., it is such that

(L
dL,[Ag] =fff L, (x,1) Ag(x,t) dxdt . (7.16)
0 Jo

Comparing Eqs. and we get that
L (x,0) = Ax,t) .
It is obvious that
Jlgl = L[g,A], for every g and 1,

because T satisfies the direct problem, and the term multiplied by A in £ is null.
Then, both derivatives coincide, dJ, = d.L, and the same is true for the gradients,
J ; =£2,. We conclude that

Jo(x,)=A(x1)

i.e., the gradient of J is given by the solution of the adjoint problem.
Notice that the adjoint problem is a final value problem. Defining a new variable

t'=ty—t, for0<r<ts, (7.17)

it is transformed into an initial value problem, 78 92} [87].

The direct problem, Eq. (Z.8)), the sensitivity problem, Eq. (Z.9), and the adjoint
problem, Eq. (Z.14), after the change of variable mentioned previously, differ only
in the source term. Therefore, the same computational routine can be used to solve
the three problems, except that the solution to the adjoint equation has to take into
account the change of variables (it should be integrated backwards in time).



150 7 Heat Conduction

7.4.4 Computation of the Critical Point

We present a derivation of Eq. (Z.6). Initially notice that,

1 M
Hg+yP1=3 D) [ (ki) X0 4 yAT PP d.
m=1 m

From this expression it can be deduced that
d M
SatgryP1= Y, [ @lelo - X0
dy m=1Tn
+yAT,,[P](x)) AT,,[P](x)dx . (7.18)

Having this derivative set equal to zero, replacing y by —8", g by g", and P by P"
on the right side of the previous equation, and solving with respect to 8", we obtain

Eq. (Z.6).

7.5 Minimization with the Conjugate Gradient Method

The iterative procedure that defines the conjugate gradient method in the infinite
dimensional setting written to be applied to a heat conduction problem is presented
here. The results are discussed in Section

7.5.1 Conjugate Gradient Algorithm

The iterative procedure that defines the conjugate gradient method can be summa-
rized as follows.

1. Let n=0. Choose an initial estimate, gO(r), for example, go(r) = ‘constant’;
2. Compute T,,[g"],m = 1,2,..., M, by solving the direct problerrﬂ Eq. @Z.9);

3. Since T,,[g"] and the experimental measurements X,,,(x), m = 1,2, ..., M, for
x € T, are known, solve the adjoint problem, Eq. (ZI14)), which determines
the gradiemﬁ, J.(r);

4. Compute the conjugate coeflicient, y", with Eq. (Z.7);
5. Compute the search direction, P"(r), with Eq. (Z4);

6. Solve the sensitivity problem with input data Ag = P", and obtain AT[P"],
Eq. (L.9);

3> As mentioned in Section[Z.] this computation can be related to the solution of a differen-
tial equation, an integro-differential equation, or of an algebraic system of equations.
¢ See Section[Z.4] for the appropriate gradient in a heat conduction problem.
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7. Compute the stepsize in the search direction, 8", with Eq. (Z.6);
8. Compute the new estimate g"*!(r) with Eq. (Z3);

9. Interrupt the iterative procedure if the stopping criterion is satisfied. Other-
wise, set n = n + 1 and return to Step 2.

7.5.2 Stopping Criterion and Discrepancy Principle

We now present a brief discussion on the stopping criterion. Real experimental data,
Xu(x),m=1,2,...,M, for xel',, is always contaminated by noise. In this case, the
usual stopping criterion J[g"*'] <&, where § is a small value fixed a priori, without
any further reasoning, may prove inadequate. In fact, the high frequencies of the
experimental noise could be incorporated in the estimate g"(r), possibly rendering
it useless. This effect can be appreciated in Fig. [Z.3h. The original function, g(r),
is made up of an ascending slope and a descending slope. The estimate obtained
presents high frequency oscillations.

Fig. 7.3 Estimate of a function g = g(r). The exact value of g is represented by a graph of
triangular shape. (a) one can observe that the estimate is contaminated by high frequency
experimental noise; (b) The estimate is performed by using the discrepancy principle as the
stopping criterion for the iterative procedure, resulting in a smoother estimate, almost free
from experimental noise.

Following the concepts presented in Section[3.9] let us analyze further this situa-
tion. We want to solve a problem of the form

Ax=Yy,

where x is the unknown. However, instead of y, we have a noisy experimental data
y¢, in such a way that

ly-yl<e.
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Let x*€ be the estimate of x determined using the noisy data y¢, with a regularization
scheme (where « is the regularization parameter). It does not make sense, therefore,
to demand that the residual, |AX*€ —y¢|, be much smaller than e, [30]. The best we
can expect is that

‘residual’ ~ €, orthen, J= |R|2/2 ~ €2, (7.19)

Let us assume that the standard deviation of the experimental errors, o, is the same
for all the sensors and measurements,

1T [g](#) = X(D] = o .
Replacing this approximation in Eq. (Z2)), we have
JxMo?t)2.
Let
= Mats]2.

The stopping criterion to be followed then is the discrepancy principle, (1l 2], in
which the iterative procedure is interrupted when

J[gl‘H—l] < 7]2 .

7.6 Estimation Results

Recall that Fig.[73h presents the estimation of g when the stopping criteria does not
take in consideration the discrepancy principle.

Figure [Z3b presents the estimate of the same function considered in Fig. [Z.3h,
using, however, the discrepancy principle as the stopping criterion for the iterative
procedure. It is plain to see in this case that the interruption of the iterative procedure
occurred previously to the beginning of the degradation of the estimates. Thus, the
high frequency oscillations were not incorporated into the estimate. We can see with
this example the role of the discrepancy principle.

A further example of the employment of the methodology concerns the estima-
tion of the strength of a heat source of the form,

g(xt) = g1(x) g200) .

The algorithm described in Section[Z.3.1lis used, where, in Step 3, the adjoint func-
tion is computed using Eq. (Z.14). The gradient is obtained and, in Step 6, the vari-
ation AT, is computed using the sensitivity problem, given by Eq. (Z9)), with the
source term Ag(x,f) = P"(x,t), where P"(x,f) has been computed in Step 5.

Figures [Z4] and show such an example of the estimation of the strength of
time and space dependent heat sources for two different test cases. In Fig. [Z4] we
consider a heat source with a gaussian dependence in both space and time. In the
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situation depicted in Fig.[Z3] a piecewise-linear periodic sawtooth function in space
is considered. In these figures, the dimensionless time variable 7=at/ L2, where a =
k/pc), is the material thermal diffusivity, and dimensionless space variable X =x/L,
are used. Solid lines correspond to exact values for the strength of the heat source.
Estimates are presented for the dimensionless time instants

7=0.174; 0377 and 0.57;.
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Fig. 7.4 Estimation of a space and time dependent volumetric heat source using nine temper-
ature sensors (sensors positions are marked on X axis by bullets): (a) without experimental
error — spatial variation and temporal variation. (b) with 13 % of experimental error — spatial
variation and temporal variation.

Figure[7.4] present estimates for the strength of the heat source, in the dimension-
less positions

X=0.13; 0.25and 0.5,

with and without experimental error. It is possible to observe the degradation of the
estimates when a relatively large error level is considered in the experimental data
used for the solution of the inverse heat conduction problem. Figure exhibits
results for

X=0.06; 0.12and 0.17 .

In both figures, G =g/ g, Where g was adjusted in such a way that the maximum
measured value for the dimensionless temperature was unity.
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In Figs. estimates are presented for a heat source with sudden variations in
the spatial component. The goal is to show the effect of the position of the tem-
perature sensors. In both cases, experimental errors are not considered. Solid lines
correspond to exact values for heat source strength. In Fig. the temperature
sensors are not in the same position where the sudden temperature variations occur.
When better positions are chosen, the estimates improve significantly, as shown in
Fig[7.3b. We surmise that in a general way the quality of the estimates obtained
with the solution of an inverse problem improves when adequate information is in-
troduced in the problem.
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Fig. 7.5 Estimation of a space and time dependent volumetric heat source using seven tem-
perature sensors (sensors positions are indicated by black bullets along X axis): (a) badly
positioned — spatial variation and temporal variation; (b) well positioned — spatial variation
and temporal variation

Exercises

7.1. An alternative way to derive Eq. (Z.6) that is popular among engineers is by
using Taylor’s formula. Do it.

Hint. On the right hand side of Eq. (Z3), use the following Taylor’s expansions
(keeping only the first order terms),

aTm n pn
T [gn _ﬁnpn] =Tn [gn] - 9 B"P", and
gn
aT,
Tulg"+ P =Tulg"l+ —P".
lg ] [g"] 7%,

Use also AT, [P"] = Ty [g" + P"] = Tw [¢"].
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7.2. Mimick the proof that Eq. (3.41d) can be written as Eq. (3.43d) to prove
Eq. D).

Hint. Lot’s of work here!

7.3. (a) Show that the problem defined by Eq. (Z.9) is linear in AT. That is, let
AT[ogi], i = 1,2, be the solution of Eq. (7.9) when the source is Ag;. Let
k € R. Show that

AT[kAg:] = kAT[Ag], and
AT[Ag) + Aga] = AT[Ag1] + AT[Aga] .

(b) Show that the solution of Eq. (Z.8)) is not linear with respect to g unless T = 0.
In this case, show that it is linear.

7.4. Check the details in the derivation of Eq. (Z.14).
Hint. Show by integration by parts that

T QAT ol
fo‘ /16— dt = ﬂATlt 4 f a—ATdZ
82AT
dx = |- —AT d
f ox? ( ) f x2 *

and the boundary and initial conditions of the sensitivity problem, Eq. (Z.9)) are used
in the derivation. Show that, for appropriate choices of final values and boundary

values for A,
O*AT OAT
f f /l(xt)[ pc,,?] dxdt

d*a 0
ff[ +pcpa }Adedt

Also, assume that Dirac’s delta ‘function’, 6 = d(x) has the property that

f h(x)0(x) dx = h(0),

for a > 0 and & = h(x) a continuous function. Show that

1 M
[ trats)o = X0 8T, 1510
m=1

M
= > [Tn(6t) = X ()] 80x = x,)
m=1
7.5. Perform the change of variables, Eq. (Z17), and determine the problem satis-
fied by
A = Aty —1),
where A satisfies Eq. (Z14).
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7.6. Verify the derivation of Eq. (Z18) and show that it leads to Eq. (Z.8).

7.7. In the heat conduction in a one-dimensional medium, with constant thermal
properties, and insulated boundaries, the strength of two plane heat sources, g; =
gi1(?) and g» = g»(?), can be estimated simultaneously, from measurements made of
the temperature at a certain number of interior points, [76]. Derive the sensitivity
problem, the adjoint problem, and the gradients J; and J;, for Alifanov’s iterative
regularization method, considering the perturbations g — g; + Ag; and g, —
g2 + Ago, which leads to the perturbation T — T + AT.

Hint. Consider the conjugate coefficients



Chapter 8
A General Perspective

This chapter introduces a more general perspective of direct and inverse problems.

At the outset, we must observe that, from a mathematical standpoint, there is no
reason to justify the distinction between direct and inverse problems. As pointed out
by Keller [43]], it is adequate to say that two problems are mutually inverse if the for-
mulation of one involves partly or completely the solution of the other. Our presen-
tation emphasises this. However, in applying the methodology of inverse problems
to any particular physical problem, we can say that the model represents a cause-
effect relationship and, in this case, finding that relationship is an inverse problem,
determining the effect produced by a cause is a direct problem,while determining the
cause by the effect it provokes is again an inverse problem. Also, when considering
initial and boundary value problems for evolution equations — as those involving
ordinary and partial differential equations or recurrence relations, — there is a stan-
dard distinction between cause and effect which leads to a classification of problems
as direct and inverse problems. Therefore, to facilitate the discussion, we will con-
tinue calling some of them direct and others inverse. A more detailed discussion of
the classification of inverse problems is presented.

We also consider the question of equivalence between gradient computation,
based on its definition, and the more common computation by means of an oper-
ational rule using a Lagrangian function. This operational rule was used in Sec-
tion[Z.4] The theoretical derivation presented here of the operational rule serves as a
proof in the case of Type I problems, but only as a guide for Types Il to IV problems.
For the latter, more sophisticated mathematical considerations have to be carried out
because they involve infinite dimensional spaces [66]].

8.1 Inverse Problems and Their Types

We consider a somewhat more general presentation of inverse problems. It has the
ingredients already discussed in Chapter[T] and in other chapters. Here, we just men-
tion the most basic mathematical structures needed. To treat the problems in a rigor-
ous mathematical fashion, more complex concepts are called for, which, typically,
are problem-dependent. We do not discuss that. We proceed with some examples,
to illustrate the distinct pieces of the formulation and their applicability.

8.1.1 Classification of Problems

LetU,V, T, and Y be normed vector spaces with inner productEl. We think of these
sets as

! These notions are recalled in the exercises of Appendix [Al
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U — “space of fields’;
V — ‘space of sources’;
7 — ‘space of physical properties of a class of mathematical models’;
Y — ‘auxiliary space’.
All these spaces are ‘glued’ together by a function
GUXVXT - VY,
constituting a model of a cause-effect relationship. We defind?fl

Py: Direct problem Given a source b € V, and a model specified by p € T,
determine the field x € U such that

G(x,b,p)=0. 8.1)

The solution of the direct problem, Eq. 8.1), is denoted by X?(b), and X : VXT —
U, with X(b,p) = XP(b). It is the solution operator of the direct problem. We can,
therefore, write

G(XP(b),b,p)=0. (8.2)

With this notation, we can represent the black box, Fig.[[1] as

input: b ~, output: x = X?(b) .

Note that the direct problem is problem Py, described in Section 2.8t given stimuli
(sources), determine reactions (fields).

P,: Inverse reconstruction problem Having a specific model by knowing p € 7,
and given a field x € U, determine a source b € V, satisfying Eq. €.1).

This is problem P, described in Section[2.8} given reactions, determine stimuli.

Ps: Inverse identification problem Given a field x € U, and source b € V, deter-
mine the physical properties of the system p € 7, still satisfying Eq. (8.1).

This is problem P; described in Section 2.8t given stimulus and corresponding re-
actions, pinpoint the properties of the model. We remark that, in fact, this general
formulation makes virtually no real distinction between direct and inverse problems.
All of them refer to the same equation, Eq. (8.1).

2 We think of the elements of V as causing an effect belonging to U which is the set of
effects. A specific cause-effect relationship is established by G and a particular element
of 7.

3 We use the same notation, P; to Pj3, already introduced in Chapters [[l and 2] since the
concepts presented here are just generalizations of the ones presented there.
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The issue of characterizing a model appropriate for a particular physical situation
is completed when the sets U, V, T, and Y, and a function G relating them (explicit
or implicitly defined), are chosen.

Most of the times we are thinking about direct problems consisting of initial and
boundary value problems for partial differential equations. This is why we say that
b is the source, or the forcing term, and it could also indicate an initial and/or a
boundary condition, p represents physical properties of the system, and x is the
field. We remark, though, that the analysis presented here does not limit itself to this
case.

Example 8.1. Heat equation. We illustrate these problems by the initial value
problem for the heat equation with Robin’s boundary condition in a material do-
main Q c R,

Ou —i O (12 s 7 forxeq >0
pcp 81‘ - ijzl aXi l]an ’ s ’
u(x,0) = up(x), forx € Q (initial condition),

0
au + ﬁa—: =g, forx € 9Q and r > 0 (Robin’s boundary condition) .

Here,
QX[0,+ 0> x1) +— uxt)elR,

is the temperature distribution, p = p(x) is the specific mass of the material, ¢, =
¢p(x) is the specific heat of the material, K = K(x) = (kij); j=1,..n is the thermal
conductivity tensor, f = f(x,f) is an internal volumetric heat source/sink, @ and 3
are material properties, such as the convection heat transfer coefficient, defined at
the boundary, n is the exterior normal vector to the boundary of €, % =n-Vis the
exterior normal derivative, and g is a boundary heat source/sink.

One possibility is to write Robin’s boundary condition as

ou
(U — Uamp) +ﬁ% =0,

that is, g = augmup, Where u,,,;, refers to the external temperature of the body.

Recall the black box mental prototype discussed in Chapter [l In the present
example, the input (source term), b, has three components, the initial condition ),
and the heat sources/sinks, f and g, respectively, in the interior of the body, and at its
boundary. The output (field), x, is given by the temperature distribution u. The class
of models, ¥ = ¥, can be parametrized by p, which corresponds to the properties
of the model, and is given by various mathematical objects, Q, p, ¢, K, @ and 5.

More explicitly, in this heat equation problem, the source term, b, consists of

b= (uo.f.9) €V,

where

VY =C%Q, R) x C°(Qx]0, +oo[, R) x C°(8Qx]0, + o[, R) ,
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and, for instance,
C%0Qx]10, + o[ ,R),

represents the set of continuous functions defined on 9Q2x]0, + co[, with values in
R. Likewise, C2 represents functions with continuous second order derivatives.
The field (generically represented by x) would be u,

ueU=C*Qx]0, + oo[,R) N C'(Q x [0, + o[ ,R),

where Q stands for the closure of Q, Q = Q U §Q.
Next, the physical properties are represented by

p=Qp,cpKapB) eT,
where,
p € C°(Qx]0, + [ ,R),
cp € CO(Qx]0, + o[ ,R),
K € C'(Qx]0, + o[ ,M3,3) ,
and M3y3 is the set of real 3 X 3 matrices. Also,
@ € C°(0Qx]0, + oo[,R) , and
B e C°(00x]10, + o[ ,R?).

One way to handle the set of regions Q as a subset of an inner-product space, as re-
quired by, for instance, the space of physical properties, 7~ in Eq. (8, is to consider
each subset Q as represented by is characteristic or indicator function,

o] L ifxeQ
Aol = 0, otherwise

Now, the operator G : U XV X T — Y would have the form G = (G,G>,G3), with

"
G =pc,,‘;—”; - ; a% (k,-j(f—;) — £ € C%Qx]0, + o[ ,R),
G> = u(x,0) — ug(x) € C'(QR),
Gz =au+ ﬁ‘;—z - g € C%9Qx]0, + o[ ,R) .

Finally, the equation would be written as

G(u.b.p) = (G1(u,b,p).G2(u,b,p).G3(ub,p)) = 0,

where the zero on the right hand side is a special zero,

0 € C%Qx]0, + o[ ,R) x C°(QR) x C°(Qx]0, + [,R) .
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8.1.2 Observation Operators

One major use of inverse problems is to model data coming from real experiments.
In order to understand this better, it is convenient to model the data acquisiton pro-
cess, and we shall do this right away.

Let C : YU — W be a function where W is a vector space with inner product
(-,-), and U is the space of fields. Given x € U, we say that z = C(x) is an obser-
vation of x, and that C is an observation operator. Notice that we can have, as a
particular case, ‘W =U and C the identity function.

Example 8.2. One or several measurements. Let 7 = T(a,f), a€ R, 1 € [0,00), be
the temperature distribution in a one dimensional, isolated, bar. As time advances,
the temperature at a fixed point, say a = 2, represented by the function 7(t) = T'(2,1),
is an observation of 7. The observation operator corresponding to the situation we
just described represents the observations depending on the possible temperature
fields, and is given by function T,

CO(R x [0,00),R) — C%([0,00),R)
T - 7=I[T],
with

0.00) 1 R

t > () =TI[TI) =T .

We remark that the notation is quite flexible and can be worked out to accommodate
one or several measuring points. If one measures the temperature at two points,
say a = 2, and @ = 5, it is sufficient to let I'[T] € C°([0,00),R?) and ['[T](¢) =
(T'(2,0, TGS,

[0,00[3 1 = 7(r) = T[T1(t) = (T(2,0), T(5.)) € R?.
|

Example 8.3. Discrete time observation operator. With 7 = T(a,t) as in the
previous example, the sequence

T, = TQRmn),fornelN,

is an observation of T'. It means that one is measuring the temperature at position
x =2 and at times 1, 2, 3, .... The observation operator O is given by

COR [0, 00).R) —2> s(IN)
T - 1=0[T],

where s(IN) is the set of sequences of real numbers,

S(IN) = {(xn)nen, such that x, € R, forall n € IN},
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and

N 2 R

n = 7,=0[T|n)=TQ2n).
]

Example 8.4. Blurring operator. Another example of an observation operator
would be the blurring operator, defined in Eq. (1), p.
Let My be the set of real L X M matrices, and

B
Mixy — Mixu
I - A=

where

L M
j= D ) B Ly, =1 Lj=1,.. M.

=1 j=1

8.1.3 Inverse Problems in Practice

There is a slight difference between the theoretical formulation of inverse problems,
presented in Section[8. 1.1l and the way it has to be formulated to handle practical
problems. This leads to another formulation of inverse problems, though still pre-
sented in mathematical terms. In practice we have to be more flexible or to settle for
weaker goals.

Due to the necessity of solving problems taking into account the behaviour of the
system under investigation, represented by the field x, and since it is captured by
observations, the formulation has to include observation operators.

For instance, the theoretical inverse reconstruction problem to be solved can,
therefore, be rephrased as: if the physical properties of the system, p, are known,
and a field observation, z=C(x), is known (but x is unknown), determine the source
b. That is,

given z = C(x), and p, determine b such that
XP(b) =x. (8.3)
Notice that since x is unknown, we cannot check whether Eq. (8.3) is satisfied or
not. That is, unless C is an invertible function, it is impossible, in general, to solve
this problem, or at least it is impossible to verify if it has been solved.

By applying the observation operator on both sides of Eq. (83), and since z =
C(x), we get the null residual equation,

CXP(b)=z. (8.4)

This is an equation that can be verified.
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It is worthwhile to emphasize that Eq. (8.4) is a consequence of Eq. (83). How-
ever, they are not equivalent. Having found b satisfying Eq. (84), it does not imply
that Eq. (83) is satisfied. Nonetheless, we ellect the problem of knowing p and z,
and wanting to determine b satisfying Eq. (8.4).

Given a source b and physical properties p, the predicted observation — due to
the source b — is defined by C(X?(b)). We remark that, to compute the predicted
observation, first the direct problem is solved for the source b, determining the field
X?(b), and then, to observe it, the observation operator C is applied to the field
XP(b), and C(XP(b)) is obtained.

The theoretical residual is defined by

r=CWX"b) -z,

and, for each b, it is a measure of how much b does not satisfy Eq. (84), if r # 0.
In practical applications, an inverse problem must be solved not with the knowl-
edge of an observation, z, of the solution of the direct problem, but from experimen-
tal data, Z,,..s. That is, in practice z is not known. Even so, the data is modeled as if
it was obtained by means of an observation operator, when in fact it was not.
The practical residual is defined as

R = C(X?(b)) = Zineas -

We have, therefore, two reasons to change what is understood as solution of the
inverse problem:

(i) instead of knowing x, only z=C(x) is known;

(ii) as a matter of fact, not even z = C(x) is known, only Z,¢,s is, which, suppos-
edly, is a measurement (or several), or an approximation, of z.

Thus, it is no longer possible to interpolate the data with the model to solve the
inverse problem, as required by Eq. (83). There one needs the explicit knowledge
of x, which is unavailable.

We define practical inverse problems:

P3: Practical inverse reconstruction problem Given a measured observation of
field x, denoted by Zeqs, and physical properties p, determine the source b*,
that minimizes half the quadratic error function, (or half the squared residu-
als)

1 1
V>bw E[b] = 5|R|2 = 51CX" (b)) - Zumeas|® (8.5)

i.e., determine b* such that

E[b*] = min E[b].
beV

Notice that the size of C(X?(b))—Zmeas 1S to be minimized, i.e., b* must be chosen to
minimize the difference between the predicted observation when the source b is as-
sumed known, which is computed by C(X? (b)), and the experimental measurement,
Zmeas>» Which is obtained experimentally.
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P5: Practical inverse identification problem Given a measured observation of
field x, Z,eqs, and a known source b, determining the physical properties p*,
that minimizes half the quadratic error function

1
T 5 p o Elpl = JICX" (b)) - Zimeasl” - (8.6)

This is problem P; described in Section 2.8t given measurements of stimuli and
reactions, determine their relationship.

8.1.4 Domain of Dependence

We intend to distinguish different types of operators by using the concept of domain
of dependence, and for that we begin by discussing three simple examples.

Example 8.5. Let 8°(R,R) be the set of continuous and bounded functions defined
on R with values on R. That is, f € 8°(R,R) if and only if f € C°(R,R) and there
is K € R such that | f(x)| < K, for all x € R.

Consider a function H from 8°(R,R) into itself,

H:BRR) — B®RR)
f = Hifl=g,

defined by

HIFI) = g(x) = f " f)ds.

Roughly, we want to say that the domain of dependence of the image of f at x, that
is, the domain of dependence of H[f](x) = g(x), denoted by D,(x), is the subset of
the domain of f where the values of f influence the values of g(x). In this case,

Dy71(x) = {s € R such that the value of f(s) affects H[f](x)}

1 +1
=|x—-=,x+ =
2 2

The previous example has the particularity of f and g = H[f] sharing the same
domain. We overthrow this special case by presenting a finite dimension example.
For this, we need to interpret R” as the function space 7.

Denote by 7, the set of functions defined on the first n integers with values in R,
thatis, 7, = {f | f : {1.2,....,n} — R}. As we shall see, 7, is essentially the same
as R". Consider the function

L:F, - R
fo= LH=U)fQ2),....f() . (8.7
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Note that 7, and R" are vector spaces and that L is a linear function between them,
that is,

L(f+g) =L+ L), forall f,g € F, (8.82)
and
Lkf) = kL(f), forall ke R, f € F, . (8.8b)

Moreover, L has an inverse,

M:R'" - F,
x > Mx]l=f, (8.9a)
with
f@)y=x, fori=12,...,n. (8.9b)

One can show that £ o M(x) = x and M o L(f) = f. We denote the inverse by
M = L£7'. The function £ is called an isomorphism between vector spaces since
it is invertible, Eq. (89), and is linear, Eq. (88)). In a coloquial way, we interpret
IR" as a set of real valued functions defined on the finite set of the first n integers,
{1,2,...,n}.

Example 8.6. Let 2 : R? — R? be defined by

3x+2y+z2
X+z '

h(x.y,2) = (

We want to discuss an appropriate notion of domain of dependence. For that, we
reinterpret this function as a function between function spaces

f e hifl=¢g

where

g(D) = hALfID) =3f(1) +2f2) + f(3),
g2) = hlf12) = fF() + f(3) .

Now, it seems plausible to define
Djpn(1) = De(1) = {1,2,3}, and Dy (2) = De(2) = {1,3}.
|

Note that in the previous example, f and g = h[f] do not share the same domain.
The same kind of affairs can show up in an infinite dimensional setting.
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Example 8.7. Wave equation. Let B(R x [0, + o[, R) be the set of real valued,
bounded, continuous functions defined on R x [0, + oo[. Consider the function W,

W:B8%R,R) — B°Rx[0,+[,R)
v B Wl=u

defined by

xX+ct

u(x,t) = Wvl(x,t) = % f v(s)ds . (8.10)

—ct

The domain of dependence, in this case, is given by
D (x0) = Dy(x,f) = [x —ct, x +ct] .

It just happens that u, defined by Eq. (8.10), is the solution of the wave equation,
Uy = c*uy,, satisfying the initial conditions, u(x,0) = 0 and u,(x,0) = v(x). [ |

In order to be able to express more precisely what is to be meant by domain of
dependence of the answer to a problem, we need to introduce some notation.

Let Q, be either {1,2,...,k} or an open subseﬂ of R¥. Likewise, let also Q, be
such kind of set.

To make things not too technical, let U = C7(€4,R™) and V = C7 (. R"),
where Cj° stands for functions infinitely dlfferentlable with compact supporiﬁ The
sets U and V are function spaces. If Q; = {1,2, ...k} then U is just k copies of R",
U=R"XR"x...xR" = (R"™*.

Let 7 be an operator between these spaces,

T:U->V,

which shall play the role of the solution operator of a certain problem.

We want to grasp what influences an answer to a problem, the domain of de-
pendence. That is the main, very roughly prescribed, goal. We shall do that by first
determining which places do not interfere with the answer.

Let A be an open subset of Q. Therﬂ Cy (A, R™) € CF (L4, R™).

* We recall that a set Q c R™ is open if for every point a € Q, there is an open ball centered
around a fully contained in €, i.e. there is » > 0 such that if |x — a] < r then x € Q. A set
F c R™ is closed if its complement, R™\F, is open. A set K c R™ is called compact if it
is closed and bounded, and a set K is called bounded if there is a number [/ € R such that
|x] < I, for all x € K. For further discussion see [33].

> We recall that the support of a function f is the smallest closed set containing all the points
x where f(x) # 0. Equivalently, it is the complement of the open set defined by the union
of all open sets where f is not null in any point — the complement of the largest set where
f is different from zero. (Qualitatively, the support is to be the set where all the ‘action’
occurs.)

® Strictly speaking, given @ € Cg(A,R™), it is not true that @ € C5(Q4, R™) because the
domain of definition of @ is A and not Q,. Nontheless, given @, we can construct an
extension of « defined on Q,4, which we denote by & € C;°(Q4, R™), given by @(x) = a(x)
for all x € A, and a@(x) = 0 for all x € Q,\A. By abuse of notation, instead of using @, we
say that a € C;(Q4, R™).
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Letue U,y € Q,, and v = 7[u]. Assume A C Q; be an open set such that

v(y) =tlu+¢1Q»),

forall ¢ € C (A, R™) C C'(Qq, R™). We say that the values of u on A do not affect
the value of r[u] ony € Q,. Let A, be the union of all such open sets A C Q, that
is, A, is the largest such open set. We define the domain of dependence of v = t[u]
aty € Q, as the closed set given by

D (y) = Du(y) = Qi\A, .

This definition is compatible with the examples already presented, and work as well,
in a simple way, when € is a finite set. Nonetheless, it is unable to grasp some
fundamental information, as we shall see by example.

Consider Exercises [8.3] and [8.4l In both cases, the domain of dependence is
{0} c R, a finite set. However, in order to be able to compute B[f] = f’(0), in
Exercise [8.4] one needs the information of f in a neighbourhood of 0, no matter
how small, and not just the value of f in 0. This means that we need an infinite
amount of information.

When the operator 7 is such that D.,)(y) € €, is an infinite set for at least
ay € Qg we say that 7 is a global operator. When the domain of dependence
Dy (y) € Qq is a finite set for all y € Q,, we have two possibilities. If we need to
have the knowledge of u in a small neighbourhood of at least a point in Q, then we
say that 7 is a local operator. Otherwise, it is a pointwise operator.

We rewrite these ideas. Using the notation previously introduced, let v = 7[u] and
y € Q,. We say that 7 is

(a) pointwise operator if v(y) depends on the values of u in a finite number of
points;

(b) local operator if v(y) depends on the values of u in a neighborhood of a finite
numbers of points in its domain;

(c) global operator if v(y) depends on the values of u in a way that cannot be
classified in items (a) or (b).

Example 8.8. The operator A given by

A :C)R,R) — CA(R,R)
f=Alfl=¢

where

f) + f(=x)

AlfI(x) = g(x) = >

is a pointwise operator. [ |
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8.1.5 Types of Inverse Problems

In the framework described in this chapter, the classification presented in Section
2.8l based on the dimension of the model and of the estimated quantity can be clar-
ified a little more.

In the case of the dimension of the estimated quantity, we have

o In the inverse reconstruction problem, the dimension of the estimated proper-
ties clearly is the dimension of the input space (space of sources), dim (V);

o In the inverse identification problem, the dimension of the estimated proper-
ties clearly is the dimension of the property space, dim (7).

We say that the model is of infinite dimension if the problem involves global or local
operators, and we say that it is of finite dimension if it involves pointwise operators.
For convenience, we recall here Table 2.3 of inverse problems type:

Type I Estimation of a finite number of parameters in a model of finite dimen-
sion;

Type II Estimation of a infinite number of parameters or a function in a model of
finite dimension,;

Type III  Estimation of an finite number of parameters in a model of infinite dimen-
sion;

Type IV Estimation of an infinite number of parameters or a function in a model
of infinite dimension.

Example 8.9. Dimension of the model

(a) Letx = x(r), p = p(t), and b € R and consider the problem

x =px, fort>0,
x(0)=0b,

If p = p(¢) and measurements of x are known, determining b is a type III
inverse reconstruction problem. Whereas, if b and measurements of x are
known, to determine p = p(¢) is a type IV inverse identification problem,
whereas if p is a constant, its determination is a type III inverse identification
problem.

(b) Let px = b, with p, x, b € R. Assume b is known, and measurements of x are
also known. The determination of p is a type I inverse identification problem.

(c) Let p(H)x(t) = b(¢), for t € R, where p, x, and b are real functions of a real
variable. Assume b(t) is known, and measurements of x(¢) are also known.
The determination of p = p(#) is a type II inverse identification problem.
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8.2 Gradient Calculation

In this section we begin with some considerations on the computation of the gra-
dient, and then establish an operational rule, in general, which has been used in
Section[7.4]

8.2.1 Reformulation of the Direct Problem

It is necessary, for the analysis we developed to establish the operational rule, that
there is a function, A,

A: UXT — YV,
relating U, V and 7, in such a way that
g(x7b’p) = b - ﬂ(-x7p) .

The direct problerrﬂ is therefore, rewritten as: given source b € V and model speci-
fied by p € 7", determine the field x € U such thafd

Ax,p)=b. 8.11)
Since X”(b) is the solution of the direct problem, Eq. (811, is rewritten as
AXP(b),p)=b.

We find it convenient to write A(x,p) = AP(x).
In the case of the heat equation problem, Example[8.1] it is fairly simple to define
A.

8.2.2 Gradient Calculation by Its Definition

Here, we obtain an expression for calculating the gradient of functional E, Eq. (83)),
from the definition of gradient [53]. Recall that the gradient of E is an element
of V. Initially we will compute the directional derivative (Gateaux derivative) of
functional E. Let b€ be a curve in V, parameterized by €, with

b’=b,and (d/de)|_ob =h,

as illustrated in Fig.[811
For small values of €, we may think of b€ as a small perturbation of b, that is,

b€ ~b+eb, whene<1 .

7 The reader is advised to pay attention because A plays a different role from matrix A in
Section [L4] In the way the direct problem is formulated here, A corresponds to matrix
A7l

8 Notice that b is multiplied by 1. This is the form for the equivalence between the opera-
tional rule and the result using the definition of the gradient. The equation of heat transfer
by conduction, Eq. (Z.8a), was written to meet this condition.
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Fig. 8.1 Curve parameterized by parameter e. It’s tangent vector at b is b.

If we denote by dE,[b] the directional derivative of E at b in the direction b, then
by the chain rule

- d -
dEp[b] = el E[b] = (C(XP (D)) — Zmeass ACxrp) dXP (b) D) . (8.12)

€

Here, dCx and dX?(b) denote the derivatives of C and X, evaluated, respectively, at
X and b. The inner product (, ) is defined in W.

Recall that the gradient of functional E, evaluated at b, E, is the element of V
that represents the Fréchet derivative of E, dE;,, with respect to the inner product,
[33]], i.e., such that

dE,[b] = (E}, by, forallbe V. (8.13)
From Egs. (812) and (8:13) we see that, while in Eq. 8.13) b is alone in the second
entry of the inner product, in Eq. (8.12) it is being acted upon, successively, by linear
operators dX?(b) and dCx»).
Given a linear operator

OZW1—>W2,

we denote by O* the adjoint operatmﬁ of O, i.e., the operator that switches places
with O in the inner product, or, explicitly

Owi,wa) ={w,O'wy), forall wi € Wi, wo, e W,
Using this concept we have, successively, from Eq. (8.12)),

dE,[b] = ((dCxo())" [C(XP (D)) = Zineas], dXP (D)D)
= ((dXP (D))" (dCxr))" [C(XP (D)) = Zineas], D) . (8.14)

° The adjoint operator can be quite complex, [[66]], but for matrices it is simple. Given a real
n X m matrix, M, the associated linear operator is

R">xm— MxeR".

Let (, ) be the usual real scalar product. Then, the adjoint operator, M*, corresponds, sim-
ply, to the transpose of M.
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Comparing Egs. (814) and (8:13), we obtain the following expression for the gra-
dient of E at b

Ej, = (dX"(b))" (dCxr))" [C(XP (D)) = Zineas] - (8.15)

Equation (8.13)) for the gradient of E at b is quite complicate and we shall interpret
it next.

8.2.3 Interpretation of the Gradient:
Sensitivity and Adjoint Problems

Denote dX”(b)b by X. The sensitivity problem, associated with the direct problem,
Eq. (811)), corresponds to the linearization of this problem, that is, it is the problem
that X satisfies.

To obtain the linearized problem, it is enough to substitute in Eq. (811, b by b€
and x by X(b°), obtaining A”(X (b)) = b€, and to differentiate with respect to €, in
€=0. We then have

(d]dé)l =g AP (XP (D)) = (d]dé)l = b° ,
where, by the chain rule, gives

dAk, dXP(b)b=b. (8.16)

XP(b)
Therefore, the problem that X satisfies, the sensitivity problem, is

N

hoiyX =D (8.17)

Given b, the solution of the direct problem X?(b) is to be computed, an~d then
dﬂfmb) is evaluated. The sensitivity problem is then: given b, determine X, such
that Eq. (817) is satisfied. Since

X =dXP(b)b,

it can be concluded that dX?(b) represents the solution operator of the sensitivity

L. . »
problem, i.e., it is the inverse operator of dA Xy

-1
|aAt, | = dx ).
This could also have been seen from Eq. (8.16).
Now, we note that the adjoint operator of the solution operator of the sensitiv-

ity problem, (dX?(b))*, is used in Eq. (8.13). Moreover, it should be equal to the
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-1
solution operator of the adjoint problem of the sensitivity problen@, {[dﬂﬁp (b)] } ,
[58.,73]). In fact,

[dXP(B)]" = {[dﬂfw,(b)]_l}* —{laA, |} (8.18)

In particular, the adjoint problem of a linear problem is the linear problem that corre-
sponds to the adjoint operator of the linear operator that defines the linear problem.

Summarizing, from Eq. (8.I8)), to obtain the gradient, Eq. (813)), it is sufficient
to solve the following problem for y,

(dAL, )"y = (dCxo1) [C(XP (D)) = Zimeas] » (8.19)

from which we get the gradient, E; = y.
We remark that the source for problem defined by Eq. (8.19)) is

(dCXI’(b))*[C(Xp(b)) - Zmeas] s

that depends on the difference between what was foretold and what was measured
—discrepancy between the model and the real data.

To emphasize, we repeat that to determine the gradient of E in b, these steps are
to be followed:

1.a Determine the solution of the direct problem, X7 (b);

1.b Determine the linear operator that defines the sensitivity problem, dﬂf(,,(b);

1.c Determine the adjoint operator of the operator of the sensitivity problem,

2.a Determine the observation, C(X?(b)) (prediction);

2.b Determine the residual, the difference between the predicted and measured
Values, C(Xp(b)) - Zmeas;

3.a Determine the derivative of the observation operator at X”(b), dCxr(p);

10 If P denotes the operator of a linear problem, P~ denotes the solution operator. The as-
sertion of the paragraph can be rewritten as

Py =Py
Formally, this is shown as follows:
(u, (P vy = (P uw) = (P7'u, PY(P*) ')
= (PP 'u, (P")"'v) = (u,(P")"'v),

for all u and v. This derivation is correct for bounded operators in Hilbert spaces. Nonethe-
less, mathematical rigorousness is lacking if unbounded operators are involved [66]], since
the mathematics involved is much more refined.
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3.b Determine the adjoint of the operator dCxr ), (dCxrp))*;
4.a Determine the source term for Eq. (8.19), (dCx»))" [C(XP (D)) — Zmeas];
4.b Solve, for y, the adjoint problem, Eq. (8.19).

In essence, to determine the gradient, it suffices to solve the adjoint problem of the
sensitivity problem, with a source that, essentially, depends on how different the
prediction is from the measurement.

8.2.4 Operational Rule for the Computation of the Gradient

Using the notation previously established, we consider the minimization of
1
E[b] = 5 |C(Xp(b)) - Zmeas|2 s
subjected to the constraint

G(XP(b),b) =0.

Here, differently from Eq. (8.1), we let G ba a function defined only in U X V,
where, we recall, U is the space of fields, and V is the space of sources.

We reformulate this problem as an unconstrained minimization problem by means
of a Lagrange multiplier, denoted by A, to handle the constraint. We define the fol-
lowing Lagrangian function

L:VxV - R
(b, 1) = Lb,A]= % IC(X” (D)) = Zmeas|” + (4, G(X" (D), b)) .

Then, for the curve b,

d

T LIbS, A1 = (C(XP (D)) = Zineas ACixr»d X" (b)D)

e=0

+ (4, b — dA, , dX"(b)b)

= ((dCx))' TC(XP (D)) = Zumeas] — (AR, V' A, AXP(b)B) +
+(A,b) . (8.20)
On the other hand, by definition, X(b¢) satisfies the direct equation
AP(X(D)) = b°.

Hence, it can be concluded that G(X (b)), b°) = 0. Thus, E[b] = L[bF, 1], regard-
less the value of A. It follows that

4 L[b, 2] =(E,,b). (8.21)
de e=0
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It seems useless to consider the function £. However, it suggests an operational
rule to determine the equation that the gradient of E satisfies. Note that A is arbitrary.
If we choose A to nullify the first factor of the first inner product on the right side of
Eq. §20), i.e., if we impose that A satisfies the following equation,

(dAL, )" A = (dCxr1) [CXP (D)) = Zineas] , (8.22)

and if we compare Egs. (821) and (820), we reach the conclusion that A = E;.
This is no news since Eq. (8:22) is the equation for the gradient, as already seen in
Eq. (819).

One can wonder what is the advantage of this approach, and the answer is ‘the
operational rule’. To obtain Eq. (822)), that tells us what is the problem to be solved
to determine the gradient of E, i.e., the adjoint equation, we compute, as indicated

in Eq. (8.20),
d

el L[b5,A],

and arrange the resulting terms in two groups. The first one is (1, b). The second
one comprising the rest, should be made null. When we impose that the rest is to be
null, we obtain Eq. (822)), without consciously considering all the stages that lead
to the derivation of Eq. (8.19), and which were detailed in the previous section. This
operational rule was used in Section[Z.4

Exercises
8.1. Show that £ in Eq. (87) is an isomorphism, i.e, verify that it is linear, Eq. 8.8)
and that M in Eq. (8.9) is its inverse, i.e., £ o M(x) = x and Mo L(f) = f.
8.2. Heat equation. Consider the operator
H:BRR) — B°Rx]0,+[R)
uy +—  u=Hlug]
where

1 + —?
) = il =~ f T uo(y) dy
Tl —00

Here u is the solution of the heat equation u, = ku,,, with initial condition u(x,0) =
up(x). Show that the domain of dependence is D, (x,f) = R.

8.3. Dirac’s delta function. Let

5: 8RR - R
u +—  v=>olu]l =u0)

Set R = ¥. Show that the domain of dependence is Dy, (1) = {0}.
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8.4. Derivative. Let

B:C'RR) — R
u +— v=pul=u0)

Show that the domain of dependece is {0} C R.
8.5. Dirac’s delta function on a circle. Let

C:8®R*R) - R
u + Clu]

where
21
Clu] = f u(cos 8, sin 6) do .
0

Determine the domain of dependence.

8.6. Pointwise, local and global operators. Consider the set of functions W; =
C(IJ(]R, R), consisting of functions of class C ! that are not null at most on a bounded
interval. Let also k > 0 be a constant, and m € C!'(IR,R), be a bounded function.
Show that

(a) The operator L; given by
L :C)(R,R) > R

o Lilf] =f F0)dy,

is a global operator.
(b) The operator L, given by

L, : C)(R,R) - R
e Lalfl = f0),

is a pointwise operator.
(c) The operator L3 given by
Ly : (R, R) — CH(R, R)

_df
e Llfl= Ix

is a local operator.
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(d) The operator L4 given by

Ly : C(R,R) = C)(R,R)
foLilfl=¢

where
La[f1(x) = g(x) = m(x)g(x)
is a pointwise operator.
(e) The operator Ls given by

Ls : C)(R,R) — Cy(RX]0, + o[, R)
feLslfl=u

where

Ls[f1(x,t) = u(x,p) = e T dy,

1 f O oy
Vakrt J-

is a global operator.



Afterword: Some Thoughts on Model Complexity and
Knowledge

O objetivo final de uma aula deveria ser formar futuros
pesquisadores, e ndo decoradores de matéria
Stephen Kanitz, 2003.

We have an incapacity for proving anything which no

amount of dogmatism can overcome. We have an idea

of truth which no amount of skepticism can overcome.
Blaise Pascal (1623-1662).

... a verdadeira e inexpugndvel gloria de Deus come¢a
onde termina a linguagem..
Luis Fernando Verissimo, 2008.

¢ Translation from portuguese: “The main purpose of
a class should be to train researchers, and not mem-

orizers”, [41]].

b Translation from portuguese: “..the true and in-
expugnable God’s glory begins where language
ends...”, [90].

What are we doing when we use mathematical models to understand physical (chem-
ical, biological, social, environmental,...) phenomena? Why it works? When it
works? These are very deep questions. E. Wigner’s “The Unreasonable Effective-
ness of Mathematics in the Natural Sciences,” [94] and R. Feynman’s “The Charac-
ter of Physical Law” [32]] treat some aspects of these questions. Due to the nature
of inverse problems, these questions are always on the back of our minds. Here we
take a look at some of these issues. We shall present the ‘how’ questions. How mod-
els get more fundamental? More fundamental means more knowledge? These are
implicit questions we try to shed light on. These considerations just intend to say
what is being done, not how to do it.

Computational Modeling
Computational science and engineering (CSE) is a modern way to confront prob-

lems. It builds its strength by bringing together ideas coming from computing,
mathematics, and engineering to handle contemporary challenges. Strang’s book
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presents his very interesting account of the basic technical skills the CSE prac-
titioner should have.

Here we will foccus on model building activity, its historical emergence, and
its levels. This a major skill in CSE and deserves to be seen from several points
of view. In a very sketchy picture, we could say that engineers and physicists are
well trained at building models, whereas mathematicians are good at drawing logi-
cal conclusions from them. Computer scientists are good at the art of constructing
fast algorithms to get numbers out of the models. We shall use the term computa-
tional modeling for this whole set of activities. Roughly speaking, it corresponds to
modeling a physical phenomenon, process or system, and constructing an automatic
information system which provides information about its behaviour or its properties
by means of a computational device.

Computational modeling is then an area of scientific research inherently interdis-
ciplinary (or at least multidisciplinary, [62]]) since it covers at least two assumptions
for the study of a particular subject. This field of research and their problems should
be able to be described using mathematical language and models, and these have
to be solved with the aid of a computer. Moreover, the computer may also serve
to capture data, in an automated manner, in real situations, and to present results
and scenarios, or even, to command an intervention in an environment. This, in
particular, leads to a sequence of stepsEl for solving a problem or to enhance its
understandin:

observation — intuition about the phenomenon — data — physical
modeld — mathematical model — solution algorithnﬂ — compu-
tational implementatio — simulation scenarios (results) — view-
ing and making the results availabld§ — analysis of the results —
inference about the phenomenon — comparison — validation —
intervention .

Consequently, computational modeling is not mathematics, because it needs modern
technology to crunch numbers, it is not physics, even in its broadest sense, because
it requires the analysis of the behaviour of discretization processes, and it is not

! Clearly, this scheme has several important internal feedbacks. Among them, there is the
computational implementation. Frequently, this forces a return to the algorithm and to the
mathematical model, given the unsurpassable computational difficulties. This is just one
example of the many possible feedbacks. It exhibits the non-sequential nature of compu-
tational modeling, and demonstrates that it is not an easy task.

12 Tt goes without saying that all these steps involve diverse branchs of science and several
scientists, which work with specific tools through ingenious arts and crafts. Nevertheless,
the time is ripe for a computational modeler, a professional with a comprehensive view of
the whole process.

13 Physical model: By this we mean a specific linguistic jargon adequate to describe the main
features of the phenomenon under investigation, not necessarily restricted to Physics.

14 Solution algorithms, implemented in computers, usually involve discretization.

15 Use of technology. Here, we use the word ‘technology’ in a broader sense, to include, for
instance, object oriented programming techniques, debuggers, code evaluators, and so on.

16 Again, the use of technology.
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computing, because it needs the construction of mathematical models of physical
phenomena, and draw conclusions from them.

Computational modeling has a lot of mathematical structures (numbers, shapes,
and so on) associated with technologies for the capture, representation, processing
and provision of these structures, and specific ‘physical’ understanding of a prob-
lem. The need for the knowledge from various disciplines is the foundation of the
interdisciplinary nature of computational modeling. It is clearly a way to approach
a problem, at least those that can be described by mathematical objects, combining
theory and practice through technology@.

Historical and Conceptual Perspective

Science, and more generally the evolution of human knowledge, is part of history
of mankind, and therefore its leaps forward, its main ideas, and its unequivocal
advances are difficult to pinpoint in one time, in one place.

In this whirlwind, the roots of what is called computational modeling did not
appear yesterday at the dawn of computing and computers. The interplay between
science and technology, one of the ways of computational modeling, has been one
of the pillars of human society for millenia. Could we find a landmark that would
indicate its beginning? Certainly this would include mathematics and would take us
to its origins.

Pythagoras (about 570 to 497 BC), centuries before the Christian era, has insisted
that “everything is numbers”. This assertion is, of course, a highly distorted snapshot
of his thoughts. Probably other persons and peoples before him may have had simi-
lar perceptions and understandings. Anyway, what we want is to understand this as
“it is a good idea to quantify the phenomena of nature!”, and properly acknowledge
that it has been around for a long time.

At that time, there was already technology to handle numbers or mathematical
concepts. In fact, at a certain point in history, one realizes that two lines can occupy
particular positions and deserve to be called perpendicular lines. This is due to the
symmetry that we can observe that this configuration presents. There is, however,
the issue of constructing an artefact (structure) with that property. A method — a
technology known by the Egyptians was to make knots equally spaced on a string,
and construct a triangle with sides 3, 4 and 5. The right angle would be constructed
in this way, technologically speaking! It is relevant to remember here the saying of
V. 1. Arnold, “...Mathematics is the part of physics where experiments are cheap 3,

Rooted on the brilliant contributions of the geniuses of antiquity, it is possible
to justify that a major step forward in the genesis of computational modeling was
performed at the time when Newton was standing on the shoulders of giants, as

17 Due to the large scope of tasks and knowledge required, this type of action cannot be done
nor grasped by an individual. It requires multidisciplinary teams.

18 “Mathematics is a part of physics. Physics is an experimental science, a part of natural
science. Mathematics is the part of physics where experiments are cheap...”, [[7]
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he himself said'J. It is a time when mathematical models, capable of capturing the
essence of various phenomena, were devised.

Often, different groups of scientists end up constructing their own jargon for
certain common and known notions, which, due to the difficulties of communica-
tion between specialities, have not percolated through the scientific community. Al-
though the set of fundamental ideas is not that big, we would say that it usually falls
victim of the Babel’s tower effect and its diversification force.

We shall try to overthrow, at least a little, this communication barrier. Or, at least,
we shall present our view why this is the best time in history to weaken such barrier.
We will reflect on the concept of computational modeling, and try to understand its
essence and to uncover its origin. For this, we introduce a little nomenclature, and
illustrate it with some elementary examples.

We need to make some effort in order to see how these concepts apply to more
complex situations such as those presented in other chapters of this book. We may
seize the opportunity, however, because we are living a historic moment in science,
vibrant, conducive to a weakening of that communication barrier due to the ability
of integrating mathematical models with information technology.

Let us begin by thinking about as sets are, usually, defined. Sets can be provided
by extension

A=1{6,7,8,9,10}, (1)

or by comprehension
A ={y € N, such that (y — 8)*> < 4}.

Here we denote the set of natural numbers by IN. One may think that defining a set
by extension is almost the same as providing a function that generates it. That is, the
set that we want to have a hold on is given as the image of a function. Consider the
function f given by
f:1{1,2,3,4,5} - N
x = f(x) =x+5.
Then, the image of f,
Im(f) = {y=f(x), forx =1,2,...,5}
= {f(H=06,fD)=7,...,f(5 =10}
= {6,7,8,9,10}. (2)
coincides with the set A. In symbols, Im(f) = A. Presenting a set in this way, as
the image of a function, we may say that it is given encapsulated.
Table [8.1] sketches what we have just said, and relates to the way a computer

scientist deals with the same concepts. The second part of the table also includes
other ideas on the issue of models and modeling, discussed later on.

19 Quote of Isaac Newton (1642-1727) "If I have seen further queries [than certain other men]
it is by standing upon the shoulders of giants." in a letter to Robert Hooke (1635-1703),
on February 5, 1675, referring to the work of Galileo Galilei (1564-1642) and Johannes
Kepler (1571-1630) in physics and astronomy, [3]].
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Let us reflect about the construction of models of physical phenomena. In a prac-
tical situation, following the ‘advice of Pythagoras’, we associate numbers to phe-
nomena, that is, we construct a database (DB) of the situation. In the next stage, we
perform the creative act of obtaining, first, the function that represents the data, and
then the equation that has the function as one of its solution. Finally, we can say that
we have modeled the situation mathematically to its full extent.

Next, we check the database. For the sake of concreteness, let us assume that the
set A is given by Eq. (@). After analysing it, it is reasonable to guess that the class of
models for data, C, is the set whose elements are

Cap = {y € IN, such that (y —a)* < b}, foralla,b € R,
that is,
C={Cup, foralla,b € R} .

This highly creative stage, we call the characterization of the model. At this point,
it should be emphasized that the values of the parameters a and b are unknown.
Therefore, the next step is to determine a and b. This must be done in such a way as
to select, among the elements of the class of models C, the one that best represents,
in some sense, the set A, according to experimental data. This is the inverse iden-
tification problem. This is also called model selection, model identification, model
estimation, optimization, machine learning, calibration etc., depending on the class
of scientists who are tackling this proble.

We can classify the models as descriptive, when, in a sense, it is a ‘picture’ of the
state of things, or explanatory if it establishes the relations of interdependence. The
intellectual sophistication of models grows from descriptive models to explanatory
models, going from specifics to fundamentals. The information contained in each of
the models is about the same, but is being compressed, by focusing on fundamental
principles, in the direction presented in the diagram below:

DB —  function — equation . 3)

Most theories, at least those that adopt mathematical models, start with a database,
then proceed to represent the data by means of a function and then to get an equa-
tion] for which the function is one of the solutiond3.

This is already too much confusion! The beginner finds him/herself in a very
difficult position, and if he/she gives it a little thought, tends to get muddled. Is it not
so? The scholar, in possession of an equation, works to get a function (the solution

20 Most likely, this Babel tower effect might be mitigated as the modus operandi of compu-
tational modeling becomes more widely used in getting results.

21 Here, usually, these are differential equations. By no means it is universal and, in no way,
it is essential for the ideas presented here, that the models are differential equations.

22 A statistician would say he/she has a sample of a random variable, then a random variable
and finally a stochastic equation. If time is involved, maybe he/she can have a time series
— a realization of a stochastic process— followed by a stochastic process and finally a
stochastic equation.
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Table 8.2 Position of a fallen body as a function of time

When time (s) t 0 1 2 3 4
Where | space (m) | x || 100 | 95.1 | 81.4 | 55.9 | 21.6

to the problem) and, in fact, still has more interest in the database generated from the
model (because he/she is usually interested in the interpretation of the solution.

But if what you want is data, why would you build the equation? A reminder is
that you still have to have data anyway in order to construct a meaningful equation.
Can only be a strange thing to do! Understanding (or is it compressing data?) is the
key.

Let us consider a physical situation, for example, the drop of a solid body due to
gravity. To study and investigate the fall of a body, one can make use of a descriptive
model or even of an explanatory. In the case of the motion of point particles (point
masses), the descriptive model is known as the kinematics of the particle, and the
explanatory model is obtained from Newton’s 2" law.

Typically, descriptive models are useful in answering to questions like: “what,
where and when? ”. It also handles questions like “how many, when?”, “how much,
where?”, “how many, how much?” or combinations thereof.

In the fall of a solid, what is the very solid, and where and when can be given by
a worksheet, as Table[8.2] that is a DB. After careful analysis, it is possible to give
a descriptive model (or kinematic model) in parametric form (function)

1
x(t) = xo + vot — Egt2 . 4)

Here, g denotes the acceleration of gravity, xo, the initial position and v the initial
velocity. We let the x-axis to point out of the earth’s surface. In the example, we
assume that g = 9.8m/s%, xo = 100m, and vy = Om/s. Therefore,

x(f) = 100-4.9¢. (5)

We want to comment on this model. When we write Eq (@) to address the status of
the fall of a point particle, what we have done is to characterize a class of descriptive
models. The determination of the constants present there is the identification of the
model. This is done, for example, using the experimental measurements present in
Table

In contrast, explanatory models answer the question: “how?”. In the case of a
body, how it falls to the earth. It falls satisfying Newton’s second law. This expresses
the change in velocity (the acceleration) by the action of a force,

23 Let us be more explicit. Consider the design of an airplane. Assume that one has modeled
the problem using differential equations that tells how to balance forces and other physical
quantities. What one wants, for example, is to estimate the value of the pressure at a few
critical points on the wing, to see if it will endure flying conditions. In short: one wants
specific numbers. These would constitute a small ‘database’. That is, we want to follow
Eq. @) in the direction opposite to the arrows.
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dv
—=F, 6
m— (6)
where m is the mass of the body, v is its velocity, and F is the force acting on the
body. Since v = dx/dt, and, in the fall of a body, the gravitational attraction force
is equal to mg, then
d*x
dr
Similarly to the case of the descriptive model, here you can also employ the con-
cept of characterization and identification of the model. When you write Eq. (@),
what you have done is to characterize the model. Once you obtained Eq. (@) you,
essentially, identified the model.
This is the explanatory (or dynamic) model. Integrating twice Eq. (7)) with respect
to time, we obtain

=-g. )

dx ;
= =y — gt
a7 0— 8

1
x(t) = xo + vot — Egt2 s

which turns out to be the descriptive model discussed previously.

What we are calling descriptive and explanatory models, engineers or physicists
would call, respectively, kinematic and dynamic models. We could say that the ex-
planatory model contains enough information for one to recover the descriptive
model. It is advantageous at this time, to review Table B.Il where we present, in
summary form, the notions of model, its purpose, and its meaning.

All these concepts should be used with a grain of salt, they help you organize
your thoughts, but have their limitations?.

Another natural question to ask yourself is ‘why?’. For example, why the body is
attracted to the Earth? The question “Why it happened?” (“Why”) was deemed by
Newton as a deterrent to scientific understanding, and he urged scientists to deviate
their attention away from it. There was no need to assume or ask anything else. As
OccamP] would say, ‘let us use my ‘razor’, and forget the whys!’.

The development of scientific knowledge can be, somewhat, understood from
the example just being presented. Typically, at the beginning of the study or inves-
tigation of a phenomenon, one gathers data. Usually, by means of observation and
controlled experiments, one quantifies the actual situation and constructs a DB, as
Table Next, one theorizes a little bit and gets a descriptive (parametric, func-
tional) model as given in Eq. (). Finally, one looks for explanatory models, which,
in the example considered, is given by Newton’s second law, Eq. (6).

24 Roughly, it can be said that mathematicians keep the direct problems and statisticians
work with the inverse problems. Would that fit what one calls theoretical and experimental
work? Scientific or technologically oriented job? Almost any generalization of this nature
tends to be imprecise because of its simplicity.

2> William of Occam (1285-1347), an English theologian, used a logical implement, the so-
called Occam’s razor, to cut absurd arguments. Occam’s maxim is that the simpler the
explanation is, the better it is.
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After all, when did first emerged the structuring of a chain of models of increasing
complexity, as depicted by Eq. (3)? Who built the database, who discovered the
descriptive model (kinematic) and who unveiled the explanatory model (dynamic)?
And in what context? A historical example is called for and we shall duly interpret it.

One of the earliest examples of this type of method, constructing the first models
that quantify the most basic situation — making observations carefully — and pro-
ceeding to more sophisticated models was performed in studying the orbits of the
planets and other celestial bodies. In this case, the DB was produced by Tycho Brahe
(1546-1601), who built an observatory (Uranienborg) in an island of Denmark, to
do so. The descriptive model is due to Johannes Kepler — Kepler’s laws. The ex-
planatory model was developed by Galileo Galilei — the law of inertia — and more
strongly by Isaac Newton with his second law and the law of gravitational attrac-
tion (universal gravitation theoryE. Gauss, with his least squares method, enters
the picture, opens the door to future computations, and to the solution of practical
inverse problems.

There is a simple relationship between the classes of models and mathematical
structures:

explanatory models «— equations
descriptive models «— functions
database (tables) «— function evaluation

From the foregoing it is clear that explanatory models are conceptually more
sophisticated than descriptive ones, which in turn are more sophisticated than ta-
bles (DB). Needless to say, it is not our intention to devalue nor valuing the skills
needed to obtain any of the types of models discussed. It is blatantly clear that the
advancement of scientific knowledge depends crucially in DB’s, descriptive, and ex-
planatory models, each equipped with its own set of difficulties. Table 8.1l deserves
to be revisited at this time since it presents a summary of these ideas.

The advancement of knowledge follows, in many sciences, this path

induction:art L. induction:art
DB = descriptive model =  explanatory model

wheread?] applications run the other way around

deduction:math L. deduction:math
explanatory model - descriptive model - DB

If this is so old, dating back at least to the sixteenth and seventeenth centuries, what
else is new? And how it all fits together?

Computational modeling — with its science, technique and technology — comes
exactly at the transition from explanatory to descriptive model and from descriptive
to database. Computer and its peripherals correspond, in fact, to the technological
novelty in the previous diagrams. Moreover, the technology that allows experiments
was and remains extremely relevant in the first of the above diagrams, especially in

26 For an exciting presentation of these events in the history of science, see Feynman [32]].
27 Here art refers to model building skills, which in fact is a refined art.
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building database. It also happens that computational tools, together with electron-
ics, have been developed for automatic data aquisition, through the widest range of
sensors. In this way its technological strength enters the former diagram.

Our goal as scientists is to predict the behaviour of phenomena, processes and
systems in different situations. Thus, and using the drop of a point particle as an
example, we would like to answer the following problems:

Py : Given any specific time, say the position of the point mass;

P, : Given a position, determine the time instant when the point mass passes
through this position;

P3 : How is it that a point mass falls?

We are not, however, interested in answers/predictions of a general nature, but only
those based on scientific descriptions of the fall of the point mass. To do that ...
(goto Chapter[T).

Exercise

Descriptive model. We recall Kepler’s laws:

1*" law the orbit of the planet forms an ellipse, with the sun as one of the focus of
the ellipse;

2" J]aw equal areas are swept in equal time intervals. The area that is swept by a
planet in the interval of time between time ¢ and time ¢ + At is defined in
the following way. At time, ¢, draw the line joining the Sun’s position and
the planet’s position, the so-called radius vector, and do the same at a given
time interval, At, later. The area swept is defined as the area enclosed by the
radius vectors and the ellipse;

3" Jaw the time to go round the ellipse, the period T, varies as (it is proportional
to) the size of the orbit raised to the power of three halves, where the size
of the orbit is the biggest diameter across the ellipse.

Assume that the orbit of a certain planet is given by the ellipse

Tir -, (8)

with a > b, and that the planet travels anti-clockwise.

(a) Assume that the Sun has position (x;,y), with x; > 0 and y; = 0. Give an
expression for x; in terms of a and b.

(b) Assume that the constant of proportionality in the third law is represented by
a. Give an expression for 7.
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(c) Let A = A(r) denote the area swept by the planet, when starting from the
position (x(0), ¥(0)) = (a,0). Obtain an expression for ‘2—*}.

(d) Let the position of the planet be represented by polar coordinates,
(x(1), (1)) = (r(t) cos 68(1),r(¢) sin 6(¢)) .
Obtain an expression for r(¢) as a function of (7).

(e) Write, using polar coordinates, an integral expression for the area, S = S(?),
formed by the x-axis, the ellipse, and the position of the planet vector at time

£, (x(2),y(1))-
(f) Relate A(#) with S'(¢), and their derivatives with respect to time.
(g) Compute A(?), t < T when 6(f) = 7r/2, and when 6(f) = 7.
(h) Let

v,, = ‘mean velocity of the planet going from (a,0) to (0,b)’,

1%

ER N

= ‘mean velocity of the planet going from (0,b) to (—a,0)’ .
Compute them. Which one is biggest? Compute v2,/v},.

Hint. Recall that the area of the ellipse defined by Eq. (8) is mab and its perimeter

. 2+b?
is 271 4/ —=.



Appendix A
Spectral Theory and a Few Other Ideas
From Mathematics

In this appendix, we collect some notations, as well as linear algebra and calculus
results that are used throughout the book, particularly the spectral theorem, singular
value decomposition, and Taylor’s formula which are the basic tools of analysis to
understand the behaviour of some methods for solving inverse problems. Several
concepts are also recalled in step-by-step exercises.

A.1 Norms, Inner Products and Tensor Products

A set of vectors vi,va, ..., vy € R" is said to generate R" if and only if any element
x € R" can be written as a linear combination of them, i.e.,

X=cC1vVy+cvp+ ...+ CkVi,

for appropriate choices of the coefficients cy,cs,...,cr. The set is called linearly
independent if the only way to represent the zero vector by a linear combination

O=civi+cavy+...+ Vi,
is when all the coefficients c¢y,c», . . ., ¢, are null. (Otherwise, it is said that the vectors
are linearly dependent.) A set of vectors is a basis of R" if and only if they are

linearly independent and generate R”.
In R”, we denote by

x| = x%+x§+...+x,21, (A1)

the Euclidean norm of vectorx = (xj, ..., x,)7, (we always think of vectors as n x 1
matrices, i.e., “column vectors”). If |x| = 1, we say that the vector is normalized or
a unit vector. For any x,y € R", the triangle inequality is written as

Ix +yl < x| + 1yl (A2)

For any vector x # 0, x/[x| is a unit vector.
Given y € R”, the inner product between x and y is denoted by

XY =Xy +..+ Xy, = X y. (A3)

Two vectors are said orthogonal if and only if (x,y) = 0, which we denote by x_Ly.
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Given a real m X n matrix A, we denote by A* the adjoint matrix or adjoint
operator of A, i.e., the matrix that changes places within the inner product in such a
way that

(Ax,y) = (x,A"y), ¥x e R", Yy e R". (A4)

Notice that the inner product computed on the left hand side of Eq. (A4) is computed
in R, while the one on the right hand side is computed in R”. In particular, A* is
n X m. Since

(Ax,y) = (Ax)"y =x"ATy = (x,A"y)

for all xe R” and y € R™, due to the properties of matrix transposition, we conclude
that the adjoint operator of A is simply its transpose, A*=AT.
Recall that the induced norm of a matrix A is given by

|Ax| |Ax]

|A] = max —— = max —— = max |AXx]. (AS)

x#0 x| s Ix] =1
I

If B is a matrix and x a vector, both with appropriate dimensions, then
|AB| < |A||B| and |Ax| < |A][x]. (A6)

Given a square matrix A, n X n, we say that 4 € C is an eigenvalue of A if and
only if there exists a non zero vector X, possibly in C", such that

AX = AX.
The set of all eigenvalues of a matrix,
s = {4 € C such that there exists x # 0 satisfying Ax = Ax},

is called the spectrum of A.
We recall that the eigenvalues of a matrix A are the roots of its characteristic
polynomial,

pe(d) =det(A — A7) .
It is possible to show that, for real matrices A,
|A|=(largest eigenvalue of ATA)% . (A7)

Given two vectors u and v of R”, the tensor product u ® v is defined as the n X n
matrix whose ij element is given by u;v;, i.e.,

ll®V=llVT.

Notice the similarities and differences between the definitions of tensor product and
inner product, Eq. (A3).
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We denote by L*(Q) the set of square-integrable functions, that is,
f € L*(Q) if and only if f FA(x)dx < +00,
Q
and by

.8 = fQ f(0gx) dx,

the inner product defined in L*(Q).

A.2 Spectral Theorem

Let vi,...,v, be a basis of R”. We say the basis is orthonormal if the vectors are
mutually orthogonal and normalized, i.e., if they satisfy the following orthogonality
relations,

oL ifi=, o
(Vi,vj) =6;j = {0’ it fori,j=1,...,n.
Let V be the matrix whose i-th column is the vector v;, i = 1,...,n. Then, the basis
is orthonormal if and only if

viv=r,

where 7 is the identity matrix. In this case, matrix V is said to be orthogonal.
Here, we recall the spectral theorem [82].

Theorem 7. Spectral theorem. Let A be a real, square, symmetric matrix, that is
such that AT = A. Then, its eigenvalues are real, 4; > ... > 4, and there exists an

orthonormal basis vy, ..., v, of R”, formed by eigenvectors of A,
Av; = v, fori=1,...,n. (A8)
|
If we denote
A - 0 |
D={ © . and P = vi .o, |
0 - 4, |
we can collect all equations in (AS)) in a single matrix equation
AP=PD, (A9)

or, considering that P is an orthogonal matrix (in particular, an invertible matrix),

A = PDPT . (A10)
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It is sometimes useful to denote D by diag(d;,4,, ... ,4,). Also, we denote the eigen-
values of real symmetric matrices, A, by 4;(A), i=1,...,n, in a decreasing order of
magnitude,

L(A)> 1 (A)>. .. > ,(A) .

Example A.1. As a simple, useful and nice application of the spectral theorem, we
show how to sketch the region H constituted by (x,y) € R? satisfying

X+y —dxy > 1. (A11)

Solution. First we rewrite Eq. (AT} by means of the product of matrices, choosing
symmetric the matrix in the middle, as

A

(xy)(_lz ]2)(§)21~ (A12)

Next, we construct matrices P and D for A as guaranteed by the spectral theorem.
The eigenvalues of A, roots of the characteristic polynomial,

Pc(/l)=det( 1_‘2)‘ 1__21 )=(1—/l)2—4,

are .y = —1and 1, = 3.
For the eigenvalue A;, we solve the system

A=A 1
1-(-1) -2 X _ 0
-2 1-(-1) y B 0/’
and get (x, »l=(,1)asan eigenvector for 1; = —1. Analogously, for 4, = 3, we
solve the system
A-3]

——
-2 =2 X _ 0
-2 =2 y - (U
and get (x,y)" = (1, — 1) as an eigenvector for A, = 3.

The eigenvectors are orthogonal and, dividing each one by its norm, give or-
thonormal vectors. Therefore, A = PDPT, where

1 1 1 0
P:[VE @)and D:(O 3).
V2 WV

Next, we consider a change of variables,

(1) - PG 3050

[%)
—_—
= =
S S
N ——
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Equation (A12) then becomes (u v)D(u v)T > 1 or
1 2,3 2
S+ Sz (A13)

Notice that —1(x + y)* + 2(x — y)* = 1 is a hyperbola and its line asymptotes are
given by

_1 2,3 o
2(x+y) +2(x » =0,
that is,
(V3=Dx=(1+ V3)yor (V3+ Dx=(V3-1)y,

and its vertices are given by solving the system (that comes from Eq. (A13), by
making it an equality, and equating the first term to zero)

{ x+y = 0

Ja-y? =1
yielding
YIRG V6 V6
—,——| and |-——/ —].
6 6 6 6
From these calculations the sketch of region # is easily done. [ ]

The conclusion of the spectral theorem can be represented by the commutative
diagram in Fig. [A1l Notice that depending on the use of this result, it can be con-
venient to write A, Eq. (AS8)), in the form

A= avievi= ) vy, (Al4a)
i=1 i=1
or, when multiplied by x,
AX = Z Avivix = Z Avilvi, X) . (A14b)
i=1 i=1

Fig. A.1 Commutative diagram
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In particular, Eq. (AT4B) is in the form of separation of variables, where
Vi, x),
is the Fourier coefficient of X, in the direction of vector v;, and
Avi, X)
is the corresponding Fourier coefficient of its image, AX.

The analysis and synthesis of a real symmetric matrix provided by the spectral
theorem are very convenient for the evaluation of analytic matrix functions. Note
that

A? = AA = PDP" PDP" = PDDP" = PD*P",
For the polynomial
gx)=ap+a1x+...+ akxk ,
we denote
g A =aol + a A+ ...+ aqAr.
It can be shown that
q(A) = Pg(D)P" . (A15)

For every analytic function

flx)= Z ax’,
=0

defined in a disk of radius less than |A|, we let
fa)=) al,
Jj=0

and then,
f(A) = Pf(D)P" = PTP",

where I is a diagonal matrix whose elements are f(4;), i = 1,...,n. It is simple to
verify that the inverse of A is given by

Al =pD7'PT, (A16)
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Example A.2. Matrices of the form K7 K. Let K be a real m X n matrix. Matrix
A=KTK is symmetric and its eigenvalues are all non-negative. The same is true for
matrices of the form KK .

Solution. Let A be an eigenvalue and v the corresponding eigenvector (v #0). Then,
Av=2v and

AV, V) = (v, V) = (Av, V) = (KTKv,v) = (Kv, KV).

From this it can be concluded that

_(Kv,Kv) _|Kv|
(v, v) Iv|?

Definition A.1. A real, symmetric matrix A is positive definite if and only if
x"Ax > O forall x # 0, x € R". If x’Ax > O for all x € R" the matrix is posi-
tive semi-definite. [ |

A.3 Singular Value Decomposition

We begin by enunciating the singular value decomposition theorem.

Theorem 8. Singular value decomposition — SVD. Let K be a real m X n ma-

trix and p = min{m, n}. Then there exist orthonormal basis u;, uy,...,u, of R”,
Vi,V2,...,V, of R™, and scalars oy > 05 > ... > 0, > 0, such that,
K =VAUT, (A17)

with A, a m X n matrix given by

0'1 DEEEY 0
10 Oy . _
A = 0 E ifm>n=p,
0
o1 0 0 0
or, A=|: .. i 1o i), ifp=m<an,

o -+ o, 0 ... 0
or A = diag(o,02,...,0p),if m =n=p,and V = (v{,va,...,V,), an orthogonal
m X m matrix, U = (uj, uy, ..., u,) an orthogonal n X n matrix. [ |

Before giving a proof of the theorem we present some conclusions streaming from
it. The singular values of K are the numbers o7, that we denote by 07 (K) > 0»(K) >
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RIl K m

Fig. A.2 Commutative diagram

. 2 0,(K) > 0, explictly mentioning matrix K. As the index i grows, the corre-
sponding singular value diminishes.
Equation (AT7) can be written in different ways. We have

)4 )4
T
K = ZO’,‘V,‘@U,‘ = ZO‘,‘V,‘UZ- ,
i=1 i=1

or, what is the same, the commutative diagram in Fig. [A.2]is valid.
The evaluation of KX, that can be thought of as a generalization of the Fourier
method of separation of variables, is written as

Kx =

P
oivi(u;, X) .

i=1
The singular value decomposition does not allow the generality that the spectral the-
orem does with relation to function evaluation, but the representation of the inverse

is still provided, as seen immediately.
If K is invertible (n =m = p), the singular values of the inverse are

(K H=1/0y(K), 02(K)=1/0,_1(K) , and so on.
In particular, the largest singular value of K originates the smallest singular value of

K~! and vice versa. The inverse is given by

n 1 n 1
-1 _ -1y,T _ o o — nv!
K'=UA'V —;O_iu,tgvl—;mu,vi, (A18)

where A~! is a diagonal matrix and the elements of the diagonal are o-i‘1 ,

1 1 1
A =diag(—, —) .

s 5
On Op-1 gl

The evaluation in y is given by

n
K_ly = Z O'i_lll,'<Vl',y> .

i=1
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Now, we present a proof of theorem[8] since this result is not commonly discussed
in elementary courses on linear algebra.

Proof of theorem[8l We start by building a basis of R”. Define A = KT K (we could
have choosen A = KK7). A is a real symmetric matrix and the spectral theorem can
be applied to it. Therefore, let
ul5u25"'5ul‘l ’
be an orthonormal basis of R”, that diagonalizes A. Let
L2 >...24,,
be the eigenvalues of A,
All,‘ = /l,'ll,' .

Now, we construct a basis of R™. Considering n,, as the index of the smallest non-
zero eigenvalue of A, we note that the vectors

w; = Ku; ,fori=1,...,n,<p,
are non-zero since
KTW,'ZKTKU,‘ZAU,‘Z/L'U,‘iO, i=1,...,n,.
Also, the vectors w; are mutually orthogonal since

(Wi, w;) = (Ku;, Ku;) = (u;, K Ku;)
=(u;, Auj) = (u;, 4u;) = A;0;;,

fori,j=1,...,n, We define

vi= Izil = |§3| Ci=1l...n, (A19a)
and
o =|w]|=|Ku]#0. (A19b)
Thus, vy, ..., v,, are orthonormal and
Ku; = oyv;,
as well as
K'v; = KTE = ﬁu,- .

gi 0
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Also,
A = 4i{w, ;) = (4w, w;) = (A, uy)
= (K" Ku;, w;) = (Ku;, Ku;)
= {0V, TiVi) = THVL V) = 07
whence A; = o-i2 fori=1,2,...,n,.

We define 0; =0, for n, <i< p, if there is such 7, and likewise let v;, for n, <i<m,
be orthonormal vectors that together with vy,va, ..., v, , form an orthonormal basis
of R™. Then, defining A as one of the possibilities in the statement of the theorem,
accordingly to the order relation between m and n, letting U = (u;,uy,...,u,), and
V=(vy,v2,...,Vy), the stated properties are satisfied. [ |

Example A.3. Determine the singular value decomposition of

—_
—

Solution First compute
1 1 1 1
Ty —
A ‘( 11— )

(We choose AT A instead of AAT because the order of the former is smaller. Nonethe-
less, we could have used AAT.) The positive square root of non-zero eigenvalues of
ATA are singular values of A. All other singular values of A, if any, are zero. The
characteristic polynomial of ATA is

—_ = =

4-2 2

_ Ty _ _
pe() = det(ATA — AT) det( 5

):(2—/1)(6—/1).

Therefore, V6 and V2 are the singular values of A. An orthonormal eigenvector
associated with eigenvalue 6 is v; = (\/5/ 2, \/5/ 2)T, and one associated with 2 is
va = (V2/2, - V2/2)". Now,

AAT =

SN NN
SN NN
SN NN
N O OO

A unit eigenvector associated with 4 = 6 is

w = (V3/3, V3/3,V3/3.0)
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and one associated with the other eigenvalue, A = 2, is
u = e, = (0,0,0,1) .

We use a trick to complete u; and u; to an orthonormal basis of R*. The plane of
equation x +y + z = 0 is the set of vectors, in R3 that are orthogonalton = (1,1,D7T.
One such vector is 0; = (1, — 1,0)7. Another is determined by the cross produc
0, =0; xn = (-1,-1,2)T. Normalizing and imbedding these vectors in R4, with
the 4"-entry equal to zero, we get an orthonormal basis of R*. Finally, the SVD of
Ais A = UZVT, with,

iy ¥ _¥%
3 2 6
Vg ¥ _6
U=| 73 2 G
Bog o 2%
0 1 0 1
T
Y= V6 0 00 , and
0 V2 0 0
N2 A2
N2 _\2
2 2
|
Remark A.1. Eigenvalues and singular values.
(a) Given any matrix K, we have that
IK| = o1(K),
and if K is invertible,
IK~'| = [0 (KT

(b) If K is a real symmetric matrix and 1;(K) > (K) > ... > A4,(K) are its
eigenvalues, then the set of its singular values is

{4 (KL, [A2(K), - . ., [ (KO}

(c) Let A be a real symmetric matrix. Then |A| = max; [4;(A)|.

(d) If A = KTK, the eigenvalues of A, 1;(KT K), are related to the singular values
of K, oi(K), by 4(K"K) = o2(K).

! For the sake of completeness, we recall the definition of cross product of two vectors X,

y € R?, given by

X Xy = (X2y3 = X3Y2, X3y1 — X1Y3, X1Y2 — XzYl)T .
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A.4 Special Classes of Matrices

In this section we shall present the class of projection matrices and another one that
generalizes them, representing projection functions. For that we need to introduce a
few more concepts from linear algebra.

A.4.1 Projection Matrices
In R”, a set U is called a vector subspace if it is

(a) closed under sums of its elements,

forallue U, andallve U we musthaveu+ve U,

(b) and it is closed under multiplication by scalars,

forall r € R, and allu € U we need that ru € U .

Given two vector subspaces U and V in R", with their intersection containing only
the null vector, U NV = {0} c R", we define their direct sum,

UoV={u+velR" forallue UyveV}.

As an example, if U is the x-axis in R3, U = Rx{(0,0)} c R?, and V is the yz-plane,
V={0}xR? thenUe&V = R>.

The notion of a direct sum of two vector subspaces can be extended to the direct
sum of three or more vector subspaces. However, since we do not use it, we leave it
to the reader to pursue it.

Two vector subspaces, U and V c R", are said to be orthogonal if for allu € U
and v € V, we have u_Lv. For this definition, the xy-plane in R? and the yz-plane are
not orthogonal subspaces, while the x-axis and the yz-plane are.

Given two orthogonal subspaces, it is clear that their intersection is just the null
vector, and we denote their direct sum by U @* V, just to reinforce, through the
notation, that the vector subspaces are orthogonal.

Now we introduce the notion of projection matrices and present its geometrical
interpretation.

Definition A.2. A real, square, n X n matrix P is called a projection matrix it
PP=P. (A20)

Moreover, if it is symmetric, PT = P, it is called an orthogonal projection. Other-
wise it is called an oblique projection.

Requirement present in Eq. (A20) does not correspond immediatly to what one
would expect a projection should be. It is, however, easy to verify. That this def-
inition lives up to the expected geometrical meaning depends on further notions,
that we present next.
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Given an m X n matrix A, define the vector subspaces

null space of A: N(A) = {x € R" such that Ax = 0} , and
image of A: Im(A) = {Ax € R"™, for all x € R"}.
When P is a projection, we call S = Im(P) the screen of the projection P, and call
V = N(P) the space of directions of projection.

Given a projection P, any x € R" can be uniquely decomposed as a sum of two
vectors, one in the screen and the other in the directions of projection, x; € S and
x; € V, with X = x; + Xx;. Clearly,

x=Px+({-P)x.
Now, take x; = Px and x, = (I — P)x. One can check that
Xx;=PxeSandx, =([[-P)xeV. (A21)

Moreover, this decomposition is unique. If x = % + X,, with X; € S, and X, € V,
then, § 3 X; — x; = x; — X, € V. Therefore, since X; — x; belongs to the screen,
there exists h € R” such that Ph = X; — x;. Now,
% — x; = Ph = P’h = P(P(h))
=P —x))=P(x2-%X) =0.
Therefore, X; = x; and X, = X, and x; and x, are unique.
We can write that
R'=SovV, (A22)

that is, R” is the direct sum of S and V. Moreover, when P is symmetric, S and V
are orthogonal, and we write,

R'=So"V.

Given x € S @ V and its unique decomposition X = X; + X5, X; € S and x; € V,
we can interpret X; and X; as the sides of a right triangle with its hypothenuse being
x, and therefore, |x|* = |x;]*> + %o

Now, P restricted to the screen, P|g, is the identity, and restricted to the directions
of projection, P|q, is the null operator. In fact, if u; € & = Im(P), there exists h;
such that Ph; = uy, and then,

Pls(u;) = Pu; = P(P(hy)) = P°h; = Ph; = u; .

Since it is the identity in Im(P), it is an isometry.

This gives a simple explanation of a projection. From Eq. (A22), given any u €
R”, u can be written as u = u; + up, withu; € Sandu; € V, and P(u) = u;.

The spectrum of a projection matrix has only 0’s and 1’s,

op c{0,1}.
If P is a projection, but it is not the zero matrix nor the identity, then

op=1{0,1}.
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A.4.2 Forgetting Matrices

Here we introduce a generalization of projection matrices that has interesting prop-
erties, in a fashion similar to projection matrices, preserving certain subspaces.

Definition A.3. A real m X n matrix A is called a forgetting matrix if and only if
AT A is a projection matrix.

Theorem 9. A matrix is forgetting if and only if its singular values are 0’s and 1°s.
Proof. Let A be a forgetting m X n matrix and let its singular value decomposition
be given by

A=Uzv',
where U is a m X m orthogonal matrix, V is a n X n orthogonal matrix and X is a

possibly retangular m X n matrix with the singular values in the main diagonal and
null outside the diagonal. Therefore,

=7
—
ATA=vT UTu vl = veTey?

Note that 27X is a diagonal matrix, with the form

2
o2 0 ... ... 0 ol 0 ... 0 ... 0
2
0 o3 0 o3
or : ’
0 0 o3 0
0 : S
2 : : .o
’ 0 7% 0 - 0 0 - 0
where k = min{m,n}. The n eigenvalues of A”A, Ay, 1, are related to the singular

values of A. Since, by hypothesis, A A is a projection matrix, its eigenvalues can be
0’s or 1’s. And so, the singular values of A are also 0’s and 1’s.

The converse is that if o4 C {0,1}, then it is a forgetting matrix. In fact, since ATA
is symmetric, the spectral theorem guarantees the existence of an orthogonal matrix
V and a diagonal matrix I with 0’s and 1°s in the diagonal, such that ATA = VT'VT.
Therefore,

(ATAY? = ATAATA = vivTvrv! = vi2vT = yvrvl = ATA

which implies that ATA is a projection matrix. Therefore, A is a forgetting
matrix. ]

Let F be an m x n forgetting matrix. Likewise to the projection matrix, define
(a) the screen of F, as the set S = Im(F) c R™;

(b) the forgetting directions of F, as the set V = N(F) c R".
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In R”, given a vector subspace, U, we denote by U+, (reads U ‘perp’) the sub-
space of all vectors orthogonal to each vector of U,

U* = {x € R" such that (x,u) = 0, foralu € U}

Let vy, va,..., Vi be vectors in R". By the vector subspace generated by those vec-
tors we mean the set of all linear combinations of them,

span{vy, va,. .., Vi}
={a\vi +arva + ...+ ayvy, foralla; e R,i=1,2,...,k}.
Theorem 10. Let F be a forgetting matrix, and let
Y=V

where V is the forgetting directions subspace of F. Then, F restricted to Y is an
isometry.

Proof. In fact, consider the singular value decomposition of F, F = U >VT . Here,

T
[ o — vy —

U = o AU | P and VT: ,

T
[ o — v, —

and X is the matrix whose possibly non-zero entries are in the main diagonal and
represent the singular values of F. Let k be the number of singular values of F' equal
to 1. Matrix F can be written as

F=u1V1T+u2V2T+...+ukv,f.
With the notation set forth,

Y =span{vy,va,..., i},
V =span{vii1,...,Vu}, (A23)
S =span{uj,uy,...,u}.

Anyy € Y = V* can be written as
Y=avi+ayvy +...+apvg,
for appropriate values of the constants ay, ay, . . ., ax. Now,

k k
e = ami, Y. av))

i=1 j=1
k

_ Z Zaiaj<vi7vj> = Z Zaiajéij = Za:z
i '

i i=1
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Moreover,
k
F(y) = [Z u;v; ] [Z a~v,-]
j=1 1
kK k
= Z Z lulv Vi
j=1 i=l
Kk k k
= ZZ[J,HI ji = Zajuj .
j=1 i=l j=1
and then,

Koo\
IF)l = [Z a?] : (A24)

i=1

Therefore, |F(y)| = ly| and this implies that F, restricted to V*, is an isometry. M

A.5 Taylor’s Formulae

We state here a few of Taylor’s formulae. For a presentation with proofs in the
general context of normed vector spaces see [23].

First of all, we recall the meaning of big-O and little-o, the order symbols. We
write that

h(y) = O(g(y)), asy — x,
if and only if, there is a constant M > 0 such that

Ihl _
gl

s

for all y # x in a neighbourhood of x. Also, h(y) = f(y) + O(g(y)), as y — x, if and
only if h(y) — f(y) = O(g(y)), as y — x.

We say that
h(y) = o(g(y)), asy — x,
if and only if,
m POL _
" lgwl -

Note that for @ > 0 (for instance, @ = 1)
f(y) = O(ly - xI**) . asy — x, implies that
f(y)=o(ly-x) . asy > x. (A25)
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Let f be a vector valued function of several variables,
R">Q— R"
x - f(x),
where

fl(-xl 5x27 .. '7-xl‘l)

fz(-xl 5x27 sy xl‘l)
f(x) =

fm(xl 5x27 sy xn)

We collect the first order derivatives of f, whenever they exist, in the Jacobian
matrix,

oh 9L ... OA
0x; 0xy 0x,
dxy dx; dx,
It = . . .
ox; Oxy 0x, (X1,X25000Xp)

When m = 1, the Jacobian matrix is represented by the gradient,

fo:(ﬁf of  of

Ox; 0xy” " Ox,

Consider now the second order derivatives of the k™ entry of f, f;, collected in the
Hessian matrix

ox3 0x10x> 0x10x,
& i P2 . Pk
9x20x] 0x2 9x,0x,,
(]_((fk)lx = . .2 .
P fi 2. Pk
9x,0x, 0x,0x> ox2

(X15X2,005%0)

Given h € R", we have

BT H(fLh ZZh TRy,
i0Xj

Denote the second order derivative bilinear operator of f at x applied to vector h by
R">h - h"H(f)heR",
where

' HOLh = (W Hf)Lh D H(B)Lh, .. W H(f)lh)

f
A function R" > Q — R™ is called differentiable at x € Q if and only if

f(y) = () + JE(y = x) + o(ly - xI), asy — x.
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Theorem 11. Taylor’s formulae. Let f be a vector valued function of several
variables,

R">Q — R"
x - f(x)

(a) (mean value inequality — first derivative) Assume that f is of class C2, that
is, its derivatives of first and second order exist and are continuous. Then,

[f(y) — £l < sup 1T E1-preryl - ly —xI.

O<r<1

(b) (mean value inequality — second derivative) Assume that f is of class C°,

that is, its derivatives of first, second and third order exist and are continuous.
Then,

1
(y) — ) = TEy -0l < 5 sup [HOla-prenl Iy - x|

O<t<1

(¢) (mean value theorem — first derivative) Assume@ thatm = 1 and f is of class
C2,R"> Q35x f(x) € R. Then, there is ¢ €]0,1[, such that

@) = f)+ Vi (y—X%) .
(d) (mean value theorem — second derivative) Assume again that m = 1, and that
fisofclass C2, R" > Q3 x — f(x) € R. Then, there is 0 < ¢ < 1, such that
1
fO) = FO0+ Vfer (v =30+ 5 =0T H Dl (0 =%) -

We remark that the important point in order to get equalities and not inequalities,
in Taylor’s formulae, is the dimension of the codomain, which for equality must be
one, and not the domain. See Exercise

Taylor’s formulae give precise results. Sometimes, a simpler, less informative
version, might be useful. This can be accomplished by use of big-O notation. In
fact, we have the following results:

(a) Assume that f is of class C2, then,

fy)=fx)+ Jft,- y —-x) + O(ly - X|2) , wheny — x. (A26a)
(b) Assume that f is of class C?, then,

1
f(y) =fx)+Jt:- (y —x) + 3 (- %" HE).(y - %)
+ O(Iy - x|3), wheny — Xx. (A26b)

2 When the function assumes real values, m = 1, items (c) and (d) can be improved to an
equality. Also, in this case, J f, is just the gradient and the second derivative is given by
the Hessian matrix, H(f).
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Exercises

A.1. Transpose. Denote by e; € R” the i"" canonical vector, that is, all entries of e;
are zero except the i entry which equals to 1. Letx = ¢;andy = e;,i,j = 1,2,...,n
in

(Bx.y) = (x,Cy),

and, from it, show that the way a matrix changes its position in the inner product is
by its transpose, C = BT, therefore giving another proof of this result.

A.2. Cauchy-Schwartz inequality. This exercise is a guide to prove that | (x,y) |<
[x]1yl.

(a) Given two vectors a,b € R”, orthogonal, a L b, then a and b are the sides of
a right triangle, the catheti, with ¢ = a + b, its hypothenuse. Show that

la* + B> = [c|*.
Hint. Develop (a + b,a + b).

(b) Given vectors x,y € R”, such that x # 0, show that y is the sum of a vector in
the direction of x, v{, and another one, v, orthogonal to x, v; L v, explicitly,

Vi V2

—_— —_——
_xy) v <X,y>X
T(X,X) xx)

(c) Using (a) and (b), show that

| xy) I*
(X,X)

2 2
lyl” = +1val”,

and, therefore, since |V2|2 > 0, show that
[ xy) | < [xllyl.

A3. Let c(f) = a(f)v) + b(f)v,, where v; € R", i = 1,2 are orthogonal. Show that
e’ = a*(1) + b ().

A.4. Norm. In general, a norm in R” is a function with the ‘strange’ looking symbol

[-1,
]Rn_)R

X x|,
which satisfies the following properties,

(i) (positivity) [x] > O for all x € R”, and [x] = 0 if and only if x = 0.
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(i) (homogeneity of degree 1) For all 1 € R and x € R”, |Ax]| = |4] |x].
(iii) (triangle inequality) For all pairs of vectors, x,y € R”,

[x +yl < |x]+[yl. (A27)
(a) Show that

IX| = \/x]+x3+...+x2,
is anorm in R”.
(b) Show that, for a general norm, |]a—b| <|a—c¢| +|c—b]|
Hint. Here is a guide to prove the triangle inequality for norm defined by Eq. (AT).
(i) Write explicitly |x + y[*.
(ii) Do the same for (x| + |y])*.
(iii) Show the triangle inequality.

A.S. Inner product. An inner product in R" is a function with a funny looking
symbol, (-, ),

R'"xR" > R
(x,y) = (X.y)
satisfying the following conditions

(i) (positivity) For all vectors x € R”,
(x,x) >0, and (x,x) = Oif andonly if x = 0. (A28a)
(i1) (bilinearity) For all vectors xi, X2, y1,y> € R”, and all scalars a;,a,,b1,0, € R,

(a1X1 + axX2,b1y1 + bays) = a1bi({x1,y1)
+ a1by(X1,y2) + axb1(x2,y1) + a202(x2,y>) (A28b)

(iii) (symmetry) For all x, y € R”,

(a) Show that, in general, the bilinearity, Eq. (A28B), follows from symmetry,
Eq. (A28c)), and linearity in the first slot in the inner product, i.e.,

(ax.y) = a{xy),
<Xl + X27y> = <Xl7y> + <X2’y> .
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(b) Show Cauchy-Schwartz inequality,
1 1
[y < 112Kyl

(c) (Fourier-Pythagoras trick) For a general inner product, we say that x is or-
thogonal to y, and denote this by x L y if and only if (x,y) = 0. Given a set
of non-null orthogonal vectors p;,p», - . . ,p», and a vector X,

X=ap) +ap2+...+a,pn,

find a simple expression for the constants a;, i = 1,2,...,n, by making the
inner product of p; with both sides of the previous equation.

(d) Given a real, symmetric, positive definite, n X n matrix A, show that
x,y) = XTAy

defines an inner product.

In the case that the inner product is defined by matrix A, we denote the or-
thogonality between x and y by x L4 y, and say that x is A—orthogonal to y.

(e) Given an inner product, show that

x| = V{x.x),

is a norm in the sense defined in Exercise[A.4]

(f) Redo Exercise[A]for the inner product defined in item (d).

A.6. Norm of a matrix. Given a real matrix A, m X n, define the function

|Ax]|

R"\{0} 2 x > g(x) = .
x|

(a) Show that g is a homogeneous function of degree zero.

(b) Show that

|AX| |Ax|
max —— = maxXx — = max |Ax].
20 [x] W= x| =1
r#0
(c) Let D be a n x n diagonal matrix and d;, i = 1,2, ..., n be its diagonal entries.
Show that
Dl = max |dj].
|D| max nI il

A.7. Show the validity of Eq. (ALJ).
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A.8. (a) Given a square matrix A, show that the spectrum is franslated when A
is translated, that is,

Oarkr = k+oa.

Here, if S is a subset of C, k + S = {s + k. for all s € S}, is the translation of
set S by k.

(b) Show that eigenvectors remain the same, that is, if v # 0 is an eigenvector
associated with eigenvalue A of A, then v still remains an eigenvector of A+kJ .

(c) Given an invertible matrix, and oy = {11,42, ..., A;}, show that

(1
O -1 = /l],/b,...,/ll .

(d) Discuss the eigenvectors of A~!.

A.9. Gerschgorin’s circles theorem. Let A be a square matrix with real or complex

is inside (belongs to) the union of Gerschgorin’s Cy,Ca,...,Cy,, where C; is the
circle, on the complex plane centered in a;;, the i element of the main diagonal of
matrix A, and radius given by

n
ri = Z laijl -

=T

which is the sum of the absolute values of the remaining entries in the i line. In
symbols,

Ci={z=x+1iyeC, suchthat|z—a;| < r;},
and,
op C Uj;lC,- .

(a) Given the matrix,
4 2 1
D=1 5 3|,
2 4 7
determine centers and radii of Gerschgorin’s circles.

(b) A matrix is diagonally dominant when each diagonal entry exceeds the sum of
the absolute values of the remaining entries in that line. Is matrix D diagonally
dominant?

(c) Recall that a matrix is invertible if and only if O is not one of its eigenvalues.
Show that a diagonally dominant matrix is invertible.
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(d) Given any square matrix A, show that there exists ky € R such that A + k7 is
invertible for k > k.
Hint. Show that ky can be chosen such that A + kyJ is diagonally dominant.

(e) Show Gerschgorin’s circles theorem.
Hint. Given an eigenvector associated with an eigenvalue, A, at least one com-
ponent, say the i’ component, is non-null. Dividing the eigenvector by the i
entry, get another eigenvector, v. Write the i’ equation from Av = v, and
note that the absolute value of all entries of v are all less than or equal to 1.

A.10. Let A be a real matrix.
(a) Show that ATA and AAT are symmetric matrices.
(b) Show that |Ax|* = (Ax, Ax) = (AT Ax, x).

(c) Given a real m x n matrix A, show that all eigenvalues of ATA are real, non-
negative.
Hint. Use spectral theorem and item (b).

(d) Use the spectral theorem to prove Eq. (A7).

(e) Assume that A is, furthermore, a symmetric matrix. Let 4; > A, > ... > 4,
be its eigenvalues, and

Aaps = max |4;].
i=1,2...n

Use the spectral theorem to show that

Al = Aaps -

A.11. (a) Verify that Eq. (AT2)) can be written as Eq. (AT3).
(b) Sketch the region defined by Eq. (ATT).

A.12. Use the spectral theorem to show that a symmetric matrix is positive definite
if and only if all eigenvalues are strictly positive.

A.13. Ellipsoids. An hyper-ellipsoide in IR" is a hypersurface (dimensionn— 1, can
be locally parametrized by n — 1 parameters) which can be transformed by a rigid
motion to the canonical for

2 2 2
(y—l) +(y_2) +...+(y—") =0.
aq an ay

3 The usual definition in two dimensions, that the sum of the distances of a point in the
ellipse to two points, the focci, is constant, is too restrictive in R”, when n > 2.
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Given a real, n X n, symmetric, positive-definite matrix A and b € R”, show that
the level sets of

1
Ex) = EXTAX -x'b,

are either the empty set, a point (the solution of Ax = b), or an ellipsoid.

Hint. By the spectral theorem, there exists an orthogonal matrix, P, and a diagonal
matrix, D, such that A = PDPT. Consider the change of variables x = Py, giving
the function F(y) = E(Py), complete squares, and translate.

A.14. Metric spaces. A metric space in R” is defined when there is a function,
d:R"XR" - R
called a metric or distance function, such that, for all x, y, z € R”,
(i) (positivity) d(x,y) > 0, and d(x,y) = 0 if and only if x = y;
(ii) (symmetry) d(x.y) = d(y.x);
(iii) (triangle’s inequality) d(x,y) < d(x,z) + d(z,y).

(a) In R", we use the metric coming from a norm,

d0xy) = 1% =yl = G =31+ (2 = 320 + o+ (= )2
Show that it is a metric.
(b) Show that the function
dx,y) = Ix-yl,

defined by means of a norm, is a distance in R”, (a so-called metric induced
by the norm).

(¢) The function
px.y) =Ix-yI*,
is not a metric. Show that it satisfies (i), and (ii), but fails to satisfy (iii).

(d) Given a symmetric, positive definite matrix M, show that

(SE

dxy) =[x -y Mx-y)| .
is a metric.

A.15. Given an orthogonal matrix, P, show that it preserves distances and angles in
the following way:
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(a) Show that it preserves the inner-product

(Px, Py) = (x,y) forall x,y.

(b) Show that it preserves the norm [x| = (x, x)%, ie.,

|Px| = |x].

(c) Recall that the angle between two vectors, 6(X,y), 0 < 6 < 7, is defined from
the equation

x,y)
Ix|lyl -

cosO(x,y) =

Show that 6(Px,Py) = 6(x,y).

A.16. Rigid motions. A function G : U — V is an isometry between metric spaces
(sets with a distance) if and only if

d(G(x),G(y)) =d(x,y), forallx,ye U. (A29)

Let G : R" — R". Show that G is an isometry if and only if G(x) = Ux + b, where,
U is an orthogonal matrix, and b € R", that is, an isometry in R” is an orthogonal
transformation followed by a translation, the so-called rigid motions.

Hint. A general idea here is that if something is conserved, then derive it and at a
certain point it will give zero. Something should come out. Differentiate Eq.
with respect to x; and y;. A partial differential system of equations for G should
come up. Its solution yields the result.

A.17. Find the singular value decomposition of

1 1 2
A= ( 1 1 -1 ) ’
A.18. Let A be an n X 2 matrix given by A = (1, 1 — 2e,). Determine its singular
value decomposition.

A.19. Show that vy,va,...,V, defined in Eq. (A19a) are orthonormal.

A.20. (a) Show that P is a projection if and only if /— P is a projection. Likewise,
P is an orthogonal projection, if and only if 7 — P is.

b) If P is an orthogonal projection, show that its screen and its directions of
g proj
projection spaces are orhogonal subspaces, i.e., show that S L V.

A.21. (a) Show that the xy-plane in R® and the yz-plane are not orthogonal sub-
spaces. (b) Show that the x-axis and the yz-plane are orthogonal subspaces.

A.22. Show the validity of Eq. (BZI).
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A.23. (a) Given a matrix A, show that A(ATA)'A is an orthogonal projection,
whenever AT A is invertible.

(b) Determine its screen and its directions of projection space.
A.24. (a) Given a projection matrix P, show that op C {0,1}.

(b) Given an orthogonal matrix, show that its eigenvalues are complex numbers
with absolute value 1.

A.25. Show that projection matrices and orthogonal matrices are forgetting matri-
ces. (As with the identity matrix, which is a projection matrix, but does not ‘project’
anything, orthogonal matrices are forgetting matrices, but, do not ‘forget’ anything.)

A.26. Let A be a subset of {1,2,...,n} and k = #A=‘number of elements of A’.
Define

A R — Rk
X P maX) = (X)iea
For example, let n = 5 and A = {1,3,4}. Then
maa(X) = (x1.x3,08)"

(a) Determine the matrix F' that represents 7y; 3.4;, i.€.,

xi
X2 X1
71“'3'4,(7() =F| x3 |=| x3
X4 X4
X5
(b) Show that F is a forgetting matrix.
(c) In general, let A = {i},iz,...,0}, with i} < ip < ... < i;. Determine F such
that
mA(X) = FX.

(d) Show that F is a forgetting matrix.
A.27. Averaging is forgetting

(a) Show that M = %]l]lT is a forgetting matrix, and interpret the product Mx, for
x e R".
1

(b) Show that K = WIlT is a forgetting matrix.
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A.28. Let U be a subspace of R”. Show
R" = UetU* (A30)
A.29. (a) Show the validity of Eq. (A23)). (b) Show the validity of Eq. (A24).

A.30. Convex sets. Given two points in R”, x,y € R", the line segment joining them
is the set

[x,y] = {(1-tx+tyeR", forallte[0,1]}.

Note that if x = y, then [x,y] = {x}. A set K c R" is called convex set if and only
if, for all x,y € K, the line segment is contained in K. In symbols,

[x,y] ¢ X
(a) Consider the function
[0,1]2t > e)=(1-Dx+tyeR",

and compute ¢(0), ¢(1/2), ¢(1) and %. What is the relation between the func-
tion ¢ and the set [x, y|?

(b) Let H™ = [0, + oo[". Show that H" c R” is a convex set.
(c) Let

B,(r) = ‘open ball of center a and radius r in R™’
={xeR"||[x—a|<r}.

Show that By(r) is a convex set.
A.31. Show the validity of Eq. (A23)).

A.32. Most people are used to Taylor’s formula for scalar functions, i.e., when the
function has values in R, R” > Q > x — f(x) € R, in which case, given two
points X, y, there exists a point in-between & = (1 — H)x + ty, 0 < ¢ < 1 such that
f(y) = f(x)+ V[ - (y —x). That this cannot be the case, in general, for vector valued
functions with values in R, with m > 2, can be seen in the following example.
Given

R >0 £(6) = (cosb,sinb),

let 6 = 0 and 6; = &. Show that there is no &, 0 < & < 7, such that

df
f(r) = £(0) + 26l; (m=0).

We remark that the important thing here is the dimension of the codomain and not
of the domain.
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A.33. Use Theorem[ITlto prove Eq. (A26).

A.34. Convex functions. Let K — R be a twice-continuously differentiable func-
tion defined on a convex set. Here, we can think of K as either R” or H".
A function F is called convex if and only if

F((1-nx+ty) <(1-0Fx)+tF(y), (A31)
for all ¢ € [0,1], and all x,y € K.
(a) The graph of a function F' : K — R is the set
graph(F) = {(x, Fx)) e K xR | x e K} ,
and the epigraph of a function is the set

epigraph(F) = ‘set of points above the graph’
={x,y) e KxR|xeXKandy > F(x)},

Show that F' is a convex function if and only if epigraph(F’) is convex.

(b) Let F be a convex function. Rearranging appropriately Eq. (A31) (taking all
dependence on ¢ to the left hand side of the equation), and letting  — 0, show
that

(VEny-x) < F(y)-FX.

(c) Use the previous result and Taylor’s formula to show that the Hessian of a
convex function F,

PF > F
oax? Tt Ox0x,
HF) = |+ - |
O*F 9*F
0x,0x1 T Ox,0x,

is a positive semidefinite matrix, i.e., for all z € R”,
Z’H(F)|,z > 0.

Hint. For y sufficiently close to x, (z = y — Xx), the second order term in
Taylor’s formula, dominates the higher order terms.

(d) A function F is called strictly convex if and only if
F((1-0Hx+1ty) < (1-0F(X)+tF(y),

for all 7 €]0,1[, and all x,y € K, x # y. Show that if H(F)|, is positive definite
for all y € K, then F is strictly convex.
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A.35. Bregmann divergence. Given a strictly convex differentiable functiorﬂ F:
K — R, with K c R", a Bregman distance or divergence is a function defined by,

Br:KxK — R
xy) = Brxy) =FX) - F(y)—-(VF |, x-y).

(Here, divergence is used to mean a quantification of the difference of points, x, with
respect to another, y, fixed point, as measuretﬁ by a function F.)

(a) Give an expression for F(x), expanding it by Taylor’s formula with a second
order error term, around y, and relate it with Br(x,y).

(b) Show that Bregman divergence is non-negative, i.e., Br(x,y) > 0 for all x,y €
K and it is equal to zero if and only if x = y.

(c) Show that S (x) = [x]? is strictly convex.

(d) Let By denote the Bregman divergence corresponding to S . Show that Bs(x,y) =
[x — y|*. Verify that By is not a distance (see Exercise[A.14).

(e) Let M be a positive definite matrix, and consider the inner product defined by
xy)u =x"My,
the related norm,

x|, = VxI'Mx.

and metric (distance),

duX,y) =IXx-yly = Vx-y)TMx-y).

When M is the inverse of the covariance matrix of some probability distri-
bution, dj; is called a Mahalanobis distance. Let G(x) = x! Mx. Show that it
generates a Bregman divergence, B¢, and relate it to Mahalanobis distance.

A.36. (a) For the function below, show that it is strictly convex, and construct
the corresponding Bregman divergence,

n n

F(x) = inlogx,- - in ,
i=1 i=1

Brxy)= ) xilog S S
j o=l i=1

i=1

* We remark that a sufficient condition for a function to be strictly convex is given in Exer-
cise[A34]

3 For fixed y, consider the hyperplane in R" x IR, through (y, F(y)) and orthogonal to VF,,
defined by,

z=F@y) +(VF |, x-y),

for x € R"” and z € R. Clearly, z can be seen as a function of X, z = z(x). Note that the
Bregman divergence, 8(x,y) is just the height difference between the function F and the
hyperplane, i.e., Br(x,y) = F(x) — z(X).
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(b) Do the same for the functions below,

G(x)=— Z log x; ,
i=1
z Xi Xi
Be(x,y) = Z(— —log —- 1) .
= \Vi Vi

A.37. Given x, xo €]0, + oo, in order to compare x relative to xy, we consider the
ratio x/xo. Now, let f = f(y) be a function of class C? such that

f(H =0, f'(y) <0, fory <1, and f'(y) >0, fory> 1. (A32)
(a) Show that u(y) = (y — 1)? satisfies Eq. (A32).
(b) Show that v(y) = 1 —y + yIny satisfies Eq. (A32)). Sketch the graph of v.
(c) Show that a function satisfying Eq. is a convex function.
(d) Show that it also satisfies f"(1) = 0.

(e) Show that g(x) = f(x—’;) has the interesting property that it increases as x
departsﬁ away from xo.

(f) Show that the same result is true for the function A(x) = x( f' (%).

(g) Compute s(x,y) = yv (f)

(h) Compute Bregman’s divergence for v, B,(x,y), and compare the result with
S(x,).

(i) Do the same for u, i.e., compare s(x,y) = yu (f) and B,(x.y).

(j) Consider the following generalization of Bregman’s divergence. Let f' = f(x,y)

be a real-valued, strictly convex function in the first entry, defined in a subset
of R2. Define

0
By(x) = f) ~ fo) - 2L

(x—-y.
0y)

Let f(x,y) = (x/y)*. Show that the corresponding Bregman’s divergence is
the square of the relative distance between x and y relative to y, i.e., B(x,y) =

(57"

A.38. Let f = f(x) be a convex, real valued function defined on R.

® This is a very simple property that one could require in order to compare x and xo. It is also
homogeneous of degree zero with respect to multiplying both x and xy by some constant
value.
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(a) Show that
F(x) = f(x)+ f(xa) +...+ f(x)
is also convex.

(b) Show that if f”(x) > 0 then JF|, is positive definite, and therefore F' = F(x)
is strictly convex.

(c) Show that

Br(x,y) = f(x) + f(x2) + ...+ fQ) = [fO1) + fO2) + ...+ f()]
+ oD@ =y) + )2 =y2) + .+ ) = yn)

= Z [f(x) = fOi) = f O = yd)] -
iz1

(d) Show that F(x) = x% + x% +...+ x,21 is strictly convex.

(e) Show that F(x) = X7, [x;Inx; + (1 — x;)] is strictly convex.

(f) Show that F(x) = — )7, Inx; is strictly convex.

(g) Compute Bregman’s divergence for functions in items (d), (e) and (f).

A.39. Consider the following generalization of Bregman’s divergence. Let f =
f(x,y) be a strictly convex function in the first entry, real valued function defined
on a subset of R" x IR". Define

Br(xy) = f(xy) = f(V.Y) = Vaflyy - xX—Y).

(a) Let f(x,y) = g(x1,y1) + g(x2,y2) + ... + g(x,,y») and obtain an expression for
Br(x,y).

(b) For g(x,y) = (x/y)?, determine Bf(X,y).

(c) Let £(x,y) = (IxI/Iyl)*. Compute B(x.y).

Exercises: The Conjugate Gradient Method

The conjugate gradient method is, somewhat, geometrically simple. However, be-
fore simplicity is achieved, some previous work has to be done. Next we present a
collection of exercises to pave the road of simplicity in its understanding.

A.40. Intersection of a linear space with an ellipsoide is an ellipsoide. Let A be
a positive definite symmetric matrix. From Exercise[A.13] we know that

1
EXTAX —x"b = ‘constant’

is an ellipsoide.
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(a) Let p; and p, be two linearly independent vectors. Consider the restriction of
the ellipsoide to the plane 7, consisting of points

P
—_——

| |
X=ypi+yp = P P (y1)=Py,
| | y2

for all y;, y, € R, that is the set of solutions y € R? of the equation

1
EyTPTAPy —y'P'b = ‘constant’ .
Show that this set is an ellipse, a single point, or the empty set.

(b) Propose and show a similar result for the restriction of the elipsoide to a
k—dimensional subspace T = span {p;,p2, - - - , Px} generated by k linearly in-
dependent vectors.

A.41. How to change places in an inner product. Let A be a symmetric, n X n,
positive definite matrix, and S an n X m matrix. Consider the inner product (y, z)4 =
yTAz, for all y,z € R". Show that if

(SX, ¥4 =(X,8"Y)a ,
forallx e R",y € R, then §* = A"'STA.
A.42. Translation: completing squares
(a) By completing squares show that

2 2
a , _a b b
% bx—z(x a) 7

(b) Let f(x) = ‘2—’x2 — bx. Verify that the minimum point of f is b/a, and find the
minimum of f.

(c) Obtain the critical point equation of f and its solution.

(d) Let D = diag(ay,an, .. .,a,) be adiagonal matrix witha; >a, > ... > a, > 0.
Letb = (b1,by,...,b,) € R", and fi(x) = %xz —bix, fori = 12,...,n.
Complete the squares for the function

EXx) = %XTDX —x'b
= filx) + folxa) + ...+ fulxn) .

(e) From the result in the previous item, determine the minimum point and the
minimum of E.
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(f) Write the critical point equation of E, as a system of linear equations, using
matrix D.

(g) Assume that A is a positive definite symmetric matrix, and let P, orthogonal,
and D, diagonal matrices, as given by the spectral theorem, A = PDP”. Redo
appropriately items (d) to (f) with A in the place of D.

Hint. Use the change of variables y = PTx twice.

A.43. Decoupling. Let A, P and D as in the spectral theorem, A = PDPT, and
consider the system of equations Ax = b. Show that the equation satisfied by y =
PTx, coming from a change of variables, is decoupled, i.e., the equation for each y;,
does not depend on the other variables

A.44. Spheres and ellipsoides. Let A be a symmetric positive definite matrix. As

in Exercise [A.3] denote by ( , )4 the inner product (x,y)s = x’Ay. Consider the
1

norm x|, = (x,x)3, the distance da(x,y) = |x — yl4 and the corresponding sphere,

centered at ¢, with radius 7,

SN = (x € R" | da(x,y)} -

. I 1 a? 0
D—dlag(;,ﬁ)—( 0 b_z ) .

Determine the analytical expression for the one-dimensional sphere, S ('xO yo)( 1)

i.e., the ‘circle’ of radius 1 and center (xy,yo) for the distance dp, and represent
it in the cartesian plane. What is it usually called?

(a) Let

(b) InR3, let D = diag (%, b—lz,ciz). Represent S(ZXO!),O,ZO)(I).
A.45. Rotated ellipse
(a) Consider the equation

2 (x+y)2_
T

Represent it. Hint. Let x — y = 0 and find the extrema points of the ellipse on
that line. Do the same for x + y = 0.

(x=y) 1.

(b) Do the same for the equation

(x+y-5?%

_ 1)?
(x—y+ D"+ 36

4. (A33)
(c) Equation (A33) is the level 4 set of a function F of the form

1 1
P = 004 ( T )= 30 ( 11 )+,

where A is a positive definite, symmetric matrix, b = (b;,b,)" € R? and
c € R. Determine A, b and c.
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(d)

A.46.

Exercises

Show that the minimum point of F is the same as the minimum point of
E(x) = 1x"Ax — x"b.

Different gradients and the steepest descent method. Let p € R” be a

search direction, xg € R" and E(x) = 1x”Ax — x"b, with A a symmetric, positive
definite matrix, and b € R”.

(a)

(b)

(©)

Show that the minimum point of E along the line
Rat—>xp+tpeR",
is Xo + t*p where
. _ p'(b—Ax))
p"Ap

The derivative of E at X( applied to vector p, dE,,(p), 1.e., the directional
derivative, is given by
E(xo + 1p) — E(Xo)

; 5

dEXn (p) = %i_l;l;)l

and the gradient of E at X, VE,,, is the vector that represents the derivative,
with respect to an inner product,

dEy(p) =(VEy,p).
Show that
VE,, =Axo—b,
when the inner product is (x,y) = x'y, and
VE, =A"'(Axo - b),
when the inner product is (x, y)4 = x’ Ay.

The steepest descent is a method that choses minus the gradient as the search
direction. Use the previous items to show that applying the steepest descent
method to E, we arrive at the solution of the system Ax = b in one step, no
matter which is the initial guess, if we use the gradient coming from the inner
product (, )4. That is, show that

Xo+1'p=x", wherex, = A™'b,

if p=-VE,, = -A"'(Axo — b).

Remark. This seems too good to be true, and the catch is this: In order to find the
search solution, p = —A~'(Axg — b) = —x¢ + A~'b, we already have to find the
solution A™'b. One can also check that in this case * = 1. This works because of
the following three reasons:



Exercises 223

(i) The level sets of E, as seen through the ‘eyes’ of the inner product ( , )4, are
‘evenly’ rounded spheres, centered at the solution of equation Ax = b (this
fact is seen in item (e), Exercise[A.34);

(i) Given any initial guess Xy, it will be in a level set of E;

(iii) The gradient of E at X¢ is A-orthogonal to the level sets of E and its negative
is directed towards the center of the sphere.

(d) Given a point X, in a level set of E, which is a sphere, and a set of n A-
orthogonal search directions, py, p2, - - -, P», One can find a linear combination
of the search directions,

Cip1 + P2 + ...+ CyPn
such that the center of the sphere x* can be represented as
X"=Xo+cipr+CPp2+...+CuPns

and constants ¢; are determined independently of one another, in particular,
can be determined in whatever order one wishes. Show that

F(C) = E(X() +ciprtop2+.. .+ C,,p,,)
n
1
=ap+ ; EC?(Pi, pida + @ic;,
with

1 1
gy = §<X0,X0>A - xgb = EX(T;AXO — xgb,

a; = (X0, Pi)a — p; b = p; (Axo — b).

(e) Determine the constants c; by finding the critical point equation of F.

A.47. Optimization of a decoupled function. Let f; : R — R, fori = 1,2,...,n,
be functions of class C*®, and define

F(x) = fi(x) + fo(x2) +...+ fulx,) .

Assume that F has a global point of minimum, which then is determined as the so-
lution of the critical point equation. Show that the critical point of F' can be obtained
by considering, separately, the critical point of each f;.

A.48. Drawing a method. In R?, let («,v) and (—v,u) be two orthogonal vectors. Let
also x* = (x*,y*) be the center of concentric circles (level sets). Let Xo = (xg,y0)"
be an initial guess for x*. (This exercise is to solve 7x = x*, i.e., finding x = x* by
minimization along search directions).
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(a) Minimize E(x) = ix"Ix — x'x", along the line t — xo + #(u,»)". Let the
minimum point be X; = Xo + #(«,v)”. Show that

_ (u,v)(X* — Xo)
(u,v)(u,v)T
(b) Show that x; — x* L X — Xq.

(c) Draw a picture of this, representing at least Xg, X, X", (u,v), (—v,u), the level
sets E(xp) and E(x;), and the lines through x( and x; and through x; and x".

A.49. Curvature, Gauss map of a curve & all that. Let R Dla,b[> r
(c1(t),c2()) € R? be a parametrization of a curve C in R?. Then (c] (t),c’2(t))T is
a tangent vector to the curve C at (¢(),c2(f)), and

(c}(0),c5(1)"

A (@) +(ch)?

is a unit tangent vector. The vector field
SAGrAG

V€ + (e

is a unit normal vector field to the curve, with the added feature that, together with
T, in the order (T,N), be a positively oriented basis of R?, that is, det(T N) > 0.
Recall that S(l)(l) = {(x,y) € R?* | x> +y? = 1}. Let (x,y) € C, then there is  €]a,b[
such that x = ¢1(¢) and y = ¢,(¢). Define

N(t) =

N:C—>S(1)CIE{2

(=ch (D¢ (1)

ey
different ways, but we hope this does not confuse the reader. Function N is called
the Gauss map for the curve. It records the way the curve bends. Its rate of variation
per unit length at point (x,y), in the direction of the tangent,

in the following way, N(x,y) = . Strictly speaking, we are using N in two

1
M SR

Jaeprrep @

is called the signed curvature of the curve. The curvature is just [k|. The definition
of the Gauss map, N, of a curve, and of its signed curvature, k, depends on the
parametrization of the curve, differing, however, at most, by a minus sign.

T),

(a) Show that the signed curvature is given by

AN N4
162 616

C

k(t) =
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(b) Consider the line ax + by = c¢. Show that N is either

_ _(a7b)T or (a’b)T
Va2 + 2’ Va2 + 02

and compute k.

(c) Given the circle of radius R and center (a,b),
Stuny®) ={(x) e R? | (x =) + (y - b’ = R*} ,
and the usual parametrization given by

x(0) =a+ Rcos0
y(@) =b+ Rsinf

determine 7', N and k. Note that k is negative.

(d) Consider the ellipse
2 3

2 p=h

with a > b, and its parametrization given by
x(t) = acost
y(t) = bsint.

Determine 7', N and k. Also, determine the maximum and the mininum of its
curvature, and where they occur.

A.50. Gauss map for surfaces. A smooth surface S in R? is called orientable if it
has a smooth unit normal vector field. The function

N:S =83 ={(xy) e R | £ +y +2 =1

where, for each x € §, N(x) is the unit normal vector to the surface S at x, is called
Gauss map. It records the way the surface ‘bends’ and ‘twists” ("writhes’).
If the surface S is given by an equation of the form

F(xyz)=d
where F is a smooth function, F : R? — R, then S is just the level set of F, corre-

sponding to level d. In this case, we recall from vector calculus, that the gradient

oF OF OF
]

0x"dy’ 0z

is normal to the level sets, pointing in the direction of local steepest ascent of F, and
we can take N = VF/|VF]|.
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Let
R%25 U > (uy) N X(u,v) = (x(u,v),y(u,v),z(u,v)) € § C R?

be a parametrization (coordinates) of a piece of S. Given (ug,vy) €la,b[x]c,d[C U,
consider the coordinate curves,

R Dla,b[> u - ¢1(u) = (x(u,vo),y(u,v0).2(u,v0))” € S ¢ R?, and
R olcd[av i e(v) = (x(uo,v),y(uo,v),z(uo,v))T eScRR? ,

and, in order to avoid the ambiguity of the previous definition, we define the Gauss
map at Xg = (x(ug,vo), y(uo,v0),2(to,v0)) € S, N(Xp), by the unit vector in the direc-
tion of ¢} (ug) X ¢5(vp). Since

det(c] (uo) €5(vo) N(Xo))

is positive, we say that those vectors, in that order, constitute a positively oriented
basis for R?, and that (¢} (uo) ¢5(vo)) constitute a positively oriented basis for the
tangent space of S at Xy = (x(uo,v0), y(uo,v0),2(¢40,V0))-

(a) A special case of this occurs when § is parametrized as the graph of a func-
tion,

(xy) = fxy) eR.

In this case, the parametrization is X(x,y) = (x,y,f(x,y)). Show that

_ (=0f/0x,~3f /9y, 1)
N1+ @f/0x7 + @f[9yP

(b) (Plane) Compute N when S is a plane, say,
S = {(x,y,z)e R3 |ax+by+cz=d} .
In this case, N is a constant (vector) function, given, up to a sign, by

No_@bo)
V2 + 2+ 2
(c) (Sphere) Let S be a sphere,

S = Sé(R) = {(X,y,Z) e R3 | 2 +y2 2= R2}

Compute N in three different ways by considering S as the level set of a
function, by considering it as the graph of a function, and by means of the
usual spherical coordinates parametrization,

10,27[%]0,7[> (6,¢) — (RcosOsin¢g, Rsinfsin g, Rcosp) € S C R?.
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(d) (Cylinder) Consider the surface of a cylinder,
C= {(x,y,z) eR |+ = r2} ,
and determine its Gauss map.

(e) (Ellipsoide) Determine the Gauss map of the ellipsoide,

A.51. Metric tensor Given a surface S in R, to go from one point of the surface
to another over the surface cannot, in general, be accomplished by a straight line,
due to the surface’s curvature. Assume we are given a parametrization of a piece of
the surface,

R25 U 5 () & X(u,v) = (x(u),y(uy),zuy) € S € R3.

Consider the tangent vectors to the surface in X(u,v) given by the partial derivatives
of X,

dx dx

X Gu X v
t=X,=—=| 2|, and =X,=— = §—>
du o v o

Furthermore, assume that {X,,,X,} form a basis of the tangent plane to the surface S
at the point X(u,v), denoted by Tx(,,)S . Let &, 8 € Tx(,»S . Then, there are scalars
ap, az, by and b, such that

a=at;+at;, and B =bit; + byt;.
Show that:
(a) the inner product of @ and 3 is
@'B=(a, B)=a"Mb=(a by,
where a” = (a1, a2), b = (b1, b),

X, Xu) (Xu, Xy) )

X, X)X, X,) (A34)

M=UX)TJX = (

and

X=X, X)) = ou v
iid 0z

ox  Ox
U vV
9 9
ou  Ov

Matrix M is called the metric tensor (and the Gram matrix of the basis {X,, X, })
and it is related to the first fundamental form of the surface [13].
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(b) Assume a piece of surface S C R? is parametrized as the graph of a function,
R?S U3 (xy) B (xyzxy)eS cR’.
Determine an expression for the metric tensor.

(c) Given a plane ax + by + cz = d let ¢ # 0 and parametrize it as a graph of a
function, z = z(x,y). Determine its metric tensor.

(d) Let a surface be given as the level set of a function,

G(x,y,2) =0.
Assume that z can be written implicitly as a function of x and y, z = z(x,y).
Show that
_ 1 ( (8G]0x)* + (G 8z)* (0G/0x) (0Gdy) )
3Gz (0G[dx)(8G[dy)  (8G/dy)* + (0G/dz)°

(e) Given the sphere
So(r) = {(x,y,z) eR? | X2 +y2 +72 = r2} s
consider the standard spherical coordinates,

10.27[x10.7[3 (6.¢) > (x(6.6).5(0,9).2(6:9) € R®  (A35a)

with
x(6,¢) = rcos@sin ¢ (A35b)
y(6,¢) = rsen@sin ¢ (A35¢)
72(6,¢) = rcos ¢ (A35d)

and determine the metric tensor. Do the same using the result in (d).

(f) Given the ellipsoide

2 2 2
X y z
—+=+==1
az br 2
determine the metric tensor.

A.52. Curvatures & all that: how to measure variations on the Gauss map of a
surface. Given a local parametrization of a piece of a surface,

(wy) > X@) = (x(u,),yW,v),z(u,v)),
denote by N = N(u,v) the Gauss map. Denote the derivatives of N by

ON ON
u= 5 d N,=—.
N ou an ov
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From the standpoint of the twists and bendings of the surface, the relevant quantities
are the projections of N, and N, onto the tangent plane T'xS . Since N is a unit vector,
the orthogonal projection of N, onto the direction of N is (N, N)N and its projection
onto T'xS is, therefore,

V,=N,-(N,,N)N.
Likewise, the projection of N, over TxS is
V, =N, - (N,,N)N.

(a) Since V, and V, are vectors in the tangent plane TxS, they can be written as
linear combinations of the basis {X,,,X,} of TS,

Vu = kllxu + klZXv
V,, = kz]Xu + kszV .

By making inner products of V,, and V, with X,, and X, show that

K:( 21 ’]zz ): M'H, (A36)
where
M:( Xu, Xu) (X, Xu) )
X, Xy) (X, Xy) )7
and

= VX (VX0
LV X)) (LX)

Matriz K that records the variations of the Gauss map, N, on the surface, with respect
to the basis {X,,X,} of the tangent space TxS, is a symmetric matrix and captures
the curvature of §. Its eigenvalues are called principal curvatures of S at X, and
their eigenvectors are the principal directions of S at X. The determinant of K is
called the Gaussian curvature, and half the trace of K, (ki1 + k»y)/2, is called the
mean curvature of S at X(u,v).

(b) Consider the spherical coordinates of S((r), given by Eq. (A33), and deter-
mine matriz K. Also, determine the principal curvatures of So(r).

A.53. Let A be a symmetric, positive definite matrix. Given vectors a, b € R?, show
that A~!(a x b) is A-orthogonal to a and b.

A.54. How is it that an ellipse has constant curvature? Given a scalar function

R*>U > (xy.2)" = G(xyz) e R,
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let S be a surface defined as a level set of G,
S = {(xy2) € R | Glxy) = cf .

Assume that z can be written implicitly as a function of x and y, z = z(x,y) € R,
such that,

Glxyz(xy) =c. (A37)

Consider the local parametrization of S given by
(0.y) = X(xy) = (x,y,2(x.y)) -

Let the inner product of the ambient space, R?, be given by

(a, b)y =a’Ab,
foralla, b € R3.

(a) Differentiate Eq. (A37) with respect to x. Let
VG = (0G/0x,0G/0y,0G07)
and obtain a relation between X, and VG. Do the same for X,.

(b) Use (a) to show that A=!(VG)T is A-orthogonal to X, and X,. Note that Gauss
map can be written as

_ATN(VG)T
CATNYG)T|,

where |14 = V(-, -)a.
(c) Let

V,=N, - <NXsN>AN
Vy = Ny - <Ny,N>AN 5

and, similarly to what was done in Exercise [A.52] write

V. =kuX; + k12Xy
Vy =k X, + k22Xy .

Show that K = MXIHA where

M = <Xu7Xu>A (XwXu)A
AT X X XX |

and

H. = <Vuv Xu}A <VV7 Xu>A
AT VL Xa (VX
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(d) From Exercise[A 13| we know that S defined as
x
1 =Gyz)=xy2A| y
Z
is an ellipsoide. Show that

X
(VG)T = ZA[ ] )

Z

(e) Show that the curvature matrix K of S, is the identity. That is, the ellipsoide,
as seen from the metric defined by A, is isotropically round, i.e., it is a sphere
(of radius 1).
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