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ANHA Series Preface

The Applied and Numerical Harmonic Analysis (ANHA ) book series aims to provide the
engineering, mathematical, and scientific communities with significant developments in
harmonic analysis, ranging from abstract harmonic analysis to basic applications. The
title of the series reflects the importance of applications and numerical implementation,
but richness and relevance of applications and implementation depend fundamentally
on the structure and depth of theoretical underpinnings. Thus, from our point of view,
the interleaving of theory and applications and their creative symbiotic evolution is
axiomatic.

Harmonic analysis is a wellspring of ideas and applicability that has flourished, de-
veloped, and deepened over time within many disciplines and by means of creative
cross-fertilization with diverse areas. The intricate and fundamental relationship be-
tween harmonic analysis and fields such as signal processing, partial differential equa-
tions (PDEs), and image processing is reflected in our state-of-the-art ANHA series.

Our vision of modern harmonic analysis includes mathematical areas such as wavelet
theory, Banach algebras, classical Fourier analysis, time-frequency analysis, and fractal
geometry, as well as the diverse topics that impinge on them.

For example, wavelet theory can be considered an appropriate tool to deal with some
basic problems in digital signal processing, speech and image processing, geophysics,
pattern recognition, biomedical engineering, and turbulence. These areas implement
the latest technology from sampling methods on surfaces to fast algorithms and com-
puter vision methods. The underlying mathematics of wavelet theory depends not only
on classical Fourier analysis, but also on ideas from abstract harmonic analysis, includ-
ing von Neumann algebras and the affine group. This leads to a study of the Heisenberg
group and its relationship to Gabor systems, and of the metaplectic group for a mean-
ingful interaction of signal decomposition methods. The unifying influence of wavelet
theory in the aforementioned topics illustrates the justification for providing a means
for centralizing and disseminating information from the broader, but still focused, area
of harmonic analysis. This will be a key role of ANHA. We intend to publish with the
scope and interaction that such a host of issues demands.

Along with our commitment to publish mathematically significant works at the
frontiers of harmonic analysis, we have a comparably strong commitment to publish
major advances in the following applicable topics in which harmonic analysis plays a
substantial role:
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Antenna theory Prediction theory
Biomedical signal processing Radar applications
Digital signal processing Sampling theory

Fast algorithms Spectral estimation
Gabor theory and applications Speech processing
Image processing Time-frequency and

Numerical partial differential equations time-scale analysis
Wavelet theory

The above point of view for the ANHA book series is inspired by the history of
Fourier analysis itself, whose tentacles reach into so many fields.

In the last two centuries Fourier analysis has had a major impact on the development
of mathematics, on the understanding of many engineering and scientific phenomena,
and on the solution of some of the most important problems in mathematics and the
sciences. Historically, Fourier series were developed in the analysis of some of the classical
PDESs of mathematical physics; these series were used to solve such equations. In order
to understand Fourier series and the kinds of solutions they could represent, some of
the most basic notions of analysis were defined, e.g., the concept of “function.” Since
the coefficients of Fourier series are integrals, it is no surprise that Riemann integrals
were conceived to deal with uniqueness properties of trigonometric series. Cantor’s set
theory was also developed because of such uniqueness questions.

A basic problem in Fourier analysis is to show how complicated phenomena, such as
sound waves, can be described in terms of elementary harmonics. There are two aspects
of this problem: first, to find, or even define properly, the harmonics or spectrum of a
given phenomenon, e.g., the spectroscopy problem in optics; second, to determine which
phenomena can be constructed from given classes of harmonics, as done, for example,
by the mechanical synthesizers in tidal analysis.

Fourier analysis is also the natural setting for many other problems in engineering,
mathematics, and the sciences. For example, Wiener’s Tauberian theorem in Fourier
analysis not only characterizes the behavior of the prime numbers, but also provides the
proper notion of spectrum for phenomena such as white light; this latter process leads
to the Fourier analysis associated with correlation functions in filtering and prediction
problems, and these problems, in turn, deal naturally with Hardy spaces in the theory
of complex variables.

Nowadays, some of the theory of PDEs has given way to the study of Fourier integral
operators. Problems in antenna theory are studied in terms of unimodular trigonometric
polynomials. Applications of Fourier analysis abound in signal processing, whether with
the fast Fourier transform (FFT), or filter design, or the adaptive modeling inherent
in time-frequency-scale methods such as wavelet theory. The coherent states of mathe-
matical physics are translated and modulated Fourier transforms, and these are used,
in conjunction with the uncertainty principle, for dealing with signal reconstruction in
communications theory. We are back to the raison d’étre of the ANHA series!

John J. Benedetto
Series Editor
University of Maryland
College Park



Preface

As an undergraduate student at a good engineering school, I had never heard of stochas-
tic processes or Lie groups (even though I double majored in Mathematics). As a faculty
member in engineering I encountered many problems where the recurring themes were
“noise” and “geometry.” When I went to read up on both topics I found fairly little at
this intersection. Now, to be certain, there are many wonderful texts on one of these
subjects or the other. And to be fair, there are several advanced treatments on their
intersection. However, for the engineer or scientist who has the modest goal of mod-
eling a stochastic (i.e., time-evolving and random) mechanical system with equations
with an eye towards numerically simulating the system’s behavior rather than proving
theorems, very few books are out there. This is because mechanical systems (such as
robots, biological macromolecules, spinning tops, satellites, automobiles, etc.) move in
multiple spatial dimensions, and the configuration space that describes allowable mo-
tions of objects made up of rigid components does not fit into the usual framework of
linear systems theory. Rather, the configuration space manifold is usually either a Lie
group or a homogeneous space’.

My mission then became clear: write a book on stochastic modeling of (possibly
complicated) mechanical systems that a well-motivated first-year graduate student or
undergraduate at the senior level in engineering or the physical sciences could pick
up and read cover-to-cover without having to carry around twenty other books. The
key point that I tried to keep in mind when writing this book was that the art of
mathematical modeling is very different than the art of proving theorems. The emphasis
here is on “how to calculate” quantities (mostly analytically by hand and occasionally
numerically by computer) rather than “how to prove.” Therefore, some topics that are
treated at great detail in mathematics books are covered at a superficial level here, and
some concrete analytical calculations that are glossed over in mathematics books are
explained in detail here. In other words the goal here is not to expand the frontiers of
mathematics, but rather to translate known results to a broader audience.

The following quotes from Felix Klein? in regard to the modern mathematics of his
day came to mind often during the writing process:

The exposition, intended for a few specialized colleagues, refrains from indicating

any connection with more general questions. Hence it is barely accessible to

colleagues in neighboring fields and totally inaccessible to a larger circle. ..

!The reader is not expected to know what these concepts mean at this point.
2F. Klein, Development of Mathematics in the 19th Century, translated by M. Ackerman
as part of Lie Groups: History, Frontiers and Applications, Vol. IX, Math Sci Press, 1979.
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In fact, the physicist can use little, and the engineer none at all, of these theories
in his tasks.

The later of these was also referenced in Arnol’d’s classic book® as an example of how
work that is initially viewed as esoteric can become central to applied fields.

In order to emphasize the point that this book is for practitioners, as I present
results they generally are not in “definition—proof-theorem” format. Rather, results
and derivations are presented in a flowing style. Section headings punctuate results so
that the presentation (hopefully) does not ramble on too much.

Another difference between this book and one on pure mathematics is that while
pathological examples can be viewed as the fundamental motivation for many math-
ematical concepts (e.g., the behavior of sin% as ¢ — 0), in most applications most
functions and the domains on which they are defined do not exhibit pathologies. And
so practitioners can afford to be less precise than pure mathematicians.

A final major difference between this presentation and those written by mathe-
maticians is that rather than the usual “top-down” approach in which examples follow
definitions and theorems, the approach here is “bottom-up” in the sense that examples
are used to motivate concepts throughout this book and the companion volume. Then
after the reader gains familiarity with the concepts, definitions are provided to capture
the essence of the examples.

To help with the issue of motivation and to illustrate the art of mathematical model-
ing, case studies from a variety of different engineering and scientific fields are presented.
In fact, so much material is covered that this book has been split into two volumes. Vol-
ume 1 (which is what you are reading now) focuses on basic stochastic theory and
geometric methods. The usefulness of some of these methods may not be clear until
the second volume. For example, some results pertaining to differential forms and dif-
ferential geometry that are presented in Volume 1 are not applied to stochastic models
until they find applications in Volume 2 in the form of integral geometry (also called
geometric probability) and in multivariate statistical analysis. Volume 2 serves as an
in-depth (but accessible) treatment of Lie groups, and the extension of statistical and
information-theoretic techniques to that domain.

I have organized Volume 1 into the following 9 chapters and an appendix: Chap-
ter 1 provides an introduction and overview of the kinds of the problems that can be
addressed using the mathematical modeling methods of this book. Chapter 2 reviews
every aspect of the Gaussian distribution, and uses this as the quintessential example of
a probability density function. Chapter 3 discusses probability and information theory
and introduces notation that will be used throughout these volumes. Chapter 4 is an
overview of white noise, stochastic differential equations (SDEs), and Fokker-Planck
equations on the real line and in Euclidean space. The relationship between Ito and
Stratonovich SDEs is explained and examples illustrate the conversions between these
forms on multi-dimensional examples in Cartesian and curvilinear coordinate systems.
Chapter 5 provides an introduction to geometry including elementary projective, alge-
braic, and differential geometry of curves and surfaces. That chapter begins with some
concrete examples that are described in detail. Chapter 6 introduces differential forms
and the generalized Stokes’ theorem. Chapter 7 generalizes the treatment of surfaces and
polyhedra to manifolds and polytopes. Geometry is first described using a coordinate-
dependent presentation that some differential geometers may find old fashioned, but it

3See Arnol’d, VI, Mathematical Methods of Classical Mechanics, Springer-Verlag, Berlin,
1978.
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is nonetheless fully rigorous and general, and far more accessible to the engineer and
scientist than the elegant and powerful (but cryptic) coordinate-free descriptions. Chap-
ter 8 discusses stochastic processes in manifolds and related probability flows. Chapter
9 summarizes the current volume and introduces Volume 2. The appendix provides a
comprehensive review of concepts from linear algebra, multivariate calculus, and sys-
tems of first-order ordinary differential equations. To the engineering or physical science
student at the senior level or higher, some of this material will be known already. But for
those who have not seen it before, it is presented in a self-contained manner. In addition,
exercises at the end of each chapter in Volume 1 reinforce the main points. There are
more than 150 exercises in Volume 1. Volume 2 also has many exercises. Over time I
plan to build up a full solution set that will be uploaded to the publisher’s webpage, and
will be accessible to instructors. This will provide many more worked examples than
space limits allow within the volumes.

Volume 1 can be used as a textbook in several ways. Chapters 2—4 together with the
appendix can serve as a one-semester course on continuous-time stochastic processes.
Chapters 5-8 can serve as a one-semester course on elementary differential geometry.
Or, if chapters are read sequentially, the whole book can be used for self-study. Each
chapter is meant to be relatively self-contained, with its own references to the literature.
Altogether there are approximately 250 references that can be used to facilitate further
study.

The stochastic models addressed here are equations of motion for physical systems
that are forced by noise. The time-evolving statistical properties of these models are
studied extensively. Information theory is concerned with communicating and extracting
content in the presence of noise. Lie groups either can be thought of as continuous sets of
symmetry operations, or as smooth high-dimensional surfaces which have an associated
operator. That is, the same mathematical object can be viewed from either a more
algebraic or more geometric perspective.

Whereas the emphasis of Volume 1 is on basic theory of continuous-time stochas-
tic processes and differential geometric methods, Volume 2 provides an in-depth in-
troduction to matrix Lie groups, stochastic processes that evolve on Lie groups, and
information-theoretic inequalities involving groups. Volume 1 only has a smattering of
information theory and Lie groups. Volume 2 emphasizes information theory and Lie
groups to a much larger degree.

Information theory consists of several branches. The branch originating from Shan-
non’s mathematical theory of communication is covered in numerous engineering text-
books with minor variants on the titles “Information Theory” or “Communications
Theory.” A second branch of information theory, due to Wiener, is concerned with fil-
tering of noisy data and extracting a signal (such as in radar detection of flying objects).
The third branch originated from the field of mathematical statistics in which people
like Fisher, de Bruijn, Cramér, and Rao developed concepts in statistical estimation. It
is primarily this third branch that is addressed in Volume 1, and so very little of the
classical engineering information theory is found here. However, Shannon’s theory is
reviewed in detail in Volume 2, where connections between many aspects of information
and group theory are explored. And Wiener’s filtering ideas (which have a strong con-
nection with Fourier analysis) find natural applications in the context of deconvolving
functions on Lie groups (an advanced topic that is also deferred to Volume 2).

Volume 2 is a more formal and more advanced presentation that builds on the ba-
sics covered in Volume 1. It is composed of three parts. Part 1 begins with a detailed
treatment of Lie groups including elementary algebraic, differential geometric, and func-
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tional analytic properties. Classical variational calculus techniques are reviewed, and
the coordinate-free extension of these concepts to Lie groups (in the form of the Euler—
Poincaré equation) are derived and used in examples. In addition, the basic concepts
of group representation theory are reviewed along with the concepts of convolution of
functions and Fourier expansions on Lie groups. Connections with multivariate statis-
tical analysis and integral geometry are also explored. Part 2 of Volume 2 is concerned
with the connections between information theory and group theory. An extension of the
de Bruijn inequality to the context of Lie groups is examined. Classical communication-
theory problems are reviewed, and information inequalities that have parallels in group
theory are explained. Geometric and algebraic problems in coding theory are also ex-
amined. A number of connections to problems in engineering and biology are provided.
For example, it is shown how a spherical optical encoder developed by the author and
coworkers* can be viewed as a decoding problem on the rotation group, SO(3). Also,
the problem of noise in coherent optical communication systems is formulated and the
resulting Fokker—Planck equation is shown to be quite similar to that of the stochastic
Kinematic cart that is described in the introductory chapter of Volume 1. This leads to
Part 3 of Volume 2, which brings the discussion back to issues close to those in Volume
1. Namely, stochastic differential equations and Fokker—Planck equations are revisited.
In Volume 2 all of these equations evolve on Lie groups (particularly the rotation and
rigid-body-motion groups). The differential geometric techniques that are presented in
Volume 1 are applied heavily in this setting. Several closely related (though not iden-
tical) concepts of “mean” and “covariance” of probability densities on Lie groups are
reviewed, and their propagation under iterated convolutions is studied. As far as the
descriptions of probability densities on Lie groups are concerned, closed-form Gaussian-
like approximations are possible in some contexts, and Fourier-based solutions are more
convenient in others. The coordinate-based tools needed for realizing these expressions
as concrete quantities (which can in principle be implemented numerically) are provided
in Volume 2.

During a lecture I attended while writing this book, an executive from a famous
computer manufacturer said that traditionally technical people have been trained to be
“I-shaped,” meaning an education that is very deep in one area, but not broad. The
executive went on to say that he now hires people who are “T-shaped,” meaning that
they have a broad but generally shallow background that allows them to communicate
with others, but in addition have depth in one area. From this viewpoint, the present
book and its companion volume are “ITI-shaped,” with a broad discussion of geometry
that is used to investigate three areas of knowledge relatively deeply: stochastic models,
information theory, and Lie groups.

It has been a joy to write these books. It has clarified many issues in my own mind.
And I hope that you find them both interesting and useful. And while I have worked hard
to eliminate errors, there will no doubt be some that escaped my attention. Therefore
I welcome any comments/corrections and plan to keep an updated online erratum page
which can be found by searching for my name on the Web.

There are so many people without whom this book would not have been completed.
First, I must thank John J. Benedetto for inviting me to contribute to this series that
he is editing, and Tom Grasso at Birkh&user for making the process flow smoothly.

A debt of gratitude is owed to a number of people who have worked (and maybe
suffered) through early drafts of this book. These include my students Kevin Wolfe,

4Stein, D., Scheinerman, E.R., Chirikjian, G.S., “Mathematical models of binary spherical-
motion encoders,” IEEE-ASME Trans. Mechatron., 8, pp. 234—244, 2003.
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Michael Kutzer, and Matt Moses who received very rough drafts, and whose comments
and questions were very useful in improving the presentation and content. I would also
like to thank all of my current and former students and colleagues for providing a
stimulating environment in which to work.

Mathematicians Ernie Kalnins, Peter T. Kim, Willard Miller, Jr., and Julie Mitchell
provided comments that helped significantly in identifying mathematical errors, fine-
tuning definitions, and organizing topics. I am thankful to Tamés Kalmar-Nagy, Jennifer
Losaw, Tilak Ratnanather, and Jon Selig for finding several important typographical
errors. John Oprea went way above and beyond the call of duty to read and provide
detailed comments on two drafts that led to a significant reorganization of the material.
Andrew D. Lewis provided some very useful comments and the picture of a torus that
appears in Chapter 5. Andrew Douglas, Tak Igusa, and Frank C. Park each provided
some useful and/or encouraging comments. Wooram Park helped with some of the
figures.

I would like to thank William N. Sharpe, Jr. for hiring me many years ago straight
out of graduate school (even after knowing me as an undergraduate), and Nick Jones,
the Benjamin T. Rome Dean of the JHU Whiting School of Engineering, for allowing
me to have the sabbatical during the 2008 calendar year that was used to write this
book after my service as department chair finished.

I would also like to thank the faculty and staff of the Institute for Mathematics and
Tts Applications (IMA) at the University of Minnesota for the three week-long workshops
that I attended there during part of the time while I was writing this book. Some of the
topics discussed here percolated through my mind during that time.

Last but not least, I would like to thank my family. Writing a single-author book can
be a solitary experience. And so it is important to have surroundings that are “fuuuun.”

Baltimore, Maryland Gregory Chirikjian
May 2009
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Introduction

This chapter is an overview of the sorts of problems that can be addressed using the
methods from this book. It also discusses the major differences between mathematical
modeling and mathematics, and reviews some basic terminology that is used throughout
the book. The appendix provides a much more in-depth review of engineering mathe-
matics. This book is meant to be self-contained in the sense that only prior knowledge
of college-level calculus, linear algebra, and differential equations is assumed. Therefore,
if it is read sequentially and something does not make sense, then the appendix most
likely contains the missing piece of knowledge. Standard references on classical mathe-
matics used in engineering and physics include [2, 5], which also can be consulted to fill
in any missing background.

Even after consulting the appendix and the cited references, some of the concepts
presented toward the end of each chapter may be difficult to grasp on the first reading.
That is okay. To a large extent, it should be possible to skip over some of the more
difficult concepts in any given chapter, and still understand the fundamental ideas in
subsequent chapters. In order to focus the reader on the most important ideas in each
chapter, the equations that are necessary to successfully navigate through later chapters
are circumscribed with a box. This also makes it easier to refer back to key equations.

The main things to take away from this chapter are:

e To become accustomed to the style and notation used in this book, including the
concepts of sets, mappings, commutative diagrams, etc.;

e To understand that there are several different meanings of “equality” and “inequal-
ity”;

e To review topics in advanced calculus and its applications in mechanics, including
the application of the divergence theorem and localization arguments;
To be able to compose mappings and do calculations with Jacobian matrices;
To understand the layout of the rest of the book and to get a feeling for the topics
that can be addressed with the tools developed here.

1.1 What this Book is About

Practitioners (such as the author) are motivated to make the investment to learn new
mathematics when the potential payoff of that investment is clear up front. Therefore,
before delving into the intricate details of stochastic calculus, information theory, Lie
groups, etc., consider the following simply stated problems:

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 1
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 1,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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Problem 1: A random walker on a sphere starts at the north pole. After some period of
time, what will the probability be that the walker is at a particular location? And how
long will it take before the walker’s location on the sphere is completely randomized
(i.e., how long will it be before the initial location of the walker becomes irrelevant)?

Problem 2: The cart-like robot shown in Figure 1.1 moves around in the plane by
turning each of its two wheels. Relative to a frame of reference fixed in the plane, the
frame of reference fixed in the robot moves as a function of the torque inputs imparted by
the motors to the wheels. This reference frame can be thought of as the time-dependent
rigid-body motion
cosf —sinf x
g= | sinf cosf vy (1.1)
0 0 1

where 6 is the angle that the axle makes with the z-axis of the world frame, and x and y
are the components of the translation of the center of the cart-like robot relative to the
frame of reference fixed in the plane. If the robot’s motion has been observed, then g(t)
is known for all times from ¢ = 0 up to the present time. However, the exact location of
the future location of the robot is uncertain until it actually happens since, for example,
the wheels might slip. Given models describing these uncertainties, what will the most
likely position and orientation of the robot be at a given future time?

Let the two wheels each have radii r, and let the distance between the wheels (called
the wheelbase) be denoted as L. Imagine that the angles through which the wheels turn
around their axes are governed by “stochastic differential equations” of the form®

d¢y = w(t)dt + vV Dduw, (1.2)
dgo = w(t)dt + vV Dduws (1.3)

where dw; each represent “uncorrelated unit white noise,” D scales the strength of
the noise, and rw(t) is what the speed of the robot would be if D were zero. Then a
“stochastic trajectory” for g(t) in (1.1) is defined by stochastic differential equations of
the form [13]

dx rw cos 6 5cosf  Scosf duw

dy | = | rwsind | dt +vVD ssing  Ssind ( 1) . (1.4)
r r dw2

do 0 T -

Stochastic trajectories, by definition, are not repeatable. However, if such an equation
is simulated many times, each time starting from the same initial conditions (say, x =
y = 6 = 0), then a function, f(z,y,0;t) that records the distribution of positions and
orientations of the cart at the same value of time, ¢, in each trajectory can be defined.
As will be seen in Chapter 4, a well-developed theory for linking stochastic differential
equations such as (1.4) to functions such as f(x,y,0;t) exists. This theory produces
a partial differential equation (called a Fokker—Planck equation) for f(x,y,0;t). In the
present context, this equation is of the form:

of of of
i cos@ax rWw smﬂay (1.5)
D (r* , 0*f r? . o2f rr o O*f  2r?0%f
+2<2COS 0@‘}’?81112983:82!4’58111 98?42+112892>

'The terms in quotes will be defined in Chapter 4. It is not expected that the reader will
understand these concepts at this point, but rather only get a taste of things to come.



1.1 What this Book is About 3

By the end of this volume the reader will know how to derive such equations and generate
sample paths from the corresponding stochastic differential equation.

g©)

Fig. 1.1. A Kinematic Cart with an Uncertain Future Position and Orientation

Problem 3: A long and slender semi-flexible biological macromolecule, such as double-
helical DNA composed of 300 stacked base pairs, is subjected to random Brownian
motion bombardment by the surrounding solvent molecules. If reference frames are
attached to both ends of the DNA, what will the distributions of rigid-body motions
between these reference frames look like as a function of temperature and the stiffness
of the molecule?

Problem 4: An isolated E. coli bacterium swims in a medium and, based on sensory
information, randomly reorients. For a given starting position, nutrient environment,
and temperature, what will the probability be that it reaches a particular position at a
particular time?

Problem 5: (a) One rigid body is set at a fixed pose (or position and orientation) in a
box, and a second rigid body is allowed to move uniformly at random in the box under
the constraint that it cannot intersect the first body. How much free space is there for
the second body to move? (b) If the opposing faces of the box are identified with each
other (by “gluing them together”), then the boundaries are removed, but the volume in
this toroidal world will be the same as that of the original box. How much free space is
there for the second body to move in this scenario?

All of these problems (and many more) are discussed in detail in Volume 2. The
current volume establishes the methodological foundations that are required in order
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to approach the applications. In the process of laying these foundations, numerous “toy
examples” will be provided. The essence of the problems and methods addressed is that
there is some “geometric” feature that is intertwined with a “probabilistic” one.

Lie groups are a natural tool to study geometry, and a mature theory for random pro-
cesses on Lie groups has been developed by mathematicians over the past one hundred
years. This theory is closely connected with applications. For example, in Problems 1-5
mentioned above, the group of rotations and full rigid-body motions (rotations + trans-
lations) figure prominently. Stochastic processes that evolve on Lie groups can be treated
more concretely than those that evolve on abstract manifolds, because Lie groups have
structure that is “close to” that of the vector space R™, with the group operation taking
the place of regular addition. Volume 2 focuses on Lie groups.

Many excellent and precise mathematics books exist on stochastic calculus, mani-
folds, and stochastic calculus on manifolds. However, for the practitioner, the barrier
to understanding the content of such books can be quite high. In part, this is because
when mathematical statements are made, the level of precision can be greater than the
practitioner needs. The approach taken in the current book to lower the bar to under-
standing these phenomena is to use a weak sense of the equality sign in equations. This
is explained in detail in the next section.

1.2 Different Meanings of Equality

This section reviews several different meanings associated with the equality sign, “=.”
At the outset, this seems like an absurd thing to discuss, since we all know from early
educational experiences that two things are either equal or they are not. But sometimes
it is convenient to claim that two quantities are equal when, strictly speaking, they are
not. This avoids having to append to every approximate equality words like “almost
surely” or “up to a set of measure zero” or “in the mean squared sense.” While such
statements add to precision, they also distract from the main points that a modeler
seeks to glean from the mathematics literature.

1.2.1 Defining Equalities

A first point of confusion concerning the equality sign is when an equality is derived
(i.e., when it is the statement of a result), versus when it is part of a definition. The
usual “=” will be used to denote any derived equality.

Let x be a real number, and let R denote the set of all real numbers?. For a function,
such as f(z) = 22, it is possible for f(z) = 0 (in this specific case, when x = 0). In that
context, making a statement like f(x) = 0 might be the starting point for a root-finding
problem. However, in other problems it may be desirable to say that f(z) = 0 for all
of the values of x. In this case, it is said that f(x) is identically equal to zero, which
is denoted as f(x) = 0. This is a kind of “temporary definition” of f(z), but as the
symbol f(z) is used elsewhere in the text, the restriction that it is set to zero for the
time being is not carried forward. In contrast, “=" will be used to denote a defining
equality, and definitions made in this way will persist throughout the book. Sometimes
defining equalities are composed of several conditional equalities. For example, a family
of functions ¢4 () can be defined as

2Tt is also convenient to denote R™ to be the space of all n-dimensional column vectors with
real entries.
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_a/w2n if
. Je if z,a>0
a,n = ' . 1.
$an(@) {0 otherwise. (16)

This means that ¢, ,(z) is defined to be equal to one thing when certain conditions are
met, and something else under different conditions.

In calculus, the derivative of a function f(x) on the open interval® (a,b) C R is
defined as the new function

/T ACR ) s 1) (1.7)
dr =0 €
on the same interval. Here e can be thought of as 1/N where N — oo. If f/(x) =
df /dz is a continuous function, then f(z) is called continuously differentiable. Likewise,
if d2f/dx? = df’/dx is a continuous function, then f(z) is called twice continuously
differentiable. A function for which n derivatives can be taken, each resulting in a
continuous function, is called n-times continuously differentiable, and is denoted as
C"(a,b).

The shorthand df /dz to describe the calculation in (1.7) thereby circumvents the
complexity that would arise in writing higher derivatives such as

zf lim Lim [f(x+€1+62)*f(x+el)]f[f(erel)—f(:z:)].

dx? e2—0€1—0 €1€9

Indeed, such an expression would be quite confusing, which emphasizes the importance
of simplifying notation.
As a result of the Fundamental Theorem of Calculus, if f'(x) is continuous then

b t
fa)e = ()= f@) and 5 [ ra)de = s (19)
where
b 1 N
f'(@)dz = lim_ v > fla+ (b—a)n/N). (1.9)
a n=0

Rather than carrying around the explicit limits, in practice the now-standard notations
of differential and integral calculus are well known to engineers and scientists. After
the initial investment has been made to learn the notations of calculus, there is rarely
any need to go back to the defining limits. But for the student who has never seen
the notation, it would be impossible to understand the usefulness of calculus. Likewise,
the task of assisting the engineer or applied scientist in understanding basic results of
modern mathematics can be made much easier by keeping the presentation as explicit
as possible.

1.2.2 Equality in the Sense of Zero Mean-Squared Error

Another issue worth discussing is the meaning given to a derived equality. For example,
classical Fourier analysis is a useful tool for describing periodic functions. Such functions
can be viewed as functions on the unit circle, S'. The circle is a special case of a hyper-
sphere,

3The open interval (a, b) is defined to be the set of values of x such that the strict inequalities
a < x < b hold. In contrast, the closed interval [a,b] is defined by a < x < b. The half-open
intervals (a, b] and [a,b) are defined by a < z < b and a < z < b, respectively.
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S = {x e B | x| = 1}, (1.10)

for the case when n = 2. (The above notation is read as “S™~! is the set of all x € R"
such that ||x|| = 1.”) In the case when a sphere of radius r in n-dimensional space is of
interest rather than a unit sphere, this is denoted as S7~1.

The set of all real (or complex-valued) functions on S! with an absolute value (or
modulus) which when raised to the pth power and integrated yields a finite number is
called LP(S1):

/QW FO)Fd) < 00 = fe LP(SY). (1.11)
0

The class of continuous functions on the unit circle is denoted as C°(S!). Given a
function that is both continuous and square-integrable on the unit circle (i.e., f €
CO(SYYNL2(S1)), classical Fourier analysis defines a band limited version of f with band
limit N as
1 N R ) . 27 )
fn)=— Z f(n)e™  where f(n)= f(0)e ™%dp (1.12)

2w
n=—N 0

where ¢ = /—1. The function fy(6) should approach f(0) as N — oco. However, the
sense of equality used here is that

27
lim |£(0) — fn(0)]*do = 0. (1.13)
N—oo Jg
When this condition holds, the Fourier series is said to converge, and the original func-
tion and its Fourier series are said to be equal in the mean squared sense.

Strictly speaking this is not the same thing as saying that f(6) = imy_ e fN ().
For example, using a Fourier series to expand a step function that is equal to zero over
the range 0 < # < 7 and equal to unity otherwise will result in a Fourier expansion
that satisfies (1.13) but exhibits Gibbs peaks around 6 = 0, 7. At those points f(0) #
limy o0 fv(6).

The reason why this is relevant to the topic of this book is that many statements
regarding stochastic systems (i.e., systems with some degree of noise) are statements
about average behavior that are not strictly true on a pointwise basis. To make these
statements absolutely precise requires a degree of mathematical rigor that places many
texts on stochastic processes well outside the reach of the practitioner who seeks to
model an engineering system or biological process. For this reason, the shortcuts taken
in notation throughout this book are justified, but it needs to be understood up front
that many of the stated equalities only hold in a limited sense.

1.2.3 Big-O Notation

Another way that the meaning of “equality” is distorted for the sake of convenience is
by the use of “Big-O” notation. There are two variations to this notation. First, if f(x)
and g(x) are real-valued functions on the real line, then [11]

f(z) =0(g(x)) as =z — o (1.14)

if there exist positive constants M and xo such that |f(z)] < M|g(z)| for all z > xo.
For example, the number of arithmetic operations used to multiply two n X n matrices
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A = [a;;] and B = [bj;] using the formula c;, = Z?Zl a;jbji is n? - (2n — 1) since there
are n? values of i and k and the evaluation of this formula for each fixed ¢ and k uses
n multiplications and n — 1 additions. Therefore

n?-(2n —1) = O(n?).

It is implicit in writing this statement that n is a large number because for small values
of n the computation would be fast anyway, in which case there would be no need
to examine how it scales. Note that this “equality” is not equating two things that are
exactly the same. Rather the right side is being used to summarize the essential features
of the quantity on the left.

The second typical way that Big-O notation is used is [10]

fx)=0(9(x)) as z—0 < lim ——~ =C (1.15)

where 0 < |C] < o0.
For example, for a function that has a convergent Taylor series expansion about
z =0, it is common to write

S0 (0) +0().

The use of Big-O makes approximations such as f(z) =~ f(0) + zf'(0) + 322 f"(0)
more precise, since the amount of error in the approximation is quantified. On the other
hand, if an equality sign is meant to convey the exactness of expressions on both sides,
then the Big-O actually is not the right tool, since it destroys some information in return
for the convenience of simpler expressions.

f(a) = f(0) +2f'(0) +

1.2.4 A Philosophical View of Equality and Inequality

In addition to the way that mathematical “equality” can mean several different things,
the inequality sign can also be used in nonstandard ways. For example, the elementary
school metaphor in which the alligator’s open mouth, <, goes for the bigger number is
not so easily applied when there are matrices on both sides of the inequality. In some
treatments of matrix analysis, control systems, and information theory, the notation
A < B is used when A and B are symmetric matrices of the same dimension. This is
used to mean that all of the eigenvalues of the matrix B — A are greater than zero, or
equivalently, x” Ax < x” Bx for any real vector x of dimension compatible with A and
B.

On a philosophical note, the concept of mathematical equality is not physically
realizable anyway. Two real objects are never exactly equal. For example, two coins may
have equal value (which is an artificial idealization that we impart on them, originally
based on the observed weight of precious metals contained in them) but they will never
have ezactly the same weight, surface finish, etc. And so, mathematical equality is always
either an approximation that holds within our ability to measure, or it is shorthand for
an equivalence relation used as a proxy for true equality. For example, U.S. coins can be
divided into pennies, nickels, etc., and the concept that every penny is equal to every
other is really a statement that they are members of the same equivalence class, based
on their monetary value. But actually, no two pennies are exactly the same.

Now in everyday life, a sphere is the surface of a ball. In some areas of pure mathe-
matics, if one point is removed from a sphere, then it is considered to be a completely
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different object. This is because, as stereographic projection* tells us, a so-called punc-
tured sphere can be mapped to the plane, and vice versa. However, a full sphere cannot
be mapped to the plane in this way. On the other hand, from the point of view of L?
equality of smooth functions, a function on the sphere and the same function restricted
to the punctured sphere are indistinguishable, and therefore are in some sense equal.

The bottom line is that the sense in which an equality is stated depends on the
context. In this book, when equalities such as [t6’s formula are presented, it is important
to note the sense of equality that is used. Likewise, in the study of stochastic differential
equations, it is important to note that individual solutions (sample paths) do not have
meaning. Only large ensembles of stochastic trajectories do. And the same ensemble
characteristics can be achieved with different-looking stochastic differential equations.
Therefore, exactly what it means for two such equations to be the “same” must be
asked, because the resulting ensemble behavior reduces the discussion of equality of
these equations to one of equivalence.

1.3 Other Useful Shortcuts

A number of shortcuts can be employed to make some of the basic mathematical ideas
presented in this book more accessible.

1.3.1 Simplifying Notation

It will often be the case that a family of functions is used to describe some phenomenon,
and it will be convenient to hold one parameter fixed and examine the properties of an
individual function in the family. In this context, f(x;a) means x is the variable and a
is viewed as a fixed parameter that defines the particular function. For example, given a
function of two variables f(z,y), if y is fixed at the value a, then f(z;a) = f(z,y = a).
This is more convenient than writing f,(z) when the number of fixed variables becomes
large. It also is useful to avoid notational clashes when there is a family of functions
fi(x;a), such as when the subscript denotes the ith entry in a vector function.

Vectors, when viewed as a column array, will be denoted in bold. For example,
x € R" (the n-dimensional space of all vectors with real entries). Whereas some books
on mathematics denote Euclidean space as E™, here no distinction is made between
the vector space R™ and n-dimensional Euclidean space. The use of vectors has been so
thoroughly engrained into engineering education that the difference between the vector
space R™ and the underlying geometric object, E™, is hardly worth mentioning.

Other shorthand notation is used throughout mathematics (and this book) to avoid
needless complexity. However, whenever a shorthand is introduced, a new notation must
be learned, and the possibility for misunderstanding or misusing the new notation exists.
For this reason, the presentation throughout this book is very explicit. For example,
whereas a pure mathematician would write Stokes’ law for a manifold® M with boundary
OM in the “light” (coordinate-free) form as

“This is a projection that identifies every point on a punctured sphere (with the point
at the north pole removed), by having the south pole of the sphere sit on the plane, and
connecting each point on the punctured sphere with a corresponding point on the plane. This
is accomplished by constructing straight lines passing through the north pole, each of which
intersects the punctured sphere and plane each exactly once.

5For now, think of this as a surface. A precise definition will come in Chapter 7.
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/M dw:/aMw (1.16)

the functional version of this expression that we will use will be expressed in parameters
and take on a “heavy” (coordinate-dependent) appearance. (In fact, it is so heavy that
it will not be presented here, for fear of scaring the reader away!) An expression of
“intermediate weight” that is less general than (1.16), but can be used more easily with
little training is the divergence theorem in R3:

7] 0 0
/V (aQ + a—ﬁ + 85:2) dv = /S(fm1 + fana + fang) dS (1.17)

where dS is an element of surface area for the surface S that bounds the finite volume (or
body) V' with volume element dV', n; are the components of the outward-pointing unit
normal for S, and f;(x) are the components of a vector field defined over the body and
the surface. All quantities are expressed in Cartesian coordinates x1, zs, x3. Equation
(1.17) is often abbreviated as

/Vx~de:/f-ndS. (1.18)
|4 S

For the purpose of proving theorems, and gaining deep understanding, the light form
may be preferred. For the purpose of performing computations with a minimal amount
of new terminology and notation, the heavy form has value. Equations such as (1.18)
are a convenient compromise.

1.3.2 Nice, Well-Behaved, Non-Pathological Functions

Many classes of functions exist. For example, the set of functions that are continuously
differentiable n times on the interval (a,b) was denoted earlier as C™(a,b). And the
functions on the unit circle with pth power of absolute value that integrates to a finite
number form a set called LP(S).

More generally, for a continuous domain D contained in R", a huge variety of different
classes of functions can be defined that assign real values to each point in D. However,
in order to avoid delving into the very precise terminology that is required to distinguish
one class of functions from another, the scope here will be limited to “nice” functions.
These functions can also be called “well-behaved,” or “non-pathological.” This means
that the Taylor series of such functions will be convergent.® As a consequence, these
nice functions are in C°°(D) (where the extension of the definition of C™ from the
interval to a domain follows by simply requiring that partial derivatives of all orders
result in continuous functions at every point in the domain). In addition, nice functions
are defined here to be in L?(D) for p = 1 and p = 2 (where the concept of L? generalizes
from the specific case of the circle to any continuous domain).

While this limits the scope of the presentation somewhat, functions that are encoun-
tered in many practical applications can be treated as being “nice” in the sense defined

above. Mathematically, the class of nice functions on a domain D can be expressed as
N(D) = A(D)N LY (D) N L*(D) or

(N(D) = (ANL' N L*)(D) (1.19)

5Such functions are called analytic.



10 1 Introduction

where A(D) denotes the class of analytic functions on D. The symbols N denotes the in-
tersection of these classes of functions, resulting in a more restricted class. The following
section discusses mathematical terminology and symbols in greater detail.

1.4 Modern Mathematical Notation and Terminology

In undergraduate programs in engineering and the sciences, students are introduced to
basic courses in Calculus, Linear Algebra, Differential Equations, and perhaps Fourier
Analysis. These powerful areas of mathematics literally are now hundreds of years old.
Very little of modern mathematics has worked its way into the modern undergraduate
training of students in fields other than mathematics and physics. For this reason, some
review of concepts and terminology from modern mathematics is in order, since one of
the goals of this book is to introduce some of the useful concepts of modern mathematics
to the practitioner.

Throughout this text many mathematical statements such as “A is true if and only if
Bis true,” “a ~y € X/Y C S, and “Z is topologically equivalent to W” will be made.
The meaning of these and other ubiquitous mathematical terms are defined here. More
specialized concepts are defined in the particular chapters where they are introduced
and used. But first, a brief review of the different areas of modern mathematics is in
order.

1.4.1 What is Modern Mathematics?

Roughly speaking, modern mathematics consists of a number of areas including (but not
limited to) algebra, geometry, analysis, topology, probability and statistics, and number
theory. The topics in this book draw from ideas in geometry, probability and statistics,
and analysis, though some very basic ideas from algebra and topology are also used.

Algebra is concerned with sets that have associated with them specialized operations
that recombine elements of the set in particular ways. Geometry is concerned with the
shape of objects. In high dimensions such objects cannot be visualized, but it is still
possible to define concepts of curvature to describe their shape at each point. Geometry
and algebra have ancient roots. Analysis is concerned with the properties of functions on
Euclidean space, such as continuity, differentiability and the approximation of functions
using series expansions, such as the Fourier series discussed in Section 1.2. Topology is
concerned with issues such as whether or not abstract spaces are connected (i.e., if it is
possible to define a path within the space connecting any two points in the space), and
if so how so. And given a closed path within the space, can it be shrunk to a point, or
is there an inherent barrier to doing so imposed by the space? For example, any closed
curve drawn on the surface of a sphere can be shrunk to a point. But in the case of
closed curves drawn on a torus (surface of a donut), some can be shrunk to a point,
and others cannot be (e.g., the circles resulting from the transverse intersection of a
plane and the torus cannot be shrunk to a point without shrinking the torus itself).
Topology is also concerned with the issue of whether or not spaces are compact (closed
and bounded). The sphere and torus are examples of compact spaces. That is, they
can be completely covered by a finite number of finite-area overlapping patches. The
same cannot be said for the real line or the plane. Two spaces can be considered to be
topologically equivalent if they have all topological features in common.
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Topology of abstract spaces is studied by establishing relationships between a space
under investigation and a known one. Topology and geometry also have some over-
laps, especially when attempting to relate local and global features. Often techniques
from analysis and algebra are used in geometry (resulting in differential geometry and
algebraic geometry) as well as in topology (resulting in differential topology and al-
gebraic topology). Some researchers have studied the interface between geometry and
probability and statistics (see, e.g., [1]).

1.4.2 Stating Mathematical Results

In (1.11) the arrow A <= B was used to denote that the statement on the left implies
the one on the right, and vice versa. This is the same as saying that A is true if and only
if B is true. Another shorthand for the same statement is to say “iff.” This statement
consists of two parts: (1) A = B, which is read “A implies B,” or “B is true if A is
true,” or “if A is true then B is true”; and (2) A <= B, which is read “A is implied by
B, or “B is true only if A is true,” or “if B is true then A is true.” The words “B only
if A” mean that B cannot be true if A is not true. Since B being true automatically
implies that A is, this makes sense.

Another way to articulate in words the same mathematical statements is by the use
of the words necessary and sufficient. The statement A = B means that A being true
is a sufficient condition for B to be true, since if A is true it implies that B is true also.
On the other hand, B might be true independent of whether or not A is true. But if A
is true, it is “enough” to guarantee that B is true. On the other hand, A <= B (which
is exactly the same as B = A) means that B cannot be true without A also being
true. Therefore A being true is “required” for B to be true since the truth of A results
from the truth of B. That makes B a necessary condition.

Given any two statements, A and B, establishing that A <= B (or equivalently A iff
B) is to say that A is necessary and sufficient for B (and B is necessary and sufficient for
A). Such a statement establishes that A and B are, in some sense, merely two different
descriptions of the same underlying phenomenon. A nice summary of these concepts is
provided in the appendix of [4].

When it comes to presenting mathematical results, there are several sorts of sub-
headings. Azioms (also called postulates) are the minimal set of starting conditions that
are obvious to all without proof. Theorems are the main mathematical points that are
to be proven. Lemmas are lesser points that are proved on the way to proving theo-
rems. And corollaries are interesting results that follow easily from the statement of a
theorem. Also highlighted in mathematics books are definitions and remarks.

The style here will be to minimize the use of these. The section and subsection
headings in each chapter will be subdivided finely enough that there is little need for
further subdivision for the presentation of results. The emphasis will not be on proving
theorems, but the illustration of how to use the results. However, in special cases when a
particularly impressive theorem from the literature is reviewed it will be stated as such,
and sometimes a sketch of the proof will be reproduced. This is particularly important
when the proof is constructive, and therefore instructive regarding how to apply the
result.

1.4.3 Sets and Mappings

As an elementary introduction, consider the scenario of a graduate course at an elite
east-coast university in which there are five students. The collection (or set) of five
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students in the course can be denoted as

S = {517 $2, 83, 54, 35}

)

where S is shorthand for “set” and “s;” is shorthand for “student i.” Membership in a
set is denoted with the symbol €, as s; € S for i = 1,...,5. This is read as “s; is in .S for
each value ¢ = 1, ¢ = 2, up to ¢ = 5.” In set theory the particular ordering of elements
within a set is not important. Viewed in the context of this example, this means that
the students can sit anywhere in the classroom, and it is still the same class.

Consider the following set: G = {m, f} where G is shorthand for “gender,” m is
shorthand for “male,” and f is shorthand for “female.” A mapping is an assignment of
each element of one set to one element from a second set. For example, in the current
context the mapping ¢ : S — G (which is read as “g takes elements of S and assigns
one element of G to each”) is simply the evaluation g(s;) that assesses the gender of
each student.” In other words, if students 1 and 2 are female, and 3, 4, 5 are male, then
gs1) = g(s2) = f and g(ss) = g(s1) = g(s5) = m.

The set of all students can be divided into two subsets, one consisting of female
students, and the other males:

Sy ={s1,s2} and S, = {s3,54,55}.

Each of these subsets is contained in the original set. This is written as S,, C S and
Sy € S. Since S,,, # S and Sy # S, these two subsets are strictly contained in S,
meaning that they are not equal to S. Such subsets are called proper. In this case the
notation S, C S and Sy C S is used. In cases where the possibility exists that a subset
A might be equal to the whole set S, then the symbol A C S will be used. If A C S and
S C A, then S = A. In contrast, if A C S and A # S, then this is when the notation
A C S is used.®

In the particular example above, the original set can be reconstructed by pooling
all of the elements of these two subsets. This pooling of elements of two subsets is
called the wnion, and in this example S, U Sy = S. In contrast, the two subsets in
this example have no members in common. Therefore their intersection is S, NSy = O
where the empty set @ = {} is the set containing no elements. Since ordering of elements
does not matter in the definition of a set, neither does the order in which the union
or intersection of two subsets is computed. For example, S,, N Sy = Sy NS, = O and

SmUSfZSfUSmZS.

Equivalence Relations and Equivalence Classes

The mapping g : S — G can be viewed as having established two equivalence classes
Sp and Sy, where members of S, all share a common feature, as do members of Sy.
This is denoted as s1 ~ sy since g(s1) = g(s2) and likewise s3 ~ s4 ~ s5 because
g(s3) = g(s4) = g(s5). This is not the same as saying s; = sg, etc. The symbol ~ is
read as similar to or equivalent to, and is called an equivalence relation. Let i,j,k €
{1,2,3,4,5}. Then in this example, ~ has the following properties (which are true in
general for equivalence relations): (1) s; ~ s; (the reflexive property); (2) s; ~ si implies

"Note that the arrow, —, of a mapping (which means “goes to”) does not have the same
meaning as the logical = (which means “implies”).

8This is not standard in the literature. Sometimes C is used for what is being denoted as
C here, and sometimes C is used to denote what is being denoted C here.
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sk ~ 8; (the symmetric property); (3) s; ~ s; and s; ~ s, implies s; ~ sy (the transitive
property). In a sense, the original set is “broken up” (or partitioned) into two subsets
by the equivalence relation induced by the mapping g. In the current context this can
be written as {S,,, S} = S/G or {S,,, Sy} = S/g or {Spm,Sr} = S/ ~. In other words,
a set of subsets of the original set is produced, the union of which is the original set,
and the intersection of which is the empty set.

Now suppose that there is another set, the set of names of all students in the graduate
program (not only the students in this class):

N = {Abigail, Kathy, Matt, Kevin, Mary, Mike, Susan, ...}.

(The “...” here means that there are too many to write down explicitly.) Out of all
of these names, five correspond to the names of students in the class. The mapping
n: S — N can be defined explicitly as n(s1) = Abigail, n(s2) = Mary, n(s3) = Mait,
n(s4) = Kevin, and n(s5) = Mike.

Images, Pre-Images, and Compositions of Mappings

The image of S in N is the set n(S) = {n(s1),n(s2),....,n(s5)} € N. More generally,
given a mapping from one abstract set into another, m : S; — Sa,

m(Sy) = {m(c) € Ss|V o € S1} C S (1.20)

This is read as “the image of the set S; in Ss is the subset of S obtained by applying
the mapping m to every element of S;.” Here o is a “dummy variable.” Its name is
irrelevant. The use of the symbol m(S;) C 53 here means that every element in m(S;)
is also in S92, and the possibility exists that m(S;) = Sa. The symbol V means “for all.”

Now consider the mapping from names to the Roman alphabet, A, defined by
extracting the first letter of each name as [ : N — A. When this mapping is ap-
plied only to the names of students in the class, I : n(S) — {M, K, A}. Explicitly,
l(Matt) = l|(Mike) = l(Mary) = M, l(Kevin) = K, and [(Abigail) = A. The original
set of students can then be broken into equivalence classes in which students who have
the same first letter in their name are deemed equivalent. In this case the equivalence
relation is defined by the composed mapping l(n(s;)). First n is applied to s;, and then
[ is applied to extract the first letter. This is denoted as (I on)(s;).

It is also possible to look at any mapping of the form m : S; — S5 from the opposite
perspective, and ask which subset of elements of S; map to the same element 7 € Ss.
Such elements are called the pre-image of 7 under the map. For example, the pre-image
of the letter K under the mapping (lon)(s;) is {s4} and the pre-image of M under the
same composite map is {s2, 53, s5}. This can be written as (I on)~1(M) = {s2, s3, 55}
Note that (I on)~! is not an inverse mapping because (I o n) maps multiple elements
of S to the same element of {M, K, A}, and therefore is not invertible. However, since
applying (I on) to S does “hit” all of the elements of {M, K, A}, the set of pre-images
is sometimes denoted as

(l o n)_l{Mv K, A} = {{81}7 {84}a {827 53, 85}}

That is, the set of pre-images can be associated with the set of equivalence classes

S/(lon).
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The Size of a Set and the Indicator Function

The number of elements in a finite set S is denoted as |S|. Given two finite sets, S; and
S5, this has the properties that

|S1ﬁ52| §m1n(|51|7\52|) and |51U52‘ 2max(|51\,\5’2|)

with equality if and only if S C Sy, or S C Sy, or both (in which case S; = S2). These
follow from the important equality

|S1USQ‘ = ‘Sl|+|SQ|—|SlmSQ|. (121)

From the definition of the empty set, it follows that || = 0. For continuous sets, such
as the interior of a cube or sphere, expressions analogous to (1.21) hold where | - | is
replaced by Vol(:), the volume of the continuous set. The function | - | takes sets as
its arguments and returns non-negative real numbers, R>¢. This is not the only such
function. For example, given a subset A C S, the indicator function, I4 : S — R>g, is
defined for any z € S as’

lifxe A
La(x) = { 0 otherwise. (1.22)
The indicator function has the properties
Taup(z) = Ia(x) + Ip(x) — Tanp(x)  and  Tanp(x) = Ia(z)Ip(2). (1.23)

The concept of an indicator function is not limited to finite sets.

Surjective, Injective, and Bijective Mappings

The mappings n: S — N, g: S — G, and (lon) = {M, K, A} were from one set into
another set of different size (having either more or fewer elements). In the case of (lon)
and g, every element of the set to which the arrow pointed was “used up.” In other
words, g(S) = G and (lon)(S) = {M, K, A}. More generally, if the image of a mapping
m : S; — S has the property that m(S;) = Se, then the mapping is called onto, or
surjective. Therefore (I on) and ¢ are surjective. If a mapping m : S; — S has the
property that each element of the image m(.S7) corresponds to only one element in Sy,
then m is called one-to-one, or injective. Stated another way, for an injective mapping
m(o1) = m(og) = o1 = oy for all 01,09 € S1. Of the mappings examined above,
n : S — N is injective. A mapping that is both injective and surjective is called bijective,
or invertible. None of the mappings n : S — N, g: S = G, and (lon) — {M,K, A}
can be bijective, because in each case the numbers of elements in the sets on both sides
of the arrows are different. Therefore these mappings could not be bijective, and could
not be inverted. As an example, if each student is assigned a number by the function
#(s;) = i, then # : S — {1,2,3,4,5} is bijective. Also, if instead of the mapping
n: S — N (where N is the set of all names of people in the graduate program), a
restricted mapping n : S — n(S) is defined, then this will be bijective because n is
injective, and the set to which this injective function maps has been pruned down to be
the same size as the set from which it draws its arguments.

9Here Rso denotes the positive real numbers, and R>g is therefore the non-negative real
numbers. In some other texts these are referred to as R* and R U {0}, respectively.
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When a mapping is of the form m : S; — R (the real numbers) or m : S; — C
(the complex numbers), then the mapping is called a function. Sometimes the words
mapping and function are used interchangeably, but when there is a difference, it is the
one just mentioned. The concept of a set is not restricted to the case where there are
a finite number of members. Indeed, most of the sets in this book are continuous sets.
Continuous sets are usually called spaces.

Products, Metrics, and Groups

It was already shown how a set can be “divided” into disjoint subsets by a mapping. It
is also possible to form the product of two sets. Given two sets S7 and Sy, the Cartesian
product is the set defined as

S1 X Sy = {(0’, 7')|O' €S, 7€ SQ} (124)

This is read as “S; x S5 is the set consisting of all ordered pairs, the first entry of
which runs over all elements of S; and the second runs over all entries of S5.” From this
definition, in general S; x So # Sy x Sp, but [S7 X Sa| =[Sz x S1| = |S1] - |S2].

The Cartesian product construction has several important simplifying effects when
stating definitions. For example, suppose that some sense of distance exists between
elements in a set S. Then a distance function is not defined on S, but rather on the
Cartesian product of S with itself as d : S x S — R>g. Recall that Ry denotes the
positive real numbers, and R>( denotes the non-negative real numbers. That is, d takes
pairs of elements, each of which is drawn from S and returns a non-negative number.
In addition, a valid distance function or metric must satisfy the following properties for
any si, 82,83 € S:

d(s1,s2) >0 with d(s1,s2) =0 — $1 = S9 (1.25)
d(s1,s2) = d(s2, 1) (1.26)

and
d(Sl,Sz) +d($2,83) Z d(51,83). (1.27)

These properties are called positive definiteness, symmetry, and the triangle inequality.
As a concrete example of the concepts of Cartesian product and metric, consider

R"=RxRx -+ xR.
S —
n times

This is the usual space of n-dimensional vectors, and the usual metric, d : R™ x R" —
R>, is defined as

Z(l’z - yi)2~ (1-28)

=1

dx,y) =[x -yl =

The Cartesian product construction also makes it possible to define binary operations
that take in two elements of a set and return another element of that set: b : S xS — S.
Such operations form the core of many definitions of mathematical objects. For example,
a group is a nonempty set G together with a binary operation b: G X G — G such that
there exists a special element e € G with the property b(e,g) = b(g,e) = g; for each
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g € G, there is an element g~ € G such that b(g,¢g %) = b(g~!,9) = e; and for any
three elements g1, g2, g3 € G the associative law holds: b(g1,b(g2,93)) = b(b(g91, 92), g3)-
As shorthand for this, the concept of a group operation, o, can be used to write b(g1, g2) =
g1 © g2. Then, for example, the associative law can be written with fewer symbols as
(g1 092) 0935 =910 (g2 093). A group will usually be denoted as (G, o). In cases where
the operation is obvious, the group can be referred to simply as G.

Families of Sets and Valuations

A family is a set of sets, F = {57, 52, S3, ...}, that have common attributes. The family
may be finite or infinite, and may even be uncountably infinite.' In the latter case, the
constituent sets cannot be enumerated as was done in the preceding sentence. Unions
and intersections can be taken over families as

U S, and m Sa

acl a€l

where 7 is the indexing set. For example, if F is defined as in the first sentence of this
paragraph, then

USa=5USu -+ and () Sa=5N8%N--
a€cl ael

where the indexing set runs over all the subscripts, i.!!

If £ ={51,95,,...} is a special kind of family of subsets of a set S such that every
element of £ can be constructed from finite unions or finite intersections of other ele-
ments of £, and Vi,j S;NS; € L and S;US; € £, then sometimes L is called a partially
ordered lattice. This means that subsets can be ordered according to which ones contain
others. For example, if

S ={s1,89,83} and L ={{s1},{s2},{s3},{s1,82},{s2,s3},{s1,s83},{s1,82,83}},

then
{s1} C {s1,82} C {s1,52,83}, {s2} C {51,582} C {s1,52,53}, etc.

This is only a partial ordering because it is not possible to lay out all of the elements
of £ in one sequential expression in which every element is contained in another. Any
function p : £ — R>( that has the properties

1(S; U S;) = pu(Si) + p(S;) —p(SinsS;)  and  p(0) =0 (1.29)

is called a waluation or additive measure on L. Concrete examples of valuations include
the volume of a finite body and the area of the surface that bounds a finite body. These
can obviously be computed for the intersection of two bodies. For finite sets (1.21) is
also an example of a valuation. While the set-indicator function has the similar looking
property (1.23), its arguments are not sets in a partially ordered lattice, but rather are
elements of arbitrary set.

0Uncountably infinite sets include, but are not limited to, continuous sets.
A family of sets can also be defined by a non-countable index.
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1.4.4 Transformation Groups

A special kind of bijective mapping from one set back into itself is a transformation
group. This concept is defined formally in Volume 2. For now, a simple example suffices.
Consider R?, the set of all two-dimensional real vectors. If x € R? and

R(0) — <c0s9—sin0)

sinf cos 6

denotes a 2 x 2 rotation matrix, then R(f)x € R?. If R? is viewed as the union of an
infinite number of concentric circles centered at the origin, 0 = [0,0]%, then a point on
the circle stays on the circle after the application of R(f). Each of these circles is called
an orbit. If G = {R(0)|V 6 € [0,27)}, then the notation R?/G is used to denote the set
of all such orbits. Membership in an orbit is an equivalence relation, and R?/G is the
set of equivalence classes. The rotation matrices have the property

R(61)R(02) = R(61 + 62), (1.30)
which means that they are closed under matrix multiplication, and furthermore,
R(601)[R(02)x] = [R(01)R(62)]x. (1.31)

The property (1.30) implies closure (and even more than that, commutativity,
R(01)R(02) = R(62)R(61)). The property (1.31) is an example of a group action. Gener-
ally speaking, a group acting on a set either will divide that set into equivalence classes,
or else it acts transitively (i.e., it can transform any element of the set into any other,
in which case the whole set is one equivalence class).

The set G is an example of a Lie group. It is a continuous set of transformations that
is closed under an associative operation (which in this case is matrix multiplication). It
has an identity element (§ = 0) and every element R(6) has an inverse R~1(0) = R(—0).
This group happens to be one-dimensional, commutative, and compact.

1.4.5 Understanding Commutative Diagrams

Commutative diagrams are used in many parts of modern mathematics to illustrate the
relationship between different mappings. For example, consider the following example
from linear algebra.'? If x € R™, then pre-multiplication by a matrix B € R®»X™
produces a vector y = Bx € R™. If this vector in turn is pre-multiplied by A € RP*"™,
the result will be z = Ay € RP. The composite mapping has the properties

z = A(Bx) = (AB)x

that result from the associative property of matrix multiplication.

As a second example, consider two mappings f : U — V and g : V — W where
UV,W CR. Ify = f(z) and z = g(y), they can be composed as z = (gof)(x) = g(f(y)).
In general, the mapping (g o f) will not be the same as (f o g).

Both of the above examples can be illustrated with commutative diagrams:

128ee the appendix for definitions.
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R™ — > R" v—>v
N N
AB gof
RP w (1.32)

These diagrams have been given an equation number (as opposed to a figure caption)
because they convey exactly the same information as equations.

Now, in light of the concept of a commutative diagram, consider the chain rule,
which should be familiar to those who have gone through an undergraduate engineering
or science program. Given a differentiable mapping f : R” — R"™, classical multivariable
calculus defines the differential

df = f(x + dx) — f(x)

(where dx is infinitesimally small in the sense that ||dx|| is almost zero), and provides
the means to evaluate df as

afi
a.%'j

df = Dfdx  where Df = { ] e R™™, (1.33)

The matrix Df is called the Jacobian, and is sometimes denoted as J = Of /0x. For
reasons that are explained in the appendix, 9f /0x is not good notation. In contrast, it
is better to write

_of

= 5T

where a raised T' denotes the transpose of a vector. If m = n, the determinant of this
matrix is denoted as

Df

OF  O(fires fu
|Df| = dety = = a((ﬁ in)) = J(x). (1.34)

These are simply four different notations for the same thing. In different contexts each
will have its advantages.

If : R" — R, then

o¢
Vxp = — € R™. 1.35
6= (135)

This is the gradient of ¢(x), and is a column vector (which is why the x is not transposed
in the denominator).

Given a second mapping, g : R” — RP, the composite function (gof) : R"™ — RP? is
evaluated by back substitution as (gof)(x) = g(y) where y = f(x). This can be written
without introducing the variable y as

(g0 f)(x) = g(f(x)).

The classical chain rule then specifies the following product of Jacobian matrices!?
g xn
ld(gof) = DgDfdx| where |Dg= > €RP (1.36)
oy* y=f(x)

3The notation dg/dy” is explained in the appendix.
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and Df is defined as before. This can be visualized using a commutative diagram such
as the one that follows.

xeR"— L L fx)eR"— & . (gof)(x) eRP
d d d
m n d f) e RP
dx €R Df df ¢ R Dg (gof)

(1.37)

The horizontal arrows at the top represent the application of the functions, and those
at the bottom represent matrix multiplication. Both of these operations concatenate on
the left side. The downward-pointing arrows denote the operation of taking a differential.
The directions of the arrows indicate valid orders of operations. In this diagram three
paths from start to finish are valid. These are “down-right-right,” “right-down-right,”
and “right-right-down.” Each of these corresponds to the different quantities that can
be equated where the tips of the arrows meet. In particular, these three paths give
Dg Dfdx = Dgdf = d(gof).

Of course, the chain rule can be understood perfectly well by (1.33) alone, but
other more difficult concepts that will come later will be easier to understand with the
assistance of commutative diagrams.

Equipped with these basic concepts, the remaining chapters are designed to contain
sufficient descriptions to be understandable without prior knowledge (other than the
concepts reviewed in the appendix) if read sequentially. In some instances it is possible
to skip chapters, and then glean relevant definitions and results by occasionally skipping
backwards using the pointers that are provided. More in-depth treatments of the topics
reviewed in this introduction can be found in the classic books on modern algebra [3]
and topology [9].

1.5 Transport Phenomena and Probability Flow

It will often be the case in problems discussed in later chapters that a time-evolving
probability density function changes shape, and it is desirable to know how much prob-
ability is contained in a particular domain as a function of time.'* A domain in R? with
finite non-zero volume is called a finite body and is denoted as B. Its boundary is 0B,
and will be assumed here to be smooth (i.e., infinitely differentiable). The probability
associated with the body B is

s = [ i)

where f(x,t) is a probability density function. It could be that the body itself changes
its size, shape, and/or location as a function of time in which case B = B(t). When it
is clear that it is static, then B = By = B(0).

The concept of a probability density function is defined and used in the next two chapters.
The current section can be skipped if this concept is unfamiliar.
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Here the notation d(x) is used to denote dxidws - - - dxy,, the n-dimensional volume
element. In R? it will sometimes be useful to denote this as dA (a differential area
element) and in R? to call it dV (the usual three-dimensional differential volume ele-
ment). The notation d(x) should not be confused with either the infinitesimal vector
dx = x(t + dt) — x(¢), or the metric d(x,y) defined in (1.28). These are three very
different things.

Often in applications it will be the case that f(x,t) is the solution to a partial
differential equation (i.e., a diffusion equation). And it would be convenient to use this
fact to update p(t) — p(t + dt), without having to actually recompute the above n-
dimensional integral.

The flow of probability density can be thought of as the flow of a fluid, or of heat. In
this analogy, probability flows in and out of the body B by crossing its boundary. And
in some applications, the body B itself may change with time. This makes the problem
of rapidly updating the value of p(¢) akin to problems in mechanics in which material
and/or heat enter and leave a “control volume.” Such problems in R? involve the use of
the divergence theorem and Stokes’ theorem (see the appendix for definitions). It makes
sense, then, that the extension of these ideas to higher dimensions and in non-Euclidean
spaces should be of interest in studying probability flow problems. And for this reason,
the concept of differential forms and Stokes’ theorem as stated in (1.16) will be useful
tools. But for now, some review of the mechanics of transport phenomena and heat flow
will be instructive.

1.5.1 Continuum Mechanics

The field of mechanics is concerned with the interplay between forces, deformation, and
motion of objects that have a smooth'® distribution of mass over a finite volume. Such
objects can be solid or fluid. And applied forces can be decomposed into normal and
shear components. The essential difference between a solid and a fluid is that a solid
resists all forces that attempt to deform it, while a fluid only resists normal forces and
the rate with which shear forces are applied. A fluid will continue to deform (or flow) as
long as a shear stress is applied, whereas a solid will not. However, both solids and fluids
are continuous media that can be described using continuum mechanics. The review of
continuum mechanics provided here follows the more detailed presentations in [6, 7, 8].

The Volume of a Deformable Body

Let B C R? denote a finite body. The points contained in B, denoted as x € B, can
describe a solid object. Or, a fluid can flow in and out of B by crossing the boundary
surface 9B. The body B can change with time, and so B = B(t). Denoting By = B(0)
as the initial body, and X € By as an arbitrary initial point,' then a deformation is a
mapping x : By — B that takes each point X € By and returns its new location x € B(t)
at time ¢t. In other words, x = x(X, ¢). The inverse of this mapping is X = X(x,t), and
SO
x =x(X(x,t),t) and X =X(x(X,t),t).

Computing the Jacobian matrices of these composed mappings gives

5Here all functions are C°°(R?).

1Usually in this book upper-case letters are reserved for matrices or sets, but after 200

years of refinement, X has become the standard notation for the initial /referential coordinates
in mechanics problems. Since X is bold, there should be no confusing X with a matrix.
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DxDX = DXDx =1

where I is the 3 x 3 identity matrix.
The element of volume in the initial (or referential) state is related to the element
of volume in the current state as

d(x) = |Dx|d(X) where |Dx|= det[0z;/0X;] > 0.

The strict inequality |Dx| > 0 holds for any physically feasible (or admissible) defor-
mation. A second condition that every admissible deformation must satisfy is that it is
injective. That is, two particles initially at two different locations in a body cannot be
mapped under a deformation to the same point:

X1 75 X, — X(Xl,t) 7é X(Xg,t) vV X1,Xs5 € By.

The volume of the body at the current time is
vin= [ dx) = / |Dx|d(X).
B(t) Bo

And more generally, given a function of the current position of particles, f : B(t) — R,
it can be represented in the referential coordinates as

/ fX)d(x) = | f(x(X,1))[Dx[d(X). (1.38)
x(Bo,t) Bo

Or by defining ¢(X) = |Dx|(f o x)(X) and observing that B(t) = x(By,t), then the
same thing can be written as

P(X(x))|DX|d(x) = / P(X)d(X), (1.39)

B(t) X(B(t),t)

where X(B(t),t) = By. These are both special cases of the inverse function theorem
reviewed in the appendix.

In modern geometric terminology, the composed function fox (which for each fixed
value of ¢ is a function of X € By), is called the pull-back of the function f (which
is a function of x € B(t)) via the mapping x : By — B(t). The word “pull-back” is
used because it is describing the situation at the base end of the arrow in the mapping
x : By — B(t) starting with a function defined on the domain at the distal end of the
arrow. In contrast, if ¢ : [0,1] — By is a curve segment in referential coordinates, then
the curve segment that results after a deformation is x o ¢ : [0,1] — B(t). This is called
the push-forward of the curve c¢(t) via the mapping x : By — B(t) because the new
curve segment that results is obtained by following the direction of the arrow in the
mapping.

Later it will be important to remember that the push-forward relates to curves
and pull-backs relate to functions. And because tangent vectors can be associated with
curves, and normal vectors can be associated with functions, push-forwards and pull-
backs of vectors (and vector fields) can be defined. But it will not be until Chapters 6
and 7 that these concepts play an important role.



22 1 Introduction
Lagrangian vs. Eulerian Descriptions

In solid mechanics problems it is often convenient to use a material (or Lagrangian)
description in which each material point is tracked from its initial position to its current
position. For example, the velocity and acceleration of a material particle are calculated
respectively as

_0x 0%x

5 and a 5 where  x =x(X,t) (1.40)

v

for a fixed value of X corresponding to a particular material particle.

In contrast, in fluid mechanics problems it is often more convenient to examine the
flow of material through a fixed point in space, rather than keeping track of individual
material particles. This is known as the spatial (or Eulerian) description.

Associated with each body is a mass density function. This real-valued function
is written in referential coordinates as p(X,t). In the spatial description, this same
quantity would be written as

p(x,1) = p(X(x, 1), ). (L.41)

Other functions, which can be vector-valued or matrix/tensor-valued, can also be defined
on a body. For any such function, which can be expressed in terms of its components
as F(X,t) = [F;...(X, )], the full time derivative is

dFij... - 8Fij...(X,t)
dt ot '

In contrast, the same quantity viewed from the perspective of spatial coordinates will
be
Fr(x,1) = F(X(x,1),1),

and the time derivative will be computed in this case according to the chain rule:

dF*(x.t) _ OF"(x.t) , 23: OF*(x,t) O,
a ot ~ Oy Ot
But from (1.40) this can be written as
dF*(x,t)  OF*(x,t) . .
p 7T + v Vi F* (x,1) (1.42)

where v*(x,t) = v(X,t) and the - is the scalar (dot) product.

If F'* is viewed as a k-dimensional array with three entries in each dimension, the Vy
operation makes Vi F*(x,t) a (k+ 1)-dimensional array, and the v*- operation reduces
this back down to k& dimensions.

For example, if F*(x,t) is replaced with v*(x,¢), then the Eulerian description of
the acceleration of fluid flowing through the position x at time ¢ becomes

dv*(x,t)  Ov*(x,t)

a'(x,t) = — ot

+ v Vv (x,1).
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Mass Balance

If particles of mass in a continuum are tracked and B(t) evolves so as to include all of
the original particles in By and no others, then even if B changes in size and shape with
time, it must be the case that

/ (%, ) d(x) = / (X, 0)d(X). (1.43)
B(t) Bo

This is a physical statement rather than a mathematical one. Since the quantity on the
right side is a constant, another way to write this same thing is

d

— pr(x,t)d(x) = 0.
i ., 7o o0

This is the conservation of mass integral.
The equality in (1.43) can be localized by observing (1.38) for f(x) = p*(x,t) for
each fixed t to write

[ rendoo = [ 5 x0.01Dx1dx). (1.44)
B(t) Bg
In other words, combining (1.43) and (1.44) yields
[ 4, 1).0) IDx] = (X, 00} d(X) =
0

Observing that this must be true for any initial volume By and using the definition in
(1.41) means that the integrand can be localized as

[P(X.1) IDx] = p(X,0)] (1.45)

In the spatial-coordinate version of the conservation of mass, an integral over a fized
body, B* = By, is computed. The mass inside of this fixed body is

M = pr(x, t)d(x).
B*
Since the body is fixed, so too is its boundary. The time rate of change of mass inside
of the fixed volume is

G oo = [ 2 )

Since mass is neither created nor destroyed, and since the spatial volume B* is fixed, the
only way that dM/dt can be non-zero is if mass enters or leaves through the boundary

of B. In other words,
dM

e .nd

where n is the outward-pointing surface normal and v(x,t) is the velocity of the fluid.
Combining the above results, and converting the surface integral to a volume integral
using the divergence theorem in (1.18) gives
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/B* {88[;* LY, (p*v*)} d(x) = 0.

Since this must hold for any fixed volume B*, it can be localized as

op*
ot

+ Vi (p*v*) =0. (1.46)

This is the continuity (or conservation of mass) equation in spatial coordinates.

The Reynolds Transport Theorem

Given any scalar, vector, or tensor quantity that is not spontaneously created or de-
stroyed, the same argument that was used above for mass density can be used to write
a balance equation. Let F*(x,t) be the quantity of interest. Then [7, 8]

d oF*

pn B*F d(x) = . o d(X)+/¢9B*(V -n)F*dS. (1.47)

The right-hand side of the above equation can be written as a single volume integral by
using the divergence theorem. The result is

G Lora= [ {55+ v} e (148)

Now suppose that F* = p*©@* where p* = p*(x,t) and O = O*(x,t). Using the
continuity equation (1.46), it can be shown (see Exercise 1.10) that (1.48) simplifies to

4
dt /g

do*
(x) 5l Tdt

where both of the time derivatives in this expression are full derivatives. This is the
Reynolds transport theorem in its simplest form. It is used extensively in mechanics
to “bring d/dt inside the integral.” Some specific cases are illustrated in the following
subsections.

d(x) (1.49)

Momentum Balance

Newton’s second law states that for a single particle, f = d(mv)/dt where v = dx/dt
is the position of the particle as measured in an inertial reference frame.'” Based on
this, it has been postulated that for a continuum, the time rate of change of the total
momentum flowing into and out of a fixed control volume must be equal to the applied
forces. These forces are broken into two categories: (a) those that act on the surface of
the control volume (e.g., the forces imposed by restraints to keep the control volume fixed
in space) and (b) those that act directly on the interior (e.g., gravity or electromagnetic
forces). Given a fixed control volume, the momentum balance equation is written as

d
/ £ dS + / pb*d(x) = — / PVt d(x) (1.50)

" That is, a reference frame that is not accelerating, which means that it is either not moving,
or moving in pure translation with a constant velocity relative to a frame fixed in space.
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where t*(x, t) for x € 9B* is the so-called surface traction (force per unit area) acting
on the boundary surface, and b*(x, t) is the force per unit mass acting on each point in
the volume, x € B*.

The Reynolds transport theorem (1.49) can be used to transform the right side
of (1.50) with ©* = v* by bringing the time derivative under the integral, and the
divergence theorem can be used to convert the surface integral to an integral over B*.
From there, the equations can be localized.

Angular Momentum Balance

For a collection of particles, each obeying Newton’s second law, f; = d(m;v;)/dt, the
angular momentum is defined as L = ), x; x m;v;. The time rate of change of this
angular momentum is equal to the moment due to the applied forces: dL/dt = ", x; x f;.

Angular momentum (or moment of momentum) is postulated to balance in a similar
way for a continuum:

/ x X t* dS+/ x X p*b*d(x) = i/ x X p*v*d(x). (1.51)
oB* * dt B*

Again, the divergence theorem and the Reynolds transport theorem (now with ©* =
x X v*) can be used to convert this to a localized form.

Continuum mechanics also takes into account the balance of energy that enters and
exits a control volume. But this important topic will not be addressed here, since it does
not relate to the remainder of the book.

1.5.2 Heat Flow and Entropy

In later chapters, concepts of probability flow and information-theoretic entropy are
defined and used heavily. These concepts can be related to analogies in the physical
world. While analogies are often useful in gaining understanding, limits exist where
they break down. For example, the statement “doing the exercises in Chapter 1 of
Chirikjian’s book is a piece of cake” is an analogy (or metaphor) indicating how easy
the problems are. However, the analogy breaks down at several levels, including the
fact that eating cake carries calories, but solving exercises burns them. For this reason,
physical quantities analogous to probability flow and information-theoretic entropy are
reviewed in this section, but limits of these analogies should be kept in mind.

Heat Conduction

In heat conduction problems, a function called the (absolute) temperature, which is
denoted as 9(x,t), is defined on a solid body B at each value of time. That is, 9 :
B x (R>0) — R>q. If the body is surrounded by other solid material, then heat can
pass through the boundary 0B by a physical phenomenon known as thermal conduction
[11, 12]. In other words, when a solid object that is cold is placed in contact with a solid
object that is hot, over a period of time the temperature of the two bodies will tend
to average out, where the exact value of the average will depend on the materials that
constitute the bodies, their relative sizes, and their initial temperatures. This averaging
process is due to the exchange of a physical quantity known as heat. The flow of heat is
governed by Fourier’s law of heat conduction:'®

¥The same equation governs molecular diffusion processes, but in that context it goes under
the name of Fick’s law.
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q = —K grad(9) (1.52)

where K : R? — R3%3 is a symmetric matriz-valued function with positive eigenval-
ues (see appendix for definition) called the thermal conductivity matriz. The gradient
grad(v) = V9 = 99/0x points in the direction of maximal temperature. The negative
sign then dictates that in the special case when K = k(x)I (where I is the 3 x 3 identity
matrix and k : R® — R.q), the heat current density q(x,t) points in the direction of
minimal temperature. But more generally, this direction can be altered by K (x) because
the body may not be homogeneous, and different materials transmit heat more readily
than others.

If there is no internal production of heat in the body, then there must be a balance
of heat entering and leaving the body. In conduction problems, the only way for heat
to enter or leave the body is by flow across its boundary. As heat enters the body, the
average temperature rises, and as heat leaves, the average temperature falls. This is
captured by the balance equation

| ettt / | amasa

where ¢(x) is the heat capacity per unit mass and p(x) is the mass density per unit
volume within the body.!” The quantity q - n is the heat flux crossing the boundary,
where n is the outward-pointing normal.

When the body itself does not change with time (i.e., it does not change in size,
shape, or location), differentiating both sides of the above equation with respect to time

gives
09
p—dV = — -ndS.
/ ot /an "

The term on the right can be converted to an integral over volume using the divergence
theorem. Then, if everything is moved to the left side of the equation, this gives

/ {cpal9 + div(q)} dV =0
B ot

where div(q) and Vy - q are simply different ways of writing the same thing. Since this
equation holds for any body B, the integrand can be localized as
09
par = —div(q). (1.53)

This equation is the continuity equation for heat flow.
Combining (1.53) and (1.52) results in the heat equation

cp% = div(Kgrad(v)). (1.54)

When K = kI and k, ¢, p are all constant, this reduces to
o
ot

where £ = k/cp and V20 = E?:1 9?9 /022. The solutions to this equation subject to
particular initial conditions will be examined in detail in the next chapter.

= kV2Y

911 the elementary problem considered here, the body is assumed to not change shape, and
so x =X, B = B*, and p(x,t) = p(x).
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Thermodynamic Entropy

It was postulated in the mid-nineteenth century that a physical quantity called entropy
exists. Given a body (or control volume), B*, the total entropy inside of B* is denoted
as
S= [ st (xHdx)
B~
where the integrand on the right side is expressed using the Eulerian description, and
s*(x,t) is the entropy per unit mass at the point x and time ¢. The Clausius—Duhem

inequality states [8]:
ds r 1
T —ptdV — —q-ndS 1.55
dt_/*ﬂp /aB*ﬁq“ (1.55)

where r is the internal heat supply per unit mass and time, and all other quantities are
the same as defined earlier.

If the system is closed, so that no heat is imported or exported across dB*, and if
a positive heat is produced internally (for example, due to a chemical reaction such as
combustion), then the entropy of the system contained in B* will increase. This is a
version of the Second Law of Thermodynamics.

In future chapters, analogous expressions such as dS/dt > 0 will be observed where
S is information-theoretic entropy defined for a given probability density function that
solves a diffusion equation analogous to the heat equation in (1.54).

1.6 Organization of this Book

Chapter 2 provides a detailed description of the Gaussian distribution on the real line,
and in R". The adaptation of Gaussian distributions to finite domains by folding or
clipping and renormalizing is discussed. The relationship between the Gaussian distri-
bution and the heat equation on the real line, on the circle, and on R™ is examined.
Symmetries of the heat equation are also discussed briefly.

With concrete examples of probability density functions in hand from Chapter 2,
the general definitions and theorems of probability and information theory in Euclidean
space are presented in Chapter 3. These include the concept of mean, variance, condi-
tional expectation, Fisher information, Cramér—Rao bound, entropy power law, central
limit theorem, etc.

Chapter 4 provides an introduction to stochastic differential equations (SDEs) from
the perspective of mathematical modeling. Given an ordinary differential equation that
is forced by noise, what will the ensemble behavior of the resulting sample paths be?
The Wiener process is examined, the increments of which are used to define white-
noise forcing. All other kinds of noise used throughout this book are built on this
noise concept. The relationship between the It6 and Stratonovich forms of an SDE are
explained,. The corresponding Fokker—Planck equations are derived. It is shown how
changes in coordinate systems affect these equations.

Ultimately, the main difference between this book and others on stochastic modeling
is that the problems addressed here involve random processes that evolve on geometric
objects. Therefore, Chapter 5 presents a self-contained review of geometry, starting
with analytic geometry from a parametric and algebraic perspective. Then the local
and global differential geometry of curves and surfaces in three-dimensional Euclidean
space are developed.
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A fundamental difference between high-dimensional spaces and R? is that the con-
cept of the vector cross product needs to be modified. This is critical, for example, in
the derivation of formulas for the high-dimensional analogues of surface area and the
curl operator. Differential forms are a useful tool in this regard, and Chapter 6 serves
as an introduction to this topic.

When describing the motion of complicated objects such as robots and biological
organisms, keeping track of their constituent parts can be viewed as the motion of a
point in a high-dimensional space. This necessarily transforms the original problem into
one of geometry on manifolds. This is the subject of Chapter 7. Differential forms are
shown to be the natural tool to use to integrate on manifolds, as well as to define
intrinsic geometric features such as curvature.

Chapter 8 addresses stochastic differential equations on manifolds, and shows how
Fokker—Planck equations are derived in this setting. Brownian motion on the sphere is
used as an illustrative example.

The appendix reviews linear algebra, multivariate calculus, and systems theory.

Volume 2 in this collection will focus on the concept of Lie groups and will apply
the methods developed in the current volume to that setting. It will also address how to
solve problems in engineering and biology such as those described earlier in this chapter,
as well as many more.

1.7 Chapter Summary

This chapter introduced a number of concepts from mathematics and mechanics. Termi-
nology that will be used throughout the book has been established. Intuitive (mechan-
ical) ideas related to fluid and heat flow were presented to serve as physical analogies
that can be referred back to when examining more abstract problems. The exercises that
follow will reinforce the ideas discussed here. Additional reading in any of the topics
presented may be helpful. A substantial list of references is provided at the end of each
chapter.

The next chapter will discuss the Gaussian distribution. This is an important topic
in probability and statistics. The approach is concrete and explicit. Once familiarity
with every aspect of the Gaussian distribution is mastered, then more general (and
hence more abstract) presentations of probability, information theory, and stochastic
processes will follow.

1.8 Exercises

1.1. Let f(0) = 0 for 6 € [0, 2m). Calculate the Fourier coefficients by hand and plot the
Fourier series approximation fy(6) in (1.12) for N = 2,5, 100.

1.2. Indicate whether or not the following functions from R to R are injective, surjective,
or bijective: (a) f(x) = z; (b) f(z) = 22; (c) f(x) = 2%; (d) f(x) = e*.

1.3. Determine which of the following are valid metric functions on the plane RZ:
(a) d1(x.y) = |o1 — ol + |22 — g2; (b) da(x,y) = [(m1 — y1)* + (22 — ¥2)%]%;
(©) d3(x,y) = [(&1 = 11)* + (22 — 42)°]5; (d)

outxy) = {ounly

ol
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1.4. Show that the matrices R(#) in (1.30) form a group under the operation of matrix
multiplication.

1.5. Show that the set of matrices of the form g(z,y,0) in (1.1) form a group under the
operation of matrix multiplication where (z,y,0) € R? x [0, 27).

1.6. By recursively applying (1.29) prove that for any £ = {Si,953,...}, a valuation
satisfies the inclusion—exclusion relationship

p(S1US U US) =Y ar > (S, NS, N--NS;) (1.56)
k=1

iy <ig<---<ip

where ay, is a function of k that you will determine.

1.7. Let f : R® — R? be defined by f(x) = [2? + 222, 7173]7 and g : R? — R be defined
by g(y) = y1siny, for y € R? and x € R3. Calculate the Jacobians for these functions
and demonstrate that the commutative diagram in (1.37) holds.

1.8. Show that when o > 0 and n € {1,2,3, ...}, each member of the family of functions
{¢a,n(x)} defined in (1.6) is smooth (i.e., all of its derivatives exist). What is the Taylor
series of g, (x) about = 07

1.9. Prove that for x = x(X,t), the Jacobian determinant j = |Dx| satisfies the differ-
ential equation

9

9 | Vi - V.

ot

1.10. Prove the Reynolds transport theorem as stated in (1.49).
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Gaussian Distributions and the Heat Equation

In this chapter the Gaussian distribution is defined and its properties are explored. The
chapter starts with the definition of a Gaussian distribution on the real line. In the
process of exploring the properties of the Gaussian on the line, the Fourier transform
and heat equation are introduced, and their relationship to the Gaussian is developed.
The Gaussian distribution in multiple dimensions is defined, as are clipped and folded
versions of this distribution. Some concepts from probability and statistics such as mean,
variance, marginalization, and conditioning of probability densities are introduced in a
concrete way using the Gaussian as the primary example. The properties of the Gaussian
distribution are fundamental to understanding the concept of white noise, which is the
driving process for all of the stochastic processes studied in this book.
The main things to take away from this chapter are:

e To become familiar with the Gaussian distribution and its properties, and to be
comfortable in performing integrals involving multi-dimensional Gaussians;

e To become acquainted with the concepts of mean, covariance, and information-
theoretic entropy;

e To understand how to marginalize and convolve probability densities, to compute
conditional densities, and to fold and clip Gaussians;

e To observe that there is a relationship between Gaussian distributions and the heat
equation;

e To know where to begin if presented with a diffusion equation, the symmetries of
which are desired.

2.1 The Gaussian Distribution on the Real Line

2.1.1 Defining Parameters

The Gaussian distribution on the real line is any function of the form p(z — x¢) where

2

plx) =ce™** (2.1)

and ¢ € Ry is related to a € R5 by the constraint that

I= /00 p(x)dx = 1. (2.2)

— 00
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This constraint, together with the fact that p(x) > 0 makes it a probability density
function (or pdf for short). That is, any non-negative function satisfying (2.2) (not only
those of the form in (2.1)) is a pdf.

The Gaussian distribution is the “bell curve” so often referred to when discussing
statistical quantities. It is an infinitely differentiable function. Taking the first derivative
gives

dp

dx
From this it is clear that p(z) has a critical point at = 0, and this is its only critical
point. The second derivative of p(z) evaluated at x = 0 is

_ 2
= —2acxe” ¥

d?p

@h:o = —2ac,

which is always negative, indicating that z = 0 is a maximum, and the maximal value
that p(z) can attain is ¢. Furthermore, due to the negative sign in the exponential, the
function p(x) decays to zero very rapidly as |z| increases. The Gaussian distribution is
called unimodal because it has only one local maximum, or mode.

To determine the functional relationship between ¢ and a that ensures that I = 1,
the following trick can be used. First evaluate

oo 2 o o
I?=¢2 </ e—am2dx) = 62/ / e—a(m2+y2)dxdy.

Then, changing to the polar coordinates = rcosf and y = rsinf it becomes clear

that
27 [e'e] R
I? = c2/ / e " rdrdf.
o Jo

The integral over 0 reduces to 27w and the integral over r can be performed in closed
form. The resulting relationship between ¢ and a is then I? = ¢?*7/a = 1, or

c= % (2.3)

The Gaussian distribution is an even function, and for any finite positive value of a
it is also a “nice” function. An even function is one for which f.(z) = f.(—z) and an
odd function is one for which f,(z) = —f,(—z). Any function can be decomposed into
a sum of even and odd functions as f(z) = f.(x) + fo(x) where

folw) = 51@) + F(-2)] and fo(x) = 31f(z) - f(-2)]

Furthermore, the product of two even functions is even, the product of two odd functions
is even, and the product of one even and one odd function is odd. The integral of any
well-behaved odd function over any finite interval that is symmetric around the origin
is always zero. This can be seen as follows:

/ bb foayds = [ i oyt + | ' fula)ds,

but from the definition of an odd function,
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0 0 b
| sz == [ fu-ade == [ pwa
—b —b 0

/_bb folx)dz = 0.

/ bb fol)de =2 /0 (e,

For an even function, the product = - f.(x) must be an odd function, and since odd
functions integrate to zero over any interval [—b, ], it follows that

and so

For an even function

0o b
/ 2 fe(x)dr = lim zfe(x)dr = 0.
oo b

b—oo J_

This limit would exist even if the upper and lower integrands go to oo at different
rates because fe(x), like the other functions in this book, is restricted to be a “nice”
function in the sense defined in (1.19), and hence it must decay to zero faster than 1/z
as © — £o0o. More generally, the quantity p defined by the integral

uw= /_fo(x)d:t

for any probability density function, f(z), is called the mean.
From the shift-invariance property of integration of an arbitrary integrable function

on the real line,*
| fa-aiz= [ fa

it follows that for the special case of a Gaussian distribution shifted by p, p(x — u),
o0 o
/ xp(fc—u)dw=/ (y+wp(y)dy =0+ p-I=p.
—o0 —00

The median of the Gaussian distribution is the point m for which

/_7:0 p(z)dx = /moo p(x)dz.

Due to the fact that the Gaussian distribution is an even function, m = 0.
In statistics it is useful to have indicators that describe how concentrated or how
spread out a distribution is. One such indicator is the variance, defined as

o? = /_00 22 f(x — p)d. (2.4)

! Another often-glossed-over property of integration of functions on the real line that will
be useful later is invariance under inversion of the argument:

/j:o f(—z)dx = /j:o f(x)dx.
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The square root of the variance is called the standard deviation. Note that this is different
from

s= [ lalfta - i, (25)

which is called the spread. Of course, the concepts of mean, mode, variance, and spread
are not limited to the study of Gaussian distributions. They can be calculated for any
pdf.

For the Gaussian distribution in (2.1) with normalization (2.3), the mean, median,
variance, and spread can be calculated in the following closed form:

9 1 1
p=m=0, ot =5 and S_\/ﬁ' (2.6)
In general, non-Gaussian pdfs can have multiple modes, the mean and median need not
be at the same point, and the relationship between spread and variance need not be so
simple.

Since for a Gaussian these quantities are directly related to a, the Gaussian distribu-
tion can be redefined with ¢2 or s incorporated into the definition. The most common
choice is to use o2, in which case the Gaussian distribution with mean at y and standard
deviation o is denoted?

1 z—)? /202
p(x;uyaz)Zmae( R (2.7)

In some instances, such as in the following subsections, it will be more convenient to
write this as p(, »2)(z). Note: another common name for the Gaussian distribution is
the normal distribution. Figure 2.1 shows a plot of the Gaussian distribution with
u =0 and o = 1 plotted over the range [—3, 3]. Most (approximately 97 percent) of the
probability density falls on this finite interval. Changing the value of p or o would only
shift or uniformly stretch this plot.

The integral

x

Flasp, 0?) = / p(E: 1, 0°)de

—00
is called the cumulative distribution function. This function is known to have a “closed-
form” solution in terms of error integrals. In the limit as o — 0, F(z; u, 02) exhibits a
sharp transition from a value of 0 for = < u to a value of 1 for z > p. When p = 0 this
is idealized with the Heaviside step function

. [1forxz>0
Hw) = {0 for z < 0. (2.8)

2.1.2 The Maximum Entropy Property

The entropy of a pdf f(z) is defined by the integral [23]

s=-[ " f()log f(x)dn (2.9)

2The symbols f(x) and p(x) often will be used to denote generic pdfs, but when appended
as p(z; p, o?), this will always denote a Gaussian.
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Fig. 2.1. The Gaussian Distribution p(x;0,1) Plotted over [—3, 3]

where here log = log, = In. This entropy is written as S(f) rather than S(f(x)) because
it is not a function of x, but rather it is a “functional” of f, since all dependence on x
has been integrated out.

S is computed in closed form for the Gaussian distribution as

S(p(o2y) = log(vV2me ). (2.10)

Interestingly, for any given value of variance, the Gaussian distribution is the pdf
with maximal entropy. This can be shown by performing the following optimization:

m?xS(f) subject to f(z) >0
a

nd
/_Z flx)de =1, /OO af(z)de = p, /Oo (z — )2 f(z)ds = o (2.11)

— 00 — 00

To find the distribution that satisfies these conditions, Lagrange multipliers® are intro-
duced to enforce constraints, and the following necessary conditions are calculated:

57 =0 where €= —flog f+\uf + dawf + Nalz — ).
Performing the above calculation and solving for f and the A; that satisfy (2.11) gives
f(x) = p(u02)(z). Note that the constraint f(x) > 0 was not actively enforced in the
above derivation, but the result satisfies this condition anyway.
What the above shows is that p(, ,2)(z) extremizes the entropy subject to the given
constraints. In other words, p(, 2y is a critical point of the functional S(f) subject

3See Section A.11.1 for a definition.
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to the constraints (2.11). However, this could be a minimum, maximum, or point of
inflection. To show that it actually maximizes the entropy (at least in a local sense), it
is possible to define a perturbed version of this pdf as

f(@) = pu.o) (@) - [1 + €(2)] (2.12)

where €(x) is arbitrary except for the fact that* |e(z)| << 1 and it is defined such that
f(x) satisfies (2.11). In other words,

oo

/00 Pip,o) (x)e(z)dr = /OO Tp(u,02) (2)e(z)dr = / (z = 1)?p(u,02) (x)e(z)dz = 0.

— 00 — 00 — 00

Substituting (2.12) into (2.9) and using the Taylor series approximation log(1+¢) =~
€e—¢€2/2,

S(f) = - /Oo Plu.o?) () - [1+ e(@)]log(p(u,02) (2) - [1 + e(x)])dx

== [ bon @) 1L+ o] ol on (@) + Tog(1 +e(s)]ds

= S(puo2)) = F() + O(%)

where the functional F' is always positive and the cross terms that are linear in e all
vanish due to the integral constraints on e. This means that at least locally a Gaussian
maximizes entropy. Determining the exact form of the functional F' is left as an exercise.

2.1.3 The Convolution of Gaussians

The convolution of two pdfs on the real line is defined as

() = [ "R fale — ). (2.13)

Sometimes this is written as fi(x) * fo(x). Note that convolution on the real line is com-
mutative: (f1 * fo)(z) = (f2 * f1)(x). This is a direct consequence of the commutativity
of addition: x +y =y + .

In order for the convolution integral to exist, fi(z) and fa(x) must both decay to
zero sufficiently fast as © — 4oo. In addition, the scope here is restricted to “nice”
functions in the sense of (1.19) with D = R. Therefore these functions are infinitely
differentiable and have integrals of their square and absolute values that are finite. It
can be shown that the convolution integral will always exist for such “nice” functions,
and furthermore

Ji e N(R) = f1* fa € N(R).

In (2.13) € is a dummy variable of integration, the name of which is unimportant. A
geometric interpretation of (2.13) is as follows. First, the function fs(x) is shifted along
the real line in the positive direction by an amount &, resulting in fo(2 — £). Then, the
function f; evaluated at the amount of shift, f1(€), is used to weight fo(x — &). Finally,
all copies of the product f;(§)fa(x — &) are “added up” by integrating over all values of
the shift. This has the effect of “smearing” f5 over fi.

“To be concrete, € = 0.01 << 1. Then €* = 107 is certainly negligible in comparison to
quantities that are on the order of 1.
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In the case when fi(x) = §(z), i.e., the Dirac delta function, which is the probability
density function with all of its mass concentrated at x = 0, (0 % f)(x) = f(x). This
is because the only shift that the delta function allows is €& = 0. All other shifts are
weighted by a value of zero, and therefore do not contribute. While §(x) is not a “nice”
function, it is possible to approximate it with a Gaussian distribution with very small
variance, €, which is a “nice” function. The approximation of the Dirac delta function as
d(z) = p(x;0,€) is deemed to be “good enough” if the integral of |p(z;0,€) * f(x) — f(z)]
and the integral of the square of this are both “small enough” when f(z) is a nice
function.

The Gaussian distribution has the property that the convolution of two Gaussians
is a Gaussian:

p(a; p1, 07) * p(a; po, 05) = p(a; 1 + pa, 07 + 03). (2.14)

The Dirac é-function can be viewed as the limit
§(z) = lim p(x;0,07). (2.15)
o—0
It then follows from (2.14) that
p(a; g, 07) * 8(x) = p(a; p, o7).

2.1.4 The Fourier Transform of the Gaussian Distribution

The Fourier transform of a “nice” function f € N'(R) is defined as
FON@ = [ s, (2.16)

The shorthand f(w) = [F(f)](w) will be used frequently.

The conditions for existence and properties of the Fourier transform of functions
on the real line are described in detail in [6, 11, 15]. Tools for the computation of fast
sampled versions of the Fourier transform of periodic functions can be found in many
books such as [7, 10, 24]. From the definition of the Fourier transform, it can be shown
that

(Fr * f2)(@) = fr(w)fa(w) (2.17)

(i.e., the Fourier transform of the convolution is the product of Fourier transforms) and
—1/¢ 1 = 3 wx
@) = F @) = o [ Feled (215)

This is called the inverse Fourier transform or Fourier reconstruction formula.

The proof of the property (2.17) is left as an exercise, whereas (2.18) is proven below.
For more details about classical Fourier analysis and its extensions, see [8] and references
therein.

The fact that a function is recovered from its Fourier transform is found by first
observing that it is true for the special case of g(z) = e~ for ¢ > 0. One way to
calculate -

g(w) — / e—axQe—iwzdaj
— 00

is to differentiate both sides with respect to w, which yields
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49 _ —i /OO T Y M. h @e_i‘“da:.

dw oo 2a oo dx
Integrating by parts, and observing that e~**g(z) vanishes at the limits of integration
yields
g = w.
dw 2@9-

The solution of this first-order ordinary differential equation is of the form

w?2

i) = 3(0) %

o0 2 Vs
g(0) = T dr = 4] —.
4(0) /m e z \/;

Having found the form of §(w), it is easy to see that g(z) is reconstructed from g(w)
using the inversion formula (2.18) (the calculation is essentially the same as for the
forward Fourier transform). Likewise, the Gaussian function

where

]. 1'2

2ro

p(O,a'z) (l’) =

has Fourier transform )
2

,6(0702)((,0) —e T
and the reconstruction formula holds. As o becomes small, p(g ,2)(x) becomes like 0(x).
From the property that (§* f)(z) = f(x), the convolution theorem, and the above prop-
erties of Gaussian approximations to the Dirac d-function, (2.18) immediately follows.

2.1.5 Diffusion Equations

A one-dimensional linear diffusion equation with constant coefficients has the form

ou ou 0%u

— =a—+b— 2.19

ot~ “ox 02 (2.19)
where a € R is called the drift coefficient and b € R+ is called the diffusion coefficient.
When modeling diffusion phenomena in an infinite medium, the above diffusion equation
for u(x,t) has initial conditions of the form u(z,0) = f(z). The boundary conditions

u(+00,0) = %(ioo,O) =0

are implicit in this problem, because otherwise the solutions will not be pdfs, or in the
class N (R).

Note that (2.19) is a special case of the Fokker-Planck equation® which will be
examined in great detail in Chapter 4. When the drift coefficient is zero, the diffusion
equation is called the heat equation.

Taking the Fourier transform of w(z,t) for each value of ¢ (i.e., treating time as a
constant for the moment and z as the independent variable) produces (w,t). Then
applying the Fourier transform to both sides of (2.19) and the initial conditions results

5Also known as Kolmogorov’s forward equation.
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in a linear first-order ordinary differential equation with ¢ as the independent variable,
together with initial conditions, for each fixed frequency w:

%ﬂm—b&)ﬂ with  a(w,0) = f(w).

The solution to this initial value problem is of the form

(1) = flw)eleemDr,
Application of the inverse Fourier transform yields a solution. The above expression
for G(w,t) is a Gaussian with phase factor, and on inversion this becomes a shifted
Gaussian:

1 < (z + at)z)
exp | — .
VAnbt 4bt

Using the convolution theorem in reverse then gives

1 0 (2 + at — £)?
uot) = = [~ fe)exp (4bt> . (2.20)

[ffl(eiatwefbwgt)](x) _

2.1.6 Stirling’s Formula

In probability theory for discrete variables, the binomial distribution is defined as

f(k;n,p)'(Z)p’“(lp)"’“ where (’;)k,(n”ik), 0<p<1  (221)

and £k = 0,1,2,...,n, and the values (n

k) are called binomial coefficients. From the

binomial theorem,
— N\ kpn—k
(a+0b)" —Z (k) a”p" v,
k=0
it follows that

n

> flkinp)=(1—-p+p" =1,
k=0
and from the definition in (2.21)

n n—1
Zk~f(k;n,p) =np - Z f(k';n—1,p) =np where k' =k —1.
k=0 k=0

The factorial n! can be approximated using the Stirling series:

nl = 271_”(@)71 1+L+;—|—
T e 12n  288n2 '

If the first term is kept, the result is Stirling’s formula:
n n
!~ V2mn (g) . (2.22)
Stirling’s formula is used extensively in probability theory to establish limiting be-
haviors. In the current context, it can be used to show that the Gaussian distribution
is the limiting distribution of the binomial distribution in the sense that [22]

: f(k;n,p) :
lim =1 for finite |k — np|//np(1—p). 2.23
n=o0 p(k;np, np(1 —p)) | Vet =) (229
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2.2 The Multivariate Gaussian Distribution

The multivariate Gaussian distribution on R is defined as®

: ;—1 ex —lx— Ty=1(x—
P D) & p{ g0 W - ). (2.24)

This is the maximum entropy distribution subject to the constraints”

/p(X;u,Z)dX=1;/ Xp(xsu,E)dX=u;/ (x—p)(x—p)'p(xp, 2)dx = 2.

(2.25)
The integral is calculated with respect to the differential volume element for R", de-
noted above as dx = dxidxy - - - dz,. The above properties can be proved by changing
coordinates as y = E*%(x — ), which reduces the problem to many one-dimensional
integrals. The meaning of a fractional power of a matrix is reviewed in the appendix.
Given a multi-dimensional coordinate transformation y = y(x) (which is written in
components as y; = y;(z1, ..., x,) for i = 1,...,n), the following well-known integration
rule (which is a restatement of (1.38) in different notation) holds:

/ F(y)dy :/ F(y(x))| det J|dx (2.26)
y(D) D

where dx = dx1dxs - - - dx,, dy = dy1dys - - - dy,, and
7o {3Y 3Y]

Oz’ Oy,

is the Jacobian matrix of the transformation and | det J| gives a measure of local volume
change. D is the domain of integration in terms of the coordinates x, and y(D) is the
new domain to which each point in D is mapped under the transformation y(x). In
the current context, the range of integrals over x and y are both copies of R", i.e.,
D=y(D)=R"

2.2.1 Conditional and Marginal Densities

A vector x € R™ can be partitioned as

X
T <x1> = [xi,x;]" e RMH"2
2

where x; € R™ and x, € R"2. The notation [x],x2]7, which takes advantage of the
fact that the “transpose of a transpose is the original,” has the benefit that it can be

51t is unfortunate that the notation for the one-dimensional case, o(z; p, 02), is inconsistent
with the multivariate case since o becomes X (rather than X?), but this is the notation that
is standard in the field.

n Chapter 1 the notation d(x) was used to denote the volume element dzidzs - - - dzy. In
the expressions in this chapter, the parentheses will be dropped to reduce the amount of clutter,
and dx will be used as shorthand for d(x). This will not cause trouble because x(t + dt) — x(t)
does not appear in any of these calculations.
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written on one line and included in a sentence, whereas it is difficult to do so for a
column vector.

If f(x) = f([xT,x23]T) (which also will be referred to as f(xi,xz)) is any pdf on
R™*72 then the marginal density fi(x1) is defined by integrating over all values of xa:

fl(xl): o f(Xl,XQ)dXQ.

fa(x2) is obtained from f(x;,x2) in a similar way by integrating over all values of x;.
The mean and variance of f1(x;) are obtained from the mean and variance of f(x)
by observing that

H1=/ x1 f1(x1) dxy
R™1

:/ X1< f(x1,X2)dX2) dx;
R™1 R™2

:/ / x1 f(x1,X2) dxa dx;
Rr1 JR72

and

Y= /]R" (Xl - M1)(X1 - Hl)Tfl(Xl)dxl
= / (x1 = ) (x1 — )" ( f(x1,%2) dXz) dxy
R™1 R™2

= / / (X1 — ul)(xl — [.,Ll)Tf(Xl,XQ) ng Xm.
Rn1 JR"2

In other words, the mean vector and covariance matrix for the marginal density are
obtained directly from those of the full density. For example, u = [u], u2]7.

Given a (multivariate) Gaussian distribution p(x; u, X), the associated covariance
matrix can be written in terms of blocks as

21 Yo
E =
(Em 222)
where X1 = ElTl, Yoo = EQTQ, and Yy = ElTQ. The block Y;; has dimensions n; x n;.
In other words, X;; € R™*"™ where ¢ and j can either be 1 or 2.

The marginal density that results from integrating the Gaussian distribution p(x, @, X)
over all values of x5 is

/ p(xT,x2175 u, £)dxa = p(x1; pr, Z11).- (2.27)
Rn2

This should not come as a surprise, since a Gaussian is defined completely by the values
of its mean and covariance.

Another operation that is important in probability and statistics is that of condi-
tioning. Given f(x1,x2), the conditional density of x; given X is

f(xilx2) = f(x1,%2)/ f2(x2). (2.28)
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Evaluating this expression using a Gaussian gives

p([x1, %2175 1, 2)/ p(X2; p2, To) = p(x15 1 + D12 D5y (Xo — p2), D11 — Z12 555 Doy ).

(2.29)

The above formulas follow from decomposing X' into a product of block lower trian-
gular, block diagonal, and block upper triangular matrices as in Appendix A.4.3. Each
of these can then be inverted in closed form resulting in explicit expressions for X! in
terms of the blocks of Y.

In summary, the set of Gaussian distributions has the remarkable property that it
is closed under marginalization and conditioning, and as was demonstrated previously
in the 1D case, it is also closed under convolution.

2.2.2 Multi-Dimensional Integrals Involving Gaussians

Several integral identities involving Gaussian distributions are used throughout this
book. These are stated here and proved in the following subsections.
First, it is well known that

> 1,.2 1 n
/ e 2 dr=V2r = exp (—2XTX> dx = (2m)>2. (2.30)
o0 R

Here x € R™ and dx = dx1dxs - - - dz,,. Note also that
/ 22e73% dx = /27 (2.31)

These identities are used below to prove
1 1
/ exp(—§xTMx —m’x)dx = (27r)”/2|detM|_% exp <2mTM_1m> (2.32)

and .
ny2 H(GA™)

1
xT Gx ex <—XTAX> dx = (2w .
/ n P2 (2m) | det A[=

These integrals have applications in the analysis of elastic network models of proteins

[9]-

(2.33)

Proof of Equation (2.32)

Consider the integral
1
1 :/ exp(—ngMx— m”x)dx.

Using the change of variables z = M?2x — M~2m implies that dz = | det M|%dx and
x = M_%(z + M_%m). Therefore

1 1 1
/ exp(—=z'z + ngMflm)dz

| det M|2 Jr 2
1T hr—1
exp (im M m)/ 1 4
= exp(—=z" z)dz.
| det M|z Pl

And so, (2.32) follows from (2.30).
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Proof of Equation (2.33)

It is also convenient to have closed-form solutions for integrals of the form
T L r
J = x* Gx exp —§x Ax | dx.

Let z = A3x. Then

1 1
J = 71/ zTAféGAfézexp <ZTZ) dz.
|det Az Jgn 2

Now let G/ = A=2GA~2. Then it is clear that off-diagonal terms of G’ do not contribute
to this integral since odd moments of Gaussians are zero. Therefore,

1 Iy 1
J = 7/ “z? ex (—ZTZ> dz
|det A|2 Jr Zg P\

=1

1 Z" >~ > 1
‘ det Alé g“ /—oo ZZ ‘ “ /]R"*l P < 2yZ yZ) vi

where y; € R* ! is the part of z € R™ with the z; component removed. The value of
the integrals are independent of 7, and

3 g = () = tr(ATEGATE) = tx(GA™Y),
1=1

and so, (2.33) follows.

2.3 The Volume of Spheres and Balls in R™

The volume of the (n — 1)-dimensional hyper-sphere with unit radius, S"~* C R”, and
of the open ball B C R" enclosed by S"~! appear in a number of geometric and
statistical applications. The argument used here for computing these volumes follows
that given in [12]. Before proceeding, a note is in order regarding the use of the word
“volume.” In the case of n = 3, the “volume” of the sphere S? is its surface area, and
in the case of n = 2, the “volume” of the circle S' is its perimeter. In contrast, the
“volume” of the ball B2 is the area on the interior of a circle, and the “volume” of B3
is the classical volume in R? bounded by the sphere S2. In general, the volume of an
n-dimensional manifold will be an n-dimensional measurement.
Consider the isotropic Gaussian distribution on R™ with zero mean written as

1 1
plx;p =0, =0%I) = @y an exp(—5[[x|*/o%).

If x = ru where r and u = u(¢1, ¢a, ..., ,,—1) represent “hyper-spherical” coordinates,
then the Jacobian determinant relates the change from Cartesian coordinates as

ox 0x ox

dx = E,ym, ...,7a¢n_1

det [ ] ’drdqbl o dpp g = dV (¢)r" tdr
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where dV (¢) is the volume element for the sphere S"~1. The volume of S™~! is then

Vol(S™1) :/ dV (o).
Sn—l
This can be computed directly by extending the usual spherical coordinates to higher
dimensions in the natural way as

. €OS (1 sin ¢ sin
oS ¢1 sin ¢ . 1 . 02 . 03
(2) _ ( cos P13 _ . . . (3 _ | sin @1 sin ¢ sin @3
u . ;ou sing;sings |; u .
sin ¢ COS ¢ Sin @3
COS (o
COS @3

;o ete.,

computing Jacobian determinants for each case, and then integrating over the appro-
priate range of angles, 0 < ¢; < 2m and 0 < ¢; < 7w for 1 <7 < n — 1. Or, the volume
of the unit sphere can be calculated indirectly, as it is done below.

From the fact that p is a pdf,

1:/ p(x;0,0°1)dx

Rn
= / p(ru; 0,0 1)dV (u)r" tdr
0 Jsnt
1

= @ren </ exp(r2/(202))r”1dr> Vol(S™1).
s g 0
Therefore, it must be that

1

@y 2gn /OOO exp(—r?/(20%))r"tdr = 1/Vol(S™ 1)

for any value of 0. Letting s = r/(1/20), the integral on the left becomes
oo oo 1
/ exp(—r?/(20%))r"tdr = 2”/20"/ exp(—s?)s" " tds = 52”/20"F(n/2).
0 0

This can be taken as the definition of the Gamma function, or it can be viewed as the
result of the change of coordinates t = s2 from the more standard definition

I'a) = /Ooo et tdt (2.34)

with o = n/2.
In any case, since the Gaussian pdf integrates to unity, the factors of 2"/2¢" cancel,
and it must be that %F(n/?)Vol(S”‘l) = (m)"/?, or

2(7.(_)71/2
r(z)
This is the volume of a unit hyper-sphere S"~! C R"™. The volume of a hyper-sphere

of radius 7 would be 7"~ ! times this quantity. The volume of the unit ball B” C R" is
then obtained by integrating over all of these spherical shells as

Vol(S" 1) =

(2.35)

1 2 n/2 1
Vol(B™) = / Vol(S"Hr"tdr = (W)n / " Ldr.
0 r(z) Jo
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In other words,

o 2(7T)n/2 B (7‘r)"/2
Vol(B") = T TEY) (2.36)

The first few values of I'(n/2) are given in the following table:

Table 2.1. The First Few Half-Integer Values of the I'-Function

T(n/2)

J
1

V2
1
3y/7/4
2

UL W N =3

Note that for integer arguments, I'(m) = (m — 1)!.
The shorthand notation
(@)

Vol(S" ') =0, and Vol(B")= 7" (2.37)

will be useful.

2.4 Clipped Gaussian Distributions

The Gaussian distribution has many interesting and useful properties. For example, it is
the maximum entropy distribution of given mean and covariance, it satisfies a diffusion
equation, as a family of parametric distributions it is closed under the operations of
convolution and conditioning. In addition, its higher moments can be computed as
closed-form integrals. It would be useful to take advantage of these properties when
fitting a density to measured data on other domains such as spheres. However, a problem
that immediately arises is that for compact domains, something must be done with the
infinite tails of the Gaussian distribution. Two options are to wrap the tails around
(resulting in a “folded” Gaussian), or to clip the tails. The folded Gaussian for the circle
is discussed in Section 2.5. While this is a viable option in some cases, a more general
procedure that can be used for other finite domains is clipping. In the subsections that
follow, the properties of the univariate clipped Gaussian are obtained, and extended to
the multi-dimensional case.

2.4.1 One-Dimensional Clipped Gaussian Distributions

Suppose that we want to clip the Gaussian distribution with mean at = = 0 defined by

1 7m2/208

p(x;070'0) - ma €
0

This is defined on the real line. By restricting it to the unit circle, which we identify
with the interval [—, 7], the mass is reduced from unity to
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r(op) = /7r p(x;0,00)dz < 1. (2.38)

—T

An exact expression for r(og) can be found in terms of the error function

2 x
erf(x) = —/ et dt. (2.39)
T Jo

However, if kog < 7 for k > 3, then r(0g) ~ 1 is a good approximation.
The variance of a clipped Gaussian is then

1 /Tr 2.2 2 0’2 W/UO 2

2 _ 2 —x /20’0d _ 0 / 2 _—y /2d

o _— T7e r=— ye V.
V2moor(op) J—x V27mr(oo) J=x/oo

This can be written as

2
2 o 21 W2/(2U2)}
0" = —— |V21 — —e¢ 0
V2mr(og) [ 00

by using integration by parts. As o9 — 0, then o — 0.

2.4.2 Multi-Dimensional Clipped Gaussian Distributions

The integral of a multi-dimensional Gaussian distribution over the interior of an ellipsoid
defined by

XTZO_ 'x =d?
can be computed in closed form (using error integrals). We can therefore clip a multi-
dimensional Gaussian distribution along the boundary of such an ellipsoid and renor-
malize the resulting distribution so as to be a pdf. In other words, a clipped Gaussian
is defined relative to a Gaussian as

p(x, X0)/r(Xo, a) for xT Ty x < a?
pe(x, Yo, a) = (2.40)
0 otherwise

where

T'(Eo,a) = /Tx_l , p(X, Eo) dx.
X 0 x<a

The covariance of a clipped Gaussian is then

Y= xx7 pe(x, %o, a) dx. (2.41)

xTEglx<a2

1
By making the change of variables y = 3, *x, it follows that

1 1
s-st [ ety a5 (2.42)
yTy<a?

The above integral can be computed in closed form. This is done below for the three-
dimensional case. The two-dimensional case is left as an exercise.
It will be convenient to define
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fola) = /Oa e dr = \/Zerf(a/\/i)

a
fila) = / r2e " 2dr = —qe=/? + fo(a)
0

and u
fala) = / rhe 2y = 3f1(a) — ade= /2,
0
Then
m(Xy,a) = / exp{—xT Xy 'x}dx = 4n fi(a) - |EO\%
xTZ'(;lx<a2
and

(o, a) = m(%o,a)/(2m)*| %o * = ﬂh(a).

Using spherical coordinates,

rsin 6 cos ¢
y = | rsinfsin¢ |,
rcosf
a 27 T
2 fa(a
/ nypc(yJﬂ)dy:/ / / ny,oc(y,La)TszdW@:\[Q()l
yTy<a? r=0J¢0 Jo=0 T 3

where

fa(a) = / rie " 2ar.
0
This can be computed in closed form using integration by parts. Therefore (2.42) reduces

to
__faa)
Y=g e (2.43)

As a — oo, X — 2.

2.5 Folded, or Wrapped, Gaussians

In some applications, data on the circle is given, and a corresponding concept of Gaussian
distribution is needed. One approach that was discussed in the previous section that
could be applied to this end is to “clip the tails” of a Gaussian outside of the range of
values 0 € [—m, 7] and renormalize the result in order to make it a valid pdf. In contrast,
the tails can be “wrapped around” the circle as

oo

pW(9§ Hs 0) = Z p(9 - 27Tk; Hs 0)7 (244)

k=—oc0

where if 11 is outside of the range [—, 7], it can be “put back in the range” by subtracting
21N from it for some N € Z until it is in range.

If o is very small and g = 0, only the £k = 0 term in the above sum needs to be
retained, and there is no distinction between the original Gaussian restricted to the
range 0 € [—m, 7|, the Gaussian clipped to this range, and the folded Gaussian. But as
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o increases, so too do the values of |k| that need to be retained. As o becomes very
large, it becomes impractical to compute (2.44).

However, there is an alternative representation of the folded Gaussian that uses the
fact that it is a periodic function. Recall that any 27-periodic function, i.e., a “function
on the unit circle,” can be expanded in a Fourier series:

2

f(@):% Z f(n)e? where f(n)= f(0)e=™m0dp, (2.45)

n=-—oo 0
where ¢ = cosnf+isinnf and i = v/—1. Here f(n) are called the Fourier coefficients,
or circular Fourier transform. These coefficients can be computed in closed form for
(2.44). This leads to the Fourier series representation of the folded Gaussian distribution:

2 2

1 1N .
. e —Gn — . 2.4
pw (B, 0) = 5= + W}ﬂje cos (n(0 — ) (2.46)

As o becomes large, very close approximations can be achieved with the first couple
of terms in the summation in (2.46). In contrast, as o becomes very small, using very
few of the terms in the series (2.44) will produce a very good approximation when p = 0.

The general theme that a Gaussian on a space other than the real line can be
approximated well as a Gaussian restricted to a smaller domain when ¢ is small, or as a
generalized Fourier series expansion when o is large, will recur many times throughout
this book.

Note that the above “folding” process is not restricted to Gaussian distributions;
any well-behaved function, f(x), defined on the line can be wrapped around the circle.
The resulting folded function, which is 2w-periodic, is related to the Fourier transform
of the original non-periodic function on the real line through the Poisson summation

formaula [1]:

- 1 ko
> fO+2m) = o > FS) (k)™ (2.47)
n=-—o00 k=—o0
In other words, the Fourier coefficients of the folded function are related to the Fourier
transform of the original function as

2.6 The Heat Equation

In this section, the relationship between the Gaussian distribution and the heat equation
(also called the diffusion equation) is developed.

Sometimes the exact solution of an equation is not as critical as knowing how its
mean and covariance behave as a function of time. This is illustrated both in the one-
dimensional and multi-dimensional settings in the following subsections.

2.6.1 The One-Dimensional Case

Consider the diffusion equation on the real line with time-varying diffusion and drift
coefficients, k(t) and a(t):



2.6 The Heat Equation 49

of 1, 0°f of
S = 5kO55 —alt)5. (2.48)

The initial condition is f(x,0) = d6(x). The solution f(z,t) can be obtained in closed
form, following essentially the same procedure as in Section 2.1.5, and then the mean
and variance can be computed from this solution as

o0

u(t) = /Oo xf(x,t)de and az(t) = / [ — u(t)]Qf(:c,t)dx. (2.49)

— 00 — 00

Alternatively, the mean and variance of f(z,t) can be computed directly from (2.48)
without actually knowing the solution f(z,t). In fact, many properties of f(z,t) can
be determined from (2.48) and the corresponding initial conditions without knowing
f(z,t). For example, integrating both sides of (2.48) with respect to z yields

%/Z flx, t)dx = 0.

This follows because

/OO 8 4o — f(a,0)| I i ) i

ox r=T o 022" T B

—00 T=—00

and under the boundary conditions that f(z,t) and 0f/0x decay rapidly to zero as
x — Fo00, these terms become zero. Since the initial conditions are a delta function in
x, it follows that

[qu¢mle

In other words, (2.48) preserves the initial mass of the distribution over all values of
time after t = 0.
To compute ((t), multiply both sides of (2.48) by x and integrate. On the one hand,

/ xgdm = i/ xf(x,t)de = d_u
—00 —00 dt
On the other hand,
< of . 1 < 9%f < af
/_Oo xadx = §k(t) /_Oo x@dx —af(t) /_Oo x%dx.

Evaluating both integrals on the right side by integrating by parts and using the con-
ditions that both f(x,t) and 0f/0x decay rapidly to zero as x — +00, it becomes clear
that

Hoa) o u)= [ atsis (250)

A similar argument shows that

d

%(02):143(15) or UZ(t):/o E(s)ds. (2.51)
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2.6.2 The Multi-Dimensional Case

Consider the following time-varying diffusion equation without drift:

of 1 O f
a - 5 i%:% D” (t) 6331895] ’ (252)

where D;;(t) = Dj;(t) are the time-varying diffusion constants. If f(x,0) = d(x), then
integrating (2.52) both sides over R” and using integration by parts in x shows that the
unit volume under the curve is preserved.

Multiplying both sides by xxx; and integrating over x € R™ gives

d 1 & 0% f
G =5 Y Dyl [ g dx (253)

i,j=1

Let the integral over R" ! resulting from the exclusion of the integral over z; be denoted
as

/X_Ii f(x)dx/dx; =

o oo %) )
/ / / / flay,yxy)dey - - - dryqdxigq - - - dxy,
rp=—00 Lj—1=—00 J Tj41=—00 Tp=—00

so that

[ ogax= [ Z ( / B f(X)dx/de-) = [ - ( / i f(x)d%) /o

An integral over n—2 degrees of freedom denoted by the integral with subscript x—z;—x;
follows in a similar way.
From integration by parts

O*f of |~ >0 of
/n TRTy duidz,; dx = /xz [xkxl 9z, . — [m oz, (xkxl)(??jdxi dx/dx;.

The assumption that f(x,t) decays rapidly as ||x|| — oo for all values of ¢ makes the
first term in the brackets disappear. Using the fact that dx;/0x; = d;;, and integrating
by parts again (over x;) reduces the above integral to

32
/n TrT] 83?18.};‘] dx = 5kj5il -+ 5ik5lj~

Substituting this into (2.53) results in

d

%(Ukl) = Dy(t) or op(t)= /O Dy (s)ds. (2.54)

Therefore, even without knowing the form of the time-varying pdf that solves (2.52)
it is possible to obtain an exact expression for the covariance of the solution.
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2.6.3 The Heat Equation on the Unit Circle

The heat equation on the circle is exactly the same as the heat equation on the real line
(with 6 replacing z as the spatial variable). However, the topological constraint that
0 = £ represents the same point means that the long-time solution will be completely
different than in the unconstrained case on the real line. Whereas the Fourier transform
can be used to solve the heat equation on the line, the Fourier series expansion is used
on the circle.

The result is that the solution on the line can be folded around the circle. In other
words, the solution to the heat equation on the circle for constant diffusion coefficient
k

3

of 1, 9%f . _
= = ik@ subject to f(0,0) = 4(0),
is
[e%e] 1 1 1 ° 2
0,1) = 0 — 2mk; 0, (kt)?) = — + = > e /2 cos o). 2
£(0,8) k;ﬁp( ks 0, (kt)®) ngle cosn (2.59)

This is the folded Gaussian in (2.46) with 0? = kt and u = 0.

2.7 Gaussians and Multi-Dimensional Diffusions

In the previous section, the evolution of the mean and covariance of a diffusion equation
was obtained without knowing the time-varying pdf. Here, the pdf is sought.

2.7.1 The Constant Diffusion Case

Consider the diffusion equation

of 1 & af?
— = D —F—— 2.56
8t 2 ijZ: J 8I18I] ( )
subject to the initial conditions f(x,t) = §(x), where D = [D;;] = DT is a constant
matrix of diffusion constants.
Since diffusion equations preserve mass (see Section 2.6.2), it follows that

fx,t)dx =1 (2.57)
be
for all values of time, ¢t € R+.
Try a solution of the form
1
f(x,t) =c(t) exp(—ixTA(t)x) (2.58)

where A(t) = ¢(t)Ap and Ay = [av;;] = AL. Then, from (2.57) and the formula (2.83)
derived in the exercises, it follows that

c(t) = (ﬁ?)n/z | det A2
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With this constraint in mind, substituting f(x,t) into (2.56) produces the following
conditions on ¢(t) and Ay:

¢ = —¢? Z Djja;

ij=1
'xT Agx = —¢? Z D;; (Z Otmfl?k) (Zn: Oéjl$l>
i,j=1 =1

where ¢/ = d¢/dt.

Both of the conditions (2.59) are satisfied if Ag = apD ™! and ¢(t) = (apt)~! for
some arbitrary constant ag € R~q. But since A(t) = ¢(t)Ag = t~* D!, this constant
does not matter.

Putting all of this together,

1 L 71
t) = ——x D . 2.59
F000) = ey O3 D7 (2:59)

Stated in another way, the solution to (2.56) is a time-varying Gaussian distribution
with X(¢) = ¢D when D is symmetric.

2.7.2 The Time-Varying Case

Consider again (2.56), but now let D = D(t). Try a solution of the form
1
f(x,t) = (2m) "2 det 2(¢)| "2 exp(fixTzfl(t)x) (2.60)

where X(t) is a time-varying covariance matrix, the form of which is as yet undeter-
mined. This guess is simply f(x,t) = p(x;0, X(t)).

The derivatives with respect to x; are evaluated as before, using the chain rule. The
time derivative is evaluated as follows:

0 d(| det 2|3 1
8{ (277)—”/2% exp(—ixTE_lx)
d 1
+(2m) 72| det 2\*%% [exp(QxTZ'lx)}
1 s d(det 3) 1
- __ n/2 O\SEL =) L o Ty—1
2(27) |det |2 o exp( 5% Y 'x)
—E(ZW)_"/Q\detZ’r% xTi[Z'_l]x exp —EXTE_lx
2 dt 2 )

On the other hand,
1 zn: 1 {—tr (DX ") +x"(X7'DXN)x} f(x,1)
2 = Dij 8531896] 2 e

Therefore, if

% =tr(DXY)  and 1[2*1] =y 'pyt (2.61)

det X1
| det X| 7
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then (2.56) with variable diffusion coefficients will be satisfied. Since®
%(224) =0 = %[2*1] =y lyy-1
the second equality in (2.61) will be satisfied if D = %. In this case the first equality in
(2.61) becomes
%log(det D) =tr(X27h). (2.62)
Under what conditions will this be true?

Case 1:
From Systems Theory (as reviewed in the appendix), if & = exp(tSp) where Sy = ST

is constant, then
det ¥ = etr(tso) _ et(trSO).

Therefore, in this special case
d
pr log(det X) = tr(Sp).

Likewise, if X = exp(tSp), then tr(2X~1) = tr(Sy). Therefore, it can be concluded that
a sufficient condition for the Gaussian in (2.60) to be a solution to (2.56) is if a constant
symmetric matrix Sy can be found such that D(t) = Sy exp(tSy).

Case 2:
The condition in (2.62) will be satisfied if X' = o (t) X where o(t) is a differentiable
scalar function of time and Xy = Y. Substitution into (2.62) yields the condition

d
7 log(o™ det 5y) = oo~ tr(I).

Since log(a - b) = loga + logb, and 4 loga(t) = a/a, the above condition becomes

1
n—1
on no

6 =néo !,
which is always true. Therefore any o(t) will work. '

A broader condition that encompasses both Case 1 and Case 2 is D(t) = S(t) exp S(t)
where S = ST and [S,5] = 95 — SS =0.

Under this condition,

Z‘(t):/o D(s)ds. (2.63)

2.8 Symmetry Analysis of Evolution Equations

The concept of symmetry can have several meanings when applied to evolution equa-
tions.? For example, the diffusion matrix in the multi-dimensional heat equation might
have symmetries in it other than the primary symmetry D = D?T. That kind of sym-
metry is reflected in the solution of the equation. Another kind of symmetry is that
the equation itself can be solved when the independent variables undergo a non-linear
change of coordinates. Both of these concepts of symmetry are addressed in this section.

®Here O = % (1) is the zero matrix.
9These are equations with a single partial derivative in time, and multiple partial derivatives
in space. They include, but are not limited to, diffusion equations.
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2.8.1 Symmetries in Parameters

Consider a drift-free diffusion in R™ with constant diffusion matrix D = D7, and let
the solution be denoted as f(x,t; D). Since the dependence on D and ¢ always appears
as their product, the solution has a continuous scale symmetry of the form

f,t:D) = f(x,t/a;aD)

for any a € Ryg.
In addition, since the solution is the Gaussian distribution in (2.59), it can be verified
that

f(x,t; D) = g™/ f(\/px,t; BD).

If D = o2I, then any change of spatial coordinates of the form y = Qx where
QT Q = I will preserve the solution:

f(@Qx,t;0°I) = f(x,t;0°1).

In contrast, if n = 3 and D = diag[o?, 07, 03] is the diagonal matrix with the indicated
entries on the diagonal, then

cosf —sinf 0
R3(0)"DR3(0) = D where R3(f) = | sinf cosf0 |,
0 01

and so
f(Rfi(a)th;D) = f(X,t;D).

These symmetries all involve simple transformations of the coordinates. Less obvi-
ous symmetries result by examining operators which, when applied to the equation of
interest, leave it invariant in a sense that will be made precise.

2.8.2 Infinitesimal Symmetry Operators of the Heat Equation

Let Qf = 0 denote any partial differential equation, where @ is a differential operator
in temporal and spatial variables (¢,x) € R>¢ x R™. For example, for the heat equation
on the real line where there is only one spatial variable (¢,x) becomes (¢, z) and

0 0?
=% o2

where the diffusion constant, k, is chosen to be k = 2 here for convenience.

A body of literature exists that addresses the question of how to obtain new solutions
of Qf = 0 from old ones. In particular, if it is possible to find a first-order operator of
the form

L ="T(x, t)% + zzj; X, (%, t)a%i + Z(x,1) (2.64)
where T'(x,t), X;(x,t), and Z(x,t) are analytic functions such that
[L,Qlf(x,t) = R(x,1)Qf where [L,Q]=LQ - QL, (2.65)
then f' = Lf will solve Qf" = 0.
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At first this might seem surprising, but since the condition in (2.64) reads LQf —
QLf = RQf, and since Qf = 0, it must be that 0 = QLf = Q(Lf) = Qf’.

Following [2, 3, 4, 17, 19, 21], the infinitesimal operators that transform solutions

of the heat equation into new solutions are presented below. In this case there is one
spatial dimension and so

t Q—I—X(x,t)g

L=T( )5 g

+ Z(x,t).

Some mundane calculus yields

arr = (2~ ) (e s xte0 2 + 2000)

- (5) (5) 2 (G) - () (G2) (e + (57)
()~ () (&) > (52) (o) -7 (s

() (&) (&) (5) - (5)
()72 (50) (5) -7 (&)

2
LOf = (T(z,t)gt + X(Lt)a% + Z(m)) (; - aiﬂ) f

Pf | 0f o2f L of  of 0
=T " Tona " X oror Yo TP o

Note that every term in LQ f can also be found in QL f. Subtracting, and reorganizing
the terms that result, yields

aT 9T\ of (0X 92X 97\ Of
@ L)f = (&S_Bx?)&f+(8t_8x2 ‘2az)ax

T\ o%f OX\ 82f (07 8*Z
*(‘2&5) axat+(_2m>ax2+<at_ax2> J

and

Since [Q, L] = —[L, Q], (2.64) is the same as computing [Q, L]f = —RQf where
2
RQf = Rg - Ry

Then equating the coefficients in front of each term involving f, the following five
equations result:

or 0T
X
25— =R (2.67)
0X  0’°X 07

5 92 2% =0 (2.68)
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ar

oo =0 (2.69)
0z  0*Z

These equations completely determine the structure of the operator L that transforms
solutions into solutions.

Starting with (2.69), the restriction T'(x,¢) = T'(t) must be observed. Then, using
this result in (2.66) means —R(x,t) = T”(¢). This in turn can be substituted into (2.67)
to yield

1
X(z,t) = 5T (D)2 + e (t)
where ¢;(t) is a yet-to-be-determined function resulting from integration over x. Sub-
stituting this into (2.68) forces the form of Z(z,t) to be

1 1
Z(x,t) = gT”(t)ac2 + 50’1(13):5 + ca(t).

Substituting this into (2.70) forces
T =0 ) =0 () = 1170)
It follows that
T(t) = aot® +bot +co;  c1(t) = apt + fo;  c2(t) = %agt + Y%

where ag, b, co, ag, 8o, Vo are all free constants.
This means that any L with the following form will map solutions of the heat equa-

tion into solutions:
T(l‘, t) = a0t2 + bot + ¢
X (z,t) = (aot + bo/2)x + apt + Fo

1 1 1
Z(x,t) = iaoxz + J o0z + §a0t + Y.

In fact, the space of all allowable L operators is a vector space with elements of the

form
L =agly 4 boLo + coLs + agLa + BoLs 4+ voLs

where the following serves as a basis:

Ly = tQ% + xt% + ixQ - %t (2.71)
Ly = t% + %xa% (2.72)
Ly = % (2.73)
Ly = ta% + %x (2.74)
Ls = (% 2.75)
Le = 1. (2.76)
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In addition to being a vector space, operators of the form of L given above are also
closed under the Lie bracket, [-,-]. In other words, [L;, L;] for any 4,j € {1,...,6} will
result in a linear combination of these same basis elements. This makes the space of all
L operators that map solutions of the heat equation into solutions a Lie algebra [16].
This concept will be defined more rigorously in the appendix and in Volume 2.

2.8.3 Non-Linear Transformations of Coordinates

Consider the heat equation

of _of

ot 9a?
and assume that an f(xz,t) has been obtained that satisfies this equation. For the mo-
ment, the initial conditions will be left unspecified.

The following matrices can be defined [17]:

102w+ uv/2
B =B(u,v,w)= |01 u where w,v,w € R (2.77)
00 1
and
A=A, 8,7,9) = (: g) where «,f3,7,0 € R and ad — fy=1. (2.78)

It is clear that since det A = 1 by definition, then the product of two such matrices
also satisfies this condition: det(A;As) = det Ay det As = 1. Likewise, the form of the
B matrices are preserved under matrix multiplication, and

B(u,v,w)B(u',v",w") = Blu+u',v+ v, w+w" + (v’ —wv')/4).

These are examples of matriz Lie groups which, roughly speaking, are groups of con-
tinuous transformations, the elements of which are matrices. The group operation is
matrix multiplication.

It can be shown (see Exercise 2.18) that transformations of the following form convert
solutions into solutions [17]:

(Tv(B)f)(x,t) = exp% {513 + bazx + ;b§3t] f(x + bia + bast, t) (2.79)
and
B x23/4 1 x y+ta
T = e (522 ) G40t (5 by )| @8)

In other words, if f(z,t) is a solution to the heat equation, then so too are
fi(z,t) = (Th(B)f)(z,t) and fo(x,t) = (T2(A)f)(z,t). This means that applying these
transformations twice with different permissible matrices A; and B; will also take solu-
tions into solutions:

fi(z,t) = (T (B2)Th(B1) f)(x, ) = (Ta(B2)(T1(B1) f))(, 1)
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and
fa(x,t) = (Ta(A2)To (A1) f) (2, 1) = (T2(A2)(T2(A1) f)) (2, 1).

This gets really interesting when these definitions are combined with the closure property
under multiplication of matrices of the same kind since

Tl(BQ)Tl (Bl) = Tl(BQBl) and TQ(AQ)TQ(Al) = TQ(AQAl). (281)

What this means is that there are two independent sets of three-parameter transforma-
tions that can map solutions into solutions. And furthermore, these can be combined
since (To(A)(T1(B)f))(z,t) and (T1(B)(T2(A)f))(x,t) must also be solutions.

In Volume 2 this example will be revisited as an example of a six-dimensional Lie
group, where the A matrices and B matrices each independently form three-dimensional
subgroups.

2.9 Chapter Summary

Many aspects of the Gaussian distribution were reviewed. These include the parametriza-
tion of multi-dimensional Gaussians by their mean and covariance, the form of marginals
and conditionals of Gaussians, the properties of Gaussians under convolution, the maxi-
mum entropy property, and the relationship between Gaussians and diffusion /heat equa-
tions.'? Finally, a brief review of the theory of symmetry analysis of partial differential
equations, as applied to diffusion equations, was presented. This forms the first of many
links between the topic of diffusion equations and Lie groups that will be forged through-
out these books.

The connection between Lie group methods and partial differential equations has a
long history dating back to the 1950s [25, 26, 27, 28]. In addition to those references
cited earlier in this chapter, significant progress on this topic was made through the
1970s and 1980s including [5, 13, 14, 18, 20]. These approaches have been used for very
complicated partial differential equations, such as in [21].

The next chapter will serve as a more formal introduction to probability and in-
formation theory. With the concrete example of the Gaussian distribution in mind, it
should be easier to tackle these problems. Furthermore, the maximum entropy property
of Gaussians, as well as their role in the central limit theorem will justify what might
appear to be a preoccupation with Gaussians in the current chapter.

2.10 Exercises

2.1. Verify (2.6) by performing the integrals in the definitions of 0 and s.
2.2. Verify (2.10).

2.3. Verify (2.14) by: (a) directly computing the convolution integral in (2.13); (b) using
the convolution property of the Fourier transform (2.17).

1ONote that although these equations were written in Cartesian coordinates in this chapter,
it is possible to convert to polar, spherical, or other coordinates. For covariance matrices with
symmetry, this can be more convenient. See [8] for a detailed discussion of different curvilinear
coordinate systems.
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2.4. Using the same reasoning as in Section 2.1.2, compute: (a) the maximum entropy
distribution on the real line subject to the constraint that it has a specified value of
the spread (rather than variance); (b) the maximum entropy distribution on the finite
interval [a, b] subject to no constraints.

2.5. What is the exact expression for the functional F(€?) in Section 2.1.2?

2.6. Prove that for any suitable fi(x) and f(z), the convolution theorem (2.17) holds.
Hint: a change of variables and a change in the order in which integrals are performed
will be required.

2.7. Verify (2.27). Hint: Use the block decomposition in (A.70) to obtain an explicit
expression for X1

a+b _ eaeb.

2.8. Verify (2.29). Hint: Use the property of the exponential function e
2.9. Calculate the exact form of r(o¢) in (2.38) in terms of the error function in (2.39).

2.10. Work out the covariance matrix for the 2D clipped Gaussian in analogy with the
3D case presented in (2.43).

2.11. Following the steps in Section 2.1.5, derive the closed-form solution f(x,t) that
satisfies (2.48) subject to the initial conditions f(z,0) = 6(z).

2.12. Using (2.49), show that the mean and variance of f(x,t) computed from (2.48) in
(2.50) and (2.51) are the same as computed directly from the closed-form solution of
f(x,t) obtained in the previous exercise.

2.13. Verify (2.46) analytically by computing the Fourier coefficients pw (n;pu, o) of
(2.44).

2.14. Using integration by parts, prove (2.50) and (2.51).
2.15. Show that the matrices in (2.77) and (2.78) are invertible.
2.16. Find the nine basis operators {L;} that take solutions of

of 0*f  0°f
into other solutions.

2.17. Find the thirteen basis operators {L;} that take solutions of

of  O*f | O*f | O*f

ot 0z T oy2 T 022

into other solutions.

2.18. Verify that transformations of the form in (2.79) and (2.80) will transform one
solution into another. Hint: Use the chain rule.

2.19. Verify that the two equations in (2.81) hold. That is, first compute two concate-
nated transformations, and then compute the single transformation resulting from the
matrix products, and compare.

2.20. Show that for A € R™*" with A = AT > 0,
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1
/ exp(—ixTAx)dX = (2m)™/?| det A| 3. (2.83)

Hint: Decompose A = QAQT where @ is orthogonal and A is the diagonal matrix
consisting of eigenvalues of A, which are all positive.

2.21. Verify (2.59) by substituting (2.58) into (2.56) and using the chain rule.

2.22. Can a 2 x 2 matrix S(¢) be constructed such that X' = exp S which does not fall
into Case 1 or Case 27 If so, provide an example. If not, explain why not.

2.23. Determine conditions under which the time-dependent diffusion with drift

of 1L of? - of
ot 2 z_: Diat?) drydr, ;dk(t)aixk (289

)

will have a solution of the form

F(x,1) = c(t) exp {—;[x —a®)Ct)[x — a(t)]] . (2.85)

2.24. Show that the following transformations take solutions of (2.82) into solutions
[17]:

1 1
Ty (w,z,w)f(x,t) = exp [2x “W Zt||w||2 + w} fx+tw+z,1t) (2.86)

where w,z € R? and w € R;

(5+tﬁ)‘1ﬁ><|1 G418 (<5+w>-1x, 7”‘“) (2.87)

1
T x,0) =exp |- PR

where A € R?*? with det A = 1;

(2.88)

T5(0)f(x,1) = F(RT(0)x,t) where R(6) = (9 —sin0>,

sinf cos@
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3

Probability and Information Theory

This chapter serves as an introduction to concepts from elementary probability theory
and information theory in the concrete context of the real line and multi-dimensional
Euclidean space. The probabilistic concepts of mean, variance, expected value, marginal-
ization, conditioning, and conditional expectation are reviewed. In this part of the pre-
sentation there is some overlap with the previous chapter, which has some pedagogi-
cal benefit. There will be no mention of Borel measurability, o-algebras, filtrations, or
martingales, as these are treated in numerous other books on probability theory and
stochastic processes such as [1, 14, 15, 32, 27, 48]. The presentation here, while drawing
from these excellent works, will be restricted only to those topics that are required either
in the mathematical and computational modeling of stochastic physical systems, or the
determination of properties of solutions to the equations in these models.

Basic concepts of information theory are addressed such as measures of distance, or
“divergence,” between probability density functions, and the properties of “information”
and entropy. All pdfs treated here will be differentiable functions on R". Therefore the
entropy and information measures addressed in this chapter are those that are referred
to in the literature as the “differential” or “continuous” version.

It is shown that the amount of information contained in pdfs decreases with convo-
lution, while the entropy contained in them increases. Information theory and Fourier
analysis are both used in this chapter to derive the central limit theorem, which states
that under suitable conditions iterated convolutions converge to Gaussian distributions.
All of the concepts presented here will be extended to the context of Lie groups in
Volume 2.

For the reader who is already familiar with probability and information theory, the
main point that should be taken away from this chapter is the non-standard notation
that is used. Rather than E[X] denoting the expected value of the random variable!
X, the notation (x) = [xp(x)dx is used here where p(x) is the probability density
function for X. More generally, (f(x)) = [ f(x)p(x)dx for any function, f(x) (which
need not be scalar valued). Instead of denoting the Shannon entropy as H(X), it is
denoted here as S(p). Fisher information is denoted as F'(p). Defining these quantities

! A random variable is a mathematical object such as a scalar, vector, or matrix that does
not have a specific fixed value, but rather can take on any of a number of values. That is, each
time the random variable is queried (or interrogated), it can return a different value. But the
distribution of these values is fixed, meaning that as the number of queries goes to infinity,
the underlying distribution that defines the random variable is observed. The space over which
these values are defined can be discrete or continuous.

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 63
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 3,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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in terms of probability densities rather than random variables will lead to conveniences
when concepts from Lie theory are added to the mix.

For the reader who is not familiar with probability and information theory the main
things to take away from this chapter are:

e To know that the definitions of convolution, mean, covariance, and marginal and
conditional densities, are fully general, and apply to a wide variety of probability
density functions (not only Gaussians);

e To understand the definitions and properties of (continuous/differential) information-
theoretic entropy, including how it scales and how it behaves under convolution;

e To become familiar with the concepts of conditional expectation and marginal en-
tropy;

e To understand the fundamental inequalities of information theory such as the
Cramér—Rao bound and the de Bruijn identity, and the entropy power inequality;

e To be able to follow the statement of the central limit theorem, the conditions
under which it holds, and to have an idea of the various ways that its proof can be
approached.

3.1 Probability Theory in Euclidean Space

This section reviews basic concepts from probability theory on the real line, R, and in
multi-dimensional Euclidean space, R"”.

3.1.1 Basic Definitions and Properties of Probability Density Functions

In classical probability theory a deterministic vector has a specific unambiguous value,
and is denoted in lower case as x € R™. In contrast, a random vector, which can take
on any of a variety of vector values, is denoted in upper case as X € R™. Some of these
values will be more likely encountered than others. The relative likelihood that a specific
deterministic value will be encountered is characterized by a probability density function
(or pdf for short). A pdf on R™ is a non-negative real-valued function that integrates to
unity:2

p(x)>0 V xeR"” and / p(x)dx =1 (3.1)

where dx = dzidzs - - - dx, is the usual integration measure on R™.
The probability that X € B C R" is then computed as

PX e B]= /Bp(x)dx.

Furthermore, the expected value (or expectation) of a function of X is computed as

Ela(X)] = [ abp(x)ix (3.2)

where a(-) can be a scalar, vector, or matrix/tensor-valued function of vector-valued
argument. The mean and covariance are special cases of expected values:

p=EX] and ¥ =E[X-p)X-u".

2Pdfs will be denoted as p(-) and f(-).



3.1 Probability Theory in Euclidean Space 65

The expectation operator is linear due to the linearity of integration, i.e.,
E[blal (X) + bgOéQ(X)] = blE[Oél (X)] + ng[ag(X)]. (33)

This standard notation, while perfectly fine for addressing problems in R, will lead
to some difficulties when considering stochastic modeling problems on Lie groups. This
is because lower case and upper case letters have specific meanings in that context
that are separate from anything having to do with probabilistic concepts. Therefore,
an alternative (but equivalent) formalism to that used in standard probability theory
will be used throughout this chapter. Namely, there will be no mention of random
variables. Instead, only probability density functions and the domains on which these
pdfs are evaluated will appear in equations. Since the very concept of “expected value”
is defined in the context of random variables, there will not be any notation of the form
Ela(X)] throughout the remainder of the book. Instead, (3.2) will be written in the
shorthand («(x)). In words, this is the average of a(x) over the ensemble where the
relative frequency of occurrence of each value of x is specified by the probability density
p(x). In this notation, (3.3) is written as

(brai(x) + baaz(x)) = bi(a1(x)) + ba(az(x)).

While this is not a particularly difficult change of notation, it is important to keep
in mind when translating between statements presented here and the corresponding
statements in other sources.

3.1.2 Change of Variables

Suppose that a probability density function px(x) is given corresponding to the random
vector X € R”, and it is known that another vector is related to X by the invertible
function Y = f(X) € R™. In order to obtain the probability density function py (y),
equal amounts of probability under the two parameterizations need to be equated. If D
is an arbitrary domain and f(D) denotes the image of this domain under the bijective
differentiable mapping f : R” — R", then we know from the inverse function theorem
as stated in (2.26) that

px (x) = py (£(x))]J (x)] (3.4)
where J = dy/0xT, y = f(x), and F(y) = py(y).
Writing (3.4) in another way,

py () = px(E7 )/ [T (3))]- (3.5)
For example, for the affine transformation, y = f(x) = Ax + a,
px (%) = py (Ax +a)|4],
or
py(y) = px (A7 (y —))/|A].
3.1.3 Marginalization, Conditioning, and Convolution

Another generic operation on pdfs is marginalization:

oo oo
/ / p(1, 02, oy T )dT g1 - - .
Tm41——00 Lp=—00

(1,22, oy Tipy)
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This is written here with the variables being integrated over as the last n — m vector
entries, resulting in a pdf on a lower dimensional Euclidean space consisting of the
remaining m components. But marginalization can be over any of the dimensions, not
necessarily the last ones. Finally, the operation of conditioning is defined as

p(xla T2, ...,mm|xm+1,xm+2, ) Z‘n) = p(xlvaa ...,xn)/p(a:m+1,xm+2, ,.'L'n)

where the denominator in this expression is the result of marginalizing p(z1, z2, ..., z,)
over the first m dimensions (rather than the last n — m).

Since addition in R"™ is well defined, random vectors X and Y can be added. If their
corresponding pdfs are px (x) and py (x), then the pdf of X +Y will be the convolution:

pxv (%) = (px * py) (%) = / px(E)py (x — E)dE.

n

3.1.4 Mean and Covariance

Whereas the above definitions generalize easily to domains other than R™ (including
continuous domains such as Lie groups or manifolds, and discrete sets such as permu-
tation groups or graphs), the structure of R™ makes it convenient to define additional
concepts that are useful in the analysis of data in this space. In particular, in R™ the
mean of a pdf is

=)= [ xptode o xop= [ - wpbddx =0 (30)

n

Note that g minimizes the cost function
o) = [ =yl Fi)dy (37)
Rn

where ||v|| = /v - v is the 2-norm in R".
The covariance about the mean is the n x n matrix defined as

D= ((x—p)x—w7) = / = )= ) p(x)dx. (3.8)

It follows from this definition that
/ xxTp(x)dx = X + ppt. (3.9)

If z € R™ is defined relative to x € R™ by the transformation z = Ax + a, where
A € R™*™ is a matrix and a € R™ is a vector, then it is easy to see from the linearity
of the operation of integration that?

nz= (@)= [ (Ax+appaix

([ o) o)

= Apx +a

3Here capital subscripts X and Z are used rather than lower case z and z so as not to
confuse quantities such as pz with a parameterized family of vectors.
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and
Y7 ={(z—pz)(z—pz)")
— [ (xta pug)xra s ug) px)dx
— [ (b= (A - ax]) i)

=/, Alx — px|[x — px]" AT p(x)dx

A b il o)) A7

=AY A",

These calculations are true regardless of whether or not the transformation is in-
vertible (i.e., we did not even have to limit the discussion to the case when m = n and
|A] > 0).

Pdfs are often used to describe distributions of errors. If these errors are concate-
nated, they “add” by convolution:

(o1 % p2)(x) = / p(E)palx — &) dE. (3.10)

n

The mean and covariance of convolved distributions are found as
Misx2 = W1 + Mo and X0 = X7 + Y. (311)

In other words, these quantities can be propagated without explicitly performing the
convolution computation, or even knowing the full pdfs. This is independent of the
parametric form of the pdf, i.e., it works for non-Gaussians just as well as Gaussians.

If the scalar random variables X, X5, ..., X, are all independent of each other, then
the corresponding probability density function is separable:

plx1, @,y xy) = pr(z1)p2(x2) - pn(Tn). (3.12)

When this happens, the covariance matrix will be diagonal.

3.1.5 Parametric Distributions

Every “well-behaved” pdf that either decays to zero rapidly as a function of distance
from the mean, or takes the value zero outside of a bounded domain has a well-defined
mean and covariance. The most important example is the multi-dimensional Gaussian
distribution on R™ with mean p and covariance X

. 1 1 _
(i 5) = ()25 exp S-S x| (319

While the Gaussian distribution in (2.7) is by far the most important and commonly
used pdf, it is certainly not the only one. For example, the multi-dimensional Cauchy
distribution in R™ is defined as [20, 51]
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n+1

po(x;ce,S) =T ( ) (1)~ D/218173 [1 4 (x — e)TS M (x — )] "2 (3.19)
However, this distribution has the drawback that the tails are so “heavy” that the
integral in the definition of covariance does not converge, and hence the covariance is
meaningless. Certainly in the one-dimensional case the integral

1B) - /B 22

—d
B].+bx2 t

diverges as B — oo.

Since the Gaussian is so special, its properties from Chapter 2 are summarized
again here. In addition to being parameterized by the mean vector and covariance
matrix (which guarantees that these quantities exist), the Gaussian distribution has the
following nice properties [8]:

e (Closure under convolution, i.e.,

pa(X; p, 1) * pa (X5 p2, Xo) = pa (X5 iy + pro, X1+ X2).

e C(Closure under marginalization. In particular, it is not difficult to see that if x,,
denotes the first m entries of the vector x € R™, then the m x m covariance matrix

Em:/ xmxﬁp(x)dx:/ XX (X )dX

where

p(xm) = / / .- / P(X)dx11dTpqa - - day,.
Tm4+1=—00 JTm42=—0C Tp=—00

In other words, the covariance matrix of the marginal of a Gaussian distribution is
the part of the covariance matrix of the original Gaussian distribution corresponding
to the variables that remain after the marginalization.

e Closure under conditioning (i.e., the product of two Gaussians is a Gaussian (to
within a scale factor), and when the quotient can be normalized to be a pdf, this
pdf will be a Gaussian).

e The central limit theorem (i.e., the convolution of a large number of well-behaved
pdfs tends to the Gaussian distribution (see, e.g., [15])). This will be proved later in
this chapter.

e Gaussians are solutions to a heat/diffusion equation with d-function as initial con-
ditions.

The Fourier transform of a Gaussian is a Gaussian.
The Gaussian is an even function of its argument.
Gaussians are the maximum entropy distribution for given mean and covariance.

3.2 Conditional Expectation

Consider a bivariate probability density function f(xq,z2) where x = [z, 29]7 € R?
and denote the marginal densities as
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fl(ml) = / f(l‘l,xg)dxg and fg(l‘g) = / f(.fll‘l,l'g)dl’l.
— 0 —o0

The expected value of any function ¢(x1,x2) is defined as

(¢) = /Z /O:O d(z1,22) f (21, 22)d1 d2.

If (a1, x2) = ¢1(21) is independent of x5, then the integral over xo passes through and

<¢> = [w ¢1($1)f1(331)d$1.

Likewise, if ¢(x1, 22) = ¢1(x1)Pa(22), then

(@) =(¢1) - (¢2)-

There is no harm in keeping the arguments of the function and writing (¢(x1,x2)) as
long as it is understood that this is no longer a function of x; or zs since both of these
variables have been integrated out.

The conditional density f(x1|z2), which is read as “the probability density of x;
given that the value of x5 is known,” and f(x2|x1) satisfy Bayes’ rule:

f(@1lze) f2(22) = f(1,22) = f(22|21) f1(21).

And integration over one variable gives

f1(1171) = /jo f($1|$2)f2(582)d332 and f2($2) = /jo f($2|$€1)f1($1)d$1~

Note that f(xq|ze) is a pdf in z; for any choice of xa, but it is not a pdf on the z1-x2
plane, nor is it a pdf in the variable x5 for fixed value of 1. This can be stated as

/ " farfra)de = / " fenwa)/ fol)day = folwn) falws) = 1

but
/ f(x1|ze)dzy #1  and / / f(x1|xo)daodry # 1.

The conditional expectation of any function ¢(x1) given x4 is defined as [27, 32]

. 1 o
(Glanles) = 77— / _oa)f . aa)doy (3.15)

For example, if ¢(z1) = 21, then the conditional mean results.

Note that all dependence on x; is integrated out in the definition of (¢(z1)|z2), and
so this is a function of x5 only. It is also easy to see that from the linearity of the
operation of integration,

(ag(x1) + bp(1)|22) = al{d(1)|2) + b((21)|22)

for arbitrary constants a and b. Furthermore, it follows directly from the definition (3.15)
that
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(B1(z1)p2(x2)|T2) = (P1(21)|72)P2(22) (3.16)
(P1(w1) + d2(x2)|72) = (P1(21)|72) + P2(72) (3.17)

Now let ¥(z2) = (¢1(x1)|x2). Taking the (unconditional) expectation of 1(x2) yields

8

(1 ()laa)) = / (61 (1) 2) fo a2) e

= [m <® /Z ¢1(I1)f($1,xz)dx1) fa(2)dws

[ oian ([ st an)an ) as

- Z b1(1) fr (1) iy

= (¢1(z1))- (3.18)

Note, however, that in general ({¢(x1,x2)|x2)) # (d(x1,z2)).
In the case of a tri-variate distribution® of the form f(z1, 22, x3) the following defi-
nitions can be made:

1

" Fas(wa, 73)

(¢1(z1)|72, 73) /jo o1 (1) f(21, 22, 23)d2y

and

(P12(x1, x2)|23) = @ /C: /C:; d1(x1,22) f(21, 22, v3)d21dTs.

Now let ¥ (2, x3) = (¢1(x1)|x2, x3). Taking the expectation of ¢ (x2, x3) conditioned
on xo and using the above formulas with the appropriate renaming of variables gives
I = ({¢1(x1)|x2, x3)|22), which simplifies to

I = @/_Z /_o;<¢1(x1)|x27x3>f(x1,$2,x3)dx1d$3

= @) /_oo /_OO [—f%(x%xg) /_OO ¢1(331)f(95173327333)d931] fa(x1, 20, x3)dx 1 ds

1 o) o] , , , 1 o0
= Tlwa) /_oo /_OO 1)) f(2), 22, 23)dr) <—f23(x2,:c3) /_OO f($1,$27$3)d$1) dxs

= (¢1(z1)[w2). (3.19)

Extrapolating this to higher dimensions, the following can be written:

[(01(20) |22, 23, ooy ) |22, T3, o0y T 1) = (D1(01) |2, 23, o0y T 1) | (3.20)

This is a pattern that can be recursively applied downward to obtain (¢1(z1)|z2) after
n — 2 conditional expectation operations.

1A distribution in one variable is called univariate. A distribution in two variables is called
bi-variate. A distribution in three variables is called tri-variate. And a distribution in any
number of variables more than one is called multi-variate.
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Everything stated above in the context of bivariate and tri-variate distributions can
be generalized to higher dimensions where x € R™ can be partitioned as x = [x7,x2]7
or x = [x{,x3,x3]7 with the vectors x; € R™ with ), n; = n. Then the vectors x;
can take the place of x; in the above formulas.

In fact, there was nothing special about the structure of R™ that was used. And
so the above concepts generalize nicely to other spaces. For example, z; and x5 could
equally be the angles ¢ and 6 that parameterize position on the unit sphere, as long as
the correct integration measure is used. Such issues will be discussed in future chapters

after sufficient geometric concepts are established.

3.2.1 Jensen’s Inequality and Conditional Expectation

If &(z) is a convex function [3, 39] on R, i.e.,

Dt + (1 - t)y) <td(a) + (1 - t)B(y) Vte[o,1]] (3.21)

then Jensen’s inequality [26] states

@(/Z¢@nmmm)s/zéwm»ﬂ@m

for an arbitrary measurable function ¢(x) and pdf f(z). Jensen’s inequality can be
stated for more general domains than the real line as

(2((9)) < (B0 0)] (3.22)
where (P o ¢)(z) = @(d(x)). As a direct consequence, if ¢(x) = fo(z)/f1(x), f(z) =

fi(z), and &(y) = —logy, the following property of the Kullback—Leibler divergence
(which is defined in the first equality below and denoted as Dy, (f1]|f2)) is observed:

h(z) dx

Dl = [ Ao

)
fé(f)
/flbam)

jé(x
—log/ f fl(x

= —logl =0,

and likewise for domains other than the real line.
Jensen’s inequality also holds for condition expectation. Given a multivariate pdf
f(x,y) with variables partitioned as x and y, this can be written as

P({p(2)ly)) < ((d(2))ly)- (3.23)

In particular, if &(x) = 2% and using the property of conditional expectation in (3.18)

gives
((o(@)ly)?) < ((6°(2))]y)) = (¢*(2))- (3.24)
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3.2.2 Convolution and Conditional Expectation

Consider the very special joint probability density function

flx1,z2) = p1(z1)p2(z2 — 1)

where p; () are themselves univariate pdfs. The marginal densities of f(x1,x2) are then

filz1) =pi(z1)  and  folx2) = (p1 * p2)(z2).

Note that f(x1,x2) is not separable into a product of marginals in x; and xo, but if
w=x; and v = x5 — u, then f(u,v) = p1(u)p2(v). And the area element in the z1-29
plane is equal to that in the u-v plane: dxidrs = dudv. These properties of this change
of coordinates are used below.

Using the invariance of integration on the real line under shifts and inversions of the
argument, together with the commutative nature of addition, the convolution can be
written in the following equivalent forms:

[ee)

(p1 * p2)(x2) = / p1(z1)pa(re — 21)dr

— 00

= [ e - op@d

— 00

= [ e - v

— 00

= (p2 * p1)(x2)

where the substitution v = x5 — 21 has been used.
Denoting the derivative of fo(23) with respect to @9 as fi(xs), it follows that [2, 27,
28]

X1

fi(xa) [ pi(m1)py(xe — 71)
falza) /700 fa(22) !

_ [T ez 0 ()
_/—oo fa(2) !

- f2(1:1:2) /_00 Zi(z;pz(v)pl(@ — v)dv

(
- f2(11'2) /_Oo Zigi;ﬂz(m)ﬂl(mz — x1)dz

(v
_ <P2( ) (E2>.
p2(v)
The variable name v used here is currently irrelevant because it has been integrated

out.
Due to the commutativity of convolution on the real line, the roles of p; and ps can

be interchanged, and
o) _ (A0,
fa(z2) p1(u)
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where u is another dummy variable of integration, the name of which is irrelevant.
Multiplying the first of these expressions by 1 — § and the second by [ and adding

together:
=i =) -0 ()
(ot o-a

for arbitrary 3 € [0, 1]. This, together with Jensen’s inequality in the form of (3.24),
can be used to show [2, 7, 27, 28]:

) \?\ pilw) o ph(v)
<<f2<x2>> >_<<ﬁm<u>+(1 D oalo)

() o (S o

The reason why the expectation of the cross term that results from completing the
square is zero in the final step leading to (3.25) is left as an exercise.
3.3 Information Theory

Given a probability density function (pdf) f(x) describing the distribution of states of
a random vector X € R”, the information-theoretic entropy is defined as®

S(f) = — / £(x) log f(x)dx. (3.26)

This is a measure of dispersion of a pdf. However, it is very different from the variance
and spread of a pdf as defined in Chapter 2. To demonstrate this difference, consider
two n-dimensional boxes of equal shape and size that are “cut out” of R™. In general
the value of f(x), as well as the integrand in (3.26) will be different for the two boxes.
A new pdf can be defined by swapping the values of the original pdf between the boxes.
This new pdf will have the same entropy as the original, but in general it will have
different covariance. One way to think of this is that entropy is a measure of variation
in the “height” of a pdf viewed as a graph y = f(x) in R"*!, while covariance is a
measure of spatial dispersion in the variables x € R™.

Note that the standard in the literature is to denote the entropy of the random
variable X as H(X). However, the notation S(f) (which stands for the entropy of the
pdf that fully describes the random variable X) generalizes more easily to the Lie group
setting addressed in Volume 2.

5In information theory, this would be called differential entropy. It is referred to here as
continuous entropy to denote the difference between this and the discrete case. In this chapter
log denotes log,, though many of the properties of entropy hold for any base.
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Many operations can be performed on probability density functions including
marginalization, conditioning, and convolution. Entropies for each can be evaluated.
The subsections that follow provide inequalities that can be used to illustrate the re-
lationships between the entropies in these cases. These relationships can be used to
compute bounds on entropy in cases where it is difficult to compute directly.

3.3.1 Entropy of Conditional and Marginal Density Functions

Generally speaking, the entropy of a pdf f = f(x1,...,2,) is bounded from above by
the sum of entropies of corresponding marginal densities. For example,

/ / flxy, . xy)log f(z1, .., xp)day -+ - day, < — Z/ fi(x;)log fi(x;)dz;
- (3.27)

where

1’1 / / / / f 1’1,..., dl’l d$i71d$i+1"‘dmn.
Tit1

Equality in (3.27) holds if and only if f(z1,...,xn) = fi(z1) - fa(x2) -+ fu(zn).
The result in (3.27) can be written as

S < S8,
=1

Likewise, given the pdf f(x,y) with marginals fx(x) and fy (y),

S(f) < S(fx) + S(fy)- (3.28)

In fact, (3.27) can be obtained by recursively applying (3.28).
Recall from probability theory that the conditional probability fx|y (x|y) (which is
a pdf in x for each fixed value of y) is related to the joint and marginal probabilities as

Fxy) = fxiy &Iy) fr(y)-

A conditional entropy is defined as
Sxivi$) == [ [ £y los e xly)ayie, (329)
xJy
and a marginal entropy is defined as

S(fy: f) //f x,y) log fy (y)dydx
- / Fx iy (X[y) fy (¥) log - (y)dydsx

_ _/y </X fXIY(xy)dx> fy (y)log fy (y)dy

- / fy (y) log fv (y)dy

= S(fy). (3.30)
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Note, however, that in general

S(fxys ) # S(fxpy)- (3.31)

Stated in words, this says that the conditional entropy is not the entropy of the condi-
tional pdf.
Calculating the entropy of f using the definition in (3.26) with z = [xT,yT]7,

S(f) = - / / F(%,¥)log £(x, y)dydx
_ / / £, y) log [Fx 1y (xly) fr ()] dydx
. / / F(x,y) {log fxpy (xly) + log fy (y) } dydx

- / fy () log fy (y)dy — / / F(x, ) log fxy (xly)dydx

= S(fy) +S(fxv; f)-

Of course, the conditional density of y given x could have been computed just as
easily as x given y, and so it is also true that

[5(5) = 5(x) + 5y ix: -] (3.32)

If two independent random variables are added (and so their pdfs convolve), the
resulting entropy generally will be greater than that of either of the original functions:

S(f *p) = max{S(f),S(p)}.

Another lower bound on the entropy of convolved distributions is the “entropy power
inequality” for pdfs on R™ (see Shannon [43][Theorem 15 and Appendix 6], and [5, 13,
45, 46]):

N(f1 % f2) > N(f1)+ N(f2) where N(f)=exp [iS(f)} ) (3.33)

The above inequalities will be proved in subsequent sections in this chapter.

The general results from information theory presented in this section follow from the
properties of the natural logarithm function. The logarithm function has the property
that log(f1 - f2) = log(f1) + log(f2). In addition, it is strictly increasing so that for all
fsf1s f2 > 0:log f1 > log fo if and only if f1 > fo; log fi < log(f1 + f2); its negative is
convex so that alog f1 + (1 —a)log fo <log(afi + (1 —a)f2) for all 0 < a < 1; and it
exhibits sublinear growth: log f < f — 1.

3.3.2 Entropy and Gaussian Distributions

The information-theoretic entropy of one-dimensional and n-dimensional Gaussian dis-
tributions
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1 2792
eac/Qo

and  p(o, ) (x) =
2ro

,0(0,02)(33) = W ex B

are respectively [43]
S(p(0,02)) = log(V2meo)

and .
S(pio,s7)) = log{(2me)"/?| 2|3} (3.34)

where log = log,.

The entropy of a Gaussian distribution is greater than the entropy of any other
distribution over R™ with the same mean and variance (thus it is known as the maximum-
entropy distribution). This means that if the covariances of an arbitrary distribution
are computed, the entropy can be immediately bounded from above using (3.34).

3.3.3 Mutual Information

Given a pdf f(x) = f(x1,%2), which may or may not be Gaussian, where x; € R",
Xy € R™, and x € R"™ where n = ni + ns, the mutual information is defined as the
functional®

1 fif)= [ [ foasaton (220 axxa = 1070 i), (339
This can be related to the joint and marginal entropies as
I(f1, f23. f) = S(fr) + S(f2) = S(f). (3.36)

When f(x1,%2) = f(x1) - f(x2), it follows that I(f1, fo; f1 - f2) = 0.

3.3.4 Information-Theoretic Measures of Divergence

Given two probability density functions f; and f on R™, the Kullback—Leibler divergence
between them is defined as

Diafild) = [ fitxtos (112 ax. (3.37)

This has the properties that for non-pathological (i.e., smooth, absolutely integrable,
and square integrable) pdfs Dy (f1]f2) > 0 with equality indicating that f; = fo up
to a set of measure zero. And it is bounded from below by the 1-norm in the following
way [31]:

i (/Rn |£1(x) — f2(x)dx>2 < Drr(fillf2)-

Note that while this is a useful measure of how much two pdfs diverge, it is not a metric
(i.e., a function for evaluating distances between pdfs) because it is not symmetric,
Dir(f2llf1) # Drr(f1]lf2), and it does not satisfy the triangle inequality. The Fisher
information divergence between two pdfs is defined as

5Tn the literature this would be denoted as I(X1; X2).
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2
Jrdx. (3.38)

Drr(fillf2) i/

1 1
Evfl - Evfz

n

This is also not a “distance” function in the sense that it is not symmetric in the
arguments and does not satisfy the triangle inequality. In the one-dimensional case, this
can be written as

2
< 1 1 ? >
Dri(fillf2) = /_OO (flilif; - bcj{;) frde = 4/_00 (i\/é) fadz.

Now consider how the divergence measures in (3.37) and (3.38) vary under changes of
coordinates. For example, if x = x(¢), then the pdf in the coordinates ¢ corresponding
to fi(x) is fi(¢) = fi(x(9))|J(¢)| where J(¢p) = dx/d¢p”T is the n x n Jacobian of this
coordinate transformation. (For a detailed discussion of coordinate transformations see
Chapter 5.) In this way,

fild)ddp = [ fi(x)dx.
Rn RTI,
It is easy to see that

D (f1()f2(#)) = Drcr(f1(3)] f2(x))-

Likewise, writing the chain rule as
Vé;.f((ﬁ) = (fo)|x(¢) J(q§)7

where VL = [0/0x1,0/0x2, ...,0/0x,] is a row vector, it follows that

FNE 1 ;1 T
DFI(f1f2):/¢ERn zv(ﬁfl_qusf? Fde
= Lorp - Lor ) @ |° .
_/¢€R" ’(flefl Qfo2> |J()] fi-1J(9)|de.

This will be equal to Dpy(f1]f2) if

J(@) " (¢) = |J ()L

Such is always the case for one dimension, and it holds in multiple dimensions if J is
orthogonal.

3.3.5 Fisher Information

By definition, a parametric multivariate probability density function on R™ that depends
on parameters 8 = [0, 0y, ...,0,,]T € R™ satisfies

f(x;0)dx=1 and f(x;0)>0.
]Rn

For example, the multivariate Gaussian distribution depends on the parameters 8 =
(p, 2), which represent m = n + n(n + 1)/2 independent numbers.
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The Fisher information matriz for the pdf f(x;0) is defined as the matrix with
entries

10f 9f
wn f 00; 00;

When it is clear which pdf is used to define F;;(0; f), this can be abbreviated as F;;(0).
In the special case when

Fy;(0:f) = dx. (3.39)

Fx;0) = [ fr(ax; 6),
k=1

the Fisher information is additive:

NE

Fij(0;f) = ) Fi;(0, fi).

~
Il

1

As a special case, when m = n and f(x;60) = f(x—8), the Fisher information matrix
evaluated at @ = 0 becomes

F(P) = FO.) = [ ST (Vaf)dx. (3.40)
In the one-dimensional case (3.40) reduces to
P = [ (F@P/fis (3.41)

where f'(z) = df /dx.

3.3.6 Information and Convolution

The “information” F(f) is a measure of the sharpness of the pdf f(x) in the sense that
rapid fluctuations in f(x) cause F(f) to increase, whereas a blurred version of f(z) will
have smaller derivatives and a lower value of F'(f). It follows that F'(f) is reduced under
convolution in the same way that entropy is increased.

Recall the following bound on the information of two convolved pdfs from (3.25):

F(fix fo) < BPF(f1) + (1 — B)*F(f2) where 0<3<1. (3.42)
If 8 = 0 the right side reduces to F(f2) and if =1 it reduces to F(f1). Therefore,
F(f1* f2) < min{F(f1), F(f2)}. (3.43)

However, it can be the case that a value of 3 in (3.42) other than 0 or 1 yields the tightest
bound. Note that the right-hand side in (3.42) is quadratic in 8, which is minimized at
a value of

E(f2)

b=
F(f1) + F(f2)
This can be verified by either completing the square or setting the derivative with respect
to [ to zero. Substituting this optimal value of § into (3.42) gives

F(f1)F(f2) or 1 51 n 1
F(f1)+ F(f2) F(fix f2) = F(fi)  F(f2)

F(fi* f2) < (3.44)
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Alternative bounds on the information contained in the convolution of two pdfs on
the real line can be obtained by using the Cauchy—Schwarz inequality, as was done by
Brown [7]. The version of the Cauchy—Schwarz inequality that is applicable here is

( /_ O; a(t)b(t)dt)2 < ( /_ O:O a2(t)dt> ( /_ O; b2(t)dt) (3.45)

where a(t) and b(t) are arbitrary functions whose absolute values and squares are in-
tegrable. Equation (3.45) is also called the Cauchy—Bunyakovsky—Schwarz, or CBS, in-
equality. It can be applied directly to the evaluation of F(f; x f2). By definition,

dz

o (I fie =t p ()

P = [ ( VI )
N e R i R
-/ GEIAIE

zZ.

For cach fixed z in the integral in the numerator, letting a(t) = f(z—1t)/[f1(z —t)]2
and b(t) = [f1(z — t)]2 f2(t), and using the CBS inequality results in

(fr % f2) S/OO (ffooo[f{(z—t)} /fl(Z*tdt) (f fi(z = O)[fa(t )]th)

—o0 (f1* f2)(2) *
[ (@) - (12 hie - oliPd)
e (f1* f2)(2)

_ [ (i f)(2) ;
=Fh) /_oo e i)

The key point in the above proof is that integration over the whole real line is invariant
under shifts and inversions of the argument of the function, which allows the change of
variables t/ = z — t and F(f1) to be taken outside of the integral over z. Unfortunately,
the above is not a tight bound.

Revisiting the CBS inequality (3.45), if a(t) > 0 for all values of ¢, then it is possible

1

to define j(t) = [a(t)]2 and k() = [a(t)]2b(t), and since j(t)k(t) = a(t)b(t) [22],

(/_O; a(t)b(t)dt)2 < (/_O; jQ(t)dt) (/: k:2(t)dt>
_ ( /_ O; a(t)dt) ( /_ O; a(t)[b(t)]th> . (3.46)

Using this version of the CBS inequality, and letting b(t) = fi(z — t)/[f1(z — )] and
a(t) = fi(z —t) f2(t), Brown [7] showed
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oo (ffom[f{(z =)/ fiz =) [fr(z — t)f2(t)]dt)2
Ffifo) = /700 (f1* f2)(2)

o (15 8] 1 - 0201 ) (S A = 1) (o))
</

< /. o 7
- o)

- [ ( |- orine- t>}dz) fo(t)t

— 00

dz

dz

= F(f1)/jo fa(t)dt

= F(f1).
Since convolution is commutative, this is equivalent to (3.43), which is not as tight
as (3.44).
3.3.7 Shift and Scaling Properties

In this subsection the behavior of Shannon entropy under changes of coordinates is
examined. Scaling properties of Fisher information can be computed in an analogous

way.
The One-Dimensional Case

Consider the entropy of a pdf f(z), and the entropy of the shifted version of this pdf:
fa(z) = f(z —a). Due to the invariance of integration of any integrable function on the

line,

st =- [ " o — a)log f(z — a)de

== [ swyos sieyin
— S()).

Now consider the scaled version of the pdf f(x) defined as
!
fs(xz) = —f(z/s) where s> 0.
s

If s > 1, this is a more “spread out” version of f, and if s < 1, then this is a more

“concentrated” version of f. It can be verified easily that f(z) is indeed a pdf by making

the change of coordinates y = x/s and replacing the integral over 2 with that over y.
Likewise, the entropy of fs(x) is calculated as
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/ F(z)s) 1og[1 (w/s)} dx
[ log[ f(y)} dy

+ log s.

The Multi-Dimensional Case

The multi-dimensional case proceeds in a similar way as in the one-dimensional case.
Given a pdf f(x), a shifted version is fa(x) = f(x —a). And

S(fa) == | [flx—a)logf(x—a)dx=— [ f(x)logf(x)dx=5(f).
R’Vl Rn
Now consider the scaled version of the pdf f(x) defined as

1
det A

falx) = f(A™'x) where detA > 0.
If det A > 1, this is a more “spread out” version of f, and if det A < 1, then this is a
more “concentrated” version of f. It can be verified easily that f4(x) is indeed a pdf
by making the change of coordinates y = A~'x and replacing the integral over x with
that over y.

The entropy of fa(x) is calculated as

S0 == [ g A 008 | g 40 ax

—— [ 1iox| g /)| ay
= S(f) + logdet A.

3.4 Parameter Estimation

Let f(x;0) be any member of a family of pdfs in the variable x € R™ characterized by
a vector value @ € R™. That is,

f(x;0)dx = 1. (3.47)
Rn
The whole family of pdfs is parameterized by letting @ take a range of values in R™.
For example, the family of multivariate Gaussian distributions p(x; p, X)) is param-
eterized by w,X. If both g and X are unknown, then 6 would be n + n(n + 1)/2-
dimensional (since X = X7); if the mean is known, then @ would be n(n + 1)/2-
dimensional; if the mean is the only unknown, then @ can take any value in R”.
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3.4.1 Unbiased Estimators

Let v : R™ — RP be any well-behaved vector-valued function” of x. Then

(v} = [ v(0£(xiO)dx = 5(6), (3.45)

where the equality on the right simply means that the dependence on x has been
integrated out, and the result is defined as (@) € RP. It is sometimes convenient
to rewrite (3.48) as

[ 1vx) = 9®)) 0 i = . (3.49)

Given a set of sampled data, {x1,X2,...,Xy}, a goal often encountered in practice
is to find the particular member of the family of parametric distributions that best fits
the data. For example, values of 8 could be obtained by solving the equation

L1
P (6) N;v (3.50)

for a large value of N. If m = p and 9(0) ~ 0, then in this context v(x) is called an
estimator of 0, and @ is called the estimate of 0. If () = 6, then v(x) is called an
unbiased estimator and 0 is called an unbiased estimate.

The samples {x;} in (3.50) are assumed to be drawn at random from the distribution
f(x; ) for some unknown, but fixed, value of 8. The law of large numbers states that the
underlying pdf is observed as the number of samples goes to infinity, and so the estimate
6 obtained in this way should become better as N becomes larger. If the estimator v(x)
is unbiased, then ¢ (#) = @ and obtaining 6 from (3.50) becomes trivial. When using
other estimators the estimation problem becomes one of inverting the function .

3.4.2 The Cramér—Rao Bound

The Fisher information matrix in (3.39) can be written in the following alternative
forms:

r= [880 log £ (x; 0)] [889 log f(x 9)} | (x:0)dx (3.51)

=~ | 150 spor

0
A 19) 0507 log f(x;0)dx (3.52)

where df /00 is interpreted as a column vector, and 0f/907 = [0f/06]T. Here log(+) is
the scalar natural logarithm function.
Differentiation of both sides of (3.49) with respect to 87 gives

oo [ 60 pionreco)ix = [ (v o) L0502 g,

n

where the derivative is taken under the integral and the product rule for differentiation
and the fact that f is a pdf in x is used. Here O is the m x m zero matrix resulting
from the computation of 90/967.

"The class of “nice” functions extends to those that are vector valued by simply restricting
each component of the vector to be nice, i.e., v; € N (R").
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The above equation can be written as

A

507 = a(x,0)b? (x, 0)dx € RP*™ (3.53)
Rn

where

N|=

a(x.0) = [f(x OV~ $(0)]  and  b(x,0) = [[(x:0)]3 25 log [(x:0),

Referring back to the first equality in (3.52), it is clear that
F= / b(x, 8)[b(x, 8))" dx (3.54)

and the error covariance for v(x), denoted as

C=([v(x) —9(@)]v(x) - ¥(O)"),
is computed explicitly as
C= [ a(x,0)a(x,0) dx. (3.55)
R‘IL

Following [12], the multiplication of (3.53) on the left by the transpose of an arbitrary
constant vector a € R? and on the right by an arbitrary constant column vector 8 € R™

gives )
ol 0= [ ala(x 07 (x 0)8dx (3.56)

Then regrouping terms in the expression on the right and squaring, and using the
Cauchy—Schwarz inequality gives

(] aT<abT)5dx)2 -(/ n(aTa)(bTﬂ)dX>2
(L) (L)
_ (/n aTaaTadx> (/R ,C-}TbbTﬂdx> .

But from (3.54), (3.55), and (3.56), this can be written as

(o 2V ) < (o Ca) (87 FB).

Making the choice of B8 = F~1[0yT /00)« yields
L Op i 0y"
T 1 < (al T 1 .
(a T a) < (a7 Cal) (a 07" o6

This simplifies to

(Oﬁ'c,b 1%

207 20 > a>0 for arbitrary o«a€R™ (3.57)
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This means that the term in parentheses is a positive definite matrix. This statement is
often denoted as

o T
C>———F 1
— 00T a0 ’
which is not an inequality in the entries of the matrices, but rather simply short-
hand for (3.57), or equivalently, the statement that all of the eigenvalues of C —
(0v/00T)F~1 (09T /90) are greater than or equal to zero.
While the above holds true for any estimator, in the case of an unbiased estimator

it simplifies because then 91/907 = 91 /06 = 1.

(3.58)

3.4.3 Demonstration with Gaussian Distributions

Note that (3.58) is true for any estimator. In the special case when m = n and f(x;0) =
f(x—=0), and 0 = u, the Cramér-Rao bound becomes

X >F1 (3.59)
When f(x — p) = p(x; p, X) is a Gaussian distribution with known covariance X,

of

o~ el S (x— pwp(xip, ¥)

and the identity in (2.33) can be used to show that the Fisher information matrix
becomes F' = Y71 and therefore the inequality in (3.59) becomes an equality.

3.4.4 The de Bruijn Identity

When written in terms of probability densities, the de Bruijn identity states [10]

aS(a * for) = %F(a * fot)- (3.60)

Here fo(z) = p(z;0,t) is the Gaussian distribution with zero mean and variance ¢ > 0
that solves the heat equation in Section 2.7.1 (in the 1D case with unit diffusion con-
stant), a(x) is an arbitrary differentiable pdf, and F(-) denotes the Fisher information
as defined in (3.41). It follows from (3.60) that

lim fo(2) = 3(z) = %S(a* fod)l = LR (3.61)

=0 2
The derivation of (3.60) itself is relatively straightforward. Following the presentation
in Cover and Thomas [10, pp. 672-673], but using different notation and a different order
of operations,
d o0

(ax for) = —— (o fo,e)(x) log[(a * fo,¢)(2)]dx

d
e dt | .

- [ o] owtas a0 fun) [ 5 towta < )| o

— 0o

0 0 9
_/_Do{(a* (J;(z’t>.log(a*f07t)+a* (J;z’t}dat.
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The Gaussian distribution fo; is precisely the one corresponding to one-dimensional
Brownian motion:

1 e Ofor  10%fo
fo’t(x):\/%rte = 8(2)5t:§ 3xgt'

Now in general for a convolution product

(3.62)

{61 % 92)(@)] = (61 % 64) (2

as long as ¢, (x) = O¢o/0x is well behaved. This is certainly true in the present case,
and means that

d o0 92
£S(a*fo,t):—%/ {(a* fOt) log(a * fo1) + a x 8£02’t}dx

—00

2 2
= —5/ {882 (O‘*fOt) IOg(a*fOt) aiQ(Q*fO’t)}dx'

The second term disappears because, from the fundamental theorem of calculus,

e} 82 o oo
/_Oo @(O& * fo’t)dx = £(O[ * fO,t)(m) o =0
since a(z) and its derivatives decay to zero as x — +oo.
Using integration by parts on the term that remains,
L Stan for) = = 3 (s for) oglax fo)|
. o % — — (¢ * ogl v *
p 0,t 5 Or 0t g 0.t .

1 d ?
5/ a*fOt {8:10 (a*f()’t)} dx.

Again, as long as a(z) decays rapidly enough as © — +oo, the term on the left will
evaluate to zero. And the integral on the right is F'(a * fo ), and so (3.60) results.

3.4.5 The Entropy Power Inequality

The statement of the entropy power inequality dates back to Shannon’s original paper,
though complete and rigorous proofs came later [45, 5]. Shannon defined the entropy
power of a pdf p(x) on R™ as N(p) = exp(2S5(p)/n)/2we where S(p) is the entropy of p.
The entropy power inequality then states

[N(p+q) > N(p) + N(9)| (3.63)

with equality if and only if p and ¢ are both Gaussian distributions with covariance
matrices that are a scalar multiple of each other.

Variations on the theme as well as different methods of proof have appeared in the
literature since that time [9, 13, 34, 46]. Here the proofs of [45, 5] are reviewed for the 1D
case. In the literature usually the one-dimensional case is proven, and then mathematical
induction is used to extend to higher dimensions.
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Let fy2(4)(x) denote a Gaussian distribution with zero mean with variance o?(t),
and let 02(0) = 0. Given differentiable pdfs p(x) and ¢(z), define p; = p * fo2(y and
Gt = g * fo2(1)- Following Stam and Blachman [5, 45], let

exp[2 - S(pr)] + exp[2 - S(qr)]

V<t) = exp[? . S(pt * Qt)]

= (exp[2- S(pi)] + exp[2 - S(q1)]) exp[—2-S(piqr)].
(3.64)
Ast— 0,V (0) = [N(p)+ N(q)]/N(p*q). Therefore, if it can be proven that V(0) < 1,
then (3.63) will hold in the one-dimensional case.
Taking the time derivative of (3.64), and using the chain rule and product rule,

av

T = (2ei2- S001E S0 + 2602 S(@)] 5 ) expl-2 S0+ )

dt dt

=2 (exp[2 - S(p0)] + expl2 - S(an)]) xpl-2 - S(pr + )] 5 5o * 1)

Using the de Bruijn identity (3.60) and the chain rule,

d _ dS(a) d(03)

d(o3
@) = o ar

1
= —F ——
2 (Qt) dt

~—

and likewise for p;. Furthermore, since convolution on the real line is commutative,

Pk g =px forxqx foz =pxqx* forx foz =prq* fo2y02.

Therefore,
0'2 0'2
o = (ewl2- s0n1F 0“5 + expiz - S(@Fa) U5 ) exl-2- 5001+ )

— (exp[2- S(pe)] + exp[2 - S(q1)]) exp[=2 - S(pe * @)1 F (pe * 1) d(aldj =

Multiplying both sides by exp[2 - S(p; * ¢;)] and choosing ¢3(t) and ¢3(t) such that

d(o?)
dt

d(03)
dt

=exp[2-S(p:)] and = exp[2 - 5(qt)]; (3.65)

exp[2 - S(py * q1)] v (exp[2- S(pe)])*F(pr) + (exp[2 - S(q0)])* F ()

dt
(3.66)
— (exp[2 - S(pe)] + exp[2 - S(q0)])* Fpe * q1)-
But from the general inequality
(1 + a2)?F(fi + fo) < aIF(f1) + a3F(f2) (3.67)

(which is equivalent to (3.42)) it follows from (3.66) with a3 = exp[2 - S(pi)], ag =
exp(2- S(q)], f1 = pt, and fo = g; that
av

— > 0.
dt —
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Equality holds in this expression if and only if p and g are Gaussians. In that case V is
a constant. Otherwise, V is a strictly increasing function. Therefore,

V(o) = V(0)

with equality holding only for Gaussians.

Since the entropy of the convolution of two functions is no less than the entropy of
either of the original functions, and since the exponential function is always positive,
the choice in (3.65) implies that o?(co) = oco. Furthermore, the scaled pdf o1p;(o1)
will have entropy S(p:) — log oy, as discussed in Section 3.3.7. But since by definition

pe(z) = (p* fo2)(2) = ﬁ%ol /_O; p(y) exp {—;(2 - y)z/of} dy,

making the substitutions z = o1z and y = 01§ yields

nimlors) = = [~ oplmg)esp |5 (o - 7] de

And since o1p(o12) becomes more and more like a delta function as o1 — 00, it follows
that

lim oypi(o12) = fo1(x)
o1 —>00

where fo () is defined in (3.62). Therefore,

lim S(p,) = + log 2meo?

lim S(pt) = 7 log 2meory,
and similarly,

. 1 2

tl;rgo S(q) = 3 log 2meos

and 1
tll)rglo S(pe *q) = 3 log 2me(0? 4 03).

Substituting these into (3.64) gives

lim V(t) =1,

t—o0

and since V(0) < V(o0), this proves (3.63) for the case of n = 1.

3.4.6 Entropy of a Weighted Sum of Disjoint PDFs

Let p(z) be a probability density of the form

n

p(x) = wipi(x)

i=1
where®

w; >0 and Zwizl,

i=1

8The set of values {w;} satisfying these conditions is called a partition of unity.
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and each p;(x) is a pdf that is disjoint from the others in the sense that

1 1
[ ot @k @iz =3,
xr
In other words, each p;(x) has an associated region where it is positive and a region
where it is zero, and no two of these functions are positive on the same region.

The entropy of p(z) can be computed using the fact that if = is in the region where
p;(x) is not zero, then

w;p;(x szm = log(w;p;(z)) = log (Z w;pi( > .

Then

75(‘%) = / ( )logp dCE - / <Z wzpz ) 10g (Z szz(@) dz
v v i=1
=D wj [ pj(x)logw;p;(x)dx
jz::l /wp gw;p

= ij / pi(x)(logw; +log pj(z))dx
=1 e

:ijlogwj/ dﬂerij/ x) log pj(z)dx
j=1

n n

= ij logwj - Z’U)ij.

Jj=1 Jj=1

Multiplying by —1, this result can be written as

- Z wj logw; + Z w;S(pj)- (3.68)
j=1 j=1

The weights {w;} can be viewed as a probability distribution function on a finite set,
and so (3.68) can be viewed as a statement relating the entropy of this distribution,
the (weighted) average of the continuous entropies of the family of probability density
functions {p;(z)}, and the entropy of p(z). However, it should be noted that this equality
does not hold if the pdfs overlap.

3.4.7 Change of Coordinates

Given a pdf, py(y), and a change of variables y = y(x) with Jacobian matrix J(x) =
dy /0xT | then from (3.4) we have px(x) = py (y(x))|J(x)|. However, when computing
the entropy in new coordinates it generally will not retain its value,

S(p) # S(p"),
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although a sufficient condition for equality is the case when |J(x)| = 1 for all values of
X.

In contrast, to compute the same value of entropy in the new coordinate system,
choosing f(y) = —p(y)logp(y) gives f'(x) = —p(y(x))log p(y(x))[J(x)|, the integral
of which produces the same value of entropy. However, this is a somewhat unnatural
thing to do since p(y(x)) is not a pdf without the Jacobian factor.

3.4.8 Computation of Entropy via Discretization

Often a probability density function is represented as a histogram, which is effectively
an average of the pdf over small intervals that are joined together. Similarly, discrete
probabilities that result by integrating probability densities over regularly spaced bins
can be stored at lattice points, from which approximations of entropy can be computed.
In this subsection the issue of how the computed value of entropy varies based on
discretization parameters is addressed.

Given a probability density function, p(z), a corresponding histogram with compact
support® [Tmin, Tmaz] and N bins of size v = (Tpmaz — Tmin)/N is written as

N7
= Z Pi - WA, Tmin + 1V, Tin + (1 + 1)v)
=0

where W (z, a,b) is a window function equal to 1 on a < x < b and zero otherwise. Here
1 [fEmint(i+1)r
=y p(a)da
v Tmin iV
is the average value of p(x) over the ith bin. From the definition of a pdf,
N-1
v Pi=
i=0

Note that the original pdf can be written as
N-1
Z 14+ €(x)p; - W(x, Tmin + iV, Tin + (0 + 1)) (3.69)
=0

where ¢;(x) is a function describing the deviation of p(z) from pg(x) at each value of x
in the 4th bin. Since by definition p; is an average over the bin, it must be the case that

Tmin+(i+1)v
/ €;(x)dx = 0.

min iV

As the number of bins becomes large, the magnitude of |¢;(x)| must become smaller if
p(z) is continuous.

Using the form (3.69) and properties of the window function and log function, the
continuous entropy of p can be written as

YA function is said to have compact support if it takes a value of zero outside of a compact
domain.
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S(p) = — / p() log pl)dz

—/ Z (14 € (2)p; log[(1 + €;(x))p;] - W (2, Zpmin + iV, Tynin + (i + 1)v)de

N—1

= Z ;logp, — Z / (1+€;(x))p; log(l + €;(x))dx.
bin;

1=

For |e;(z)| << 1, the approximation log(1 + ¢;(x)) ~ ¢;(x) is good. This means that for
relatively small bins,

N—

S(p) = Z ilogp; — sz lei(2)[*dz + O(max [le(x)||*)

= bin;

The first term on the right is the entropy of the histogram, S(pg). The second term is
a negative quantity that dominates the third-order terms for sufficiently small bin sizes.
Therefore, for sufficiently small bin sizes

S(0) < S(pm). (3.70)

Now the question of how discrete and continuous entropies relate can be addressed.
The probability contained in bin ¢ can be written as p, = vpp,. This means that for

rather small bins
N-1

S(p) = S(pu) ~logv — Y pilogp;.
1=0

The last term can be called discrete entropy, and can be denoted as

SHpi}) = szIngz (3.71)

Hence, the absolute value of discrete entropy depends on the bin size. Whereas S(p) can
take negative values (and approaches a value of negative infinity as p becomes a Dirac
delta function), the discrete entropy is always bounded from below by zero:

S{pi}) = 0. (3.72)

Given two pdfs, p()(z) and p (), on the same domain and applying the same

histogram rules to both results in discrete probabilities {pgl)} and {pl@)}. The entropy
difference between the two continuous and two discrete entropies approaches zero as the
number of discretizations becomes large:

S(p™) = 5(6™) = S{p?}) ~ S({pi"}) as N = oo (3.73)

This can be viewed as one of the justifications for using lattice models for com-
puting the (statistical mechanical) entropy differences for physical systems. However,
what should also be clear from this discussion is that only entropies of the same kind
(i.e., continuous or discrete) should be compared with each other. Otherwise, physically
meaningless numbers such as log v will enter and render the result meaningless.
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3.5 The Classical Central Limit Theorem

The classical central limit theorem for the real line, when stated in terms of probability
densities, is as follows. Let p;(z) = p(x) for j =1, ...,n for some positive integer n. If

/ zp(z)de =0  and / z?p(x)dr = 1/n

and all moments

are bounded, then

1
li_>m (pr#pa - % pp)(x) = e /2, (3.74)

V2r

In the subsections that follow, several very different ways to approach the proof of
the central limit theorem are provided.

3.5.1 The Central Limit Theorem (Fourier Version)

The proof of this statement follows by taking the Fourier transform of the n-fold con-
volution, which results in the nth power of p(w), and recognizing that

p) = [ plere s

= /oo p(z) <n%£nm2(—iw)kmk/k!> dx
—oo k=0
= W}EHOOZ(—W)’“/I{! /00 ¥ p(z)da
k=0 e

. k k -\ k
*JE%OZ“’ YWk (=i)F /K.
k=0
Then

F (nlggo(m * Py ke *pn)(ffs)) = lim [ J] i)

j=1
= lim [p(w)]"
= nlglgo |jr}£2€ i<xk> wk(—z)k/k|‘|
k=0
= Jim -l [i@kwk(—i)k//@!] _
k=0

This last step requires that the sequence defined by the terms in brackets converges,
which is guaranteed by the assumption that the moments are all bounded.
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Now, if the above is approximated at finite m and n, the multinomial expansion
n! -
(x1+ a0+ +an)" = Z %xlflxgz . ~:17]fn’" where z ki=n
1=1

can be used. The sums in this expansion are over all sequences of non-negative integers
constrained as indicated by the equality on the right side above.

For any finite m, the limit as n — oo in the multinomial expansion is dominated by
the first two terms:

lim [Z(wﬂwk(—i)k/k!} = lim [1—<x>wi—<x2>w2/2+-~-]n

n—oQ n—oo
k=0
g 1 —_ 2 e n
= lim [1-w?/2n+ ] (3.75)
=e v /2, (3.76)

The limit over m then becomes irrelevant. Taking the inverse Fourier transform then
gives (3.74). Clearly if the terms + - - - in (3.75) are small enough, then the limit will be
the same regardless of whether or not p;(x) = p(x) for all 7.

3.5.2 The Central Limit Theorem (RMSD Error Version)

Consider the class of probability density functions for which each member can be de-
scribed as a weighted sum of Gaussian distributions. In other words, each member of
this class will be of the form

flz) = Zaip(-T;MiaU?) (3.77)

where p(x; p1;,07) is a Gaussian with mean u; and variance o2. In order for f(x) to be

a pdf,
0o N
/ f(x)dm:Zaizl
-0 i=1

since each p(x;pu;,0?) is a pdf. Sometimes pdfs of the form (3.77) are called multi-
Gaussian distributions (which should not be confused with the multivariate Gaussian
distributions in (2.24)).

The mean and variance of f(x) are calculated as

uw= /OO xf(x)dx

— 00

N .
= Zai/ zp(x; i, 07 )da
i=1 -

N
= E Qifbi
i=1

and
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N o
=Y [ @ ol oo
i=1 -
N o
=> a; / (y + pi — 1)?ply; 0,07 )dy
i=1 -
[ + 2(pi — )y + (i — p)°1p(y; 0,07 )dy

N
= Zai[af + (i — )%

In summary,

N N N
n= Zaiui and o%= Zai[af + (pi — p)?]  where Zai =1 (3.78)
i=1 i=1 i=1

Now consider the case when p = 0 and ¢? = 1 and define the root-mean-square
“distance” (or deviation) (abbreviated as RMSD) between f(z) and p(z;0,1) as

o 2
o= ([ lotwso.n) - ja)ar) (3.79)
—00

Unlike Dgr(f || p) and Dpi(f || p), the RMSD d[f,p] actually is a valid dis-
tance/metric function on the set of univariate pdfs in the sense that it satisfies all of
the properties (1.25)-(1.27). The closer this number is to zero, the closer f(z) will be
to a Gaussian distribution with zero mean and unit variance.

Note that for a scaled version of f(x), fs(z) = f(z/s)/s, the mean will be puy, = sy
and the variance will be J]%s = 520?. (In the present case py = 0 and UJ% = 1, but
the above observation is true more generally.) If s > 1, this scaling has the effect of
widening and shortening the pdf, whereas if s < 1, it makes f,(x) more “concentrated”
or “tightly focused.” This is true for any pdf.

In light of this scaling operation, the central limit theorem can be viewed in the
following way. Choosing the scale s = 1/4/2, and using the fact that variances add as a
result of convolution, the central limit theorem says

d{(f1/va* fryva)spl < dlf,pl. (3.80)

In other words, self-convolution causes a multi-Gaussian to look more like a Gaussian
than it did before the convolution.

Since f, 5(x) is a weighted sum of Gaussians, the convolution (f,, 5 * f;,,3)(%)
can be computed in closed form, as can the RMSD expressions on both sides in (3.80).
Comparison of the resulting expressions can be used to verify that (3.80) holds, thereby
proving the central limit theorem.

Explicitly,



94 3 Probability and Information Theory

(f1/f * fl/f Zzazajp Mz‘f'luj)/‘[ (of + o3 9/2).

11_]1

Then, using the result (3.86) from the exercises, d*[(f, .5 * f,,y3), p] and d*[f, p] can
be calculated in closed form. In principle, inequalities provided in [22] can then be
manipulated to verify that (3.80) holds.

3.5.3 The Central Limit Theorem (Information-Theoretic Version)

The definitions and properties of information-theoretic entropy can be used to try to
prove the central limit theorem in ways that are independent of Fourier analysis without
assuming that the pdfs have a particular form. For example, if

fin(@) = (frx fox--x fn)(2)

where each f;(x) has mean pu/n and variance o2/n, then one information-theoretic
argument would be to try to show that

nhﬁ\rr;o DKL(fl,n”P,u,a-?) — 0. (381)
Another information-theoretic argument would be to try to show that
B [S(f1) — S(p02) /1S () 2 — 0 (3.52)

or more generally to show that S(fi ) approaches S(p,, »2). Stated in words, (3.82) says
that convolutions increase entropy until it asymptotes at its maximal possible value for
given mean and variance.

Another information-theoretic argument considers Fisher information. Whereas en-
tropy increases under convolutions, information is lost under convolutions. Convolution
“smooths” pdfs and destroys details. The Gaussian distribution contains the least Fisher
information of any distribution for given values of mean and variance. Therefore, an-
other information-theoretic strategy to prove the central limit theorem would be to show
that

lim F(fi1n) = F(pu,02)- (3.83)

n— oo

The use of entropy-theoretic approaches to the central limit theorem originated with
Linnik [33] and has been refined and described more fully in [1, 2, 7, 27, 28, 29, 30, 45, 47].

3.5.4 Limitations of the Central Limit Theorem

The condition that the moments (x*) must be bounded is a rather severe condition. It is
not so bad when p(x) has finite support and variance 1/n because then these moments
will all be decaying functions. For example, even in the extreme case when

plz) = %5(17 +1/n)+ %5@ —1/n)

the higher moments are bounded.

However, there are cases in which the premise of the central limit theorem is violated,
but the result holds nonetheless. For example, the normal distribution N (0, 1/n) for any
fixed and finite value of n has moments of the form
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(zF) = (2253!! (1/n)?*  and (2t =0 (3.84)

for all positive integers k. Therefore as k — oo, it follows from Stirling’s formula (2.22)
that the even moments grow rapidly and are not bounded, and the conditions assumed
in the Fourier proof will not be satisfied. Nonetheless, Gaussian distributions are closed
under convolution and since variances add under convolution, the n-fold convolution
of Gaussian distributions with variance 1/n will result in a Gaussian distribution with
variance of unity for any positive value of n.

On the other hand, there are distributions that do not have bounded variance,
and repeated convolution of these distributions with themselves will not converge to
a Gaussian distribution. One example is the Cauchy distribution in (3.14). See [40, 51]
for other examples.

3.6 An Alternative Measure of Dispersion

Entropy is a measure of dispersion or disorder. However, this is not the only such
measure. For example, it is possible to define a measure of dispersion in Fourier space
as [21]

o=~ " log | () dw. (3.85)

— 00

Since f(z) > 0,

@)l = \ [ e

g/oo f(x)‘ewz|dx=/_jof(x)d$:1,

— 00

and so the integrand in (3.85) is always negative and hence D(f) is always positive.
It becomes immediately obvious that

Difie=- [ " log |1 () falw)de

— 00

= _/OO log(| f1(w)] - | fo(w)])dw

— 00

_ _/_°° {log | f1 (w)| + log | fo(w)| }dw
= D(f1) + D(f2).

As was discussed earlier, the Gaussian distribution is the pdf that maximizes en-
tropy subject to constraints on the value of the mean and variance. A natural question
then becomes, “What distribution maximizes D(f) in (3.85) subject to these same con-
straints?”

3.7 Chapter Summary

This chapter presented a broad summary of probability and information theory. Informa-
tion-theoretic measures of the “divergence” between two probability density functions
were reviewed together with classical inequalities such as the Cramér—Rao bound, en-
tropy power inequality, and de Bruijn identity. In the proof of the de Bruijn identity,
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properties of the heat equation reminiscent of Chapter 2 were employed. The promi-
nent role of the Gaussian distribution as the special pdf to which others converge under
iterated convolution was established in the central limit theorem. This, together with
its convenient parametrization and relationship to the heat equation make the Gaus-
sian ideal in the context of the problems that follow. In particular, random sampling
from a Gaussian distribution (which is an operation built into software packages such as
MATLAB™) is a convenient (and physically motivated) way to generate random noise.
It is this noise that is superimposed onto an ordinary differential equation to result in
a stochastic differential equation, which is one of the subjects of the next chapter.

This chapter serves as an elementary introduction to probability and information
theory. More in-depth references are provided at the end of this chapter. Classical ref-
erences in information theory include [11, 16, 17, 25, 38]. The study and application
of information-theoretic inequalities remains an area of investigation. See, for example,
the recent references [19, 24, 35, 44, 50]. The topics in geometry presented in later chap-
ters of this book make it possible to understand the connections between probability,
information theory, and geometry that have begun to emerge in recent years that are
described in [4, 6, 23, 36, 37, 41, 49].

3.8 Exercises

3.1. Show that for a > 0,

1
LS 1 )
/ exp {—;[amQ — 2bx + C]} dr = (27T> e—g(c—bQ/a)'
0o a

3.2. Show that for Gaussian distributions p(z; u;, 0?) with y; € R and o; € R-o,

| ot otiotasa, o3y e (5 | P >2r
y 1,0 y 2,0 = 1 T X -y - .
P e TP 12 0 enioz+ont P\ T2 |7 raz
(3.86)

3.3. If the mean and covariance of p(x) are known, what will the mean and covariance
of
pap)(x) = [det A| 7' p(A7 (x — b))

be?

3.4. Suppose that the convolution product (p1#*p2)(x) has already been computed for two
pdfs, p1 and py on R™. Now suppose that new pdfs p(4, b,)(x) = | det Ai| 7 pi (A7 (x —
b;)) are defined for ¢ = 1,2. What are the most general conditions under which the
original convolution can be evaluated by a change of variables to produce (p(4, b,) *
P(As,bs))(X), thereby circumventing the direct calculation of the convolution from
scratch?

3.5. Prove both equalities in (3.16) and (3.17) for arbitrary integrable scalar-valued
function ¢;(x;). If instead of being scalar-valued functions, if ¢;(z;) are matrix valued,
will these equalities still hold?

3.6. Verify that: (a) (1|z) = 1; (b) (¢(x)|z) = ¢(x); and (c)
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(p1(z1)2(w2)|2)21) = (D1 (71)|T2) + (D2(T2)|T1)- (3.87)

3.7. Given the pdf f(x,y, z), prove that

(@(((¢(2)]y, 2)2))) < (@(d()))- (3.88)

3.8. The explicit meaning of the penultimate step in the derivation of (3.25) is

(o amid)') - [ [ (o - o

When completing the square, why does the cross term integrate to zero?

3.9. For the multivariate Gaussian distribution p(x; u, X)), if x = [x,x3]7 with x; €
R™ | calculate the following: (a) entropy of the full density S(p(x; @, X)); (b) entropy of
the marginal density S(p;(x;; pi, Xi)); (¢) the marginal entropy S(p:; p)-

3.10. For two multivariate Gaussian distributions p(x; p, X) and p/(x; ', ') compute:
(a) the Kullback—Leibler divergence, Dgr (p|lp'); and (b) the Fisher information diver-

gence, Drr(p]lp).

3.11. Let p(x, 0) be a pdf in the variable x € R™ for each different value of 8. Show that
the Fisher information matrix and Kullback-Leibler distance are related as follows:
82

Fij(6) = MDKL(’)(X’ ) p(x,00)) : (3.89)

=Yoo

3.12. Show that the Fisher information divergence is invariant under Euclidean (rigid-
body) transformations of the form (Ef;)(x) = f;(RT(x —t)) where R is an arbitrary
rotation matrix satisfying RR” = I and t is an arbitrary translation vector. In other
words, show that

Drpi(Efil|Ef2) = Dpi(fillf2)-

3.13. Prove that the equalities in (3.52) are the same as the definition in (3.39) in the
special case when the dimensions of x and € are the same and f(x;0) = f(x — ).

3.14. Prove that if 0 is the vector made up of the n entries in p and the n(n + 1)/2
independent entries in X, then the Fisher information matrix for a Gaussian distribution
on R™ with unknown mean and variance is the [n+n(n+1)/2] X [n+n(n+1)/2] matrix
with entries [18, 42]

out L om 1 40X 0%
Fpo= g 00 L (51O 5192 .
*= 0,7 a0, 20 \" 28,~ o0, (3.90)
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4

Stochastic Differential Equations

The chapter begins with Section 4.1 in which motivational examples of random walks
and stochastic phenomena in nature are presented. In Section 4.2 the concept of random
processes is introduced in a more precise way. In Section 4.3 the concept of a Gaussian
and Markov random process is developed. In Section 4.4 the important special case of
white noise is defined. White noise is the driving force for all of the stochastic processes
studied in this book. Other sections in this chapter define It6 and Stratonovich stochastic
differential equations (SDEs), their properties and corresponding Fokker—Planck equa-
tions, which describe how probability densities associated with SDEs evolve over time.
In particular, Section 4.7 examines the Fokker—Planck equation for a particular kind of
SDE called an Ornstein—Uhlenbeck process. And Section 4.8 examines how SDEs and
Fokker—Planck equations change their appearance when different coordinate systems
are used.
The main points that the reader should take away from this chapter are:

e Whereas a deterministic system of ordinary differential equations that satisfies cer-
tain conditions (i.e., the Lipschitz conditions) are guaranteed to have a unique solu-
tion for any given initial conditions, when random noise is introduced the resulting
“stochastic differential equation” will not produce repeatable solutions.

e It is the ensemble behavior of the sample paths obtained from numerically solving
a stochastic differential equation many times that is important.

e This ensemble behavior can be described either as a stochastic integral (of which
there are two main types, called Ité6 and Stratonovich), or by using a partial differ-
ential equation akin to the diffusion equations studied in Chapter 2, which is called
the Fokker—Planck (or forward Kolmogorov) equation.

e Two different forms of the Fokker—Planck equation exist, corresponding to the in-
terpretation of the solution of a given SDE as being either an Itd or Stratonovich
integral, and an analytical apparatus exists for converting between these forms.

e Multi-dimensional SDEs in R™ can be written in Cartesian or curvilinear coordinates,
but care must be taken when converting between coordinate systems because the
usual rules of multivariable calculus do not apply in some situations.

4.1 Motivating Examples

Motivational examples are provided in this section to introduce the usefulness of stochas-
tic differential equations as a modeling tool. First the discrete-time discrete-space case

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 101
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 4,
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of a random walker on the integers is discussed. Then, continuous-time continuous-space
Brownian motion is discussed as a limiting case of the discrete theory.

4.1.1 The Discrete Random Walker

A random (or stochastic) process is a random variable that varies with time. One of
the simplest examples of a random process is a random walk on the integers. Imagine
a random walker who moves from one integer value to either of the two adjacent ones
with equal probability. Motion occurs only at integer units of time,! n € Z. At n = 0,
the walker starts at the position £ = 0. Then, at n = 1, the walker will be at either
k = 41 or k = —1. Starting at this new location, the walker will change to a new
location defined by Ak = +1 at n = 2. The process repeats. The fundamental question
becomes, “What is the probability that the walker will be at any specific integer if this
process is repeated n times?”

This discrete-time discrete-space random process can be addressed without using
the methods developed later in this section (which are for continuous-time continuous-
space random processes).? The continuous case can be viewed as a limiting process of
the discrete one, and so it is worth working out the solution to the integer random
walker up front.

Since the space on which the random walker is moving is discrete, it follows that a
discrete probability distribution will describe the state, rather than using a probability
density function. At each discrete value of time, n, if the walker starts at k € Z, the
probability of movement to the adjacent integer location will be

o1
Ap(Ak’,n) = 5(6Ak,1 + 5Ak,—1)a (4.1)

where 6;; is the Kronecker delta function that takes a value of 1 when ¢ = j and zero
otherwise and Ak denotes the change in value of k£ from time n to time n + 1. Although
Ap(Ak,n) is written as depending on the discrete time variables n € {0,1,2,...}, it is
actually constant with respect to this variable in the current problem.

In the same way that convolution on the real line was used in the previous chapters
to determine the distribution corresponding to the sum of continuous random variables,
convolution on the integers is used to determine the distribution of integer positions
that the discrete random walker attains at time n + 1 relative to the distribution at
time n:

plk,n+1) = (px Ap)(k,n) =Y p(j,n) Ap(k — j,n). (4.2)
JEL

Starting with the known initial location k& = 0, it follows that p(k,0) = 0y 0. Using

(4.2) recursively,

1
p(k,1) = 5(51@,1 + 0k,—1)

1
p(k,2) = 1(51@,2 + 2050 + 9k, —2)

'In some books a random discrete-time “process” is called a “sequence.” In this book the
word “process” refers to both the discrete and continuous time.

2Tt is also possible to define continuous-time discrete-space processes (e.g., random walks on
graphs), and discrete-time continuous-space processes, but neither of these will be addressed
in this book.
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1
p(k,3) = g((skz,?) + 30k + 30k,—1 + 0k, —3)

and so on.

It should not take too much convincing to believe that the pattern that emerges for
the coefficients in front of each Kronecker delta is the same as Pascal’s triangle, which
describes the binomial coefficients. The only small twist is that the binomial coefficients
are spread out over a range of values of k from —n to n. In other words, the pattern
above generalizes to [31]

plkyn) = — Z <n’2j> W%. (4.3)

The reason for the multiplicative term ((—1)" + (—1)7)/2 is that adjacent to every value

of k for which p(k,n) takes the value ( ) are the zero values p(k + 1,n) = 0. This

can be observed above for p(k, 1), p(k,2) and p(k,3). When ((-1)"+ (-1)7)/2=1,n
and j are said to have the same parity.

The distribution p(k,n) can be thought of as a special case of the binomial distribu-
tion from Section 2.1.6 with p(k,n) = f(n — k/2;n,1/2) when k and n have the same
parity, and p(k,n) = 0 when k and n have different parity. It follows from (2.23) that
as n — 00, this is approximated well as a Gaussian distribution when k£ and n have the
same parity.

Equation (4.2) can be viewed as describing the evolution of the probability distri-
bution of the discrete random variable k(n) that evolves in discrete time n € Z. As an
alternative to posing the problem in terms of probability distributions, it is possible to
write an equation describing the discrete random process k(n) directly. Such an equation
takes the form

k(n+1) =k(n)+v(n) where £(0)=0 (4.4)

and v(n) is the “random noise” that has the distribution Ap(Ak,n). Equation (4.4)
can be considered to be a stochastic difference equation. This random noise model
is, in a sense, equivalent to flipping a coin at each discrete value of time, with heads
corresponding to a +1 motion and tails corresponding to a —1 motion. If this is done
n times, a single random path defined by discrete values of k(7) for 7 € {0,1,...,n}
will be generated. If the same experiment is performed many times, an ensemble of
random paths will be generated. According to the law of large numbers, the statistical
properties of k(n) in a very large ensemble of random paths should be captured well by
(4.3). Therefore, each random path in the ensemble can be thought of as “sampling” the
distribution p(k, n) according to the rules set forth by Ap(Ak,n) (or equivalently, v(n)).
In other words, p(k,n) is not sampled completely at random, but rather according to
the adjacency constraint that Ak = +1. Each random path k(7) for 7 € {0,1,...,n}
can be called a sample path corresponding to {p(k,7)|T € {0,1,...,n}}, since many such
k(7) paths reproduce the statistics of this time-evolving set of probability distributions.

4.1.2 Continuous-Time Brownian Motion in Continuous Space

The discrete-time discrete-space model of random motion described in the previous
subsection can be used to motivate mathematical models of continuous-time random
motion in continuous space. If each integer value k is divided by a fixed number N, then
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a probability density function on the real line with zero mean and variance n/N can be
defined from p(k,n) when n is large. This is accomplished by dividing the real line into
bins, each of which is centered on k/N, and ranging from (k—1)/N to (k+1)/N. Since
the discrete probability p(k, n) falls inside of this bin, and the size of each bin is 2/N,
as n — oo the resulting histogram will converge to a Gaussian according to (2.23). This
histogram is stretched and squashed by a factor of two relative to the distributions in
(2.23) because the range of values is —n < k < n, and the n + 1 non-zero values are
distributed evenly over this range.

In the same way that a pdf on the real line is generated from this histogram process,
the discrete time parameter, n, can be replaced with ¢t = n/N, which can be viewed as
a continuous parameter sampled at closely spaced discrete values.

Note that the same Gaussian distribution with variance ¢ = n/N that was obtained
as the limiting case of a binomial distribution could have been obtained by the n-fold
convolution of Gaussian distributions, each with variance 1/N. In other words, a noise
model that will generate the same long-time statistical behavior as coin flipping is one in
which values are sampled from a continuous Gaussian distribution, provided the correct
value of variance is used. With this in mind, the continuous version of (4.4) is

x(t+ At) — x(t) = n(t)At  where 2(0) = 0. (4.5)

Here z(t) can take on continuous values, and at each instant in time n(t) is defined by
randomly sampling values from a Gaussian distribution. Each of these samples is drawn
without knowledge of the sample values that were taken at previous times.

In the limit as At — 0, (4.5) becomes a stochastic differential equation (or SDE for
short). The noise n(t)At is denoted as dw, which is called white noise. The random
process x(t), which can be written as

x(t) = /Ot n(r)dr,

is continuous due to the smoothing effect of the integral, but is not differentiable because
n(7) is producing values at each value of 7 that are unrelated to those that come
before and after. For reasons that will be explained later, the distribution p(x,t) will
be Gaussian. This makes sense intuitively since noise that is driving the motion of x
is Gaussian. And in fact, (4.5) is not far from the models used by Einstein [6] and
Langevin [20] in establishing the physical theory of Brownian motion at the beginning
of the twentieth century.

A one-dimensional SDE will more generally be thought of as the limiting case of an
equation of the form

x(t+ At) — 2(t) = a(z, t) At + b(z, t)n(t) At where  z(0) = xg (4.6)

as At — 0. The methods in this chapter establish the tools for obtaining the correspond-
ing probability density function, p(x,t), for such an equation. Furthermore, SDEs can
evolve in multi-dimensional Euclidean space, or on surfaces such as spheres. In order to
handle the subtle issues that arise in these generalized settings, terminology and results
from the theory of stochastic processes are required. This is the subject of the following
sections.
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4.2 Stationary and Non-Stationary Random Processes

A random process is a time-varying random variable. A random process can be a scalar,
z(t) € R, vector, x(t) € R?, or matrix, X (t) € R%4*92, Since a scalar can be thought
of as a one-dimensional vector, and a matrix (by the V operation in Appendix A.7)
can be identified with a vector, the discussion will be limited to the vector case for
convenience. The value of the random process without history, x(t), can be thought of
as being drawn from a time-varying pdf: p(x,t).> In other words, for each fixed value
t = 1o, the random vector x(t¢) is sampled from the distribution p(x,tg). On the other
hand, in more general situations the value of x(t) could be influenced by both its own
value at prior times, as well as the explicit values of those prior times. If the value of x(t;)
is recorded at a cascade of prior times, t =t >ty > ... > t,,, then the pdf describing
x(t) actually would be one on the product space [x1,t1] X [X2,t2] X -+ X [X,,t,]. Let
p(x,t; X, to; X3, t3; . . . ; X, ty) denote the joint pdf on this product space. This is the
pdf for a random process x(t).

There should be no confusion between this and p(x,t). Even though they are
both “p,” they are different functions and that difference is clear from their argu-
ments. To denote their difference by giving them subscripts is possible, but then
p(x,t; Xa,t2; X3, t3; . . . ; Xp, t,) would be written as p12, n(X, X2, t2; X3, 135 ... ; Xp, tn ),
which contains exactly the same information as the arguments themselves, but makes
equations involving these pdfs substantially longer. For this reason, these subscripts will
not be used when the meaning is clear.

Another alternative way to write p(xy,t1;Xa,t2;X3,t3;...;Xp,t,) would be as
p(X1,X2,X3, ..., Xpn; b1, b2, t3,. .., t,). While perhaps this would be more consistent with
the notation used in Chapter 3 in the sense that the variables defining the domain of
the pdf appear before the semicolon and the parameters defining the shape of the pdf
appear after it, separating the time variables from the corresponding spatial variable
would lead to other problems. Therefore, the notation p(xi,t1;X2, t2;X3,t3; ... ; Xn, tn)
will be used, which is consistent with the literature.

Explicitly, if all of the x/s have been measured for t; = ta,...,t,, then the pdf
describing the statistical behavior of x(¢) at ¢ = ¢; would be described by the conditional
density

. (X, Xo, to; X, ts; . X, L)
t to;X3,t3;...; tn) = 4.7
P, [, 2 Xa, B Xnbn) P(Xa,t2;X3,135. . X, tn) 4.7)
That is, the values of x(¢) would be drawn from the density p(x, ¢ | X2, t2; X3, 135 ... ;Xp, tn)

where all x; and ¢; for ¢ > 2 are fixed, because these times have already passed and the
values of x; and t; have been recorded. Usually for physical systems, the memory that
the system has is limited to the prior instant in time, leading to the Markov property
that will be discussed later.

4.2.1 Weak and Strong Stationarity

For fixed times t; > to > ... > t,, the function p(x1, t1; X2, t2; X3, t3; . . . ; Xp, L, ) denotes
the probability density function of the composite vector [x7,xZ, ..., xX]T. If each x; €

R?, then this composite vector is n - d-dimensional. If this pdf is invariant under uniform
shifts in time, so that for any t¢g:

3The symbol p(-) is used here rather than p(-) or f(-) to avoid confusion with Gaussians or
solutions to heat equations.
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(X1, t1: X0, 25 X3, 835 .. .3 Xy, b)) = P(X1, t1 — to; Xo, b2 — to; X3, t3 — tos. .. 1 Xn, by — o)

(4.8)
then the process x(t) is called strongly stationary or strictly stationary [4]. On the other
hand, if (4.8) is not satisfied but the mean and covariance of the pdf p(x1, t1; X2, to; X3, t3;
...;Xp,t,) are the same as the mean and covariance of p(x1,t1 — to; Xa, ta — to; X3, t5 —
to;..-;Xp,tn, — to), then x(t) is called weakly stationary, or wide-sense stationary. (In
some treatments the condition that the mean remains fixed is relaxed [4], but when
referring to a weakly stationary process in the current work, constancy of the mean will
be taken as part of the definition.)

For example, if x(¢) is a memoryless process drawn at random from a probability
density function p(x,t) = po(x) that is completely independent of time, then x(¢) will
be a strongly stationary random process. On the other hand, if x(¢) is drawn from a
time-varying density p(x,t), but the mean and covariance of p are constant, then x(t)
will be a weakly stationary process without memory. For example, if p;(x) and pa(x)
are constant pdfs, and p;(x) # pa(x) but pg = ps = p and Xy = ¥y = X)) then for
0<alt) <1,

p(x,t) = [1 = a(®)]p1 (%) + a(t)pa(x) (4.9)

will also be a pdf with mean and variance u, Y. And a process defined by drawing values
from such a pdf will be a weakly stationary process without memory.

The property of strong stationarity* of a process implies weak stationarity, but not
the other way around.

4.2.2 Non-Stationary Processes

If the pdf describing a random process without memory has mean and covariance that
change with time, then that process is not stationary. For example, the solutions to the
heat/diffusion equations discussed in Chapter 2, f(x,t), are not the pdfs of stationary
processes. This is because these pdfs “spread out” as a function of time.

Many of the stochastic differential equations and corresponding Fokker—Planck equa-
tions that will be derived later describe processes that are not stationary. However, the
input noise that is used to define these processes will not only be stationary, but strongly
S0.

4.3 Gaussian and Markov Processes

In this section basic stochastic processes are reviewed. See [13, 18, 23] for in-depth
treatments. The treatment here follows [11, 40].

Let p(x,t)dx be the probability that the random process x(¢) is contained in the
d-dimensional voxel with volume dx = dxq - - - dxg centered at x € R%. The distinction
between the stochastic process, x(t), and the domain in which it moves (also denoted as
x) will be clear because in the former, the dependence on time will be denoted, whereas
the latter does not depend on time.

Let p(x1,t1;X2,t2; ... ;Xp, ty)dXy - - - dx,, be the probability that for each time ¢;,
each x(t;) is in the voxel centered at x; for each i = 1, ..., n. Hence, p(x, t) is a probability
density function on R? for each fixed ¢, while p(x1,t1; X2, t2; ...; Xp, t,) is a pdf on R4™ =
R? x RY x ... x R? for each fixed choice of (t1,...,t,)T € R™. Let the times be ordered
such that

4The word “stationary” is an adjective, whereas “stationarity” is the corresponding noun.
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th >t >...>1,.

It is important to be clear about how these times are ordered. In some books they are
ordered in the opposite way. In the treatment here the times will be ordered from most
recent (largest times) to those that are furthest in the past (smallest times).

By integrating the pdf p(xy,t1;...;%,,t,) over the last n — k copies of R? (which
erases all historical information), the following general relationship is obtained:

p(x1, 115X, to; ...;xk7tk):/ / p(x1,t1;X9, oy oo s Xy, by )dX gy 1 - - . dXp. (4.10)
]Rd Rd

For the case when d = 1, a closed-form example of (4.10) is easily verified for the
Gaussian process:

exp [~3 X000 T — i) (w5 — )
[(2m)det 5] 2

p(@1,t1; 22,825 o Tnytn) = (4.11)

where X' is an n X n covariance matrix with elements X;; and p; = (z;(¢)) are the com-
ponents of the mean of p. For a general Gaussian process with no additional restrictions,
Y =X(t1,....ty) and p = p(ty, ..., tp).

More generally, the two pdfs p(x1,t1; X2, ta; ... ; Xk, tg) and p(x1,t1;Xa, to;...; Xp, by
are related by the definition of the conditional probability density function p(:|-)

p(x1,t1;X2,t2; i Xy, B) =

P(x1, 13 X2, b5 oo s Xy b | Kb 1, Tt 13 o3 X B )D(Xhe 15 T 15 Kb 2, Bt 23 oo 3 X ).
(4.12)
Direct consequences of the definition in (4.12) and the observation in (4.10) are that

// (X1, t15 X0, b5 ooy Xy b | X1, Ll 15 -0 3 Xy B) X
R R

P(Xkt15 b1 Xht2, thra; o5 X, tr)dXy oo dXy, = 1

and
// P(X1,t15 X0, b5 ooy Xy b | X1, Elg 15 -0 3 Xy B) X
Rd Rd

D(Xkt 15 Lot 15 Kot 2, Lot 25 +ov 3 Xy b ) dXpop 1 - - - A%y, = P(X1, 13 X2, Lo; o5 X, ).

A Markov process is one with conditional probability density functions which satisfies
the condition
p(X1,t1 [ X2, t2; o3 Xn, ) = p(X1, 11 | X2, t2). (4.13)

That is, it is a process with memory limited to only the preceding step. For a Markov
process, the Chapman—Kolmogorov equation

p(x1,t15%3,t3) = / p(x1,t1 | X, t2)p(xa, t2 | X3, t3)dx2 (4.14)
R4
is satisfied. This results directly from making the substitution of (4.13) into (4.12) and
integrating.
A strongly stationary Markov process is one which is both strongly stationary and
Markov:
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P(Xi—1,tio | X, ;) = p(xi—1, 0| x4, 8 — ti_1). (4.15)

For such a process, there is no reason to “carry around” the zero and the following
shorthand notation is sometimes used:

P(Xi—1]xi,t) = p(xi—1, 05 %5, ).

Using this notation for a strongly stationary Markov process, the Chapman—
Kolmogorov equation is written as [11, 18]

p(x1|x3,t) = /dp(x1|x2, $)p(xa|x3,t — $)dxa (4.16)
i

for any times s < t.

Just because a stochastic process is strongly stationary and Markovian does not
make it Gaussian, and vice versa. Consider the Gaussian random process defined by
the joint pdf in (4.11). It is clear that, since a Gaussian is defined by its mean and
covariance, a weakly stationary Gaussian process will also be strongly stationary. And
so it suffices to simply refer to them as stationary Gaussian processes (dropping the
adjectives “weak” or “strong”). Stationarity of a Gaussian process simply means that
E(tl, ,tn) = E(tl — to, ...,tn — to) and ll,(tl, ,tn) = }L(tl — to, ...,tn — to) for any
to < tp.

Under what conditions will a Gaussian process be a Markov process? Recall that
marginal densities of Gaussian distributions were discussed in Section 2.2. In particular,
the mean and covariance of a conditional Gaussian distribution were given in (2.29).
The constraint that the Gaussian process in (4.11) be Markov is (4.13), which can be
calculated explicitly using (2.29). Stochastic processes that are simultaneously station-
ary, Markov, and Gaussian form the foundation for the most common kinds of stochastic
differential equations. i

4.4 Wiener Processes and Stochastic Differential Equations

4.4.1 An Informal Introduction

Let wy(t), ..., wn,(t) denote m independent stochastic processes with the property that
for any non-negative real numbers s; and ¢; with ¢; > s; the increment w;(t;) — w;(s;)
for each i =1, ..., m has a zero-mean Gaussian probability density function

1

2
i (245 Siﬂfi = 76—%/2(@-—3”. 417
prlasssit) = e (a17)

This pdf has variance o? = |t; — s;|, and w;(t) is called a Wiener process of strength
o?. The semicolon in the definition (4.17) separates the variable x; (that describes the
domain on which the pdf is defined) from the variables s;, ¢; (that describe properties
of the pdf). Independence means that [w;(t;) — w;i(s;)][w;(t;) — w;(s;)] has the joint
distribution
pij (@i, T3 80 i, 85, 15) = pil@ss si, ta) pi(@is 85, 15), (4.18)
and likewise the joint distribution of three or more variables would be a product of three
or more univariate distributions.
Let A(x) be any smooth function of x € R?. For example, it can be a scalar function
such as A(x) = x-x or A(x) = a-x; it can be a column or row vector function such as
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A(x) = Apx or A(x) = xT Ag; or it can be a tensor function such as A(x) = xx7, just
to name a few of the possibilities. Recall that the ensemble average of A(x(t)), where
x(t) € R? is a stochastic process with a corresponding probability density function
p(x,t) (which need not be Gaussian), is defined by the equality

(A(x(t))) = A(x)p(x,t)dx. (4.19)

Rd

This statement is true at each value of time. That is, (A(x(¢))) is an average over many
trials, each of which is evaluated at the same point in time in the trial. Clearly, because
each ensemble averaging procedure is at a fixed time,

/0T<A(X(t))>dt _ /OT { /R A()p(x, t)dx} it
/Rd / A(x)p(x,t) dt}
- < [ <>>dt>. a0

Both (4.19) and (4.20) are different from the ergodic property (also called ergodicity),
which is a hypothesis stating that for some physical systems, averages over a spatial
ensemble of identical copies of a system and time averages of a single copy over a
sufficiently long period, [0, 7], will yield the same statistical behavior. In other words,
x(t) is ergodic if

T
(A(x(t))) = % /0 A(x(t))dt. (4.21)

Equations (4.19) and (4.21) should not be confused: (4.19) is a definition that is always
valid, and (4.21) is an assumption that needs to be stated.
Now, with (4.17)—(4.19) in mind, it follows that

oo
(wi(t;) —wi(s;)) = / xipi (243 83, ts)da; = 0.
— 00
In the special case when t; = s; + dt;, this can be written as

(dw;(t;)) =0 (4.22)

where dw; (t;) = w;(t; + dt;) —w;(t;) and dt; is an infinitesimal amount of time.
The Wiener stochastic integral is defined as [42]

1/At

/tF( Jdw(r) = lim ZFnAt (n + 1) At) — w(nAt)].
0

At—0

An immediate consequence of this definition and (4.22) is that the mean value of the
integral of a deterministic function F(¢) against dw(t) is zero:

</OtF(T)dw(r)> = /Ot<F(T)dw(T)> = /Ot F(r){dw(r)) = 0. (4.23)
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Furthermore, if 7 # j,

([wi(t:) — wi(s:)][w;(t;) —w;(sy)]) = /Rz Tk pij(Ts, 53 84, b, 55, b5 ) dsda;

= </ Iipi(ﬂii;si,ti)dfm) </ l’jﬂj(xj;Sjatj)dl'j)

=0-0=0.

In contrast, if i = j,

(w;(t;) — wi(s:))?) = /}R2 2l pij (i, x5 80, b, 85, 1) dwidz;

= </ x?ﬁi(xiasi,ti)d%) (/ pj(l'jQSjvtj)dxj)

These are summarized as
[ ([wi(t:) = wilsi)][w; () = w; (s5)]) = [t = 53635 | (4.24)

If the definition dw(t) = w(t 4+ dt) — w(t) is made, then from setting ¢; = s; + dt; and
t; = s; + dt; it follows that

‘ (dw;(t;)dw;(t;)) = dt;0;; = 6(t; — t;)dtidt;0;; (4.25)

where the Dirac delta function can be viewed as having a value of 1/dt over the inter-
val [0, dt]. The property (4.25) indicates that the increments of a Wiener process are
uncorrelated. The symbol dw;(t) is often referred to as (unit strength) white noise.”

Equation (4.25) can be quite useful. For example, given the deterministic function
F(t), it can be used to write

< / F<T>[dw<7>}2> = / F ) ldu(r)]) = / Py (4.26)

Equation (4.25) also can be used to simplify the following integral involving the deter-
ministic functions F (t) and Fy(t):

< / By )du(m) / t Fz(Tz)dw(T2)> -/ t / "By () B (o)
:/Ot /OtFl(Tl)Fz(Tz)a(n — ry)drdr

= [)t Fl('rl)Fg(Tl)dTl. (4'27)

Sometimes ensemble averages of the form (dw(t)dt) are encountered. But this van-
ishes because (dw(t)dt) = (dw(t))dt = 0. It is also possible to compute higher-order

5In most books dw is written as dW (for Wiener) or dB (for Brownian). Lowercase dw is
used here so as not to confuse it with a matrix quantity.
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correlations such as (dw;(t;)dw;(t;)dw(t)). Odd powers in any index will integrate to
zero, and those that are even powers in all indices will result in higher powers of dt that
are also effectively equal to zero. Therefore, (4.24) and (4.25) will be most useful in the
study of stochastic differential equations, with ensemble averages of all higher-power
products in dw vanishing. In fact, these and other important properties were formalized
and abstracted by Norbert Wiener in the early twentieth century (see [42]). This is
summarized below.

4.4.2 Abstracted Definitions

The vector w(t) = [wy, ..., wm,|T denotes an m-dimensional Wiener process (also called
a Brownian motion process) with the following properties. All of the components w; (t)
have zero ensemble (time) average, are taken to be zero at time zero, and are stationary
and independent processes. Denoting an ensemble average as (-), these properties are
written as

(w;(£))
w;(0)
)

)

I
o/\oo

(fw;(ty +t) — wj(ta +1)]?

([w(ts) = w(ty)][w(tr) —w(t)]

From these defining properties, it is clear that for the Wiener process, w;(t),

[wi(ty) —w;(t2)]?) ¥V t1,ta,t1 +t,ta+1>0
Vot >t; >t >t >0.

([wj (tr +2)]) = (fw; (b1 + t2) — w;(t1) + w;(tr) — w; (0)]%)

= ([wj(ts + t2) — wi ()] + [w;(tr) — w;(0)%) = (fw; (£1)]*) + ([w; (£2)]*).
For the equality
([w; (1 + 2)]%) = (fw; (t0)]%) + (fw; (t2)]) (4.28)
to hold for all values of time ¢1, to, it must be the case that [19]

([w;(t = $)]*) = o[t — 5| (4.29)

for some positive real number o2
that ([w;(t — s)]?) > 0.

The correlation of a scalar-valued Wiener process with itself at two different times ¢
and s with 0 < s <t is calculated as

(wj(s)w;(t)) = (w;(s)(w;(s) +w;(t) —w;(s))) =

([w;()%) + {(w;s(s) — w; (0)(w;(t) — wy(s))) = oFs.
As before, the notation dw; is defined by

5. This together with the absolute value signs ensures

Hence, from the definitions and discussion above,
(dw;(t)) = (w;(t + dt)) — (w;(t)) =0

and

([dw; (1)) = ((w; (t + dt) — w; (8)) (w; (¢ + dt) — w; (1))
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= ([w; (t + dt)]*) — 2(w; (t)w; (t + db)) + {[w; (1)]*)
=0} (t+dt — 2t +t) = o7dt.

For the m-dimensional Wiener process w(t), each component is uncorrelated with
the others for all values of time. This is written together with what we already know
from above as

<wi(s)wj (t)> = crjz&jmin(s, t) and <dwz(tl)dwj (t])> = O'?(Sijdtj. (431)

The unit strength Wiener process has o = 1, corresponding to (4.24) and (4.25).
Throughout the presentations in this text, all Wiener processes are taken to have unit
strength. This does not cause any loss of generality, because if a non-unit strength is

required, it can be achieved simply by multiplying by a scalar strength factor.

4.5 The It6 Stochastic Calculus

This section reviews the It6 stochastic calculus, and closely follows the presentations in
[11] and [19], which should be consulted in the case that the brief introduction presented
here is insufficient.

In the usual calculus, the Riemann integral of a continuous function f : [a,b] — R is
obtained as a limit of the form

b n
[ s = tim > foar, i) (o - i) (4.32)
a i=1

where
a=zrg<xT1<T9<...<Tp =0

Here y;(x;, x;11) is any function such that as n increases

max |x; —x;—1] = 0  and  x;_1 <yiag, i) < ;. (4.33)

Then the limit in (4.32) will exist. Note that there is some flexibility in how to choose
yi(zi,x;—1), and as long as n is large enough, and the conditions (4.33) are observed,
the limit in (4.32) will converge to the one and only answer.°

Similarly, given two continuous functions, f and g, with g being monotonically in-
creasing, the Riemann—Stieltjes integral can be defined as

b n
[ #@gte) = tim 3 fuitaizi)loen) - o) (434)

under the same conditions as before. And this too will converge. Moreover, if g(z) is
continuously differentiable, this can be evaluated as

/a " fla)dg(x) = / " fa) (@)

50f course this is a different issue than that of quadrature rules that attempt to rapidly
and accurately evaluate functions in a certain class by sampling as few points as possible.
References to the literature on numerical quadrature schemes are discussed in [3], and are not
the subject here.
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However, when it comes to time-dependent stochastic problems, it is desirable to
calculate integrals of the form f; f(t)dw(t) where the Wiener increments dw(t) are
the discontinuous functions defined in Section 4.4.2. Furthermore, f(t) also might be
a discontinuous function. Nevertheless, for the sorts of discontinuities encountered in
stochastic modeling problems, it is still possible to obtain a meaningful answer for
fab f(t)dw(t), provided particular rules are followed.

One such rule is that of the Itd stochastic calculus, which defines the following It
integral [11]:7

[ s@autn) = tim 3 ft () - wlt) (4.35)
to i=1

(where equality is interpreted in the mean-squared sense discussed in Section 1.2.2).
Note that this is akin to choosing y; (2, z;—1) = 2;_1 in (4.34). However, unlike the case
when f and ¢ are continuous where any y;(x;, z;—1) satistying x;_1 < y;(z;, vi—1) < x;
will result in the same value of the integral, a different choice for the rule y;(x;,x;—1)
will result in a different answer for the value of the integral. In particular, the seemingly
innocuous replacement of f(¢;—1) with f((t;—1 +¢;)/2) in (4.35) converts it from being
an Itd integral to being a Stratonovich integral, the value of which can be different. (The
Stratonovich integral and its properties will be discussed in detail in Section 4.6.)

In some stochastic modeling problems, the It6 integral is the most natural. For
example, in simulating financial markets, orders are placed based on the information
available at the current time, and so evaluating f(¢;—1) at the beginning of each time
interval makes sense. And the structure of the It6 integral makes it easy to calculate
expectations. However, it does have some counterintuitive features. For example, in
usual calculus

b 1 b 1
[ wde =502 =) [ f@ar@) = 5007 - 107,
and more generally

1
n+1

b
/ [f (@)]"df (z) = ([fOI" = [f(a)]™F). (4.36)
However, in the It stochastic calculus, evaluating (4.35) with f(¢) = w(t), and using
the properties of the Wiener process stated in Section 4.4.2, it can be shown that (see
[11] for the detailed derivation)

/t w(T)dw(T) = %[w(t)2 —w(tg)? — (t —to)].

And more generally [11]

[ wrrdur) = = (O - ) - 5 [ word @37

to n+1 to

These and other counterintuitive aspects of the It6 stochastic calculus must be kept
in mind when using it as a tool in modeling problems.

"Note that unlike in the discussion in Section 4.3, the times are now ordered as to < t1 <
o< tp—1.
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4.5.1 It6 Stochastic Differential Equations in R9

Consider the system of d SDEs:

dx;(t) = hi(z1(t), ..., zq(t), t)dt + ZHij(acl(t), o xg(t), t)dw;(t) for i=1,..,d.
j=1

(4.38)
If H;j(x,t) =0, and if the vector function with components h;(x) satisfies the Lipschitz
condition,® then (4.38) simply becomes the system of (possibly non-linear) ordinary
differential equations x = h(x,t). A unique solution can always be obtained for such
a system given any initial conditions. The reason for writing the dx; and dt terms
separately in (4.38) is because, strictly speaking, a Wiener process is not differentiable,
and so dw;/dt is not defined. But, as was discussed in Section 4.4.2, the increments
dw;(t) have some very well defined properties.
In the more general case when H;;(x,t) # 0 (for at least some values of (x,t)), then
(4.38) is called an Ité SDE if its solution,

zi(t)fxi(O):/o hl'(l‘l(T),...,JSd(T),T)dT+ZA H;j(z1(7), ..., zq(7), T)dw,; (1),

(4.39)
is interpreted as in (4.35). Or, equivalently, the second integral in the above expression
is defined to satisfy the condition

lim <l/ Hij(x(7), 7)dw; (7 )—ZHz‘j(X(tk1)7tk1)[wj(tk)—wj(tk1)}] >=0

n—o0 1
(4.40)
where tp =0<t1 <ty <...<t,=t.
The first integral automatically satisfies

W}Lngo<[/othi(x( dT—*Zh x(tp_1 tk_l)] >=o (4.41)

because as long as h;(x, t) is not pathological, the limit can pass through the expectation
and the term inside of the brackets becomes zero because

/ hi( dr—nh_{r;OEZh (te—1)th_1)

is the classical Riemann integral that is known to hold for continuous integrands. In
contrast, this is not true for the term inside of the brackets in (4.40) because the Wiener
increments are discontinuous, and the integrand only has meaning when interpreted in
the sense of an ensemble average.

8 A vector-valued function h(x) is said to be Lipschitz if there exists a finite constant ¢ € Rxg
such that ||h(x1) — h(x2)|| < ¢ ||x1 — x2]| for all x1,x2 € R". Functions that are everywhere
differentiable are necessarily Lipschitz.
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4.5.2 Numerical Approximations

Whereas the above are exact mathematical statements, the goal of simulation is to
assign numerically computed values to these integrals. This necessarily involves some
level of approximation, because the exact limits as n — oo cannot be achieved when
simulating the behavior of SDEs on a computer.

In numerical practice sample paths are generated from ¢ = 0 to a particular end time
t =T, and the values t, are taken to be t; = Tk/n for a finite value of n. The resulting
numerical approximation to (4.39) evaluated at discrete points in time is

&:(T) — x;(0) = % > hi(Er(te-1), o Faltho1), tro1) (4.42)

k
+ YD Hig(@1(tko)s e Ealtior)s tem) [ (8) — wj(ti-1))-

This is the baseline method for numerical stochastic integration. It is called Fuler—
Maruyama integration [12, 22, 26]. The increment [w;(t;) —w;(tx—1)] for each value of k
and j is drawn randomly from a Gaussian distribution with variance of t;, —tx_1 = 1/n.
Or, what is equivalent to this, is to draw samples from a Gaussian distribution with
unit variance and then scale the samples by 14/n.

As n becomes very large, (4.40) becomes more true in the sense that

: R 2

lim £(n) =0 where £(n) =~ ; <[xi(tk) —ai(ty)] > (4.43)
for each ¢ € [1,...,d]. Other more sophisticated methods converge faster than Euler—
Maruyama integration in the sense that £(n) — 0 more rapidly as n becomes large.
Nevertheless, Euler-Maruyama integration will be the method used throughout this
text because of its simplicity. For more sophisticated treatments of numerical methods
for stochastic differential equations see [1, 16, 22, 25, 26, 30, 32]. A particularly easy-
to-follow presentation is that due to D. Higham [12], which has links to computer code
that can be freely downloaded.

An important point to keep in mind when performing stochastic simulations using
any integration scheme is that an individual sample path is meaningless. It is only the
behavior of an ensemble that has meaning. Therefore, when evaluating the accuracy
of a numerical approximation method for computing stochastic integrals, it is only the
convergence of the ensemble properties, such as (4.43), that are important.

In practice, not only the end value ;(7T) is of interest, but rather all values &;(tx)
are, and so (4.42) is calculated along a whole sample path using the Euler-Maruyama
approach by observing that the increments follow the rule

Bi(te) — Bi(te1) = %hi(i’l(tk_l),...,id(tk_l),tk_l) (4.44)
+ > Hij (@1 (tro1), oo Sa(tho1)s troe1) [wj (tr) — wj (1)),
j=1

which is basically a localized version of It6’s rule, and provides a numerical way to
evaluate (4.38) at discrete values of time.
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This amounts to dividing up the interval [0,¢] into n subintervals [t;_1,t;] for k =
1,...,n, and evaluating H;;(x(t),t) at the first point of each interval. This is an important
thing to observe.

Figure 4.1 shows six sample paths of a Wiener process over the period of time
0 <t < 1 generated using the Matlab™ code provided in [12]. Note that w(0) = 0, as
must be the case by definition. White noise forcing for SDEs is obtained as the difference
dw(t) = w(t+dt)—w(t) at each value of time. This difference, or increment, is simulated
numerically by sampling from a Gaussian distribution with unit variance, and then
multiplying by v/dt. In the terminology of random variables, a normally distributed (i.e.,
Gaussian) random variable, X, with mean p and variance o2 is denoted as X ~ N (u, 0?),
which can be interpreted as “X is drawn from N(p,0?).” Within this terminology,
dw(t) ~ +/dt- N(0,1), which means that dw(t) is computed by first sampling and then
scaling by v/dt. Numerical software such as Matlab™ have built-in pseudo-random-
number generators that perform the sampling step.

When numerically simulating sample paths of SDEs, it is this step of sampling
the white noise that is central. After that point, the SDE can be evaluated using the
rules of stochastic calculus (Itd or Stratonovich), with the integrals approximated as
a finite sum. As with usual numerical integration, various levels of accuracy can be
achieved at the expense of greater computational effort. The Euler-Maruyama method is
a baseline method that can be quickly implemented and is computationally inexpensive.
Other more sophisticated methods can be obtained in the references provided earlier
in this subsection. But as will be demonstrated in Section 4.5.6, it is possible to derive
deterministic equations for the evolution of probability density that do not require
simulation of the SDE.

4.5.3 Mathematical Properties of the It6 Integral

Returning now to the “exact” mathematical treatment of SDEs interpreted by Ito’s
rule, recall that all equalities are interpreted in the sense of (4.40) being true. In other
words, the statement

/O F(r)dw;(r) = lim D F(ten)[w; (t) — w;(tx-1)] (4.45)
k=1

is not strictly true. But if we understand this to be shorthand for

lim <
n— 00

then a number of “equalities” will follow (in the same sense that (4.45) itself is an
“equality”).
For example, the following is often stated in books on the Ito calculus:

/0 F(r)dw;(r) = > F(tr—1)[w;(t) — wj(tkl)]l > =0, (4.46)

k=1

/0 w(r)du(r) = 3 () - ). (4.47)

Where does this come from? Working backwards, if (4.47) is true, it means nothing
more than the statement that

< [/ w(r)duw(r) — 3wl - t}] > o,
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Fig. 4.1. Sample Paths of a Wiener Process

or equivalently,

n— 00
k=1

<[ﬁm St () = s tx )] - 5 {[wlo)]? —t}] > -0,

Expanding the square, and changing the order of summation and expectations, which
is acceptable due to (4.20), the result is
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<nli_{gc im0 S w(te-n)w(ti-n) s (te) = wy(tr-1)]w; (t) — wj(t-1)]
k=11=1

n

w0 — 1) tim > )y () — w;(t2)] + 3 {0~ t}2> 0. (4.48)
k=1

For an alternative treatment of this calculation, see Gardiner [11, p. 84].

4.5.4 Evaluating Expectations is Convenient for It6 Equations

Using the same sorts of manipulations, it can be shown that for any non-anticipating
functions® [11], integrals analogous to those in (4.23), (4.26), (4.27) (with a stochastic
function, F'(T), replacing a deterministic one) can be written as

</otF (T)d“’(”> = /Ot<F () = [ (EE () =0 (149)

< / t F(T>[dw<7>}2> -/ B () du()?) = / () ()P = / (P
and

</Ot F1(T1)dw(T1)/Ot F2(T2)dw(72)> = /Ot /Ot<F1(Tl)F2(72)dw(Tl)dw(T2)>
- /0 t /0 t(Fl(Tl)Fg(Tg))(dw(7'1)dw(72)>
- / t<F1(T)F2(T)>dT. (4.51)

0
Again, these “equalities” are only true in the sense of (4.46).

Now consider an It6 stochastic differential equation that generates a random variable
x(t). Since this is generated by an Ito integral, the value of x(¢) depends only on x(t—dt)
and dx(t) since x(t) = x(t — dt) + [x(t) — x(t — dt)]. It follows that x(¢) is a Markov
process and so the Chapman—Kolmogorov equation applies. Furthermore, since in the
infinitesimally short period of time, dt, the conditional probability density p(x|y, dt)
will be very much like a delta function when 2 = x(t) and y = z(t — dt). This means
that, for example,

((x(t) = [ Bi)plxly. i)y = hix)
Also,

(H(x(t))dw(t)) = ( H(Y)p(x|y7dt)dY> (dw(t)) =0

Rd

and

9A function F(t) is called non-anticipating if it is statistically independent of w(s) — w(t)
for all s > ¢. An immediate consequence is that (F(¢)[w(s) —w(t)]) = (F(t)){w(s) — w(t)).
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(Hij(x(t)) H (x(¢))dw; () dwi (1)) = ( 9 Hz‘j(Y)sz(}’)P(X|y,dt)dY> (dw;(t)dwi (1))

= Hij(xla ...,.’Iid,t)ij(:L‘l, ...,.Td,t)dt.

From these properties and (4.38) the following shorthand can be used:

(di(t)) = (hi(a1(t), - ))dt + Z i (1 (), oo 2a(t), £)) (dw; (1))

= hi(fEl, ...,.’Ed,t)dt (452)
and
(da;(t)dz(t)) = < hi($1(t>7...,xd(t),t)dt+iHij(.’I;]_(t),...7xd(t)7t)dw]‘<t) X
(hk(xl(t), ey zg(t), t)dt + inl(:z:l(t), ...,zd(t),t)dwl(t)>>
=1

H;; (J}l, vy Ty t)Hkl(l‘l, ey Ty t) (dwj(t)dwl(t))>

[
NE

<
Il
—
-~
Il

1

Hij(l‘l,...,l‘d,t)ij(l‘l,...,l‘d,t)dt. (453)

I
NE

<.
Il
—

Equations (4.52) and (4.53) are essential in the derivation of the Fokker-Planck
equation that will follow shortly.

4.5.5 Ito’s Rule

In the usual multivariate calculus, the differential of a vector-valued function of vector
argument, y = f(x) is given by dy = Dfdx where the entries of the Jacobian matrix Df
are Df = 0f;/0x;. This Jacobian matrix (which is often denoted as J for convenience)
is reviewed in Section 1.4.5. In contrast, when transforming between coordinate systems
using the Ito stochastic calculus, this no longer applies.

The sample paths, x(t), generated by an SDE are not differentiable, though they
are continuous. Given a smooth function f(x), and an increment dx, the behavior of
which is defined by an SDE, then the quantity dy = f(x + dx) — f(x) can be calculated
by expanding f(x + dx) in a Taylor series around x. Explicitly in component form this
gives

dy; = 6fz Ti+ = Z 2, da:kdxl + h.o.t.’s. (4.54)

The higher order terms (h.o.t. s) are thlrd order and higher in the increments dx;.
Substituting an SDE of the form (4.38) into (4.54) gives Itd’s rule:

Ofi T ofi
dy; = g h;(x E tH" (x,t dt E H ,t)dw.
4 r Ox; i (‘3xk8ml H(x1) (6 8)]1 + - oxy, i (%, £)dwy

(4.55)
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The reason why the higher order terms disappear is that the sense of equality used
here is that of equality under expectation. In other words, a = b is shorthand for (ac) =
(bc) for any deterministic ¢. And taking expectations using the results of the previous
subsection means that all terms that involve third-order and higher powers of dw; as
well as products such as dtdw; will vanish.

4.5.6 The Fokker—Planck Equation (Ité6 Version)

The goal of this section is to review the derivation of the Fokker—Planck equation, which
governs the evolution of the pdf f(x,t) for a system of the form in (4.38) which is forced
by a Wiener process. The derivation reviewed here has a similar flavor to the arguments
used in classical variational calculus (see, for example, [3] or Volume 2) in the sense
that functionals of f(x) and its derivatives, m(f(x), f’(x), ...,x), are projected against
an “arbitrary” function e(x), and hence integrals of the form

» mi(f(x), f(x),...,x)e(x)dx =0 (4.56)

are localized to
m(f(x), f(x),....,x) =0 (4.57)

using the “arbitrariness” of the function e(x). The details of this procedure are now
examined.

To begin, let x = x(t) and y = x(¢ — dt) where dt is an infinitesimal time increment.
Using the properties of p(x|y,dt) in (4.52) and (4.53), it follows that

[ (e = wdploxly. ity = (o~ 35) = by ) (4.5%)

and
Ad(xi—yi)(wj—yj)p(X\y7dt)dy = ((zi—yi)(zj—y;)) = Y Hin(x, t) H{;(x, t)dt. (4.59)
k=1

Using the Chapman—Kolmogorov equation, (4.16), together with the definition of
partial derivative gives

op(xly, . 1
% = lim — [p(xly, t + At) = p(xly, )]
1
~ tim, 5 [ [ pixle.ntely. 0de — i)

Let €(x) be an arbitrary compactly supported function for which 9de/0x; and
0%¢/dxj0xy, are continuous for all 4,7,k = 1,...,n. Then the projection of dp/dt against
€(y) can be expanded as

Op(x|y,t)

. 1
[ 200 yyay = gim, 3 | [ etnay [ st ntely. anae

At—0 At
- [ vl cterae]

Inverting the order of integration on the left-hand side results in
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[ 2EE D tyyiy = g 5 [ i) | [ o€y, anetay - (o)) de

At—0 At
Expanding the function e(y) in its Taylor series about &:
92
e(y) = (&) + Z( - &) 8& +5 Z ~4) pE08

1=1 7,] 1

and substituting this series into the previous equation results in

Op(xly, 1) / " e ’ S
22 Y e(y)dy = —h; Hi HE | p(x]y,
| P ey = [ > i zayz%z BT | pl(xly. )y

when (4.58) and (4.59) are observed.
The final step is to integrate the two terms on the right-hand side of the above
equation by parts to generate

Op(x|y,t)
/Rd{” .0 Za p(xly. 1)

D) Z Z 3 (Hi Hyiyp(x]y, ))}e(y)dy =0. (4.60)

Using the standard localization argument (4.56)=—=>(4.57), and using f(x,t) as short-
hand for the transition probability p(x|y,t), the term in braces becomes

82

((9171'8.%'3'

D SR RIS 35S

=1

(Hik(x,t)HkT]- (x, t)f(x,t)) —0.

s
Il
-
>
Il
—
-

<

(4.61)
This can also be written as

8f zd:

d m
1 52
’ 51'12'::1 m (Z Ha(x t)HkJ(X ) f(x, t)) )

k=1

(4.62)
or symbolically in vector form (with the dependence of functions on x and ¢ suppressed)
as 5

O = V- (f)+ i (VD) HHT )] (4.63)

where (V< V1) = 0%/0z;0x;.

4.6 The Stratonovich Stochastic Calculus

The Stratonovich stochastic integral is defined as [11, 35]

| 1O® dulr) = tim 3 (o + 60)/2)e) —wlol | @6
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Here the function f(t) can be of the form f(t) = F(x(t),¢) where x(t) is governed by
a stochastic differential equation which itself is defined by an integral like the one in
(4.64).

The inclusion of the symbol © inside the integral is to distinguish it from the It6
integral, because in general

t f(r)® dw(r) # t f(r)dw(r).

Though these two integrals are generally not equal, it is always possible to convert one
into the other.
One of the benefits of the Stratonovich calculus is that [11]

([w ()" = fw(to)]"*),

| 1w ® dutr) = —

which, unlike (4.37), is akin to the answer in usual calculus in (4.36). In fact the
Stratonovich calculus generally behaves like the usual calculus, which makes it easy
to use. Furthermore, due to the inherent continuity of random motions associated with
physical problems, the “midpoint” approach in the evaluation of f(¢) in (4.64) is natural.

However, unlike the It6 integral, the Stratonovich approach has the drawback that it is
extremely difficult to evaluate expected values such as was done in the Ité case in (4.52)
and (4.53). In order to “get the benefit of both worlds” it is important to know how
to convert an It6 equation into a Stratonovich equation, and vice versa. When calculus
operations are required, conversion from It6 to the Stratonovich form can be performed,
and then regular calculus can be used. Or, if expectation operations are required, a
Stratonovich equation can be converted to Itd6 form, and then the expectation can be
taken. Being able to weave back and forth between these two forms makes it much easier
to address stochastic modeling problems.

Consider the system of d SDEs:

dz;(t) = b (21(), .. dt+ZHS (21(t), .., za(t),t) © dw,; (t) for i=1,..,d.

(4.65)
This is called a Stratonovich SDFE if its solution is interpreted as the integral

24(t) — 24(0 /h (7 dT—l—Z/ HE (1(1), o 24(r), 7) © oy (7).

(4.66)
In vector form this is written as
x(t)—x(()):/ dT+/ H?(x(7),7)® dw(T).
Note that the coefficient functions hf(x,t) and H;(x,t) have a superscript “s” in order

to distinguish them from the coefficient functions h (x,t) and H;;(x,t) in an It6 SDE.

Now the interconversion between the two forms will be summarized following the ar-
guments in Gardiner [11]. Suppose that corresponding to the Stratonovich SDE (4.65)
there is an Itd6 SDE for x(t) defined by drift and diffusion coefficients h;(x,t) and
H;;(x,t). With this, x(t) can be viewed as the solution to an It6 SDE, and so It6’s rule
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can be used to expand out H;;(x((ti—1+t:)/2), (ti—1+%;)/2) in (4.66) to evaluate the in-
tegral according to the rule (4.64). This is because x((t;—1+t;)/2) ~ x(t;—1)+ 3dx(t;—1)
and the H}; is defined to be differentiable in all arguments. Expanding everything out
in a multi-dimensional Taylor series and using It6’s rule then establishes the following
equivalence between It6 and Stratonovich integrals:

1 d m d t@H{’J
/HS 7 ® dw(r /H (7’)+§ZeiZZ/ To Hy;dr

(4.67)
where {e;} is the natural basis for R%. This means that if we choose to set H;; = HE,
then x(t) as defined in the Ité6 and Stratonovich forms will be equal if the drift terms
are chosen appropriately.

In general if {x1,...,24} is a set of Cartesian coordinates, given the Stratonovich
equation (4.65), the corresponding It6 equation will be (4.38) where

4 8Hfj
> H,W and  H;; = H};. (4.68)

ij
j=1k=

hi(X, t) —l—

=

This important relationship allows for the conversion between It6 and Stratonovich
forms of an SDE. Using it in the reverse direction is trivial once (4.68) is known:

1 G 9,
hi(x,t) = ) =522 S Hei  and  Hj = Hi;. (4.69)

j=1k=1

Starting with the Stratonovich SDE (4.65), and using (4.68) to obtain the equivalent
1t6 SDE, the Fokker—Planck equation resulting from the derivation of the It6 version can
be used as an indirect way of obtaining the Stratonovich version of the Fokker—Planck
equation:

i 5 L g [ 9
_;a?i (hif)+ 5;;1371, [; Hikaxj(ijf)] . (4.70)

In the next section, a special kind of SDE is reviewed, which happens to be the same
in both the Ité6 and Stratonovich forms.

4.7 Multi-Dimensional Ornstein—Uhlenbeck Processes

Consider a forced mechanical system consisting of a spring, mass, and damper that is
governed by the second-order linear differential equation

mi + ct + kx = f(t). (4.71)

Here m is the mass, c is the damping constant, k is the stiffness of the linear spring, and
f(t) is an external forcing function applied to the system. This is a model that is widely
used to describe systems such as an automobile with shock absorbers as it passes over
a bump in the road (which supplies the forcing), or a civil structure such as bridge or
building subjected to forcing supplied by wind or an earthquake.
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When f(t) is a random forcing, this model is also used to describe Brownian motion
at the molecular level. In that context, f(t)dt = odw is a white noise forcing with
strength o and c¢ is the damping, both of which are supplied by the surrounding liquid.
For extremely small particles, the inertial term become negligible, and (4.71) reduces

to i
do = —~z + Zdw. (4.72)
c c

In the case when the mass is not negligible, the second-order scalar equation in (4.71)
can be converted to two first-order state space equations by defining x; = z and x5 = #.
Then (4.71) becomes

() = (i) ()i (10, ) )

Both (4.72) and (4.73), as well as more complicated models involving multiple
springs, masses, and dampers, generalize to the following stochastic differential equation
[37, 40]:

|dx = —I'xdt + Cdw.| (4.74)

Here x € RY I' = [y;5] € R4 C = [¢;] € R™™ and dw € R™ is a vector of
uncorrelated unit-strength white noises. That is,

(dwi(t)dwj(t» = (5ijdt and (dwi(tj)dwi(tk» = jkdt.

The SDE in (4.74) is called an Ornstein—Uhlenbeck process, or O-U process. Note that
the coefficient matrix function H(x,t) = C' in this case is constant. Whenever H(x,t)
is constant, it turns out that the Ité and Stratonovich SDEs are equivalent. Therefore,
for the O-U process, there is no need to call it an “Itd6 O-U process” or a “Stratonovich
O-U process.” Furthermore, there is only one Fokker—Planck equation.

The Fokker-Planck equation corresponding to (4.74) that describes the evolution
of the probability density f(x,t) for this process is obtained by substituting (4.74) in
(4.61). The result is

Z or; (vijai f) + Z Oz a Czkcgjf) . (4.75)

This equation was originally derived in a special case by Fokker [7] and Planck [29], and
was generalized by Kolmogorov [18].

4.7.1 Steady-State Conditions

By defining the matrix B = [b;;] = CCT, we can write the Fokker-Planck equation
(4.75) in the case when 0f /0t — 0 as

0
Z%Ja (x;f) + Z ”(“)xaij (4.76)

The first term on the right-hand side of the above equation that multiplies v;; can
be expanded as
aof of

8 axj 9]
6$i B 8$i '

BT%(%‘JC)Z 8$if+xj

Oijf +
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Here 6;; is the Kronecker delta defined to be equal to one when ¢ = j and zero otherwise.
This means that (4.76) can be rewritten as

af 1 0% f
0= Z |:’Yij(§ijf + %8_9:1) + ibwm} .

ij

Observing that >, vi;6;; = 3, vii allows this to be written as

of 1 o f
0=tr(l i + =bij——— | . 4.77
Following Risken [33], let us assume a steady-state solution of the form of a Gaussian:
f(x)=coe (—leAx)—ce (—1 E aARITET]) (4.78)
—OXP2 —OXp2klklkl .

where A = AT > 0 is the inverse of the covariance matrix and ¢y is the normalizing
constant such that f(x) is a probability density function.

In order to check if such a solution is valid, simply substitute it into (4.77) and
determine if equality can be made to hold.

First, observe that for this assumed solution,

8f - 1 6l‘k 6331

o0, —if(x) %:a'kl (8_:rlxl + zg 8xi>
1

= —§f(x) > ap (Spiz + zx1s)

Kkl
= —f(X) Z ;1]
l

Next observe that
0% f 0 [ af }

ox; |0,

8.131'8.13]' B 81‘]‘
0

= _8_953- [f(x) zz: ailxl]

= f(x) Z(ajkxk)(ailﬂfl) -/ Z (ail%> '

Kl 1 '

J

The last term in the above expression is simplified by observing that
al‘l
zl:ail%j = Zl:ailislj = aj.

This means that
LT o )
= f(x Wik LT — Qi ) -
8xi3xj — gl LIl J

Using these facts, (4.77) can be used to write the condition
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0= Z’yu Z’W]azlxjxl + - Z sz A5k LT — az]) (479)
ijl z]k:l

Equating the coefficients at each power of = to zero results in a sufficient condition for
the assumed solution to work. For the zeroth power of x:

1
Z’Wi — Z ibijaij =0. (480)
7 1]
Matching the quadratic powers in = gives
- Z Yij@a®ie+ 5 Z ij (@jkainTizy).
ijl ijkl

Note that ij bija;ra; can be written as ij a;ibija;y or as ij aiibija;y since a; =
a;. This is the lkth element of the product ABA. Recall that A = A" and B = BT,
which means that (ABA)T = ABA. In contrast, >, v;;a; are not the elements of a
symmetric matrix. However, by observing that

1 T
zl:%'jau:csz =5 zl: ('Yijail + (vijaa) ) T,
(%] (%]

the original quantity can be replaced with a symmetric one. Then equating all the
coefficients in front of the x;z; terms results in

Z[’yzgazl + 71]0411 Za]z ik Q-

7

Written in matrix form this is
I'"A+(r*A)" = ABA.

Recognizing that (I'"A)T = ATI" = AI', and multiplying on the left and right of both
sides of the equation by A~! gives

|ra—t 4 A 1" = | (4.81)

Hence, the condition that the assumed steady-state solution is valid boils down to
solving a linear-algebraic matrix equation. The explicit solution method is discussed in
the following subsection.

4.7.2 Steady-State Solution

The solution method presented here follows [33]. The way to solve (4.81) when I has
distinct eigenvalues is to expand this known matrix in the spectral decomposition

n
r=uAv” = Z Auv?l

Here U = [uy,...,u,] and V = [vq,...,v,] are matrices such that the columns satisfy
the following equations:
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Fui = /\iui FTVZ‘ = )\ivi-

In other words, we can write I' = UAU™! and I'" = VAV~ Since this kind of
decomposition is unique up to ordering of the eigenvalues and the normalization of the
eigenvectors, the equality

UAUHT =vav—1

can be made to hold when U~T = V. This means that
vl =vTv =1=0v" =V*U. (4.82)

A is a diagonal matrix with entries \;, which are the eigenvalues of I (which are the
same as the eigenvalues of I'T). If I' = I'"" then U = V, and they are orthogonal,
whereas in the general case U and V are not orthogonal matrices.

Substituting the spectral decomposition of I" into (4.81) gives

UAvTA~ + A7V AUT = B.
Multiplying on the left by V7 and on the right by V gives
VIUAVTAT'V + VIAT'VAUTV = VT BV.
Using (4.82), this reduces to
AVTATW + VAW A=VTBV.

IfC'"=VTA'V and B’ = VT BV, then the original problem is transformed to one
of finding C’ such that
AC"+C'A=PB

where C’ and B’ are symmetric matrices. This problem can be written in component

form as
n

> (Nidijczi + ey Aidik) = by

j=1
Using the properties of the Kronecker delta, this reduces to
NiCik + Cip Ak = by,

Hence,
by,
TN
A~1 is then recovered from C’ by observing from (4.82) that
vc'ut =u(vTATIVUT = A7

Therefore, as was done in [33], we can write A~ as

1
-1 T T
At = ;j Iy (v Bvj)uu; . (4.83)

This is the covariance for the assumed Gaussian. Note that this steady-state solution
washes out any initial conditions. Regardless of whether f(x,0) was initially either more
tightly focused or more spread out than this steady-state solution, the O-U process will
drive it to become the Gaussian with this covariance. Therefore, the O-U process is not
a diffusion process, but rather a return-to-equilibrium process.
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4.7.3 Detailed Balance and the Onsager Relations

The concept of detailed balance is a physical argument that reflects in the transition
probability for a Fokker-Planck (or Chapman-Kolmogorov) equation a condition that
systems of pairwise colliding particles must satisfy. Namely, if elastic particles collide
and bounce off of each other in such a way that preserves linear and angular momentum,
and if their velocities are tracked before and after the collision, it should be the case
that if time is reversed, the collision viewed as time goes backwards must also obey the
laws of Newtonian mechanics. This imposes the following condition on the transition
probability [2, 8, 9, 11, 28, 39]:

p(r’, v/ dt|r,v,0)ps(r,v) = p(r,—v,dt|r', —v', 0)ps(r’, —v'). (4.84)

Here v = 1 is velocity and r is position. ps(r,v) is a stationary solution to a Fokker—
Planck equation (assuming that one exists as ¢ — oo) in which the spatial variable is
x = (v ,vD)T and p(r,v,t + dt|ro,vo,t) = p(r,v,dt|rg,vo,0) is the solution to the
same Fokker—Planck equation at time dt with initial conditions p(r,v,0|rg,vo,0) =
5(1‘ — I‘o)(S(V — VQ).

It is possible to write (4.84) in the equivalent form

’p(x’, dt| x,0)ps(x) = p(ex, dt|ex’,0)ps(ex”)

(4.85)

where the matrix ¢ = diag[eq, ..., e,], n = dim(x), and &; € {—1,+1}. A value of +1
corresponds to positional (or “even”) variables, and a value of —1 corresponds to velocity
(or “odd”) variables. Note: the terms even/odd need not have anything to do with the
evenness/oddness of the subscripts with which the scalar components of the variables
are labeled.

If p(x, dt | xo,0) satisfies the Fokker-Planck equation (4.61) with drift and diffusion
coefficients that do not depend explicitly on time, and if p(x,0|x0,0) = §(x — xq),
then it can be shown that the conditions of detailed balance in (4.85) are equivalent to
[11, 33]

ps(x) = ps(ex) (4.86)
[eihi(ex) + hi(x)] ps(x) = Z aij[H“ (x)ps (x)] (4.87)
gingij (SX) = HZJ(X) (488)

These are somewhat more convenient than (4.85) because in many situations
p(x, dt|xo,0) is not known in closed form but p,(x), hi(x), and H;;(x) are.
Condition (4.86) follows from (4.85) because for dt = 0,

p(x',0|%,0) =§(x — x) = §(ex’ — ex).

Conditions (4.87) and (4.88) can be obtained by expanding p(x, dt|xp,0) in a Taylor
series in dt and using the Chapman-Kolmogorov equation, in analogy with what was
done in the derivation of the Fokker-Planck equation. See [2, 11, 28, 39] for details.
The condition of detailed balance in (4.85) has been generalized to other, more ab-
stract, Markov processes, but the discussion here is restricted to physical arguments.
As a concrete example, consider the Fokker—Planck equation corresponding to the
Ornstein—Uhlenbeck process in (4.74) is (4.75). It is clear that if it originates from
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a mechanical system such as (4.73), there will be an equal number of even and odd
variables. Furthermore, the steady-state Gaussian solution (4.78) with A calculated in
(4.83) should satisty (4.86)—(4.88). For the Ornstein—-Uhlenbeck process, these conditions
respectively correspond to

cAe=A; ele+I =BA™';, &eBe=B.

Combining these with (4.81) and rearranging terms gives the Onsager relations [2, 28,
39]:

e(FrA Y = (ra—"Te. (4.89)

As an example that demonstrates the usefulness of (4.89), consider the multi-
dimensional version of (4.71),

Mk + C% + Kx = £(1), (4.90)

where M, C, and K are all symmetric positive definite n X n matrices and fdt = Sdw
is a stochastic forcing vector where S € R™*™ is arbitrary and dw is a vector, each
element of which is a unit-strength white noise that is uncorrelated with the others.

It is possible to write (4.90) in the form (4.74) by introducing a new variable y =
[xT,xT)T. Alternatively, in physical applications it is more common to use coordinates
z = [xT,pT]T where p = Mx. Whereas y is called a state-space variable, z is called a
phase-space variable. It is also possible to use other variables such as p’ = M 3x. Here
the phase-space formulation will be used, and the result will be of the form in (4.74)
with z taking the place of x. In this case, the matrices I" and B are

0 SsT

0 M-
r= {K oM

| e[

Writing the candidate matrix A and its inverse, which can be taken as being sym-
metric without loss of generality, in terms of blocks as

A11 A12 —1 |:A/11 AI12:|
A= d A ' =
|:A¥~2 A22:| an A/T1F2 A/22 ;

the conditions (4.81) are expressed block-by-block as

M—1A1{2 _ _A/le—l

AIHK + Alle_IC = M_IA/QQ
KAllg + Alz;K + A/QQM_lc + CM_lAIQQ = SST .

The condition eAe = A (or equivalently eA~le = A™1) gives Ajo = A’y5 = 0. This
simplifies the last two of the above equations to

A/llK: MilA/QQ and AI22M710+CM71A/22 = SST

The Onsager relations (4.89) written out in block-matrix form also give A';1 K =
M~1A’59, but in addition give

CM 1A'y = AyoM~1C.

Combining these equations gives
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ApCK P+ K1CA 1 = KPSSTK™ and  AlpeM'C+ CM A5 = SST.
(4.91)
And so in this particular problem the Onsager relations provide a tool for converting a
system of matrix equations (4.81) of dimension 2n x 2n into two matrix equations of
the same kind, each of dimension n x n. Since full-rank linear systems of equations have
unique solutions, any solution to these equations will be “the” solution. By inspection,
it is clear that given some scalar constant (3,

20 =pSST = A=A 0An=BKoM " (4.92)

The condition on the left indicates that viscous/dissipative forces and stochastic fluc-
tuations forcing the system are balanced in a particular way. This is a statement of
the fluctuation—dissipation theorem which will be revisited in the context of statistical
mechanics in Volume 2.

4.8 SDEs and Fokker—Planck Equations Under Coordinate
Changes

The purpose of this section is to address problems associated with changing coordi-
nate systems in stochastic modeling problems. This sort of geometric problem will be
unavoidable when considering SDEs that describe processes that evolve on (possibly
high-dimensional) surfaces rather than unconstrained translational motion in R™. But
even when modeling problems in R™, geometric issues will arise. The general problems
associated with coordinate changes will be formalized later in this section, but they are
first illustrated here with the concrete example of Brownian motion in the plane.

4.8.1 Brownian Motion in the Plane

From the presentation earlier in this chapter, it should be clear that the following two-
dimensional SDE and Fokker—Planck equation describe the same process:

af 1 (an a2f)

ot 2\92? " 0x3

dx=d —=
oW 0z 0z}

In this case, it does not matter if the SDE is interpreted as an It6 or Stratonovich
equation. The above equations describe isotropic translational diffusion in the plane.

As a physical problem, the behavior should be independent of the coordinate system
used. Therefore, if instead of Cartesian coordinates, a change of variables x1 = r cos ¢
and xo = rsin¢ is made, it should be possible to describe the same process in terms
of SDEs and Fokker—Planck equations in the polar coordinates (r, ¢). Since there is no
ambiguity in how to do this change of coordinates for the Fokker—Planck equation (since
the usual Newton—Leibniz calculus is well understood by all), this is a good place to
begin.

Coordinate Changes and the Fokker—Planck Equation
Let f(r, o;t) = f(rcosg,rsing;t). Then it is clear from the classical chain rule that

0f _ 0f ony  0f 0m
or Oz Or Oxoy Or
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and

of  Of vy | Of Oxo

96— 0wy 0p | Owy 06
If the Jacobian of the coordinate change is calculated as
Oz1 Oy
or 9¢ cos ¢ —rsin
J(T7 ¢) = = M QS ¢ )
s Do sing rcos¢
or 0

then the Jacobian determinant is |J| = 7.
It is clear from the above equations that

of of of of

or Ox1 Oy or
=J"(r,9) ( ) or ( ) =J " (r,¢)

of of of of

a_dj Oxa Oz %

where J=7 = (J-1)" = (JT) 7"
In component form this means that

ﬁ = cos¢8—f — Sin(b@
or1 or r O0¢

and

of _ .

Of _ 4 ,0F | eosodf
al’g

or r 0¢
Applying this rule twice,

*f 0 8f_ sing of _sing 9 8f_ sing of
6—$% = COS¢E COSQSE Ta_¢ ’ % COS¢E - 8_¢)

62f 0 (18f>+sin2¢5_f_

_ 2407 9 g —_
= cos ¢3r2 sm(bcosqbar

r O¢ r  Or
singcosd 92f sin¢cosgz§8_f sinzqﬁﬁ
T OpOr r2 190) 2 0¢?
and
*f .o . of cospOf cosgp & [ . Of cosgpdf
5g—$wa<M%ﬁ+7-% T Mt T as
02 f o (10f cos2 ¢ Of
— ain2 p 3 —_ | 2L -
= sin ¢87°2 +Sln¢)cos¢ar <r8¢> + . +
sin ¢ cos ¢ 82f _singécosgzﬁ@_f cos%bﬁ
r O¢or r2 oo r2  9¢?’
Therefore,

Pf o 0 f 10f 19

5 Yo "o Trar T Eagr
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and so

of 1 <82f 82f> L. of 1 (52f+ 10f 1 82f>, (4.93)

o = 2\02 T2 o " 2\az et e

The next question is, if dx = dw is interpreted as a Stratonovich or It6 SDE, what
will the corresponding SDEs in polar coordinates look like?

Coordinate Conversion and the Stratonovich SDE

The Stratonovich case is straightforward, since it obeys the usual Newton—Leibniz calcu-
lus, and so dx = J(r, ¢)[dr,dd]T. This then means that [dr,dp|T = J~1(r, ¢)dw, which

is written in component form as

dr = cos ¢ Q) dwy + sin ¢ © dws
(4.94)
sin ¢
o

d¢ =

1
®© dwy + — cos p© dws.
T

Coordinate Conversion and the It6 SDE (Approach 1)

How can the corresponding It6 equation in polar coordinates be found? First, from It6’s
rule in (4.55) and the functional relationship between Cartesian and polar coordinates,
it follows that
1
dxy = cos ¢pdr — rsin ¢pdo — o7 cos P(dg)? = dun
(4.95)
1
dxo = sin ¢dr + r cos ¢pdo — 57 sin ¢(dg)? = dws

where the rightmost equalities in each of the above come from the original SDE dx = dw.
Second, the form of the It6 SDE that is sought is, by definition, of the form

dr = hq (’I“, (b)dt + Hyy (r, qb)dwl + ng(’l“, (b)d’wg
d¢ = ho (’I’7 (b)dt + H21(7’7 qb)dwl + Hoo (’I", ¢)dw2

Substituting this into (4.95), and remembering that under ensemble averaging, dw;dw; =
8;;dt and all higher order terms such as dtdw; and (dt)? vanish, leads to

dw1 o 10 hl dt + 10 Hll H12 dwl o 1 (H221 + HQQQ)T dt
de - O T hg 0 T Hgl H22 dU/Q 2 0 ’
This will be satisfied if H1o = Hay = ha = 0 and Hyy = 1, Hay = 1/r, and hy =

1/(2r). In other words, an It equation in polar coordinates that produces sample paths
equivalent under ensemble averaging to those generated by the Cartesian It6 SDE dx =

dw is
() =5 ("0 )@+ (o) (i) (4.96)
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Coordinate Conversion and the Ité6 SDE (Approach 2)

This same problem can be approached in a different way. Inverting the transformation
of coordinates so that polar coordinates are written in terms of Cartesian coordinates,

r= [z} + x%}% and ¢ =tan' <$2> .

It follows that ) .
dr = [(z1 + dx1)2 + (2o + dzg)z]E — [z% + x%]f

d¢ = tan™? w —tan~ ! )
T + dzry x )

Expanding the above in a Taylor series to second order in dz; (knowing that higher
order terms will vanish) gives

and

dr — 1 [2z1dz1 + (dx1)? + 2x2dwy + (do2)?] 1 [423(dz1)? + 423 (d22)?]
2 [ + 23]2 8 [ + 3]
and )
a6 — z1dry — vadry + P (dz1) B zox3 (27 (dwo)? + 23y *(dxy)?)

at + 23 (2] +23)?
Now making the substitutions x1 = rcos¢, xo = rsin¢g, dr, = dw;y, drys = dws, and

using the usual properties of the Wiener process, this reduces (after some trigonometric
simplifications) to

1
dr = §r*1dt + cos ¢pdwy + sin pdws

(4.97)
de = —r~ L sin pdw, 4+ 771 cos pdws.

While (4.96) and (4.97) are not exactly equal, they are equivalent in the sense that the
ensemble of paths generated by both will have the same statistics.

It Doesn’t Matter that These Equations are Different

At first glance, it may be a source of concern that (4.97) and (4.96) are not the same.
After all, it is reasonable to assume that they should be! But referring back to the
Fokker—Planck equation in Cartesian coordinates (both in this case, and in the general
case in (4.61)), it becomes clear that any two It6 SDEs are equivalent if dw — Rdw
where R is an orthogonal matriz'® that can be time dependent, and even dependent on
the stochastic process defined by the SDE itself. This is exactly the case here, since the
substitution dw — Rdw in (4.97) with

= (o8 ¢ —sin¢
“ \sing cos¢
0Recall that R € R™*™ is called orthogonal if RRT = I, and an orthogonal matrix with the

additional condition detR = +1 is called a rotation, or special orthogonal, matrix. The set of
all n x n rotation matrices is denoted as SO(n).
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will convert (4.97) to (4.96). Clearly RRT = I, and so these two Itd6 SDEs are equivalent.

Now things can get a little confusing, because the It6 equation (4.97), which is
the same as (4.96), and the Itd equation (4.95) are equivalent in the sense that they
produce the same Fokker—Planck equation. Moreover, the Stratonovich equation (4.94)
is equivalent to these because it too produces the same Fokker—Planck equation.

4.8.2 General Conversion Rules

Formulas were given in Section 4.6 for converting between It6 and Stratonovich versions
of the same underlying process described in Cartesian coordinates. The same rules hold
for this conversion in curvilinear coordinates.

In general if {q1,...,qq4} is a set of generalized coordinates, given the Stratonovich
equation

dg; = hi(q,t)dt + > Hjj(q,t) ® duw,
j=1

for i = 1,...,d the corresponding It6 equation will be

dqi = hi (q, t)dt + Z Hij (q, t)d’UJj

j=1

where 4
1 — OH;
j=1k=1

In the above example of Brownian motion in the plane, the Stratonovich equation
(4.94) has no drift, and the corresponding It6 equation (4.97) does have a drift, which
is consistent with h;(q,t) # hi(q,t).

Now consider the Stratonovich equivalent of the It6 equation (4.96). Using (4.98), it

becomes clear that
dr\ 1 /(1/r 10 dwn
(i) =2 ("0 )+ (orfn) @ (i) (190

An important observation can be made from this example: If for any Ité equation
the transformation H(q,t) — H(q,t)R(q,t) is made for any R € SO(m) while leaving
the drift term the same, the resulting Fokker—Planck equation computed with H(q,t)
and H'(q,t) = H(q,t)R(q,t) will be the same. However, this is generally not true for
Stratonovich equations. This is observed in the context of the current example because
the coloring matrices, H, in (4.99) and (4.94) are related by an orthogonal transfor-
mation, and in order for them to be produce the same Fokker—Planck equation, they
necessarily have different drift terms. The three-dimensional diagram in (4.100) illus-
trates which equations in this example are equal, and which are equivalent under the
conversion rules established in Section 4.6.

4.8.3 Coordinate Changes and Fokker—Planck Equations

The coordinate changes addressed above are for SDEs. When performing coordinate
changes for Fokker—Planck equations, the usual calculus is used. Using Cartesian co-
ordinates as the baseline, small changes in x are related to small changes in q by the
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Strat. FP Strat. SDE
Eq., Cart. Cart.
Ito FP It6 SDE
Eq., Cart. Cart.
Strat. FP Strat. SDE
Eq., Polar Polar
Ito FP Ito6 SDE
Eq., Polar Polar (4.100)

Jacobian matrix: dx = J(q)dq. Differential volume elements described in the two coor-
dinate systems are related by the expression d(x) = |J(q)|d(q), as discussed in Chapter
1. In Chapter 5, it will be shown that the matrix G(q) = J7 (q)J(q) (called the metric
tensor) contains all of the information needed to measure distances, areas, volumes, etc.
Since |J(q)| = |G(q)|2, the volume element in curvilinear coordinates can be expressed
as d(x) = |G(q)|2d(q). This has an impact on the form of the Fokker—Planck equation
in curvilinear coordinates because every “dx” in the derivation in Section 4.5.6 (which
in that context is shorthand for d(x)) becomes a |G(q)|2d(q). And when performing
integration by parts and localizing, the factor |G(q)|% is introduced into the curvilinear
version of the Fokker—Planck equation. The result is presented without proof below. A
proof for the more general case of Fokker—Planck equations on manifolds will be pro-
vided in Chapter 8. That proof covers the case of curvilinear coordinates in Euclidean
space as well. For the reader who wishes to prove these formulas, another route would
be to simply start with the Cartesian forms of the general Fokker—Planck equations and
work through the change of coordinates as was done early in this section for the specific
example of Brownian motion in the plane.

Ito6 Version

The Ito version of the Fokker—Planck equation in generalized coordinates is

f  ix= e S
o5 = 1617 Z o (ailcltr) + 7|G\ > G (BET)lG3f] . (4.101)

Given f(q,0) this generates f(q,t) for the Ito SDE
dq = a(q,t) + B(q,t)dw

As illustrated in Exercise 4.10, when B(q,t) = [J(q)]™!, (4.101) will be the heat
equation under special conditions on a(q,t).
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Stratonovich Version

O _ a3 (wriaif) + a3 S 2 B 2 (B b
5 = |Gl Za—qi(ailGl f)+2|G| Zaqi[ikaqj(juq Ol (4.102)

i i,k
Given f(q,0) this generates f(q,t) for the Stratonovich SDE

dq =a’(q,t) + B*(q,t) ®dw.

As illustrated in Exercise 4.11, when B*(q,t) = [J(q)]™!, (4.102) will be the heat
equation under special conditions on a®(q,t) (which are in general different than the
conditions in the It6 case).

4.9 Chapter Summary

This chapter introduced concepts from the theory of random (stochastic) processes. Two
interpretations of the stochastic integral were reviewed: It6 and Stratonovich. Each has
advantages and disadvantages. The It6 calculus is convenient for taking expectations,
but does not follow the rules of classical calculus. The Stratonovich calculus follows the
rules of classical calculus, but is very difficult to work with when taking expectations.

It is the stochastic integral that can be viewed as the solution of a stochastic dif-
ferential equation. These two different interpretations mean that, in general, it must be
stated up front which kind of SDE is being considered. Rules for converting between 1to
and Stratonovich forms were reviewed, as well as the conversion of an SDE of one type
into an SDE of the same type, but in curvilinear rather than Cartesian coordinates. In
addition, each kind of SDE has a corresponding Fokker—Planck equation. The relation-
ship between all of these concepts is summarized in the cubic diagram (4.100) presented
in this chapter for the special case of Cartesian and polar coordinates in the plane.

Many books on stochastic processes exist. These either focus on modeling of physical
systems, such as [15, 24, 38], or rigorous mathematical analysis [5, 14, 17, 21, 34, 36, 41].
Several works address the middle ground between applications and theory, including
10, 11, 12, 27].

In later chapters, SDEs that evolve on more exotic spaces than R? will be explored.
These include manifolds. In order to understand these concepts, it is important to have
sufficient geometric background. This is provided in the next two chapters.

4.10 Exercises

4.1. Following up on the last paragraph in Section 4.3, determine the explicit conditions
on the covariance and mean of a Gaussian process of the form (4.11) to be a Markov
process.

4.2. Prove for all values of ¢t that p(x,t) in (4.9) is: (a) a pdf; (b) it has mean y; (c) it

has variance o2.

4.3. Given the one-dimensional Ornstein—Uhlenbeck SDE dz = —yxdt + cdw, write and
solve the corresponding Fokker—Planck equation analytically.

4.4. Using the programs provided in [12], simulate 1000 sample paths of the one-
dimensional Ornstein—Uhlenbeck SDE in Exercise 4.3. Let each path consist of 100
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steps with dt = 0.01, and let v = ¢ = 1. Record each x(¢) for ¢t = 0.2,0.5,1.0. Create a
histogram for each of these times, and compare it with the analytical solution from the
previous problem.

4.5. Prove that a substitution of the form dw — R(x,t)dw into an It6 SDE dx =
h(x,t)dt + H(x,t)dw will yield the same Fokker—Planck equation as without this sub-
stitution when RRT =T

4.6. Let R and Ry denote rotation matrices. Prove that a substitution of the form
H?(x,t) — H*(x,t)Ro(t) into a Stratonovich SDE dx = h*(x,t)dt + H*(x,t) ® dw will
yield the same Fokker—Planck equation as without this substitution. Will this statement
still be true if H%(x,t) — H*(x,t)R(x,t)? Explain.

4.7. Let R denote a rotation matrix. If a substitution of the form H®*(x,t) —
H?(x,t)R(x,t) is made in a Stratonovich SDE dx = h®(x,t)dt + H*(x,t) ©dw, how
must h*(x, t) be modified in order to yield the same Fokker—Planck equation as without
this substitution?

4.8. Using (4.98) show that the It6 equation (4.97) is equivalent to the Stratonovich
equation (4.99), and so in this case it does not matter in which way the SDE is inter-
preted.

4.9. Starting with the SDE in (4.99) in polar coordinates, and using the rules of
Stratonovich stochastic calculus, convert this to an SDE in Cartesian coordinates. Is
it equivalent to the Cartesian SDE that yielded (4.94)7

4.10. Show that (4.101) will become the heat equation if B(q,t) = [J(q)]~* and
ai(a, 4Gr*§ja (1G1E(BBT);) .

4.11. Show that (4.102) will become the heat equation if B*(q,t) = [J(q)]~! and
S 1 -1
a;(q,t) = §|G| Zszka <|G| ) :
j

4.12. Show that if

0
Zm ) (i3 L atoa, (4.103)

J

then the It6 and Stratonovich forms of the Fokker—Planck equation will be the same
(and hence the corresponding SDE can be taken as It or Stratonovich in this special
case without having to specify).

4.13. List three specific examples of when (4.103) will hold. Hint: What if B is indepen-
dent of q? Or if q is partitioned as q = [q7,q2]7, and B(q) = B(qz2) ® B(qi) (where
@ denotes the direct sum reviewed in the appendix), what happens?

4.14. Can the general solution of the Fokker—Planck equation for the Ornstein—Uhlenbeck
process in (4.74) be solved in the form of a Gaussian: f(x,t) = p(x; u(t), X (¢))? If so,
what are the forms of p(t) and X(¢)?
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5

Geometry of Curves and Surfaces

This chapter consists of a variety of topics in geometry. The approach to geometry that
is taken in this chapter and throughout this book is one in which the objects of interest
are described as being embedded' in Euclidean space. There are two natural ways to
describe such embedded objects: (1) parametrically and (2) implicitly.

The vector-valued functions x = x(¢) and x = x(u,v) are respectively parametric
descriptions of curves and surfaces when x € R?. For example, x(1) = [cos 1, sin ), 0]
for ¢ € [0,27) is a parametric description of a unit circle in R?, and x(¢,6) =
[cos psin @, sin ¢ sin b, cos0]T for ¢ € [0,27) and 6 € [0,7] is a parametric descrip-
tion of a unit sphere in R3. Parametric descriptions are not unique. For example,
x(t) = [2t/(1+ %), (1 — t2)/(1 + t2),0]T for t € R describes the same unit circle as
the one mentioned above.?

Implicit descriptions of curves and surfaces involve constraint equations in their
Cartesian coordinates. For example, the circle in R? can be described as simultaneously
satisfying the equation #? + 23 = 1 (which describes a right-circular cylinder) and
23 = 0 (which describes the xi-zo plane). An implicit equation for the unit sphere in
R? is x - x = 1. Implicit descriptions are generally not unique. For example, the unit
circle in the 21-z5 plane in R? could have been described as the intersection of the unit
sphere with the z3 = 0 plane rather than the intersection of a cylinder and that plane.
Or it could have been described as the intersection of the cylinder and the sphere.

Most of the calculations performed in later chapters involve parametric descriptions.
However, it is important to realize that this is not the only approach, and sometimes
the implicit approach can result in simpler calculations than when using parametric
descriptions. An example of such a situation is described later in this chapter.

LA geometrical object that is contained inside of another is said to be immersed in the
larger object. If in addition certain properties hold, it is said to be embedded. In this case the
mapping that defines the contained object is called an embedding. In general, there are many
ways to embed one geometrical object inside another. If X is embedded in Y then there is an
injective mapping m : X — Y that describes the embedded object.

In a strict sense, a curve or surface that differs from another by the removal of a single
point is a different mathematical object. For example, the point x = [0, —1, O]T is on the unit
circle, but the parametric description x(t) breaks down at that point. From the perspective of
computing lengths, areas, volumes, etc., two geometrical objects can be considered equivalent
if one coincides with the other except at a locus of points that is lower than the dimension of
the object. Therefore, the curve that x(¢) traces out will be satisfactory proxy for the circle in
the context of many applications, and the distinction between the circle and the circle missing
one point will be deemphasized.

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 141
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 5,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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This chapter is organized as follows. Section 5.1 begins this chapter with an in-
troduction to some basic geometric concepts originating from an application involving
robotic arms. Section 5.2 presents a case study in geometry originating from a medical
imaging problem. In the context of this one problem, several basic ideas of parametric
and implicitly defined curves and surfaces are illustrated in a concrete way. Also some
very basic ideas of projective and algebraic geometry are introduced. Section 5.3 reviews
the local and global geometry of curves in three-dimensional space. Section 5.4 reviews
the differential geometry of two-dimensional surfaces in three-dimensional space This
includes discussions of local and global surface geometry, the divergence theorem, and
includes explicit calculations of geometric quantities for the sphere, ellipsoid of revolu-
tion, and torus. Section 5.5 introduces Weyl’s tube theorem, which is a classical topic not
often covered in introductory differential geometry texts. Section 5.6 reviews the concept
of the Euler characteristic for surfaces and bodies in two- and three-dimensional Eu-
clidean space. Section 5.7 describes curves and surfaces implicitly, and expresses Stokes’
theorem and the divergence theorem in this notation.

The main points to take away from this chapter are:

Analytical tools exist to compute arc length, area, and volume.

Curves and surfaces in two- and three-dimensional space can be described paramet-
rically or implicitly, and the local geometry is determined by intrinsic quantities that
are independent of the particular description.

e The global topological features of these geometric objects can be related to integrals
of curvature. In particular, the Euler characteristic describes how many “holes” there
are in an object, and the integrals of certain kinds of curvature over a tubular surface
can help to determine whether it is knotted or not.

e The concepts of gradient, divergence, and Laplacian that were defined in Chapter 1
for Cartesian coordinates in Euclidean space apply equally well to curved surfaces.

5.1 An Introduction to Geometry Through Robotic
Manipulator Kinematics

A robotic manipulator (or robot arm) is a mechanical device used to move objects around
in space. A simple robot arm is shown in Figure 5.1. A few fundamental geometric ideas
are introduced in the following subsections in the context of the concrete problem of
forward and reverse kinematics of this robot arm.

5.1.1 Forward (or Direct) Kinematics

A robot arm consisting of two rigid links, of length Ly and Ls, and two rotational joints,
that turn through angles ¢; and ¢o, is shown in Figure 5.1. The position of the hand
of this robot arm is given by the following equations, which can be derived using basic
trigonometry and geometrical constructions:

21 = Ly cosqy + Lo cos(qr + ¢2)

29 = Ly singy + Lasin(q1 + g2). (5.1)

This can be written in the compact form

x =f(q).
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Fig. 5.1. A Robot Arm with Two Rotational Joints

If this arm is treated as a “phantom” that is allowed to pass through itself, then the
joints can take the values —7 < q1,q2 < mw, with the understanding that ¢; = +m gives
the same conformation (or shape) of the arm as ¢; = —7. In fact, the joints can spin
around and take any real values, but the shape of the arm will be the same for any g;
and ¢; + 2nm, and so it is sufficient to describe all conformations attainable by the arm
by limiting things in this way.

For almost all conformations of the arm, the values (¢1,¢2) can be perturbed to
result in an arbitrary infinitesimal change in position of the hand, dx. When ¢, = 0 the
arm is fully outstretched, and when g, = — it is folded back on itself. In both of these
cases, the hand becomes limited in the directions that it can move, since in both of
these cases the hand cannot move instantaneously in the direction tangent to the links.
Such a condition is called a singularity. Since dx = Dfdq where the Jacobian is

ofr 9fr
9q1 0q2
Df = ,
Ofs Of2
9q1 0g2

singularities can be identified by setting det Df = 0. It is common to denote the Jacobian
matrix simply as J, and the absolute value of detDf as |J|.

The loci of points defined by x(q1,0) and x(g;, —m) are circles of radius |L; + Lo|
and |Ly — Ls|, respectively. When the hand reaches a specific point on either of these
circles, a unique value of ¢; is specified. In the open annular region bounded by these
circles, there are two conformations of the arm that reach each end position. This region
of the plane is where the robot hand (also called an end-effector or gripper) can operate
by moving parts around, and it is called the workspace. The two conformations of the
arm can be called “elbow up” and “elbow down.” The space of all joint values that the
arm can take can be identified with the two-torus. The opposing edges of the square
region in the ¢1-¢o plane ranging from —m to m can be “pasted together” by the rule
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that each point on these opposing edges corresponds to the same conformation. This
is shown in Figure 5.2.

C AAAAAAAAAAAAAAAAAAAAAAAA C

BBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBB

C AAAAAAAAAAAAAAAAAAAAAAAAC

(a) (b)

Fig. 5.2. Making a Torus from a Square: (a) A “topological torus” in which the directly
opposing As and Bs are respectively identified with each other, and C becomes a single point;
(b) the “geometric torus,” which is embedded in R?

The resulting torus can be visualized as the “donut” surface in three spatial dimen-
sions, 1,2, x3. The size of the torus is unimportant, and it can be scaled so that its
radii are L1 and Lo. From the perspective of the two-dimensional robot arm, x3 is not
a real spatial direction. Rather, 3 is introduced here only for the convenience of visu-
alization. When the donut is sliced through the x;-z5 plane, the result is the boundary
of the annular workspace of the arm.

The forward kinematic function in (5.1) can be thought of as a mapping from the
torus into this annular workspace, £ : T2 — W. The workspace can be broken into
two parts: the interior I(W) and the boundary OW. The torus can also be broken into
two sets of points: those that map to I(W) and those that map to 9W. Call these sets
Q(I(W)) and Q(OW). From the discussion above, it follows that f : Q(I(W)) — I(W) is
a two-to-one function and f : Q(OW) — OW is one-to-one (or injective). Both functions
are onto (or surjective). In general a function that is both injective and surjective is called
bijective. A bijective function establishes a unique correspondence between elements of
two sets.

This can be viewed geometrically as points on the upper and lower halves of the
torus being mapped by a projection onto the workspace. The projection is not simply
along the vertical (which would correspond to a fixed value of ¢; and two different values
of ¢q2) because the value of ¢; is different in up- and down-elbow conformations.

5.1.2 Reverse (or Inverse) Kinematics

In practical robotics applications a desired trajectory of the hand, x(t), is given and
the goal is to find a trajectory in the joint space of the form q(t) such that x(t) =
f(q(t)). This is the reverse, or inverse, problem from that described in the previous
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subsection. The three most common ways that this problem is solved are: (1) incremental
linearization; (2) analytical solution for the inverse function f~!; and (3) polynomial
elimination methods. All three relate to concepts in geometry, and are described below.

Incremental Linearization

In incremental linearization (which is also called resolved rate motion control), the
relationship between an initial set of joint angles and the hand position is assumed to
be known. For example, a random value of q(0) can be chosen at time ¢ = 0, and the
resulting hand position at that time will be x(0), which can be calculated by x(0) =
£(q(0)). The instantaneous kinematics is described by the equation dx = Dfdq, which
means that if the hand is to move from x(0) to x(0) + dx(0), then it had better be the
case that dx(0) = Df(q(0))dq(0). If the Jacobian Df(q(0)) is invertible, then

dq(0) = [Df (q(0))]~"dx(0)

will provide the desired increment. Then the value of q can be updated as q(At) =
q(0)+Atdq(0). Now a set of joint angles q(At) is known that satisfies x(At) = f(q(At)).
The procedure can then be performed again with q(At) taking the place of q(0) and
x(At) taking the place of x(0). From the starting value x(0) that is on a trajectory
of the hand, the whole trajectory can be followed by breaking it up into little steps
dx(t) = x(t + At) — x(t) for any specific end-effector trajectory, x(t).

Analytical Solution

In the case of the simple two-link arm described by the forward kinematic equations in
(5.1), it is possible to obtain closed-form solutions for ¢; and g2 as a function of any
given x1 and xs, provided the position x that is specified lies in the workspace (set of
reachable positions of the hand).

To start, square and add the equations for x; and zs:

x% + xg = [Lycosqr + Lacos(q1 + qg)]2 + [L1sing; + Losin(q1 + CI2)]2
= L3+ L3+ 2Ly Ly cos go. (5.2)

From this, a solution for ¢, is obtained as

a:%—i—:c%—L%—L%) . (5.3)

g2(z1,22) = cos™! ( TR

Since cos(—¢@) = cos ¢, the above expression represents two solutions: one with the elbow
up and the other with the elbow down. Choosing either solution, substituting back into
the forward-kinematic expression (5.1), and expanding out gives

21 = Ly cosqy + Lacos g1 cos qa(21, x2) — sin gy sin g2 (21, 2)]

x9 = Lysing; + La[cos qq sin ga(x1, x2) + sin q; cos gz (21, x2)].

Writing the above as a matrix-vector expression and isolating the unknowns ¢ = cos ¢;
and s = sing; on one side of the equation,

(c(xl,:cg)) 1 <L1+L2608qz(9€17$2) —Losinga (21, z2) )1(%), (5.4)

s(z1,22) ) Ly Lysingy(x1,22) Ly + Lacosga(z1, x2)
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Then
q2(x1,x2) = Atan2[c(xq, x2), s(x1, 22)] (5.5)

where the two-argument tangent function Atan2[,-] takes values in the full range of
angular values rather than values restricted to the open interval (—m/2,7/2) where
tan~!(s/c) and Atan2|c, s] coincide.

Polynomial Elimination

While a closed-form analytical solution exists for the simple arm depicted in Figure
5.1, this is not always the case for more complicated manipulators with six joints used
to position and orient a hand in three-dimensional space. However, it was shown by
Raghavan and Roth [58] that it is always possible to reduce these more complicated
cases to algebraic problems, where powerful tools of elimination theory [65] can be
applied. This method is illustrated in the context of the robot arm in Figure 5.1 to
illustrate how a geometric problem can be reduced to an algebraic one.

Making the substitution ¢; = tan(g;/2), and using trigonometric identities, cosg;
and sin ¢; can be written as

1—t2 _ 2t
COS¢; = 7+ t% and  sing; = e (5.6)
It follows from this that
sing; —t;cosq; =t; and  ¢;sing; +cosq; = 1. (5.7)

Expanding out (5.1) into products of sines and cosines of individual joint angles
converts the transcendental forward kinematic expression into one involving rational
polynomials in two variables:

12 (1 —13)(1 —t3) — 4t1to
1+¢2 (1+t3)(1+t3)
2t (1—tHta + (1 —t3)t4
2 + Lo 2 2
1+t3 (1+3)(1+t2)

$1:L1 +L2

(EQZLl

In the inverse kinematics problem, x; and x5 are given and can be treated as inputs,
and the goal is to find the inverse kinematic function that returns ¢; and gy. This is
equivalent to finding ¢; and t5 as a function of z; and x5 since (5.6) can then be used
to obtain ¢; and ¢o.

Multiplying both sides of the above equation by (1 + t%)(1 +t3) yields

(1+t)(1+13)wy = Li(1 — ) (1 +13) + Lo[(1 — 5)(1 — £3) — 4t1to]
(1+ ) (1 +t2)ao = L1(2t1) (1 +13) + Lo[(1 — t3)ty + (1 — t2)t4].

These are two polynomial equations in two unknowns. Therefore, the problem has been
converted to one of elementary algebraic geometry [38]. For example, in either one
of the above equations, t; can be solved for in terms of t; and substituted into the
other equation. The roots of the resulting single equation in to will provide the inverse
kinematics solutions.

In the particular problem at hand, since (5.2) is already known, the algebraic solution
for t5 is obtained by substituting (5.6) into (5.2). The result is a quadratic equation in
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to. The roots correspond to up- and down-elbow conformations of the arm. Substituting
these into (5.8) reduces them to two quadratic equations in ¢;. The quadratic terms can
then be eliminated, resulting in a linear equation giving ¢;. Since tan—1(-) is well-defined
over the range (—m/2,7/2), the values ¢; = 2tan~'¢; are obtained in all cases except
when ¢ = £

The approach described here has been generalized to spatial manipulators and other
mechanisms [58, 65]. As an alternative to root-finding approaches, Kohli and Osvatic
[44], Chazvini [13], and Manocha and Canny [48] converted the more complicated spatial
version of this problem to an eigenvalue—eigenvector problem.

5.2 A Case Study in Medical Imaging

Recently, a surgical resident (Dr. Tarun Bhargava) working under the supervision of
Drs. Marc Hungerford and Lynn Jones in the Department of Orthopaedics at the Johns
Hopkins School of Medicine approached the author with the following problem. An
artificial hip implant with a circular metallic rim of radius r needs to be inserted in the
patient at the correct position and orientation. One source of information about this
position and orientation is the aspect ratio of the elliptical shape that the metallic circle
makes when it is observed in planar x-ray images. These images are obtained by the
projection of the circle from a point source of x-rays. Since the circle is located at an
arbitrary position in space at some unknown orientation relative to the patient, there
is a skewed cone (with vertex at the x-ray source) that contains the metallic circle.
The projection of the circle observed in the x-ray image can then be thought of as the
intersection of this skewed cone with the imaging plane, which is taken as the zi-z9
plane. The problem to be solved is: “How does the aspect ratio of the ellipse observed in
the planar projection relate to the spatial position and orientation of the circular rim?”
This is depicted in Figure 5.3.

Fig. 5.3. Projection of a Circle at Specified Orientation onto a Plane Using a Point Source

This problem can be addressed either parametrically or implicitly. Both approaches
are described in the following subsections. First, some preliminary notation that is
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relevant to both is reviewed. Let

10 0 ch 0 sO ch —s6 0
Ri(6)=|0ch—s0 |; Ry(f)=]| 0 10 |; Rs(0)=1]s8 ¢ 0 (5.8)
0 s0 cbO —s60 0 cl 0 0 1

where cf = cos 6 and sf = sin 6.
Let e3 = [0,0,1]7 be the vector that points along the x3-axis. Then the unit vector

cos asin 3
u(a, 8) = R3(a)Ra(B)es = | sinasin 3 (5.9)
cos 3

is in the standard form of spherical coordinates. This will be used to describe the
orientation of the circle in space. The two degrees of freedom « and [ are sufficient for
this purpose because of the axial symmetry of the circle.

5.2.1 A Parametric Approach

Suppose that we start with a circle of radius r in the z1-z5 plane. This can be parame-

terized as
rcosf

c(@) = | rsiné for 6 €10,2m). (5.10)
0

Now suppose that this circle is translated and rotated by a fixed amount in space. The
result will be

x(0) = m+ R3(a)R2(B)c(f) where m= | ma |. (5.11)
ms

The vector u(a, 3) is normal to the plane containing this circle.

Now suppose that there is a point light source located at p = hes. We can define a
line that connects the point source to each point on the circle. For each fixed value of
0, this will be the line parameterized as

L(t;0) = p + [x(0) — p]t

where ¢ can take any value from —oo to oo. The above expression for L(¢;6) holds
because a line can be defined by the position of a point on it, together with a pointing
direction.

Now, suppose that the image plane is the x1-xo plane. A model for the shape of
the projected image is the locus of points where each line intersects this plane. This
condition is stated as

L(t;G)-egzo — h+[X(9)-€3—h]t*=0,

where t* denotes the specific value of t marking the point on the line of projection that
connects x(f) and p and intersects the image plane.
But from (5.11), after working out the matrix multiplications, we have that



5.2 A Case Study in Medical Imaging 149

mq + rcosf cosacos 3 — rsinfsina
x(0) = | ma + rcosfsinacos [+ rsinf cosa
mg3 — rsin 3 cos

Therefore
x(0) - e3 = m3 — rsin S cosb,
and so
h

" = .
h —ms + rsinf3cosf

The projected curve observed in the image plane then becomes

h-my+(h-r)(cos @ cos a cos B—sin 0 sin «)

Ll(t*;e)) h—mg~+r sin 3 cos 6

= (5.12)
h-ma+(h-r)(cos @ sin a cos B+sin 0 cos a)
h—ms~+rsin 3 cos 6

where x; = m; are the coordinates of the points on the curve of intersection in the image
plane.

The most fundamental question is: is this an ellipse? It is not obvious from this
parametric description whether it is or not. If it is not, the surgeons will still want to
know the maximal distance between antipodal points in the curve, and the minimal
distance corresponding to the perpendicular bisector. If the curve is not an ellipse, this
becomes a messier problem. The trouble is, just by looking at the parametric form in
(5.12), it is difficult to determine if it is an ellipse or not. As it turns out, the projected
curve is an ellipse. Proof of this will come later.

Any ellipse must satisfy the implicit equation

(m—b)TA(m -b) =1 (5.13)

for some A = AT with positive eigenvalues, and some position vector b. If (5.12) satisfies
this equation, then the planar projection will be an ellipse, and moreover, by finding the
eigenvalues of A the aspect ratio of the ellipse can be calculated. But how can (A,b)
be found from (5.12)7
Since m = x/y where y = h — m3 + rsin Bcosf, (5.13) can be rewritten after sub-
stitution of (5.12) as
(x —yb)"A(x — yb) = y*.

Expanding this out gives
ar1 [hmy + hr(cfcach — sOsa) — by (h — ms + rsBch)]’

+agy [hmg + hr(chsacB + sbca) — by(h — ms + rsBch))
+2a15 [hmy + hr(cleac — sfsa)
—b1(h —mg + rsped)] - [hma + hr(csacf + sOear)
—ba(h — ms + rsfBch))
= [h — ms + rsin 3 cos 0]

The above terms can be grouped together by their dependence on 6 as
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a1 [zo + x1¢0 + 2250]% + aza [yo + y1cd + y2s6)”

+2a1s [xg + 210 + x250] - [yo + Y16 + Y2 50]
= [20 + z1c60]%.

Expanding out, using the fact that s20 = 1 — ¢?6, and collecting the coefficients in
front of each independent function, the following coefficients must be zero for the above
equalities to hold:

ani (7 — 23) + a2 (Y7 — y3) + 2a12(2191 — 22y2) = 27
(for the %0 term);
2a117071 + 2a22y0y1 + 2a12(Toy1 + T1Y0) = 22021
(for the cf term);
2a117072 + 2a22y0Y2 + 2a12(YoT2 + Toy2) =0
(for the s term);
2a112172 + 2a2291Y2 + 2a12(22y1 + x1Y2) = 0
(for the cfsf term);
an (g + a3) + aza(yg +y3) + 2a12(zoyo + z2y2) = 25

(for the constant term).

Altogether, this represents five equations in the five unknowns a1, a2, a2, b1, and
by (the latter two of which are hidden in x; and y;), and in the five given quantities:
a, 3, my1, ma, ms. If the unknowns are labeled as q and the known quantities as k, then
the above equations can be written as

F(q,k) = 0. (5.14)

These equations are not linear in the unknowns because b;’s multiply a;x’s. In principle,
this set of algebraic (i.e., polynomial) equations can be reduced to a single higher order
polynomial equation, and root finding methods can be employed. Or, if a solution is
known when the circle is at a particular position and orientation, then an artificial
trajectory in the five parameters k = [a, 3,m1, ma, m3]’ can be generated from that
known starting state to the desired one. Viewing k and q as functions of an artificial
time parameter, (5.14) can be differentiated with respect to this time parameter to give
the following “rate-linearized” equations:

Jq+ Jkk =0
where oF 5F
q= W and Jk; = a?,

and in general these will both be functions of q and k: J, = J,(q, k) and J, = Ji(q, k). If
k(t) is any trajectory from the initial state (where q(0) = qp and k(0) = k¢ are known
and satisfy (5.14)) to the desired state where k(1) = kgoa, then a simple iterative
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procedure can be used to update the values of q(t) from ¢ = 0 to ¢ = 1. For example,
a simple rule such as k(t) = t(kyoa — ko) can be used, or equivalently k(t) = Kgoa —
kog. Then, much like the robot arm inverse kinematics problem, iterations using the
equations

q(t) = —J; " Jek(t)  and  q(t+ At) = q(t) + Atq(t) (5.15)

can be used to steer q(t) toward the value that satisfies (5.14) with k = kgoai-

However, if the accumulation of numerical errors after many iterations of the above
procedure causes (5.14) not to hold, then a correction is in order. In particular, if
|l kgoar — k(t)| is small, then

JF

F(qu kgoal) - F(Ql» k) ~ W

(Kgoar — k)
and so a variation in the strategy in (5.15) is the update rule
Aq = —aAtJ;(a, k) [F(a, kgoa) — F(q, k)] (5.16)

where « is a positive weighting scalar, or gain, that regulates the speed of convergence
to the goal.
In the special case when (5.14) is of the form

f(a) -k =0,

Ji is the negative of the identity, J, = J;(q), and a rule of the form k = a(kgoar — k)
can be used to make the velocity vector point from the current state to the desired one.
In this case, (5.16) reduces to

Aq = aAtJ;l(q) kgoar — £(q)]. (5.17)

As discussed in Section 5.1, this sort of update rule is very popular in Robotics for guid-
ing the motion of robot arms. In that context, g would represent the internal joint angles
of the arm, and k would denote the variables describing the position and orientation of
the hand in space.

If in (5.17) or (5.16) it is the case that the Jacobian matrix is well behaved, i.e., all
of the singular values of det .J; are close to unity, then these methods tend to work very
well. If det .J, ~ 0, this is a singularity, and the above algorithms will fail. However, in
this case it is possible to modify the algorithms by replacing the inverse of the Jacobian
with a generalized (or pseudo-) inverse, such as those described in [4].

5.2.2 An Implicit Approach

As an alternative to parameterizing the cone as was done in the previous subsection, it is
possible to describe the same geometrical problem using an implicit approach from the
start. In other words, instead of describing the cone in the parametric form x = L(t, 0),
it is possible to describe it implicitly as

p(x) = 0. (5.18)

Of course, the trick is deriving the form of ¢(x). In principle this can be done by starting
with the parametric equation x = L(¢,#) and eliminating the variables ¢ and 6 by using
appropriate trigonometric and algebraic operations. As an alternative, the approach
taken here will be to construct ¢(x) geometrically.
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To begin, consider the equation for a right-circular cone with vertex of height d
above the x1-z5 plane, and with base circle of radius r. This has the implicit equation

d2
Po(x) = 72(96% +23) — (x5 — d)* = 0.

It is easy to check that ¢g(desz) = 0 and ¢g([rcosf,rsin®,0]7) = 0, indicating that
both the vertex and the base circle satisfy the implicit expression.

Now consider applying particular affine transformations (i.e., deformations of the
form y = a(x) = Ax + b) that preserve the circle shape. These will have the effect
of rigidly moving the plane containing the circle, but need not be rigid-body motions
acting on other planes in R3. These transformations are invertible, and x = a~!(y) =
A~Y(y —b). This means that if (5.18) holds, then in the new coordinates the condition

p(a~l(y)) =0 (5.19)

must hold.
For example, consider the transformation of the form

r1 — s173/d Y1+ s1y3/d
y =s(x) = | z2 — saws/d — x=s5(y)=| y2+says/d |. (5.20)
T3 Y3

This can be interpreted geometrically as a linear shear of all the planes parallel to the
r1-T9 plane. This transformation leaves the z1-z5 plane fixed, and moves the point x =
des to y = s(dez) = [—s1, —s2,d]T. If this transformation is applied to every point in
the right circular cone described by ¢ (x), then it will uniformly shear the cone, making
it into a slanted cone with base at the same location and vertex at s(des). Following
the rule in (5.19), the equation for this slanted cone would be ¢1(y) = ¢o(s~*(y)) = 0,
where y is the vector of Cartesian coordinates for the space after the transformation
has been applied.

Now suppose that we want to rigidly translate this slanted cone so that its vertex is
moved from s(des) = [~s1, —s2,d]T to the point hes. This can be done by applying an
affine transformation of the following form to every point in the slanted cone:

Y1+ 51 Z1 — 81
z=t(y) = Y1 + S2 —= y=tl(z)= z1 — 82 . (5.21)
ys+h—d z3 — (h —d)

This gives a translated and sheared cone defined by

¢2(2) = ¢1(t7'(2)) = do(s ™' (t7'(2))) = 0 (5.22)

in the new set of Cartesian coordinates z.

Now if ¢2(z) = 0 defines the cone that is expected, it should be the case that
¢2(hes) = 0, which is in fact easy to verify. Note that s(t(-)) # t(s(-)). That is, the
order in which these transformations are applied is important. And so ¢o(s~1(t71(+))) #
do(t71(s71(+))). These are two different surfaces.

Now suppose that it is desired to rotate the skewed cone defined by ¢o(z) = 0
around the point z = hesz. Such a rotation around a point that is not the origin is
actually a rigid-body transformation of the form w = r(z) = Rz + r(. For a general
rigid-body transformation the conditions RR? =T and det R = 1 will hold, and rq will
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be an arbitrary translation vector. However, for a particular rigid-body displacement
that leaves the point z = hes fixed,?

r(hes) = R(hez) 4+ ro = hes,
which gives
rg = heg - hReg.

Therefore, the rotational transformation of interest is

w =r(z) = R(z — he3) + hes <= z=R'(w— he3) + hes. (5.23)

Using (5.22), the surface defined by ¢3(w) = ¢o(r~!(w)) is then one of the form
do(sH(t7H (r7H(W)))) = 0. (5.24)

The problem becomes one of finding the free parameters in the transformations s(-),
t(-), and r(-) such that r(t(s(c(6)))) is a copy of the circle c(f) defined in (5.10) with par-
ticular properties. Namely, its center position should be specified as m = [my, mg, m3]T
and the normal to the plane of the circle should be given by u(a, ) in (5.9). Since the
transformations s(-) and t(-) do not change the orientation of the plane containing the
circle (which is the x1-z2 plane, with normal e3) it follows that whatever orientation the
matrix R imparts to ez will be the orientation of the normal to the circle r(t(s(c(f)))).
Therefore, we can set R = R3(a)R2(() and the result will be that Res = u(«, ).

While the height of the point source of x-rays from the image plane is the constant
value h, the parameters s, so, and d can be adjusted so that

m = r(t(s(0))),

which is the condition that the center of the circle is in the specified location. Explicitly
composing the transformations gives

w = R(x+ (51 — s1xzz/d)er + (s2 — sax3/d)es — des) + hes = Bx + b. (5.25)
Evaluating at x = 0 gives
m = R[Sh S92, 7d]T + he3.

Therefore,
[s1, 82, fd}T = RT(m — hes)

and so B and b in (5.25) can be written in terms of m as
B = [Rey, Rey, (hes — m)/el R (hes —m)] and b =m — hes.

Now the elliptical projection of the circle of radius r with center at m and normal
given by u = Rej is the intersection of the wi-ws plane and the skewed cone (5.24) that
has its vertex at w = hes.

3Every finite displacement of a rigid body in the plane leaves one point fixed, called a pole,
and every spatial rigid-body displacement leaves a whole line fixed, called the screw awis [9].
By fixing the location of a point in space, the resulting motion is a pure rotation around that
point.



154 5 Geometry of Curves and Surfaces
In other words, the equation for the elliptical projection is
Go(sTH(tT (T (w)))) =0

where W' = [wy,ws, 0]T.
Since ¢p(x) is the quadratic form

0 22 0 0
(x—a)TA(x—a)=0 where a= |0 and A= 0 d&?/r* 0
d 0 0 -1

with d = el RT (heg — m), and since from (5.25), s™1(t " }(r~!(w))) = B~1(w — b), it
follows that the equation for the projected ellipse is

(B~Y(w' —b) —a)’A(B~'(w —b) —a) =0.

After some manipulations, this can be written as
T
wi — €1 C11 C12 wi—cr) g
Wz — C2 C12 C22 w2 — C2

C = ey, eg]TB_TAB_1 [e1,es].

This is simply the upper 2 x 2 block of B~TAB™!.
The eigenvalues of C' are obtained by solving the quadratic equation

where

det(A — C) = A2 — tr(C)A + det(C) = 0. (5.26)

The aspect ratio of the elliptical projection of the circle is then the square root of

i1+ a2 — /(11 + 022)2 — 43,
11+ a2 + /(11 + 022)? — 43,

>\m7n//\ma7" =

Note that unlike in the parametric approach, it is immediately clear when using
this implicit formulation that this projection is an ellipse because affine transformations
and sections of quadratic forms both result in quadratic forms [38]. And as long as the
eigenvalues in the matrix C are positive, the resulting quadratic form must be an ellipse.

The problem in this section was one of analytic geometry with some ideas from
elementary projective geometry. There are many other topics in geometry, including
algebraic geometry, stochastic geometry, etc. The remainder of this chapter is devoted
to the differential geometry of curves and surfaces in R3.

5.3 Differential Geometry of Curves

Differential geometry is concerned with characterizing the local shape of curves and
surfaces using the tools of differential calculus, and relating these local shape properties
at each point on the object of interest to its global characteristics. The following sub-
sections respectively address the basic local and global differential geometry of curves
in the plane and in three-dimensional space.
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5.3.1 Local Theory of Curves

The arc length of a differentiable space curve, x(t), between points x(t1) and x(t2) is
computed as .
2
s(ta) — s(t1) = / (x'(t),x'(t)) 2 dt (5.27)
ty
where x" = dx/dt. If the point from which arc length is measured is identified with ¢ = 0,
then s(0) = 0. Furthermore, if £ and s are defined to increase in the same direction along
the curve, then function s(¢) will be non-decreasing. In most practical situations, this
is a strictly increasing function, and so the inverse function ¢ = #(s) can be defined.
This means that given x(t), we can re-parameterize the curve in terms of arc length as
X(s) = x(t(s)). When it is clear from the context that the curve is parameterized by arc
length, the tilde can be dropped. A wunit tangent vector can be assigned to each point
on a parametric curve x(t) by calculating

1 dx
u(t) = o -
I | dt
When t = s, this reduces to
u(s) =
 ds
Since u(s) is a unit vector u(s) - u(s) = 1, and so
d du
- . — - — = U. 2
o (u-u) = u 0 (5.28)

The (unsigned) curvature of an arc-length-parameterized curve (planar or spatial) is

defined as . )
da du)? Px d?x\?
L (du du\® _ (X 2
(s) ( ds ds ) ( ds?  ds? ) ’ (5:29)

which is a measure of the amount of change in tangent direction at each value of arc
length.

In the case of curves that are confined to the plane, it is also possible to give a
sign to this curvature depending on whether the tangent to the curve bends clockwise
or counterclockwise relative to its location at a prior value of arc length. The signed
curvature of a planar curve is denoted as k(s). By defining the (principal) normal
vector as

. 1 du
n;(s) = () ds (5.30)

when £(s) = ||du/ds|| # 0, it follows from (5.28) that
u(s) -nq(s) =0.

Thus the tangent and normal vectors define two orthonormal vectors that move along
with a point on the curve as s increases.

The geometry of a planar curve is completely specified by signed curvature (up to the
way that the curve is embedded in space by arbitrary rigid-body motions). Or, stated a
different way, the intrinsic geometry of a planar curve is completely specified by signed
curvature, without regard to the way it is situated in space.
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For a curve in three-dimensional space, at each s for which x(s) # 0, three orthonor-
mal vectors can be defined. This requires the definition of a second normal vector (called
the binormal):

ny(s) = u(s) x ny(s). (5.31)

The frames of reference given by the positions x(s) and orientations? Qrs = [u(s), n(s),
ny(s)] for all values of s parameterizing the curve are called the Frenet frames attached
to the curve.

The torsion of the curve is defined as

(s = -2 )

and is a measure of how much the curve bends out of the (u,n;)-plane at each s.

The information contained in the collection of Frenet frames, the curvature, and
the torsion, is termed the Frenet—Serret apparatus. It was published independently by
Frenet (1852) and Serret (1851). It can be shown that [49, 53]

d u(s 0 k(s) O u(s)
™ (s) | =1 —x(s) 0 7(s) ny(s) | . (5.32)
ny(s) 0 —7(s) O ny(s)

The vectors u, ni, and ny are treated like scalars when performing the matrix—vector
multiplication on the right-hand side of (5.32). This can be written in the different form

d

25 Lu(s),mi(s), m2(s)] = [r(s)nu(s), —w(s)uls) + 7(s)nz(s), —7(s)ni(s)]

—[u(s),m1(s), n2(s)4,

or
dQrs

ds

where A is the skew-symmetric matrix in (5.32). The Frenet frame at each value of arc
length is then given by a pair consisting of the rotation Qrg(s) and position x(s). This
pair is denoted as (Qrs(s),x(s)).

Given a space curve x(t) € R? where ¢ is not necessarily arc length, the (unsigned)
curvature is computed as

=—Qrs A

_ X0 xx"@)]

"= TR (5:33)
and the torsion is e ”( ) W( )
det[x/'(t),x (t),x (¢
N FOFTOlE (5.30)

‘Qrs = [u(s),n1(s),n2(s)] is a rotation matrix (i.e., a 3 x 3 orthogonal matrix with unit
determinant).



5.3 Differential Geometry of Curves 157
5.3.2 Global Theory of Curves

While curvature and torsion are defined locally at each point on a space curve, some
features of the global geometry of closed curves are dictated by curvature and torsion. In
particular, the following two theorems should be noted, where ¢ symbolizes an integral
around a closed curve, which is invariant under the parametrization used.

Theorem 5.1. (Fenchel [27]): For smooth closed curves,

fﬁ(s)ds > 27 (5.35)

with equality holding only for some kinds of planar (1(s) = 0) curves.

Theorem 5.2. (Fary-Milnor [25, 50]): For closed space curves forming a knot

%H(s)ds > 4. (5.36)

Many different kinds of knots exist, and their complexity can be assessed by counting
the number of over-crossings that occur in planar projections. This is called the bridging
number. This number can change for knots of the same type depending on the particular
shape of the knot and the projection direction. However, if the minimum number of over-
crossings is counted over all possible shapes and projection directions, then the result is
called the bridging index, B. For any given knot, B is the smallest possible number of
unknotted arcs that cross over others in any planar projection [2, 59]. This knot invariant
was introduced by Schubert [62]. For the “unknot” B = 1, and for all non-trivial knots
B >2.

The inequalities in (5.35) and (5.36) can be combined and tightened by replacing 47w
with 27 B where B is the bridging index of the knot [28, 45].

In contrast to the above theorems, for any closed smooth planar curve that does not
cross itself> and is parameterized such that its interior is to the left side of the tangent,

]{k(s)ds =2, (5.37)

where k(s) is the signed curvature of the curve. The sign is given such that |k(s)| = k(s)
with k(s) > 0 for counterclockwise bending and k(s) < 0 for clockwise bending.

The famous Jordan curve theorem states that such a curve divides the plane into two
parts: one that is enclosed by the curve (called the interior), and one that is exterior to
it. The part of the plane enclosed by a simple closed curve is sometimes called a simple
planar body or simply connected planar region. For any closed curve that is contained
inside of a simple planar body, transformations can be constructed that shrink the curve
to a single point while the series of shrinking curves are confined to remain within the
planar body. In contrast, if a (non-simple) planar body has an interior hole, and a closed
curve in the body circumscribes the hole, then such a curve cannot be shrunk to a point
and still remain in the body.

A non-simply connected planar region can be constructed by starting with a sim-
ple planar body and introducing internal boundaries by “cutting out holes” that are
bounded by curves. The genus, v(B), of a planar body B can be defined by counting

5A closed curve that does not cross itself is called a simple curve.
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the number of “holes” that it has. The Euler characteristic of B, denoted as x(B), is
obtained by subdividing, or tessellating, the body into disjoint polygonal regions, the
union of which is the body, counting the number of polygonal faces, f, edges, e, and
vertices, v, and using the formula

[x(B) = v(B) - e(B) + f(B).] (5.38)

Interestingly, for a planar body
X(B) =1 —+(B). (5.39)

Whereas v(B) is the number of holes in the body, x(B) is the number of closed curves
on the exterior boundary (of which there is only one) minus the number of interior
boundary curves (of which there are v(B)).

If a planar body that initially has one simple boundary curve is deformed so as to
enclose some area, and points on the boundary are “glued” to each other, then the
result is two bounding curves with opposing orientation (i.e., one turns clockwise and
the other counterclockwise). It follows from (5.37) that in this case

/ k(s)ds = 2mx(B) (5.40)
oB

where 0B denotes the union of all boundary curves of B. This is shown in Figure 5.4.

Even though k(s) (and hence k(s)) was defined for curves that are at least twice
continuously differentiable, (5.40) can be easily modified to be valid for jagged bodies
with boundaries that are only piecewise differentiable. This is because, as Euler observed,
the signed curvature of a planar curve can be viewed as the rate of change with respect
to arc length of the counterclockwise angle made by the tangent and any fixed line (such
as the x-axis). Written in a different way, this is

O(s2) — 0(s1) = /32 k(s)ds.

S1

Therefore when 0B is piecewise differentiable, the total angle traversed still can be
made to equal 2w (B) if at each point where there is a jump in direction the curvature
is viewed as a Dirac delta function scaled by the amount of angular change between the
tangents to the curve just before and just after each jump.

To illustrate this concept, consider the rectangular array consisting of L x W unit
squares. For this body v = (L+ 1)(W + 1), e = L(W + 1)+ W(L + 1), and f =
L - W. Therefore by (5.38), x(B) = 1. The boundary curve consists of four straight line
segments (each having zero curvature) joined by four corners representing four discrete
jumps of w/2 radians. If s = 0 denotes the lower right corner of the rectangle, and
setting k(s) = 7/2[0(s— L)+ 6(s—L—W)+8§(s—2L—W)+(s—2L —2W)], it follows
that (5.40) still holds.

Now suppose that certain “sculpting” operations are performed on this rectangle.
If one square is removed from the periphery of the rectangle, and the boundary is
restored, then the change in Euler characteristic is zero. There are two cases: removal
of a square from a straight section of the boundary, and removal of one of the corner
squares. Removal of a corner square means Af = —1, Ae = —2, and Av = —1, and
so Ax(B) = Av — Ae + Af = 0. Removal of a square from the straight section gives
Af = —1, Ae = —1, and Av = 0, again resulting in Ax(B) = 0, indicating that
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X(B) = 1. In this way the exterior of the rectangle can be “chipped away” without
changing its Euler characteristic. For example, it is easy to verify that Figures 5.5(a)
and 5.5(b) have the same Euler characteristic.

In contrast, introducing a void into the body changes its Euler characteristic. If one
square is removed from deep without the body Af = —1, Ae =0, and Av = 0, and so
Ax(B) = =1, or x(B) = 0. If an L-shaped void is introduced as shown in Figure 5.5(c),
then Af = —4, Ae = —3, and Av = 0 and again Ay(B) = —1, or x(B) =0.

Finally, if a whole vertical line of squares are removed, splitting the original rectan-
gular body into two disjoint pieces, then Af = —L, Ae = —(L + 1) and Av = 0 and
Ax(B) = 41, or x(B) = 42, as illustrated in Figure 5.5(d). The same effect on the
Euler characteristic would result from splitting the body by removal of a horizontal line
of squares. In each of the above examples, it can be verified that (5.40) holds.

Fig. 5.4. Global Topological Features of a Planar Body are Dictated by Signed Curvature

For a planar object, it is also possible to define the Euler characteristic of the bound-
ary as
x(0B) = v(0B) — e(0B). (5.41)

It is important to note that v and e in (5.41) are not the same as in (5.38). Returning
to the L x W array of squares, the number of boundary vertices can be counted as
v =2(L+1)+2(w—1) and edges are e = 2(L + W). Therefore x(0B) = 0. And this will
remain true if the initial array of squares is sculpted, voids are introduced, and even if it
is split into pieces. If the boundary consists of the union of several simple closed curves
{0;B} that are disjoint, i.e., 9;B N 9;B over all i and j, then x(0B) = 0 regardless of
the topological features of the body.

5.4 Differential Geometry of Surfaces in R3

This section addresses the differential geometry of surface. Closed surfaces and the solid
bodies that they enclose are of particular interest. For a spatial body B (i.e., a region in
R3 with finite non-zero volume), the surface area over the boundary of B,

F :/ ds,
oB
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Fig. 5.5. Topological Operations on Body Divided into Squares: (a) An Initial Rectangular
Grid; (b) Removal of One Square from the Perimeter; (c) Creation of an L-Shaped Void;
(d) Cutting the Body into Two Disjoint Pieces

V:/dV,
B

are concepts with which engineers and physical scientists are very familiar. Gauss’ di-
vergence theorem,

and volume,

/ div(f) dV = / f -nds, (5.42)
B OB

says that the divergence of a differentiable vector field f(x), defined as div(f) =
Z?Zl Of /Ox;, integrated over the volume of B results in the same answer as integrating
f - n over the closed surface containing the body. Here n is the outward-pointing normal
to the surface.

An immediate consequence of the divergence theorem is that the volume of a body
can be computed as a surface integral, by simply constructing a vector field on R? such
that div(f) = 1. In particular, letting f = Ax for A € R3*3, then div(f) = tr(A).
Therefore, if A is any matrix with tr(A) # 0, then the volume of the body B can be
computed using a surface area integral:

1
V=—71 / n’ Ax dS, (5.43)
tr(A) Jon
which can be a useful computational tool, since the numerical approximation of a volume
involves performing computations over a three-dimensional domain, whereas performing
computations of a surface integral is over a two-dimensional domain. The vector field
f(x) can be chosen so as to make computations as convenient as possible.
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5.4.1 The First and Second Fundamental Forms

Consider a two-dimensional surface parameterized as x(q) where x € R3 and q € R?.
The most fundamental quantity from which geometrical properties of the surface can
be derived is the metric tensor, which can be viewed in terms of the parameters (q1, ¢2)
as the 2 x 2 real symmetric matrix G = [g;;]|, where

ox 0x
Gii = — « — 5.44
J 8Qi aq] ( )
for i,5 € {1,2}. G = [g;;] contains all of the information about how the lengths of curves
and the area of patches within the surface are calculated.
The first fundamental form of the surface is defined as

FW(dq,dq) = dq" G(q) da. (5.45)

If we make a change of coordinates to parameterize the surface described as q = q(s),
then by the chain rule, dq = J(s)ds, where

J(v) = [%7%}.

Therefore, due to the invariance of the fundamental forms under coordinate changes,
FM = 7V o
q — s
ds” G4 (s)ds = ds” J* (s)G,(a(s))J (s)ds.

In other words, the metric tensor transforms under coordinate change as
Gs(s) = I (s)Gy(a(s)) I (s). (5.46)

For the closed surfaces that will be examined later, there will be no need to change
between parameterizations, and therefore the subscripts ¢ and s on G need not be
stated.

If G is known, then many important quantities can be computed from G. For exam-
ple, the arc length of a curve defined by x(¢) = x(q(¢)) (which by definition is contained
within the surface) for ¢ € [t1,to] is

t2 (g% dx\? e (Taql” . dq)®
= [ (Y [ (] e
(t, t2) L \dtdt L\ Ldt (@)

An element of surface area is calculated as

dS = |G(q)|* dqdge, (5.47)

where |G(q)|2 = 1/detG(q).

In addition to the direct value of the metric tensor in calculating quantities of inter-
est, the inverse of the metric tensor also arises in applications. In physics, the notation
g% is used as shorthand for the entries of the inverse of G. That is, G=! = [¢%/]. This
will be useful notation here.

For example, a gradient vector field of a real-valued function on the surface can be
defined as

grad(f); = Z gij((i]”);. (5.48)

J
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And the divergence of a vector field on the surface can be defined as

() = |67 3 5 (G145 (5.49)

Sometimes the parentheses are dropped to lighten the notation a little bit, and these
are respectively denoted as grad f and div f.

The Laplacian (or Laplace-Beltrami operator) of a smooth real-valued function is
defined as the divergence of the gradient:

. . —1 0 1 i 0
div(gradf) = |G|72 ) 7 G2 > g Ja—j : (5.50)
i ¢ J

J

For 2D surfaces in R®, the above sums are for i and j ranging over the set {1,2}.
However, the exact same formulas apply to higher-dimensional surfaces, in which case
the sums are taken over {1,2,...,n}.

For two-dimensional surfaces in three-dimensional space,

ox ox ||?

— X — 5.51
oq 0qo ( )

|G(q1,q92)| = ‘

where x denotes the vector cross product.
Furthermore, the unit normal of a two-dimensional surface in R? is computed at
each point defined by (¢1,¢2) as

1 8X 8X
=Gl 2 [ — x — |.
" l | (a(h aqQ)

Since n-n = 1, it follows that differentiation of both sides with respect to ¢; or ¢o yields

on on

n-—=n-—=0.
Iq 992

In other words, On/9q; and dn/dqy are both in the tangent plane of the surface, which
is spanned by the vectors 0x/9q; and 9x/0qs. The second fundamental form of a surface
is defined as

FP(dq,dq) = —dx - dn,

where the vectors x and n are the position and normal at any point on the surface, and
dx and dn are contained in the tangent plane to the surface at that point.
Let the matrix L be defined by its entries:

9%x
Ly = :
7 0¢;0q; "

(5.52)

The matrix L = [L;;] contains information about how curved the surface is. For example,
for a plane L;; = 0.
It can be shown that
F*)(dq,dq) = dq" L(q) dq, (5.53)

and that the matrix L transforms in the same way as G in (5.46).
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5.4.2 Curvature

The first and second fundamental forms (5.45) and (5.53) defined in the previous sub-
section can be used together to compute the curvature of a 2D surface in R3. But before
simply providing the equations, some geometrical explanation is in order. Consider a
2D surface parameterized as x(q1,q2) € R®. Let ¢; = ¢;(s) so that c(s) = x(q1(s), ¢2(s))
is an arc-length-parameterized curve in R3. The tangent of this curve is computed as
the derivative of position with respect to arc length from the chain rule as

o
Za;i’

where ' = d/ds. The second derivative of c(s) with respect to arc length gives

2 2

Z ox // +ZZ 0%x q’.(s)q',(s) = H(S)nl(s).
— 0q;0q; """ "

The normal to the surface at the point where the curve c(s) passes through is generally
not the same as the normal n;(s) or binormal ny(s) of the curve. That is,

ny(s) # n(qi(s), g2(s)) # na(s).

However, all of these normals are perpendicular to the tangent to the curve, ¢/(s).
Furthermore, a new normal to the curve c(s) can be defined that is perpendicular to
both the tangent to the curve and the normal to the surface as

m(s) = n(q1(s), g2(s)) x ¢'(s).

Since by definition it is perpendicular to n(s), this vector must be contained in the
tangent plane to the surface that is spanned by 9x/9q1 g, (s),q.(s) and 0%/0G2q, (5),q2(s)-

m(s) and n(s) together form an orthonormal basis for describing any vector that
is normal to c¢/(s). This “surface-centric” coordinate system consisting of unit vectors
u(s), m(s), and n(s), which is called the Darbouz frame, is an alternative basis from the
“curve-centric” one defined by u(s), ni(s), and na(s). Therefore, since ¢”(s) = k(s)n;(s)
is a vector that is normal to ¢’(s), it is possible to expand it in the new basis as

r(s)n(s) = rn(s)n(qi(s), 42(s)) + kg(s)m(s)

where

kn(8) = k(s)n1(s) -n(qi1(s),q2(s)) and  ky(s) = k(s)ni(s) - m(s).

The quantities ry(s) and k,(s) are called the geodesic and normal curvature, respec-
tively. Since m(s) - n(s) = 0 and |[|jm(s)|| = ||n(s)| = 1, it follows that

K (s) = 113(5) + K2(s). (5.54)

Imagine the set of all possible smooth arc-length-parameterized curves contained within
the surface and constrained to pass through the point x(¢1, g2) with a particular tangent
direction. Within this set of curves, some will be “wiggling around” a lot inside the
surface, and others will be very taut. The most taut ones will have k4(s) = 0. These
can be used to define how curved the surface is. In particular, it is possible to search
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for the minimum and maximum values of k, over all taut curves passing through a
point on the surface. From these, two tangent directions in a two-dimensional surface
can be found at each point (one that maximizes k,,, and one that minimizes it). These
two values of normal curvature provide important information about the local shape of
the surface. Of course, the quantities of interest can be obtained without performing
an explicit search over all possible taut curves with all possible tangent directions. But
this requires some additional notation and observations about the problem at hand.

The first observation that will help is that the normal curvature of every curve
c(s) = x(q1(s),q2(s)) that passes through the point c(sg) = ¢ and has unit tangent
vector u(sg) = dc/ds|s—s, will have the same normal curvature at that point, £, (So)-
(See Exercise 5.11.) Therefore, it is not necessary to construct the most taut curves
passing through a point on a surface to measure how curved the surface is.

The second observation is that the normal curvature from the above definitions is
equal to

kn=c" - n, (5.55)

and this in turn can be written in the form
kin = FP(dq,dq)/FY (dq, dq), (5.56)
which is independent of the magnitude of dq. Therefore, using the following substitution,
dq = G iv  where v-v= 1,

and . . 1 1
fip = FO (G 3v,G v) =vIG 3 LG bv. (5.57)

The maximal and minimal values of k,, are attained when v points along eigenvec-
tors of G"2 LG~ 2 corresponding to the maximal and minimal eigenvalues. And so the
quantities that would have been obtained by searching over all taut curves with tan-
gent vectors passing through all planar angles can be obtained by performing a simple
eigenvalue—eigenvector decomposition of the 2 x 2 matrix G~/2LG~1/2.

For a two-dimensional surface in R3, the vector of partial derivatives 9°x/dq;0q; can
be decomposed into a part that points in the direction of the normal, and a part that
lies in the tangent plane. The part that lies in the tangent plane can then be expressed
as a projection onto the vectors 0x/9dqy for k = 1,2. This is written as

9?x ox ?x  Ox
=1, k== h Ik = kL, 5.58
T Z g o T Zl: (8q7;8qj aqz) / (558)

The Christoffel symbol (of the second kind), I’Zj,
terms of the elements of the metric tensor as

gl 09ij 915
Fk _ J il gk )
Z {a% oq * 0q; g (5.59)

can also be expressed completely in

It can be shown that [49]

ZLw (01(5). 42(5)) 4} (5) g3 (s)

and
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Ko(s) =D |dk Z 44

k

The condition k,4(s) = 0 is automatically satisfied when
Z r'tdq, =o. (5.60)

Such curves are called geodesics.
The Riemannian curvature is the four-index tensor given in component form as [49]

. aplk aFilj m 7l m il
R'ij aqzj - 8_% +Z(szpm] _Fij ka) (561)

m

This can be expressed in terms of the coefficients of the second fundamental form and
inverse of the metric tensor as [49]

z]k = Ly, Z glmLmJ ij Z glmLmk- (562)

The principal curvatures of a 2D surface that minimize and maximize (5.57) can be
defined as the roots 1 and ko of the characteristic equation®

p1(k) = det(L — kG) = 0. (5.63)
Of course, these roots will be the same as those that solve
pa(k) = det(G™'L — k1) = k% — tr(G7 L)k + det(G™'L) = 0.

Since G is a symmetric positive definite matrix in any parametrization, it is pos-
sible to write G = G2G? and G~! = G~2G~ 2, which means that det(G1L) =
det(G~2LG~?), and likewise for the trace. This is convenient because G~2 LG™2 is
symmetric. If det(L) # 0, it is also possible to do trace and determinant computations
with the symmetric matrix LzG1Lz. But det(L) # 0 will not always hold (for exam-
ple, det(L) = 0 for a cylinder or plane), whereas det(G) # 0, except at a set of measure
zero where the parametric description breaks down.

From this, the Gaussian curvature, k(q1,q2), is computed as

k= kiky = det(G'L) = |G| * n- <8_n X 8_n) .

5.64
oq 0q2 ( )

This quantity, which is computed above in an extrinsic way (i.e., using the normal to
the surface in the ambient space R3), can be computed alternatively as the intrinsic
quantity (i.e., only depending on the metric tensor) as

k= |G| 7% Rigo, (5.65)

where, by definition, Ri212 = >, R1%;gm2. Equation (5.65) can be viewed as a state-
ment of Gauss’ Theorema Egregium (or, remarkable theorem).

5This is because G™'L, LG™!, and G~3 LG~ % all have the same eigenvalues.
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The mean sectional curvature (or simply mean curvature) is defined as

1 1
m = 5(/&1 + ko) = itrace(G_lL). (5.66)

This is the average value of k, over curves on the surface pointing in all tangent direc-
tions and passing through the point x(q1, ¢2). These tangent directions can be generated,
for example, by calculating the unit eigenvectors, vi and vs, of G~2LG~%. Then letting
v(0) = vy cosf + vasin @ and using (5.57), the normal curvature corresponding to each
0 is
. o (2) _1 _1 o 2 .92
kn(q1,q2;0) = F9(G72v(0),G72v(0)) = k1 cos” 0 + ko sin” 0.

Therefore, averaging over 6 gives

1 2
o= | #nlar,42:0)d0 = m(qu, g2).

T Jo
This is the same as that resulting from slicing the surface with all planes containing
the point x(q) and the surface normal, computing the curvature of all curves in these
planar sections, and averaging.

The integrals of the Gaussian and mean curvatures over the entirety of a closed sur-
face figure prominently in computations of the probability of intersections of randomly
moving bodies, as articulated in the subfield of mathematics known as integral geometry,
which will be discussed in Volume 2. These integrals of total curvature are defined as

K= /S kds (5.67)

M= /S mds. (5.68)

These are respectively called the total Gaussian curvature and total mean curvature.

These concepts generalize to R™, and even to more abstract submanifolds of intrinsi-
cally defined manifolds. One immediate difficulty is that the normal vector can no longer
be defined using the vector cross product, which is only defined in R3. However, the
concept of the tangent plane still holds, and alternative methods for describing principal
curvatures are well known in the differential geometry literature.

The following subsections demonstrate these definitions on concrete examples in
three dimensions.

5.4.3 The Sphere
A sphere of radius R can be parameterized as
Rcos¢sind
x(¢,0) = | Rsingsind (5.69)
Rcosf

where 0 < 6 <7 and 0 < ¢ < 27.
The corresponding metric tensor is

(966 960\ _ [ R?*sin®6 0
Cle.0) = (ge,qs ge,e) B ( 0 R?)"
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Clearly, \/detG(¢,0) = R?sin @ (there is no need for absolute value signs since sin > 0
for 6 € [0,7]). The element of surface area is therefore

dS = R%sin @ de db.

Surface area of the sphere is computed as

T 27
:/ / sinf do df = 4w R>.
0 0

The volume of the ball of radius R can be computed in spherical coordinates in R? (i.e.,
treating R? as the surface of interest) and restricting the range of parameters defined by
the interior of the ball. Alternatively, the divergence theorem can be used in the form
of (5.43). If we let the matrix A = 1/3, then n” Ax = R/3 and

R R 4
V== dS = = - 47R? = =7 R>.
3 Jon 3 3

The volume of the ball enclosed by the sphere of radius R, and surface area of the
sphere are summarized, respectively, as

4
V= g77R3; F = 47R% (5.70)
The inward-pointing normal for the sphere is simply n = —x/R, and

zo.0) = ("5°00).

GL= (%R 1?R) '

Therefore,

It follows that 1
m= Etr(G_lL) =1/R

and
k=det(G™'L) =1/R%

Since these are both constant, it follows that integrating each of them over the sphere
of radius R is the same as their product with the surface area:

M =4rR; K =d4r.

5.4.4 The Ellipsoid of Revolution
Consider an ellipsoid of revolution parameterized as

acos ¢sin @
x(¢,0) = | asingsind (5.71)
bcos 0

where 0 < 6 < 7w and 0 < ¢ < 27, and a, b are positive constants.
The corresponding metric tensor is
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a’sin? 0 0
G(e,0) = ( 0  a®cos?f+ b*sin® 9) ’
The inward-pointing unit normal is
) abcos ¢sin’ 0
n(¢,0) = —|G(¢,0)| "2 | absin sin®6
a®sin 6 cos 6

Therefore,

i 27 i3 1~
£6.0) =160 (T3 g ) 1G0T D6.0)

Since

det(G7'L) = det(G1)det(L) = det(L)/det(G),
and since for A € R"*" and det(c A) = ¢"det(A), it follows that

det(G1L) = det(L)/|det(G)|?.

Therefore,

2 det 2 det
K= kdS = / / det(G)|2dodl = / / de,
/ |det(G)]2 |2 | )I7do |det 1

27 . T .
0 0
K= / / “sin - dgdo = 2mab’ / S
(a? cos2 6+ b2sin’6)? o (a%cos?6 -+ b%sin”0)2

Evaluating the remaining integral from tables of closed-form integrals yields K = 4.
The volume can be computed either using the divergence theorem, or by directly
parameterizing the interior of the ellipsoid and integrating to yield

m\u

or

4
V= §7Ta2b.
The values of F' and M for prolate and oblate ellipsoids have been reported in [37],
along with a variety of other solids of revolution. In particular, if @ = R and b = AR
with 0 < A < 1, then

2 —\2
n A 10g<1—|—\/1 )\>1; M:ZwR{)\—i—arCCOS)\]

F =27R? .
1— )2 A V1—)\2

In contrast, when A > 1,

2 2 _
F =27 R? {1+ Aarccos(1/A) arc;os(ll/k)} .M —2nR | A4 28 i; A1 1)] .
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5.4.5 The Torus
The 2-torus can be parameterized as

(R4 rcosf)cos ¢
x(0,¢) = | (R+rcosf)sin¢ (5.72)
rsind

where R > 2r and 0 < 6, ¢ < 27.
The metric tensor for the torus is written in this parametrization as

G6,0) = <(R+r0cos9)2 TOQ) .

The surface area is computed directly as

27 p2m 27
F= / / r(R + rcosf)dpdd = 27T/ r(R +rcosf)df = 4m*rR.
0 0 0

This is the product of the circumference of the medial (or “backbone”) circle of radius
R, which has a value of 2n R, and the circumference of the circle resulting from the cross
section of the torus in the plane normal to the tangent of the medial circle, which has
a value of 27r.

Direct calculation yields the inward-pointing normal

cos 6 cos ¢
n(f,¢) = — | cosfsing
sin 0

By defining a vector field
f(x) = Ax = z3e;3
where
000
A=1000
001

Y

it is clear that div(f) = 1, and therefore the volume of the torus can be computed via
the divergence theorem (in the form of (5.43)) as

2m 2m
V= / / (rsin? 0)r(R + r cos 0)dpdf = 27°r*R.
o Jo

This can be written as V = (7r2?)(2wR), which is the product of the circumference of
the medial axis and the cross-sectional area of the interior of the circle of cross section.

The matrix L is

L(6,0) ((R%—rcgs@)cos@ 2) ’

and

1, _ ((R+rcosf)~tcosd 0
¢ L_< 0 1/r )"

The total Gaussian curvature is then computed as
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2m 2m 2m 2m
K = / / [(R+7cosf) ™ cos0/r][r(R + rcos 0)]dpdl = / / cos 0 dpdf = 0.
o Jo o Jo

The mean curvature is m = (R + rcosf)~!cos# + 1/r. The total mean curvature
results from integrating this over the surface. From the above computation of total
Gaussian curvature, it is clear that the first term in the expression for m will integrate
to zero, and so

M= B 212 R.
2r

5.4.6 The Gauss—Bonnet Theorem and Related Inequalities

It is no coincidence that the total Gaussian curvature, K, is equal to 47 for the sphere
and ellipsoid, and equal to zero for a torus. The following fundamental theorem relates
geometric and topological properties of surfaces.

Theorem 5.3. (Gauss-Bonnet) Let k be the Gaussian curvature of a closed surface S.
Then

/ kdS = 27x(S), (5.73)
S

where x(S) is the Euler characteristic of the closed surface S.

The Euler characteristic of a two-dimensional surface is equal to

X(5) = 2(1 = 1(9))] (5.74)

where v(S) is the genus (or “number of donut holes”) of the surface. A sphere and
ellipsoid have a genus of zero. The torus has a genus of one. If a polygonal mesh is
established on the surface (such as the triangulated meshes used in computer graphics),
the Euler characteristic can be computed by the same formula as for a planar body:

x(S)=v—e+f

where v is the number of vertices, e is the number of edges, and f is the number of faces
of the polygons.

While the Gauss—Bonnet theorem is by far the most famous theorem involving to-
tal curvature, there are a number of other theorems on total curvature. For example,
the following result due to K. Voss applies to closed surfaces that are at least twice
continuously differentiable [68]:

/max(k,O)dS > 4. (5.75)
s

This inequality holds for all surface topologies. In addition, since |k| > max(k,O0), it
follows trivially that

/ \k|dS > / max(k,0)dS > 4r. (5.76)
S S

Moreover, B.-Y. Chen [14] states the Chern—Lashof inequality

/S k|dS > 4r(4 — x(S)) = 87(1 +1(S)). (5.77)
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Integrals of the square of mean curvature have resulted in several inequalities. For
example, Willmore (see, e.g., [70, 71] and references therein) proved that

/ m2dS > 4r (5.78)
S

with equality holding only for the usual sphere in R3, i.e., the undeformed sphere in
Section 5.4.3. Shiohama and Takagi [64] proved that no matter how they are smoothly
distorted, all 2-tori satisfy
m*dS > 2n°, (5.79)
T2
with equality holding only for the case of the 2-torus with the undistorted shape given
in Section 5.4.5 with the specific relationship between the radii of R = v/2r > 0.

As a final example of a theorem involving an integral of a function of curvature,
consider Ros’ theorem as reported in [53, 56, 60]: Let D be a bounded domain in R3
with finite volume and compact boundary 0D. If m > 0 everywhere on this boundary,
then )

/ —dS >3-Vol(D). (5.80)
d

pm

5.5 Tubes

5.5.1 Offset Curves in R?

The concept of parallel lines is as old as geometry itself. The concept of parallel curves,
while somewhat newer, is also fundamental. Given a parametric curve in the plane, x(s),
a parallel curve can be constructed as

o(s;r) = x(s) +rn(s) (5.81)

where n(s) is the planar unit normal to the curve at each point, and r is a constant
with value less than the maximal radius of curvature of x(s): —1/Kmaz < 7 < 1/Kmaz-

For each fixed value of r, the curve o(s; r) is called an offset curve. A non-parametric
description of the offset curve defined in (5.81) is

o(x;7)=x+m = 06(x(s);r) =o(s;r). (5.82)

The collection of all offset curves for —rg < r < ry defines a strip in the plane.

For convenience, the curve parameter s is usually chosen to be arc length. Then from
the Frenet—Serret apparatus, the tangent and normal to the curve are related by the
equations

d d
d—z =k(s)n  and d—lsl = —k(s)u
where k(s) is the unsigned curvature. Since r is treated as a constant, this means that
d .
% — [1 - ra(s)]u(s).

Even though s is not the arc length of the offset curve o(s; ), the unit tangent to o(s; )
is u(s). And the unit normal to o(s;r) is n(s). Therefore, since x(s) and o(s;r) have
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the same normal and tangent, it follows that taking the offset curve of an offset curve
results in an offset curve of the original curve:

6(0(x(s);71);12) = 0(x(s);r1 +72) (5.83)

where the notation in (5.82) is used here.
For fixed r, the arc length of each o(s;r) in (5.81) is computed using the above
expressions and the fact that u-n=0andu-u=n-n=1 as

L L
/0 |do/ds||ds = /0 1 —k(s)r]ds = L — rA6.

When the curve has no inflection points, and so the unsigned curvature equals the
signed curvature, then A is the angle between the tangents to the curve at s = 0 and
s = L, measured positive when u(0) turns counterclockwise to coincide with u(L). For
a smooth closed convex curve, x(s), the total angle swept will be A9 = 2. Note that
for closed curves parameterized such that s increases with counterclockwise traversal,
n points to the interior, and so the total length of the offset curve o(t;r) will be less
than x(s) when r > 0, and greater than x(s) when r < 0. This leads to the following
observation explained in [32]:

To L T0 L
/ / Hdo/dstsdr:/ / (1 — r(s)rldsdr
—1r0 70 —r0 /0
L T0
:2T0L—/ K(s) (/ rdr) ds
0 —T0

= 27‘0L. (584)

The reason for this is that the integral in parentheses vanishes due to the fact that
f(r) = ris an odd function of r and the range of integration is symmetric around r = 0.

The analytical and algebraic properties of offset curves have been studied exten-
sively (see, e.g., [23, 24]). Their many applications include path planning in numerically
controlled machines [6, 57] and closed-form locally volume preserving deformations of
solid models [17].

5.5.2 Parallel Fibers, Ribbons, and Tubes of Curves in R3

For an arc-length-parameterized curve in three-dimensional space, x(s), an offset curve
can be defined as in (5.81), but there is more freedom in the way n(s) can be chosen.
That is, in the three-dimensional case n(s) in (5.81) need not be the normal from the
Frenet—Serret apparatus. It could be some linear combination of the normal, n;(s), and
bi-normal, ns(s):

n(s) =ny(s)cos @(s) + na(s)sinP(s). (5.85)

In this spatial case, using the Frenet formulas dn; /ds = —ku+7ns, dny/ds = —7ny,
u-n; =0, and n; - n; = d;5, it is easy to verify that

Jdo
Os

In the special case when d¢/ds = —7(s), or equivalently,

2
= [1 — 7k(s) cos ¢(s)]? + [do/ds + 7(s)]*r2.
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6(s) = 6o — /O r(0)do (5.86)

for a constant value of 0y, the curves that result will be the offset curves that evolve
with minimal length from a specified starting position. These can be considered to be
the spatial curves that are parallel to the curve x(s), and are called fibers. The length

of a fiber for s € [0, L] is
L s
ds=1L— r/ k(s) cos (90 - / T(a)do) ds. (5.87)
0 0

L(6y, L) :/0

Note that for any values of 6y and L,

Jo
Ds

L(0o, L) + L(6y + 7, L) = 2L.

Returning to the more general setting of a spatial offset curve (5.81) with the defini-
tion of n(s) in (5.85), a ribbon can be defined as the locus of points with s € [0, L] and
r € [=ro,70]. This can be thought of as a strip of width 2ry that twists in space with a
backbone x(s). The area of such a strip is computed as

o= [ []3

=[1 —ru(s) cos @(s)]* + r2[do/ds + T(s)]*r?. (5.88)

30 dsdr

where )
Jdo Oo

PR >< PR
‘ ds  Or
When the ribbon has minimal twist (i.e., d¢/ds = —7(s)), the second term in the above
expression disappears and

A(ro, L / / [1 —rk(s)cosd(s)]dsdr = 2roL

for exactly the same reasons as in (5.84).

A constant-radius tubular body can be defined around a space curve using (5.81) and
(5.85) as the following locus of points parameterized with s € [0, L], r € [0, 7], and
0 € [0, 27]:

T(s,;7) = x(s) + 7 Rlu(s), aJn(s) = x(s) +rlni (s) cos(6(s) + ) +na(s) sin(6(s) + ).

(5.89)

Here R[u, a] denotes the rotation matrix describing counterclockwise rotation by angle

a around the vector u. A tubular surface (or simply, a tube) is described by (5.89) for

fixed value of r. This is a deformed version of a cylinder with x(s) tracing its backbone.
The area of the surface T(s, a; 7 = 1() enclosing this tube is

son= [ |5

/%/ o[l —ror(s) cos(d(s) + a)] ds da

= 2nroL — ro/o K(s) (/027r cos(op(s) + a)da) ds
— 2rrL. (5.91)

8T 8T

dsda (5.90)
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The reason for the simplification in the last line above is that the integral over a of
cos(¢(s) + a) = cos ¢(s) cos a — sin @(s) sin v is zero.
The volume of a tube defined in (5.89) is computed as the integral of the following

triple product:
am T T T
V(ro, L / / / [8 or o } ds dr df

27
:/ / / rdsdrdo
0 o Jo

= nraL. (5.92)

Note that the results (5.91) and (5.92) do not depend on ¢(s) being defined as in (5.86).

A tubular surface around a smooth closed space curve will be a kind of torus. This
torus can be embedded in R? in the standard way, or it can be knotted. If ¢(s) = 0, the
element of surface area of a tube and curvature respectively are given as [36]

dS = ro(1 — rok(s) cosa)dsda  and k(s o) = —#(s) cosa

ro(1 — rok(s) cos @)

where k(s) is the curvature of the backbone curve, x(s). Then

27
/ max(k,0)d / / s)cosadads = 2/ K(s) ds.
T s =Z s=0

From (5.75), it follows that this must be greater than or equal to 47, which is consistent
with Fenchel’s result that f s)ds > 2m. In contrast,

2m 2m 2m
/ |k|dS = / / k()| cos o davds = 4/ k(s)ds > 8w
T o Jo 0

when x(s) is any smooth closed space curve.

In analogy with the Fary—Milnor theorem that considers necessary conditions on the
total curvature of a closed space curve for it to be knotted, Langevin and Rosenburg
established the following necessary conditions for a tube to be knotted [46]:

/ k|dS > 167 (5.93)
T

where |k| is the absolute value of the Gaussian curvature, T is the surface of the knotted
tube, and dS is the same differential element of surface area used in (5.90). This result
was extended by Kuiper and Meeks [45] by replacing 167 with 87 B where B is the
bridging index of the backbone curve of the tube.

B.-Y. Chen [14] reviews total mean curvature formulas for smooth knotted closed
tubes such as

/ m?dS > 8r (5.94)
T

that were initially derived in the early 1970s [15, 16]. This too can be stated in terms
of bridging numbers of the backbone curve.
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5.5.3 Tubes of Surfaces in R3

Given a smooth parameterized surface, x(¢1,t2), a unit normal can be defined to the
surface at each point as

u(tl, t2)

<l | <

Then, an offset surface can be defined for a fixed value of r less than 1/max{|k1|, |k2|}
(where k1 and ko are the principal curvatures obtained by solving (5.63)) as

o(ty,ta;7) = x(t1,t2) + ru(ty, ta). (5.95)

The element of surface area for this offset surface can be shown to be of the form

do  do
ds = Hatl T dtydts
where [32]
ox  0x
Hatl 3t2 = [1—2rm(t1,t2) 4 7* k(tl,t2)]‘ el T (5.96)

Here m(t1,t2) is the mean curvature and k(t1,t2) is the Gaussian curvature at the point
x(t1,ta). Therefore, the area of the offset surface will be

A=F —2rM +r’K (5.97)

where F', M, and K are respectively the area, total mean curvature, and total Gaussian
curvature of the original surface, S.

For a finite body B with volume V' (B) enclosed by a compact surface 0B, an equation
similar to (5.97) is Steiner’s formula for the volume enclosed by the surface offset by an
amount r from 9B [67]:

V(B,) = V(B) +rF(dB) + L22M(aB) + gK(aB). (5.98)

It generalizes to higher dimensions and to cases where the surfaces are not smooth.
The volume contained within the two offset surfaces defined by r € [—rg, o] can be
computed by allowing r in (5.95) to vary. Then

30 80 27«' 4
dtydtzdr = 2rF + = [ kdS = 2rF + =a®x(S). (5.
/TO/{&" oty 81&2] vtodr =2rF + == | kdS =2rF 4 3mr(S). (5.99)

This formulas generalize to hyper-surfaces in high-dimensional Euclidean spaces. The
generalized formulas were proven by Weyl [69]. Although the word “tube” was used in
this section for the cylindrical surface around a curve, and an “offset” curve/surface
was used more broadly, the word “tube” is used in the mathematics literature to denote
both concepts, and “Weyl’s tube theorem” addresses this generalized concept in higher
dimensions.
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5.6 The Euler Characteristic: From One Dimension to IN
Dimensions

In preceding sections in this chapter the Euler characteristics of finite planar regions
and closed surfaces in three-dimensional space played prominent roles in characterizing
the topological properties of these two-dimensional objects. In this section, the concept
of the Euler characteristic of geometrical objects with dimensions one and three are
defined, and rules for defining the Euler characteristic of geometrical objects in higher
dimensions are provided. These rules will provide background for understanding the
generalized results presented in the next two chapters.

5.6.1 The Euler Characteristic of Zero-, One-, and Three-Dimensional
Bodies

In (5.40) and (5.73) total curvatures were related to the Euler characteristic of a planar
body and a closed surface in space. In both instances, the same formula was used. Here
this formula is generalized to other dimensions.

First consider the trivial example of a connected “one-dimensional body.” This is
nothing more than a closed interval B; = [a,b] C R. The boundary of the body is
the vertices given by the points a,b € R. In this case there are no “faces” to this
object. There are only vertices and a single edge (which is the body itself). The Euler
characteristic of this can be defined as x(B1) = v —e = 2 — 1 = 1. Now if there is
another interval By = [¢,d] C R, then again x(Bz) = 1. If By N By = ), then the body
B3 = By U By is not connected. A simple count gives x(Bs) =v—e=4—-2=2.1In
fact, for this case as well as the 2D cases described earlier, the following rule holds:

X(Bl U Bg) = X(Bl) -+ X(BQ) when BiNBy=0. (5100)

The Euler characteristic of a simple closed curve in the plane (which is topologically
equivalent to the unit circle, S1) can also be calculated using the formula

x(SH =v—e=0.

From this it is clear that the Euler characteristic, which was initially defined for two-
dimensional geometrical objects, can be applied equally well for one-dimensional objects.

A zero-dimensional object can be defined as a set of disconnected points. This can
either be viewed as the boundary of a one-dimensional body on the line, or as a zero-
dimensional body in any space. The Euler characteristic of a zero-dimensional object is
simply the number of points (or vertices) that define the body: x(B) = v.

What about for three-dimensional objects? Given a simple body in three dimen-
sions, it can be tessellated (subdivided) into simple polyhedral cells such as cubes or
tetrahedra. For such a body, the definition of the Fuler characteristic must be modified
as

]x(B)=v—e+f—c\ (5.101)

where again v, e, and f are the total number of vertices, edges, and faces in the tessel-
lation, but now the total number of spatial cells, ¢, must also be counted.

For example, consider a body consisting of a single tetrahedral cell. A simple count
gives x(tetcell) =4 —6+4 —1 = 1. Now consider a body consisting of a single block
defined by a cube and all points on the interior of the cube. This is analogous to what
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was done in the planar case in Section 5.3.2. Again, a simple count gives x(block) =
8 — 1246 — 1 = 1. Suppose that this block is subdivided into an L x W x H array of
L - W - H small blocks, or cells. A careful counting then gives

clarray) =L -W -H

flarray)=H -W-(L+1)+L-W-(H+1)+L-H-(W+1)
e(array)=H - W+1)(L+1)+L- W+1)(H+1)+W-(H+1)(W+1)
v(array) = (H+1)(W +1)(L+1).

Therefore,
x(array) = 1.

If this initial array consisting of L-W-H blocks is then “sculpted” by removing individual
blocks on its exterior, the effect on the Euler characteristic can be examined. Here
L,W, H are all taken to be greater than one. There are three different kinds of blocks
that can be removed from the surface of the array: corners, edges, and others. Let Ay
denote the change in the Euler characteristic of the body that results from this sculpting
operation. This means that

AX(B) = X(Bafter) - X(Bbefore) = Av — Ae + Af — Ac

where, for example, Av is the difference between the number of vertices after the sculpt-
ing operation and before. If a corner block is removed from the array, one vertex is
removed, three edges are removed, three faces are removed, and one cell is removed.
Therefore, in this case Ax(B) = (—1) — (=3) + (=3) — (—1) = 0. If an edge block is
removed, Ax(B) = 0 — (—1) + (—=2) — (—1) = 0. Similarly, if a surface block that is
neither an edge nor a corner is removed, Ax(B) =0 —0+ (—1) — (—1) = 0. Therefore,
it can be concluded that “chipping away” blocks from the surface does not affect the
Euler characteristic. A body sculpted in this way will have xy = 1.

In contrast, consider the operation of removing a block from deep inside the array.
In analogy with a medical treatment that remotely destroys a tumor, call the removal
of an interior block an ablation. By ablating a block, no vertices, edges, or faces are
removed. Only the volumetric cell is removed. This gives Ay = —(—1) = 1. If two
adjacent blocks are ablated, then two cells and the adjoining face are removed, and
again Ay = 1. In fact, if this ablation procedure is used to create any simply connected
void on the interior of the array, then Ay = 1. If rather than forming a simply connected
void on the interior, a toroidal void is formed, Ax = 0 because in that case the number
of cells removed is the same as the number of faces, while leaving the number of vertices
and edges unchanged. Evidently, the Euler characteristic of a body with a toroidal void
is the same as the Euler characteristic for a simply connected body. And this is true
regardless of whether the toroidal void is knotted or not.

Consider the following operation. Given the initial array of blocks, if a hole is
“drilled” through its center, the result will be to remove L cells and L + 1 faces, and so
Ax =0—-0+4+(—L—-1)—(—L) = —1. (If instead the drilling was through one of the other
directions, L would be replaced with W or H but the end result is the same.) In this case
the surface that encloses the resulting array will be the same (topologically) as a torus.
The Euler characteristic of this toroidal array of blocks will be x(B) = 1+ Ay = 0.
Recall that the Euler characteristic of the surface of a torus is also zero.

If two such holes are drilled parallel to each other in such a way that they do not share
any edges, faces or vertices, then the Ay’s for each will add together, and the resulting
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body will have Euler characteristic of x(B) = 14 Ax(B) =1 —2 = —1. In contrast,
since v = 2, the surface will have Euler characteristic x(0B) = 2(1—7) = 2(1—-2) = —2.
If two holes are drilled at two orthogonal directions and share one cell in common, the
result will be Ay = —3, and the resulting surface will have a genus of 3. Therefore,
X(B)=14+Ax(B)=1-3=—-2,and x(0B) =2(1 —v) =2(1 —-3) = —4.

It is also easy to show that if a whole two-dimensional planar array of cells is removed,
which cleaves the initial body into two disjoint pieces, then Ay = +1.

5.6.2 Relationship Between the Euler Characteristic of a Body and Its
Boundary

From the examples at the end of the previous section, it appears that in three-
dimensional Euclidean space, the Euler characteristic of a body and that of its bounding
surface are related as

x(0B) =2-x(B) =2[1 —~v(B)]. (5.102)

Does this formula hold if voids are introduced into the body?
Returning to the L x W x H array of blocks discussed in the previous section, the
Euler characteristic of the surface will be

x(0array) = v(0array) — e(darray) + f(0array) = 2

where
v(Oarray) =2(H-W+L-W+L-H+1)

e(Qarray) =4(H-W+L- W+ L-H)
fOarray) =2(H-W+L-W+L-H).

It is easy to verify that the sculpting operations described earlier will not affect the value.
Introducing a simple void in an otherwise simple body increases the Euler characteristic
of the body from 1 to 2. At the same time, the sum of Euler characteristics of the
internal and external bounding surfaces becomes 2 4+ 2 = 4. And so, (5.102) appears to
be correct in three dimensions if the definition of the overall Euler characteristic of the
bounding surface is defined as

X(UkOkB) =Y x(0xB) where 9;BNO;B=0 Vije{l,..,n}, (5103)
k=1

and 0; B is the ith bounding surface of a complicated boundary consisting of n disjoint
components.

Does (5.102) hold in other dimensions? Consider a one-dimensional simple body on
the real line. The Euler characteristics of its boundary and the body itself are respec-
tively x(0B) = v =2 and x(B) =v—e =2—1= 1. For a one-dimensional body on the
line consisting of two disjoint components, x(0B) =v =4 and x(B) =v—e=4—-2 = 2.
Clearly if there are n disjoint parts to the body, x(0B) = 2n, x(B) = n, and there are
~v = n—1holes on the “interior” of the body. And so, on the line x(B) = v+1 = x(0B)/2,
which means that in the 1D case the first equality in (5.102) holds, but the second does
not.

Now consider a 2D body with simple bounding curves. Since for a closed curve in
the plane x(0B) = v — e = 0, it appears that the first equality in (5.102) cannot hold.
However, working out a few examples, it becomes clear that x(B) = 1 — v(B), which
is the second equality in (5.102). Therefore, it seems like a mixed bag, but generally
speaking both equalities in (5.102) only hold for the 3D case.
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5.6.3 The Euler Characteristic of Cartesian Products of Objects

Recall from Chapter 1 that the Cartesian product of two sets S; and S, is the set
consisting of all pairs (x,y) with € S; and y € So. This product set is denoted as
S1 % So. For example, the 2-torus can be viewed as a product of two circles: Tp = S x S1.
A cylinder with closed boundary can be viewed as the product of a closed interval and
a circle: [0,1] x S'. And a unit cube can be thought of as a two-fold product of closed
intervals: [0,1] x [0, 1] x [0, 1].

It turns out that if a geometric object can be described as a Cartesian product,
then the Euler characteristic of the object can be computed as the product of the Euler
characteristics of the lower-dimensional objects forming the product:

X(B1 x Bz) = x(Bi) - x(B2). (5.104)

For example, the two-dimensional toroidal surface has an Euler characteristic of zero,
which is the same as the product of the Euler characteristics for two circles, each of
which is zero. The Euler characteristic of a toroidal body is zero, which is the same as
the product of the Euler characteristics for the circle and a closed circular disk. The
Euler characteristic of a cubic body is equal to unity, which is the same as the product
of Euler characteristics of each closed interval.

5.7 Implicit Surfaces, Level Set Methods, and Curvature Flows

The parametric approach to differential geometry has been augmented in recent years
by the use of implicit surface descriptions of the form ¢(x) = 0. This single scalar
constraint on a vector x € R3 defines a two-dimensional surface. The implicit and
parametric approaches are complementary, each having its benefits. With a parametric
surface description of the form x = x(u1, ug) it is easy to generate points on the surface
by directly evaluating x(u1,us) with allowable values of u; and wus. However, given a
point y € R3 it is difficult to determine directly from the parametric description whether
or not this point lies on the surface. In contrast, by evaluating ¢(y) and comparing this
value with zero, it is easy to determine if y is on the surface or not. These two approaches
are related by the fact that ¢(x(uq,usz)) = 0.

All of the formulas in the classical parametric differential geometry of surfaces can
be recast in terms of implicit surface descriptions. An implicit surface, which is also
referred to in the literature as a level set, can be more natural than the parametric
approach in some settings. So-called “level set methods” have become popular in recent
years in image processing and mechanics. A particular problem that is handled with
these methods is the evolution in shape of an initial surface into a new surface. In such
“curvature flow” problems, shape changes are defined locally at each point on the surface
based on mean or Gaussian curvature. Unlike the Fokker—Planck equations discussed in
Chapter 4, which are linear partial differential equations, curvature flow equations are
non-linear PDEs. In some applications these PDEs have stochastic coefficients.

5.7.1 Implicit Surfaces

An implicit two-dimensional surface is defined by a scalar constraint ¢(x) = 0 for
x € R3. When this describes a closed surface, ¢(x) can be defined such that ¢(x) < 0
corresponds to the finite body bounded by the surface, and ¢(x) > 0 corresponds to the
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outside world. For example, an ellipsoid with principal axes aligned with the Cartesian
coordinate system and centered at the origin has the implicit description

2 2 2
_ T | Ty X3 _

If the corresponding parametric description of the implicit surface ¢(x) = 0 is x =
x(uy,us), then it must be that ¢(x(u1,us)) = 0. This equation provides the key to
calculating intrinsic quantities of the surface such as Gaussian and mean curvature
directly from the implicit description. This is because the chain rule gives

ai (B(ox(ur, up))] = 28021, 00 0wz | 00 Ory

= D2, 0u; | 0wy 0u; | Dz Oup

for i = 1,2. A more compact way to write this is

x _y (5.106)

(VO) o =

where V¢ = [0¢/0x1,0¢/0xs,0¢/0x3)T is the gradient of ¢ and 9x/du; is tangent to
the surface. This implies immediately that a unit surface normal at x(uq,ug) is

v¢|x=x(u1 Ju2) v¢|¢(x)=0

_ . (5.107)
’ v¢|x:x(u1,ug) H v¢|¢(x):0H

n(up,us) =
|

Note that while the rightmost quantity in the second equality is not intrinsic (since it is
defined relative to the ambient space), it is independent of any parametrization of the
surface.

By observing the constraint equations that result from calculating the partial deriva-
tives d¢/0u; and 82¢/du;0u; for i,j € {1,2}, all of the quantities that appear in the
first and second fundamental forms of the surface can be restated in terms of deriva-
tives of ¢(x) with respect to Cartesian coordinates in R3, followed by the constraint
that ¢(x) = 0.

Convolution and Implicit Tubes

A tube is defined by its backbone curve and a radius. If the backbone curve is defined
in terms of an arc-length parametrization as x = x(s), then “sweeping” a Gaussian
distribution along x(s) will produce an implicit description of a tube. This is written as
a convolution [7, 8]:

L
o0 =+ [ G0(€) oix—6,0.0° 1 dg = e+ [ e (- 9/ ) as
(5.108)
where ¢ is a constant that, together with o, determines the tube radius, and d¢(x) is
defined by the second equality above. That is, d¢(x) localizes an integral over the plane
or in three dimensions to the backbone curve, C.
Given a tree-like structure rather than a backbone curve, the same approach can be
used to generate branched structures [7, 8]. If the backbone curve is replaced with a
surface, an implicit description of an offset surface can be formulated in a similar way.
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Curvature of Implicit Surfaces

By manipulating the relationships discussed previously, the Gaussian and mean curva-
ture of a surface are written in terms of the implicit description as [30]7

o YVl Vo
. IVo|? tr(VVT9) — (VT 9)(VVT ) (V) Vo
" 2[ Vo[ -V (nw»n) (5.110)

where it is understood that these only hold subject to the constraint that ¢(x) = 0.
These formulas have a number of applications in level set methods.

5.7.2 Integration on Implicitly Defined Surfaces and Curves in R3
Integrating Functions on Implicit Surfaces

The integral of a function f € N(R3) over the whole surface S C R? is expressed in
parametric form as

/Sf(x)dS:/ul L FOx(ur, 12))| G (un, ) | dusdus

This alternatively can be thought of as an integral over R? that is localized to the surface
implicitly by using the Dirac delta function as

/f(x)dS: [(x)d(o(x))c(x)dx. (5.111)
s R3

The reason why the weighting function ¢(x) is needed is analogous to why |G (u1,uz)]
is needed in the parametric expression. The exact form of ¢(x) is now derived.

Imagine that R? is broken up into an infinite number of concentric parametric sur-
faces x(uq, us; us), where each fixed value of us defines a surface. Take the coordinate ug
to be orthogonal to u; and us. Then the metric tensor for the three-dimensional region
parameterized by wuq, us, ug will be of the form

g11 g12 0
G(ur,ug,uz) = | gi2 g22 0 |,
0 0 g33
and so 5 5 5
Gl = gan - a2y = [
|G| 933 - (911922 — 912) Haug ouy . Ouy

Let ¢(x) = 0 denote the particular surface that results for the constant value uz = u3.

Then
d(x(uy, uz;uz)) = uz — ul. (5.112)

The evaluation of (5.111) in the coordinates wuy, us, us then becomes

"The sign convention used here is changed so as to be consistent with the rest of the text.
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/ / / F(x(ur, ug;uz))o(us — ud)e(x(ur, ug; usz)) H8U3 H@ul Dy duzdugduy .
Due to the definition of the Dirac delta function, this reduces to
0
; dusduy .
[ ettt sy | 55 . oo R
(5.113)
This integral becomes the usual surface integral when
e(x(uy, us; ul)) Hax =1 (5.114)
dus uz=uf

Therefore, determining the form of ¢(x) such that this will be true is required.
To address this, observe from the chain rule that partial differentiation of (5.112)
with respect to each wu; yields

ox

—grad¢p =0

X
s -grad ¢ = 1. (5.115)

ox 0

. do =0 —
3uz gra ¢ ’ 8’&3
The first two of these indicate that grad¢ must be parallel to 9x/dus, which must be
parallel to 9x/0u; x 0x/Jusy. Furthermore, the magnitude of grad ¢ is set by the third

equality in (5.115). Altogether, these equalities dictate that

1 ox ox grad ¢
odd = o nlP o, Y Fu ~ TeradolP’ (5.116)

neither of which are unit vectors.
From (5.116) it is therefore clear that (5.114) holds when

c¢(x) = [lgrad ().

Therefore (5.111) becomes

/f )dS = /f x))|lerad ¢ (x)||dx. (5.117)

Integrating Functions on Implicit Curves in R3

The implicit description of a curve in R? is defined by the intersection of two implicitly
defined surfaces. This is expressed as the simultaneous constraints

01(x) = ¢a(x) = 0. (5.118)
Two kinds of integrals over curves are common: (a) integrals of scalar functions over
the curve, akin to total curvature; (b) work-like integrals in which the dot product of
a vector field with the tangent is integrated over the curve. These are expressed in
parametric form as

1= [ sy | %

dx

and ](Cz)ﬁ/cf(x( ) - . (5.119)
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Below, an expression for [(02 ) in implicit form is derived. The case of I(Cl ) is left as an
exercise.

If x(t) is a parametric description of the curve C, then substitution into (5.118) and
taking the derivative with respect to ¢ gives

-grad ¢; = -grad ¢o = 0. (5.120)

dt dt

This means that dx/dt and grad¢; x gradg, must be parallel. Therefore, there must be
some scalar function «(x) (that is yet to be determined) such that

19 = / (%) [grad 61 x grad ga]a(x)3(01(x))6(2(x)x (5.121)

In order to derive the form of a(x), a parametrization of the tubular region that envelops
the curve can be established. Any point in this region can be expressed as x(t;uy, us),
where 11 and uy are Cartesian coordinates in the plane normal to the curve at ¢, and the
curve itself can be defined by u; = us = 0. And the constraint (5.118) can be expressed
in these coordinates as

d1(x(t;ur,uz)) =wr  and  @a(x(t;ur, uz)) = ua. (5.122)

Taking the partial derivatives of the above two equations with respect to u; and ws
gives

ox x
/. = . =1 A2
oa, grad ¢ g grad ¢o (5.123)
and 9 9
X X
8_11,2 . grad ¢1 = a—UI . grad ¢2 =0. (5124)
These imply that
oradg; — — 0% i (5.125)

|0x/0u;||? Ous;
Since (t,u,us) is an orthogonal curvilinear coordinate system, each of the vectors
dx/0t, 9x/0uy, and 8x/dusy is orthogonal to each other, and so |G(t, u1,uz)|? is ex-

pressed as the product of the magnitudes of these partials. This means that (5.121) can
be expressed in parametric form as

@ Ox/Ouy x 9x/Ous
I .
-/ / / Xt u2)) ol - o g O 1 1))

X 0(up)d(usg)||0x/0t||]|0x/Ou ||||0x/Qus||dusdu; dt.

This simplifies to

@ _ ) . Ox/Ouy x 9x/Ous .
15 = /tf(x(t,0,0)) IR ”ax/au2”a(x(t,O,O))HBx/@tHdt. (5.126)

But due to the orthogonality of the tubular coordinate system,

Ox/0uy x 0x/0uy Ox /0t

10x/0us| - |0x/Ouz|| — [|Ox/0t]|"

And so (5.126) becomes the expression in (5.119) when a(x) = 1.
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The line integral T, g ) can be expressed in two forms that are both independent of
parameters:

/ £(x) - dx = / £(x) - [grad 61 x grad a]d(61 (x))3(@2(x))d(x). | (5.127)
C R3

This is one of the rare instances in which dx = x(t + dt) — x(t) and d(x) = dz1dzodzs
appear in the same expression. And therefore the shorthand dx cannot be used for d(x).

5.7.3 Integral Theorems for Implicit Surfaces

The classical theorems of multivariate integral calculus can all be recast in implicit func-
tion notation. For a smooth vector field f(x), the divergence theorem (A.120) becomes

[0l =Heoix = [ (£-76)5(6()) dx (5128)

RS
where 0(+) is the Dirac delta function on the real line, which is used to enforce the con-
straint ¢(x) = 0, and H (-) is the Heaviside step function in (2.8) that makes H(¢p(x)) = 0
on the solid body bound by the surface since by definition ¢(x) < 0 on the interior.
Note that 6(y) = dH/dy.
Stokes’ theorem (5.42) becomes

[f7 V(bla v¢2]
V xf)é X dx:/ ———= X))o X)) dx 5.129
L7860 ax = [Tt 01 () a6 () (5129)
(where [, -, -] is the triple product and the boundary curve is described as the intersec-

tion of two implicit surfaces ¢1(x) = 0 and ¢2(x) = 0, the tangent to which is found
by crossing the normals of the two surfaces), and the Gauss—Bonnet theorem (5.73)
becomes

/Rs e { VT 0 }5(¢’(X))d>(— 2mx(S) (5.130)

where S is the closed surface defined by the constraint ¢(x) = 0.

5.7.4 Level Sets and Curvature Flows
Level Set and Fast Marching Methods

Given an implicit surface defined by the equation ¢(x) = 0, a fundamental question
that arises is, “How can points on the surface be traced out rapidly?” This is one of the
subjects discussed in the area of research known as level set methods [54, 55, 63]. The
basic idea is that once one point on the surface is known, other neighboring points can
be approximated well since the local shape of the surface can be computed.

If an initial set of surface points are known, and then the initial function is perturbed
and becomes ¢(x)+e(x) = 0 where €(x) is a function that takes small values, how should
the initially determined points update their positions so as to sit on the new surface?
Another related problem is, given an implicitly defined surface, how can the tube/offset
of that surface be computed rapidly [43]? These dynamic problems that involve change
of a surface, and in which a corresponding change in the positions of points is sought,
are addressed well using fast marching methods.

Level set and fast marching methods have found applications in many areas including
computer vision, image processing [41], mechanics, and control. A particular application,
which involves the evolution of a surface so as to minimize the mean curvature of the
resulting surface, is discussed in the following subsection.
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Evolving Surfaces and Curvature Flows

Two different kinds of stochastic models involving surfaces are common in the literature.
The first kind involves surfaces that change shape in a stochastic way. This can be
written in parametric form as x(u1,u9;t), or in implicit form as ¢(x;t) = 0. A simple
example of this would be a sphere with radius that varies with time: r = r(t), where
r(t) might consist of a deterministic and a noise part. The second sort of stochastic
model involving surfaces is the evolution of stochastic paths on a fixed surface. This
can be written in parametric form as x(uq(t), u2(t)) or in implicit form as ¢(x(t)) = 0.
This second kind of problem, where the “surface” can actually be a more-than-two-
dimensional extension of the concept of a surface (called a manifold), is the subject of
Chapter 8, and the intervening chapters lay the foundations required to fully address this
sort of problem. However, as a side note, stochastic surface models of the first kind are
briefly reviewed here. In recent years, such models have found applications in mechanics
[42, 72], computer vision [26, 51, 61], and image processing [40, 66]. In these applications
a surface is evolved by a simple rule (which can be either deterministic or stochastic) so
as to capture some physical or visual feature. The deterministic version of the problem
has been applied widely in image processing [12, 73], and to the approximation of
molecular surfaces [3].

A popular problem is to evolve a surface by its own local features. In particular, the
implicit function ¢(x;t) = 0 that defines the surface at any particular time is forced to
obey the following non-linear evolution equation:

9¢

S0 = fIVel with  6(x;0) = do(x) (5.131)

where m is the mean curvature given in (5.110). Both m and ||V¢|| are non-linear
operators that act on ¢, and f : R — R can also be a non-linear function that is
either deterministic or stochastic. A surface that evolves deterministically according
to mean curvature flow is one for which f(m) = m. This sort of formulation is used
to evolve surfaces into ones that are smoother (i.e., have reduced curvature). When
boundary conditions are imposed, this can be used to evolve an initial surface into one
with minimal total mean curvature [10, 18, 39]. Interestingly, in the case when a closed
convex planar curve is used as the initial shape, then the shape transformation process
can be viewed as one in which the “curvature entropy”

S(k) = —j{ﬁ(s,t) log k(s,t)ds

increases as a function of time until the maximum entropy curvature function results
(which occurs when the curvature flow converges to a circle). This sort of argument has
been used in [29, 33] (though their definition of entropy has an opposite sign).

Both the deterministic [21, 22, 34] and stochastic [40, 66] versions of curvature
flow problem have been studied extensively. For more pointers to the literature, see
[11, 55, 63].

While the focus of this section has been on surfaces in R?, many of the formulas
extend naturally to include (n — 1)-dimensional hyper-surfaces in R™ [20, 30, 35]. In
contrast, the next chapter discusses the intrinsic coordinate-free geometry of “manifolds”
(which includes hyper-surfaces as a special case).
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5.8 Chapter Summary

This chapter focused on the geometry of curves and surfaces in two- and three-
dimensional space. It began with elementary (and practical) examples involving a robot
arm and a medical imaging problem. These examples illustrate how problems in an-
alytic and projective geometry can be posed either parametrically or implicitly. Then
the mathematical machinery required to compute arc length, area, volume, curvature,
etc., was introduced. The relationships between locally defined geometric quantities
and global topological features were examined. Geometric quantities that are usually
described parametrically were recast implicitly. The divergence theorem and Stokes’
theorem were written in implicit form (which is something that the author has not seen
elsewhere).

In addition to those works cited throughout this chapter, accessible introductions to
differential geometry of curves and surfaces with many examples include [19, 31, 47].
Alternative ways to attach reference frames to curves is an area that has received atten-
tion in both the kinematics [9] and mathematics literature [5]. This will be discussed in
the context of variational problems in Volume 2. It is important to note that differential
geometry is not the only kind of geometry. Accessible introductions to algebraic aspects
of geometry include [1, 52].

The next two chapters extend the differential geometric concepts presented here
to higher dimensions. The concept of differential forms is very useful when it comes
to describing integrals on high-dimensional manifolds. After a detailed introduction to
differential forms in Chapter 6, the concepts of volume, curvature, Euler characteristic,
etc., are defined for high-dimensional geometric objects in Chapter 7. The material
presented in these chapters will be important for understanding how to define SDEs
and Fokker—Planck equations on manifolds and Lie groups.

5.9 Exercises

5.1. Compute the Jacobian determinant for (5.1) and verify that the singularities occur
when g2 =0 or 7.

5.2. For the robot arm described in Section 5.1, write computer programs to implement
all three of the inverse kinematics routines described in Section 5.1.2. Let L1 = Ly =
1, and take as the starting conformation q(0) = [r/2, —7/2]", which corresponds to
x(0) = [1,1]7. Simulate the arm following a circle of the form x(t) = [1—r+7 cos 27t, 1+
rsin27t]T for 0 < ¢t < 1. Try values of r = 0.2,0.5,1.1. What happens? Why does this
happen?

5.3. Pick several values for h,r, «, 3, m1, ma, ms and plot the parametric curve () in
(5.12) for 6 € [0, 2m).

5.4. Write two computer programs, one to implement the iterative Jacobian-inversion
scheme in (5.15), the other to use (5.16) for updating using the rule q(t + At) =
q(t) + Aq(t). Using the same parameters as those chosen in Exercise 3 above, evaluate
the convergence of these iterative methods.

5.5. Compare the performance of the iterative numerical methods in Exercise 4 above,
with the implicit algebraic approach in Section 5.2.2.
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5.6. Show that a planar arc-length, parameterized curve x(s) with x(0) = 0 and tangent
vector x'(0) = ey can be completely characterized in terms of signed curvature k(s) as

[ cosb(o) do s
x(s) = . where  0(s) = / k(o) do.
Jo sinb(o) do 0

5.7. Using the chain rule, show that (5.29) and (5.33) are equivalent.

5.8. Calculate the curvature and torsion of the right-handed circular helix
x(s) = (rcosas,rsinas, has)” (5.132)

where a = (72 4+ h?)~'/2, and r and h are constants. (Before doing so, verify that s is
in fact the arc length.)

5.9. Prove that a curve confined to the surface of a sphere of radius R in R? can have
curvature no less than 1/R.

5.10. Prove that the volume of the region in R3 defined by all vectors of the form
x(u, v, w) = ua + vb + wc for (u,v,w) € [0,1] x [0,1] x [0,1] is given by a - (b x c).

5.11. Consider the torus in Section 5.4.5 with R = 1 and r» = 0.2. Use the Langevin—
Rosenburg theorem to verify that the torus is not knotted by numerically calculating
the integral of absolute Gaussian curvature.

5.12. Apply a shear transformation of the form s(x) with s; = 0.1 and s, = 0.5 in
(5.20) to the torus in the previous problem. Either show analytically, or write computer
programs to numerically verify that: (a) the volume enclosed by the deformed torus
is not changed by this transformation; (b) the integral of Gaussian curvature over the
whole surface is not changed by this deformation. Hint: When computing volume, use
the divergence theorem to calculate it as a surface integral.

5.13. Prove that every curve c(s) = x(q1(s), g2(s)) that passes through the point c(sg) =
co and has tangent vector u(sg) = dc/ds|s—s, has the same normal curvature at that
point.

5.14. Prove that (5.55) and (5.56) are equivalent.

5.15. Prove that the Gaussian and mean curvature can be written in terms of the
coefficient matrices of the first and fundamental forms as

g11Loo + g2aL11 — 2g12L12 Li1Los — L3,
- . and k= 1E2 = Do
2(911921 - 912) 911922 — 912

(5.133)

5.16. Using facts about eigenvectors of symmetric matrices, what can be concluded about
the tangent vectors to a surface that point along the directions of principal curvature?

5.17. Using the definition in (5.58) and the fact that GG=! = G~'G =1, prove (5.59).
5.18. Prove the Codazzi-Mainardi equations:

6Lij OLig l l
_7—2 [V Lii — I Li).
ouy, 8uj ; ( ik K k)
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5.19. The simple closed space curve (which can be found in the MATLAB™ Demos,
and is due to Professor Rouben Rastamian)

x(t) = [z(t),2'(t), 2" (t)]"  where x(t) = sin(t) + 2sin(2t) — gcos(2t)/2 + gsin(?)t)

for ¢ € [0,2m) forms a knot. Calculate the curvature of this knot as a closed form
expression, and write a computer program to numerically calculate the total curvature,
and verify that the conditions in the Fary—Milnor theorem are satisfied.

5.20. Construct a tube of radius 0.5 around the curve in the previous exercise. Write
a computer program that numerically calculates the Gaussian curvature on a fine grid
of points on that tubular surface (e.g., increments in ¢ of At = 27/100 and in the
circumferential variable 6 of A9 = §t). Use these values to (approximately) verify the
Gauss—Bonnet and Langevin—Rosenburg theorems.

5.21. Prove (5.96).
5.22. Prove (5.99).

5.23. The concept of a tube (or offset) is not limited to curves and surfaces in Euclidean
space. Let u(t) be a smooth closed simple curve contained in the unit sphere, S2.
Within the unit sphere, the distance between two points is calculated as d(uj,ug) =
cos~!(ug-ug). A tube around u(t) can then be defined as the set of points on the surface
of the sphere: T}, = {x € S?|d(u,x) < r}, where r is smaller than the minimal radius
of curvature of u(¢). What will the tube formulas for the length of offset curves and the
area of the strip on the sphere be in this case?

5.24. A surface of revolution in R? can be parameterized as
x(¢,0) = [r(2) cos ¢, r(z) sin ¢, 2]

where r(z) is a specified function. (a) Under what conditions on r(z) will the surface
of revolution be a simple, closed, and differentiable surface? (b) Transform the original
surface to x' (¢, 0) = R3(0(z))x(¢,0) where 0(z) is a smooth function. What will the new
surface look like? Compute the Gaussian curvature of x’(¢, #) and x(¢, #) and compare.

5.25. Write a computer program to numerically verify for the ellipsoid in Section 5.4.4
that K = 4m and F is given by the provided formulas.

5.26. For the ellipsoid in (5.105) calculate the Gaussian and mean curvature using (5.109)
and (5.110), and compare with the values obtained for the parameterized ellipsoid of
revolution in Section 5.4.4.

5.27. A ruled surface is one that can be parameterized as
x(uy,uz) = c(uy) + usv(uy) (5.134)

where c(u;) and v(uy) are arbitrary differentiable vector-valued functions. A ribbon is
a special case of a ruled surface. Do the following: (a) Calculate the mean and Gaussian
curvatures for the ruled surface x(u1,u2) in (5.134) (b) What conclusions can be drawn
about the general properties of curvature of ruled surfaces? (¢) Show that a hyperboloid
of one sheet given by the implicit equation
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2 2 2
I W |

a?  a? 2
is a ruled surface by finding a parametrization for it of the form in (5.134).

5.28. Obtain a closed-form implicit formula of the form ¢(x) = 0 for the torus parame-
terized in (5.72).

5.29. Prove (5.109) and (5.110) by using the parametric formulas for Gaussian and
mean curvature, and substituting in the corresponding quantities defined in terms of
the implicit surface constraint ¢(x) = 0. Verify that (5.110) is written explicitly in
component form as

1
m = W[(ﬁmlyzl( 32 + (1)9253) + ¢I2712( 9251 + Qﬁs) + ¢I379€3( 9261 + (,2532)
_2¢a:1,:z2 ¢w1 ¢£U2 - 2¢:1:1,:L’3 (bwl ¢w3 - 2¢:L’2,:c3 ¢w2 ¢13]
where ¢,, = 0¢/0x; and ¢, o, = 02¢/0z;0x;. What is (5.109) explicitly in component

form?

5.30 Show that the signed curvature of an implicitly defined planar curve ¥ (x1,x2) = 0
can be written as

k= (wm,ﬂﬂl 7#52 - 2%1@2%1%2 + wwzwzwil)/(wil + wig)S/Q (5'135)

where 1,, = 09 /0x; and 1y, o, = 9% /0x;0x;. Use this fact to derive (5.110) by
performing the following steps: (1) slice the surface ¢(x) = 0 with all planes passing
through the point x = x(u1, uz) and containing the normal; (2) compute the curvature
of the resulting plane curve; and (3) average this curvature over all of the slicing planes.

5.31. Verify that (5.135) can be computed as

1 VvV YV
= ———det
VoI | wry o
_ VeV YTy) - <V:w><vv%><w> (5.136)
VY]
_v. (VY
- (nwn) 10

where Vi) = [1),,15,]T. That is, in this planar case the formulas for mean and Gaussian
curvature collapse into the same expression. Note the slight differences in (5.136)—(5.137)
relative to (5.109) and (5.110). In general, for an implicit n-dimensional “hyper-surface”
#(x) = 0 for x € R""1 it can be shown that [20, 30, 35]

n_ 1 VVT$ Ve

and

m (5.139)

_ VeI a(VVTe) — (VI9)(VVT)(V) _ o (&)
n||Vel?

IVl
where V = 0/0x = [0/0x1,...,0/0xp41]" .
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Evaluate these formulas for the sphere of radius r in R"*! defined by 2% + 3 +...+

2 .2
Tpa1 =77

5.32. Derive the implicit version of the integral Ig) in (5.119).

5.33. By extending the pattern observed in the plane and in three-dimensional space,
the Euler characteristic can be extended to bodies in four dimensions as

X(B) = fo(B) — fi(B) + f2(B) — f3(B) + fa(B) (5.140)

where fy denotes zero-dimensional vertices, f; denotes one-dimensional edges, etc. Given
an array consisting of L x W x H x D of four-dimensional cubes, what would the formulas
for f;(B) analogous to those given in Section 5.6.1 be? Hint: The formulas should be
symmetric in L, W, H, D, in the same way that the formulas in lower dimensions were.
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6

Differential Forms

This chapter introduces differential forms, exterior differentiation, and multi-vectors
in a concrete and explicit way by restricting the discussion to R™. This is extended to
more general settings later. Roughly speaking, differential forms generalize and unify the
concepts of the contour integral, curl, element of surface area, divergence, and volume
element that are used in statements of Stokes’ theorem and the divergence theorem. At
first it may seem unnecessary to learn yet another new mathematical construction. The
trouble is that without an appropriate extension of the concept of the cross product, it is
difficult and messy to try to extend the theorems of vector calculus to higher dimensions,
and to non-Euclidean spaces. As was illustrated in Chapter 1 in the context of heat and
fluid flow problems, these theorems play a central role. Likewise, in probability flow
problems involving stochastic differential equations and their associated Fokker—Planck
equations, these theorems play a role in assessing how much probability density flows
past a given surface. Since the problems of interest (such as the stochastic cart in
Figure 1.1) will involve stochastic flows on Lie groups, understanding how to extend
Stokes’ theorem and the divergence theorem to these generalized settings will be useful.
The first step in achieving this goal is to understand differential forms in R™.

Differential forms were developed by E. Cartan. Much of what is presented in this
chapter is stated (in more abstract terminology) in [2, 4, 5]. The presentation here most
closely follows that in [3], with the exception that the subscript—superscript notation,
which is explained in the paragraph below, is not used here.

In many books on differential forms and manifolds, notation such as

, af .
v = Zvlei and df = Z 8; dz" (6.1)

is used. This is consistent with the physicists’ shorthand that repetition over raised and
lowered indices automatically implies summation, and so in summation notation v =
vie; and df = aa Jf dx’. It is also consistent with the idea that if the Hermitian conjugate

* = ) ,wfe' where

of a vector w is computed, then the result can be written as w
e’ = e} is the dual (transpose) of e;, w} = w;, and the operation of conjugation flips
superscripts and subscripts. Tu [14] points out that this raising and lowering convention
has the benefit that expressions are balanced, and this provides a check for accuracy.
However, in the current presentation, all summation signs will be explicitly written, and
all indices will be subscripts (except in special cases where the usual subscript location
is too cluttered, or if particular superscripts have already been widely accepted, e.g.,

the Christoffel symbol I Z’;) The use of subscript-only notation, while not universal, is
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consistent with a number of other works including [2, 8, 9, 12, 15]. It also keeps things
simple, and consistent with the vector and matrix notation used in engineering and
computer science. Therefore, instead of (6.1), the following notation will be used:

0
v = Zviei and df = Z 8—;:@;32- . (6.2)

The main points to take away from this chapter are:

e To understand the concept and properties of differential forms and multi-vectors on
R™;

e To be able to perform computations with them, including computing exterior deriva-
tives;
To understand how differential forms on R™ behave under coordinate changes;
To be able to perform computations with differential forms in the context of the
generalized Stokes’ theorem in R™ (at least on box-like domains).

6.1 An Informal Introduction to Differential Forms on R"

In classical vector calculus, the differential of a smooth® scalar function ¢ : R® — R is
defined as

dp = f: 90

ox;
i=1 B

where x € R™. The real-valued function ¢(x) is sometimes called a 0-form. The formula
for the differential given above can be generalized as

wy = Z a;(x) dx;, (6.3)

where a;(x) = % can be viewed as a special case. The generalized quantity wy is called

a differential 1-f5rm (or 1-form for short). It can be viewed as a functional w;(x,dx)
that is linear in dx and has no restrictions on its dependence on x other than that it is a
smooth function in this argument. It is immediate from these definitions that a special
kind of 1-form results from differentiating a O-form.

When n = 1, the zero-form wy(z) = ¢(x) and the one-form wy(z,dx) = %dm are
related by the Fundamental Theorem of Calculus as

_ b
w1 = w0|a .
[a,b]

6.1.1 Definitions and Properties of n-Forms and Exterior Derivatives

So far in this discussion, nothing of value has been added by the concept of a form.
However, things get more interesting when a differential 2-form (or 2-form, for short) is

nfinite differentiability is not required in this definition, but it is often more convenient
to restrict the discussion to C*°(R™) from the start rather than to C'*(R"), followed by a
restriction to C%(R™) at the point in the discussion when two derivatives are taken, etc.
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defined, and the differential of a 1-form is written as a 2-form. For each fixed x € R"”,
a 2-form is like a quadratic form? in the variable dx, and is denoted as

Wo = Z Z bij (X) dl‘l A d.]?j. (64)

The function wq(x,dx) is quadratic in dx in the sense that two entries in this vector
“multiply” each other with the wedge product, A. However, unlike usual quadratic forms
which are symmetric in the variables due to the commutativity of scalar multiplication
(v1v2 = vov1), a two-form is defined to be skew-symmetric, or anti-commuting, due to
the following postulated property of the wedge product:

| daj A dw; = —da; A da. (6.5)

With the exception of this anti-commutative property, the multiplication of differentials
when using the wedge product can be viewed as scalar multiplication, which means that
it is distributive and associative. In other words, it is postulated that for any real-valued
functions f(x) and g;(x),

dvs A (fday) = (fdws) A dey = f-(dw; A day)] (6.6)

and

dx; A Zgj dr; | = Zdﬂ?l A (gj de) (6.7)
J J

where - just means scalar multiplication.
It follows immediately from (6.5) that

And furthermore, any 2-form on R™ can be written as

n n

Zifijdxi A dzj :Z i fijdz; A da;

i=1 j=1 i=1 j=i+1

where fi; = fi; — fji

Therefore, if n = 1, then ws = 0 because there is no way to avoid differentials with
repeated indices multiplying each other under the wedge product in this case. And if
n = 2, then working through the double sum in (6.4) gives

wy = biodxy N dxg + boy daxg AN dxy = (b12 — bgl) dzxy A dxs.

Note that more generally if b;; = b;; for all values of ¢,j € {1,2,...,n}, then wy, = 0.
Since b = bia — bo1 is an arbitrary function when b;; are arbitrary, a 2-form when n = 2
can always be written as

wo = b(x) dxy A dxs.

2The term “quadratic form” refers to a function a : R® — R that has the structure a(v) =
vT Av for some A € R™*™,
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Whereas the usual calculus was used to go from a 0-form to a 1-form, a newer kind
of calculus, called exterior calculus, is required to take a 1-form into a 2-form. The
associated exterior derivative is defined by the following rule:

(Zal dacZ):i iazidxj Adz;

The first equality above is a definition, and the others derive from the fact that the
wedge product is distributive, associative, and anti-commuting from (6.5)—(6.7).

In analogy with the way that the usual differential takes an arbitrary differentiable
scalar function (or 0-form) into a special kind of 1-form, the exterior derivative defined
above takes an arbitrary 1-form into a special kind of 2-form.

A 3-form is defined as

Zzzcuk X)dz; A da; A dag (6.9)
i=1 j=1 k=1

where each ¢;;,(x) is a smooth real-valued function. The anti-commuting nature of the
wedge product, together with distributivity and associativity, gives

—dx; Ndxj A dxy = do; Adyg Adry, = dag A dxg A dxy.

In other words, any pairwise transposition of adjacent differentials produces the negative
of the original product. But performing two such pairwise transpositions produces two
negative signs that cancel:

dx; Ndx; N dxy = dr Ade; Adey = dxy A dxg A de;.
It also means that whenever there is a repeated index, the result will be zero:
dz; N\ da?j Ndzx; = dx; Ndx; A da?j = dacj ANdx; Nde; =0 Vi,5 € {1,2, ,n}

If n < 3, then this means that ws = 0 because in this case there is no way to avoid
wedge products of differentials with repeated indices. If n = 3, working through the
3% = 27 terms in the triple sum in (6.9) gives

wg = ¢(x) dxy Adry Adeg

where ¢(x) is written in terms of ¢;;5(x) in a way that is left as an exercise.

In analogy with the way that a special kind of 2-form was generated by exterior
differentiation of a 1-form, a special kind of 3-form can be generated by exterior differ-
entiation of a 2-form by using the following rule:

3The notation d(-) should not be confused with the usual differential.
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n

d zn:zn:b” dx; /\dej zn:zn: <Z 4 dl’k> Adx; /\dl’j (610)

k

:ZZZ Obij dxkAdxmde

n

[

:iiz 4 dxz/\dx]/\dmk

The reason why there is no negative sign in the final equality, whereas there was one in
(6.4), is that in (6.4) only a single change in order of adjacent differentials took place.
In contrast, in the second and third equality in (6.10) two adjacent swaps are required:
dxy A dx; Adx; — (—1)dx; A dag A dxj, and do; A dag A dey — (—1)dx; A dxj A dog.
Therefore the negative signs cancel.

Some notation to be aware of when reading more theoretical treatments is the follow-
ing. The set of differential k-forms on R™ is denoted as £2%(R™). Based on the informal
discussion above, the exterior derivative can then be viewed as the mapping

n

d: QFR") — QMHR™). (6.11)

6.1.2 Exterior Derivatives of (n — 1)-Forms on R" for n = 2,3
Consider the 1-form in R?:

w1 = a1 (zq1, 2)dwy + ag(x1, x2)dxs.
According to the rule given in (6.8), the exterior derivative of this will be

Oas 0 0
il dxo Ndry + —= datl Adry = <a2 — a1) dxy A dxs. (6.12)

s = O
wr = afﬂz (3' X1 6351 8:1:2

Taking the exterior derivative of this will produce a 3-form. But in general an (n + 1)-
form will be zero on R™ because in this case there is no way to avoid wedge products
involving the same differentials. Or stated in a different way, since the exterior derivative
of an n-form produces an (n + 1)-form, and since every (n + 1)-form on R is zero, the
exterior derivative of an n-form on R™ must always be zero. Therefore, in R? it must
be that d(dw;) = 0, and more generally d(dw,—1) = 0 when w,,_; is an (n — 1)-form on
R™.

But this is not the only time that the exterior derivative of an exterior derivative
will be zero. For example, starting with the 0-form (scalar function) wy = ¢(x1,x2), the
following 1-form results:

99 0¢

—d
8.1’1 1+8 €To 2

Now taking a second exterior derivative of this 1-form, and evaluating the result using
(6.12), gives d(dw1) = 0 because

0 0¢ 0 0¢
oy (3962) Oy (5551> '

w1 =
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Now consider the following 2-form in R3:
Wo = Bm(ﬂ?l, X, 373) dxq Adx2+523(371, xo, .’L‘3> d.’L‘Q/\d:Eg—l-Bl?,(xl, To, 1‘3) dzi ANdxs. (613)

At first this may look less general than the definition in (6.4) evaluated at n = 3. But
actually choosing I;ij = b;; — bj; in (6.13) makes it exactly the same. For this reason,
(6.4) can be re-written as >, ;<3 bij dz; A dzj, and more generally any differential
k-form in R™ can be written with the summations nested as

W=D e (X) dei Adaig A A d, (6.14)
1<iy<ig<...<ix<n

where 1 < k < n. Here the functions @, 4,.... i, (x) generalize the skew-symmetric part
of the b;; and c¢;;;, discussed previously.
The exterior derivative of the above k-form? is defined as

. Oy ig... in
dwy, = Z Z %dwik“ A dxi, A dxi, A ... A dxg,.
1<y <ig<...<ip<n \1<iri1<n Lkt
(6.15)
It follows from using this definition twice that
d(dwy,) = Z Z %W—z“cdx A drs Adxe A Adas
k azik“@xikﬂ 42 Ut 1 i ('

1<ip < <ip<n \1<ipy1,ip42<n

But since each @i, 4....i, (X) is @ smooth function, the order of taking partial derivatives
does not matter. This introduces a symmetry. And any symmetry in the coefficients of
a differential form means that (6.5) will force the resulting sum to be equal to zero.
Therefore, the following general equality for any k-form on R™ is observed:

d(dwy) = 0. (6.16)
This can be thought of as the natural generalization of the classical rules V x (V¢) = 0

and V- (V x ¢) = 0.
Returning to the 2-form wy in R3 defined in (6.13), the exterior derivative becomes

B Obyg  Obiz  Obya
dWQ - (33)1 + 31‘2 + 31‘3

) dx1 N dxg N dxs. (617)

Since this is a 3-form, it follows that d(dws) = 0, since that would be a 4-form in R3,
and would necessarily have wedge products involving differentials with repeated indices.
Now consider what happens to 1-forms in R? when exterior derivatives are applied.
Let
w1 = a1 (1‘1, To, .Tg)d.%‘l + ag(.ﬁl, X2, $3)dﬂ?2 + 0,3(1)1, To, .133)(1.%‘3.

Taking one exterior derivative using the rule (6.8), and simplifying using the properties
of the wedge product,

“Here k < n because the case k = n results in dw, = 0.
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8@2 8a1 8a3 8a2 aag 80,1
dwv1 = =———=—1]d d — ——=]d d — ——]d dxs.
W1 <8J}1 81}2) x1 N\ drg + (81‘2 8.733) To N\ dxs + <8.131 81‘3) xr1 N\drs
(6.18)

It can also be verified that d(dw;) = 0, which is left as an exercise.

For those familiar with vector calculus (see the appendix for a review), (6.17) should
look familiar because it resembles the divergence of a vector field and (6.18) looks
curiously like the curl operation. Indeed, this will be discussed in Section 6.8.

The properties of differential forms were defined above in terms of the anti-symmetric
nature of pairwise transpositions of adjacent differentials. In practice it can be rather
tedious to look for the path of pairwise adjacent transpositions that convert a differential
form defined in one ordering of the differentials into another. Therefore, the powerful
and general language of permutations is useful in re-defining differential forms, and
relating them to their “dual object,” which is called a multi-vector. This will be defined
shortly. But first some additional properties and notation will be useful.

6.1.3 Products of Differential Forms

Exterior differentiation is one way to change a k-form into a (k + 1)-form. However, it
is not the only way. It is also possible to take the product of two forms. This product
follows the simple rule: Given forms w, and a4 that are respectively p- and g-forms
defined in a similar way as in (6.14), their product is the (p + ¢)-form

,,,,,

Wp AN Qg = E &il,ig ip (X) dl’il A d.’[iz VANIAN del'p A
1<i1<i2<...<ip<n

Z Z;jth _____ Jq (X) dl’jl N dij VAN dqu . (619)

1<j1<j2<...<jqg<n

Therefore, if p + g > n, then w A a = 0, since in that case there is no way to avoid
repeated differentials.

The definition in (6.19) together with the properties of differential forms and the
properties of the wedge product in (6.5)—(6.7) are sufficient to explicitly compute the
product of any two differential forms. For example, consider the product of the following
two differential 1-forms on R3:

w1 = ay dIl + a9 dl‘g + as dﬂfg and 1 = b1 dIl + bg dl‘g + bg dl‘g.

Then
w1 Nag = (a1 dx1 + as drs + as d.l?g) N (b1 dx1 + by dxg + b3 dl‘3)

Using the distributive law and anti-symmetry of the wedge product, this reduces to

w1 A (5] :&1[)2 dl‘l A\ dafg + a1b3 dxl A d.lfg + a2b1 dl‘g A dl‘l
+ asbs daxo A drs + agby drg A dxi + agbs dxs N dzo (620)
:(albg - agbl) diCl A diCQ + ((llbg - a3b1) d.’El A d.’Eg + (a2b3 - a3b2) dl’z AN dl’g.

Other wedge products are left as exercises.
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6.1.4 Concise Notation for Differential Forms and Exterior Derivatives

Long expressions involving differential forms such as (6.14) and (6.15) can be reduced
in size by defining an index set, I}, that takes into account all non-redundant orderings
of indices in the expressions for k-forms on R™. Then a k-form on R™ can be written

succinctly as
Wi = g asdx
sely

where each dx; is a k-fold wedge product consisting of differentials with indices drawn
from I}. For example, the index set for a 2-form in R?® would be

IS = {{17 2}7 {173}7 {273}}7

and if s = {1,2} then dxs = dxy A dxy. As another example, the index sets for 2-forms
and 3-forms in R* respectively would be

I = {{1,2},{1,3},{1,4},{2,3}, {2,4}, {3,4}}

and
Iy = {{1,2,3},{1,3,4},{1,2,4},{2,3,4}}.

When the value of n is clear, the superscript will often be dropped, and the index set
will be written as I. Furthermore, many books make the notation even more condensed
by not even introducing the parameter “s” mentioned above. Then

WE = E a]deC]k.
Iy

The ultimate in terse notation suppresses s, n, and k, in which case w = >, ardz;.
Notation that is this light can make it very difficult for the uninitiated reader to pick
up the concepts, and so the presentation here will not go that far.

The exterior derivative of a k-form such as (6.15) can be written more succinctly
as [2, 3, 14]

0
dwy, = Zdalk ANdzy, = Z aaxl’_“ dzj | Ndxy,. (6.21)
Ik Ik .7 J
It is a (k + 1)-form as discussed previously.
The product of a p-form and g-form is written concisely as

wp Nag = Za;pdxlp AN Zb]qu[q = Z Z(a;pdx;p) AN (b[qd{L‘[q). (622)
Ip Iq Ip Iq

However, the one drawback of the concise notation is that the expression cannot be
simplified further without expanding everything out.

The introduction to differential forms presented in this section should be sufficient
for understanding the theorems in Section 6.8 and the use of differential forms in sub-
sequent chapters. The other sections in this chapter illustrate the relationship between
differential forms and mathematical objects called multi-vectors, which is provided for
completeness. In order to understand these concepts fully, a review of permutations is
helpful.
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6.2 Permutations

The set of all permutation operations on n elements together with the operation of

composition is called the symmetric group, or permutation group, and is denoted here as

II,,. Tt is a finite group containing n! elements. The elements of IT,, can be arranged in

any order, and any fixed arrangement of the elements of I1,, can be numbered as m; for

1 =0,...,n!—1. It is convenient to retain the label 7y for the “do nothing” permutation.
An arbitrary element 7 € I1,, is denoted as

. 1 2 ....n
T=\r()7(@)...7(n) )
Changing the order of the columns in the above element does not change the element.
So in addition to the above expression,

. 2 1 ... n . n 2 .01
T=\r@) 7(1)...7(n) ) = \x(n) 7(2) ... 7(1)
where the rows of dots denote those columns not explicitly listed. The above expression

should be read as “the number i goes to 7(i) for i = 1,...,n.”
Two permutations can be composed by the rule

7r-o7r-< 1 2 ....n )( 2 ....n )
v mi(1) mi(2) ... mi(n) ( 7TJ(2) . m5(n)
i( m;(1) mi(2) ... < ...omn >
ﬂ%(ﬂj(l))7h(7h(2)) - 7%( (1) - mj(n)
_ ( 1 2 - n ) cIl
mi(m;(1)) mi(m;(2)) ... mi(m;(n)) "
This rule is not the only way to define compositions of permutations, but this is the
rule that will be used below.

6.2.1 Examples of Permutations and Their Products

For example, the product of the permutations
(12345 d (12345
m=\21543) ™M ™7\ 25134

12345 12345
oM = 59431 and - mom =395,

Since these are not the same, it can be concluded that the product of permutations is
not commutative.

An alternative way of denoting permutations is by decomposing them into cycles.
For instance in m; above, 1 -2 — 1, and 3 =+ 5 — 3 and 4 — 4. This means that we
can decompose 71 as a product of cycles:

(12345 12345 12345
Tm=\121345 12543 12345)°
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In fact, there is no need to explicitly include the permutation corresponding to the cycle
of length 1 corresponding to 4 — 4, since it is the identity. While in general permutations
do not commute under the operation o, permutations corresponding to disjoint cycles
do commute. The shorthand notation for the above that reflects this commutativity of
cycles is m = (12)(35)(4) = (4)(12)(35) = (35)(4)(12) = .... Not every permutation
can be broken down into smaller cycles. For example, mo = (12543).

6.2.2 The Sign of a Permutation

The final feature of permutations that will be important in the geometric and linear
algebraic computations that follow is the sign (or signature) of a permutation. A per-
mutation that swaps two entries while leaving the rest fixed is called a transposition.
Any permutation can be broken down into a product of transpositions. If that prod-
uct consists of an even number of transpositions, the sign of the original permutation
is designated as +1. If the product consists of an odd number of transpositions, the
sign of the original permutation is —1. In other words, sign(m) = (—1)It22(m)| where
[trans(m)| denotes the number of transpositions in a decomposition of 7. For example, in
m1 given above, there are two transpositions corresponding to the two cycles each with
two elements. So |trans(m)| = 2 and sign(my) = +1. For 7o, it is possible to transform
the sequence 2,5,1,3,4 back to 1,2,3,4,5 by performing the following transpositions:

(2,5,1,3,4) — (1,5,2,3,4) — (1,2,5,3,4) — (1,2,3,5,4) — (1,2,3,4,5).
Alternatively, the following transpositions could be performed:
(2,5,1,3,4) = (2,4,1,3,5) — (2,3,1,4,5) — (1,3,2,4,5) — (1,2,3,4,5).

While the number of transpositions used to define a path from one permutation to
another is not unique since there are many paths, the minimal number of transpositions
required to restore the original ordering is unique. But regardless of whether or not that
minimal number is realized, the signature of any sequence of transpositions connecting
a permutation with the identity will be the same. Counting the number of arrows above,
it is clear that |trans(ms)| = 4 and so sign(ma) = +1.

Since the number of transpositions in the product of two transpositions will be

[trans(my o mo)| = |trans(m )| + |[trans(ms)],

it follows that
sign(my o o) = sign(my) - sign(ms).

More generally the product of even permutations is even, the product of odd permuta-
tions is even, and the product of even with odd is odd.

6.2.3 Multi-Dimensional Version of the Levi—Civita Symbol

The Kronecker delta is defined as the function § : Z x Z — {0, 1} such that

5~ 1fori=j
“7 71 0 for i # 5.

One way to extend this to a multi-index version is



6.2 Permutations 203

S . lfOI"h:iQ:...:in
t102otn T () otherwise.

This is the same as the (n — 1)-fold product

0 0

01,82,000n — Yi1,i2

0

12,03ttt

6in,71 ;in °
If each index is limited to have the N possible values 1,...,N, then only N out of the
N™ possible combinations of indices will result in the value of unity.

Another extension is [11]

51'17]'1 5i1,j2 s 5i11jn
.y Oio v O o oo o
551@% ,J,L = det 12,71 V12,]2 . (6.23)
1,82;500050n . . .
it Oinga + -+ O jn

The Levi-Civita symbol (sometimes called the alternating tensor) is defined as

+1if (4,5, k) € {(, :3), (3,1,2), (2,3, 1)}
€ijk = —1if (7;7,71 ) {( .1 )7( » 3, ) (3727 )}
0 otherwise.

Here the “otherwise” refers to any case where indices are repeated, i.e., €110 = €197 =
€211 = 0 and likewise if 1 or 2 is replaced with 3, etc. Altogether there are 3% = 27
possibilities, and only six are non-zero.

Note that the first two conditional equalities in the above definition of the Levi-
Civita symbol can be written as

Er(1),7(2),7(3) = Sgn(ﬂ-) for m e Ils.

These symbols are related by the equalities

3 3
1
Z €ijk€imn — 6jm5kn - 5jn6km and 5 Z €ijk€ijn = Okn.- (624)

i=1 i,j=1

Letting n = k in the second equality above makes the right side equal unity. Summing
over k and multiplying by 2 then gives Zij,k:l €ijk€ijk = 0.

The Kronecker delta and Levi-Civita symbols are used both in classical mechanics
and throughout mathematics and physics. For example, the identity matrix is the one
defined in terms of its entries as I = [§;;], and the cross product of three-dimensional
vectors can be defined in component form as

3

(a X b)2 = Z Gijkajbk. (625)
7 k=1

Given the above equation, it should come as no surprise that the extension of the concept
of a cross product to higher dimensions will be defined using a multi-dimensional version
of the Levi-Civita symbol, which is defined below.

Let I, = (1,...,n) denote the numbers 1 through n arranged in this order, and let
m : I, — I, where the result of the mapping is stored in the same order as the inputs.
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That is, m : (1,...,n) = (m(1),...,m(n)). If the mapping is not one-to-one, the repeated
values will be stored. In the latter case, the result of applying this mapping to I will
be viewed as a multi-set® with n entries. For example, if n = 3, m might be a function
m(1,2,3) = (2,3,1) or m(1,2,3) = (1,2,1). That is, m will either be a permutation, or
it will produce a multi-set in which some entries are repeated and others are omitted.
In this context, the multi-dimensional Levi—Civita symbol is defined as

. [ sgn(m) for m € II,,
m(1),m(2),...;m(n) = 0  otherwise

In other words, it again will take the values +1, —1, or 0 depending on whether m is
an even or odd permutation, or not a permutation at all. Letting iy, denote m(k), the
multi-dimensional versions of (6.24) can be written as [11]

n

o e o §Tdzeedn 2: o e .
6217127'“)2”€J17J27'~~)JH - ail,ig,...,in and 611,l2,~~71n611ﬂz,mﬂn =n: (6'26)

11,12,.,0n=1

because out of the n™ possible combinations of indices, only the subset corresponding
to permutations produces a non-zero contribution to the sum. In a similar way, for an
nth order tensor, A = [ai iy....in ]

n

> €irinrrin@irsinonin = O SEU(T)An(1) n(2),....m(n)-

1,0, in=1 rcll,

Knowing this can be useful in relating some of what follows in subsequent sections to
definitions given in some older books. Note that sometimes it will be useful to use the
shorthand

e(m) = €x(1),7(2),...,m(n)-

6.3 The Hodge Star Operator
Given a differential k-form on R,

w = E Qi ... i, dxil /\dl‘iz /\.../\dl‘ik,
1<i1<i2<...<ip<n

the Hodge star operator produces from this k-form the (n — k)-form on R”, denoted as
*w, that results from the substitution

drg, Ndxg, N...Ndxg, — sgnmdrj, Ndxj, A... . Ndxj,
together with an additional summation over {j, ..., jn—x} where

1...kk+1... n ) . . .
T = < . . . ) and  {i1, .., ik} N{J1s s Gk} = O.
21 -+ % J1 -+ In—k

The latter condition ensures that 7 is in fact a permutation.

5Unlike a usual set, in which each element appears once, in a multi-set, elements can appear
several times.



6.3 The Hodge Star Operator 205

Explicitly,

. 1...kE+1... n
kW = Z sgn(l.l.“ik i .“jnk>a“,_“71kdajjl/\.../\da:hk.
1 <t < ...<1ig

J1<Jg2<...<Jn-k

(6.27)
Due to the anti-symmetric nature of the wedge product, the condition {i,...,ix} N
{j1, -y Jn—k} = O need not be enforced explicitly when k& > 1. If this condition is
violated, the wedge products involving terms that are common between the two sets of
indices will be equal to zero. Therefore, it does not matter whether or not 7 (or the sign
of ) is defined when 7 is not actually a permutation since the result will multiply zero.
When k = 1 the condition either needs to be enforced, or sgn 7 should be defined to be
zero when 7 is not a permutation.
From the properties of permutations, it can be shown that the Hodge star operator
applied twice, *(*w) = * * w, results in

ok w = (—1)F=R)y,, (6.28)

Now consider some examples. If ¢(x) is a O-form on R™ (i.e., a function R” — R),
then
x¢p = pdry N\ ... Ndz,.

If w = a1 dz1 + ag dzo is a 1-form on R?, then
12 12
*w = Z {sgn (1 j) ardx; + sgn (2 j> anxj} = ay dry — as day.
J

If w = ay dxy + as dzs + as dxs is a 1-form on R3, then
*w = aq dxg A dxs — as dry A dxs + asz dry A drs.
If w = a1a dzy A dxg + a13 dzy A drs + ass des A dzs is a 2-form on R3, then
*w = a1 drs — a13 drs + asg drq.

If w=adx; Adxs Ades is a 3-form on R3, then *w = a.

The beauty of the Hodge star operator will become apparent at the end of this
chapter when it is used to restate the integral theorems of vector calculus in a concise
form that generalizes nicely to non-Euclidean settings. One reason for this is that if
w=Y,a;dz; is a 1-form on R", and a = [ay, ...,a,]", then it can be shown that the
exterior derivative of *w is the n-form

‘d(*w) = (diva)dzy A ... A dzp,. ‘ (6.29)

And furthermore, if ¢ : R — R, then the Hodge star operator of the 1-form d¢ is

| d(xdg) = div(gradg) day A ... A day. | (6.30)
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6.4 Tensor Products and Dual Vectors

A tensor product of two vectors a,b € R™ can be defined as
a®b=ab? ¢ R™*". (6.31)

This can be thought of as an operation that produces a two-dimensional matrix from
two column vectors. Sometimes this is referred to as an outer product, and is related to
the inner product by the equality tr(a ® b) = a-b.

The elements of the resulting matrix are (a ® b);; = a;b;. The tensor product of
three vectors can be defined to be the n X n x n array indexed by i, j, k with entries

(a®@b)®@c)ijr = (a® (b®c))ijr = (Aa® b ® c)ijr = aibjck.

This extends in an obvious way to higher dimensions. Furthermore, the vectors can be
allowed to have different dimensions, resulting in a rectangular box of numbers, rather
than square or cubic array.

The dual space of R™ consists of all linear functions that take in vectors from R"
and return real numbers. This dual space can be thought of as being equivalent to all
real n-dimensional row vectors, which, after multiplication with a vector in R™, results
in a real scalar. In other words, if V= R" and v € R", then any ¢ € (R™)* (the dual
of R™) can be defined as p(v) = wlv for some w € R". A function ¢(v) is sometimes
called a dual vector. It contains the same information as w’. Whereas the concept of
the transpose makes sense for vectors in R™, the concept of a dual generalizes to more
abstract vector spaces.

Tensor products can be defined in more general contexts than (6.31) by using ele-
ments of the dual space. These more general tensor products are constructed as follows
[7]: Let V and W be vector spaces with elements v and w, respectively. Let ¢; € V*
and o € W*. Then for any (v,w) € V x W, define

(P1 @ @2) (v, W) = p1(v)p2(W). (6.32)

Since ¢ and @y are both linear functions, the tensor product is a bilinear function:

(p1 ® p2)(a1vi + azve, W) = a1(p1 ® p2)(v1, W) + az(p1 @ p2)(ve, W)
(1 ® p2)(V,a1W1 + agwa) = a1(p1 @ p2) (v, W1) + az(p1 @ p2)(Vv, wa).

T

For example, if V' = R", then for v,w € R" and ¢, (v) = a’v and ¢y = bT'w,

(1 ® p2) (v, w) = (a"v)(bw) = v’ (ab”)w.

At the core of this is the outer product in (6.31), and so when V' = R" it can be
convenient to blur the distinction between ¢; ® @5 and ab” while keeping in mind that
the ¢ ® o construction is more general.

Returning to the more general case, the tensor product of dual vectors can be iterated
as Y1 ® 2 @ ... R® ¢, due to the associative property

(1 ® 2) ® 3 = 1 @ (P2 ® E3).

A k-fold tensor product of dual vectors can take as its domain the k-fold Cartesian
product of a vector space. The dimension of this k-fold Cartesian product is the same
as the dimension of a k-fold tensor product of vectors. And so, a k-fold tensor product
of dual vectors can be thought of as a function that takes in a k-fold tensor product of
vectors and returns a scalar.
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6.5 Exterior Products

This subsection begins by presenting the concept of the exterior product of two vectors
in a concrete way as an alternating sum of tensor products. From this concrete starting
point, the abstract definitions are put into context.

6.5.1 A Concrete Introduction to Exterior Products

The cross product in three-dimensional space can be defined using the tensor product
of vectors. First let

aAb=-ja®b-b®al.

N | —

This is called an exterior product (or wedge product) of the vectors. Explicitly, this
matrix has the form

1 0 a1b2 — CLle a1b3 — a3b1
aAb=—- a2b1 - (leg 0 G,ng - a3b2
a3b1 — a1b3 a3b2 — b3a2 0

Note that since scalar multiplication is commutative, this is a skew-symmetric matrix
with entries that are functions of the vectors a and b:

aAb=—(bAa).

This is reminiscent of that which was postulated for differential forms in (6.5).

This 3 x 3 skew-symmetric matrix has three independent pieces of information that
can be arranged in a three-dimensional vector. The ¥ operation can be defined to convert
a A b into a vector by extracting the three non-zero independent entries and arranging
them as

a2b3 — b2a3
(aAb)* = 3 | asbr —bsar | . (6.33)
albg — a2b1

When arranged in this way, (a A b)* = 1a x b. While the above definition of the ¥
operation is natural in some sense for R3 since it relates to the familiar cross-product
operation, it does not generalize well. In higher dimensions a more natural way to define
the V of a A b would be to arrange the entries lezicographically® as [aiby — asby, ai1bs —
asby, asbs — bgag]T. This is illustrated in Exercises 6.12—6.15. Note that there is also a
sign change in this new definition of V relative to ¥ in (6.33), which will no longer be
used.

If a,b € R™, then aAb will have n(n —1)/2 independent entries. These too could be
arranged in a long column vector, but there is no need to do so at this point. Rather,
a A b will itself be referred to as a 2-vector.

The exterior product of multiple vectors from the same vector space, vy, ...,vi € V|
can be defined as

5Tn general a lexicographical ordering of a string of characters, each of which has a natural
ordering, arranges the first character of each string according to the ordering for that character,
followed by ordering of the second character, etc. This is the way a dictionary is organized with
the usual alphabetical ordering of characters. The same applies to natural numbers ordered in
the usual way.
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1
ViIA AV = i Z sgn(T)Ve(1) @ ... @ V(i (6.34)
’ welly,

The result is called a multi-vector. Here k can be less than or equal to the dimension of
V, and in this particular case vi A ... A vy is called a k-vector. The vector space of all
k-vectors is denoted as A¥(V) or A* V. A k-vector can be viewed as a block of numbers
in a k-dimensional array (in which each index can take n values) that has particular
symmetries. Or, by defining a “V” operator, in analogy with (6.33), the non-redundant
entries in the k-dimensional array can be extracted and arranged in a single column

vector. As will be shown below, this k-vector would have (n) entries.

k
Since the concept of tensor products can be defined both for vectors in V' and for
dual vectors in V*, it follows that A*(V*) can be constructed as

o1
V1A A= o Z SEN(T)Pr(1) @ . ® Pr(hy- (6.35)
welly,

Rather than calling this a dual-k-vector or k-dual-vector, it is called a k-form. Substi-
tution of a differential one-form for each ¢; in (6.35) results in the differential k-forms
discussed earlier in this chapter. This establishes an equivalence:

ARV =2 QF(V).

With the concrete definition in (6.35) in mind, the modern abstract definition of exterior
products can be more easily grasped.

6.5.2 Abstract Definition of the Exterior Product of Two Vectors

An alternative (more abstract) definition of the exterior product of vectors to the one
given in the previous section is used in many books on differential forms. This is reviewed
here in order to make it easier to reconcile the presentations provided in different books.

To begin, let V' =R" and {e1,...,e,} be the natural basis, and let p = 0,1,2,...,n.
For any vectors u,v,w € R" and real numbers a,b € R, an abstract wedge product is
defined to take pairs of vectors in V', and return a vector in a new vector space W, i.e.,
AV xV — W, while obeying the following rules:

(au+bv) Aw=a(uAw)+bvAw) (

w A (au+bv) =a(w Au) +b(wAv) (
vAV=0 (6.38

{eine;li,je{l,..,n}} spans W. (

As a consequence of (6.36)—(6.39),
WAV =—-VAW. (6.40)
W is called A2V, and products of the form v Av are called 2-vectors. The definitions

AV =R and A'V =V can also be made.”

"In some books A is denoted as A.
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6.5.3 The Exterior Product of Several Vectors

The pth exterior power of V| denoted APV, is a vector space with elements that are
p-vectors of the form

VIiAVoA.. AV, e APV VYV v, €V
where for i = 1,...,p and j > i the p-fold wedge product must satisfy®
w1/\.../\wi_l/\(au—|—bv)/\wi+1/\.../\wp: (641)

(Wi A AW AUAW A LAWY FOWIALLAWIAVAW AL AW,)

Wl/\.../\Wi_l/\u/\WH_l/\.../\Wj_l/\u/\Wj+1.../\Wp=0 (642)

and
{ei, Newy Ao ANe |1 <y <idp <...<ip<n} spans APV (6.43)

for all a,b € R and u,v,wy,...,w, € V.
From (6.43) it follows that the dimension of the vector space APV is

dim(APV) = (Z) - (n";)!p! (6.44)

for p € {0,1,2,...,n}. Note that A°V and A"V are both one-dimensional vector spaces
(hence equivalent to R), and A'V and A"~V are equivalent to V = R™. To be more
precise, the word “equivalent” here means isomorphic as vector spaces, as defined in the
appendix.

Furthermore, from the combination of the above rules, it can be shown that [5, 3]

Vi) AVa@) Ao AV =sgn(mT)vi Ava AL AV, (6.45)

where 7 is a permutation on n letters and sgn(w) € {—1,+1} with +1 corresponding to
an even number of pairwise transpositions and —1 corresponding to the odd case. See
Section 6.2 and the appendix for examples.

As an example that demonstrates the calculation of exterior products of vectors, let
v,w € R2. Then

VAW = (U161 + Uzeg) AN (w1e1 + w262) = (v1w2 — UQ’LUl) e; N es.
Similarly, if A € R?*2, it is easy to see that (Av) A (Aw) can be expanded out as

[(a11v1 + a12v2)e1 + (a21v1 + av)es] A [(an1wr + arpwa)er + (az1wi + azowz)es)
= (a11a22 - (112a21)(U1w2 - U2w1) e \e
= (detA) v A w.

Generalizations of this observation are explained in the following section.

80f course, when i = 1,2, p— 1, p these expressions need to be modified so as to make sense,
since wo and wp41 are not defined.
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6.5.4 Computing with Exterior Products

Recall from the appendix that permutations enter in the definition of the determinant
of a matrix. And there is a connection here as well. Namely, if A € R"*" then [5, 3]

(Avi) A (Ava) AL A (Avy,) = (detA) (Vi Ava AL Avy,) € ATV (6.46)
In fact, using this formula twice (once with A and once with B) gives

(ABv1) A (ABv2) A ... A (ABv,,) = (detA)((Bvy) A (Bva) A ... A (Bvy))
= (detAdetB)(vi Ava A... AVy).

But direct evaluation gives
((AB)v1) A ((AB)v2) A ... A ((AB)v,) = det(AB)(vi AVa A ... AVy).
Picking off the coefficients reproduces the well-known fact that
det(AB) = det A detB. (6.47)

As another immediate consequence of (6.46), it is clear that if v; = e;, and if A is an
orthogonal matrix, a change of orthogonal basis of A"V can be implemented by making
an orthogonal change of basis in V.

The determinant can be viewed as a special case of a more general set of functions
of a matrix generated from exterior products. More specifically, the quantity A? A can
be defined so as to satisfy

(Avi) A (Ava) AL A (Avy) = (APA)(vi Ava AL AVy,) € APV (6.48)

Here p € {1,2,...,n} whereas (6.46) holds for the special case when p = n. In the
exercises the explicit form of AP A is computed for several concrete cases.

Following the same arguments that led to (6.47), but now using (6.48) in place of
(6.46),

| AP(AB) = AP(A) A7 (B). ] (6.49)

6.5.5 The Exterior Product of Two Exterior Products

fv=viAvaA...Avpe APV andu=u; Aus A... Ay, € AV, then there exists a
unique way to construct v Au € APT4V . Namely,

V/\ll:(V1/\Vg/\.../\Vp)/\(ul/\UQ/\.../\uq).

Given three such exterior products, v € APV, u € A7V and w € A"V, the following
properties follow from this definition [3]:

(av+bu) Aw=a(vAW)+buAw)
wA(av+bu)=a(wAVv)+b(wAu)
(vAuUAwW=vA(uAW)
vAu=(—-1)P(vAu)

where in (6.50) p = ¢, and in (6.51) ¢ =r. If v € APV and u € A9V, then [5, 3]

[(APH1A) (v A ) = [(APA) (V)] A [(A9A) ()] | (6.54)
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6.5.6 The Inner Product of Two Exterior Products

If V is an inner product space (e.g., R” with inner product (v,w) = v’'w), then an

inner product on APV can be defined relative to the inner product on V as follows:

(u1,v1) (u1,va) ... (a1, vyp)

(u%vl) (uz,VQ) -

(u,v), = det (6.55)

(Up, V1) (1, v2) - (0, V)

where v=vi AvaA...Avyandu=1u Auz A... A u,.

6.5.7 The Dual of an Exterior Product

If vi € V and ¢; € V*, then ¢;(v;) € R. However, since {¢;} forms a vector space
(which in the case when V = R" is isomorphic to the vector space consisting of trans-
posed vectors, or the Hermitian conjugate in the complex case) their exterior products
can be computed also. The space of all dual p-vectors is denoted AP(V*). That is,

P1APa N N, € AP(VT)

and
AP(V*) = (APV)*.

The dual exterior product evaluated on the exterior product of the same dimension
is computed as

(Pr A@a A App) - [VIAVI AL AV, = Z sgn(m)01(Va(1))@2(Va(2)) - €p(Vr(p))
well,

1(vi) p1(va) ... p1(vy)

— det ‘”(.Vl) ‘92(."2) o | er (6.56)

ep(v1) ep(va) - pp(vp)

Tt should not come as a surprise that (6.56) and (6.55) are essentially the same, since
associated with each linear function ¢ € V* is a vector u € V' such that ¢(v) = (u,v)
forall veV.

6.6 Invariant Description of Vector Fields

Given a differentiable function f : R™ — R, the directional derivative (in the direction
a, and evaluated at x € R") is

. d
(Daf)(x) = %f(x + ta) . (6.57)
t=0
If in addition to being differentiable, f(x) is analytic, then for fixed x and a the function
Jx,a)(t) = f(x+ta) can be expanded in a one-dimensional Taylor series in ¢. Following
this by taking the derivative d/dt and setting ¢t = 0 yields
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(Daf)(v) = a3 97 +...+a of =a- (Vxf)lgey - (6.58)

=L
01 |4y 0Tp |4y

Here |x=y means evaluation of the function by substituting x with v. This will be written
in shorthand as |y. Equation (6.58) can also be viewed as a direct application of the
chain rule.

As a is allowed to visit all possible values in R™, the set

V ={(Daf)(v) |acR"} (6.59)

forms a vector space with the operations of addition, +, and scalar multiplication, -,
following from the linearity property of derivatives:

(Daa+sbf)(v) =a- (Daf)(v) + 8- (Db f)(v).
The above properties hold for any differentiable function f € C1(R"), and so it is
convenient to think of
s [0
o 8.’13’1 v

as a basis for the vector space (V,+,-). Ifa=a(v) = >, a;(v)e; is a vector field on
R™, then so too is

0

PIEEEE) I —
v oxy,

AW) = Y ()

i=1

- 0
, or A= E a;—. (6.60)
= Oxi

The second expression is shorthand for the first. In this notation, the application of a
vector field to a function results in a directional derivative:

o)

The Lie bracket of two such vector fields is defined as

A BI(f) = A(Bf) = B(Af)| (6.62)

where each vector field is evaluated at the same value of v.

Why go through all of this trouble when {e;} is a perfectly good basis for R"? Two
answers to this question are: (a) the form of (6.60) is independent of the basis used; and
(b) it generalizes better to the intrinsic study of manifolds.

As a demonstration of point (a), consider the smooth and invertible deformation of
space g : R — R", and let x = g(x’) and v = g(v’). The Jacobian of this transforma-
tion is 5

X
— Rnxn.
J )T €
In component form this is J;; = 0z, /02’ ;, and the elements of the inverse Jacobian are
Jij = 8.13/1/833]

Let f/(x') = f(g(x)). Then f’(g~*(x)) = f(x). From the chain rule,
of ~=of oxfy I~ . of
— — gii Yo
j; ox

Ox; 4~ 0z’ Ox;
=19

/4
J

Then
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-3 (L mteen) 5

j=1 \i=1

AW)f =Y ) 2L

v/

Therefore, if

or equivalently,

then

|Av)f = A()f (6.63)
In the special case when a(x) = Apx and g(y) = Goy where Ay and G are invertible
constant matrices, (6.63) holds with a’(x’) = (G ' AgGo)x' = Apx’.

In the modern view, a(x) ¢ R™. Rather, the tangent vector A(x) as defined in
(6.60) belongs to a new space called the tangent space to R™ at the point x. This is
denoted as A € T,R". In a similar way, when considering a manifold, M (i.e., higher-
dimensional generalization of a simple curve or surface), a point in the manifold (which
is not necessarily described as a vector) is denoted as © € M, and a vector in the tangent
space to M at x is denoted as T, M.

Why go through all of this trouble when a perfectly valid definition of vector fields
already existed? Detailed answers can be found in [1, 3, 14]. The short answer is that
there is a bijective mapping between the set of all a(x)’s and the set of all A(x)’s, and
so for any a(x) there is a unique A(x), and vice versa. And it is A(x) (rather than a(x))
that has some nice properties that are used in the following section, which in turn are
useful in describing vector fields on manifolds in a way that is independent of how they
are embedded in a higher-dimensional Euclidean space.

6.7 Push-Forwards and Pull-Backs in R™

6.7.1 General Theory

Let U and V be two open subsets of R™ that are related to each other through a
transformation v : U — V that is invertible, and both ¢ and ~! are smooth (i.e.,
infinitely differentiable). Then ¢ is called a diffeomorphism.

Now suppose that there is a smooth function f : V' — R. The differential of the
diffeomorphism ¢ is denoted as di(z), and is defined by the equality

(dp(z)A) f = Af(¢(x)) (6.64)

for any smooth f, where A is a vector field as interpreted in the modern sense in (6.61).
The definition of the differential in (6.64) is related to the Jacobian Dy = [0v;/0x;],
where D7) is shorthand for (D)(x), by the fact that [3]

B=dy(x)A <= b=[Dy]a.

However, (6.64) would not work if a were substituted for \A. Henceforth in this section
boldface will be dropped and vectors interpreted in the form of v will be used in order
to be consistent with the literature.

Now suppose that a vector field is defined on U, such that for every x € U, we have
a vector X (z) € T,R™ = R™. (Note that X (z) need not be confined to U.) Using the
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function v, the vector field X can be used to define a vector field Y on V' by assigning
to each y € V a vector Y(y) = ¥, X (y) where ¢, X is called a push-forward (vector
field), and is defined by the expression

X (y) = dp(2)(X (7 (1)). (6.65)

As pointed out in [3], the above equation can be expressed in the commutative diagram:

relU yeVv

T,R" — = T,R"

dy
The pull-back ¢*w is defined for any 1-form w by the equality [3, 4, 14]

(Y w) - X(z) = w- (P X)(y) (6.66)

where X is a vector field on U and %, X is the push-forward vector field on V. The
syntax is “¢p*w is the pull-back of w.” The definition in (6.66) reflects the fact that X
and 1, X are 1-vectors and w and ¢*w are 1-forms, and the result of dotting a 1-form
and a 1-vector is a scalar.

The pull-back of a p-form w is defined by the expression

[(w) - [Xa(@) A A Xp(@)] = w - [ X)) A A (0.X,) ()] (6.67)

where the dot is interpreted as in (6.56).

The pull-back of a form can be defined more generally, i.e., it is not restricted to the
case of diffeomorphisms. But this is the case that will be most common in the applica-
tions considered later. In the following subsection, examples illustrate calculations with
forms in detail.

6.7.2 Example Calculations

This subsection demonstrates the definitions in great detail.
Example 1: Forms and the Chain Rule

Let (z1,22,23), (r,0,2), and (R,®,0) respectively denote Cartesian, cylindrical,
and spherical coordinates in R3, and the ranges of all parameters are chosen so as to
avoid the singularities at r = R =0 and © = 0, 7. Let

1 Cl(T‘,(b,Z) TCOS¢
€2 = C(Tv (]5721) = CQ(T,Qi), Z) = Tsm¢ (668)
T3 C3(Ta ¢a Z) z
and
r &1(R,D,0) Rsin®
¢ | =&R,2,0)=| &R 2,0) | = P : (6.69)
z &(R,2,0) Rcos©
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Then
1 V1 (R, P,0) Rcos®Psin @
2y | = (R, 8,0) = | v2(R,8,0) | = | Rsin®sino (6.70)
3 Y3(R, P, 0) Rcos®
where
Pp=(o¢ (6.71)

(that is, the function ¢ composed with the function &).
The differentials in Cartesian coordinates can be related to those in polar and spher-
ical coordinates as

dry = cospdr —rsingdp; dry =singdr+rcospdp; drs =dz (6.72)
and
dxy = cos @ sin OdR — Rsin @ sin OdP + R cos P cos OdO (6.73)
dxo = sin @sin OdR + R cos @ sin OdP + R sin P cos OdO (6.74)
dxs = cos©dR — Rsin ©dO. (6.75)

It follows that

dxy N dxy = (cospdr — rsingdg) A (sin ¢ dr + rcos ¢ do)
r(cos® ¢ + sin® ¢) dr A do

rdr A do

dxy Ndxs = cospdr Ndz —rsingdo A\ dz

dro Ndrs =singdr Adz +rcosodp Adz

and

dxy Adxe = Rsin? @ dR A d® — R?sin © cos © dd A dO
dzy Adrs = —Rcos®dR A dO — Rsin®sin © cos © dd A dR + R? sin $sin® O dd A dO
dzo A drs = —Rsin®dR A dO + Rcos Psin O cos © dd A dR — R? cos Psin® O dd A dO.

Furthermore,

dxy Ndxo Ndrs = rdr Ndo N\ dz (6.76)
dxy Adry Adrs = —R?sin@dR A dd A dO. (6.77)

Example 2: Inverse Mappings and Push-Forward Vector Fields

Each of the mappings in the previous example can be inverted if the domain is
restricted to exclude the singularities. Then

Cl_l(xlva,xS) (I% +:C%)%
.
¢ | =¢ @1, m0,w3) = | (G N (@, w0,23) | = | tan~(aa /1) (6.78)
z

G5 (21, w2, 73) T3

and
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& (r, ¢, 2) (r? + 22)%
R
O =¢rg,2)=| & (r,2) | = ¢ (6.79)
e

& (r, ¢, 2) tan~'(r/2)
and
pl=(Cog) =€ tog

Given a vector field

8 n
V=v + ... tv Vs
1( )8q1 n ZZ:; 7 a%
(with v = [vy,...,v,]T) in coordinates, q, the push-forward vector field is what this

vector field should appear as in the coordinates x = % (q). (Here 9 is referring to a
general transformation, i.e., not necessarily spherical coordinates.) The push-forward
can then be computed in terms of the inverse mapping and Jacobian matrix as

P,V = ;ezrv* 3

where v, (x) = {;;/JTV(Q)]

(6.80)

a=1' ()

and, as always, (€;); = d;;.
For example, given a vector field in cylindrical coordinates of the form

71}1( ¢7 ) +’U2( ¢a ) +'U3( ad)az)%a

oo

then with q = [r, ¢, 2|7 the Jacobian in this case is

cos¢ —rsing 0

ﬁ— sing rcos¢ 0

oq" 0 0 1

and )
ac xl/(w%—&—x%)f —x5 0
5aT =\ 2z2/(23 +23)2 21 0
D la=C1(x) 0 0 1

and the corresponding push-forward vector field in Cartesian coordinates is therefore

0 0 0
GV = v (€00 g + (¢ ) 5 (¢ 00 5
where
1 =1 / 2 2\1 -1 / 3C
vi(¢T (%)) = vi((#] +23)2,tan” " (v2/71),73) and v 8q

Note that while the mappings ¢, €, and 1 are vector-valued and are therefore denoted
in bold above, in order to be consistent with the literature henceforth they are denoted
in the “lighter” (non-bold) notation, as was the case in the discussion earlier in this
section.
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Example 3: Forms and Composition of Transformations

Differential one-forms in different curvilinear coordinate systems are obtained from
those in Cartesian coordinates via the classical chain rule and composition of transfor-
mations and functions as

w1 = a1(x)dzry + as(x)drs + az(x)dxs

= a1(((r, 6, 2))(dr cos 6 — drsin 9) (6.51)
+ az(¢(r, ¢, 2))(drsin ¢ + dg cos ¢) + az(((r, ¢, 2))dz
= C*Wl

and

ay (x)dzy + az(x)dxs + az(x)dxs
a1(§(R,D,0))(cos @ sin OdR — Rsin @ sin OdP + R cos P cos OdO)
+as(&(R,P,0))(sinPsin OdR + R cos P sin OdP + Rsin d cos OdO)
+a3(&(R,P,0))(cos OdR — Rsin OdO)

= YPFwy.
In other words, (*w; and @*w; are simply w; as it appears in polar and spherical

coordinates, respectively.
Furthermore, given a form such as (*w; that can be written as

ﬁl = bl (7", st Z)d’l“ + bQ(T? ¢7 Z)d¢ + b3 (7"7 ¢7 Z)dZ (682)

in polar coordinates, it is possible to compute

£ 61 = 01(&(R,2,0))(sinOdR 4 Rcos OdO) + by ({(R, P, O))dP
+b1(E(R, P, 0))(cos OdR — Rsin OdO).

Amid this exercise in the chain rule, things become interesting with the observation
that
§(CTwr) = (o &) wr. (6.83)

In other words, pull-backs can either be concatenated, or the transformations can be
composed and the corresponding pull-back can be calculated, and the result will be the
same!

Now suppose that we are given two generic one-forms, oy and w; in Cartesian coor-
dinates. Then after some straightforward calculations, it is can be verified that”

Clon Awr) = C(an) ACH(wr)  and (B Am) =& (B1) A& (m)

where 31 and 7 are the same kind of form as that defined in (6.82). Also, when per-
formed directly, some tedious (though conceptually not difficult) calculations lead to

Y (ar Awr) = Y™ (ar) AT (wr).

However, this tedium can be avoided by breaking the problem up into two simpler
problems and using (6.83) as follows:

9The notation ¢*(w1) and ¢*w; mean exactly the same thing, but it is sometimes clearer to
use the former in writing expressions such as (*(dw1) or (*(w1) A ¢*(a1) rather than (*dw; or
Cwr AN a.
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(" (ar Awr)) = ((0 &) (a1 Awr) = Y™ (a1 Awr).

On the other hand, choosing #; = (*«1 and 71 = (*w; gives

(B AE(m) = () A (Cwr) = ¢ (an) A7 (wr).

Indeed, in this regard there is nothing special about cylindrical and spherical coor-
dinates, and the above hold in general for pull-backs of differential one-forms.

And things become even more interesting when this exercise is attempted for two-
forms and three-forms, and it is concluded that for general differentiable transformations
¢ and ¢, and general forms w and « the following hold:

£(¢"w) = (Co8)'w] (6.84)

and

aAw) =& () A (w).| (6.85)

Another important property of the pull-back is that it is linear. This is left as an exercise
to prove.

Example 4: Pull-Backs and Exterior Derivatives of Forms

The exterior derivative of the 1-form w; in (6.81) was given in (6.18). If this is then
converted to cylindrical coordinates, then

) = (52 - 52 ) e
Ox1r  0%2 ) |xi(rp2)

8a3 8@2
+ (5 32)

8&3 8@1
+ (5 3)

On the other hand,

(sin@dr Adz+ rcosfdf A dz)
x=((r,¢,2)

(cosOdr ANdz —rsinfdf A dz).
x=((r,¢,z)

d(¢*wr) = dlay(C(r, 6, 2))(dr cos ¢ — dsin ) + az(C(r, ¢, 2))(dr sin & + dg cos )
+ as(((r, 6, 2))dz]
= [ 1(C(r, 6, 2)) cos ¢ + as(((r, 6, 2)) sin §)dr]
+ dlaz(((r, ¢, ) cos ¢ — ar((r, 6, 2)) sin ¢)dg)]
+ dlas(C(r, 6, 2))dz].

The first term can be expanded out as

%[amc(r,qﬁ,z))cow T aa(C(r, ¢, 2)) sing] d A dr +

& a(C(r.6.2) cos6 + as(C(r.6,2)) sin] dz . dr =

day 0¢ 2 0C
6(:_T5’¢ ¢+?8_¢Sl no| dpAdr+

[_al(C(T7 (b? Z)) sin ¢ + QQ(C(Tv ¢7 Z)) Cos (b] d¢ Adr +
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0a1 GC 8a2 BC .
acT o cos ¢ + acT oz sing| dz Adr

where the chain rule was used to obtain the right-hand side, and partial derivatives of
are computed easily by referring back to (6.68). Similar expansions of the other terms,
together with re-collecting terms, lead to the equality

d(C*w1) = ¢*(dwr).

This observation generalizes as

[d(y"w) = ¢ (dw) | (6.86)

where w is any k-form, and ¢* is the pull-back of any smooth mapping v : U — V
where U,V € R™. Equipped with the intuition gained by the above example, and the
general definition of pull-back and exterior derivative given earlier in this chapter, it is
not difficult to prove (6.86) using properties of Jacobians and multilinear algebra. Proofs
of this, as well as for (6.84) and (6.85), that circumvent the direct use of Jacobians can
be found in [3, 4, 5].

Example 5: Some Very Concrete Calculations

Consider the one-form

1 = o3 sinxg dry + r3e” " dag 4 cos o drs (6.87)

and the two-form
Yo = a3 sinxo dry A dag + x3e” "t dag A das + cosxo dry A ds. (6.88)
Both are forms on R3, where x = [xl,xg,mg]T € R? denotes Cartesian coordinates.

These are given the names 7, to distinguish them from the generic forms denoted as
w, a, 3. The subscript k£ denotes that it is a k-form.
The exterior derivative of v, is computed as

dy, = [%(x% sinxg) dxy + %(w% sin ) dxe + é%g(x% sin xz) dmg] A dxy

0 0 0
+ [a—m(l’gezl) dry + 8—332(563671;1) dxo + a—x?’(l’geixl) dl’3:| A dxo

0 9 P
+ [8—xl(cos x2) dry + a—@(co& x2) dxg + 8_903(COb x2) d$3:| A dxg

= (x% cosxadre) Adxy + (e deg — xze” "' dxy) A dxe + (—sinxy dxe) A das

= —(z3cosxo + x3e” ") dxy Adag — (€7 +sinxy) dag A drs. (6.89)

Some of the simplifications result from partial derivatives being zero, and others are due
to the fact that dxy A dzy = dro A drs = dxs Adxs = 0 and dxy A dxe = —dxs A dxy,
etc.

Similarly, the exterior derivative of ~5 is computed as
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drye = 0 (z3sinzy) day + 0 (z3sinzy) daa | Adxy Ade
Y2 = Ers 1 2 1 D7y 1 2 2 1 2

0 . 0 .
+ |:8—:61(JC36 Ydry + 8—333@36 1) d173:| Adxo A dxs

0

+ [—(cos x2) dl‘g:l Adxzi A dxs
8x2

= —x3e " dxy Ndxo Adrs — sinxo dro A dxy A drs

= (sinxg — xze ") dxy A dxg A dxs.

Taking the exterior derivative of dys will clearly introduce repeated wedge products
of the form dx1 Adxi Adxs Adxs, dve Adxy Adxo Adxs, and dxs Adxy Adxs Adrs that
are all equal to zero. From this it follows that d(dy2) = 0.

In the case of the exterior derivative of dv,

0
d(dyy) = —a—xg(x% cos Tz + x3e” ) dwg A dxy A dag

_9

81'1

= —e "(dxs Ndxy N dxoy — dxy Adxo A dxs)
= O,

(e7™ +sinxs) dxy Adxg Adxs

which is just a special case of (6.16).
It is easy to verify by inspection that
MATT=72 N7 =0.
It is not difficult to compute
Y1 A2 = [#223e 7" sinxy — w37t oS o + 22 sinwy cos xp] dry A dag A das

and

Y1 Adyy = —[2? + e (z3 cos Ty + 23 sinxy)] day A dag A das.
The Hodge star operator gives

*y] = xf sinxo dro A daxs — x3e” ** dxy A\ das + cosxa dry A dxo
and

*Yg = J:f sin o dxs + wze *t dry — cosxo ds.

The forms 77 and 5 can be described in a curvilinear coordinate system rather than
Cartesian coordinates. Substituting (6.68) and (6.72) into (6.87) gives

C*v1 = [(r cos ¢)? sin(r sin ¢)](cos ¢ dr — rsin ¢ de)
+2e7" (sin ¢ dr + 1 cos ¢ dp) + cos(rsin ¢) dz
= [r% cos® psin(rsin ¢) + ze™" 3¢ sin ¢| drr
+[zre™" % ? cos p — 12 cos? ¢ sin ¢ sin(rsin ¢)] de
+ cos(rsin ¢) dz. (6.90)

Computation of dy; in Cartesian coordinates as in (6.89) followed by substitution
of all z; and dx; represented in cylindrical coordinates as in (6.68) and (6.72) gives
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C*(dmy1) = — [(rcos @)? cos(rsin @) + ze~ "5 rdr A do
— [e7"%? L sin(rsin @)] (sin g dr Adz + rcospdp Adz).  (6.91)

On the other hand, computing the exterior derivative of ~; expressed in cylindrical
coordinates as in (6.90) gives

d((*n) = %}( 2 cos® gsin(rsin @) + ze " sin qb)] dé A dr

+ g( 2 cos® ¢sin(rsin ¢) + ze ™" ? sin qb)} dz A dr
z

+ %(zre*”osd’ cos ¢ — 3 cos? ¢psin ¢ sin(r sin qS))} dz N do

+ %(zre_’" €8¢ cos ¢ — 1 cos? ¢ sin ¢ sin(r sin ¢))} dr A do

+(%) [cos(rsin@)] do A dr

0 .
+5 [cos(rsin @)] dr A dz.

After expanding out these partial derivatives and rearranging terms it can be observed
that this is the same as (6.91), as must be the case for the definition of the exterior
derivative to be self-consistent.

6.8 Generalizing Integral Theorems from Vector Calculus

In this section, the integration of forms, and generalizations of Stokes’ theorem are
reviewed.

6.8.1 Integration of Differential Forms

Consider the linear function ¢ : R™ — R defined by
p(x) =alx = Z a;T; (6.92)
i=1

where each a; € R is a constant. The differential of this linear map is

n a n
do = ; a—;pidxi = ;aidxi.

Or, stated in another way, if the function x; : R™ — R is defined to extract the ith
coordinate of a vector as z;(v) = el'v = v;, then the collection of all

dzi(v)|,_y = dx;

for i = 1,...,n forms a basis for the vector space of all such maps, V*.

The quantity dy is a differential 1-form. As discussed earlier, a differential k-form
can be constructed from the wedge product of k differential 1-forms. A differential k-
form, w, on R™ can be defined with respect to Cartesian coordinates x = [x1, ..., 7,,]7
and a set of smooth functions {a;, 4,,.. 4, (%)} as

i
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w = Z iy in,...yige (X)dl‘il A da:iQ VAN d.i?ik where 1<i; <ip < ... <i <n.

01,82,0000k

The above equation can be written more concisely as

w=Y ardzy, (6.93)
Iy

where I, = {i1,42,...,ir} is any subset of {1,...,n} consisting of k distinct numbers
written in strictly increasing order, ar, = i, 4,,... i, and dxy, = dxi, Ndzi, A\ ... ANdx,.
When k = n, and there is a change of coordinates x’(x),

/

xy ANdaxo N\ ... Ndx, = det 1 ANdxo A ... Ndx,. 6.9
4!, A de do! = d g; doy A d d s
J

This is almost the same as the usual change of coordinates for a differential volume
element in R™:

o
det | =—||dx1dzs ... dx,,.

an
The important differences come from the facts that: (1) the order of multiplication
of differentials is unimportant in the latter expression, whereas the wedge product is
anti-commuting; (2) there is no absolute value sign on determinant in (6.94). These dif-
ferences become quite important, for example, when studying non-orientable manifolds,
or generalizing Stokes’ theorem in high-dimensional spaces. However, for most of the
mundane sorts of integration problems that arise in the probabilistic problems that will
be discussed in this work it suffices to write

/ ’ r
dzidzy ... dz, =

(x)dzy Ndxo A ... Ndx, = (x)dz1dzs ... dr, (6.95)
R R
with the understanding that the order of terms and bounds of integration will not be
changed.

6.8.2 The Inner Product of Forms

Multi-vectors form a vector space, and the inner product of multi-vectors with the
same dimension was defined in a natural way. It is natural to assume that differential
forms, which are derived from the dual of multi-vectors, should also lend themselves to
a natural definition of inner product. Such a product should take two differential forms
of the same dimensionality and return a scalar. In order to do so, it is expected that an
integral should be involved to cancel the “differential” aspect of a differential form.

Based on the discussion in the previous section, it really only makes sense to integrate
n-forms over R™ (or a body B C R™). Given two n-forms, «,, = a(x)dxy A ...dz, and
Bn = b(x)dxy A ...dx,, their inner product can be defined as

(U, Br) = /BCRn a(x)b(x) dxy ... dx,.

This can be written in terms of the Hodge star operator as

(@) = [ awnsp, = [ sann = (50
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where the wedge product of a O-form and an n-form is interpreted as scalar multiplication
of the function defining the 0-form with the n-form.

The beauty of this approach is that it generalizes. If a and [y are two k-forms on
B C R”, then

<Ozk,ﬂk> = /Bozk A *ﬂk (6.96)

returns a scalar value and is consistent with all of the properties of an inner product.
For example, (ay, Brx) = (Bk, k), it is bi-linear, etc.

6.8.3 Green’s Theorem for a Square Region in R?

Consider the bi-unit square B = [~1,1]x [—1, 1] C R? that has corners (-1, —1), (=1, 1),
(1,—1), and (1,1). Let x € B and w = a;(x)dzy + az(x)dzrs. Then

/aB w = /BB a1 (x)dxy + as(x)dzs (6.97)

- 6(12 6a1
- 6(12 8a1
= /B (8551 81:2) dry N dxo (699)

_ /B dw. (6.100)

The equality in (6.98) is from the classical Green’s theorem. The rest are from the
definitions of forms and exterior derivatives.

In contrast, if *w = a;dxy — asdzy, then from the divergence theorem in the plane,

/*w:/ a-nds
oB OB

= / div(a) dzidzs
B

_ /B d(w)

where ds denotes the differential element of arc length along the boundary and (6.29)
was used to establish the final equality.

While the above statements are in fact true for any connected region B C R? and
associated boundary 0B, the computation in the general case involves knowing how
*xw behaves with changes of coordinates. In contrast, restricting the discussion to the
bi-unit square allows all calculations to be performed in Cartesian coordinates.

6.8.4 Stokes’ Theorem for a Cube in R3

Now consider the cubic volume [—1,1] x [~1,1] x [-1,1] C R3. All of the six faces of
the bounding cube are copies of the square region [—1,1] x [—1,1]. Let B denote the
union of some number of these faces, and let 9B denote the boundary of B. In classical
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terms, B would be denoted as S and the boundary would be described by a piecewise
smooth parameterized curve, C'. Note that in the present context B is now a surface in
R3 rather than a volume.

If w = a1dzy + asdzy + asdzrs, then from (6.18) and the classical version of Stokes’
theorem,

6.8.5 The Divergence Theorem for a Cube in R3

Unlike in Stokes’ theorem in the previous subsection, now let B = [—1,1] x [—1,1] x
[~1,1] be a volume in R3. If w = a1dz; + asdrs + azdrs, then xw = azdry A drg —
asdxy N drs + ajdes A dxs and d(xw) = div(a) dzy A das A das. Therefore, from the
classical divergence theorem in R3,

/ *w:/ a-ndS
OB OB
:/div(a)dV
B

_ /Bd(*w).

The pattern that emerges from the previous three subsections is that given an (n—1)-
form, «, on the (n — 1)-dimensional boundary, B, of an n-dimensional domain, B,

/6304:/Bda. (6.101)

In some contexts « is defined directly, and in others a = *w, when w is a one-form.

The equality in (6.101) was not proved here, only observed repeatedly for n =
2,3. The next chapter will sketch the proof for the more general case, and point to
the literature for more complete treatments. In that discussion it will be important to
understand how general k-forms transform under coordinate changes as a generalization
of (6.94), which will be addressed at the end of this chapter. But first a connection
between forms and diffusion equations is illustrated.

6.8.6 Detailed Examples

Example 1: Stokes’ theorem and the Bi-Unit Cube

As an example of Stokes’ theorem, consider the closed bi-unit block B = [—1,1] x
[—1,1] x [-1,1] € R3. The boundary of this body is the bi-unit cube, 9B. While 9B is
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not a smooth surface, it can be viewed as the limit of a series of smooth superquadric
surfaces of the form

i 422" =1 where Z 3 n — occ.

The integral over B of the form dvys (where 7 is defined in (6.88)) can be computed as

1,1 el
/ drys = / / / (sinzg — xze” ') drydradrs = 0.
B —1J-1J-1

The value of zero results because the functions fi(z2) = sinzg and fo(x3) = x3 are odd
over the symmetric domains of integration —1 < x5 <1 and —1 < 3 < 1.

The surface 0B consists of six planar faces that appear in pairs. The integral of v
over 0B then can be written as three parts:

/ Y2 =C1+C2+C3
oB

c = / / r3eH (—dwadas) + / / zge tdzodrs =0
Co = / / COS d$1d$3 / / COS +1)d1‘1d1‘3 =0
c3 = / / 2% sin o (—dwidry) +/ / 7 sin zodzidas = 0.
—1J-1 —-1J-1

The negative signs on the differential area elements appear when evaluating dx; A dz;
as —dz; A\ dv; = —dz;dr; under the integral. This happens for faces with outward
normals pointing in negative coordinate directions. Each of the integrals in ¢; and c3
happens to be zero due to the fact that the integrands are odd functions. However, ¢
vanishes because the two integrands cancel as a result of the signed area elements and
the evenness of the cosine function.

This example has demonstrated that | a2 = / 5 dv2, where B is a three-dimensional
domain and 9B is its two-dimensional boundary. The next example illustrates another
case.

where

Example 2: Stokes’ Theorem in Curvilinear Coordinates

Consider a cylinder in R3 defined by x% + x% = 7"3 and 0 < z < hg that has an
open top and closed base (e.g., a coffee can). Call this surface C' and let 9C denote the
counterclockwise-oriented circular rim at the top of this surface. The form (*v; is given
in cylindrical coordinates in (6.90). If this is written as

C*’Yl = GT(T, (b) Z) dr + a¢(7“, (ba Z) d¢ + az (’f', ¢7 Z) dZ7
then

27
iy = /0 ao(ro, &, h) do

because r = ry and z = h are constants, and so dr = dz = 0.
The evaluation of the other side of the equation in Stokes’ theorem is evaluated as

oC
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Joew= [ 7 G52 oemee [ (- 55)

This can be simplified by observing that

drdao.
z=0

2 aaz

o 09

due to the continuity of the function a,(-) and the topology of the circle. In addition,

dp =a,(r,2m,2) —a,(r,0,2) =0

/ day dz = ag(r, ¢, h) — ag(r, ¢,0)

and
"o 8a¢

| Grdr = as(r6,2) = 05(0,,2).

Note that in the specific case of (6.90), the function ag(0, ¢, z) = 0 because of the factor
of r that resulted from changing from Cartesian to polar coordinates.
Putting all of these facts together leads to the simplification

/Cd(C*“Yl) = o ' {[CL¢(’/‘0,¢, h) - CL¢(’/‘0,(Z), 0)] + [a¢(T07¢70) - a¢(07¢7 0)]} de

27
_ /O ao(ro, 6, h)do.

Therefore, Stokes’ theorem has been demonstrated in the form
/ d("m) = / e
c ac

6.8.7 Closed Forms and Diffusion Equations

Consider the diffusion equation

of
= = A (6.102)

where
n

1 n
Awwf = 2 i;I i 6':E 8% ; kazk

where K = KT € R"*" and v € R" are both constant quantities. Recall that (6.102)
was examined extensively in Chapter 2.

Equipped with knowledge of differential forms in Euclidean space, it is possible to
construct a form on the (n + 1)-dimensional space-time domain D C R™ x Rsg. In
particular, let

Z kwa dzj — kaf Adt — (=1)"fdzy Adxgy A ... Adz,, (6.103)
7,] 1 k=1

where * is the Hodge star operator for the spatial part of the domain.
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Then, as was shown in [5] for the one-dimensional heat equation,
of
dw = A(K’V)fia dml/\dxg/\/\dxn/\dt:()

The last equality is due to (6.102). Whenever a form w has the property that dw = 0
identically, then w is called a closed form. In contrast, if a form a = df where 3 is
another form, then « is called an exact form. An exact form is always closed because
da = d(dB) = 0. However, not every closed form is exact.

For the particular form defined in (6.103), it follows from Stokes’ theorem that for
any (n + 1)-dimensional space-time domain D,

/ wz/dw:().
oD D

Other differential forms can be constructed to elucidate properties of solutions of (6.102)
through the use of Stokes’ theorem as explained in [5] for the case when K = I and
v =0.

6.9 Differential Forms and Coordinate Changes

Let x and y denote positions in R™. They can be related by a smooth mapping y :
R™ — R™ such that y = y(x). If the values of x are restricted so as to sweep out a finite
n-dimensional volume, N C R", then as x € N is evaluated under the function, the
result will be the finite volume y(N) C R™. Since x and y have the same dimensions, the
Jacobian matrix dy/0xT is square, and the classical inverse function theorem applies.
Given a differential k-form in one set of coordinates, it is possible to express the same
form in the other set of coordinates. To start, let AT = [a1, ag,...,a,] € R"™*" (i.e., the
ith row of A is al’). Then each a; - dx = aldx is a one-form. It can be shown that the
form resulting from the substitution dz; — al dx (which is equivalent to x — Ax) is

04171'1 a7 iq e a1 gy,
Qg i, Q94 - .
(@ldx)A... A (a}dx) = E R dxi, A ... Nday,
1<ii<..<ig<n| : g1,
Okyiy -vo Ok Oy

(6.104)
where here oy ; = aj; - €, = a;;. This relationship for the linear transformation x —
Ax =y can be used to build up the way that a k-form transforms under coordinate
change. In particular, if y = ¢ (x) is now a non-linear change of coordinates, then the
expression analogous to (6.104) is

0j, 9¢j, Oy,
Bxil 8@2 e aﬂjik
311}.7’2 a"l’jz .
F Tl el :
dyj, N ... Ndyj, = E ”3 1 ””.2 - o0, dai, A... Ndxg, | (6.105)
1<iy<..<ip<n| : Lol
1k
Oy, Oy, Oy,
6:61'1 tee 8Ik71 8Iik

where of course dy;, = e;i dy.
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Therefore, if

Wr = Z A, (¥) dyj, Ndyj, N ... A dyj,,
1< <. <jr<n
then in the new set of coordinates,

o= S ap @)

1< <. <jr<n

OYj, Oy, 9%y
Oxiy Oy t Oz,
0%'2 6wi2 .
Do Dz, :
3 Ty Deig o | A A, (6.106)
I<h<o.<ip<n| 11 . L
ik
8'¢}jk ad"_ik awjk
Oxiy 77 Ozk—1 0Ty

In the special case when k& = n,
wp = a(y)dyr Adys A ... A\ dy,
and (6.106) simplifies to
P wy, = a(P(x))|DyY|drs Adza A ... Adey, (6.107)

which is the result from Section 6.8.1.

The expression in (6.106) will be particularly useful when it comes to writing the
integral theorems discussed in the previous section in different curvilinear coordinate
systems. It will also be useful when discussing parameterized m-dimensional embedded
manifolds'® in R”.

6.10 Chapter Summary

This chapter has served as an introduction to differential forms and multi-vectors. Multi-
vectors are vectors in a vector space AP(V'), which is generated by performing the p-fold
wedge product of vectors drawn from a vector space V. The dual space of V', denoted as
V*, is the space of forms (i.e., functions ¢ : V' — R). The wedge product of the space of
forms can be defined in such a way that A?(V*) = (APV)*. The exterior derivative of a
form gives a differential form. Simple rules define how to directly compute the exterior
derivatives of these differential forms. And these rules make differential forms an ideal
tool for extending classical theorems of multivariable calculus, such as Stokes’ theorem.

This chapter has covered the basics of differential forms. Other accessible treatments
include Darling [3] and Schreiber [13]. In fact, this chapter was modeled after the pre-
sentations in those works. Sometimes it is easier to understand a mathematical concept
by seeing it used in practice. For more on applications of differential forms in the “real
world” see [10].

The next chapter applies the concept of differential forms beyond how they were
used here. In particular, the curvature and torsion of an m-dimensional “manifold”
(i.e., higher-dimensional analog of a simple curve or surface) in R"™ is defined in a very
natural way using differential forms. And Stokes’ theorem extends in a very elegant way
to manifolds when stated in terms of differential forms.

0T hink of these as m-dimensional surfaces.
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6.11 Exercises

6.1. Using the defining properties in (6.5)—(6.7), show that

dx; N Zgdej = Zgj - (dxy A dl‘])
; .

J
where - just means scalar multiplication.

6.2. Starting with the definition in (6.9), and using the properties of the wedge product,
A, determine ¢(x) as a function of ¢;j(x) such that ws = ¢(x)dzy A dza A dxs in the
special case when n = 3.

6.3. Prove the following: (a) that (6.17) holds; (b) given an arbitrary 1-form in R3,
denoted as wy, verify (6.18) and that d(dw;) = 0.

6.4. Using the defining properties in (6.5)—(6.7), show that

(Zfidxi> A Zgjdffj = Z (figj — fi9:i) dx; N dxj.
im1 i=1

1<i<j<n
6.5. Show that
VAW = Z v;w; e; N\ ej = Z(inj — vjwi)ei Nej,

ij=1 i<y
and from (A.14) the magnitude of v A w (viewed as a column vector of dimension
n(n —1)/2) satisfies

v AW = [Iv]*w]* (v w)?.
6.6. Prove both equalities in (6.24).
6.7. Verify (6.26) when n = 2,3, 4.
6.8. Verify (6.49) when n = 2,3, 4.

6.9. Let w, and oy respectively be differential p- and g-forms in R". Work out w, A a4
for the following cases: (a) p=1,¢g=1,n=2;(b)p=1,¢g=2,n=3;(¢c)p=1, ¢ =2,
n=4;(d)p=2,¢=2,n=>5.

6.10. Again let w, and «, respectively be differential p- and ¢-forms in R". Prove that

wp A ag = (—1)Pay Aw,y. (6.108)

6.11. Show that any permutation 7 € II,, has an inverse, and that the associative law
holds for permutations, i.e., (71 o m3) o m3 = w1 o (72 0 73).

6.12. Let V = R3 and A € R3*3. Verify that A?(AB) = A?(A)A?(B) and A*(AB) =
A3(A)A3(B). Hint: For the first part of the problem order the basis elements of A%(R?)
as e; A ey, e; Aes, ex Aes and identify x Ay with the column vector via a V operation
defined by
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(xAy)Y = [21y2 — Tay1, T1Y3 — T3Y1, T2Y3 — T3y2) "

Then the unique matrix A2(A) that satisfies

A(A)(xAy)Y = ((Ax) A (Ay))”

is
a11022 — 21012 a11023 — 21013 12023 — 22013
2
A%(A) = (11032 — 431012 (11033 — 431013 (12033 — 432013 . (6.109)
(21032 — A31022 (21033 — 31023 (22033 — 432023

6.13. Let V = R* and A € R***. Using the lexicographical ordering of basis elements of
A%(R*): e; Ney, €1 Aes,, e Aey, e Aes, ex Aey, e Aey and the V operation defined
by
T1Y2 — T2Y1
T1Ys — T3Y1
Vo T1Ya — TaY
(eny)” = Toys — x3y2 |’
T2Y4 — T4Y2
T3Ys — T4Y3

show that the resulting matrix A%(A) has entries:

/12(14) 11 = @11022 — 12021 ; /12(14)12 = Q11023 — 413021 ; AZ(A)B = a11024 — G14021;
A?(A) 14 = a12a93 — a13a2: ; A*(A)15 = a12024 — a14a22 ; A*(A)16 = a13024 — a140a93;
/12(14)21 = a11G32 — 012031 ; /12(14)22 = a11a33 — 413031 ; 2(A)23 = a11034 — 014031;
A2 (A)24 = a12a33 — ai3azz; A2 (A)2s = a12a34 — a14a32; 2(A)26 = (13034 — 14033
A*(A)z1 = arraaz — arzaa1; A*(A)se = arrass — arzaar ; A*(A)ss = a11a44 — a14041;
A*(A)sy = arpaa3 — arzass ; A*(A)ss = ar2a44 — ar4a42; A*(A)36 = ar3a44 — a14043;
/12(14)41 = (21032 — G22031 ; /12(14)42 = (21033 — (23031 ; 2(/1)43 = (21034 — (240313
A?(A)gg = azsags — azzasz; A*(A)ss = agoass — agqass ; A*(A)se = azzass — azqass;
A?(A)s1 = ag1aaz — azsaar; A*(A)se = agiaus — agzasr ; A*(A)ss = asiaas — azqaa;
A*(A)sy = azpaus — assasz; A*(A)ss = assaus — agaasz; A*(A)se = asszaus — a2aaus;
A*(A)g1 = az1aa2 — asaaa1; A*(A)sz = azrass — aszasr ; A*(A)es = as1a4s — azqaa;
(A) (4) A%(A)

~

2 2
A)es = azoa43 — azzaaz ; A°(A)es = 32044 — a34042 ;

6.14. Again let V = R* and A € R**%, This time compute A3(A). Using the lexico-
graphical ordering of basis elements of A3(R*): e; Aey Aes, e; Aex Aey, e Aes Aey,
ey A es A ey, and the V operation defined by

Toy3 — x3y2)z1 — (T1y3 — T3y1)22 + (T1y2 — T2y1)23

Toys — Tay2)21 — (T1ys — Tay1)22 + (T1y2 — T2y1)24

T3Y4 — x4y3) (x1y4 - x4y1) (171y3 - 1733/1)2’4
)z2 — ( )23+ ( )

(
(xANyAz)Y = E
(x3ys — Tay3 To2Ys — TaY2 T2Y3 — T3Y2)z4

z3 +
23+



6.11 Exercises 231
show that the unique matrix A2(A) that satisfies
A(A)(x Ay Az)" = ((Ax) A (Ay) A (Az))"

has entries:

/13(14)11 (ag2a33 — aszaz3)arr — (a12a33 — az2a13)a21 + (a12a23 — a22a13)az: ;

A%(A)12 = (azazs — az2az4)arr — (a12a34 — az2a14)as1 + (a12a24 — a22a14)as1 ;
AB(A)B = (ag3asz4 — azzaz4)arr — (13034 — a33a14)a21 + (@13024 — a23014)a31 ;
/13(A)14 = (a23a34 - a33a24)a12 (a13a34 - a33a14)a22 + (al3a24 - a23al4)a32 )

(22043 — A42G23)011 — (@12043 — Q42013)a21 + (G12023 — G22013)041 ;

(A)21 = ( ) ( )
A3(A)2s = (a22044 — as2a24)a11 — (A1204s — As2014)a21 + (A12024 — A22014) 041 ;

(A)2s = ( ) ( )

(A)24 = ( ) ( )

( )
( )

(23044 — Q43024 )011 — (a13a44 - a43a14)a21 + (a13a24 — a23a14)041 5
( )

23 =

A3(A)ay = (az3a4s — as3a24)a12 — (a13044 — A43a14) a2 + (a13024 — A23014)042 ;
AS(A)BI = ( a32043 — a42a33)a11 ( 12043 — a4ga13)a31 + ( 12433 — a32a13)a41 5
/13(14)32 (a32a44 - a42a34)a11 (&126144 - a42a14)a31 + (a12a34 - a32a14)a41 5
A*(A)s3 = (aszzaas — aszasa)ars — (a13aa4 — aszai4)asy + (a13a34 — a33a14) Q41 ;
A*(A)34 = (a33a4s — as3asa)ars — (a13aa4 — as3a14)ass + (a13a34 — a33014) Q42 ;
A*(A)s1 = (az2a43 — as2a33)a21 — (a22043 — A42a23)az1 + (a22a33 — a32a23)a41 ;
/13(14)42 ((1326144 - a42a34)a21 (a22a44 - a42a24)a31 + (1122&34 - 1132@24)(141 5
AB(A)43 (a33a44 - a43a34)a21 (a23a44 - a43a24)a31 + (023034 - 033024)(141 5
AB(A)44 ( 33044 — a43a34)a22 - ( 23044 — a43a24)a32 + ( 23034 — a33a24)a42

6.15. Compare the determinants of A, A%(A), and A3(A) in the previous three problems.
Is there a general pattern for the determinant of AP(A) for A € R™*™ where n > p?

6.16. Using only the defining properties of a wedge product, show that (6.40) holds.
How is W related to a Lie algebra?

6.17. Let v;,w; € R™ for i = 1,...,p < n and 7® € II,,. Using the definition in (6.56)
where ¢;(x) = wlx, together with the multi-linearity of the wedge product, prove the
Lagrange identity [6]

Vi Wi Vg -Wqp - \fp.vv1

det | V1 '. W2 V2 '. W2 = Z det[w; - ex(;)] det[v; - ex(j]
: : : e, | 7(1)<-<x(p)
vl.wpvz.wp...vp.wp

(6.110)
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where [a;;] denotes the p x p matrix with entries a;;.

6.18. Rewrite the “light” expressions in (6.64) and (6.65) in the “heavy” (coordinate-
dependent) way that they would appear using classical multivariable calculus and Ja-
cobian matrices.

6.19. Let v(x) be the non-linear shear transformation

x1 + $1(22, x3)
P(x) = | x2+ s2(x3)
T3

where s1(z2,23) and sa(x3) are both smooth functions. Let y = 4(x) and define the

vector field ) )
Yy + Y3

X(y)= | vi+y3
yi + 3
Explicitly, what are 1, X and 1*w where w is the 1-form w = dy and ¢ : R? — R is
defined as p(x) = 2% + 22129 + 237

6.20. Verify for n = 1, n = 2, and n = 3 that w in (6.103) is a closed form when f(x,t)
solves the diffusion equation in (6.102).

6.21. Prove that the pull-back is linear. That is, given two generic k-forms on R”,
denoted as w and « in curvilinear coordinates, q, and if g = 1(s), then the pull-back of
the linear combination is the linear combination of the pull-backs:

‘ P (cw + c2a) = P w + o ‘ (6.111)

for any c1,co € R.
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7

Polytopes and Manifolds

This chapter extends the review of geometrical ideas from the previous chapters to
include geometrical objects in higher dimensions. These include hyper-surfaces and
“hyper-polyhedra” (or polytopes) in R™. A parametric description of an m-dimensional
embedded manifold" in an n-dimensional Euclidean space is of the form x = x(q) where
x € R™ and q € R™ with m < n. If m = n — 1, then this is called a hyper-surface. An
implicit description of an m-dimensional embedded manifold in R™ is a system of con-
straint equations of the form ¢;(x) = 0 for ¢ = 1, ...,n—m. In the context of engineering
applications, the two most important differences between the study of two-dimensional
surfaces in R® and m-dimensional embedded manifolds in R™ are: (1) there is no cross-
product operation for R™; and (2) if m << n, it can be more convenient to leave behind
R™ and describe the manifold intrinsically. For these reasons, modern mathematical con-
cepts such as differential forms and coordinate-free differential geometry can be quite
powerful.

Section 7.1 discusses some properties of non-differentiable geometric objects such
as polyhedra in three-dimensional space, and extends these ideas to higher dimensions.
Section 7.2 discusses several examples of manifolds that arise in applications. Section 7.3
extends concepts from the parametric treatment of differential geometry in three dimen-
sions to n-dimensional Euclidean space. Section 7.5 illustrates how differential forms can
be used to simplify calculations associated with embedded manifolds. Section 7.6 applies
differential forms to the coordinate-free treatment of manifolds, including the general-
ized definition of curvature and extensions of the Gauss-Bonnet theorem. Section 7.7
provides a brief introduction to fiber bundles and connections. Section 7.8 discusses the
heat equation on a manifold. some exercises involving calculations on manifolds.

The main points to take away from this chapter are:

e Higher-dimensional versions of polygons and polyhedra are called polytopes. A prod-
uct of polytopes, called the Minkowski sum, produces new polytopes from old ones.

e The concepts of simple planar or spatial curves and simply connected surfaces in
R3 extend to higher dimensions and are examples of more general mathematical
structures called manifolds.

e Sometimes it is natural to treat these geometric objects as “living in” a higher
dimensional Euclidean space, and sometimes it is more natural to use purely intrinsic
approaches.

'For now, think of this as a smooth simple surface that does not self-intersect. The word
“embedded” means that the manifold is “seated in” R™ in a way that will be made more precise
later.

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 233
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 7,
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e Tools for handling intrinsic geometry exist, including formulas for the curvature of
a manifold.

e Integral theorems, such as the extension of the Gauss—Bonnet theorem and Stokes’
theorem, hold for manifolds and polytopes, and explicit computations can be per-
formed using the methods of this chapter.

7.1 Properties and Operations on Convex Polytopes in R™

In the context of this discussion, a polytope is a closed and bounded geometric hyper-
surface that encapsulates a finite volume, and the shape of which is defined by a finite
number of intersecting hyper-planes. In three-dimensional space, this amounts to a sur-
face with flat faces and straight edges (a polyhedron), and in the plane this becomes a
polygon.

For polyhedra in three-dimensional space the quantities F', V., and M can be com-
puted regardless of the fact that polyhedra do not satisfy the differentiability require-
ments assumed in Section 5.4. This extends to polytopes in higher dimensions.

The simplest polytopes are those that are convex. A convex region C' C R™ is one in
which every pair of points contained in the region can be connected with a line segment,
every point of which is contained within the region. In other words, if x,y € C' C R",
then (1 — A)x+ Ay € C for all X € [0, 1].

The concept of a convex polytope is closely related to that of a multi-dimensional
convex function, that extends the definition in (3.21). Namely, a convex function @ :
R™ — R is one for which

| D(tx + (1 t)y) < t9(x) + (1 - )P(y) ¥ te[0,1]] (7.1)

for any x,y € R™. This is a direct generalization of the one-dimensional case in (3.21).
The graph of such a function in R"™!, z = &(x) is a convex (semi-infinite) body. The
intersection of a convex body with a hyper-plane results in a convex body. As a special
case, when z is fixed as a constant, ¢, the hyper-surface in R™ defined by @(x) = ¢ is
a convex hyper-surface, and the implicitly defined body &(x) < ¢ is convex. However,
such a body need not be a polytope. For example, it could be the n-dimensional volume
bounded by a hyper-ellipsoid.

In contrast, a polytope C' C R™ can be constructed by intersecting many half spaces,
which are rotated and translated copies of the space x - e, > 0. Doing this m times
generates an inequality of the form

Ax < b,

which is interpreted as m scalar inequality constraints where A € R™*" and b € R™.
Computer algorithms are available that compute the vertices of these polytopes given
the equations of the half spaces that define them [24]. In some cases the result is not
a finite body, in which case it is sometimes called a “polyhedral cone” where the word
“polyhedron” is used in a generalized sense in place of the word “polytope.”

In what follows, it is assumed that the polytopes that are provided bound bodies of
finite volume.
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7.1.1 Computing the Volume and Surface Area of Polyhedra

Consider a polygon in the plane defined by vertices x; € R? for i = 1, ..., k. These vertices
are connected pairwise with line segments (or edges) from x; to x;4q for j =1,....k—1,
and x to x1. Let us assume that the points are arranged such that edges only intersect
at vertices.

The perimeter of the polygon can then be calculated by simply summing up the

length of all of the edges:
k
L= lxit1 =
i=1

with x;4+1 = x1. The area of a polygon can be computed by subdividing it into triangles,
using the area formula for each triangle, and summing over all of the triangles.

The surface area of a polyhedron can be computed if the positions of all of the
vertices are know. This amounts to nothing more than adding up the areas of each of
the polygonal faces.

The volume of a polyhedron can be computed using a discrete version of the diver-
gence theorem.

7.1.2 Properties of Minkowski Sums
Given a convex body C' C R™, let V(C') denote its volume. Re-scaling C' as
A C={Xx|xeCCR" AeRo}
clearly does not change its convexity. However, the volume of the re-scaled body will be
V(A-C)= 1"V (C).
Let us denote a translated copy of the body C by vector t € R” as
t+C={x+t|xecC}.
Then V(t + C) = V(C). Likewise, if A € R"*" with detA > 0, define
A-C={Ax|x € C}.

It follows that V(A - C) = |detA|"V (C).

As is the case always, rigid-body motions do not change the volume, surface area,
or total curvatures (Gaussian and mean) of a body.

Given two convex bodies, C; and Cs, the Minkowski sum of the bodies is defined as

’C1+Cgi{X1 +X2|X1 6017)(2602}.‘ (7.2)

This results in a new convex body. Clearly, since vector addition is commutative and
associative,

Ci+Cy=0Cy+C7 and (Cl+02)+03201+(02+03)7

and so we can write the Minkowski sum of k& bodies simply as C; + Cs + ... + C.
An interesting and important result is the Brunn—Minkowski inequality [25, 26]

V(Cy+ Co)n > V(Cy)w + V(Cy)7r. (7.3)
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Equality only holds when Cy and C5 are scaled versions of each other, in which case
they are called homothetic.
A very important fact is that for A\; € Ry [25, 26],

Tn
1<i, -+ in<k

v(Ciyy...,Cy) (7.4)

is a homogeneous polynomial in Ay,...,A\x. The functions v(C;,, ..., C;) are called mized

volumes, and have the following properties [30, 70]:

19

V(Cil,...,Cir,...,C'is,...,C'in)
V</\i1 'Ci17~-~>>\in C,L )
V(Xil +C7;1,...,X1'n +Ciﬂ) =

Z/(Cil,...,Cis,...,Cir,...,Cin) (75)
)\il T Ainy(cilw . 'acin) (76)
v(Ci,,...,Cy). (7.7)

in

The Aleksandrov—Fenchel inequality states that [30, 70]

v(Ciy, Ciyy Cigy ooy Ci JW(Ciy, Ciy, Cigy oo, Ci ) < |0(Cyy, Ciyy Cigy oy Ci) )P

n

The convex bodies C1, ..., C in the above equations can be polytopes, but they need
not be. For example, they could be the volumes bounded by hyper-spheres or hyper-
ellipsoids. The volume of the Minkowski sum of a convex body C' C R™ with a solid ball
of radius r > 0, B =r - B™ C R", is computed as [25]

V(C+r-B")=Wo(C)+ > (Z) Wi (C)r* (7.8)

k=1

n

where the weighting coefficients Wy, (C') are defined in terms of mixed volumes as

Wi.(C) = v(C,...,C, B", ..., B").
—— ——

n—k k

Here C is repeated n — k times and B™ (the ball with unit radius) is repeated k times.
Equation (7.8) is Steiner’s multi-dimensional version of formula (5.98), extended to
nonsmooth surfaces.

The coefficients Wy (C) are called quermassintegrals. A version of these quantities
normalized and reordered as [25]

o 1(C) = O% (Z) W(C) (7.9)

are called intrinsic volumes. Recall that O was defined in (2.37). The intrinsic volumes
w; for ¢ = 0,1,2,....n take the place of V., F;, M, and K that appeared in the three-
dimensional version of Steiner’s formula.

The values of V', F', and M for the Platonic solids with vertices lying on a sphere of
unit radius have been reported in [30] as follows.

Tetrahedron:
8v3 8v3
V= 27\7[; F:T\[; M :2\/6arccos(—1/3).
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Cube:
V:%\/g; F=8 M=2V3m.
Octahedron: 4
V= 3 F =4V3; M =6+v2arccos(1/3).
Dodecahedron:
2
V= 5\/ﬁ(¢5+ 1); F=1/200—40V5; M =5v3(v/5 — 1) arctan(2).
Icosahedron:

V= é\/40 +8V5; F=+3(10 - 2v5); M = /450 — 90v/5 arcsin(2/3).

From the discretized version of the Gauss-Bonnet theorem, K = 4 for all of these
polyhedra, since they are all topologically equivalent to the sphere.

7.1.3 Convolution of Bodies

Any convex body, C, of finite volume in R™ can be viewed as the support of a function
fo : R™ — {0,1} where the value of 0 occurs when x ¢ C, and the value of 1 occurs
when x € C. The integral of such a function over R™ will then be the volume of C.

The function fo is the indicator function for the body C'. In general, the support of
a function is the set of values of the argument for which the value of the function is not
zero. The support of the indicator function is the body itself. Or stated another way,
the support of an indicator function is the pre-image fg'(1).

Given two bodies, Cy and Cs, two indicator functions, fe,(x) and fe,(x), can be
defined, one for each body. Then, the indicator function for the two bodies can be
convolved:

(few e fe)00 = [ fer(€eax— €)de.

Convolution is an operation that was used extensively in Chapters 2 and 3, and will be
generalized to the group-theoretic setting in Volume 2.

In analogy with the way that C; + Cy = Ca + C1, it is the case that fo, * fo, =
fey * fo,. Furthermore, an interesting thing to observe is that (fc, * fo,)(x) > 0 on
the interior of Cy 4+ C5. And since the boundary 9(C; 4+ Cs) is a set of measure zero in
R™, the support of (fc, * fc,) and the body Cy + C5 are indistinguishable in terms of
the n-dimensional volumes that they occupy. In this sense they are equal. And if the
Heaviside step function H : R — {0, 1} defined in (2.8) is composed with (fe, * fo, ) (),
then an object that is indistinguishable from the Minkowski sum will be produced:

feive,(x) = H((fo, * fo,)(x)). (7.10)

The relationship between the Minkowski sum and convolution was observed in [28]. This
observation has been used in robotics applications together with using the fast Fourier
transform (FFT) to rapidly evaluate Minkowski sums [36].
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7.2 Examples of Manifolds

A manifold can be thought of as a higher dimensional generalization of the concept
of a surface that locally “looks like” R™ at every point. A necessary condition for this
intuitive property to hold is that self intersections such as those that occur in a figure-
eight pattern do not occur in manifolds.

The general discussion of manifolds in this chapter will be easier to follow with a few
concrete examples in mind. In applications, manifolds with more than two dimensions
mostly arise in the following five ways: (1) as the solution to a set of constraint equations
in a large number of variables; (2) as the product manifold of two or more lower dimen-
sional manifolds; (3) as the interior of a polytope or other region in R" with opposing
faces (or antipodal points) “pasted” together according to some rule; (4) as the space
of all values of a matrix Lie group; (5) as the quotient of a Lie group relative to one
of its subgroups. These categories are not mutually exclusive, as will be demonstrated
shortly. And the last category will not be explicitly addressed in this volume, though it
will be in Volume 2.

Example 1: The Sphere S2 Embedded in R*

A simple example of a manifold resulting from a constraint equation is the unit
sphere in R*, which is denoted as S2, and is described in terms of Cartesian coordinates
as

xf—i—x%—l—x%—i—xi =1

Since R* is a four-dimensional space, and this is a single constraint equation, we conclude
that S3 is a 4 — 1 = 3-dimensional manifold. Parametric equations that satisfy this
constraint and “reach” every point on S® (as well as S™) were given in Section 2.3.

Example 2: The Product of a Torus and Ellipsoid Embedded in RS

The torus and ellipsoid are both two-dimensional surfaces in R?. Let x,y € R3. If

2 2 2
ix) = S+ T —1=0

is the equation of an ellipsoid and ¢2(y) = 0 is the extrinsic description of the torus
derived in Exercise 5.28, then these two two-dimensional manifolds can be combined to
define a manifold in RS. For example, let A; and Ay be invertible 3 x 3 real matrices
and let A be an invertible 2 x 2 matrix. Also let by, by € R? and b € R2. Then for
appropriate choices of A, A;,b,and b; the following system of two equations in the six
unknowns z = [x7,y7]7 € RS will define a four-dimensional product manifold:

A <¢1(A;(X - bl))) b

The way that A, Ay, A; and b, by, by are chosen defines a particular embedding. If the
ellipsoid and torus are described using the parametric equations provided in Chapter
5, which can be denoted respectively as x1(¢1) and x2(¢2), then for any real invertible
6 x 6 matrix C and d € RS, the equation

e (X)) o
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would be one way to embed the parameterized four-dimensional product manifold in
RS. A not-so-difficult exercise would be to work out the relationship between C, A, A;,
etc., in these two different approaches.

Example 3: The Group of Motions of the Euclidean Plane

The group of planar rigid-body motions has been encountered several times earlier
in this volume. Elements of this group are described using matrices of the form

cosf —sinf x
g=| sinf cosf y with  2,ye€R and 6 €]0,2n). (7.11)
0 0 1

The set of all such matrices is called the special Fuclidean group of the plane, and
is denoted as SE(2), where the “2” corresponds to the dimension of the plane. The
group operation is matrix multiplication. In fact, any Lie group with elements that are
matrices and which has a group operation of matrix multiplication is called a matriz
Lie group. Therefore, when referring to a matrix Lie group, there is no need to mention
the group operation, since it is understood in advance to be matrix multiplication.

The manifold of the group? can be embedded in R™ in several ways. The standard
way to embed any matrix Lie group with elements that are m x m matrices is to stack
the columns into one long vector of dimension m?2. This then defines an embedding of
the matrix Lie group in R™ . In the case of (7.11) this is somewhat “inefficient” in the
sense that SE(2) can be embedded in a much smaller space due to the fact that the
last row in the matrix g consists of constants. For example, SE(2) can be embedded in
RS by parameterizing a vector of the form?

[cos B, —sin @, z,sinh, cos 0, y]T € RC.

This parametric description is equivalent to the implicit description

[w, —z,x, 2w, y]" €R®  with w?+22=1,2=2,w=uw.

Or, since there is repetition, it could be embedded parametrically as
[cos @, z,sin 0, y]T € R*

or implicitly as
[w,z,z,y]" € R*  with w?+22=1.

Furthermore, in the same way that the topological circle can be thought of as the
interval [0, 27) with the ends “glued” together, a useful way to visualize SE(2) is as the
space R? x [0, 27) with the 6 values glued.

The point is, there is more than one way to embed a manifold in R™ for some value
of n sufficiently large. Each different way that it is embedded will induce an associated
curvature and twisting/torsion of the embedded manifold that is in addition to the
natural intrinsic nature of the manifold.

2The manifold of a Lie group is called a group manifold
3As should be clear from Example 2, embeddings are not unique.
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Example 4: The Group of Rotations of Three-Dimensional Euclidean Space

The group of rotations in three-dimensional space, or special orthogonal group,
SO(3), is the matrix Lie group with elements that are 3 x 3 real orthogonal matri-
ces with unit determinant. Since it is a matrix group, the group operation is matrix
multiplication. If each element of this group is written in terms of columns as

R =1a,b,c],
then the orthogonality constraint implies that
ara=b-b=c-c=1

and
a-b=b-c=a-c=0.

Altogether this constitutes six constraints imposed on the nine degrees of freedom in-
herent in a 3 x 3 matrix. The additional constraint that detR = +1 can be obtained
without any further loss of degrees of freedom by observing that when

a-a=b-b=1 and a-b=0 (7.12)

then setting ¢ = a x b will simultaneously satisfy detR = +1 and the remaining con-
straints on c. This means that for a,b € R? together with (7.12) describes rotation
matrices of the form

R =[a,b,a x b].

The mapping v : SO(3) — RS defined by v(R) = [aT,bT]T constitutes an embedding
of SO(3) in RS .

Is this efficient or can SO(3) be embedded in a lower dimensional Euclidean space?
Well, it turns out that any 3 x 3 rotation matrix can be parameterized using the Fuler
parameters as

u? —u3 —ud +ud 2(uiug —uzug)  2(uzui + usuy)

R(uy, ug, us, ug) = 2(urug + uzug) u3 —ui —ud +ui 2(uguz — urug) (7.13)

2(uguy — uguy)  2(uguz + uiuy) ui —u? —u3 +ul
where
2,2 .2 2
uy +uy +uz +uy = 1.

There is, however, some redundancy in this because making the substitution u; — —u;
gives exactly the same rotation matrix (since all of the wu;’s appear as quadratic terms
in R(uy,us,us,uq)). This means that as a manifold, the group of rotations can be
visualized as the sphere S® with antipodal points identified with each other. While this
does not mean that SO(3) can be realized as a non-self-intersecting hyper-surface in R*,
it does mean that any parametrization of the sphere S® can be used to parameterize the
rotation group SO(3). Several such parameterizations are provided in [18], and several
more are provided in Volume 2.

Example 5: Real Projective Space

The real projective space, denoted as RP", is a compact n-dimensional manifold,
the points of which can be identified with lines in R”*!, that pass through the origin.
Since lines through the origin are defined by a unit direction that can point along the
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line in either direction, another way to view RP™ is as the sphere S™ with antipodal
points glued together. This means that RP? resembles SO(3), and in fact a differentiable
and invertible mapping (called a diffeomorphism) can be established between these two
spaces.

The real projective plane, RP?, can be thought of as the usual sphere S? with
antipodal points glued, or as the set of lines in R? that pass through the origin. It
can also be visualized as the unit disk with antipodal points glued [4, 65]. The man-
ifold RP? itself cannot be realized as a non-self-intersecting surface in R3. However,
it can be realized as such a surface in R* by the mapping m : S? — R* defined by
m(u) = [ujug, u1us, uguz, uz —u3]’. There are many possible such mappings [37]. Since
this mapping is a quadratic form in the entries w;, it means that +u and —u map to the
same point. And given a point m on this embedded manifold, it is possible to recover
(up to the sign that has been lost) the pair of unit vectors +u. For example, if mg # 0,
then since mimsg/m3 = u? it is possible to recover u; up to an unknown sign. Then
this can be used to find us = mq/uy; and uz = ms/uy. If mg = 0, then either us = 0
or uz = 0, or both. Exactly which case it is will be evident from examining the other
entries of m.

Furthermore, many ways exist to map the manifold m(u) into a surface in R? that
intersects itself. Two of these self-intersecting surfaces are called the Roman surface
(which was discovered by Steiner while he was visiting Rome) and Boy’s surface [4].
Whereas an embedding is a way to map a manifold into R™ in such a way that it does
not intersect itself, a mapping from a manifold into R™ that results in self-intersections is
called an immersion, and the resulting geometric object is called an immersed manifold
(even though it is not actually a manifold). For example, a figure-eight pattern can be
thought of as an immersed circle.

Example 6: Polytopes with a Twist and Crystallography

Crystals appear in nature in many forms: salt, diamonds, man-made silicon wafers,
etc. In protein crystallography, many copies of a protein molecule are coaxed into form-
ing a crystal in the laboratory. Then x-ray diffraction experiments can be performed
to gain information about the shape of these molecules. Atomic models are then fit
to these shapes. Readable introductions to the subject of protein crystallography, in-
cluding discussions of experimental methods and the mathematics of crystal structure,
include [32, 41, 46, 53]. In such crystals, the basic unit that is translated to replicate
the whole crystal is called the unit cell. This can be constructed from several translated
and rotated copies of the same protein molecule, and/or it can share the unit cell with
copies of other protein molecules (in which case it is called a co-crystal). If only one
copy of a protein inhabits a unit cell, then the whole crystal might look like Figure 7.1,
where the letter R is used to denote a shape without rotational or mirror symmetries.
(Most capital Roman letters, including A, B, C, D, E, H, I, M, N, and others, have some
kind of symmetry, but R is one of the few that does not.) The use of the letter R in
this presentation (rather than the other asymmetric letters F, P, L, etc.) follows [21].
The unit cell can be broken up into so-called asymmetric units containing exactly one
object. The union of these asymmetric units reconstitutes the unit cell, and translated
copies of the unit cell completely tile space. In the case of Figure 7.2, one object and its
mirror image inhabit one unit cell which is then repeated. In Figure 7.3, four variants
on the same object constitute one unit cell.

A relationship exists between crystallography, polytopes, and the theory of mani-
folds. The same sort of construction that was used in Figure 5.2 to form a torus from
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a rectangle can be used to construct more exotic manifolds. For example, consider the
two-dimensional lattices as shown in Figures 7.1-7.3. As mentioned above, the letter
R is used to illustrate the basic crystallographic asymmetric unit for each tiling of the
plane described in the lower left of each figure as a “gluing” of arrows on opposing
edges of the rectangle. This gluing of asymmetric units produces the unit cell shown
in the upper left of each figure.* By copying and translating the contents of this unit
cell, an infinite lattice can be formed (truncated versions of which are illustrated on the
right-hand side of Figures 7.1 and 7.2). A lattice can also be formed by translating unit
cells like those on the right side of Figure 7.3.

The set of translations of unit cells to form a lattice in R™ is a discrete subset of
the group of rigid-body motions, SE(n). This subset is closed under composition. In
the planar case, such operations can be expressed as rigid-body motions of the form in
(7.11). But in the context of planar crystallographic motions, (z,y,6) are restricted to
very specific values. For example, if the dimensions of the cells in Figures 7.1-7.3 are wxh
(i.e., width by height) with w # h, then the only allowable translations that will place
unit cells in the correct locations are of the form (z,y,0) = (m-w,n - h,0) for m,n € Z
for Figure 7.1, (z,y,0) = (2m-w,n-h,0) for Figure 7.2, and (x,y,0) = (2m-w,2n-h,0)
for Figure 7.3.

Now even though the dimensions of the asymmetric units in the lattices generated by
the gluings in Figures 7.1-7.3 are exactly the same, the unit cells are clearly different, and
the lattices have different symmetry groups. In the case of Figure 7.1 all crystallographic
motions are of the form in (7.11) with (z,y,0) = (m-w,n-h,0). That is, they are purely
translated copies of each other. For the other two cases, combinations of rotations and
mirror reflections are required to generate unit cells from asymmetric units.’

The lattice in Figure 7.1 can be generated by repeated application of transformations
of the form

10w 100
t;=1010 and to=|01h
001 001

(and their inverses) to the unit cell. The set of all such translations forms a group
Go = (7%, +).

Now consider the transformations that can be applied to the contents of the asym-
metric unit at the lower left of Figure 7.2 to produce the lattice on the right side of
that figure. The basic motion when translating horizontally from one cell to an adjacent
one is to flip the orientation by 7 radians (or 180 degrees). Each such transformation
can be viewed as acting on a reference frame attached to the lower left corner of each
asymmetric unit. In other words, for the lattice in Figure 7.2 the basic motions between
asymmetric units are of the form

10w 100
b1: 0-1h and b2: 01h
001 001

These act on the contents of asymmetric units by multiplication of the position (z,y)
represented as a vector [z,y,1]T to produce [2/,y’,1]T from which the new position

4A unit cell is the smallest unit of a crystal lattice from which the whole lattice can be con-
structed by the application of a set of rigid-body translations drawn from a discrete subgroup
of SE(n).

51f spatial rigid-body motions are allowed, then the mirror image of a planar figure could be
produced by a 180-degree spatial rotation around the line in the plane representing the mirror.
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(2',y") can be extracted. The transformation b; produces the neighbor to the right of
a given asymmetric unit, and by produces the neighbor directly below. The set of crys-
tallographic operations for this lattice is obtained by all possible repeated applications
of the basic operations b; and by and their inverses, which is implemented as a matrix
multiplication by o by, by 0 bg, by 0 b, by 0 by 0 ba, etc. This generates a discrete (though
infinite) set of transformations that we can call Gj.

The asymmetric unit at the lower left of Figure 7.2 can be thought of as an object
which, when multiplied by all elements of G, covers the plane R?. Therefore, a good
notation for this asymmetric unit is G1\R? since, in a sense, G; x (G1\R?) = R?,

The set of basic transformations that produces the lattice generated by the asym-
metric unit and unit cells shown in Figure 7.3 are

1 0 w 10 w
by=bi=[0-1h and by=|0-1-h
001 00 1

The group generated by repeated application of these transformations and their inverses
can be called G5. Note that while the asymmetric units in these cases have the same
shape and dimensions, Go\R? # G1\R? # G5\R? because the gluings are different.

A A

[
»

2

Fig. 7.1. A Pattern on the Torus Transferred to the Euclidean Plane

There are 17 classes of planar tilings, or regular tessellations (also called “wallpaper
patterns”), and there are 230 such patterns in the spatial case. These are described by
groups of rigid-body motions and reflections that can be applied to each unit cell to
either transform the contents of the cell back into itself, or translate one unit cell to
an adjacent one. These are the crystallographic space groups. If such a group is denoted
as (G, then we can think of R™ as being “divided up” by G. That is, each asymmetric
unit can be viewed as an element of G\R", and when elements of G are applied to
elements of G\R", the result is a tiling of R”. These crystallographic space groups have
been studied extensively, and were completely classified by the late nineteenth and early
twentieth century [21, 39, 44]. More recently, the classification of 3-manifolds constructed
as quotients of R3 by space groups (called orbifolds) was initiated by Thurston [61].
Other treatments can be found in [14, 35, 47, 57, 65]. A precursor to the orbifold
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Fig. 7.2. A Pattern on the Klein Bottle Transferred to the Euclidean Plane
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Fig. 7.3. A Pattern on the Real Projective Plane Transferred to the Euclidean Plane

concept is that of the V-manifold introduced by Satake [55]. The relationship between
these manifolds and mathematical objects called groupoids has also been studied [66].

The Klein bottle and real projective plane depicted as gluings in Figures 7.2, 7.3, and
7.4 are both non-orientable two-dimensional surfaces that cannot be embedded in R3.
They can be displayed as planar gluings, but this should not be confused with planar
embeddings.

Figures 7.1-7.5 represent only a few of the two-dimensional orbifolds that can be
constructed from crystallographic space groups. And in addition, these concepts apply
in higher dimensions. For example, if R? is broken up into cubes by the group (Z3,+),
then the opposing faces of a cube are glued in a natural way, and the result is the 3-torus,
T3. Other three-manifolds can be obtained by using other of the 230 crystallographic
space groups to define unit cells and associated gluings [14, 35, 47].

In addition, it is possible to define other manifolds by appropriate gluing of the edges
of polygons, faces of polygons, or more generally polytopes. Figure 7.4 shows how some
of the most studied two-dimensional manifolds can be thought of as gluings of squares.
And there is no reason to limit the discussion to squares or rectangles. Figure 7.5 shows
how tori (with one or two holes) can be described as gluings of hexagons and octagons.
Whereas the hexagon can be used to tile the plane without leaving any empty spaces,
the octagon cannot. In three dimensions, various gluings of the opposing faces of a cube
lead to different manifolds. The simplest of these is the three-torus, 7. As more exotic
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Fig. 7.4. Various Squares with Glued Edges: (upper left) The Torus; (upper right) The Sphere;
(lower left) The Klein Bottle; (lower right) The Real Projective Plane

Fig. 7.5. Two-Dimensional Manifolds Represented as Polygons with Glued Edges: (left) The
Torus as a Glued Hexagon; (right) The Two-Holed Torus as a Glued Octagon

examples, if the opposing pentagonal faces of a dodecahedron are twisted by 1/5 or 3/5
of a 360-degree turn and glued, the results will be two different 3-manifolds [61].

Counterexamples

When presented with such a wide variety of examples, it can be tempting to think
that everything is a manifold. But this certainly is not true, and counterexamples that
illustrate spaces that are not manifolds are in order. As a first class of examples, two
manifolds that are glued together at a single point result in an object that is not a
manifold. This includes two kissing spheres, a double-sided cone, and two cubes offset by
some distance and connected with an umbilical curve. These are not manifolds because
the neighborhoods containing the points of contact are unlike any open neighborhoods
in R™. Another example that is not a manifold is the closed unit square [0, 1] x [0,1]
because the neighborhoods containing points from the boundary are unlike any open
neighborhood in R™ since they are partially closed. (However, the open unit square
(0,1) x (0,1) is a manifold, and the closed unit square, while not a manifold, is an
example of a manifold with boundary.) And finally, it should be noted that not every
twisted and glued polytope results in a manifold. It can be that a gluing results in
too many points that accumulate at one edge or vertex and not enough at others.
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Again, the test in this case is to assess whether or not each neighborhood at each set of
glued vertices and edges has the same properties as a neighborhood in R™. This can be
approached intuitively when n = 2 or 3, but becomes very difficult for n > 3.

7.3 Embedded Manifolds, Part I: Using Vector Calculus

In this section, the concepts of tangent, normal, surface area integral, curvature, integra-
tion by parts, and the divergence theorem are described in the context of m-dimensional
manifolds embedded in n-dimensional Euclidean space. The reason for doing this is to
show that it can be done (even though it is rather messy and notationally heavy). This is
then followed by the lighter modern approach involving differential forms in Section 7.5
and the coordinate-free approach in Section 7.6.

7.3.1 The Inner Product of Vector Fields on Manifolds Embedded in R™

Let F € R™ and H € R" be two real vector fields on the manifold M C R". That is,
for each point on the manifold a single vector is assigned to the tangent hyper-plane
at that point. Since that hyper-plane is a subspace of R™, the vector that is assigned
can be viewed as being in R™. More concretely, if M is parameterized as x = x(q) with
x € R" and q € R™, then

ox
0q; .

F= ZfiTi, where T,; =

i=1

(7.14)

In this way, the vector F € R™ has m independent components {f;}. These can be
stacked to form a column array of the form f = [fi, fa,..., fm]T. Note that in the
context of this definition, F - e; = F; # f;.

It then makes sense to talk about the inner products of vectors of the form of F in
R™ (which is just the usual dot product of vectors), and this induces an inner product
in the m-dimensional tangent hyper-plane since

m

F-H-= (ifiTi> : ihj Tj | = > gy fihy = (£ ). (7.15)
=1 i=1 ij=1

Furthermore, by taking the dot product on both sides of (7.14) with T}, it follows that

oxT

0q

F'szzgjifi — fZG_l

i=1

F. (7.16)

The conversion from f to F is trivial, since f; = f - e; for i = 1,...,m, which can then
be substituted into (7.14).

The calculations in (7.15), which are at a single point on the manifold, can be
integrated over the whole manifold, leading to the definition®

SHere (f,h) does not denote expected value as in Chapter 3. Rather, angle brackets are
used here in place of parentheses to distinguish the combination of dot product and integral
from the pointwise inner product of vector fields (f,h) defined in (7.15).
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(ﬂh>£tAJF-HdV£:[;GJﬂdV' (7.17)
- /D (E(a), (@) |G(Q)]* das ... gy (7.18)
= Z]Z:1 /D fi gij hj |G|§ dqldQQ . dan. (719)

Here D C R™ is the range of coordinate values that define the manifold, and the
Riemannian metric tensor is computed as in Chapter 5:
ox 0x
G = lgij where g, = — - —, for i,5=1,...,m.
[ ]] J 8%‘ 8q]‘
Clearly, (f,h) = (h,f).
Furthermore, given a smooth function ¢ : R — R and the definition of the gradient
in (5.48),

(faradg) = 5 /Dg’“afjgkjfncr(qnzdql...dqm.
i,§,k=1 v

This quantity will appear on one side of the divergence theorem for embedded manifolds.
In order to write the other side of the equation, an appropriate concept of surface normal
is required.

7.3.2 An Example: A Hyper-Spherical Cap

Now a concrete example of a manifold, M, is examined in detail. The manifold is the
upper hemisphere of $% embedded in R* with open boundary where the hemisphere
meets the hyper-plane R? C R*. Here two different parameterizations of M are used to
illustrate concrete geometric calculations, and conversions between coordinate systems.

Cartesian Coordinates

The part of the unit sphere S* C R* defined by the Cartesian coordinates q € R? as

z1(q1, 92, 93) T
1’2((]17(12, q3) a2
X = = 7.20
(q) xs(qh q2, CI3) qs3 ( )
z4(q1,92,q3) 1—qi —q5— a3

where x4 > 0, is a manifold.
The vectors T; = 0x/dq; are computed from x = [z1, 22,3, 74]7 defined in (7.20)

as
1 0 0
0 1 0
T1 = 0 N T2 = 0 5 T3 = 1 . (721)
—q1 . —9q2 - —43 -
(1=llall*)Z (1=llal®*)Z (1=llall*)=

An arbitrary vector tangent to the manifold in R* is then

3

V= ZviTi~ (7.22)

i=1



248 7 Polytopes and Manifolds

The notation v = [v1, v2, v3]T will be convenient. However, it is important to not confuse
V and v, and the associated definitions of inner products. For a vector in the tangent
space of M to be a unit vector, V-V = vI'Gv = (v,v) = 1. In general, when viewing
a vector in the tangent space of an embedded manifold as a vector in the Euclidean
space in which the manifold itself is embedded, capital bold Roman letters will be used.
The lower case bold versions of these same letters will denote the column arrays that
extract the relevant information from these large vectors. The lower case versions will
always be of lower dimension than the capital versions because the Euclidean space in
which the manifold is embedded is always larger than the dimension of the manifold.
The conversion between these two descriptions in the general case is given in (7.16).

Since this orientable manifold has dimension n = 3 and it is embedded in R"*+!
(i.e., it has co-dimension of one), it makes sense to define a single outward-pointing unit
normal at each point of M. In particular, in this example the normal to M is

N (a) = x(q).

It is easy to verify that Ny, - Ny, =1 and Ny, - T; =0 for i = 1,2, 3.
The metric tensor for 52 in this coordinate patch is

1 1-¢3 -6 e 9193
G(a) = P —) 4192 1—qf —q3 4293 (7.23)
h-e"6 9193 Pq3  1—¢f —
and it follows that
] o (14 e —nas
G(a)l and  G'= |~ 1-6 —@e

Cl-di-% -4 2

—(193 —q293 1 —q3
where |G(q)| = detG(q).
Hyper-Spherical Coordinates

Now consider the completely different way to parameterize the upper hemisphere of S°
embedded in R*:

x1(0,0,v) sin 1) sin 6 cos ¢
x(¢) = [ 2000 | = | et | where (0,6.0) € [0.20)x [0,7)x [0,7/2).
ra(6,0.0) cos

(7.24)
As a vector-valued function, x(¢) is not simply the same as that given in (7.20) with
q replaced by ¢; rather the shorthand x(¢) = x(q(¢)) is being used. It is easy to see
from matching the first three components in the vectors in (7.20) and (7.24) that q(¢)
can be expressed explicitly in terms of components as

q1 = sin sin 0 cos ¢
g2 = sin sin 0 sin ¢ (7.25)

q3 = sin cosf.

The inverse mapping can be computed from this as
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¢ =tan~ ! &
q1
[T 2
0 = tan~! Vit (7.26)

q3

w:sinflq/q%—i—q%—l—q%.

Vectors tangent to M can be obtained using these coordinates as

—sin ¢ sin 0 sin Y cos ¢ cos 0 sin cos 1) sin 6 cos ¢

Ox | cos¢sinfsing | Ox | singcosfsing | Ox | costsin@sing
6 0 o0 —sin @ sin o cos 1) cos
0 0 —sin

These vectors span the same hyper-plane in R* as the vectors T; given in (7.21). This
hyper-plane is an embedded version of the tangent space of M at the specified value of
.

Unlike the coordinate system {qi, 2, ¢s}, this one is orthogonal, meaning that the
metric tensor is diagonal:

sin?fsin’y 0 0 .
G(p) = 0 sin® ¢ 0 and  |G(¢)|? = sin® 1 sin 6. (7.27)
0 0 1

As with the vector function x(¢), the shorthand G(¢) used here is to denote “the
metric tensor obtained by undergoing calculations analogous to those used to obtain
G(q) with ¢ taking the place of q at every step of the calculation.” However, a major
difference between the relationships x(¢) + x(q) and G(¢) < G(q) is that partial
derivatives with respect to coordinates were required when computing G. This means
that in general G(¢) # G(q(¢)). Rather,

Jq

_oq"
9g CA@)Har:

G(o)= 55

This can be verified by computing the Jacobian corresponding to the equations in (7.25).
Explicitly,

(a(e)) (7.28)

o — sin ¢ sin 0 sin ¥ cos ¢ cos 0 sin 1) cos ¢ sin 6 cos )
a—qT = cos ¢ sin 0 sin v sin ¢ cos 0 sin ¢ sin ¢ sin 6 cos ¥
4 0 —sinfsiny cos 6 cos 1)
and
9q

= —sin? ¢ sin 0 cos 1.

opT
The transpose of this matrix is dq’/d¢. The inverse of dq/d¢’ can be computed
explicitly as

oq 17! —sin ¢/ sin @ sin ¢ cos ¢ cos 0/ sin ¢ cos ¢sin @/ cos ¢
L)qT} = cos ¢/ sin 0 sin ¢ sin ¢ cos 0/ sin ¢ sin ¢ sin 0/ cos 1
¢ 0 —sinf/siny cos 0/ cos )

This same result can be obtained by computing the Jacobian of the transformation
defined by the equations in (7.26), followed by substitution of q = q(¢). Explicitly,
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2 2 2 2
—02/(61 + ) a/ld+3) 0
_1 _1 1
o¢ q1a3(qi+a3) "2 qeqs(di+a3) 2 _ (di+ad)?
_ = 2 2 2 2 2 2 2 2 2
qi+493+43 97 +a3+43 97 +a3+43 )

oqT
1 1 1

(G+a3+a3) 2a1 (¢f+d5+43) 2q2 (ai+d3+4d3) 2gs
T T T
(1—|lall*)= (I-lall?)2 (1—lall?)2

from which it is easy to verify that

dq 17" 09
[W} - 0qT

. (7.29)
a=a(¢®)

An Example of a Manifold with Boundary

Consider the part of the upper hemisphere of S embedded in R* for which x4 > h for
some constant b > 0. This means that ||q|| < (1—h%)? and the vector x(q) € R* points
to all locations in this space, which is denoted as M. Or, in the ¢ parametrization,
1 < cos™! h. The volume of this manifold can be computed in either coordinate system.
In particular,

cosT'h e 27 cos ' h
Var = / / / sin? ¢ sin 0dodOdy = 4r / sin® ¢dip
0 0 0

0
= 27 [t — sin) cos 1] Bos_l " = or[cosT b — (1 — h?)2h).

The boundary, M, is the intersection of S® with a copy of R? that has been trans-
lated h units along the x4 axis. This boundary manifold (the dimension of which is lower
by one than the dimension of M) can also be described as a parameterized embedding
of R* as

T'p, COS S1 Sin So

x'(s) = x(q(s)) = | " il:cil::; %2 | where r, =/1— h2. (7.30)
h

The metric tensor for this two-dimensional manifold is obtained by computing

ox’ . ox’  ox’ . ox’ 2 .2
881 851 351 852 (rh) S 0 0
ox' ox' ox  ox! 0 (r)?

Os1 Osz Osz  0Osa

This is just the metric for the sphere th C R3, and its surface area can be computed
in the usual way as

™ 2w
Vom = / / (r1,)? sin Odpdd = 4m(ry,)>.
0 0

7.3.3 Computing Normals Extrinsically Without the Cross Product

In R™ for n # 3 the vector cross product is not defined. However, the concept of the
normal to an m-dimensional manifold in R™ is still valid. (Recall, for example, how



7.3 Embedded Manifolds, Part I: Using Vector Calculus 251

normals were constructed in the n = 2 case.) In the general case, each point on an
m-~dimensional embedded manifold in R™ will have an associated subspace of normals
in R™ defined by n — m directions. This subsection addresses how to construct this
“normal subspace” explicitly without having the convenience of a cross product.

Take as the standard orthonormal basis for R™ the set of unit vectors {e1, es, ..., €, }.
The subspace of R™ spanned by the tangent vectors to the embedded manifold at point
x(q) is defined by T; = 9x/0q; for i = 1,...,m.

A Dbasis for the subspace of normals to a smooth embedded manifold can be con-
structed by projection. Namely, start with vector e, and subtract away all components
of it that are in the tangent plane:

m

. e - T,
Nl—el—;ﬁTi.

Define this to be the first column of the matrix N. Do the same operation on e, es,
etc. The result will be a matrix with n columns N = [N}, N5, ...,N/ ], each of which is
normal to the embedded manifold. However, only n —m of these vectors will be linearly
independent. To find a basis for the space of normals, row reduce N7, and pick off the
n — m independent (non-zero) rows after row reduction is complete. The transpose of
these rows will be the normals Ny,..., N,,_,,.

In general, this basis for the space of normals to the embedded manifold at the
point x(q) will not be orthonormal, but it does not need to be to perform calculations.
And the Gram-Schmidt orthogonalization process (see Section A.1.4) can be used if an
orthogonal basis is desired.

Explicit calculations used to compute normals to submanifolds of embedded man-
ifolds are now demonstrated on the hyper-spherical cap, M, and its bounding sphere,
OM. The tangent vectors to this boundary manifold OM, as seen in R*, are

o - 90X _ 0x 9q
= = .
0Os; osT a=a(s) 95
For this example,

—7rp, 8in $1 8in Sy T}, COS S1 COS So

Tp, COS S1 SIN So , T, SIN S1 COS So
T/ = d T = . 31
1(s) 0 an 2(s) —7rp sin So (7.31)

0 0

An arbitrary tangent vector to OM is then of the form V’/ = Z?:l viT';. Now if we
want to obtain a unit vector normal to OM that is in the tangent space of M, then we

seek a vector
3
Non(q) = Zni(q)Ti(q) such that Npy -T; =0 and Ny Ny = 1.
i=1

This is a linear algebra problem for each fixed value of q. The procedure is to first find
v; such that the orthogonality condition above is satisfied (with v; taking the place of
n;), then normalize the result to obtain n;. Let a;; = T;- T’j. Then the null space of the
matrix A = [a;;] (which is one-dimensional in this example) defines all possible values of
v; that satisfy the orthogonality constraints. A vector in this null space can be obtained
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by multiplying an arbitrary vector with the null-space projector matrix in (A.40). For
example, in the case of the upper half of the unit sphere in R* parameterized using ¢,

A= Tll . T1 T’l . T2 Tll . T3 — 7Sin51 SiHSQ COS S1 SiIlSQ 0
T, - Ty Ty - Ty Ty - T3 COS §1 COS 8o SiN §1 COS S5 —sin sy |

Choosing the arbitrary vector es gives

v =[1—-AT(AAT)" ' Ales = cos s, - [cos 51 sin sg, sin 51 sin s, cos s3] .
Normalizing the result then gives n = v/(v,v)2, or equivalently Ny = V/(V - V)z.
These are respectively

COS S1 Sin so
sin sq sin So
COS S9
0

COS S1 Sin So
n(¢(s)) = z(s1,82) | sin sy sinsg and Noy =
COS S

(7.32)

where z(s1, s5) = [sin? s(cos? 51 sin? sy +sin? s1) +cos? s3] "2 is the normalization factor
required for (n,n) = nTG(¢)n = 1. This laborious calculation was not really required
for this particular example, because OM is obtained in this case by slicing S* with a
hyper-plane parallel to R?, and it could be guessed that the result will be a sphere
embedded in a copy of R? with Cartesian coordinates {qi, 2, g3}, and therefore simply
writing the outward-pointing normal to the unit sphere in R? up front would suffice. Or
put differently, it is clear by inspection of (7.31) that the normal space of M consists
of linear combinations of the orthogonal unit vectors

COS S Sin o 0

(1) _ | sin sysin sp @ |0
Noar = COS 59 and - Ny, = 0
0 1

And since N¢(921\)4 is not in the span of {T, T9, T3}, it does not contribute to the normal

of OM that is contained in the tangent space of M. That leaves only Né,lj)w, which is
exactly Ngps. While it is always nice when intuition can be used to obtain a solution, it
is important to have a general mathematical procedure that can be used when intuition
fails. And from the above example it can be useful to see how the general framework
reduces to the intuitive result that is expected.

If instead of starting with n and substituting n; for v; in (7.22) to obtain Ngus, in
a case such as this where the embedding provides information that can make it easy to
calculate Ny directly, then (7.16) can be used to compute n from Ngys. Explicitly, in
the case when the coordinates {q1, g2, ¢3} are used,

oxT COS S7 Sin so
n(q(s)) = [G(q(s))]*la—NaM =h | sins;sinsy | . (7.33)
q COS S2

Note that this is not the same as n(¢(s)) in (7.32). The reason is that G(q)|q=q(s) 7
G(¢)|¢:¢(S). While n(¢(s)) # n(¢(s)), there is nevertheless a relationship between
them. This relationship can be established by relating both to the extrinsically de-
fined normal Ngys, which is independent of coordinates. Referring back to (7.28) and
restricting both sides to the submanifold M defined by parameters {s1, s2} gives
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_ 0" s 9a where s)) = s
G80) = G |, D ggr| | where Glals) = Gla(6(e)
But from vector calculus, n(q(s)) in (7.33) can be rewritten as
T X
nia(s) = [Gale))] 282

Using (7.29), and comparing the above expression to

oxT

n(¢(s)) = [G(¢(s))] ™ %NGM
leads to the conclusion that
_ a n
nla(s) = 47|, n(66) (734

In other words, the conversion between n(q(s)) and n(¢(s)) can be performed with
knowledge of only the metric tensor and the Jacobian matrix dq/0¢’. And the conver-
sion can be implemented as a push-forward from one coordinate system to the other.
This operation is independent of the embedding, which only plays the indirect role of
defining the metric.

7.3.4 The Divergence Theorem in Coordinates

In the case of a manifold M that is defined by the smooth embedding x(q) € R" for
q € D C¢ R™, and the smooth boundary OM parameterized by q(s) € 9D C R™,
the divergence theorem for R™ can be used to define a coordinate-dependent version
of the divergence theorem. From the definition in (5.49) (where now i € {1,...,m}),
the integral of the divergence of a vector field F = ", fi(q)g—; € R™ (or equivalently,

f=[f1,..., fm]T) can be converted as follows:
/ div(£)dV = / div(£)[G 3 dqy . .. dgn
M D
- [ gl oo
i 9q;

= [ 3 hals)) wlals)) |7 G 6 s

D’Ll

-/ S fula(s)) gi5(a())o™ (als))mi(a(s))

z]l

17 (s)G(a(s))J(s)|2 dsy . .. dsm—1
:/ (f,n)dS.
OM

Here J;; = 0q;/0s;, v(q(s)) € R™ is the normal to 0D, and

S =1JT(s)G(q(s))J(s)|? dsy ... dspm_1 (7.35)
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is the volume element for OM written in parametric form. The above step that converts
the integral over D to an integral over 0D is the divergence theorem for R™. The vector
n € R” is the unique unit vector on the boundary point x € 9M that points away from
M, and results from pushing v(q(s)) forward.

The divergence theorem is now illustrated for the hyper-spherical cap, M, and the
associated bounding sphere, 9M , discussed in Section 7.3.2. The bounding submanifold
OM (which is a 2-sphere of radius 73) is described in terms of the coordinates q = q(s),
together with the normal expressed in these coordinates, as

COS S1 Sin So COS S1 Sin so
q(s) =7, - | sinsysinsg and n(q(s))=h- | sinsysinsy | . (7.36)
COS 2 COS So

The Jacobian transformation for q(s) is

oq —sin s1 Sin S9  €OS $1 COS So
J(s) = 5T = - | cossiysinsy sins; cos sy
0 — sin so

Furthermore, it can be shown that after substituting (7.36) into (7.23),
dS = |detJT (s)G(q(s))J(s)|> dsidsy = (r1)? sin s dsydso.

Note that in this particular example it was not necessary to go through the complicated
calculation detJT (s)G(q(s))J(s) because OM can be parameterized as an embedded 2-
manifold in R* as x(q(s)) = [r}, cos s1 sin sg, 7y, sin 51 sin 89, 7y, cos 52, h]T, and its metric
tensor can be computed directly. In other words, for this particular boundary manifold,
JT(s)G(a(s)) I (s) = JT(s)J (s).

As an example of a vector field, let

1 8Xﬁ 1
Fla)=(1-¢ -6 —&)2a W f(a) =[(1— ¢} — 3 — 43)2¢1,0,0]".

Then 5 A
div(f) dV = / —(q1) dq = =7(rp)?,
/M lall<r, 001 3

since the integral of the number 1 over the interior of a sphere of radius 7y is just the
volume of that sphere.
On the other hand,

T 27
/ (f,n)dS = / / [r—h oS $1 8in o | - [h cos s1 sin sg] - (rh)2 sin sy ds;dsa
oM o Jo h

4
=T
3

(Th)g.

The equality of these two quantities therefore demonstrates the divergence theorem for
embedded manifolds.

7.3.5 Integration by Parts on an Embedded Manifold

Let M be a smooth m-dimensional manifold embedded in R™ and let ¢ : M — R be
a smooth function. In the discussion below, ¢(q) will be used as shorthand to denote
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o(x(q)) where q € D C R™ since there will be no ambiguity. Let v(q) denote a vector
field on M expressed in coordinates.

The extension of the integration-by-parts formulas (A.123) and (A.124) to the case of
a differentiable m-dimensional embedded manifold in R™ with B differentiable bounding
sub-manifolds,” each of dimension m — 1, is

/ Z v;g" \G|2 dgr . .. dgm :b.s.t.—/ ¢ Z (vigij|c;\%) dqy . . . dgm,

,j=1 i,j= 1
(7.37)
where the bounding sub-manifold terms (b.s.t.) are
b.s.t. =
Z a(s™) Y wilals®) g7 (a(s?))r; (%) as
BDk ij—1

where, in analogy with (7.35),
ds® = [T (q(s™))G(a(s®))) J(as™))|F ds'® ... dst¥)

Here each s®) = [sgk), - SES)_l]T is a parametrization of the kth bounding sub-manifold,
and l/l'(S(k)) is the ith component of the image of the outward-pointing normal to the
sub-manifold in the coordinate domain D. The Jacobian is defined as in the previous
subsection.

This can be quite confusing, and requires some clarification. Recall that the normal
directions to the m-dimensional manifold in R™ are defined by n — m vectors, Ny,...,

N,._m € R™ such that

N, X g
an'
for all ¢+ = 1,....mn — m and j = 1,...,m. In contrast, a bounding sub-manifold has
dimensions m — 1, with tangent vectors in R™ defined by
v, _ x(a(s)
8sk

for k = 1,...,m — 1. (Here the superscripts (j) on s¥) have been suppressed while the
focus is on a single bounding sub-manifold.) There are n —m + 1 normal vectors to each
point of this sub-manifold in R™.

The span of {T’;} is contained in the span of {T;}. The vectors in the normal space
satisfy N; = 3. ¢ T; under the constraint that N; - T’;, = 0.

Restricting the discussion to only those normals of the sub-manifold that are con-
tained in the tangent to the original m-dimensional manifold imposes n —m constraints,
yielding a single outward-pointing normal for each point on each bounding sub-manifold.

In the case of a manifold without boundary, the integration by parts formula (7.37)
reduces to

| (v, gradg) = —(¢,div )| (7.38)

"A sub-manifold of a manifold is itself a manifold of lower dimension.
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because the bounding sub-manifold terms are zero. If the bounding sub-manifold terms
are not zero, the divergence theorem with D viewed as a subset of R™ together with a
localization argument® yields

div(¢v) = ¢pdivv + v - grade. (7.39)

This is also what would be obtained by directly applying the definition of divergence in
(5.49) to the vector field ¢v.

The integration-by-parts formula in (7.37) is now demonstrated on the same domain
considered in the previous example. Let v(q) and ¢(q) respectively be the vector and
scalar fields defined in terms of the coordinates q as

Svigh=(1-¢i—g3—q3)?d; and ¢(q) =aq. (7.40)
1=1

Then the left-hand side of (7.37) becomes

: ij 3¢ 1 4 3
> g 9a, |C1? dandgadys = : dgrdgzdgs = gm(rn)".
J

Q=1 q all<rn

The second term on the right-hand side of (7.37) becomes

3
0 oy 9
—’L)i”GEddd :/ — (1) dg1dagoda= = 0.

/D¢i§_:1 90, ( 9" |G ) ¢1dq2dqs alen Q1 8q1( ) dqdgadgs

In this case since the boundary consists of a single surface, b.s.t. reduces to

3

b.s.t. = #(q(s)) Z vi(a(s)) g7 (a(s))v;(s) dS,

ob ij=1

which, when substituting (7.36) and (7.40), reduces to

T 27
4
b.s.t. = / / [r}, cos s1 sin s5][cos s1 sin so](77,)? sin so dsidsy = 577(7‘11)3~
o Jo

This therefore demonstrates the integration-by-parts formula (7.37).°

8There are two main kinds of localization arguments. The first is that if fD fdV =0 over a
wide enough range of domains, D, then f = 0. The second is that for fixed D if fD fodV =0
for a wide enough range of functions ¢, then f = 0. The first can be viewed as a subset of the
second in which ¢ is a window function that is equal to unity on various domains and zero
otherwise.

9The reader should not be left with the impression that the volume of the sphere appears
in every such calculation! These examples were chosen in a way so as to minimize the number
of complicated integrals that need to be evaluated. While the formulas for the divergence
theorem, integration by parts, etc., are general, computing complicated integrals adds little to
the understanding of the underlying concepts.
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7.3.6 Curvature

Once the metric tensor G = [g;;] for an m-dimensional manifold in R™ has been ob-

tained as a matrix in a particular coordinate system, the Christoffel symbols I’ ZE and

Riemannian curvature tensor Réjk defined in (5.59) and (5.61) can be calculated. The
only difference between the calculation for an m-manifold and a surface is that now
indices range from 1 to m rather than from 1 to 2.

Given the Riemannian curvature tensor R,li ko

Ry =) Rl g (7.41)
l/

It can be shown that this has the symmetries [20, 43, 48]
Rijri = Ry and Ry = —Rji = —Rijik
and obeys the (first) Bianchi identity:
Rijri + Riiji + Rjka = 0.

The Ricci curvature tensor, Ric(G) = [R;;], is obtained by contracting the Riemannian
curvature tensor Rﬁ ik as

Rij = ZRfkj = ZRllzij = Rji. (7.42)
K k

The notation Ric(G) indicates that it is completely determined by the metric tensor.
The scalar curvature is computed from the Ricci curvature tensor as

k= g"Ry. (7.43)
]

Given four vector fields u, v, w,z defined on an embedded manifold in the same way
that f is defined in (7.14), it is convenient to define

R(u,v,w,z) = ZRijklui'ijkzl~ (7.44)
ijkl

This, together with the pointwise inner product defined in (7.15) is used to define the
sectional curvature associated with two vector fields, v, w on M [51]:

R(v,w,v,w)

T (v, v)(w,w) — (v, w)? (7.45)

when v and w are orthogonal to each other this reduces to k(v,w) = R(v,w,v,w).
Given an orthonormal basis {u;} for the tangent space at x(q), the matrix with entries
kij = k(u;, ;) contains the same information about the local geometry of the manifold
as does the Riemannian and Ricci curvature tensors.
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7.4 Covariant vs. Contravariant

7.4.1 Tensors

The volume element for a manifold can be expressed in two different coordinate systems,
{q1,92, ..., qn} and {q1,d, ..., ¢, }, and equated where the coordinates are compatible as

G/ (¢')|2dg}dgh . . . dg], = |G(q)|Z dq1dgs . . . dgy.

Likewise, a differential length element, ds, for a curve can be computed in two different
coordinate systems as

ds*> = dq” G(q)dq = dq'TG(q')dq' = ds"™. (7.46)

In general a scalar function on a manifold can be defined relative to coordinates,
and related to new coordinates as

f(@) = f'(d) where ' =q'(q) and q=q(q). (7.47)

From the chain rule,

dq = ﬂd (7.48)
This provides a rule for the conversion of the one-dimensional arrays of coordinate
changes, dq and dq’ (which can be thought of as column vectors). More generally, given
a column vector that is a function on the manifold, expressed as v(q), then if the
corresponding vector in the coordinates q’, which is denoted as v'(q’), transforms in

analogy with the chain rule, as
v = ﬂv
aqT "’

then v (and v’) is called a contravariant vector with components v; = v;(q) (and likewise

v = vi(d))-
In contrast, given a function (also called a scalar field) on a manifold of the form in
(7.47), then the chain rule gives

(7.49)

af  af dq
5T = BT T (7.50)

This is a rule for transforming gradients, which are viewed here as row vectors. The
generalization of (7.50) to row vectors other than gradients is

0 oq”
v =vT 3q/T or Vv = 8q’ V.
q q

(7.51)

In general a quantity such as v (or v’) that follows the above transformation rule is
called a covariant vector expressed in coordinates q (or q’).

The concepts of co- and contra-variance are not limited to vector quantities. Refer-
ring back to (7.46), it is clear from (7.48) that

™, Jq T 0q ’ - dqi Oq
C@)={5q7) C@aer o gy = oKy 3 (7.52)

/ !
k=1 i Y4
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Taking the square root of the determinant of the above expression gives

1 dq 1
Gl = || (7.53)
But since differential n-forms transform as
di nddon.. . ndd =2 | da Ndas A d
G Adip e NGy =7 dan Ndaz A N g,
it follows that
IG'(q)|2dg, Adgy A ... Adq, = |G(Q)|Zdgy Adgs A ... A dgy. (7.54)

In other words, this is invariant under coordinate changes.
The inverse of (7.52) defines a transformation rule

@ = (0) e (9) = Wiewrt (9 s

written in component form as

A% kl~15 J
= E — 7.56
! k z:1g 9ar. Oa )

More generally a mixed tensor of contravariant valency r and covariant valency s,
denoted here as A, is a quantity expressed in terms of coordinates (qi,...,qn) as an
array of n"** scalar functions a}\%2"""" (qu, ..., ¢») such that the corresponding array of
functions defined by a change of coordinates (¢1,...,qn) — (41, ..., q,,) satisfies

it Z ak17k2~,---7kr 8q§1 aq;r . dqi, dq, (7 57)
J1:J25--+5Js l1yl2,.000s 3% anT aq;.l 8q§

ki, ko, ...,k °

li,loy .ol

101,082,000 . ’ ’ k1,k2,.. ke s .
where each a' ;7277 is a function of (¢, ., q,) and a; 'y, s a function of

(q15---,Gn). When a tensor is (purely) covariant, » = 0, and when a tensor is (purely)
contravariant, s = 0. The sum r + s is called the rank of the tensor. A scalar is a tensor
of rank zero, and a vector is a tensor of rank 1. G = [g;;] is a purely covariant tensor
of rank 2, and G~ = [¢%] is a purely contravariant tensor of rank 2. G and G~! are
very special tensors because they can be used to change the valence of any tensor. For
example, starting with a mixed rank three tensor defined by the functions {a},}, the
metric tensor can be used to obtain a purely covariant tensor as

n
_ S
Qijk = E 51 Gis-
s=1

7.4.2 Derivatives and Differentials

If G = [g;j] and G=! = [¢"/] are expressed in coordinates (¢1, ..., ¢, ), then the derivatives
of these entries with respect to coordinates can be expressed in terms of themselves and
the Christoffel symbols as [69]
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agk S S aglj 7 S 18
T;:Z(FjlgskJrgjstl) and 5= Z:(Fkg“rg FJ)

S

The covariant differential of a contravariant vector with ith entry v’ is a new con-
travariant vector with ith entry Dv* defined as [69]

Dv' = dv' + Z ij;kqu. (7.58)
ik

The covariant differential of a covariant vector with ith entry v; is a new covariant
vector with jth entry Dv; defined as [69]

v; = dvj — sz ]k)qu (7.59)

In contrast, the covariant derivative of contravariant and covariant vectors are respec-
tively defined in component form as [69]

(7.60)

vh =
" Oq

and

=) ol (7.61)

The first of these is a mixed second-order tensor, and the second is purely covariant.
Differentials and derivatives are related by the expressions

Dv' = E vfkqu and  Dv; = Z V1 dqs .-
k k
The covariant derivative of any covariant tensor can be defined in an analogous way.
For example, the covariant derivative of a;j, is
Bajk

i = da Z (askffz +a;sIy)

S

Since v;,;; is covariant, its second covariant derivative can be defined using the above
definition. The Riemannian curvature tensor can then be viewed as the four-index array
of scalar functions such that [69]

Ujik;l — Vjilik = ZviRj‘kl (7.62)

for any covariant vector v;. The Riemannian curvature tensor R; «; is a rank four tensor
with covariant latency of three and contravariant latency of one.

The discussion of embedded manifolds presented in the previous section is reformu-
lated in the language of differential forms in the next section.
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7.5 Embedded Manifolds, Part II: Using Differential Forms

Consider the same situation as in the previous sections, now using the notation of
differential forms. Let M C R™ denote a connected and bounded domain in which a
vector q € M is allowed to roam. Suppose that there is a mapping x : M — N C R”
where n > m. The result is analogous to an m-dimensional parameterized “surface” in
an n-dimensional space. The use of the word surface here is really not correct, since it
implies that m = 2, much like the word curve corresponds to m = 1, regardless of the
value of n. The word embedding will be used here to denote the generalization of the
mapping that defines a curve or surface in R". The geometrical object resulting from an
embedding locally “looks like” R™, and is called an “m-dimensional manifold embedded
in R™.” A precise mathematical definition of the word manifold will be provided later.
For now, a manifold can be thought of as an embedded manifold' for which the following
two properties hold:

x(q1) =x(q2) = a1 =q (7.63)
and 5
x
rank (W) =m VqeM. (7.64)

These conditions guarantee that the embedded manifold observes constraints analogous
to those imposed for simple curves in the plane and simply connected surfaces in R3. If
(7.64) holds but (7.63) does not, then x : M — N is called an immersion.

7.5.1 Push-Forwards and Pull-Backs (Revisited)

Let € M C R™ and x € N C R™. Let «v: [0,1] — M be a differentiable mapping. In
other words, v(t) for t € [0,1] is a differentiable curve segment that exists in a part of
R™ denoted as M. Let f : N — R be a differentiable function. Let ¢ : M — N be a
differentiable mapping. That is, x = 1(q). This could also be written as x = x(q), but
in order to be consistent with the literature, the former notation in which the mapping
and the result of the mapping are denoted with different symbols.
Define
Y, =1o~ such that 4, :[0,1] = N.

This is the image of the curve () € M as it looks in N, i.e., ¥.(t) = ¥(v(t)). It is
called the “push-forward of v by 1.” Using the notation of the previous section, another
way to denote the same thing is 1. (t) = x(q(t)) where the curve is denoted as q = q(¢)
(rather than introducing the new name « and writing q = «(¢)) and x = x(q) (rather
than introducing the new name ) for the mapping).
Now define
Y = fo1 such that o¢*: M — R

OFrom a pedagogical perspective, it might seem backwards to define “embedded manifold”
first and “manifold” later, but there are benefits to this approach. For example, when defining
the concept of “dog” to a child, a natural thing to do is to point to a “shaggy dog,” a “big
dog,” a “sled dog,” etc., and then the intuition behind the concept of “dog” will emerge. In
contrast, while the top down approach of first defining the concept of “animal” followed by the
concept of “mammal” and then defining a dog as a mammalian animal that is a member of the
canine genus and subspecies canis lupus familiaris may be more precise, that level of precision
would not add much to the child’s understanding.
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This is called the “pull-back of f by 1.” For example, for each fixed value of ¢ the mass
density p*(x,t) defined in (1.41) is the pull-back of p(X,¢) under the map X(x,t).
Push-forwards and pull-backs are dual operations in the sense that the former takes
an object from a subset of the real line and produces an object in a higher-dimensional
space (i.e., a curve segment), and the latter takes points in a high-dimensional space
and returns a value on the real line (i.e., it is a function).
The tangent to the pushed-forward curve (1) o~)(t) = ¥(~(t)) is given by the chain

rule as A o)
o] ")’ ’
—a [DYlyy v (1)
where o p
/ ¥
(DYl = and  y (t) = —.
oq* a="7(t) dt
Alternatively, this could be written as
ox
[DYlyy = 77 .
oq" a(t)
In this notation, the differential of a pulled-back function is
0 _of ox 7 T
d(fotp) = 57 (f((a)da = 77 o 4= da [Dx]" Vi f.

7.5.2 Expressing Pull-Backs of Forms in Coordinates

Let k < min(m,n). Let x = x(q) (or equivalently x = 1 (q)) and ¥ : M — N where
M C R™ and N C R™. Let wy be a k-form on N, written explicitly as

wi = Z Qiy,oig (X) dzgy Ndzg, AN dx,. (7.65)

1<ii<..<ip<n

From the chain rule,

ox
_ T
dxij = eij qu
Therefore, pulling back this form to the coordinate patch M > q yields
ox ox
. T T
ap = Prw, = Z @iy .. (x(q)) <e“8qT dq) A A (eik aquq) . (7.66)

1<i1<...<ipg<n

This pulled-back k-form can be written as

Ok = Z Ajy ..o ((l) dgj, Ndgj, A ... Ndgj, (767)

1<j1<...<jr<m

where a;, _; (q) results from collecting all of the Jacobian factors and combining with

iy ....i, (%(q))-
According to Schreiber [56], (7.66) can be written explicitly as

8(CCZ‘I, ...,,Iik)

Py = > @iy ....ir, (x(q)) TS

1<ii<io<... <1t <n
1§j1<j2<...<jk§m

dqjl AN de2 VANPAN dq]‘k

(7.68)
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where 0(z;,, ..., i, )/0(qj,, ---, gj,,) is the determinant of the particular k£ x k minor of
the full Jacobian matrix with entries 0x;, /0q;, where r and s run from 1 to k. Equation
(7.68) results from

6 19 0y 7
dzi, Adwi, A .. Adz;, = 3 Oy, oy i) dgj, Ndgi, A ... Adg;,. (7.69)

O(qi s s i
1<j1<ja<...<jr<m (@27 30)

Therefore, comparing (7.66), (7.67), and (7.68), it becomes clear that

O(xil,...,xik)

djh,,,)jk(q) = Z ai17.~~,ik(x(q)) 3(qj T )

1<i1<i2<...<ip<n

(7.70)

When there is only one mapping ¢ : M — N, in a particular problem it is convenient
to simply use the x(q) notation rather than (q), as was done above. However, when
there are multiple mappings from M to NN, this shorthand can lead to confusion.

7.5.3 Volume Element of an Embedded Manifold

In the special case when £ = m < n, then all choices dg;, A dg;, A ... A dg;, for
J1 < j2 <...< Jm reduce to dg; Adga A ... A dgn. Let

. a([L’il’ ceey Iim
i () = )

for i1 < ip < ... < ip,. Let these <:;> functions be viewed as the entries of a long

vector,

n
v(x) € R<m>. (7.71)
The order in which these entries are arranged is unimportant in the current discussion.
Let vy, (rather than wy) be the form that results from letting v/||v|| be substituted
for a in (7.65) when k& = m. Expressed in terms of the coordinates q, this becomes

@iy s sTipy)

@i (K(e)) = Pazenin (D)) _ TR ()

vl (@1 sl ) 2\?
DA<l <ty <m | D

Then the pull-back of the form v, can be calculated using (7.68). This is

[V

2

8(l‘i1 5 anay xim)

dqgy Ndga A ... ANdgy,
8(q1,...,qm) q1 q2 q

v

>

1<i1<i2<...<im<n

(7.73)

vl dgr Adga A ... A dgm,

and this defines the volume integral for the embedded manifold:

/¢<M> Vi = /M P Uy = /M v (7.74)
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The dV in the last equality is the volume element for the manifold, which can be
computed in coordinates as discussed earlier.

A natural issue to address at this point is why the volume element can be written as
in (7.73) on the one hand, and as |G|%dq1dq2 ...dgm on the other. The reason for this
is that given an n x m matrix J with m < n, if J; denotes the ith of the m X m minors
of this matrix, then

n
(7)

det(JT) = > [detJi|*. (7.75)
i=1
This fact from linear algebra is independent of the way the minors are labeled as long
as every minor is represented exactly once in the summation. For example, if

2 2 2
aiy aig ay; + a3, +az a11a12 + a21aG22 + azi1as2
J = a1 a92 then JTJ =
2 2 2
asy ass a11012 + az1a22 + asiass aja + azy +az,

and one way to order the minors is

Ji— (au am) - (an am) gy = <a21 (l22> .
Q21 a22 az1 a32 as1 a3z
A straightforward calculation then shows that
det(JTJ) = |detJ; |* + |detJs | + |det.J3|?,

which is a special case of (7.75).

This linear algebraic fact is useful in the setting of differential geometry because
when J = 0x/9q’ is the Jacobian for an m-dimensional smooth embedded manifold in
R™, the metric tensor is written as G = J7.J and (7.75) becomes

det G = Z

1< <i2<...<itm<n

2

8($i1, ...,l’im)

Qs s Gm) (7.76)

7.5.4 Conversion to Vector Notation

The <Z> coefficients a;, .. ;, for 1 < iy < iy < ... < i, < n that define a multi-

n
L)
other words, in analogy with the way V operations were defined elsewhere in the text
to convert an m X n matrix into an m - n-dimensional vector, a different V operator can
be defined in the present context such that

vector in AF(R™) can be thought of as a column vector in dimensional space. In

v ARRY) — R(Z>. (7.77)

n

This is reminiscent of (7.71), though in that context V : 2™(R") — R(k> In other
words, the object on which the V operation is acting is different in these two cases. If
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n
aelR ( k> is the vector resulting from a mapping such as (7.77) (which amounts to an
arrangement of the coefficients a;, . ;, in a single column), then doing the same to the
coefficients

. 6($i1,...,$im)
8(Q17 (EX3) qm)

n
will produce a vector v € R< > .
Let D C R™ denote the coordinate domain that parameterizes the manifold, i.e.,
x : D — M. Following Schreiber [56],

/ w = / @iy ooin (X(Q))Viy (@) dgr Adga AL A dg, (7.78)
P(M)

qeM
:/ a-vdg Ndg A ... Ndgm (7.79)
qeD
= / a-LHdeql ANdga A ... N dgm (7.80)
aep VIl
v 1
= / a - —|G|2dq1dgs . . . dgm (7.81)
aep |Vl
v
= a- ——dV. (7.82)
/M vl

7.5.5 General Properties of Differential Forms on Embedded Manifolds

If w; and «; are r and s forms, respectively, and f : R” — R and 9 : R™ — R", then it
can be shown that

7.83
7.84
7.85
7.86

P (w1 +w2) = Prwr +Prws
P (fw) =" (Y™ (w)
WA= (=10 Aw
P (wAa) =9 (w) AT ().
In addition, if ¢ : R" — R?, then ¢ ot : R™ — RP and
(@oyp)"(w) =9 (9" (w)). (7.87)

The exterior derivative of a differential form has the following properties:

(7.83)
(7.84)
(7.85)
(7.86)

dwha)=dvNa+ (1) wAda (7.88)

d(p*w) = * (dw). (7.89)

The proofs of some of the properties in (7.83)—(7.89) are left as exercises. They can
be found in books on forms and calculus on manifolds such as [1, 6, 29, 38, 45, 56, 58].
The following section uses these properties in the context of manifolds that are not
necessarily embedded.
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7.6 Intrinsic Description of Riemannian Manifolds

Manifolds are one of the central objects studied in modern geometry. A manifold can
be thought of as the generalization of simple curves and surfaces.'’ An n-dimensional
manifold locally “looks like” R™ in the sense that there is an invertible mapping between
open subsets containing each point in a manifold, and open subsets in R™. There is no
unique way to measure distance between points in an arbitrary abstract manifold. This
requires the introduction of a Riemannian metric, after which point it is possible to
measure the distance between points in a manifold. It is known that any n-dimensional
manifold can be viewed as an “n-dimensional simple surface” that sits in R2"*! “in some
way” [67].12 In the special case when an n-dimensional manifold is embedded in R™*1,
then the manifold is called a hyper-surface. For the case of manifolds embedded in a
higher-dimensional Euclidean space, the way that it is embedded defines a Riemannian
metric.

One way to measure distance between distant points in a manifold embedded in a
Euclidean space would be the straight-line distance between the points using the norm
of the difference of their vector positions in that space. This is one of the less elegant
ways of measuring distance between points in a manifold. But for points that are close
in this metric it is not a bad way to measure distance, and can be used to define a
Riemannian metric tensor.

In principle, the coordinate-dependent extrinsic formulation of geometry for curves
and surfaces in R™ used in Chapter 5 and earlier in this chapter can be used for manifolds
also. However, this is not the approach that is favored in modern mathematics. And
so, to relate the methods developed in later chapters to the more popular intrinsic
coordinate-free approach to modern geometry, some review is provided here.

Many excellent texts exist on modern differential geometry and differential topology
of manifolds. These include Kobayashi and Nomizu [38], Guillemin and Pollack [29],
Warner [64], and most recently Tu [63]. The definitions that are reviewed below can be
found in any of these texts.

Let M be an n-dimensional manifold, as understood by the intuitive description
provided earlier.'® In order to make a precise mathematical definition, some additional
ideas must first be introduced. First, an open neighborhood about any point in an
embedded manifold can always be constructed by intersecting the manifold with an
open ball in R?"*! centered on the point of interest. This fact is independent of the
details of the embedding. Or, using a distance function between points z,u € M, U can
be defined as the set of all points u such that 0 < d(z,u) < € € Rsg. An n-dimensional

" The word simple denotes that a curve or surface does not intersect itself or form branches.
If it did, then there could not be an invertible mapping between the subset containing the
intersection or branch point with an open subset of the real line or plane.

2However, the way in which such a manifold is set into the higher-dimensional Euclidean
space is not unique. As is illustrated by the example of a knot in R? (which is topologically the
same manifold as a circle), the essence of some problems is to get not just “an” embedding,
but rather the “right one.”

3Previously the dimension of M was denoted as m and it was defined to be embedded in R".
In the present context, there is no explicit embedding and n is used to denote the dimension
of M. From the famous theorems of Whitney and Nash [50, 67] it is always possible to embed
an n-dimensional manifold in R?"*1,
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proper coordinate chart about x € M is the pair (U, ¢) where U is an open neighborhood
of x and ¢ is an invertible mapping of the form ¢ : U — V C R™ where V is open.'*

A collection of coordinate charts {(U;, ¢;)} for ¢ € I (I is a set that indexes the
charts) is called an atlas. The following conditions are imposed on the coordinate charts:

{U;, ¢;} exists so that for each € M, x € U; for some i € I.
If (Ui, ¢;) and (Uj, ¢;) are any two coordinate charts in the atlas for which (U;, ¢;) N
(Uj, ¢j) # O, then the composed map

pjod; ' di(U;NU;) = ¢;(U;NU;) (7.90)

is continuous.
e All possible charts with the above two properties are contained in the atlas.

Since it is well-known what it means for a mapping between open sets in Euclidean
space to be continuous, if the condition that the composite maps of the form ¢; ogbi_1 are
all continuous mappings between the open subsets ¢;(U; N U;) and ¢,(U; N U;) (which
are both in R™) for all ¢, 5 € I, then we say that each ¢; is a continuous mapping from
U to ¢;(U).

In practice the manifolds most often encountered are even more well-behaved.
Namely, if all of the functions ¢; oqﬁi_l are differentiable (with respect to any set of Carte-
sian coordinates imposed on the Euclidean space that contains the open sets ¢;(U; NUj)
and ¢;(U; NUj)), then M is called a differentiable manifold. If each ¢; o ¢; ! can be
differentiated an infinite number of times, then M is called a smooth manifold. And if
each ¢; °¢i_1 is an analytic function (i.e., a function for which a convergent Taylor series
exists), then M is called an analytic manifold. An analytic manifold is always smooth,
but it is possible to be smooth yet not analytic [63].

A differentiable manifold is called orientable if an atlas can be defined such that the
sign of the Jacobian determinant of ¢; oqf);1 is positive for all 4, j for which U; NU; # O.
Since ¢; o ¢; 1'is a mapping between two open sets in R, its Jacobian is computed
using methods of multivariable calculus. Unless stated otherwise, all manifolds discussed
throughout this book will be both orientable and analytic.'®

A differential k-form, w, on a patch U in an n-dimensional manifold, M, can be
defined with respect to a particular set of coordinates q = [q1, ..., qn]T € ¢:(U;), and a
set of smooth functions {a;, 4, . (q)} as

w= Z iy ig,oin (Q) iy NGy A ... Ndgg, where 1<y <ig < ... <ip<n.

11,8250k

Here the set of coordinates {¢;} are treated in the same way as Cartesian coordinates
in R", and, {dq, ..., dg, } are interpreted according to the same rules as the differentials
in R™. The set of all such k-forms on U is denoted as 2F(U).

Due to the properties of the wedge product from Chapter 6, the only non-zero
contributions to the sum appear when there are no repeated indices. The above equation
can be written more concisely as

MNote that the perspective here is reversed from that in classical surface theory. Instead of
mapping from open sets in the coordinate domain to the manifold, ¢ maps from the manifold to
the coordinate domain. Stated another way, if q € ¢(U) C R™ is a vector of local coordinates,
then ¢ *(q) is a local parametrization of the manifold.

5The Klein bottle and RP? are examples of nonorientable manifolds.
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w= ZajdeIk (7.91)
Iy

where I, = {iy,i2,...,9} is any subset of {1,...,n} consisting of k distinct numbers
written in strictly increasing order, as, = a;, i,,...s, and dqr, = dg;, Ndgi, N ... ANdg,.
In this notation, the exterior derivative of a k-form can be uniquely defined by the
properties [63, 59]

dw = Z(dalk) A dqr,
Iy
Oa
=33 5 I dg; A dr,. (7.92)
I, 4

The first equality above results because of the defining property d(dqz, ) = 0. Note that
the introduction of the additional wedge product makes dw a (k + 1)-form whereas an
arbitrary form is denoted here as w, an n-form on an n-dimensional manifold will be
denoted here as a. That is, for each patch U; € M, a € 2"(U;) where ¢;(U;) C R™.

A beautiful theory of integration for n-forms on orientable n-dimensional manifolds
has been developed. Let U; C M and « € 2"(U;). Then this n-form can be expressed
in local coordinates {q1, ..., g, } on ¢;(U;) as

(67 ) = alqr, g2, - qn) dgs Adga A ... A dgy,

and using (6.95) the integral of « is defined as [13, 23, 19, 63]

/ o= / (q&;l)*a = / a(q1,q2, -, qn) dq1dqs . . . dgy,. (7.93)
i i (Uy) i (Us)

This defines integration of an n-form on one patch of the manifold. If U; and U; are over-
lapping patches, then (7.90) holds, and due to the properties of the pull-back map [63],

—1\x 5 fl* '71*: '—1*.
/¢ PRCEEE /¢ RCEERNCRX /¢ PRt

The n-form « then can be integrated over the whole manifold by defining it in coordi-
nates in each patch. The trick is to make sure that there is no double counting or missed
spots. The two ways to do this are: (1) to break the manifold up into polytopes (such as
hyper-cubes), that are conjoined by shared (n — 1)-dimensional faces but are otherwise
disjoint, and integrate over each; or (2) introduce a partition of unity and blend the
local descriptions of « (which by definition must be the same on overlapping patches).

In Chapter 1, the concept of compactness was introduced to describe a body in R™
that was closed and bounded, and therefore had finite volume. This working definition
was used throughout the book. A more precise definition in the present context is to
say that a compact manifold is a manifold that can be reconstructed from (or covered
by) taking the union of a finite number of patches, each of which is bounded in its size.

It is sometimes useful to consider n-dimensional orientable manifolds with boundary.
The boundary (which is also taken to be orientable) is then (n — 1)-dimensional. One
way to view this is by starting with an orientable manifold, M, without boundary,
and embedding an orientable submanifold, 9M, of dimension n — 1 in such a way that
it partitions M into two disjoint components, each of which is an open set. This is
analogous to the way that the famous Jordan curve theorem describes how a simple
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closed curve partitions the plane into two disjoint parts, one that describes points on
the interior of the curve and one that describes the exterior. If we call one of these parts
M C M, then MUOM is a manifold with boundary. A manifold with boundary, M C M,
is usually defined in books on differential geometry by piecing together patches for M
and patches that locally look like the closed half space in R™ defined by the constraint
z, > 0.

For example, if M = 52, the unit sphere in R3, then by inscribing a simple closed
curve on the sphere defines a boundary between two regions. Each of these open regions
is a manifold. Taking the union of either one with the closed curve defines a manifold
with boundary.

In the discussions above there has been very little geometric content because there
was no mention of distance. The distinction between differential topology and differential
geometry is that in geometric discussions a metric is required. Earlier, a Riemannian
metric was induced by the way a manifold was embedded in Euclidean space. However,
it is possible to define this in an intrinsic way. If T, M denotes the tangent space to the
smooth manifold M at the point € M, then the Riemannian metric is a family of
functions .

e TeMxT,M —-R VYV zeM (7.94)

such that the function f(z) = g¢.(A(z), B(z)) is differentiable for all 2 € M and
A(z), B(z) € T, M. Furthermore, if {X;(z)} is a basis for T,,M, the matrix with entries
9ij(z) = ¢.(X;(x), X;(2)) is symmetric in the arguments. A corresponding tensor is
denoted as

G= Z gij(x)dx; ® dz;j, (7.95)

4,j=1
where the tensor product ® in the above expression is between elements of the ba-
sis {dx;} for the dual space (T,,M)*, which is called the cotangent space of M at x.
The tensor G is the Riemannian metric tensor. A smooth manifold equipped with a
Riemannian metric tensor is called a Riemannian manifold. indexRiemannian!manifold

7.6.1 Computing Tangent Vectors and Boundary Normals in Local
Coordinates

As an alternative to describing vector fields on manifolds in an ambient Euclidean space
in which the manifold is taken to be embedded, it is possible to describe vector fields
in terms of coordinate charts and mappings among the charts. For example, given a
vector field V = 3. v;(q)0/dg; in coordinate system {qi,...,¢n} and given ¢ = ¢(q),
it is possible to use the mapping ¢ to push forward the vector field and express it as
V=3 ,el [8¢/6qT]\q@)v(q(qs))@/@qbi.. This is nothing more than (6.80). The local
geometry of the manifold is encoded in the transition between the maps and the metric.
As a concrete example, consider the vector field W defined in terms of coordinate
{q1,q2,q3} for the hyper-spherical cap example presented in Section 7.3.2 as

1o} 0 0
W = — —_— 7.96
Wi g T W g ws (7.96)
or equivalently, w = [wy, wq, w3]T where
4q;

w; =

V@ +d+d
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Since the Jacobian matrix has already been computed, and since from (7.29)
[0/ 5‘qT}|q( & = [0q/0¢T]~1, which was already computed explicitly, the vector field

¥, W can be written by inspection (together with some trigonometry) as

0
P, WV = tany 90

Now suppose that an abstract manifold M is defined locally in terms of the coordi-
nates q and metric G(q). From the example above it should be clear how to transform
vector fields between coordinates. In principle, as the whole manifold is traversed a se-
ries of such changes in coordinates can be made. Now suppose that a submanifold is
defined locally in terms of coordinates as q(s) where m — 1 = dim(s) = dim(q) — 1. The
question then becomes, how can the normal to 9M be defined without reference to any
knowledge of how M might be embedded?

The answer is that analogs of the calculations performed for the embedded case follow
when the abstract inner product (9/9¢;,9/0q;) = g;; is defined for tangent vectors. If
the coordinates s are chosen in such a way ¢ = [sT, s,,]7 is a full set of local coordinates
for a neighborhood in M with s,, = 0 locally defining the submanifold, then the normal
direction for the submanifold in this coordinate system will be 9/9s,,. If @ = q(¢),
then pushing 9/9s,, forward will provide the description of the normal to M in the
coordinates q.

7.6.2 Stokes’ Theorem for Manifolds

Let M be a compact orientable manifold of dimension m with boundary OM of dimen-
sion m—1. Let w denote an (m—1)-form on M, and dw denote the m-form resulting from
exterior differentiation of w. Then Stokes’ theorem for manifolds is stated as [20, 23, 1]

/M du = /8 e (7.97)

Suppose that M and M are contained in a manifold M of dimension m and that
their volume elements are respectively dV and dS. (Both of these are defined by the
Riemannian metric on M .) At any point p € M let n(p) denote the unit normal vector
to OM that points away from M, and that is contained in the tangent space of M at
p. When written as n(p), this vector can be thought of as an m-dimensional array of
functions {n;}. Alternatively, calligraphic “N” will denote the same vector field written
as in (6.60).1°

If the metric tensor for M in coordinates q is G(q), then the inner product of two
vector fields, V = Y. v;0/0q; and W = >, w;0/0q;, at the point in M defined by a
specific value of q is

VW) = (v, w) = [v(@)]"[G(a)lw(q).

The difference is that n¢ = ¢n is just scalar multiplication of the entries in the array n
by ¢, whereas N'¢ = >, n;0¢/0¢q; = n - grad ¢ is not the same as ¢N = ¢ >, n:9/0q;.
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Given a vector field w defined on the tangent bundle'” of M, and scalar function
¢ defined on M, the following (more explicit, and more specialized) forms of Stokes’
theorem for orientable manifolds can be written as'® (see, e.g., [43])

Theorem 7.1. The Divergence Theorem for Manifolds with Boundary:

/M div(w) dV = / (w,n)dS. (7.98)

oM

Theorem 7.2. First Green’s Theorem for Manifolds with Boundary:

/ [¢1 div(grad ¢o) + (grad ¢ , grad ¢2)] dV = / DN ¢o dS. (7.99)
M oM

Theorem 7.3. Second Green’s Theorem for Manifolds with Boundary:

/ (61 div(grad o) — ¢ div(grad é1)] dV = / (6N s — $oN1)dS.  (7.100)
M OM

Theorem 7.4. Integration-by-Parts for Manifolds with Boundary:

/(gradqﬁ,w)de/ (w,n)¢dS — [ ¢div(w)dV. (7.101)
M oM

M

These can either be proved as special cases of Stokes’ theorem using intrinsic and
coordinate-free geometric techniques, or using the extrinsic and coordinate-dependent
approach described earlier in this chapter for the case of an embedded manifold.

These theorems are now demonstrated with the example of a hyper-spherical cap
and its boundary submanifold from Section 7.3.2.

Example 1: Inner Product of Vector Fields

The calculations involved in computing the inner product of vector fields on a man-
ifold are now illustrated with an example using both intrinsic and extrinsic approaches.
Previous examples demonstrated the inner product of vector fields and Stokes’ theorem
for domains and surfaces in R®. However, it also applies to embedded manifolds as well
as to manifolds defined by coordinate charts that need not be embedded in R™. We first
consider the case of an embedded manifold with boundary, and then consider intrin-
sic calculations. Again, the example of an open hyper-spherical cap, M, with spherical
boundary, M, will be used as the example. In this example, one coordinate chart is
sufficient to cover the whole manifold. When performing integrations over M and 0M,

"The tangent space at one point on a manifold is not the same object as the tangent spaces
at another point on the same manifold. However, they are equivalent in that they have the same
dimension, and for manifolds embedded in Euclidean space, one tangent space can be rigidly
moved so as to coincide with another. The collection of all of these tangent spaces indexed by
points on the manifold, together with a projection map, is called the tangent bundle. A single
vector that is tangent to a manifold at a particular point is contained in a single tangent space.
In contrast, a vector field “on the manifold” can be viewed as a mapping from the manifold to
the tangent bundle.

'8 M has m-dimensional volume element dV and @M has (m—1)-dimensional volume element
ds.
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they will therefore be performed in the coordinates q. The range of parameters in the
integrations will be

D={qlllaf <rn} and 9D ={ql[all=rn}. (7.102)

As an initial example, let

ox
q1 o

ox

K :1_ 2_2—1 ,
(@ =1 -q —q3) o0

. 3
and  H(q) = (1 -¢f —¢5 — ¢3)*
or equivalently,

k(@) =[(1—q3 —3)'q,0,007 and h(q)=[(1—q¢} — ¢ —¢?)%,0,0/7.

Note that K € R*, but k € R3. These contain equivalent information as the modern
notation
0 0

=k d h
K=k sa o o =gy g1’

Then (7.19) reduces to

(ko h) = / 1T 2 41 |G ()] dq = / a1 da.
D

llall<ra

This integral is most easily evaluated by converting q to the spherical coordinates

q1 =rcos¢sinf;  go =rsingsinf; g3 = rcosb.

Th T 2m
(k,h) = / / / (r cos ¢ sin 0)7? sin 0 dpdfdr = 0
o Jo Jo

since fo% cos ¢ deo = 0.

Then

Example 2: Divergence Theorem for Vector Fields on Manifolds Without
Embedding

Let us assume that G(q) is given as in (7.23), and that one coordinate chart is
enough in this example. Since G is specified, the way that the sphere is embedded in
R* can be completely forgotten, and all calculations can be performed in this chart.

For the vector field in (7.96),

div(w) = -3 Z 3

=1 q1

o))
N‘H
\-/

w

5‘wi
9q;

l 3 _1
— (1- | 22[1—||q|| )~ F gy + (1 — [lq2)

i=1

3
(9’LUZ‘
-y [ 1= ) g+ aql]

i=1

1 - ”q” Z%wz

= (- lal*)” 1||01||+2||01|| 1-
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Then

/ div(w)dV = / 10— al®)lall + 2llal~ 1}|Gq>%d1dq2dqg
M

2m
/ / / { - 5 RTRE 72 sin O dpdfdr
_r2)5 o

On the other hand, for this particular vector field and bounding surface, (w,n) =
wlGn = 1/h and so

/ (w,n)dS = / (w”Gn) |7 ()G (a(s)) T (s)]| ds
oM

27
// (1/h) - (rp) bln52d81d52

h —~(1-h3).

This illustrates Theorem 7.1 in the context of this particular example.
Example 3: Integration by Parts on Manifolds Without Embedding

In addition to the vector field defined in (7.96), define the scalar function
¢ =g

With these and the metric tensor defined in (7.23), the integration-by-parts formula in
Theorem 7.4 can be demonstrated. First, observe that

/(graqu,w)dV:/(G_1Vq¢)TGW|G|%dq
M D
:/(vq¢)Tw|G|%dq
D
_ 2/ @ lal~* - (1 = [|all2)~* dq

27
_2/ / / 7“(:080 (1—r2)’%rzsint9d¢d9dr
27
:2_</ _ ) (/ / Cos 051n0d¢d9>
0 (1—7‘2 2
3 } "
0

Th
S L {3(14 )2 (1-r?)
For the particular vector field w = n/h and bounding surface M, w'Gn = 1/h.
Therefore

Nl=

3 0 (1 — 7"2)5 3

= %[h3/3 —h+2/3].
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/ (w,n)¢dS = / s(a(s))[w(a(s)]” Glals)n(a(s)|I” (s)G(a(s)J(s))]? ds
oM oD

i 27
1
= / / (74 cos s)? - 7 (1,)? sin sodsydsy

h2 27
/ / cos? so sin sods;dsy

1—h2
3 h ’

[ odvtwiav = [ s@) {1~ ) lall + 20l "} Gl@l da
M D
= [ 2alal~ 0~ lal®)Fda+ [ 0= Jal®) 2 alda

2 2
/// { 2(r cos 0)" +(TCOSG):}T2sin9d¢d0dr
1—r2)2r  (1—r2)32
7T|:/Th 2r3dr Jr/”L rodr }
3 Uy a—er T G

- ?W (2073 — 2h + 4/3) + (=h®/3+ 2h + h ™" — 8/3)] .
Substituting these into the formula in Theorem 7.4 verifies integration by parts for this

example.

S

Example 4: Green’s First Theorem for Vector Fields on Manifolds Without
Embedding

In addition to the vector field defined in (7.96), define the scalar functions
$1(@) =i +a3  and  ¢2(q) = g3

Then Green’s theorems (7.2 and 7.3) can be demonstrated. Only Theorem 7.2 is demon-
strated here.
To begin, observe that for this example

G 'Vab2 = [-2q163, —24203,2(1 — ¢3)q3])"

and so
~ 0 S 9¢ 9
G(q)|2 o222 = 59 111 lal2)-ta o2
> o 0@ ot @2 | = <250 [ ety ]
0 T
25 (1= llal) 0203
6 1
2—— (1 — 2\—3 1— 2
25 (1= llal?) 20— ad)as]

= —2(1— al®) "2 [(1 - lal®) " (¢} + a3)a? + 243)
+2(1— al®) "2 [ - lal?)
(1—q3)q5 + (1 —3¢3)]

= 2(1— [laf*) %1 - 443]
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and
(Vad1) "G 'Vada = —4(¢13 + 6363)-
Also,
5. 96
Zni 2 = (hcos s2)(2 cos s2).
. 9q;
=1 a=q(s)

Now consider each of the three integrals in this theorem:

¢d1div(grad o) dV = / (bli 9 |G(Q)\%igij(q)% dq
M p =9 0q;

_ 2/ (Q%+q§)[l—4tﬁ]dq
D 1—||01|| )2

2m

_ / / / — 472 cos? O)r?sin? 0 2 sin 0drdedd

1—7”2)5
27 Th T4

2 ( / / sin® 9d¢d9> : / —dr

o (1-r2)3
2w 7,.6
-8 (/ / cos? @ sin® 9d¢d9> / —dr
0 (-3

1 4 6
L L A A ST
3 0 (]_—’]"2)5 15 0 (1 —’["2)5

/ (grad 6y, grad go) dV = / (Va61)T[G(@)] "L (Vqé2) [G(a)|Fda
M D

b - o)}

2
- / / / 4 sin HCIOS 012 6in 0drdsdo
(1—1r2)
2m 3 ,,,6
—4 (/ / cos? 0 sin® 9d¢d9) / —dr
o (I—r?)z

32
B A S (7.104)
15 0 (1 — ’["2)5

and
3

oNomds = [ o [2_: n ‘Zﬂ T (9)Ga(s) I (5)| Fds

(2

oM

27
= / / [(rp, cos s1 sin s2)? 4 (7, sin s1 sin s)?] (7.105)

- (2hr, cos? $92) rh)2 sin so ds;dsy

27
h(rp) / / sin® 5o cos? 5o ds;dss

= 16—”h(l — h?)3. (7.106)
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Green’s First Theorem will then hold in this example if

1 Th 4 2 Th 6
7/ A—Q—Tm—f/mg—i—fd Afm1—ﬁﬁ.
3Jo (1-r2)3 5Jo (1-r2)3 15

Indeed, this can be verified by consulting tables of integrals.
Equation (7.103) is a straightforward implementation of (5.50) and the factor of
|G(q)|~2 from div(grad(¢,)) cancels with the factor of |G(q)|2 in the definition of
= |G(q)|2dq. The inner product in (7.104) is interpreted as in (7.14), where grad ¢ =

[G(@)] ™ (Vq¢), and so (grad ¢y, grad da) = ([G(q)]™'Vq¢1)! [G(@)]([G(q)] " Vqd2),
leading to the simplification in (7.104). And the vector field A in the equation pre-
ceding (7.105) is interpreted as in Section 7.6.1.

Example 5: Integration of Forms on Manifolds Without Embedding

Let M be the manifold defined by (7.20) with [q|| < r» = (1 — h2?)2, and let
OM = S? be the boundary of M. If

a = az(q) dg1 A dgo — az(q) dgi A dgs + a1(q) dgz A dgs,

then
do = (5‘@1 9az  Oag
O Oq2  Og3

/ do :/ V -adq
M lall<rs

where V- is the usual divergence operator in R3.
More specifically, define a 2-form

o= q1 dgy A dgs + q2 q3

VE+ G+ ¢ V@G + a3+ a3 G+a+a3

The exterior derivative of this form is computed according to the rule (7.92) as

> dg1 N dga N dgs

and

dg1 N dgs + dgo N dgs.

2
da = —q2 + 20143 + G dq1 N dgs N dgs.
(@3 + a2 +q3)*

Therefore,

2 2 2
/ da:—/ %dql/\dqz/\dqg.
lall<rn (g1 + a3 +¢3)>

This is most easily computed by converting to a spherical coordinate system such as
qu =rcosgsing; gy =rsingsinf; g3 = rcosb.
It follows from (6.77) that
dqi ANdga A dgs = —r?sinf@dg A db A dr.

And since ¢2 4 ¢2 + ¢2 = ¢'3, and the negative signs in the above expressions cancel,

/da—/ / /27T 2f (b’ — 22 5in 0 dpdOdr

B (Th)2 ™ 27 )
= T/O ; f(¢,0)sin 0 dpdo
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where
f($,0) = cos? ¢psin? @ + 2 cos psin § cos § + cos> 6.

Evaluating the integrals using trigonometric identities gives

41
da = —(rp)?. (7.107)
M 3
Spherical coordinates can be used to parameterize this boundary as
q1 = T, COS S18iN Sg; g = T, SN S1 8N Sa; @3 = T, COS S2.
In these coordinates,
_ 2(qin2 S o qin2 .
a = (rp)*(sin® s1 sin” s5 — 2 cos 51 sin” o cos s2) dsy A dss

and

T 27
4
/ a = (Th)Q/ / (sin2 51 sin® 89 — 2 cos 51 sin? s cos S9) dsidse = —W(rh)2,
oM o Jo 3

which is the same as the result in (7.107), thus illustrating Stokes’ theorem.

7.6.3 The Gauss—Bonnet—Chern Theorem

There are two ways to extend the Gauss—Bonnet theorem to higher dimensions. The
first approach is extrinsic, viewing the manifold as being embedded in some Euclidean
space. For an n-dimensional hyper-surface in R™*!, it is possible to define a normal line
corresponding to each point, exactly as in the case of two-dimensional surfaces in R3. Ie
this approach is taken for an n-dimensional manifold in R™"?, the problem arises that
there is not a single normal vector for each point on the manifold, but rather a whole
normal space of dimension p. Every vector in this normal space will be orthogonal to
every vector in the tangent to the manifold. An (n+p-+1)-dimensional plane spanned by
the normal space and one of the tangent vectors can be used to “slice” the manifold. The
result will be a one-dimensional curve, the signed curvature of which can be computed.
This can be done for each of n independent tangent directions. The resulting curvatures
can be used in a similar way to construct an analog of the Gaussian curvature for
manifolds. This can then be integrated over a compact oriented Riemannian manifold
to obtain a generalization of the Gauss-Bonnet theorem.!® The case when p = 1 was
addressed by Hopf [33]. The case for arbitrary p was addressed by Allendoerfer and Weil
[2, 3] and Fenchel [22].

The second approach, which is purely intrinsic, is due to Chern [16], and uses dif-
ferential forms. It is considered to be more general than the approaches in which the
manifold is embedded in Euclidean space, and thus the renaming of this result as the
Gauss—Bonnet-Chern theorem. From a purely computational point of view, the end
result can be written in coordinates as

1
/ kdV = =Opi1x(M) (7.108)
" 2

9 A compact manifold with Riemannian metric defined will have a total volume with respect
to that metric that is finite.
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where k is the appropriate generalization of the Gaussian curvature and x(M) is the
Euler characteristic of M.

In local coordinates dV (q) = |G(q)|2 dq . . . dgy, is the volume element for the mani-
fold (defined with respect to an appropriate metric tensor, G(g)). Recall from Section 2.3
that 0,41 denotes the volume of the unit sphere in R™*1. The function that takes the
place of curvature in the classical Gauss—Bonnet theorem is k(q) = P(R(q)) where [48]

P(R) :U;E:Hn %&m,a(2>m<1>m<2)Ro<3>,a<4>m<3>,w<4> - Bon—1),0(m)m(n—1)m(n) -
(7.109)
Here sgn(7) is the sign of a permutation . The function P(-), called the Pfaffian,
converts the Riemannian metric tensor, R, into a scalar. Recall that the Riemannian
metric tensor can be written in component form as Rﬁj g OF Rijp = Zm gsz;f;Lk. If the
manifold is embedded in Euclidean space and parameterized as x = x(q1, ..., ¢, ) € R*TP,
the elements of the metric tensor are then g;; = 0x/0q; - 0x/Jq; and all of the other
formulas from Section 5.4.2 that are based on the metric tensor (such as those for the
Christoffel symbols, I i’j-, and the elements of the Riemannian metric tensor, RZL,C) still
apply. The only difference is that the indices now all range from 1 to n rather than 1
to 2.
The definition in (7.109) can be thought of as the natural higher-dimensional gen-
eralization of (5.65), and can be restated in terms of the language of differential forms

as follows. Define the curvature 2-form as [45)

) 1 .
0 =—3 > Ry dan A dgy. (7.110)
hk

If these are viewed as the entries in an n x n skew-symmetric matrix 2 = [Ql] |, then

| v@avia = [ P

where the Pfaffian of an even-dimensional skew-symmetric matrix S can be reinterpreted
as [58]

. 1
P(S) = Wﬂ; €(m)Sr(1),7(2) - - Sr(n—1),7(n)

and is related to the determinant of S as
[P(9)]? = detS.

In the case when n is odd, this will always be zero, and hence so too will be (7.108).
The torsion 2-form for M is defined as [45]
=T} dgn Adgy. (7.111)
hk

Given an embedding, this form describes how the n-dimensional manifold “twists
around” in R™*P,

7.7 Fiber Bundles and Connections

In this section two concepts that play important roles in modern differential geome-
try are reviewed. Section 7.7.1 focuses on the concept of fiber bundles, which includes
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vector bundles, tangent bundles, normal bundles, and frame bundles, among others.
Section 7.7.2 discusses the concept of affine and Riemannian connections. In the world
of coordinate-free intrinsic differential geometry these concepts play a vital role. In the
stochastic modeling problems that arise in engineering and biology where the mani-
folds of interest are usually embedded in Euclidean space in a way that is dictated
by the problem, these concepts are less critical. However, they are provided here for
completeness.

7.7.1 Fiber Bundles

In Chapter 5 we encountered the concept of tubular surfaces. A tubular surface can be
decomposed in two natural ways. The planes normal to the backbone curve (i.e., those
planes that have as their normal the tangent to the backbone curve) can be used to
“chop up” a tubular surface into an infinite number of circles. Alternatively, a tubular
surface can be viewed as an infinite number of parallel curves that are offset from the
backbone by a fixed radius. It is natural to think of these offset curves as fibers. Each
fiber can be associated with one point on one of the circles resulting from the intersection
of a plane normal to the backbone curve and the tubular surface. Picking one of these
circles, the tube can be thought of as a collection of fibers sprouting from the circle.
The circle in this context is called a base space, and the whole tube can be thought of
as a “bundle” of offset curves. Given the same example, we could pick one of the offset
curves, and use it as the base space, in which case associated with each point of an
offset curve would be one and only one circle. Then the circles become fibers, and the
tube could be called a bundle of circles.

The above two scenarios define two different fiber bundles from the same tubular
surface. The tubular surface, which is an example of a total space (also called the entire
or bundle space), is the same in both cases and can be viewed locally as the direct
product of a base space and a fiber space. In other words, the tube locally looks like
a cylinder. It is not until the larger picture is viewed that the distinction between, for
example, a knotted torus and a cylinder becomes clear. The way that the total space is
decomposed into fibers and base space defines different fiber bundles.

Equipped with this intuitive picture, a more precise and general definition can now
be understood more easily. A fiber bundle is a mathematical structure consisting of the
four objects (F, B, m, F') where B is the base space, F' is the fiber space, F is the entire
(or total) space (which “locally looks like” a direct product B x F'), and 7 is a continuous
projection map « : £ — B. This map has the property that for any open neighborhood
U, C B of a point x € B, the inverse image 7~ !(U,) can be mapped bijectively and
continuously to an open subset of U, x F. A set 7~ !(2) C 7= %(U,) is called the fiber
over the point x € B. For a tubular surface in R? with a circle as the base space, 7 can
be thought of as the operation of collapsing each offset curve to a single point on the
circle. Then 7~ !(z € S!) is a particular offset curve, or fiber.

A wvector bundle is a special kind of fiber bundle in which the fibers are each vector
spaces and the projection map satisfies some additional properties. Since every point on
an m-dimensional manifold, x € M, has an associated tangent space, T'M,., the total
space consisting of all pairs (x, TM,,) where x € M together with B = M and F 2 R™,
and an appropriate projection map?° is a special kind of vector bundle called a tangent

20The projection map, 7, is defined as m : TM — M where v, € TM, gets mapped to x,
i.e., m(vy) = z. For any tangent vector field X : M — TM, the projection map is defined to
satisfy the additional condition that w o X : M — M is the identity map.
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bundle. If M is m-dimensional, then the total space in this case will be 2m-dimensional.
Alternatively, for an m-dimensional manifold embedded in R™, each point x € M has an
associated normal space, N M,,, which is the (n—m)-dimensional orthogonal complement
of TM, in R™. The total space consisting of all pairs (x, NM,) is n-dimensional. This
total space together with B = M, F = R"™™, and an appropriate projection map
defines a normal bundle.

Other sorts of fiber bundles exist. (For example, the tubular surface example is not
a vector bundle.) A framed simple curve or surface, or more generally a manifold with
a frame attached at each point, defines a frame bundle. If associated with each point
x € M a sphere is attached, then the result is a sphere bundle. The previously described
decomposition of the tubular surface into a bundle of circles is an example of this. A
famous use of the concept of a fiber bundle is the Hopf fibration of the three sphere
[33, 34]. Whereas S® # S! x S2, it is possible to view S% as a fiber bundle in which S?
is the base space and each fiber is isomorphic to a copy of S*.

The following example arose as part of the author’s studies in the statistical me-
chanics of polymer chains. Consider a “semi-flexible polymer” (i.e., one whose shape
can be described by a differentiable backbone curve). An example of such a polymer
is the DNA molecule. Let the end positions be fixed at a distance that is shorter than
the length of the backbone curve segment connecting the end points. As the molecule is
subjected to forcing due to Brownian motion, the minimal energy shape of this polymer
(highlighted as the dark path in Figure 7.7.1) will be perturbed, and will produce an
ensemble of different shapes. Each of these shapes is called a conformation.

Each of the backbone curves corresponding to an individual conformation can be
fully described at a certain level of detail as a framed curve. Each of these conformations
may have a different length as they stretch or compress. However, each framed curve
representing an individual conformation can be parameterized with the arc length s €
(0,1) of the baseline (minimal energy) conformation, where the values s =0 and s = 1
corresponding to the end constraints are excluded. Suppose that a continuous index
set, 17, is assigned to track all possible conformations. For example, at s = 1/2 we can
imagine recording the cloud of reference frames that are visited by the infinite number of
possible conformations, and tag each one with an element of 7. Each tag v € 7" might be
constructed with a lot of detailed facts about the conformation, including the curvature
and torsion functions that define it. If enough of the attributes of each conformation
are captured by each tag, then it is acceptable to assume as part of this model that for
each v € T there is only one conformation.

Then when considering all possible conformations, the full set of reference frames
will be

E={g(s,v)|s€(0,1),0 €T}

This set can be fibered in two ways. Perhaps the most intuitive way is to treat
each conformation as a fiber that sprouts in both directions from the base space
B = {¢(1/2,v)|v € T} and terminates at the fixed end points. The projection map
in this case shrinks each fiber (i.e., each framed curve) to a specific tag, v € 7. And
each fiber can be viewed as the inverse image of this projection map. Locally, any slice
of this bundle of conformations from s = sy to s = sy + € looks like the manifold
U x (sg,80 + €) where U C SE(3) (the Lie group of rigid-body motions in three-
dimensional space). And, if each tag is constructed with enough detail, it is possible
to map each U x (sg, So + €) to a specific v € 1" for sufficiently small € € R<.

But, as with the torus example described earlier, there can be more than one way to
describe a given space as a fiber bundle. Rather than treating conformations as fibers,
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we can treat the unperturbed minimal energy conformation as the base space. Then,
for each fixed value of s € (0,1) corresponding to a specific point on this baseline
conformation, fibers can be defined as the subset of rigid-body motions attainable by
the specific frame at arc-length s under forcing by Brownian motion:

F(s)={g(s,v)|veT} C SE(3).

Fig. 7.6. A Conformational Bundle

A classic work on fiber bundles in which topological and group-theoretic aspects are
addressed is Steenrod [60]. Kobayashi and Nomizu [38] also provide a comprehensive
geometric treatment. However, they do not consider the sort of infinite dimensional
conformational bundles discussed here and in [17].

7.7.2 Connections

For an m-dimensional manifold embedded in R", many geometric calculations are
straightforward, and are quite similar to those performed for a curve or surface in R3.
This is because the position of every point on a curve in an embedded manifold is a
parameterized curve in R™. The tangent vector to this curve is tangent to the manifold,
and is also a vector in R™. Explicitly this tangent vector is obtained by simply taking
the derivative of the parameterized vector of Cartesian coordinates of position along the
curve in R™. The second derivative of position with respect to curve parameter will have
a component in the tangent space and a component in the normal space. This is not
a problem at all for curves on embedded manifolds. However, for an abstract manifold
that is not embedded in R", there is no ambient space that “ties together” each of the
local coordinate charts, and there is no normal space defined in which the second deriva-
tive can have a component. However, it is still possible to consider the component of the
derivative of the tangent to a curve in the tangent space. In the context of an embedded
manifold, this component is the projection of the second derivative of position along a
curve onto the tangent space, which defines the covariant derivative of a tangent vector.

In the case when a manifold is not embedded in R™, things are not as straightforward,
since the tangent space at z(t) and x(t + dt) are two different spaces. Whereas this is
not a big deal for embedded manifolds because in that context 7'M,y and T My ;4 qr)
can be related by an affine motion in R"™, in the case when the way the manifold is
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embedded in R™ is not known, an additional quantity must be defined to “connect”
the properties of the tangent space at one point in a manifold with those of a tangent
space of a nearby point in the manifold. This connection can be thought of as a rule
for computing the part of the rate of change of a tangent vector that remains in the
tangent space as a curve meanders through a manifold.

In Section 7.3.1, vector fields were defined in a coordinate-dependent way for man-
ifolds embedded in R™. In that context, the basis vectors for a vector field were given
as vectors 0x/dq; € R™. In the coordinate-free setting, the basis vectors are denoted
as X; for i = 1,...,m and there is no dependence of the definition on a particular set
of coordinates or a particular embedding of the manifold in R™. In this context the set
of all smooth vector fields on a manifold M is denoted as X(M). For any V € X(M)
evaluated at any x € M as V, = >, v;(x)X; this means that each v;(z) € C*°(M). In
this notation given any ¢ € C'*°(M) the product ¢V, is simply scalar multiplication,
but when written in the reverse order, V,,(¢) involves differentiation of ¢.

Given a Riemannian manifold, M, with metric tensor G = [g;;] and Christoffel
symbols I Z’; =TI fi, a symmetric Riemannian connection can be defined to be the unique
mapping that takes in any two smooth vector fields X, Y € X(M) and produces a
new one, VxY € X(M) with certain properties. In particular, if V. WX, Y € X(M) and
o, € C*° (M), the following properties are defined to hold for a symmetric Riemannian
connection V as stated in [9, 20]:

VovigpwY = oVyY + VYV (

Vx(V+W)=VxV+VxW (
Vx(¢Y) = ¢VxY + X(¢)Y (7.114
Vx, X; =Y IfXy. (

k

Furthermore, the covariant derivative of a vector field Vi (4)) = D, v (t) Xy defined in
terms of coordinates q as

DV N duvy, Ain k

ﬁ—§ ﬁ+;%ﬁ%_m (7.116)
satisfies the condition [20]

d DV DW

where (-, -) is the coordinate-free version of the inner product defined in coordinates in
(7.15). This bare-bones description of connections can be augmented by further reading.
See, for example, [11] and references therein.

Such tools are obviously important for physicists studying the large-scale structure
of the physical universe since it is not at all obvious how the universe might be embedded
in some larger Euclidean space. However, for engineering and biology problems, where
the manifolds of interest are those that describe allowable motions of a physical system,
the embedding in R"™ is often dictated by the problem itself. And it is therefore not
necessary to pretend that the way in which the configuration manifold is embedded is
not known.
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7.8 The Heat Equation on a Riemannian Manifold

The heat equation on a Riemannian manifold can be defined as

or .
Tl div(gradf). (7.118)

21

An eigenfunction of the Laplacian' is a function that satisfies

div(grady) = A

for some scalar number A, called an eigenvalue. For a compact Riemannian manifold,
M, the set of all such numbers is discrete (i.e., infinite but countable). Furthermore,
given two eigenvalue-eigenfunction pairs, (1;, A;) and (¢}, A;), the rules for integration
discussed in prior sections of this chapter can be used to show that for a compact
Riemannian manifold without boundary

where (-, -) denotes the inner product of scalar functions on M, i.e., the integral over
M of the product of the functions. The set of all eigenfunctions forms a complete
orthogonal system of functions on M that can be taken to be orthonormal without
loss of generality. Furthermore, A\; € R and it is a non-positive number. For a compact
Riemannian manifold without boundary, the eigenvalue with smallest absolute value
will be )\(] =0.

Letting q denote local coordinates, expanding f(q,t) = >, ¢;(¢)¥i(q), and substi-
tuting into (7.118) then gives

fla.t) = Zcz-<0>e-“%'wi<q>.

=0

If f(q,0) is a pdf, then so too will be f(q,t). In this case ¢¢(0) = 1/Vol(M). And so
A f(q,t) = 1/Vol(M).

The values of all of the coefficients {c¢;(0)} are dictated by initial conditions. The rate
at which the above limit is reached is dictated by the value of the eigenvalue with next
smallest absolute value. The geometric meanings of eigenvalues of the Laplacian have
been studied extensively. See [15, 54] for details and numerous references.

7.9 Chapter Summary

This chapter introduced the concept of a manifold together with the mathematical
tools required to compute curvature and to integrate on manifolds. The concept and
properties of convex polytopes were explored. The relationship between the Minkowski
sum of polytopes and the convolution product of functions was examined.

2Tn differential geometry the Laplacian is usually defined as the negative of this, so that the
eigenvalues are all non-negative. The notation used here differs from that convention in order
to be more consistent with the way Laplacians are defined in engineering applications.
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In this chapter polytopes and manifolds were treated. While it was not proven here
that the formula for the Euler characteristic extends to higher-dimensional Euclidean
spaces, this fact can be found in the literature. See, for example, [42]. In recent years
some work has been done to merge these topics [8]. The differential topology of man-
ifolds via the Gauss—Bonnet—Chern theorem and the use of the Euler characteristic in
higher dimensions were briefly touched on. Works that focus on the connection between
geometry and topology of manifolds include [10, 68, 69]. Other readable introductions
to differential geometry and topology of manifolds include [5, 27, 40, 49]. Applications
of differential geometry to mechanics are addressed in [1, 7, 11, 12].

In the next chapter stochastic differential equations on manifolds are discussed, and
the corresponding Fokker—Planck equations are derived. This general theory is illus-
trated in the context of Brownian motion on the sphere. The specialized case of Brown-
ian motion on Lie groups will be discussed in detail in Volume 2. It is important to keep
in mind that the problems discussed in the next chapter involve the flow of probability
density on a manifold. The corresponding partial differential (Fokker—Planck) equations
are linear. This is very different than the topic of Ricci flow, which has received consid-
erable attention in recent years. In Ricci flow, a non-linear partial differential equation
of the form

%—Cz = —2Ric(Q)
is propagated for given initial metric tensor Gy, where Ric(G) is the Ricci curvature
tensor defined in (7.42). The long-time behavior of G(t) governed by this equation is
then used to determine topological properties of the manifold described by G(t) as
t — co. While this subject is not addressed in this book other than in this paragraph,
it is a hot area of research worth knowing about. For additional reading, see [31, 52, 62]

and references therein.

7.10 Exercises

7.1. Verify that the Euler characteristic of the surfaces of the regular polyhedra in R3
(Tetrahedron, Cube, Octahedron, Dodecahedron, Icosahedron) are all x(0B) = 2. Then
divide up the polyhedral bodies defined by these surfaces into pyramidal cells, and verify
that x(B) = 1.

7.2. The Klein bottle is like a 2-torus that is twisted in R%. It can be parameterized as [6]

z1 = (a + bsin ) cos ¢
9 = (a+ bsinf) sin ¢

x3 = bcosf cos g (7.119)

T4 = bcos@sing
where 0 < 6, ¢ < 27w and a > b. Demonstrate that this is not orientable.

7.3. Using integration by parts, prove that the gradient and divergence are the “dual”
(or adjoint) of each other in the sense that (7.38) holds.

7.4. Which of the following are manifolds? (a) the standard unit circle in the plane;
(b) the open disk (region enclosed by, but not including, the unit circle); (c) a figure-
eight curve; (d) a two-sided cone; (e) a one-sided cone; (f) a sphere; (g) the set of all nxn
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real matrices; (h) the intersection of a sphere and infinite cylinder in three-dimensional
space.

7.5. The 2-torus examined in Section 5.4.5 is embedded in R2. It is possible to embed a
2-torus in R* as
x(6,$) = [rcosd,rcos, Rcos ¢, Rsin ¢]” .

Compute the metric tensor and Gaussian curvature for this 2-torus, and use the Gauss—
Bonnet theorem to verify that it has the same genus as the 2-torus in Section 5.4.5.

7.6. In analogy with (5.140), for a four-dimensional array of hyper-cubes compute

fo(0B), f1(0B), f2(0B), and f5(0B).

7.7. Using the result of the previous problem, show that
X(0B) = fo(0B) — f1(0B) + f2(0B) — f3(0B) = 0,

and this remains true regardless of any sculpting, void formation, drilling, or cleaving
operations.

7.8. Using Stokes’ theorem, show that if w = AT is an (n—1)-form with 6 being a p-form
and 7 being a g-form (so that p + ¢ = n — 1), then the following integration-by-parts
formula holds [6]:

/d@/\T: ONT —(— /0/\d7’ (7.120)
oM

and in particular, if ¢ is a scalar function (i.e., a O-form) and « is an (n — 1)-form, then
from Stokes’ theorem w = ¢ « satisfies

/qub/\a:/aM¢a—/M¢da. (7.121)

7.9. Consider two surfaces x(uy,us2),y(vi,v2) € R? that respectively have Gaussian
curvatures k, (ug,us) and ky(v1, v2). Embed the Cartesian product of these surfaces in

RS using the rule
x(ul, UQ) >

z(U1, U2, V1, V2) =
( 1 2, V1 2) < y(vh ’UQ)
Using the Gauss—Bonnet—Chern theorem, show that (5.104) holds in this special case.

7.10. Using (6.96) as the starting point, the Hodge star operator, , applied to a k-form,
By, on an n-dimensional manifold, M, can be defined as *() such that for any k-form
ay the following equality holds:

/ak/\*ﬂk:/ a-BdV.
M M

Here a¢ and 3 can be thought of as column arrays of length (n) that define the forms

k
ap and (i, where each entry in these arrays is a real-valued function on M. From this
definition: (a) choose your favorite three-dimensional manifold, and compute the Hodge
star operator for generic 1-, 2-; and 3-forms on that manifold; (b) use the generalized
Levi-Civita symbol to write %3, for any (3 on any n-manifold.
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8

Stochastic Processes on Manifolds

This chapter extends the discussion of stochastic differential equations and Fokker—
Planck equations on FEuclidean space initiated in Chapter 4 to the case of processes that
evolve on a Riemannian manifold. The manifold either can be embedded in R™ or can be
an abstract manifold with Riemannian metric defined in coordinates. Section 8.1 formu-
lates SDEs and Fokker—Planck equations in a coordinate patch. Section 8.2 formulates
SDEs for an implicitly defined embedded manifold using Cartesian coordinates in the
ambient space. Section 8.3 focuses on Stratonovich SDEs on manifolds. The subtleties
involved in the conversion between It6 and Stratonovich formulations are explained.
Section 8.4 explores entropy inequalities on manifolds. In Section 8.5 the following ex-
amples are used to illustrate the general methodology: (1) Brownian motion on the
sphere and (2) the stochastic kinematic cart described in Chapter 1. Section 8.6 dis-
cusses methods for solving Fokker—Planck equations on manifolds. Exercises involving
numerical implementations are provided at the end of the chapter.
The main points to take away from this chapter are:

e SDEs and Fokker—Planck equations can be formulated for stochastic processes in
any coordinate patch of a manifold in a way that is very similar to the case of R";

e Stochastic processes on embedded manifolds can also be formulated extrinsically, i.e.,
using an implicit description of the manifold as a system of constraint equations;
In some cases Fokker—Planck equations can be solved using separation of variables;
Practical examples of this theory include Brownian motion on the sphere and the
kinematic cart with noise.

8.1 The Fokker—Planck Equation for an Ité6 SDE on a Manifold:
A Parametric Approach

The derivation of the Fokker—Planck equation governing the time evolution of pdfs on
a Riemannian manifold proceeds in an analogous way to the derivation in R™ that was
provided in Section 4.5.6. This subject has been studied extensively in the mathematics
literature. See, for example, the classic works of Yosida [30, 31, 32], It6 [11, 12],and
McKean [17]. Aspects of diffusion processes on manifolds remain of interest today (see,
e.g., [1, 5, 6, 8, 10, 13, 14)).

Unlike many derivations in the modern mathematics literature, the derivation of the
Fokker—Planck equation for the case of a Riemannian manifold presented in this section
is strictly coordinate-dependent.

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 289
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 8,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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The coordinates for a patch in a d-dimensional manifold are written as a column
vector q = [q1, ..., qq]”. In this context g;(¢) denotes a stochastic process corresponding
to the coordinate ¢;.

Consider the It6 SDE

dq =h(q,t) + H(q,t)dw (8.1)

where h,q € R? and w € R™.

The notation dq has been “double packed” in the sense that it has two meanings that
are distinguished by their context. In the first meaning in (8.1), dq = q(t + dt) — q(?).
However, it is also convenient to write dq = dqidqs .. .dqq as the volume element in
parameter space. These two very different quantities typically do not appear in the
same equation. If ever they do, then the volume element is denoted as d(q).

The definition of the Wiener process and associated derivations proceed as in Chapter
4. The metric tensor for the manifold is G = [g;;], the inverse of which is denoted
G~ = [¢%]. The only difference now is that the integration by parts required to isolate
the function €(q) from the rest of the integrand in the final steps in the derivation in
Section 4.5.6 will be weighted by |G|z due to the fact that the volume element in the
manifold M is dV(q) = |G(q)|2dq where dq = dg; ...dgq. In particular, if p(q]s,t)
denotes the transition probability for the stochastic process corresponding to the SDE
from the state s = q(¢t — dt) to q = q(t), then

Oe Oe

" £h1(57t)p(q|sat)dv(s) = RY £h1(57t)p(q|s,t)|G(S)‘§dS =

_/]Rd G(S)a% (hi(S,t)p(q|S7t)|G(S)|%) ds.

The integration over all R? is valid since e(s) and its derivatives vanish outside of a
compact subset of R? which can be assumed to be contained in the range of a single
coordinate chart of M. Then integrating by parts twice yields

/ a726h(s t)p(qls,t)dV(s) =
Y 88188] 7 Y p q ) -

0? 1
% (hi(s,t e 5) ds.
|, @5 (s optals. DIGE) ) ds
Using the standard localization argument as in Section 4.5.6, extracting the functional
which multiplies €(s), and setting it equal to zero yields, after division by |G(q)|Z, the
following Fokker—Planck equation:

d

of 1 0 1 1, 1
o H1aT Y g (16 ) = 5101

i=1 ij=1

d

0? L &
G|?> H;HE 8.2
o (10 St ) | o2

where the simplifying notation f(q,t) = p(qls,t) is used. The second term on the left
side of the equation above can be written as div(fh) (where the divergence operator
is defined in (5.49)), and this raises questions about the differential-geometric interpre-
tation of the right-hand side. In many cases of interest, the matrices H;x(q,t) will be
the inverse of the Jacobian matrix, and hence in these cases ), Hii(q, t)HkT] (q,t) =
Sk (i) M (Jei)™HT) = (945(a))™" = (¢9(q)). In those cases, the Fokker-Planck
equation on M becomes
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d
G 2 azi (16t hifa.0)f(a,1)) = (8.3)
1 e P 1
3100 S (Iot@ o7 @)r@.n).

This equation is similar to, though not exactly the same as, the heat equation on M
written in coordinate-dependent form. In fact, a straightforward calculation explained
by Brockett [4] equates the Fokker—Planck and heat equation

d

in the special case when

hi(q) = %Z <G(q)|§(gij(q))a(;a((](:)|2 . ag(;ﬂng)> '

This is clear by expanding the term on the right-hand side of (8.3) as

d

) > o |5 (16l @ @)ran)|.
and observing the chain rule:
5 (161 e (@) (a.0) = <<g”‘<q>)8%(q‘j)'2 +1G(a)l %qq) (a1
o (@)@ 1%

8.2 It6 Stochastic Differential Equations on an Embedded
Manifold: An Implicit Approach

8.2.1 The General It6 Case

Let x(t) € R™ denote a vector-valued stochastic process. Define the vector-valued func-
tion a(x,t) € R™ and the matrix-valued function B(x,t) € R"*™. Then x(t) is defined
by the stochastic differential equation (SDE)

dx = a(x, t)dt + B(x,t)dw (8.5)

where dw € R™ is a vector of uncorrelated, unit-strength white noise processes. This is
not the same as the equation defined in coordinates in the previous section. It does not
have the same dimensions or variables.

Now suppose that a system of constraints y = g(x,¢) = 0 € R™ is used to define
a manifold, M, of dimension d = n — m embedded in R™. What must be true for the
Ité6 SDE in (8.5), which is defined in the ambient Euclidean space, to evolve on the
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manifold M? The answer is provided by Ité’s rule (4.55), which in the current context
means that starting from a value xq such that g(xg,t) = 0 and satisfying the condition
that dy = 0, then in component form the following condition must hold:

g — gk L~ Py
o 2 00" TG 2 Do,

when (8.5) is substituted in. This imposes conditions on the allowable a and B such
that the sample paths of the SDE will evolve on the time-evolving manifold M. In
practice, the case when M does not change with time is more common. In that case,

gla;t) = g(z).

8.2.2 Bilinear It6 Equations that Evolve on a Quadratic Hyper-Surface in
Rn

In [3], Brockett examined the properties of I1t6 SDEs of the form

dx = Axdt +»  dw;B;x (8.7)

i=1

(where A and B; are independent of x) and explained simple conditions under which
this equation would evolve on a quadratic hyper-surface in R™ of the form

xTQx=1 (8.8)

where Q = QT € R"™. These include ellipsoidal and hyperbolic hyper-surfaces.

Applying the derivative to (8.8) results in the condition d(x?@x) = 0, which is
evaluated using Ito’s rule (8.6), in the case of the equation y = x?7@Q x (which has no
subscript k since it is a single scalar equation), to yield

2(Qx)Tdx + dx"Qdx = 0. (8.9)

Substitution of (8.7) into this equation gives

2xT

QAdt+) " dw;QB;

7

x+x [(ATdt + " dw; B )Q(Adt + Y dw;B;)| x =0,
( J

(8.10)
From the rules of stochastic calculus, dtdw; = 0 and dw;dw; = §;;dt (where equality is
under the expectation operator), which reduce the second term to

> Bl'QB;dt

7

X.

x" [(ATdt + ) dw; B )Q(Adt + > dw;B;) | x = x"
i J

Furthermore, since in general x* Px = 1x* (P + P7)x, the first term in (8.10) can be
symmetrized as

oxT x =x’ X.

QAdt +) " dw;QB;

(QA+ATQ)dt +) " dw;(QB; + Bl Q)
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Therefore, (8.10) is written by combining these two terms as
x [(QA+ATQ+Y  BFAB)dt + " dw;(QB; + B/ Q)| x=0.

It follows that sufficient conditions for (8.7) to “stay on” the manifold defined by (8.8)
are

m
QA+ A"Q+Y BFAB; =0 and QB;+B/Q=0 for j=1,..,m. (8.11)
i=1
Each of the above symmetric n X n matrix equations represents n(n + 1)/2 scalar con-
straints, and there are m + 1 such equations leading to (m + 1)n(n + 1)/2 scalar con-
straints.
Of course, the SDEs in (8.7) are not the only ones that will “stay on” the manifold
defined by (8.8). Returning to (8.5) and substituting this SDE into (8.9) yields the
conditions

BTQx=0 and xTQa+ %tr(BTQB) =0. (8.12)

This is a far less restrictive condition than (8.11) because it only imposes n + 1 scalar
constraints.

8.3 Stratonovich SDEs and Fokker—Planck Equations on
Manifolds

In analogy with the way It6 equations can be defined either parametrically or implicitly,
the same can be done for Stratonovich SDEs. The general theory for the parametric
case is presented in Section 8.3.1. The implicit formulation for Stratonovich SDEs on
manifolds is discussed in Section 8.3.2.
8.3.1 Stratonovich SDEs on Manifolds: Parametric Approach
The Stratonovich SDE corresponding to (8.1) is

dq=h*(q,t) + H°(q,t) ®dw (8.13)

where () is used to denote the Stratonovich interpretation of an SDE, and

1L 0H,
hi=hi—; ZZH;C: : and  Hj = H,;. (8.14)

If instead the SDE (8.13) is given and the corresponding It6 equation (8.1) is sought,
then (8.14) is used in reverse to yield

1 & B
hi = hi + 522}1,; 8qu and  Hy = Hj;. (8.15)

Therefore, it follows from substitution of (8.15) into (8.2) that the Stratonovich
version of a Fokker—Planck equation describing a process on a manifold is
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Af iiee D 1 L& fj o
=+l ;aqi 52}; | fler| =
- - 8.16
R - " . ~10
— 2 s HS 2 |,
2|G| pa 5qi<9qj Z ik ]kf|G‘
i,j=1 k=1

This is important because in many physical modeling problems, the following sort
of Stratonovich SDE is presented:

J(a)dgq = b(t) + By ® dw (8.17)

where By is a constant coupling matrix. For example, if g(¢) represents a rotational or
full rigid-body motion, then infinitesimal motions are described in terms of a Jacobian
matrix as

(97'9)"dt = J(q)dq, (8.18)

where V is an operation that extracts the non-redundant information in ¢~ !¢ and collects
it in the form of a column vector. The Jacobian matrix is related to the metric tensor
as G = JTJ.

And (8.17) is written as

dq = [J(q)]""b(t) + [J(q)] 7' Bo® dw. (8.19)

The interpretation of (8.17) is what allows for the simple expression in (8.18), rather
than the extra terms that would be required when using It6’s rule. Clearly the final
result in (8.19) now has a coupling matrix that is not constant, and so even if (8.17)
could be interpreted as either Itd6 or Stratonovich, the result after the Stratonovich
interpretation in (8.18) must thereafter be interpreted as a Stratonovich equation.

8.3.2 Stratonovich SDEs on Manifolds: Implicit Approach
Given a Stratonovich SDE in R™ of the form
dx = a’(x,t)dt + B*(x,t) ® dw, (8.20)

conditions under which it will evolve on an implicitly defined manifold of dimension
d = n—m follow from the rules of usual calculus. Namely, given the system of constraints
g(x,t) = 0 € R™ that define a manifold, M, then as long as the initial value x(0) =
xo € R™ satisfies this constraint, the necessary condition for (8.20) to evolve on M at
all future times is simply

Z gg; dr; =0 for i=1,..m. (8.21)

For example, the condition that the system
dx = A*xdt + Y dw; B} ®x (8.22)
i=1

evolve on a quadratic hyper-surface in R™ of the form in (8.8) is simply x7Qdx = 0.
However, the difficulty comes when trying to simplify the result since in the Stratonovich
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calculus (z;dw;dwy) # z;(dw;dwy). Therefore, at the stage where (8.7) is substituted
into x7Qdx = 0 it is convenient to convert everything to Itd form to obtain the con-
straints on A° and B; for the process to evolve on the manifold defined by x” Qdx = 0.

Having said this, a word of caution is in order about implicit equations and SDEs on
manifolds. Both the formulation in this subsection and that in Section 8.2 are mathe-
matical statements of the problem of SDEs on manifolds. This does not mean that they
are good numerical ways to model SDEs on manifolds. In fact, when using the simplest
codes for integrating SDEs, such as the Euler—-Maruyama method referenced in Chapter
4, these implicit descriptions can give rise to “solutions” that rapidly diverge from the
manifold of interest. In contrast, solutions to SDEs defined parametrically will always
stay within the manifold if they remain in a coordinate patch and do not get close to
singularities where the parametric description breaks down.

8.4 Entropy and Fokker—Planck Equations on Manifolds

The entropy of a probability density function on a manifold can be defined as

- /M f@)log @)V = — [ f(a)log f(@)|G(a)[Fd(q) (8.23)

qeD
where in the second equality f(q) is shorthand for f(z(q)) and D C R™ is the coor-
dinate domain (assuming that the whole manifold minus a set of measure zero can be
parameterized by one such domain).

A natural issue to address is how the entropy S(f) behaves as a function of time
when f(z;t) satisfies a Fokker—Planck equation. Differentiating (8.23) with respect to

time gives
as af af
T / {815 log f + = }dV.

The Fokker—Planck equation (8.2) itself can be used to replace the partial derivatives
with respect to time with derivatives in local coordinates in the manifold. Then integra-
tion by parts can be used. Taking the coordinate-free view, the formulas in (7.98)—(7.101)
can be used to convert the integrals of differential operators over the manifold to more
convenient integrals. In the case of a manifold without boundary, the same formulas
apply with the boundary integrals set equal to zero.

It is easy to show that
/ dv = —/ fdv =0

because probability density is preserved by the Fokker—Planck equation.
Taking a coordinate-dependent view, the remaining term is written as

s of :
%=, s Icda)

d 9 . . m
o > g (61ms) 5 Zaqa% (lGPéHMH;Z;f) log / d(q).

Integrating by parts, and ignoring the boundary terms, gives dS/dt equal to
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(8.24)
In general it is not guaranteed that this will be a non-negative quantity. For exam-
ple, the Ornstein—Uhlenbeck process in R™ forces an initial distribution to converge
to the equilibrium one, regardless of whether the initial covariance is smaller or larger
than the equilibrium covariance. However, if some constraints on the coefficient func-
tions {h;(q,t)} and {H;;(q,t)} are preserved, then entropy can be shown to be non-
decreasing. In particular, in cases when the first and third term vanish, the entropy will
be non-decreasing because

)
HikaTja—;_ > 0.
J

1« Of
?Zaqi

.5,k

8.5 Examples

This section begins by seeking the answer to a simply stated question: What SDEs will
describe processes that evolve on the unit sphere, and of these, which have a Fokker—
Planck equation that is simply the heat equation? In principle since operations with
Stratonovich integrals parallel those of standard calculus, it would seem that this should
be straightforward. However, there are some subtle points that need to be kept in mind.
This is first illustrated in the context of processes on the unit sphere in R3, and then
for the stochastic kinematic cart that moves by translation and rotation on the plane
R2.

8.5.1 Stochastic Motion on the Unit Circle
Consider the SDE
1
dr, = fixldt — Todw
(8.25)

1
dry = _ngdt + z1dw.

Interpret (z1,22) as Cartesian coordinates in the plane. Convert to polar coordinates,
z1 = x1(r,0) = rcosf, and xo = x5(r,0) = rsinf. In this problem the coordinates

q=[q1,q])" are ¢ =7 and ¢z = 6. And so,
9zy Ozy
90 cos 6 99 sin 0
= . and = .
9z, —rsinf dza rcos 6
dq2 0q2

Likewise,
82 €T 82 T

9q10q1 9q10q2 ( 0 —sin0>

e 0P —sinf —rcosf
0q20q1 0q20q2

and
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8212 82$2
0q10q1 991092 0 cos b
~ \cosf@ —rsinf )’

82.’162 32.’162
0g20q1 0q20q2

Substitution into Itd’s rule, which holds regardless of the SDE in (8.25), gives

1

dxy = cosOdr — rsin 0df — sin 6drdf — o7 cos 0(do)? (8.26)
1

dxo = sinOdr + r cos 0df + cos Odrdf — 3" sin 0(df)?. (8.27)

Now, assume that an SDE in these new variables exists and can be written as

dr = a1dt + bidw
df = asdt + badw

where a; = a;(r,0) and b; = b;(r, ).
Substitution of the above expressions into (8.26) and (8.27), and using the stochastic
calculus rules dw? = dt and dt? = dtdw = 0 gives

1
dr, = {al cosf — asrsin® — bybysinf — ibgr cos 9} dt 4 (b1 cos @ — byrsin 0)dw
and

1
drg = {al sin @ -+ agr cos 6 + byby cos 6 — ibgr sin 0} dt + (by sin 0 + bar cos 0)dw.

Then substituting these into (8.25) forces a; = as = by = 0 and by = 1, resulting in the
SDE
df = dw.

This shows that (8.25) are Itd stochastic differential equations for a process that
evolves only in 0, with r remaining constant. In other words, this is a kind of stochastic
motion on the circle.

8.5.2 The Unit Sphere in R3: Parametric Formulation
Let the position of any point on the unit sphere, S?, be parameterized as

cos ¢sin 6
u(¢,0) = | singsinf | . (8.28)
cosf

It follows from the fact that u-u = 1 that taking the derivative of both sides yields
u - du = 0 where

ou Ju
du = —df + —d¢. 2
u= - + 90 10) (8.29)
And since df and d¢ are independent,
ou Ju
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Of course, this can be verified by direct calculation. Furthermore, since

du Ou ou ou .,
%,%71 and a—(ﬁ'af(bfsme,
the vectors
Low 1 ou
ViT%s MY V2T G000

form an orthonormal basis for the tangent plane to the sphere at the point u(¢, 8), with
Vi X Vg = u.

Indeed, any version of this coordinate system rotated around the vector u of the
form

v/ =vicosa — vasina
vy = vy sina + va cos a
(8.31)

will also form an orthonormal basis for this tangent plane, where @ = «a(¢,0) is an
arbitrary smooth function. This will be relevant later, but for now the focus will be the
basis {v1,va}.

Consider the Stratonovich equation

du = v1®dw1 +V2®dw2,

which would seem like a reasonable definition of Brownian motion on the sphere. Taking
the dot product of both sides with respect to v; and va, and observing (8.29), the
resulting two scalar equations can be written as

<ZZ) - (cl) 1/£in9> ® <ZZ;) (8.32)

The corresponding Fokker—Planck equation is

af 0% f
E |:8Q2+2 ot9——f+

which is clearly not the heat equation.
Using the result of Exercise 8.2, a Stratonovich SDE that does correspond to the
heat equation,
of 1[&%f 1 9%f
at [392 * sin298¢2]

do 1 1 0 dw
<d¢> QCotHeZ (O 1/sin0) ® (dw;) (8.33)

Using the result of Exercise 8.3, the It6 SDE corresponding to (8.33) is of exactly
the same form.

is
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8.5.3 SDEs on Spheres and Rotations: Extrinsic Formulation

Let z € R™ and consider the It6 SDE given in @Qksendal [19]:

dz = a(z)dlt + B(z)dw where a(z) = — (n ; 1)z and B(z)=1-2zz". (8.34)

It is easy to verify that (8.34) satisfies the conditions (8.12) for @ = ¢I for any ¢ € R+,

and hence if ||z(0)|| = 1, the sample paths will stay on the sphere in n-dimensional
space, S™~!, for all values of time. This is left as an exercise.
The Itd6 SDE
dxl T T2 I3 0 dw1
dzo =—|ax |dt+ | —2x1 0 3 dws |, (835)
dSC3 I3 0 —T1 —T2 dw3

which can be thought of as a kind of spatial generalization of (8.25), or as a special case
of (8.7), defines sample paths that evolve on the sphere S?, as verified in Exercise 8.4.
Consider the matrix It6 SDE where R € R™*™:

(n—1)

dR =~

dt + Y (Eij — Ej;) Rdw;; (8.36)

i,j=1

where dw;; are n® uncorrelated unit-strength white noises. If E;; is the matrix with
the number 1 in the ijth entry and zero everywhere else, Brockett [3, 4] showed that if
R(0) € SO(n), then R(t) € SO(n) for all t > 0.1

8.5.4 The SDE and Fokker—Planck Equation for the Kinematic Cart

Each matrix g(z,y, ) of the form in (1.1) for § € [0,27) and =,y € R can be identified
with a point on the manifold M = R? x S'. In addition, the product of such matrices
produces a matrix of the same kind. Explicitly, if

cost); —sinb; x;
g; = | sin6; cosb; y;
0 0 1

for i = 1,2, then

cos(0y + 0) —sin(0; + 63) 21 + w9 cos by — yo sin by
9192 = | sin(01 + 02) cos(01 + 02) y1 + x2sin by + yo cos by
0 0 1

This product is an analytic function from M x M — M, which makes M (together with
the operation of matrix multiplication) a Lie group (called the Special Euclidean group,
or motion group, of the plane, and denoted as SFE(2)). Lie groups are not addressed
formally in this volume, and M is treated simply as a manifold. The added structure
provided by Lie groups makes the formulation of problems easier rather than harder.

1SO(n) denotes the set of “special orthogonal” n x n matrices defined by the condition
RRT =T and detR = +1. The set of all such matrices forms a group under matrix multiplica-
tion. This set is also an n(n — 1)/2-dimensional manifold. In fact SO(n) is an example of a Lie

group.
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Lie groups are addressed in detail in Volume 2. For now, the manifold structure of M
is sufficient to formulate the problem of the stochastic cart.

Consider the following variant on the SDE stated in (1.4) that describes the scenario
in Figure 1.1:

dx rw cos 6 5 cost) 5 cosf dw
dy | = [ rwsiné | dt + VD 5sind g sm¢9 ( 1) . (8.37)
do 0 » Clr dws

L L

Using the general formulation in (8.2), the Fokker—Planck equation becomes

6—f, rwcosﬂa / rwsin @ —— or
o or ay
D ’1“2 82f/ 2f/ 82f/ 2’/‘2 an/
5 (2(308298 +—1 2988 —|— 982 7 802).(8.38)

The notation f’ is used here to distinguish the solution to the above Fokker—Planck
equation from the following one which arises in a variety of applications, as will be seen
in Volume 2:

of
ot

of g 0f 9% f o*f  0%f]
24 B G 7 21 IR

+O€|:COS€8+S ay @—F@

This diffusion equation with drift is highly degenerate when ¢ = 0, which happens
frequently in applications. See, for example, [28].

8.6 Solution Techniques

Once Fokker—Planck equations are derived, the goal becomes either solving them, or
at least obtaining as many properties of the solutions as possible. The emphasis here
will be solution methods. These fall into two categories (1) analytical solutions and
(2) numerical solutions. Both kinds of solution methods are discussed below.

8.6.1 Finite Difference and Finite Elements

Finite-difference methods are standard in the solution of partial differential equations.
In this method, differential operators applied to a function f(x) are approximated as

of

Bxl €

[f(x +eei) — f(x)] (8.40)

where € is a small positive number. Exactly how small is small is sometimes the subject
of debate. One strategy for choosing € is to try a value, then try half of that value,
and repeat. Each time compare how the approximated value of the partial derivative
compared with the prior one. If the value is chosen to be too small, the limitations of
machine precision will come into play to ruin the approximation. If the value of epsilon
is too large relative to the size of the smallest fluctuations of the function, then the
approximation will also fail. The value of € for which doubling and halving will cause
the least effect on the estimate of the partial derivative is then a robust choice.
The approximation in (8.40) is often called a “forward difference,” in contrast to
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af 1
azi ~ E[f(x) - f(X - eel)]a
which is a “backward difference” and
af 1
v Q*G[f(x‘F ce;) — f(x — ce;)],

which is called a “centered difference.”

In finite-difference schemes applied to linear PDEs such as the Fokker—Planck equa-
tion, the parametric domain is sampled on a regular grid. The value of the function
f(q,t) at each grid point q then becomes a component in a vector of dimension N¢
where d is the dimension of the manifold and N is the number of discretizations in
each parameter. The original PDE then becomes a system of ODEs in this vector. This
approach can be used for relatively low-dimensional problems (i.e., when d = 1,2,3),
but can be prohibitive for high-dimensional problems, even for moderate values of N.

Numerical losses in the finite-difference method can be substantial as the time param-
eter becomes large. The finite-element method (FEM) goes one step further to attempt
to conserve quantities that should not vary. In the finite-element method the functions
are not simply sampled on a grid, but expanded in a basis of local shape functions.
These ensure that piecewise smooth functions are defined on polytopes in parameter
space, and meet each other with differentiability conditions that are specified by the
programmer. This means that a continuous solution results. Finite-element methods
are used in engineering practice to model mechanical systems (i.e., solid mechanics,
fluid mechanics, and heat transfer problems) because they do well at conserving mass,
momentum, heat, etc. By extension, it would make sense that they would do well to
conserve probability density when applied to a Fokker—Planck equation. However, they
suffer from the same “curse of dimensionality” as finite differences.

8.6.2 Non-Parametric Density Estimation

In contrast to finite-difference methods and FEM, which are generic numerical tools for
solving PDEs, numerical methods exist specifically for approximating the solutions to
Fokker—Planck equations. This is because Fokker—Planck equations were derived from
SDEs. And therefore, if a very large number of sample paths are generated from the
SDE and stored, the histograms that result will approximate the desired pdfs.

In a sense, taking this approach would circumvent the need to derive a Fokker—Planck
in the first place, since when it comes time to solving the Fokker—Planck equation the
approach returns to the SDE. While this approach is valid, it has several limitations.
First, the number of samples needed to recover the salient features of a pdf at each
fixed value of time can be quite large. And this method also can suffer from the curse
of dimensionality if a grid is established in the parametric domain to evaluate the pdf.
The actual estimation of values of the pdf on the grid can be performed in a variety
of ways. The simplest of these is the histogram method. More sophisticated schemes
use kernel-based density estimation in which each sample point is replaced by a small
probability density function (such as a Gaussian distribution). Each of these is called a
kernel. Then the contributions of each kernel are added at each grid point to estimate
the overall pdf.

8.6.3 Separation of Variables: Diffusion on SE(2) as a Case Study

For particular kinds of linear partial differential equations, the standard solution method
is separation of variables. When this method works, it is very convenient because it re-
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duces the original multi-dimensional problem to many coupled single-dimensional ones.
This is a powerful tool to circumvent the curse of dimensionality because the full multi-
dimensional solution can be reconstructed at relatively low resolution in an efficient
way.

The drawback of this method is that not every linear PDE can be separated. Con-
ditions for separability were discussed in the context of the heat equation in Chapter
2. These conditions need to be applied on a case-by-case basis. This section therefore
addresses the separation-of-variables solution of (8.39) which is a Fokker-Planck equa-
tion on the three-dimensional manifold of SE(2). Note that when a = 0 this is nothing
more than a special case of the driftless time-varying diffusion equation examined in
Section 2.6.

The following subsections address various issues related to when the above equations
can be solved using separation of variables.

Transformation of Coordinates in the SE(2) Diffusion Equation

Let a = oy and 8 = [y be positive constants, e = 0, and consider the following special

case of (8.39):

of af | .

e + ay |cos 98—x + sin — o= 502 — O- (8.41)
Can this equation be solved by separation of varlables? In 1999, a graduate student in
the author’s research group proclaimed “of course, just make a change of coordinates
of the form

af 2 f

' = xcosf+ ysinb
y = —xsinf + ycosb
0 =0

and all of the trigonometric coefficients will disappear.”
Indeed, if f(x,y,0;t) = f'(2/,y/,0';t), then by the chain rule

of _orox ofoy opow _of L, of L,
or 8z dx = Oy dx ' 00 Ox B0 © oy’
of _orox of oy of o0 _of /
o or oy oy oy 00 dy  ox’ 9+a/0050

and so 5 5 o
cos 98—2: + sinﬂa—; = 8—3{;/
However, this is not the end of the story since
of _of 0" O0f oy O0f 00"  Of
00 0z’ 90 Oy 90 00’ 90 T 00"

Noting that

/

aa—:; = —zsinf +ycosl =y
/

% = —zcosf —ysinf = —a’
/

00 _1

00
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of _ ,of  ,of  of
==y = —a =+ =
00 ox’ oy 0o
This means that (8.41) is transformed to

af’ 8f’ af' Of 0PN,
ot ( ay' ) f=0

- oy T o0 (8.42)
While it is true that the trigonometric terms have been removed, new terms have been
introduced.

This begs the question: “Is it possible to find any coordinate system in which sepa-
ration of variables will work for (8.41) or (8.42)7?” To address this question, the method
of symmetry operators will be attempted.

Symmetry Operators for the SE(2) Diffusion Equation

Here the methodology discussed in Section 2.8 is applied to (8.41). When written in
terms of the original parameters, any symmetry operators will be of the form

+ O(z,y,0, t)3 +T(z,y,0, t)g

0 0
L= X(xayvevt)% + Y(xayvevt)@

It follows that

>’f >’f >’f >’f
ETE +aocosﬂXﬁ+aosm9Xa 8y_BOX8m86‘2

O f O f 0*f *f
yi _
oty woy T 0sin? oY 5002

o2 f P of a of o f
+98t80+ 0959 (0089a )+ 0989 (51 93 )—609803
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Expanding these out further using the chain rule,



304 8 Stochastic Processes on Manifolds

9% f O*f . O*f >Pf
L — 4 _ 4
Qf = X ETE —l—aocos@Xa 2+a05m9X83:8y ﬁoX@x@HQ
0% f O*f O*f PPf
+Y8t8y +a06059Yax8y +aosm9YWfﬂo 35007
o*f . ,0f of?
+@W — B s1n0% + oz()@cosﬂa e
of af? >*f
+a0@c0898—+a0@sm08 50 ﬂo@aei%
2 2 2 3
o°f D*f 0% f ’°f
T—L _
+ 92 —|—oz0Tcos€a 5 +a0TSln08y8t ﬁOTZ?OQat
of of . Of % f
+Z§t —&—aoZCOSHG—x—i—aOZsmGa—y ﬁOZW
and
0X of 9% f 0X of 9% f 0X of
Lf = —2ZL =L =L =2
QLf 5 3x+X8x8t+aOCObeé) o + oc059X82+ 0S 08y o
, % f 92X 8f 0X 0°f O3 f
taosind X g s T %0 ar 2% %g awon ~ X arae
oy of 9% f oY of 92 f
Dty T agar T ocostigr g, taocostY g
oY of 82f %Y of oY 9*f PBf
p— =L - J gz
Faosinb g +aosindY s = b ggr g, ~ 2050 ag00 Y 5,002
90 0f % f 0 of 9% f
ot 90+ Pgaor T a0l gg T wcostOF57
00 8 f o2 f 920 of 00 0*f 3
Faosindg5g taosinb 055~ bogg g ~ 2P0 aar — % gz
T of | 0%f T Of of2 . 0T of
T—L -z -z
o ot + o2 + « ocosﬁax 5 + « ocosOT(98 +« Osmﬁay 5t
9% f PTof ﬁanﬂf 6T63f
oty 002 ot 090 0ton 00201
—|— f—i—Zaf—l—ozocosé’a f—i—aocosﬁZ%—l—aosmea—f—i—aosm9Zg
ot ox oy
927 07 of 9% f
“Poggz ] 2050 55 ~ P gg



8.6 Solution Techniques 305

0X

_[(0X 0X . of
[Q,L)f = (——i—aocosé'a +a051n96 ﬁo 502 +a0951n9> 3z
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90 0x00
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+(at+a000596 +aobln9 3y '60392) ﬂo@@at&‘)

oz 07 0z 0Z of
+(8t +aoc039a +aosm0 ﬂ0892)f ﬂo%%

By the definition of a symmetry operator, multipliers of each partial derivative of f in
this expression must equal the multipliers in

of of of *f
—RQf = —R— — Ray COSGa— — Ray sm@a— + RfBy—= 502"

This results in the following equations:

o +a00059?9X 4—040811108a ﬂo 502 + apOsinf = —Rag cosd
e Jqu)cose(?;fJrcvzgsm98a ﬂO%QTgfaO@cosH:fRaosinﬂ
W—&—aOCOSG%—FaOSinH% =0
7o o
220 — R
a;;+aocos02T+aosmﬁg ﬂga;Tz; =—R
En +a0cosﬂgz —|—aosm92 ,6’0822 =0

and
oxX oy or 0z

00 00 06 06
This leads to the reduction

=0.
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88_)15( + ap cos@%X + ap SIH986—); + apOsinf = 2ag COSQZ_? (8.43)
%Y + o cos aY + ag sin 9% — g8 cos§ = 2ag Smea@% (8.44)
8—6 + g cos f 86 + ap Sln@g—(; =0 (8.45)
a;; + g COS@ZT + agsin eg—z = 2% (8.46)
%f + o cost aZ + ap sin Haa—j =0 (8.47)

together with the conditions
X=Xy t); Y=Y(@yt) T=T(xyt) Z=2Zy,t)

and
9(337% oat) = C1(.13, y7t)0 + CQ(l‘,y,t)-

Since the trigonometric sequence {1, cos 6, sin 6, ...} forms a basis for the set of square-
integrable functions on the unit circle, and since Z does not depend on 6, each coefficient
of the terms 1, cos, and siné in (8.47) must be zero. This forces Z to be a constant,
which is denoted here as Z = Z;. A similar argument applied to (8.46) forces T' = T'(¢)
and the coefficient function ¢; = T'(¢) in the definition of O(x,y,0,t). Equation (8.45)
becomes

T"(t)0 + ag cos 0% + ap sin 088—6; =0.

Now the function h(f) = 6 can be expanded in a Taylor series, and since h(—6) = —h(0)
the result will be a sine series of the form

0) = Z ay, sin k6.
k=1

The exact values of {ay} can be obtained in a similar way as in Exercise 1.1. It suffices
to say that since ax # 0 for at least one value of k£ > 1, it must be the case that

8C2 802
T"(t) =0 ——=0; — =0.
®) - Oz " Oy
This forces
T(t) =bot +Tp and co = ca(t) (8.48)

where by and Tj are undetermined constants. Now turning to (8.43) and (8.44), the
completeness of the Fourier basis forces %—)f = % = 0. Substituting (8.48) into these
equations results in the equalities

oY
or
ox
y

=0 =T'(t)0 + c2(t)

= -0 =-T'(t)§ — c5(t).
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But since X and Y must both be independent of § and ¢, it must be that ca(t) = by = 0.
This means that © =0 and X, Y, Z, and T are all constants, and the resulting Lie
algebra of differential operators is spanned by the basis

0 0 0
Li=—; Lo=—; Ls3s=—; Ly=1
1 O ) 2 8y ) 3 ot ) 4
This is a commutative Lie algebra as is observed from the condition
[Li,L;] = 0.

Therefore the Fokker—Planck equation in (8.41) is separable.

Separation of the SE(2) Diffusion Equation

Knowing that a separable solution exists is the first step to finding the solution. In
classical separation of variables, a separable solution is assumed and substituted into
the partial differential equation of interest. In the current context, this becomes

f(@,y,0:t) = fu(2) £y (y) fo(0) [ (2).

Examining the special case of (8.39) when ey = 0 and «g = 1 that results in (8.41),
fa(2) fy(y) 5 (6)

—)Xo = cosf —sinf=Y + ,
P RE TR T )
which can be separated by dividing by cos @ and isolating f/(x)/f.(x) as
!/ /
A CO NP I 11C)) 7(6)

fo@) st MR T o 70(0)

Setting f1(x)/fz(x) = —po means that f,(x) = Cae #0*. Separating what remains by
isolating f, (y)/f,(y) (which requires a division by tan®) gives f;(y)/f,(y) = —vo or
fy(y) = Cse"°¥. Finally, fp is solved as

Bofs (0) + (Mo — o cos b + vy sin ) fo(0) = 0 (8.49)

which should be solved subject to the periodic boundary conditions

fo(0) = fo(2m) and  f4(0) = fo(2n).

Equation (8.49) could also have been obtained from the original equation by applying the
2D Fourier transform in = and y to f(x,y,0;t), in which case po = iw; and vy = iws.
Let the solution to (8.49) subject to these boundary conditions such that fp(0) = 1
be denoted as @f;g 1o (0). These solutions will contain freedom in scaling. The periodic
boundary conditions are automatically satisfied by taking a solution of the form of a

Fourier series:
1 2 ind
45,1);8 vo (0) = 5 Z qv)ugﬂ/o (n)em .

n—=—oo

Substitution into (8.49) leads to recurrence relations of the form

Ho,Y0 HosV0 Ho,sY0

(Ao =)0, (n) — %(Mo + i)y o (n— 1) + %(Mo + i)} L, (n+1) = 0.
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Then putting everything together,

f(,9,051) = e ote e gho (g) (8.50)

Ho,V0

We know that [, f(g,t)dg = 1, and so

/ / fx,y,0;t)d0dxdy = 1.

Therefore py and vy cannot have real parts. It was suggested to the author by Profs. E.
Kalnins and W. Miller that the solution based on (8.50) might be written in the form

f(:c,y,G;t)=Z/w RQf(whwz,/\;O)e‘”e‘“‘””e‘i‘”’-’yqﬁiwh,m(e)dw (8.51)
A S

where rather than expanding ¢ io1.—iw, (0) in & Fourier series (which is divergent), that

it be expressed either in terms of Mathieu functions as defined in [18], or using solutions
to quantum mechanical analogies as described in [7]. Numerically, this would involve
discretizing the Fourier integral and truncating the sum over allowable values of .

Returning to the general case in (8.39), substitution of an assumed separable solution
and division by f results in

AR 1 N /() AN HOIAD
fup ~ B eost% Ty —olt)smbTER 50T Gy T “’(fmc)*fy(y))

where a ’ denotes differentiation in the context of functions of only one variable.

When «, §, and € are all independent functions of time that are not constant multi-
ples of each other, the author has not found separable solutions of (8.39). In the special
case when they are constants g, [y, and €g, then the term f/(¢)/f:(t) written on the
left side of the equation, separated from the rest, depends only on ¢ whereas the terms
on the right side do not depend on ¢. Therefore both sides must be equal to a constant,
—Xo, and so f;(t) = Cre~*°!. It is no longer obvious to the author how , y, and € would
separate when ¢y # 0. This is one of the motivations for pursuing the non-commutative
harmonic analysis tools that are developed in Volume 2.

8.7 Chapter Summary

In this chapter the theory of SDEs and their corresponding Fokker—Planck equations
was extended from Euclidean space to the case of random processes on manifolds. This
was done in two ways: (1) using a parametric approach in which the SDE is expressed
in a local coordinate system and (2) defining an embedded manifold implicitly with
a system of constraints and expressing the SDE in the Cartesian coordinates of the
ambient Euclidean space. Examples illustrated the general methods. When it comes to
simple numerical implementations, the parametric approach is generally more reliable
because SDEs based on the implicit approach have the potential to generate sample
paths that diverge from the manifold in which they are supposed to be contained.
Models of stochastic motion on spheres were illustrated in this chapter. More ad-
vanced treatments of stochastic motion on spheres and other manifolds can be found
in [9, 15, 20, 24, 25, 26, 27]. A particularly important stochastic motion on a manifold
that arises in molecular applications is that of Brownian motion on the rotation group
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SO(3) [21, 22, 23]. Since Fokker—Planck equations are related to the heat equation with
a drift term, literature that connects the geometry of manifolds with the heat equation,
such as references provided in the previous chapter and [2, 16, 21, 29], are relevant to
studying the behavior of stochastic flows.

8.8 Exercises

8.1. As an alternative to the coordinate conversion in Section 8.5.1, show that (8.25)
corresponds to Brownian motion on the circle by proving that this SDE satisfies the
constraint g(x) = 2% + 23 — 1 = 0 when g(x¢) = 0 is observed for x(0) = x,.

8.2. Modify (8.32) by including a drift term of the form a(f, ¢)dt. Substitute this modi-
fied SDE into the Stratonovich form of the Fokker—Planck equation and verify that the
choice of a(6, ¢) that results in the heat equation is that defined by (8.33).

8.3. Show that the It6 equation corresponding to (8.33) has exactly the same form, and
the corresponding Fokker—Planck equation is also the heat equation.

8.4. Verify that (8.34) for n = 3 and (8.35) both define stochastic processes that evolve
on the sphere S2. Convert each of these into their equivalent spherical coordinate rep-
resentation, and derive the corresponding the Fokker—Planck equations. Do (8.34) for
n = 3 and (8.35) define equivalent processes?

8.5. Verify that R(t) in (8.36) satisfies the constraint R(t)RT(t) = I for all values of
time as long as the same constraint is satisfied at ¢t = 0.

8.6. Prove that if q parameterizes a whole manifold (up to a set of measure zero defined
by singularities) and |G(qp)| # 0, then the solution to a Fokker-Planck equation on a
manifold, f(q,t), satisfies the constraint

/ f(a.8)[G(q)|Fdq = 1 (8.52)

when f(q,0) = d(q — qo).
8.7. Using the fact that the volume element for SE(2) is of the form dxdydf (i.e., the

determinant of the metric tensor is equal to unity), derive (8.38) from (8.37).

8.8. Show that the Stratonovich SDE corresponding to (8.37) is of exactly the same
form, and has the Fokker-Planck equation (8.38).

8.9. Starting with the Fokker—Planck equation in (8.39), work backwards and obtain
one or more [t6 SDEs that would give rise to it.
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Summary

This volume presented the fundamentals of probability, parts of information theory,
differential geometry, and stochastic processes at a level that is connected with phys-
ical modeling. The emphasis has been on reporting results that can be readily imple-
mented as simple computer programs, though detailed numerical analysis has not been
addressed. In this way it is hoped that a potentially useful language for describing phys-
ical problems from various engineering and scientific fields has been made accessible to
a wider audience. Not only the terminology and concepts, but also the results of the
theorems presented serve the goal of efficient physical description. In this context, effi-
ciency means that the essence of any stochastic phenomenon drawn from a broad set of
such phenomena can be captured with relatively simple equations in few variables. And
these equations can be solved either analytically or numerically in a way that requires
minimal calculations (either by human or computer). This goal is somewhat different
than that of most books on stochastic processes. A common goal in other books is to
train students of mathematics to learn how to prove theorems. While the ability to
prove a theorem is at the center of a pure mathematician’s skill set, the results that are
spun off during that process sometimes need reinterpretation and restatement in less
precise (but more accessible) language in order to be used by practitioners. In other
words, rather than stating results in the classical definition—theorem—proof style aimed
at pure mathematicians, this book is intended for mathematical modelers including en-
gineers, computational biologists, physical scientists, numerical analysts, and applied
and computational mathematicians.

A primary goal of mathematical modeling is to obtain the equations that govern a
physical phenomenon. After that point, the rest becomes an issue of numerical imple-
mentation. In this volume many equations have been provided that can serve as potent
descriptive tools. The combination of geometry, information theory, and stochastic cal-
culus that is provided here can be applied directly to model engineering and biological
problems. The numerous explicit examples and exercises make the presentation of what
would otherwise be an abstract subject much more concrete. Additional examples can
be found in the author’s technical articles.

The emphasis here has been on continuous-time processes. This emphasis will con-
tinue in Volume 2, in which the topic of stochastic processes on Lie groups is addressed.
The first three chapters in Volume 2 define, in a concrete way, the properties of Lie
groups. These are special mathematical objects that have the benefits of both group
theory and differential geometry behind them. Since a Lie group is both a group and a
manifold, more detailed results about the theoretical performance of stochastic processes

G.S. Chirikjian, Stochastic Models, Information Theory, and Lie Groups, Volume 1: Classical Results 313
and Geometric Methods, Applied and Numerical Harmonic Analysis, DOI 10.1007/978-0-8176-4803-9 9,
© Birkhauser Boston, a part of Springer Science + Business Media, LLC 2009
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on Lie groups can be made than for abstract manifolds. In addition, numerical methods
based on harmonic analysis (Fourier expansions) on Lie groups become possible.

Topics that received considerable attention in the current volume, but which were
not directly applied to stochastic processes here, are used to a large degree in Volume 2.
These include differential forms, Weyl’s tube theorem, Steiner’s formula, and curvature
integrals over bodies and their bounding surfaces. It will be shown that such things play
important roles in the area of mathematics known as integral geometry or geometric
probability.

Many other topics are covered in Volume 2 including: variational calculus, Shannon’s
information theory, ergodic theory, multivariate statistical analysis, statistical mechan-
ics, and Fourier methods on Lie groups.

The topics covered in Volume 2 are not the only ones that follow naturally from
the background that has been established in this volume. For those readers with more
theoretical interests, but who are not inclined to go on to Volume 2, plenty of pointers
to the literature have been provided throughout this volume. The following references
cover material not addressed in Volume 2 that will also be of interest: [1, 2, 3, 4, 5].
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A

Review of Linear Algebra, Vector Calculus, and
Systems Theory

Throughout this book, methods and terminology from the area of mathematics known
as linear algebra are used to facilitate analytical and numerical calculations. Linear
algebra is concerned with objects that can be scaled and added together (i.e., vectors),
the properties of sets of such objects (i.e., vector spaces), and special relationships
between such sets (i.e., linear mappings expressed as matrices). This appendix begins
by reviewing the most relevant results from linear algebra that are used elsewhere in the
book. Section A.1 reviews the definition and properties of vectors, vector spaces, inner
products, and norms. Section A.2 reviews matrices, matrix norms, traces, determinants,
etc. Section A.3 reviews the eigenvalue—eigenvector problem. Section A.4 reviews matrix
decompositions. The theory of matrix perturbations is reviewed in Section A.5, the
matrix exponential is reviewed in Section A.6, and Kronecker product of matrices is
reviewed in Section A.7. Whereas the emphasis in this appendix (and throughout the
book) is on real vector spaces, Section A.8 discusses the complex case. Basic linear
systems theory is reviewed in Section A.9. The concept of a product integral, which
is important for defining Brownian motions in Lie groups, is covered in Section A.10.
Building on linear-algebraic foundations, concepts from vector and matrix calculus are
reviewed in Section A.11. Section A.12 presents exercises.

A.1 Vectors

The n-dimensional Euclidean space, R = R xR x ... xR (n times), can be viewed as
the set of all “vectors” (i.e., column arrays consisting of n real numbers, x; € R) of the

form
x
T2

In

A very special vector is the zero vector, 0, which has entries that are all equal to the
number zero.

A.1.1 Vector Spaces

When equipped with the operation of vector addition for any two vectors, x,y € R™,
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1+ Y

| T2t Y2

X+y= . )
Tp + Yn
and scalar multiplication by any c € R,
Cc-X
C- X9
C-X= . ’

c- Ty

it can be shown that eight properties hold. Namely:

x+y=y+x V x,yeR" (A.1)
(x+y)+z=x+(y+2z) V x,y,zeR" (A.2)
x+0=x€cR" (A.3)

3 —xeR"” for each x€R" st x+(—x)=0 (A.4)
a-(x+y)=a-x+a-y V acRandx,yeR"” (A.5)
(a+p0) x=a-x+0-x V a,feRand x e R" (A.6)
(a-f) x=a-(f-x) V o,fcRand xeR" (A7)
l-x=x V xeR™ (A.8)

w9

Here the symbol 3 means “there exists” and V means “for all.” The in the above
equations denotes scalar—scalar and scalar—vector multiplication.

The above properties each have names: (A.1) and (A.2) are respectively called com-
mutativity and associativity of vector addition; (A.3) and (A.4) are respectively called
the existence of an additive identity element and an additive inverse element for each
element; (A.5), (A.6), and (A.7) are three different kinds of distributive laws; and (A.8)
refers to the existence of a scalar that serves as a multiplicative identity.

These properties make (R™,+,-) a real vector space. Moreover, any abstract set,
X, that is closed under the operations of vector addition and scalar multiplication and
satisfies the above eight properties is a real vector space (X, +, -). If the field* over which
properties (A.5)—(A.7) hold is extended to include complex numbers, then the result is
a complex vector space.

It is often convenient to decompose an arbitrary vector x € R™ into a weighted sum
of the form

n
X =1T1€e1 +2x2€9 + ...+ €, = E xTi€;.
=1

Here the scalar—vector multiplication, -, is implied. That is, z;e; = z; - e;. It is often
convenient to drop the dot, because the scalar product of two vectors (which will be
defined shortly) is also denoted with a dot. In order to avoid confusion, the dot in the
scalar—vector multiplication is henceforth suppressed.

Here the natural basis vectors e; are

!This can be thought of as the real or complex numbers. More generally a field is an
algebraic structure that is closed under addition, subtraction, multiplication, and division. For
example, the rational numbers form a field.
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1 0 0

0 1 0
er=|.|; ee=1].]; ... e, =

0 0 1

This (or any) basis is said to span the whole vector space. And “the span” of this basis
is R™.

A.1.2 Linear Mappings and Isomorphisms

In some situations, it will be convenient to take a more general perspective. For exam-
ple, when considering the tangent planes at two different points on a two-dimensional
surface in three-dimensional Euclidean space, these two planes are not the same plane
since they sit in space in two different ways, but they nonetheless have much in com-
mon. It is clear that scalar multiplies of vectors in either one of these planes can be
added together and the result will remain within that plane, and all of the other rules
in (A.1)-(A.8) will also follow. By attaching an origin and coordinate system to each
plane at the point where it meets the surface, all vectors tangent to the surface at that
point form a vector space. If two of these planes are labeled as V; and V5, it is clear that
each one is “like” R2. In addition, given vectors in coordinate systems in either plane,
it is possible to describe those two-dimensional vectors as three-dimensional vectors in
the ambient three-dimensional space, E = R3, in which the surfaces sit. Both trans-
formations between planes and from a plane into three-dimensional space are examples
of linear transformations between two vector spaces of the form f : V' — U, which are
defined by the property

f(avy +bva) = af(vy) + bf(va) (A.9)

for all a,b € R (or C if V is complex), and v; € V.
Most linear transformations f : V7 — V5 that will be encountered in this book will
be of the form
f(x) = Ax

where the dimensions of the matrix A are dim(V3) x dim(V;). (Matrices, as well as
matrix—vector multiplication, are defined in Section A.2.)

The concept of two planes being equivalent is made more precise by defining the
more general concept of a vector-space isomorphism. Specifically, two vector spaces, V;
and V5, are isomorphic if there exists an invertible linear transformation between them.
And this is reflected in the matrix A being invertible. (More about matrices will follow.)
When two vector spaces are isomorphic, the notation V3 = V5 is used.

A.1.3 The Scalar Product and Vector Norm
The scalar product (also called the inner product) of two vectors x,y € R™ is defined as
n
XY =3y + Doy o Tnln = Y Tilhie
i=1
Sometimes it is more convenient to write x -y as (x, y). The comma in this notation

is critical. With this operation, it becomes clear that x; = x - e;. Note that the inner
product is linear in each argument. For example,
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X - (y1 + ag2y2) = a1(x-y1) + ao(x - y2).

Linearity in the first argument follows from the fact that the inner product is symmetric:

X-y=y-X.
The vector space R™ together with the inner-product operation is called an inner-
product space. The norm of a vector can be defined using the inner product as

x| = /G, %). (A.10)
If x # 0, this will always be a positive quantity, and for any ¢ € R,
llex|| = lef [1x]]. (A.11)
The triangle inequality states that
Ix+yll <=l + iyl (A.12)

This is exactly a statement (in vector form) of the ancient fact that the sum of the
lengths of any two sides of a triangle can be no less than the length of the third side.
Furthermore, the well-known Cauchy—Schwarz inequality states that

(¢ y) < [l - fly - (A.13)

This is used extensively throughout the rest of the book, and it is important to know
where it comes from.

The proof of the Cauchy—Schwarz inequality is actually quite straightforward. To
start, define f(¢) as

F(t) = (x+ty,x +ty) =[x+ ty[* > 0.
Expanding out the inner product results in a quadratic equation in ¢:

f(t) = (x,x) + 2(x,y)t + (y,y)t* > 0.

Since the minimum of f(¢) occurs when f' () = 0 (i.e., when t = —(x,y)/(y,y)), the
minimal value of f(¢) is

f=xy)/(v,y)) = (x,%) = (x,5)*/(y,Y)

when y # 0. Since f(t) > 0 for all values of ¢, the Cauchy—Schwarz inequality follows.
In the case when y = 0, the Cauchy—Schwarz inequality reduces to the equality 0 = 0.

Alternatively, the Cauchy—Schwarz inequality is obtained for vectors in R™ from
Lagrange’s equality [2]:

n n n 2 n—1 n
<Zai> (Z bi) - (Z akbk> =33 (aib; — a;b;)? (A.14)
k=1 k=1 k=1 i=1 j=i+1

by observing that the right-hand side of the equality is always non-negative. Lagrange’s
equality can be proved by induction.
The norm in (A.10) is often called the “2-norm” to distinguish it from the more

general vector “p-norm”
n v
[l = (Z Iwi|p>
i=1
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for 1 < p < oo, which also satisfies (A.11) and (A.12). The vector space R™ together
with the norm operation is called a normed vector space. Furthermore, if instead of
vectors with real-valued entries, we consider vectors with complex-valued entries, then
the inner product

n
=1

can be defined where for any complex number ¢ = a4+ b+/—1, the notation ¢ = a —by/—1
defines the complex conjugate of c. In doing so (A.10)—(A.13) all still hold, with |¢| =
V'cé = Va2 + b? replacing the absolute value in (A.11).

A.1.4 The Gram—Schmidt Orthogonalization Process

Let V = {v1,...,v,,} be a nonorthogonal basis for R™. That is, any vector x € R™ can
be expressed as x = Y ., x;Vv; for an appropriate choice of real numbers x1, X2, -, Xn-
Any collection of m < n vectors {v;,,...,v; } with 1 <i; < ... < i, < nis said to
span a vector subspace of R™ (i.e., a vector space strictly contained in R™). This vector
subspace is denoted as span{v;,,...,v;_ }.
An orthonormal basis for R™ can be constructed from V' as follows. First normalize
v1 and define
Vi
u = —.
[[vall
Then define us by removing the part of vy that is parallel to u; and normalizing what
remains:
vy — (Vo - up)uy
Ug = .
[ve = (va - up)uy |
It is easy to verify that u; - u; = us - uy = 1 and u; - uy = 0. The process can then
be performed recursively by removing the parts of v; that are parallel to each of the
{uy,...,u;_1}. Then u; is defined as the unit vector of what remains. In other words,
the following formula is used recursively for ¢ = 2,3, ..., n:

i—1

V; — V; - ug)u
u=— ffll( L (A.15)
1vi = 22521 (Vi - wi)ug|

This process is repeated until a full set of orthonormal basis vectors {uy,...,u,} is
constructed.

Gram—Schmidt orthogonalization works equally well on inner product spaces other
than R”, such as the space of square-integrable functions L?(R), where the dot product
is replaced with the inner product defined for that space.

A.1.5 Dual Spaces

Given the space of n-dimensional real column vectors, each of which is described by
x € R™, it is possible to define the linear mapping

a:R" =R where a(x)=a-x

for some fixed a € R™. This linear mapping can be written as a(x) = a’x where aT i

an n-dimensional row vector, called the transpose of a.
The fact that the function a(x) is linear is clear, since

S
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alax) + Ox2) = aa(x1) + Ba(xs).

Furthermore, given two such functionals, a(x) and b(x), together with scalars o and £,
it is possible to define the functional

(a4 Bb)(x) = aa’x + fbTx.

That is, linear functionals can be scaled and added like vectors and the space of linear
functionals “acts like” R™. This is not surprising, because each linear functional a(x)
is defined by an element a € R™. The space of all linear functionals is a vector space
called the dual space of R™, and can be thought of intuitively as the collection of all
n-dimensional row vectors.

If V= R" and the dual space is denoted as V*, then the inner product of two vectors
in V instead can be thought of as a product between one vector in V' and one in V*.
And if V' has the basis {e;}, then V* has the basis {e}} such that eje; = d;;. In the
present context when everything is real, the * has no meaning other than transpose, but
when the discussion is broadened to include vectors with complex entries, or infinite-
dimensional spaces of functions, the value of the dual space concept becomes more
apparent. For more, see [12, 23].

A.1.6 The Vector Product in R3

Given two vectors a,b € R3, the vector product (or cross product) is defined as

azbs — azbo
axb= a3b1 —a1b3
albg — a2b1

A real matrix is called skew-symmetric (or anti-symmetric) if its transpose is equal

to its negative. Any 3 x 3 skew-symmetric matrix, S = —S7, can be written as
0 —S3 S92
S = 53 0 —s1 , (Alﬁ)
—S82 81 0

where 51, so, and s3 can be viewed as the components of a vector s € R3, called the
dual vector of S.
The relationship between skew-symmetric matrices and the cross product is

Sx =8 X X. (A.17)
The triple product of three vectors, a, b, ¢ € R3, is
det[a,b,c] =a- (b x c).

This has the geometric meaning of the volume of the region in R?® defined by all vectors
of the form x(u,v,w) = ua + vb + wc where (u,v,w) € [0, 1] x [0,1] x [0, 1].

The above concepts only apply to vectors in R?. R3 (viewed as a vector space) when
augmented with the cross-product operation, becomes a new kind of space with richer
structure. This is similar to the way in which an inner-product space or normed vector
space is richer than a vector space.
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A Lie algebra is a special kind of vector space, V', with an additional operation [-, -],
such that for any z,y,z € V, [z,y] € V and for any « € C the following properties are
satisfied:

[ +y, 2] = [2,2] + [y, 2] (A.18)
[z,2 +y] = [2,2] + [2, 9] (A.19)
lax,y] = [z, ay] = oz, y] (A.20)
[z, y] = ~[y, ] (A.21)

0 =[x, [y, 2] + [y, [z, #]] + [2, [z, y]]. (A.22)

The first three of these properties, (A.18)—(A.20), are true for any “algebra,” whereas
property (A.21) (which is called anti-symmetry) and (A.22) (which is called the Jacobi
identity) turn the algebra into a Lie algebra. To distinguish a Lie algebra from a generic
vector space, V, it is sometimes written as (V,[-,+]). The operation [z,y] is called the
Lie bracket of the vectors x and y. The property [z, z] = 0 follows automatically. Note
that Lie algebras are not generally associative with respect to the Lie bracket operation.

For example, R? together with the cross product [a,b] = a x b makes R? a Lie
algebra. (See Exercise A.9(a).)

A.2 Matrices

An m x n matriz A is an array of real or complex numbers:

a11 A12 N A1n
. az1 @22
A=lag]=|[ "7
Am—1,n
am1 --- Amn—1 Amn

The numbers m and n are called the dimensions of A. The element (or entry) in the ith
row and jth column of the m x n matrix A is denoted as a;;. Likewise, the elements of
any matrix denoted with an upper case letter are generally written as subscripted lower
case letters.

Sometimes it is convenient to write this as an array of n column vectors:

a4

az;
A=lay,..,a,] where a;= . eR™ for i=1,2,....,n

Q4

Addition of two matrices with the same dimensions is defined by the scalar addition
of elements with the same indices:

A+ B = [aij] + [b”] = [aij + b”]
Multiplication of a scalar and a matrix is defined as the matrix
c-aip C-ai2 C-Q1n
¢ A=c-ay) = C-azr C- a2

C:Am—1,n
C-Gmn1 .. C Amn—1 C-:amn
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The complex conjugate of a matrix A is the matrix consisting of the complex conjugate
of all of its entries: A = [a;].
The transpose of a matrix A, denoted as A7, is the matrix resulting by interchanging

the role of the rows and the columns:

a1y azr ... am1
. a2 29 . :
AT = : (A.23)
: : Am.n—1
Aln +-+ Am—1,n Amn

In other words, [a;;]7 = [aj;].
The Hermitian conjugate of a matrix is the complex conjugate and transpose:

A" =layl =2 = [a7)

A.2.1 Matrix Multiplication and the Trace

Given an m X n matrix A, and an n X p matrix B the (i, 7)th element of the product
AB is defined as

(AB)” = Z aikbkj.
k=1

The particular label for k is unimportant because it is summed over all values, i.e., k in
the above equation can be replaced with [ (or any other letter not already being used),
and the meaning will be the same.

When three square n x n matrices are multiplied, the (7, j)th element of the result

is
(ABC)U = Z Z aikbklclj.

k=11=1
This can be broken up in two ways as

n

(ABC);j = Zaik (Z blelj> = Z (Z aikbkl> cj-
k=1 =1 k=1

1=1
In terms of the original matrices, this is the associative law
ABC = A(BC) = (AB)C.

Note that the order of the matrices when written from left to right stays the same and
so there is no need to compute a product between A and C. But there is nonetheless
some choice in the way that the matrices can be grouped together when performing the
constituent pairwise matrix products.

When A is n x n, the trace of A is defined as

trace(A) = Z @ij. (A.24)
i=1
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A convenient shorthand for this is tr(A). Note that for square matrices A and B with
the same dimensions and a scalar, c,

tr(c- A) =c-tr(A) tr(A+ B) = tr(A4) + tr(B)
tr(AB) = tr(BA)  tr(AT) = tr(A). (A.25)

Given n X n matrices A = [a;;] and B = [b;;], computing the product C' = AB by
the definition .
cik = _ aijbj
j=1

uses n multiplications and n — 1 additions for each fixed pair of (i, k). Doing this for
all i,k € [1,n] then uses n® scalar multiplications and n*(n — 1) additions. However,
if the matrices have special structure, then this computational cost can be reduced
tremendously. For example, the product of n x n diagonal matrices (i.e., A with a;; =0
when ¢ # j) can be computed using n multiplications and n — 1 additions.

Other methods for reducing the complexity of matrix multiplication even when they
have no special structure also exist [20, 21].

A.2.2 The Determinant

A determinant of an n X n matrix, A = [a;, as, ..., a,], is a scalar-valued function, detA
(also denoted as det(A) and |A|) with the following properties:

1. Multilinearity
det[aly ag, ..., i1,V + ﬁwa Qi1 -eey an] =

adetlay,ag,...,a;_1,V,a;41, ...,a,] + Bdet[as, as, ..., 8,1, W, 8;41, ..., Ap].

2. Anti-symmetry

detlay, ..., a;,...,a;,...,a,] = —detlay, ..., a;, ..., a;, ..., a,].

3. Normalization
detl = detleq,...,e,] = 1.

Here I = [§;;] is the identity matrix consisting of diagonal entries with a value of unity
and all other entries with a value of zero. Similarly, O denotes the matrix with entries
that are all zeros.

It can be shown (see, e.g., [14]) that these three properties are satisfied by a single
unique function which exists for every square matrix. Therefore, we refer to “the” de-
terminant rather than “a” determinant. Furthermore, the above conditions could have
been stated by decomposing A into rows rather than columns. It then becomes clear
that Gaussian elimination computations in exact arithmetic (which correspond to the
row version of #1 above) leave the determinant unchanged.

The determinant function satisfying the above three properties can be defined by
the Leibniz formula
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n n! n
detA = Z sgn (o) H Uio(i) = Z sgn(o;) H Qi 0 ;(4) (A.26)
=1 j=1 1

oell, i= j= =

where o is a permutation? of the numbers (1,2,...,n), and the sign (or signature)
sgn(o) = +1 for even permutations, and sgn(c) = —1 for odd permutations.®> An even
permutation is one defined by an even number of pairwise swaps, and an odd permu-
tation is one defined by an odd number of pairwise swaps. Every permutation is either
even or odd, but cannot be both. For example, the cyclic permutation

(1,2,...,n) = (n,1,2,...,n—1)

will be even when n is odd, and it will be odd when n is even since it can be realized
as the product (i.e., composition) of n — 1 pairwise swaps.
As examples of permutations, the elements of S5 are denoted as

C/123\ (123\ _  [123\
90=\123)" 17 \231) 27 \312)°
C/123\ (123\ (123
9= \213)" 947 \(321) %= \132)"

These are not matrices. They represent assignments of the upper numbers to the lower
ones. For example, 01(1) = 2 and 04(3) = 1.
The signs of the permutations listed above are

sgn(oo) = sgn(o1) = sgn(oz) = +1

sgn(o3) = sgn(os) = sgn(os) = —1.

The formula (A.26) is independent of the way we label the n! elements of IT,,.
Due to the factorial growth in |IT,|, (A.26) is not a practical method for computing the
determinant of large matrices. In practice, the properties #1 and #2 from the beginning
of this subsection are used together with matrix decompositions and the fact that the
determinant of a matrix is equal to the product of its eigenvalues (a fact that will be
reviewed in Section A.3). Having said this, (A.26) can be useful. For example, if any
column or row of A consists of all zeros, (A.26) indicates that detA = 0.

The determinant has several very useful properties listed below:

If A and B are square matrices with the same dimensions,
det(AB) = det(A)det(B). (A.27)

If A is square,
det(AT) = det(A). (A.28)

If A~! exists (see next subsection), then
det(A™!) = 1/det(A). (A.29)
If P is invertible, then

2See Chapter 6 for a more detailed discussion of permutations.
3The name IT,, stands for “permutation group on n elements.” It is also called the “sym-
metric group” on n elements.
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det(P~'AP) = det(A). (A.30)

If Aism xm and B is n X n, then the (m + n) X (m 4+ n) matrix

. (A0
o= (10)

(called the direct sum) of A and B has the determinant

det(A @ B) = det(A)det(B). (A.31)

Note also that
trace(A @ B) = trace(A) + trace(B). (A.32)

A.2.3 The Inverse of a Matrix

Given a square matrix A with det(A) # 0, there exists a matrix A~! called the inverse
of A, which is the unique matrix such that

AAT L =A7TA =1

where I is the identity matrix with the same dimensions as A. The set of all invertible
n X n matrices with complex (or real) entries is denoted as GL(n,C) (or GL(n,R)).

It follows that when the inverse of the product AB exists, it must have the property
that (AB)~'(AB) = 1. But since det(AB) = det(A)det(B), the necessary and sufficient
conditions for (AB)~! to exist are that det(A) # 0 and det(B) # 0. If these conditions
hold, then from the associativity of matrix multiplication,

(B7'A ) (AB)= (B~ Y(A™'A)B)=B"'B=1
From the uniqueness property of the inverse of a matrix, it follows that
(AB)"' =pB~tA~% (A.33)
A similar-looking rule, called the transpose rule, states that
(AB)T = BTAT and (AB)* = B*A*. (A.34)

It can be shown that when the inverse of a matrix exists, the transpose and Hermitian
conjugate operations commute with the inverse:

(Afl)T _ (AT)fl and (Afl)* _ (A*)fl.

Sometimes the abbreviation A~7 is used to denote the combination of transpose and
inverse.

It is useful to compute the inverse of the sum of two matrices. The following identity
is derived in [§]:

(A+BTC)y ' =41 — A 'BT1+CcTA'B)tcA™! (A.35)

under the assumption that A + BTC, A, and I+ CT A~ B are all invertible.
Following [8], (A.35) is proved by first observing that
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I=(A+BTC)"'(A+B"C)
and expanding the right side so that
I=(A+BTC)"A+(A+BTC)"'BTC.

Then multiplying both sides on the right by A=,

A'=(A+B"C)"'+ A+ BTC)'BTCAT, (A.36)
which can be rearranged as

(A+BTC)"'BTCA™' = A" —(A+ BTC)™L.

Following [8], and returning to (A.36) and multiplying both sides on the right by
BT gives

A™'BT = (A+BTC) 'BT+(A+BTC)'BTCAT'BT = (A+BTC)" ' BT (I+-CA7'BT).

Multiplying the first and last terms in the above double equality by (I+C A~ BT)~1CA~!
on their right sides gives

A'BT(1+CA'BTY"'CcA™ = (A+ BTC)"'BTCcA™!.

But the right side of this expression is the same as the rightmost term in (A.36). There-
fore making this substitution results in (A.35).
A similar identity is stated in [15] as

(A+SBTT) ' =A" —A'S(B P+ TTAIS) 11T A7, (A.37)

and is left as an exercise to prove.

A.2.4 Pseudo-Inverses and Null Spaces
In some applications it happens that a relationship of the form
Jx=Db (A.38)

is presented, where x € R", b € R™, and J € R™*" where m # n, and the goal is
“to find as good of an approximation to a solution as possible.” If m < n and J has m
independent rows, then in general an infinite number of solutions will exist. If m > n,
then in general no solution will exist. However, in both of these situations it can happen
that if x and b are specially chosen vectors, then unique solutions can exist.

In the general case when m < n and J has m independent rows (i.e., it has full row
rank), then a common way to find a “good” solution is to treat (A.38) as a constraint
imposed on the minimization of a quadratic cost function of the form Cy = %XTWX
where W = W7 € R" " is a positive definite matrix. That is, W is chosen in such a
way that C7 > 0 for all x € R" except x = 0, in which case C; = 0.

The resulting solution (which can be obtained using the method of Lagrange multi-
pliers described in Section A.11.1) is [3]

x = Jiib where Jjj, =W gL gw g7 (A.39)



A.2 Matrices 327

The matrix Ji}, is called the weighted pseudo-inverse of J with weighting matrix W.
In the event that rank(J) < m, and so an exact solution may not exist, then a damped
pseudo-inverse can be defined as

T e =WHIT W el ™!

where I is the n x n identity matrix and € € R+ . Typically, the larger the value of ¢,
the worse the approximate solution will be.
The null space projector matrix for J is defined as

Nyw =1—JJ. (A.40)

When J is full rank, then the solution J;{,b can be thought of as rejecting the contri-
bution of any linear combination of columns of N because

Nywdy, = [[- W gTgw=ah)=twgrgw =177
_1JT(JW_1JT)_1 _ W_1JT(JW_1JT)_1(JW_lJT)(JW_l,]T)_l]
—1JT<Jw—1JT)—1 _ W—lJT(Jw—lJT)—l]

= @m,

=
=W
=W

and similarly
JNjw = Oy,

In the case when m > n, the “best” approximate solution to (A.38) can be obtained
as that which minimizes a cost function of the form Cy = (Jx — b)T M (Jx — b) where
M = MT € R™*™ is chosen to be positive definite. This result is denoted as

x=Ji,b where JI, = (JTMJ)" I M. (A.41)

This will not solve the equation, but will provide an approximation that minimizes the
cost Cso, as long as J has rank n. In the event that the rank of J is less than n, then a
damped version of this pseudo-inverse also exists, and can be written in the form

Jhpe=(JTMJ+en) ' JTM.

All of the versions of these pseudo-inverses have practical applications. For example,
see [4] for applications to the design of robotic manipulator arms.

A.2.5 Special Kinds of Matrices

Many special kinds of matrices are defined in terms of the transpose and Hermitian
conjugate. For example, a symmetric matriz is one for which A = AT. A skew-symmetric
matriz is one for which A = —AT. An orthogonal matriz is one for which AAT =1. A
Hermitian matriz is one for which A = A*. A skew-Hermitian matriz is one for which
A = —A*. A unitary matriz is one for which AA* = 1. All of these are examples of
normal matrices, which have the property that AA* = A*A.

The properties of the determinant immediately indicate that for all unitary matrices

det(AA") = det(A)det(A*) = det(I) = 1.

Furthermore, since the determinant is unchanged under transposition, det(A*) =

det(A). But since the operation of complex conjugation distributes over scalar multipli-
cation and addition, it must also do so for the determinant since (A.26) is a combination
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of products and sums of the scalar elements. Therefore, if A is unitary det(A)det(A) =1,

indicating that the determinant of a unitary matrix is of the form det(A) = ¢* for some

6 € [0,27). For real orthogonal matrices, |det(A)|?> = 1, indicating that det(A4) = 1.
Two “special” sets of matrices that are encountered frequently are

SO(n) = {A| AAT =T and det(A) = +1}

and
SU(n) ={A|AA* =T and det(A) = +1}.

These are respectively the “special orthogonal” and “special unitary” matrices.

A rotation in n-dimensional space is described with a special orthogonal matrix. In
the case of three-dimensional rotation about a fixed axis by an angle ¢, the rotation
only has one degree of freedom. In particular, for counterclockwise rotations about the
e1, €9, and ez axes:

1 0 0
Ri(¢p) = | 0cos¢p —sing (A.42)
0 sing cos¢

cos¢p 0 sing
Ro(9) = 0o 1 0 (A.43)
—sin¢ 0 cos ¢

cos¢ —sing 0

R3(¢p) = | sing cos¢p 0 | . (A.44)
0 0 1

A.2.6 Matrix Norms

Throughout this text, the Frobenius norm of a square n x n matrix is used:

1

2

A = (SN Jayl? | = (tr(a47)?. (A.45)

i=1 j=1

A can have either real or complex entries, and |a;;| is interpreted as the absolute value
of a real number, or modulus of this complex number. When A is infinite-dimensional,
||All is also called the Hilbert—Schmidt norm.

In general a matriz norm must satisfy the properties

1A+ Bl < [[All+]B] (A.46)
leAll = el [lAll (A.47)
1Al = 0 (A.48)

|Al=0 <= A=0. (A.49)

The last quality above is referred to as positive definiteness.
In addition, the Frobenius norm has the sub-multiplicative property:

A Bl < [|AHB]); (A.50)
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it is invariant under Hermitian conjugation:
[A*] = [1Al;

and is invariant under products with arbitrary unitary matrices of the same dimensions
as A:
AU = [UA] = [|A].-

Throughout the text, ||-|| denotes the Frobenius norm. This norm is easy to compute,
and has many nice properties such as those mentioned above. However, one desirable
property of norms to use in the analysis of limiting behaviors of Fourier transforms
of pdfs on Lie groups in Volume 2 is that the norm of the identity matrix should be
equal to unity. Unfortunately, the Frobenius norm returns ||I|| = /n. And if we define
[IA]]" = ||All/+/7, then this new norm does not have the sub-multiplicative property. For
this reason, in some problems it is useful to use an alternative norm, |||- ||| that possesses
both the sub-multiplicative property [[|[AB||| < |[[|A]ll - IB|l| and [|I]]] = 1. An infinite
number of such norms exist. These are the induced norms:

A
 Jlax,
0 Il

1
n P
I, = (Z |$i|p>
i=1

The matrix and vector p-norms are said to be consistent with each other in the sense
that [|Ax]||, < [|A]/p||x|,- More generally, any norm that remains sub-multiplicative
when applied to the product of matrices with any compatible dimensions (including
matrix-vector products) is called consistent. Three examples are the induced 1-norm,

2-norm, and oco-norms:

1Al =

where

14 = max Zlawl

|A]l2 = max (ﬂ)
x#0

X*X
and

[ Alloe = [pax Z |ai;] -

The trouble is, with the exception of ||| 2, these norms are not invariant under products
with unitary matrices and under Hermitian conjugation. Therefore, as a second “special”
norm for use in the analysis of probability problems on groups, the following notation

will be used:
(1Al = IAll2 (A.51)

which has the properties
1A = IAU[I = IUAN = [|A*]l  and [|U[|=1 V Ue€SU(m).  (A52)

One final set of norms that have some of the desirable properties are
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|Allr = Jax (A.53)
and
1
[A]lL = max 2= max (ef A" Ae;)’ (A.54)

1<j<n 1<j<n

To see that ||A||r is a norm, simply evaluate the following;:

n
_ .. |2
|A+ Bllr = 121%)(71 ZMU + bij
j=1
n n
S N SN oL
= fgiagn |a|* + bij|
== j=1 j=1
< max + max
1<i<n 1<i<n

[Allr + | Bllr-

Clearly |[cAl|r = |¢| - ||Al|r and it is positive definite. And while it does not appear to
be sub-multiplicative, it does have some other useful properties under multiplication:

2

Za'kbkj

k=1

.12 |2

J

NE

AB|r =
|AB]r = max

<.
Il
—_

3

= max lak® (| D by
==\ =1 =1
= |Allr - || B]|-
And so
IAB|r <[|Allr - || B]- (A.56)

If in the above derivation at the point where the Cauchy—Schwarz inequality is used at
(A.55), the weaker condition

Z|b1] <n- max |bl]|
=1

is substituted, then the following inequality results:

IABllr < vnllAllg - Bl - (A.57)
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Similar arguments yield analogous relationships for ||AB|| .

Note that ||AU||g = ||Al|r is “right” invariant under multiplication by a unitary
matrix and ||[UA||L = ||Al|r is “left” invariant. Unlike the Frobenius norm || - || and
the induced two-norm ||| - |||, these norms are not bi-invariant. However, they are not as
costly to compute as ||| - |||, yet have the nice property that ||I||, = ||T||z = 1.

In fact, there are an infinite number of possible matrix norms (just as there are an
infinite number of vector norms), but the additional useful properties (A.52) are usually
not satisfied by norms, making || - || and || - ||| particularly useful in the context of the
problems addressed in this book and its companion volume.

A set of norms that do not have the complete set of desired properties, but are
nonetheless useful in some circumstances, is

n n

Al = { D0 lai,l? (A.58)

i=1 j=1

for 1 <p#2.

As has been illustrated, various norms exist for matrices and vectors. And while
matrix and vector p-norms are consistent, these are not the only consistent norms that
satisfy ||Ax|| < [|4] - ||x||. For example, the Frobenius matrix norm together with the
vector 2-norm satisfies this condition. For any consistent norm,

[l = x| < [T - flx]} = 1<

A.2.7 Matrix Inequalities

The Cauchy—Schwarz inequality for vectors as presented in (A.13) can be extended to
matrices in several ways.
For example, if A, B € R"*" then [17]

[tr(AT B)]? < tr(AT A)tr(BT B) (A.59)
(with equality if and only if B = aA for o € R), and
tr(ATB)? < tr[(AT A) (BT B)] (A.60)
(with equality if and only if ABT = BAT). As a consequence,
trA? < || A|?

with equality holding if and only if A = AT.

A.3 Eigenvalues and Eigenvectors

Given a square matrix, A, with real or complex entries, an eigenvector is any unit vector
v such that
Av = v (A.61)

where )\ is a scalar called the eigenvalue. These can be computed as the roots of the
characteristic polynomial
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det(A — AI) = 0. (A.62)

From the definition of a consistent norm, it follows that
Al vl = [JAv]f = lIavif = (Al (v = A= Al

If A is nxn, then there will always be n eigenvalues, though they may not be unique.
For example, the identity matrix has the eigenvalues A\, = 1 for k = 1, ..., n. In contrast,
it does not have to be the case that a matrix has n eigenvectors. (For example, see the
discussion of Jordan blocks in Section A.4.1.)

It can be shown that the trace and determinant of a matrix can be expressed in
terms of its eigenvalues as

n n

tr(A) =Y A and det(4) =[]\ (A.63)

i=1 i=1

In general, the eigenvalues of a matrix will be complex numbers, even if the matrix
has real entries. However, in some matrices with special structure, the eigenvalues will be
real. Below the eigenvalues in the case when A = A* € C"*" are examined, and special
properties of the eigenvectors are derived. The results presented hold as a special case
when A = AT ¢ R"*",

Theorem A.1l. Figenvalues of Hermitian matrices are real.

Proof: To show that something is real, all that is required is to show that it is equal
to its own complex conjugate. Recall that given a,b € R, a complex number ¢ = a +
by/—1 has a conjugate ¢ = a — by/—1. If ¢ = ¢, then b = 0 and therefore ¢ = a is
real. The complex conjugate of a vector or matrix is just the complex conjugate of
its elements. Furthermore, the complex conjugate of a product is the product of the
complex conjugates. Therefore, given Au; = \;u;, applying the Hermitian conjugate to
both sides yields
ufA* = \ul.

In this derivation A* = A because A is Hermitian, and so making this substitution and
multiplying on the right by u; gives

ufAu; = \uiu;.
In contrast, starting with Au; = A\ju; and multiplying on the left by u; gives

u; Au; = \juju;.
Since the left sides of both of these equations are the same, the right sides can be equated
to give o

Auiu; = \uiu,.

Dividing by u}u;, which is a positive real number, gives \; = A; which means that the
imaginary part of \; is zero, or equivalently \; € R.

Theorem A.2. Figenvectors of Hermitian matrices corresponding to distinct eigenval-
ues are orthogonal.
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Proof: Given a Hermitian matrix A and two of its eigenvalues A\; # A; with corresponding
eigenvectors u; and uj, by definition the following is true: Au; = A\ju;, and Au; = Aju;.
Multiplying the first of these on the left by uj, and multiplying the second one on the
left by u}, these become

ujAui =A\uju; and U Au; = A\juju;.
Taking the Hermitian conjugate of the second expression gives
ujA u; = \juju;.

But since A is Hermitian, A* = A, and from Theorem A.1, \; = \;. Therefore, combin-
ing the above yields
)\ju;ku]‘ = )\iujui.

Subtracting one from the other and using the fact that uju; = uju; then gives
()\1 — )\j)ufuj =0.

Since \; # A;, division by their difference yields uju; = 0, which is a statement of
orthogonality.

Any invertible n X n matrix consisting of real or complex entries which has distinct
eigenvalues (i.e., none of the eigenvalues are repeated) can be written as

Afug,...,u,] = [A1ug, ..., Apuy) or AU =UA,

where
AM O ... ... 0
0 X O
U=lu,..u,] and A=1 o 0
0 A\p21 O
0 ...... 0 M\,
In other words, A can be decomposed as
A=UAU". (A.64)

In fact, this would be true even if there are repeated eigenvalues (as long as there are n
linearly independent eigenvectors), but this will not be proven here.

In the special case when A = A*, Theorems A.1 and A.2 above indicate that A will
have all real entries, and U will be unitary, and so U~! = U*. In the case when A has
real entries and A = AT, then U becomes a real orthogonal matrix.

An n x n positive-definite Hermitian matrix, A, is one for which

x*Ax >0

for all x € C™ with equality holding only when x = 0. This is equivalent to all of the
eigenvalues being positive.
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A.4 Matrix Decompositions
A.4.1 Jordan Blocks and the Jordan Decomposition

A Jordan block corresponding to a k-fold repeated eigenvalue is a k x k matrix with
the repeated eigenvalue on its diagonal and the number 1 in the superdiagonal. For

example,
Al
2= (33
A10
Js(AN)=[0x1],
00X
etc.

Jordan blocks are degenerate in the sense that (to within a sign change) the unit
vector e; € R¥ is the only eigenvector of .Ji(\), and the corresponding eigenvalue is
repeated k times:

[Jk()\)]el = )\el.

The determinant and trace of a Jordan block are respectively
det[J,(\)] = A* and  tr[Jp(\)] = k- A

From this it is clear that Jx()) is invertible when A # 0.
The notation n;J; stands for the n;-fold direct sum of J; with itself:

Ji 00
nJi=JidJie..eli=|¢g . 0
0 0 J;
The notation .
Y PAa=Aede.. oA,
i=1

can be useful shorthand. Note that Jj () is a k x k matrix, or equivalently dim(Jy) = k.

Therefore,
m m
dim (Z D Ai> =3 dimA,
i=1 i=1
Every matrix A € C"*" can be written in the form
A=TJT! (A.65)

where T is an invertible matrix and
q m
=3B (@)
j=1 i=1

is the direct sum of a direct sum of Jordan blocks with m being the dimension of the
largest Jordan block, ¢ being the number of different eigenvalues, and n] being the
number of times J;(\;) is repeated in the decomposition of A. Note that
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i-nl = dim(A).

D

q m

j=1i=1

The matrix J in (A.65) is called the Jordan normal form of A.
For instance, if

J = J1(>\1) D Jl(/\g) ©® J2(>\3) D JQ(/\g) ©® J3(>\4) 5] J5(/\5) @ J6(>\5)a

J

then m = 6, ¢ = 5, and all values of n; are zero accept for

1_,.2_ 4 _ 5_,5_1. ,3_
ny=nj =N =n5 =ng =1; n5y=2.

A.4.2 Decompositions into Products of Special Matrices

When linear algebraic operations are performed on a computer, a number of other
matrix decompositions are useful. Several of these are reviewed here. For more details
see [11, 13, 22].

(QR Decomposition) [13]: For any n X n matrix, A, with complex entries, it is possible
to find an n X n unitary matrix @ such that

A=QR

where R is upper triangular. In the case when A is real, it is possible to take @ € SO(n)
and R real.

(Cholesky Decomposition) [13]: Let B be an n X n complex matrix that is decomposable
as B = A* A for some n X n complex matrix A. Then B can be decomposed as B = LL*
where L is lower triangular with non-negative diagonal entries.

(Schur Decomposition)[13]: For any A € C™"*™, it is possible to find a matrix U € SU(n)
such that
U*AU =T

where T is upper (or lower) triangular with the eigenvalues of A on its diagonal.

Note: This does not mean that for real A that U will necessarily be real orthogonal.
For example, if A = —A” then QT AQ for Q € O(n) will also be skew symmetric and
hence cannot be upper triangular.

(Unitary Diagonalizability of normal matrices)[13]: Recall that a normal matrix is one
for which AA* = A*A. Any such matrix can be decomposed as A = UAU* where
UU* = 1. Examples of normal matrices include Hermitian, skew-Hermitian, unitary,
real orthogonal, and real symmetric matrices.

(Singular Value Decomposition or SVD) [11]: For any real m x n matrix A, there exist
orthogonal matrices U € O(m) and V' € O(n) such that

A=U0AVT

where A is an m x n matrix with real entries A;; = 0;d;;. The value o; is called the 7th
largest singular value of A. If A has complex entries, then the decomposition becomes

A=U0AV"
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with U and V unitary rather than orthogonal.

(Polar Decomposition): Every real square matrix A can be written as the product of a
symmetric matrix S; = UAUT and the orthogonal matrix

R=UVT, (A.66)
or as the product of R and Sy = VAV”. Hence it is possible to write
A= S51R=RS;. (A.67)
In the case when det A # 0, R can be calculated as
R=A(ATA)" > (A.68)

(the negative fractional root makes sense for a symmetric positive definite matrix). Note
that (A.66) is always a stable numerical technique for finding R, whereas (A.68) becomes
unstable as det(A) becomes small.

(LU-Decomposition) [11]: For n x n real matrices such that det(4;) # 0 fori = 1,...,n,?
it is possible to write
A=LU

where L is a unique lower triangular matrix and U is a unique upper triangular matrix.
See the classic references [10, 29] for other general properties of matrices.

A.4.3 Decompositions into Blocks

It is often convenient to partition a matrix into blocks that are themselves matrices as
AB
M= (c D) :
When M is square, the most common kind of partitioning would be one in which A
and D are square. Even when A and D are square, their dimensions will generally be
different. In the case when M = M7, it necessarily means that A = AT, D = DT, and
C =BT.

If M is square and invertible, its inverse can be written in terms of the blocks
A, B,C, D. This is accomplished by decomposing M into a product of the form

()Y

where L and U are general matrices, P and () are general invertible matrices, and T is
the identity of appropriate dimension. Multiplying this out gives four matrix equations
in the unknown matrices that can be solved in terms of the originally given blocks.
Explicitly,

)

A=P; B=PU, LP=C; D=LPU+Q.

Therefore,
P=A, U=A"'B; L=CA™'; Q=D—-CA'B.

“The notation A; denotes the i x i matrix formed by the first ¢ rows and ¢ columns of the
matrix A.
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This means that M~! can be computed by applying the rule for the inverse of
products of matrices to (A.69) as

_ tu\ ' /PoN ' /T0\"
vi=(o7) (To) (z1)
_(I-U\ /Pl 0 I 0
o1 0o ')\ -1
(P4 UQ L -UQ!
U e et )

Then substituting the above expressions for L,U, P,Q in terms of A, B,C, D gives an
expression for the inverse of M in terms of its blocks:

Ap\l [ATTHATIB(D—CATIB)TICATY —ATIB(D — CATIB) !
(e5) -

—(D - CA™'B)~1CA~! (D—CA-'B)~!

(A.70)

By recursively using the above procedure, a matrix can be decomposed into smaller

blocks, and the inverse of the original matrix can be expressed in terms of the smaller
blocks.

A.5 Matrix Perturbation Theory

This section reviews an important theorem regarding the norm of the inverse of a matrix.
Theorem A.3. [27] Let || - || denote a consistent matriz norm. Given A € GL(n,C),
and A = A+ E, then if A is non-singular,

Afl — A1
|||Al|| <|a1E]. (AT1)

Furthermore, if |A~ E|| < 1, then A must be non-singular and

A — A lAZE
A=t T 1 ATE]

(A.72)
Proof: Since A1 exists, AA~' = (A+ E)A~! = 1. Multiplying on the left by A~!
results in (I + A~'E)A~! = A~L. Therefore,
At A = —ATTEATY (A.73)
Taking the norm of both sides gives
IA™ = A7H = AT BATY < AT E| A7,

and hence (A.71). .
Instead of assuming that A is non-singular, if we assume that |A71E| < 1, then
[+ A~'E must be non-singular. This is because A(I+ A~'E) = 1+ A(A~1E) > 0, which
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follows when || - || is consistent because consistency implies [A\(A™'E)| < [[AT'E|| < 1.
Then A must be non-singular, since A = A(I+A~'E). Again taking the norm of (A.73),
but this time grouping terms in a different order,

IAH = |A™ = ATTBATY < JATY AT E) AT

This can be rearranged as

A1 1

A1

[AZH — 1= [[A=E]
Multiplying the left side of this inequality with the left side of (A.71), and likewise for
the right sides, yields (A.72).

A.6 The Matrix Exponential

Given the n x n matrices X and A where X = X(¢) is a function of time and A is
constant, the solution to the differential equation

%(X) = AX (A.74)

subject to the initial conditions X (0) =1 is
X(t) = exp(tA).

The matrix exponential of any square matrix B is defined by the Taylor series:

expB=1+B+B%/2+B%/31 + B*/al+....| (A.75)

The matrix exponential has some very interesting and useful properties. The exponential
of the direct sum of two square matrices is the direct sum of their exponentials:

exp(A® B) = e @ eP. (A.76)

Below, a proof of the following equality is provided:

det(exp A) = ), (A.77)

Using the notation
11 12 ... T1n

det X — xro1 T922 ... . ’

Tnl Tn2 -+ Tnn

it follows from the product rule for differentiation and the defining properties of the
determinant that
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d d dziy
Ztu Etm N E—i 11 12 ... T1n
d Tl Tag ... dgy droy
—(det X) = | 72t 722 4+ | di dt NI
dt S R -
Tpl Tn2 -+« Tnn Inl Tnp2 --- Tnn
T11 T12 ... Tin Ti1r 12 ... Tin
T21 X922 ... :
: ) ) + . A.78
dwn—l,l d$n71,2 diﬂn—l,n : : .. : ( )
dt dt dt . . : .
Tp1 Tpo .. Tpn dﬂgﬁl d92l7t12 o dﬂgzn

Equation (A.74) is written in component form as

dx;x -

— = g Qi Tif-

dt : ijLj
j=1

After making this substitution, the ith term in (A.78) becomes

T11 T12 <o Tin T11 Ti2 ... Tin
n n .
D1 GigTi1 2jo GigTy2 - | _ | Qa1 Qi -
In1 Tn2 oo Tpn Tn1 Tpo . Tpn

This follows by subtracting a;; times the jth row of X from the ith row of the left side
for all j # 4.
The result is then

%(det X) = trace(A)(det X). (A.79)

Since det X (0) = 1, this implies
det X = exp(trace(A)t).

Evaluation of both sides at ¢t = 1 yields (A.77).
A sufficient condition for the equalities

exp(A+ B) =exp Aexp B = exp Bexp A (A.80)

to hold is
AB = BA. (A.81)

This can be verified by expanding both sides in a Taylor series and equating term by
term. What is perhaps less obvious is that sometimes the first and/or the second equality
in (A.80) can be true when A and B do not commute. For example, Fréchet [9] observed

that when
0 27 10
A<—27TO> and B(O—l)

AB # BA but it is nonetheless true that
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In [26] it is shown that for the non-commuting complex matrices
w0 0 1
A‘(o m) and B_<027ri>

Other examples can be found in [9, 31].

Having said this, AB = BA is a necessary condition for exp t(A+B) = exptAexptB =
exptBexptA to hold for all values of t € R (. Furthermore, (A.81) becomes a necessary
condition for (A.80) if A and B are Hermitian [26].

A.7 Kronecker Products and Kronecker Sums

The Kronecker product can be defined for any two matrices

hi1 hio ... hlq
oo | B b : J—
hot hya . g
and
kll k12 <o krs
K — kot koo ... : c RS
krl kr2 oo krs
as [7]
hi1K hioK ... hlqK
H@Ké h21K h22K c RPTX4s,

hp1 KK hpo K. hypg K
It follows immediately that
(HRK)T = HT'oKT.
Note that this is in the opposite order than the “transpose rule” for the transpose of
the matrix product: (HK)? = KTHT.
The Kronecker product has the interesting property that for matrices A, B, C, D of

compatible dimensions,

(ARB)(C®D) = (AC)&(BD). (A.82)

Note that in general, HRK # K®H. However, when H and K are both square,
there exists a permutation matrix P such that

H®K = P(K&H)PT,

which means that \i(K®H) = \;(HRK) for all values of i. Furthermore, if H and K
are invertible,
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(K®H) ' = K '@H .

In general, given X € R7*% it is possible to write x € R?® by sequentially stacking
columns of X on top of each other. This operation is denoted as x = (X)V. It is easy
to verify that

(HXKT)Y = (K&H)x (A.83)

where ® is the Kronecker product.
Since an n-dimensional column vector, a, can be viewed as an n x 1 matrix, and
its transpose is an n-dimensional row vector, it is a well-defined operation to “take the

vector of a vector” as

\

a’ = (ah)¥ =a.

Furthermore, for vectors a and b (not necessarily of the same dimensions) the following
equalities hold [17]:5
(ab”)¥ = ba (A.84)

and
(AVYTBY = tr(AT B) (A.85)

where A and B have dimensions such that A7 B makes sense. Note that [(AT)V]T £ AV.
For example, in the 2 X 2 case

AV — a1 # [(AT)V]T — [a11,a12,a217a22 .

The Kronecker sum of two square matrices A € R™*™ and B € R™*" is the matrix
A&B = A®l, +1,&B

where 1, is the m-dimensional identity matrix. This Kronecker sum is not the same as
the direct sum A @ B. It does not even have the same dimensions. This should be clear
since

I,RB=B®B®...®B

(the m-fold direct sum of B with itself).
An interesting property of the Kronecker sum is that

exp ADB = e ®eP.

Note the difference with (A.76).
Another useful application of the Kronecker sum is in solving equations of the form

AX +XBT =cC

for given A, B, C' and unknown X, all of which are square. Application of the V operator
as in (A.83) converts this to

(AGB)x=c — x=(A3B) ',

from which X can be obtained.

®Note that ab” = a ® b, where ® is the tensor product discussed in Section 6.4. This is a
good way to remember that ® # ®.
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A.8 Complex Numbers and Fourier Analysis

Throughout these volumes, complex numbers and Fourier analysis are used extensively.
However, the following restrictions in scope apply: (1) only real vector spaces are used;
(2) only real-valued functions (in particular, probability densities) are of concern; (3)
only real Lie groups are studied. The reason for this limitation in scope is to avoid the
intricacies associated with taking Taylor series of functions on complex Lie groups and
other more mundane problems that can lead to significant confusion when introducing
complex numbers. For example, in mathematical notation, the inner product of two
complex-valued functions on the real interval [a,b] is

b
(f1f2) = / fr (@) Fo(@)de,

whereas in physics the conjugate is over fi(z) rather than fs(x).

But how is it possible to address problems of interest without using complex num-
bers? It is actually quite simple to circumvent the use of complex numbers. The funda-
mental properties of complex arithmetic revolve around the way complex numbers are
added, multiplied, and conjugated. If ¢; = a1 +ib; and co = as + iby, then the sum and
product of these two numbers, and the conjugation of ¢ = a + ib are

Cc1+co = (a1+a2)+(b1+b2)i; C1:Co = (alag—b1b2)+(b1a2—|—albg)i; ¢ =a—1ib (A.86)

where ay, b, € R and i = v/—1 and the usual scalar arithmetic operations are followed
to produce the equalities in (A.86). In a sense, the simplicity of scalar operations is
retained at the expense of adding the abstraction of i = /—1. Of course, on one level
the very concept of v/—1 is absurd. But, the elegance and compactness of expressions
such as

(e?)™ = ™8 = cosmb + i sinmb (A.87)

make it worth accepting the concept. But this does not mean that the concept is neces-
sary when doing the calculations in this book. Rather, in all of the problems addressed
in this book, complex numbers are nothing more than a convenient shorthand for things
that can be expressed as real quantities in higher dimensions.

For example, referring back to the properties in (A.86), rather than using complex
numbers, it is possible to introduce the vectors cj = [ax, br]T € R? with the properties

C1+c2—(giig§); clxcf(gllg;;sig;); c—(_‘g). (A.88)

Or, without introducing the operator x, real 2 x 2 matrices of the form

o= (50)

can be defined, and using only real matrix operations,
M(c1)M(ea) = M(cr) + M(ea); M(c1)M(ca) = M(cy - co); [M(c)]" = M().

Taking this point of view, (A.87) is equivalent to

[R(0)]™ = R(m#); where R() = (COS& _Sine) .

sinf cos6
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An obvious place where complex notation seems required is in the discussion of
unitary groups. After all, in Volume 2, when it comes time to discuss the concepts
of inner products on Lie algebras, computation of Jacobians, adjoint matrices, Killing
forms, etc., definitions are only provided for real Lie groups. Fortunately, elements of
SU(n) can be identified with a subgroup of SO(2n).

Given the unitary matrix U,

U=A+iBcC"; where A,BcR"*"
the constraint

UU* =1 = AAT+BBT =1, BAT — ABT = 0.

ro)=(_p ).

R(U1Uz) = R(U1)R(Uz); R(I) =1L RU*) = [R(U)]"

If

then

and so it is easy to see that a unitary matrix can be represented as a higher-dimensional
orthogonal matrix.

But what about the Lie algebras and the exponential map? For example, if S = —S*
is a skew-Hermitian matrix, then U = exp S will be special unitary. Letting S = W 4V
where W and V are both real matrices, it becomes clear that W = —W7” and V = V7.
Therefore,

W v
‘Q(S) = (_VT W)
is skew-symmetric, and
exp £2(S) = R(exp(9)). (A.89)

In fact, most of the Lie groups of practical interest consist of elements that are
n X n complex matrices that can be viewed instead as a group with elements that are
(2n) x (2n) real matrices.

This means that, for example, if it is desired to compute Jacobian matrices or invari-
ant integration measures for groups such as SU(2), this can be done without introducing
an inner product on a complex vector space. Rather, these groups can be viewed as being
equivalent to higher-dimensional groups of real matrices, and the computations demon-
strated for the evaluation of Jacobians for real matrix groups can be applied here as
well.

In summary, while complex numbers are used extensively throughout the text in the
context of both classical and non-commutative Fourier expansions, the functions being
expanded as well as the arguments of those functions can always be viewed as real,
rather than complex, quantities. And while complex number notation leads to elegant
simplifications in the way quantities are written, there is nothing necessary about their
use in the class of problems discussed in this book. Taking this point of view, relatively
simple tools such as the classical Taylor series for real-valued functions and operations
on spaces of real-valued functions on real matrix Lie groups can be understood and
applied without the extra effort required to master the theory of complex functions.
Of course, this statement does not generalize to other areas of mathematics and its
applications.
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A.9 Important Inequalities from the Theory of Linear Systems

In this section, three fundamental results from the theory of linear systems of ordinary
differential equations are presented. Extensive use of the property

[Ax[| < [[A]] - [Ix] (A.90)

is made where || - || is any vector norm and the corresponding induced matrix norm.
Equation (A.90) also holds when ||A]| is the Frobenius norm of A and ||x|| is the 2-norm
of x.

1. Let A € R™*™ be a constant matrix and x(t), g(t) € R™ be vector-valued functions
of time. The solution to

CC%( = Ax +g(t) with x(0) =x¢
x(t) = exp(At)xo + /0 exp(A(t — 7))g(r)dr. (A.91)

From the properties of matrix norms, it is easy to see if 0 > —a > Re(A;(A4)) for all
values of 7 that for some positive constant scalar ¢ the following holds:

[x(®)]] = [l exp(At)xo + /Ot exp(A(t —7))g(r)dr|]
< [lexp(At)xo]| + | /Ot exp(A(t —7))g(r)dr|]
< [lexp(A8)[[ [[xoll +/Ot [[exp(A(t = 7))l lg(7)lld7
< ce”"|xo + C/Ot e 7 |ig(r) || dr.

Hence, if ||g(7)|| < 7 for some scalar constant ~, it follows that the integral in the above
expression will be less than

t t
7/ e = dr = 'ye_at/ e’Tdr = ve (e —1)/a < v/a,
0 0
and hence ||x(t)|| will be bounded. Likewise, if
t
1) = [ e lg(rlar
is bounded by a constant, then ||x(¢)|| will decay to zero as t — cc.

2. The Bellman—Gronwall lemma states that for any two functions u(t) and v(t) that
are continuous on 0 < t < oo, and satisfy the inequality

u(t) <« +/0 v(s)u(s)ds (A.92)

for some o > 0 and ¢ > 0, it must be the case that
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u(t) < aexp </Otv(s)ds> . (A.93)

To prove this, first multiply both sides of (A.92) by v(t) and divide by a+ fot v(s)u(s)ds
resulting in
u(t)v(t)

o+ fg v(s)u(s)ds
Integrating both sides from 0 to t gives

log {oz—&—/otv(s)u(s)ds} loga < /Otv(s)ds.

Adding log « to both sides and exponentiating preserves the inequality and results in
(A.93).

< v(t).

3. The “solution” for the system

dx .
i (A+ B(t))x with x(0) =xq

(where B(t) € R"*™ is a matrix-valued function of time) is
t
x(t) = exp(At)xo + / exp(A(t — 7)) B(7)x()dr. (A.94)
0

(Of course, this is not truly a solution because x appears on both sides of the equa-
tion, but it is nonetheless a useful expression.) This can be used to write the following
inequalities:

(O]l = [exp(Atjxo + [ exp(at =) Br)x(r)ar]|
< lexp(0) [xall +1| | expla(t = ) B(rx(r)ar]

t
< [ exp(At)] [Ixoll +/0 lexp(A(t = 7)) 1B(7)]| [|x(7)lldT.
If @ > 0 is a number that bounds from below the absolute value of the real part of
all the eigenvalues of A such that
[l exp(At)|| < ce™™,
then .
[x()]| < ce™ x| +C/O e B(7) || [[x(r)||dr.
The Bellman—Gronwall lemma can be used as follows. Multiply both sides by e and
let a = ¢, u(t) = ||x(t)||e*, and v(t) = ||B(7)]|.

The Bellman—Gronwall lemma then indicates that systems for which A has eigen-
values all with negative real parts and, for example,

/Oo IB()|dt < oo
0

or
I1BOI <8

for a sufficiently small real number 3, will be stable in the sense that lim;_, « ||x(¢)|| = 0.
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A.10 The State-Transition Matrix and the Product Integral

Given a general (possibly non-linear) scalar differential equation with initial conditions
of the form J
x
i f(z,t) and 2(0) ==, (A.95)
the simplest numerical integration scheme approximates the solution z(t) at regularly
spaced increments of time, At, by replacing the derivative in (A.95) with the finite-
difference approximation

#(t) ~ - [alt + A1) — (1)

for 0 < At << 1. Substituting this approximation into (A.95) results in a difference
equation of the form

Tpi1 = Ty + Atf(zn,t,) where t, = nAt (A.96)

and z,, is the approximation to z(t,) for n = 0,1,2,.... This scheme (which is called
Euler integration) is known to diverge from the actual solution as n gets large. However,
if n is relatively small, and as At — 0, the approximation is not bad when f(x,t) is well
behaved. And (A.96) has some convenient properties that will be used in the sequel.

In the special case when f(z,t) = a(t)x, and hence (A.95) is a scalar time-varying
linear ordinary differential equation (ODE), the exact solution can be written in closed
form as

t
z(t) = xo exp/ a(s)ds. (A.97)
0
How does the approximate solution in (A.96) compare with this? The statement
Tpt1 = [1 + a(nAt) At)x,

is equivalent to
n

Ty = To H[l + a(nAt) At).
k=1

If n — oo and At — 0 in such a way that 0 < t,, < 0o, then

n tn
Ty — To €XP (Atz a(kAt)) =1z exp/ a(T)dr = x(t,,).
0

k=1

In other words, the numerical integration scheme in (A.96) can be thought of as an
algorithm that produces the correct solution under the special conditions described
above.
Now consider the time-invariant system of n x n matrix differential equations
dX

e AX where X(0) = X. (A.98)

The solution to this system is known to be of the form
X (t) = [exp(At)] Xo. (A.99)

It is easy to show that this is a solution using the definition of the matrix exponential as
a Taylor series, direct substitution into (A.98), and matching each term in the resulting



A.10 The State-Transition Matrix and the Product Integral 347
Taylor series. The fact that it is the only solution follows from existence and uniqueness
theorems from the classical theory of ordinary differential equations.

In contrast, a numerical approximation of the solution to the system (A.98) can be
made in analogy with the scalar case as

Xpi1 = Xp + AtAX, = [[+ AtA]X,, ~ exp(AtA)X.

The approximation above becomes accurate as At — 0, and so the actual solution is
obtained at the discrete sample points in that limit:

Xy = (ﬁ exp(AtA)) Xo =exp (Atzn:A> Xo = exp(tnd)Xo = X (tn).

k=1 k=1

Now if A = A(t) in (A.98), the solution will no longer be (A.99). However, if

[A(t), /0 tA(s)ds} =0 (A.100)

for all values of ¢ (where in this context the brackets mean [A, B] = AB — BA), then

X(t) = exp ( /O t A(s)ds) Xo. (A.101)

And the same numerical scheme gives

tni1
Xpy1 = [H +/ A(s)ds} X (A.102)
t

n

and

n tn n tn
X, = (H exp/ A(s)ds) Xo =exp (Z A(s)ds) Xy
k=1 tn—1 k=1"tn-1

— exp ( Ot” A(s)ds) Xo = X(t).

In the more general case when (A.100) does not necessarily hold, a unique solution
will still exist, and it will be of the form

X () = d(t,0)Xo

where the state transition matriz can be thought of as the limit
to
D(ta, t1) = klim D (ta,t1) where Pp(ta,t1) = ]I—i—/ A(0)Pi—1(0,t1)do.  (A.103)
—00 4

Or, written in a different way [6, 24],

qﬁ(tg,tl):]l—i—/ (o1 d01+/ Ao U A(ag)dag}dal

t1 t1

+/tt U Ut As) dag] (ag)daz} doy+ ... (A.104)
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In addition to being called the state transition matrix, this is sometimes called the
matrizant or matricant. It is easy to see that if the solution from t = tg to t = t; is
X (t1) = D(t1,t0) X (to) where t1 > to, and then if X (¢1) is used as the initial conditions
for a solution evaluated at to > 1, then X (t2) = P(t2,¢1)X (¢1). It then follows that

X(t2) = P(t2,t1)2(t1,t0) X (t0) == D(t2,t0) = P(t2,t1)P(t1,t0). (A.105)

On the other hand, even when (A.100) does not hold, (A.102) will still hold, and for
very small values of At it is possible to write

tnt1
Xp41 ~exp [/ A(s)ds} X, (A.106)
tn

since (A.102) can be thought of as the first two terms in the expansion of the Taylor
series for the matrix exponential, with all other terms being insignificant since they
involve higher powers of At.

It follows from back substituting (A.102) into itself that

tnt1 tyn to
X1 A exp {/ A(s)ds] exp [/ A(s)ds| ...exp [/ A(s)ds] Xo,
tn tn—1 ty

or equivalently,
n tht1
X(tng1) = [ exp ( / A(s)ds> Xo (A.107)
k=0 tk

where the order in the products is understood to be in decreasing values of k written
from left to right.

In the limit at At — 0 and n — oo in such a way that their product is the finite value,
t, the above approximate solution becomes exact, and the corresponding state-transition
matrix can be written as the product integral [1, 18, 30]:

tr

D(t, tg) = nli_)rr;OkfIOexp (/tk+1 A(s)ds) . (A.108)

Shorthand that is sometimes used for this is [19]°

Dt to) = [ explA(s)ds]. (A.109)

to<s<t

Interestingly, even though (¢, ty) cannot be written as a single matrix exponential
unless (A.100) holds, (A.79) still holds for the case when A = A(t), and so

t
det D(t,t9) = eXp/ trA(s)ds.
to
The interpretations in (A.103) and (A.107) both have certain advantages from the
perspective of numerical approximation. For example, if the system has many dimen-
sions, then for small values of time, (A.103) has the advantage that the numerical

5The most rigorous definition of the product integral summarized by this shorthand is
somewhat more involved than described here.
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evaluation of the matrix exponential is not required. However, in the case when the
system of equations describes a process evolving subject to constraints, then (A.109)
will usually observe those constraints better than will (A.103).

For example, the constraint X7 (¢) X (t) = I indicates that X (¢) is an orthogonal ma-
trix. Taking the time derivative of both sides means that X X7 must be skew-symmetric.
Therefore, the system X = A(t)X where A(t) is a specified skew-symmetric matrix and
X (0) is orthogonal, should produce an X (¢) that is orthogonal. However, if (A.103) is
truncated at a finite number of nested integrals and used as an approximate solution,
or if (A.102) is iterated with a finite value of At, errors will add up and the solution will
no longer obey the constraint X7 (¢,)X (t,,) = I as the value of t,, increases. In contrast,
if A(s) is skew-symmetric, then each integral inside of each exponential in (A.107) will
also be skew-symmetric. And since the exponential of a skew-symmetric matrix is al-
ways orthogonal, the solution obtained by the product integral will, in principle, obey
the orthogonality constraint that the true solution should have, since the product of
orthogonal matrices is orthogonal.

Now just because a numerical approximation observes constraints is not a guarantee
that it is accurate. That is, it is a necessary property of a solution, but it is not a
sufficient property. And furthermore, the product-integral formulation is not the only
way to enforce constraints. For example, it is possible to use one of the other numerical
approximations discussed above and incorporate a correction step that first generates
an approximate solution, and then modifies that approximation so as to be consistent
with the constraints. Another alternative would be to parameterize all possible states
that are consistent with the constraints, and replace the original linear system of ODEs
with a smaller number of non-linear ODEs in the parameter space, the solution of which
will necessarily observe the constraints. A more detailed discussion of this is given in
Volume 2.

A.11 Vector Calculus

Vector calculus addresses differentiation and integration of functions and vector fields in
analogy with the way calculus in one dimension works. The subsections that follow serve
as a review of the basic results of vector calculus. Section A.11.1 begins with a review of
basic optimization. Section A.11.2 focuses on differential operations in Euclidean space
using Cartesian coordinates, and Section A.11.3 addresses the spatial generalizations of
the fundamental theorem of calculus (i.e., the theorems named after Gauss, Green, and
Stokes). Section A.11.4 discusses integration by parts in R™. Section A.11.5 reviews the
chain rule. And Section A.11.6 serves as an introduction to matrix calculus.

A.11.1 Optimization in R™

In this section optimization problems in R™ are reviewed. Given a smooth function
f : R"™ — R, classical calculus provides the necessary and sufficient conditions for a
particular point xg to be a critical point or extremum (i.e., a local minimum, local
maximum, or saddle point). The necessary condition for a critical point is that the
gradient vector evaluated at x is zero:

of

9dIl _o Al
x|, " (A.110)
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Computing the matrix of second derivatives, 9% f /0z;0x;, and examining its properties
determines what kind of critical point xg is. In particular, the n X n symmetric matrix

o f

Hixo) = 5wt |-

(A.111)
which is called the Hessian, describes the shape of the local landscape in the neighbor-
hood of x¢. And the eigenvalues of H characterize the type of critical point. If all of the
eigenvalues of H(x) are positive, then x¢ is a local minimum. If all of the eigenvalues
of H(xo) are negative, then xq is a local maximum. If they are mixed, then the result
is a saddle.

Often in optimization problems, it is desirable to minimize a function subject to
constraints. This changes the problem stated above from one of finding the critical points
of f(x) where x can take any value in the n-dimensional space, R", to one of finding
constrained extrema that are contained within an extrinsically defined hyper-surface
h(x) = 0. Sometimes multiple constraints of the form h;(x) = 0 for i = 1,....m < n
are provided. When constraints are present, the goal becomes one of finding the values
xp that extremize f(x) while exactly satisfying all of these h;(x) = 0. The combination
of m constraint surfaces, when intersected in an n-dimensional space generally gives
an (n — m)-dimensional manifold. If a parametrization x = x(u) can be found where
u € R such that h;(x(u)) = 0 for ¢ = 1,...,m, then the original problem can be
reduced to the minimization of the function f(u) = f(x(u)). While in general it can be
difficult to find such a parametrization, it is still useful to think of the problem in this
way. The necessary conditions for finding a constrained extremum are then 0 f /Ou; =0
for i = 1,...,n —m. By the chain rule (see (1.33)), this necessary condition is written as

of oxt _
ox du
If h(x) = [h1(X), ..., hym (x)]T, then since h(x) = 0, it follows that h(x(u)) = 0 and

ohT oxT B
ox ou

This says that 9f/9x and dhT /0x are both orthogonal (or normal) to dx* /0u, which
describes the tangent to the constraints. Since the tangent space is m-dimensional, and
the original space was n-dimensional, the fact that the n —m vectors Oh; /9% are normal
to the constraints means that they form a basis for all normal vectors. Since 9f/0x is
one such normal vector, then it must be possible to expand it as a linear combination
of the basis for normal vectors. Therefore, it must be possible to find constants, A; for
i =1,...,m, such that

of <~ Oh of on”
o= ;)\z o O = A. (A.112)

The constants XA = [A1, ..., A, | are called Lagrange multipliers. The method of Lagrange
multipliers, as stated in (A.112), enforces constraints while working in the original co-
ordinates, x. And while (A.112) was derived by assuming that the constraints could be
described parametrically, the end result does not require that such a parametrization
be found. For other explanations, see [16, 28].

In practice, when seeking to minimize a function f(x) subject to constraints h(x) =
0, Lagrange multipliers are integrated into a modified cost function, c¢(x) = f(x) +



A.11 Vector Calculus 351

ATh(x). Then simultaneously solving dc/0x = 0 (which is (A.112)), and dc/OX =
h(x) = 0, provides n + m equations to be solved in the n + m variables [x*, AT]T ¢
R™™™_ This may seem wasteful since doing calculations in an (n + m)-dimensional
space is more costly than in the (n — m)-dimensional space that would have resulted
if parametric constraints had been obtained, but it is easier said than done to find
parametric descriptions of constraints. And so, the method of Lagrange multipliers is
widely used in practice.

A.11.2 Differential Operators in R™

The gradient of a differentiable scalar function, ¢(x) for x € R™, is defined as the vector
grad(¢) € R™ with ith entry
9¢

N 8%‘1

Usually the notation grad(¢) = V¢ is used as shorthand, where the “del” operator, V,
itself is viewed as a vector of the form

- 0

e; - grad(¢)

The divergence of a vector field (i.e., vector-valued function of vector-valued argument),
f(x), is defined as

div(f) =) gj: L=V-f. (A.113)
i=1 ¢
The Laplacian is defined as
div(grad(¢)) = 5z =V (Vo). (A.114)
i=1 1

This is often denoted as V2¢ or Ag.
In three-dimensional space, we can also define a curl operator,

dfs 0fs 8fi Ofs 9fs oA
I(f) = f=| - —— -2 == _ _“-| | A1l
o ( ) VX {3:1:2 61‘3 ’ 8933 8$1 ’ 8951 31’2 ( 5)

These operators play central roles in mechanics and theory of electromagnetism.

A.11.3 Integral Theorems in R? and R3

The Fundamental Theorem of Calculus states that for a differentiable real-valued func-
tion on the interval [a,b], f : [a,b] — R,

b
/ %dm = f(b) — f(a). (A.116)

A natural question to ask is, “How does this extend to higher dimensions?” Consider
a region in the plane bounded by differentiable curves. Each curve can be assigned an
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orientation defined such that the region is “always on the left” as a curve is traversed,
as shown in Figure 5.4.

Let x be a vector-valued function (f : R? — R?) defined on the closure of the region
(i.e., the union of its interior and the boundary curves). The value of the function on
the oriented boundary curves is, in a sense, like the values f(a) and f(b) in (A.116). It
should not be surprising, then, that evaluating the integral of “some kind of derivative”
of f(x) on the interior of the region should relate values evaluated on the boundary. In
fact, the detailed relationship is written as

v xr1dry = xM(s)) - n@(s)ds .
/B@de (£)dz1d Z/C f(x'(s)) - n'(s)d (A.117)

where ¢ = 1,2,...,m enumerates the boundary curves, Ci,...,C),, each of which has
a parametric description x()(s) with tangent t(¥)(s) pointing along the direction of
increase of s (which is a dummy variable of integration that need not be arc length).
The unit normal that points away from the region at each boundary point is n((s),
which by definition satisfies n(?) (s) - t(9)(s) = 0.

Note that the right-hand side of (A.116) can be re-written as (+1)f(b) + (—1)f(a)
where +1 denotes the “direction” on the real line pointing away from the interval [a, b]
when x = b, and —1 points away from the interval when = = a and a < b. Hence, the
issue of “orientation” was present even in the one-dimensional case.

By slightly changing notation, if we let f = [f1, f]7 = [ha, —h1], and recognize that
a vector v € R? can always be constructed to be orthogonal to a given vector u € R? as

v(zi)j:(ﬁ?)i(_u“e‘j?) (A.118)

then (A.117) is re-written as Green’s theorem:

Ohs 8h1> / . ,
— — — | dzidasy = £(x) . dx® A.119
[ (G- ) ands, > e (A119)

where dx(?) = t()ds, and the construction (A.118) is used to relate the normal and
tangent, with the choice + such that the curves are oriented as described earlier.
The spatial generalization of (A.117) is the divergence theorem (or Gauss’ theorem):

/ div(£)da drsdzs = 3 / £(xM) . nds (A.120)
B — Jos,

where now x; ranges over each of the bounding surfaces of the domain (or “body”), B,
with n® denoting the outward-pointing normal to the surface, and dS is an element of
surface area.

The spatial generalization of (A.119) is Stokes’ theorem,

> / curl(f) - ntds =~ / f.dx\) (A.121)
i Si j Cj

where j can be used to enumerate oriented curves on the exterior surface of the body.
Collectively, these curves “carve out” oriented surface patches and strips. In contrast, ¢
runs over all interior surfaces and the part of the exterior surface defined by the curves.

The extension of these theorems to higher dimensions (and even to non-Euclidean
spaces such as group manifolds and homogeneous spaces) is possible. This is facilitated
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by the use of differential forms, which are used in place of the cross product. Recall that
the cross product was used to define the normal to a surface, and the element of surface
area is also defined using the cross product. And so as written, (A.120) and (A.121) are
limited to three-dimensional space.

Differential forms and the generalization of Stokes’ theorem, Green’s theorem, and
the divergence theorem are discussed in Chapter 6.

A.11.4 Integration by Parts in R™

The inner product of two real-valued functions on the interval [a,b] C R is defined as

b
(f,h) = / F(@)h(z)dz. (A.122)

Clearly (f,h) = (h, f).
Using the notation f’ = df /dx, the familiar integration-by-parts formula,

b b
[ @ s = fORE) - f@ha) - [ @) ()i, (A123)
can be written compactly as

(f, ) = fhly = (h, ).

Let ¢ : R® - R and v : R® — R". Let D € R™ be a compact (i.e., closed and
bounded) domain with smooth boundary 0D. The integration-by-parts formula (A.123)
generalizes to n-dimensional domains D C R™ as

n a¢ B n N n 6’07;
/D;MvidV—/aD(ﬁ;v,nldS—/D;qbaxidV,

which is written more compactly as

/ (grad ¢) - vdV = pv-ndS — / ¢ div(v)dV, (A.124)
D D

oD

where n € R” is the unit outward-pointing normal to the bounding surface dD. Using
the divergence theorem, (A.124) can be restated as

/ (erad ¢) - vdV = / {div(6v) — ¢div(v)}dV.
D D

A.11.5 The Chain Rule

Given a scalar-valued function of multiple arguments, f(z1, ..., ), a vector-valued func-
tion of a single argument, x(t) = [z1(¢), ..., 7, (t)], or a vector-valued function of vector-
valued argument, classical multi-variate calculus addresses how rates of change of these
quantities relate to each other. For example, the chain rule states that

df = Of da
dt Ox; dt -

i=1

(A.125)



354 A Review of Linear Algebra, Vector Calculus, and Systems Theory

Given the system of equations y; = fi(x1,...,x,) for i =1, ...,m,

= —. A12
dt ; dx; dt (4.126)

Treating the variables x; and y; as entries in a vector, the above can be written as

dy dx
T

where the m x n Jacobian matriz J(x) is defined as

Oy

ofi
J(X) - oxT ~ Ji‘ = f

31,]-'

The chain rule can be iterated. If y = f(x), and z = g(y), then

dz  Jz dy 0z Oy dx
dt oyl dt  oyT oxT dt’

Here the order of multiplication of the Jacobian matrices matters.
Using this notation, the gradient of a scalar function f = f(x1,...,z,) (which was
defined earlier as a column vector) is written as

T
gradfzaf:(af> .

ox oxT

The chain rule is an important tool that allows the differential operations in Sec-
tion A.11.2 and integral theorems in Section A.11.3 to be expressed in different coor-
dinate systems. For example, the expressions for divergence, curl, etc. take on different
forms when expressed in cylindrical or spherical coordinates than in Cartesian coor-
dinates. And likewise, the expressions for volume elements and surface area differ in
appearance when expressed in various coordinate systems. The chain rule links these
expressions.

A.11.6 Matrix Differential Calculus

In some contexts, matrix-valued functions of a scalar, vector, or even another matrix
arise in applications. For example, the state-transition matrix in Section A.10 gives the
solution X (t) = &(t,tg) for the linear system dX/dt = A(t)X subject to given initial
conditions X (tp).

Given two such matrix-valued functions of scalar argument, X (¢) and Y (¢), and
constant matrices A and B such that the products X (¢)Y (¢) and AX (¢)B make sense,
matrix differential calculus in one variable gives

d dX dy d dX
Cixy)y="y x4 L axB) =AY B.
g XY) = Y+ X g and . (AXB) = ATy

From the first of these expressions, the derivative of the inverse of a matrix can be
computed from the fact that XX ! =1 and dI/dt = O as

d dX dX 1 dX ! — dX -
XXil -1 — = — 1= 1. A2
7( ) = - X+ X ; 0 «— ; X m X (A.127)
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In contrast to matrix-valued functions of scalar argument, it is also possible to have
scalar-valued functions of matrix argument. For example, the functions tr(X), det X,
and ||X| all take in matrices as their arguments and return scalars. The derivative
of a real-valued function, ¢(X), with respect to the (m x n)-dimensional real matrix
argument can be defined in terms of components as

oo | _ 09
|:6‘X:|ij a 3Xij

for  (i,7) €[1,....m] x [1,...,n]. (A.128)

Within the context of this notation, it is straightforward to show for constant matrices
A and B that

otrX dtr(ATX) L dtr(AX 1) B 1 g o INT
e =1; TfA, Tff(X AXTH) (A.129)
and
T
w _ (AXB+ BXA)T; w _ BTXA” £ BXA. (A.130)

In addition to matrix-valued functions of scalar argument, and scalar-valued func-
tions of matrix argument, the problem of matrix-valued functions of matrix-valued argu-
ments sometimes arises in applications. While the system of scalar equations in multiple
scalar variables of the form y; = fi(x1,...,x,) for i = 1,...,m was treated as a vector-
valued function of vector-valued argument in Section A.11.5,if n =r-sand m =p-q
for positive integers p,q,r, s, then rather than viewing this as the vector expression
y = f(x), it could be viewed as the matrix expression Y = F(X) where x = XV,
y =YV, and f = FV are the long column vectors obtained by stacking columns of the
matrices to which the V operator is applied. And if two such expressions exist such that
Y = F(X) and Z = G(Y), it is natural to ask what the chain rule looks like. Several
possible notations exist. One could define the Jacobian corresponding to the derivative
of a matrix with respect to a matrix as a three-dimensional array; or one could treat
the operator 9/0X as a matrix (in analogy with the way V is treated as a vector) and
define a Jacobian as a Kronecker product (9/0X)®&F. While these and other possible
concepts exist, one that is very convenient in many applications is to convert X € R"*¢
and Y = F(X) € RP*? back to vectors and then use the definition [17]

OFV s
DF(X) = X € RPOXTs,

Then if X = X (),
ayv axv
=DF(X
dt (X) dt
and the chain rule for concatenated transformations of the form Z = G(F (X)) can be
expressed simply as the matrix product

dz dxV
—— = DG(F(X))DF(X) =

without having to worry about how matrices multiply multi-dimensional arrays or any
of the other problems associated with other definitions of Jacobians associated with
matrix-valued functions of matrix argument.

For a more detailed treatment of matrix differential calculus, see [17].
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A.12 Exercises

A.1. Show that: (a) the “triple product” [a, b, c] = det(a, b, ¢) has the property
a-(bxc)=c-(axb)=b-(cxa). (A.131)

and (b) any vector v € R3 can be expressed in terms of three non-coplanar vectors a,
b, c € R? as
_det(v,b,c) det(a,v,c) det(a, b, v)

B det(a,b,c)a+ det(a, b, c) + det(a, b, c) “

v (A.132)

A.2. Show that for a 2 x 2 matrix, A, the 2-norm is related to the Frobenius norm and
determinant of A as [14]

1413 = 5 (I1411? + VT = 4[det(A)) .

N =

A.3. Solve the above expression for ||A|? as a function of ||A]|3 and detA.

A.4. Show that the 2-norm is the same as max eigenvalue
| All2 = \% Amaz (A*A).

A.5. Show that for an n x n matrix, A, with characteristic polynomial p(X) = det(AI —
Ay =\ — LA+ (=D)L, (AN + (1), (A) = 0, that I, (A) = tr(A)
and I,,(A) = det(A).

A.6. Using the properties of the trace and determinant, prove that if det(P) # 0, then:
(a) det(PAP~!) = det(A) and (b) tr(PAP~1) = tr(A). (c) Is this true for all of the
scalar invariants’ I;;(A) in the characteristic polynomial p4(A\) = 0?

A.7. For the matrices

2-1 0 0
2-1 0

2 -1 -1 2-1 0

Al_(-l 2) Az = _éj_; A=l 9o1 24

0 0-1 2

compute the following by hand, without the assistance of a software package: (a) tr(Ay);
(b) [[Akll; (¢) [|Akll2; (d) det(Ag); (e) all of the eigenvalues, X;(Ay), and eigenvectors,
vi(Ag); (f) show that (vi(Ax),v;(Ar)) = 01f Xi(Ax) # Aj(A).

A.8. Compute by hand analytically the eigenvalues and eigenvectors of the following
matrices: (a) the arbitrary real skew-symmetric matrix in (A.16) and (b) the arbitrary
rotation around the ej axis denoted as R3(f) in (A.44).

A.9. (a) Show that the cross product makes R?® a Lie algebra. (b) Show that the set of
skew-symmetric matrices together with the matriz commutator

"The characteristic polynomial for any matrix A € C™*™ is defined as pa()) = det(A — A).
It can be written in the form pa(A\) = A" =L (AN . 4+ (=D P L (AN F 4. +(=1)"I,.(A)
where Ij;(A) is called the kth scalar invariant of A. For example, I1(A) = tr(A) and I,(A) =
det(A).



A.12 Exercises 357
[A, B] = AB — BA (A.133)

is a Lie algebra. (¢) Show that there is a bijective (one-to-one and onto) mapping between
these two Lie algebras.

A.10. Prove (A.27). Hint: Start with the case when detA # 0, and let f(B) =
det(AB)/detA, and show that f(B) satisfies the three properties that are unique to
the determinant.

A.11. Prove the sub-multiplicative property (A.50) for the Frobenius and induced 2-
norm.

A.12. Determine whether or not the Frobenius and induced 2-norms are invariant under:
(a) transformations of the form A — UAV where U and V are unitary; (b) arbitrary
similarity transformations of the form A — PAP~! where detP # 0.

A.13. The norm ||A||o is sub-multiplicative and ||I|| = 1, but is |[|[U||ec < 1 for U €
SU(n)?

A.14. Show that: (a) As p — oo the norm in (A.58) approaches
/ — ..
14lloo = | max as;|
(b) The norm ||A]|’, has the property |[I||,, = 1 and ||U|’, < 1 for all U € SU(n).

(¢) This norm lacks the sub-multiplicative property. If we define ||A||%, = n-||A]lL, will
it become sub-multiplicative? Will ||I||”, = 1 and ||U||Z, < 17

A.15. Show that if ||A]|" and ||A]|” are matrix norms, then
[A]" = max{[|A|I", | A"} (A.134)
is also a matrix norm.

A.16. Show that if ||A]|’ is a matrix norm, and ¢ : R — R is a function with the
properties

¢(xr) >0 with ¢(xr) =0« 2=0
o(zy) < d()(y) ¥V 2,y € Ruo (A.135)
¢(azx + by) < ad(x) +bd(y) V a,b € R,

then ¢(||A|]') is a matrix norm.
A.17. Use (A.27) and the fact that AA~! =T to prove (A.29) and (A.30).

A.18. Use the Jordan decomposition together with the results of Exercises A.10 and A.17
above to prove (A.28).

A.19. Using the proof of (A.35) as a guide, prove (A.37).
A.20. Prove that [14]

[jtdet(A + tB)} = detAtr(A™'B). (A.136)
t=0

Hint: First prove it for the case A = I by observing the part of the function f(t) =
det(I + ¢B) that is linear in the parameter t.
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A .21. Verify the following vector identities for arbitrary a, b, ¢, d € R3:

ax(bxc)=(a-c)b—(a-b)c (A.137)
(a x b) x (c xd) =det(a,c,d)b — det(b,c,d)a (A.138)
(axb)-(ecxd)=(a-c)(b-d)—(a-d)(b-c) (A.139)

A.22. Show that for all matrices A, B, C' of compatible dimensions, the Kronecker prod-
uct satisfies

AR(B+C) = A®B + ARC
(A+ B)®&C = ARC + B&C

A.23. Show that in general if A € R™*™ and B € R"*", then

tr(A®B) = trAtrB and  det(A®B) = det A" det B™.

A.24. Verify the following for matrices of compatible dimensions [17]:
(ABC)Y = (CT"®A)BY
tr(ABCD) = [(DT)V]T(CT®A)BY = [DV]T (AeCT)(BT)".

A.25. Assuming A € RV*YN and P € GL(N,R) (i.e., P € RV*Y and it is invertible),
show the following:

(a) exp(P~tAP) = P~ texp(A)P;

(b) exp(—At) = [exp(At)] L.

A.26. The Cayley—Hamilton theorem states that any matrix satisfies its own character-
istic polynomial (i.e., if p(A) = 0, then p(A) = 0). Use the Cayley—Hamilton theorem
to compute by hand a closed-form expression for exp(tA) where

214
A=1020
031

A.27. Determine the stability of the following system:

g = -2 1 2 1 e 2t
T To | = 0 -1 6 To | + | cos12t
T3 0 0 -3 T3 0

A.28. Let A € R™™™ be a constant matrix and x(¢), g(t) € R™ be vector-valued functions
of time. The solution to
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Cfl_j = Ax +g(t) with x(0) = xo
is t
x(t) = exp(At)xg + / exp(A(t — 7))g(r)dr. (A.140)
0
Similarly, given
dx

o (A+ B(t))x with x(0) =xq

(where B(t) € R"*"™ is a matrix-valued function of time) it is possible to write
t
x(t) = exp(At)xo + / exp(A(t — 7)) B(7)x(7)dr. (A.141)
0

(a) Prove Equation (A.91).
(b) Prove Equation (A.94).

A.29. Use Equation (A.91) and/or Equation (A.94) and/or the Bellman—-Gronwall in-

equality to determine the behavior of 2:(¢) governed by the following equations as t — co:
(@)i+az+(1+e =0

(b)2+4+ (1+02cost)r =0

(¢) T4+ 2+ x = cost

(d)i+i+z=et

e)

(e) & + i + x = e?t.
Hint: Rewrite the above second-order differential equations as a system of first-order
differential equations in terms of the vector x(t) = [x1(t), 22(t)]7 where x; = 2 and
To = T.

A.30. Verify the following well-known formulas, assuming ¢;(x), f(x), and g(x) are
sufficiently differentiable [5, 25]:

V(d1¢2) = ¢1Vd2 + 2V r (A.142)

V- (6f) =¢V-f+f-Vo (A.143)

V x (¢f) = ¢V x £+ (V) x f (A.144)

V x (Vo) =0 (A.145)

V- (Vxf)=0 (A.146)

V- (V1 X Vea) =0 (A.147)
V-fxg)=g (Vxf)—f-(Vxg) (A.148)

V2(p1¢2) = $1V%¢2 +2(Ver) - (Vo) + 2 V21 (A.149)
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V- (91V¢2) = 91 V22 + Vo - Vo (A.150)

Vx(Vxf)=V(V-f)—-Vf (A.151)
where V2f = Z?Zl e; V2f;.
A.31. Given the Hermitian positive definite matrix A, prove that
X Ayl? < (x* Ax) (y* Ay) (A.152)
with equality if and only if x = ¢y for some ¢ € C.
A.32. Prove the equalities in (A.129).
A.33. Prove the equalities in (A.130).
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Index

A = [as;] (See matrix), 321
See coordinate chart), 267
)(x) (See convolution), 36

S
3
NA

(x,y) (See inner product), 319

w (See Hodge star operator (applied to
differential form w)), 224

+ (See addition), 315

= (See equality), 4

A” (See Hermitian conjugate (of A)), 322

A~! (See inverse of a matrix), 325

B (See body), 178

B:1 x Bz (See Cartesian product of two
bodies), 179

C°(S*) (See continuous functions on the
circle), 6

C"(a,b) (See n-times continuously differen-
tiable function on the interval (a,b)),
5

Dri(f1 ]| f2) (See Fisher information
divergence), 76

Drr(f1 || f2) (See Kullback—Leibler
divergence), 71, 76

D;;(t) (See time-varying diffusion constants),

50
Df, a Of " J (See Jacobian (of f)), 18
E[X] (See expected value (of X)), 64
E"™ (See n-dimensional Euclidean space), 8
F(6; f) (See Fisher information matrix), 78
F(f) (See Fisher information, (3.40)), 78
G (See metric tensor, or in other contexts,
group), 161
G\R" (See unit cell), 244
I(f1, f2; f) (See mutual information), 76
J(x), also denoted as Dy and dy/0x” (See
Jacobian matrix), 354
Ji(X) (See Jordan block), 334
K (See total Gaussian curvature), 166

1%
on)(-) or I(n(-)) (See composed mapping),

L?(S") (See square-integrable functions on
the circle), 6
LP(S") (See functions on the circle, the
integral of the pth power of which is
finite), 6
M (See total mean Gaussian curvature), 166
N (p) (See entropy power), 85
( (z)) (See Big-O notation), 6
ijk (See Riemannian curvature tensor), 165
(f ) (See entropy), 34
(fxivsi f) (See conditional entropy), 74
(fyv; f), or S(fy) (See marginal entropy),
74
SE(2) (See special Euclidean group of the
plane), 239
SO(3) (See special orthogonal group), 240
SO(n) (See special orthogonal n x n
matrices), 328
SU(n) (See special unitary n X n matrices),
328
S' (See unit circle), 5, 6
S™~ ! (See hypersphere in R"), 5
S™~1 (See unit sphere in n-dimensional
space), 6
S1 X S2 (See Cartesian product (of sets Si
and Sz)), 15
S7 (See sphere of radius r in (n+1)-
dimensional space), 6
T® (See three-torus), 244
T,R™ (See tangent space to R™ at the point
x), 213
V (See volume, or in other contexts, vector
space), 167
V(C) (See volume of a convex body, C), 235
V* (See dual (of the vector space V')), 206,
320
Vol(B™) (See volume of a unit ball in R™), 45
Vol(S™™ 1) (See volume of unit sphere in R™),
44, 45

o
R,
S(f
S
S
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[9"] (See inverse of the metric tensor), 161
[gi;] (See metric tensor), 161
[z,y] (See Lie bracket), 321
[a, b, c] (See triple product), 320
F( ) (See Gamma function), 44
I'fy (See Christoffel symbol), 164
I (See identity matrix), 26
R (See real numbers), 4
R™ (See n-dimensional real vector space), 8,
315
Z (See integers), 102

APV or AP(V) (See pth exterior power of V),

209

<= (See iff, or “if and only if”), 11

= (See “implies”), 12

O (the zero matrix), 53

2F(U) (See differential k-forms on U), 267

QF(R™) (See set of differential k-forms on
R™), 197

27 (See torsion 2-form), 278

27 (See curvature 2-form, 278

&(x) (See convex function), 71

D(t2,t1) (See state transition matrix), 347

II,, (See permutation, or symmetric, group),
201, 323

X7 (See covariance matrix), 40, 66

(Z) (See binomial coefficients), 39

u (See mean), 40

(iy<s<: (See product integral), 348

N (See intersection), 12

- (See scalar product), 317

X(B) (See Euler characteristic (of a body
B)), 176

x(S) (See Euler characteristic (of closed
surface S)), 170

X(0B) (See Euler characteristic (for the
boundary of body B)), 159, 178

U (See union), 12

0i; (See Kronecker delta function), 102, 203

= (See defining equality), 4

@ (See empty set), 12

€ijk (See Levi-Civita symbol), 203

= (See identically equal), 4

3 (See “there exists”), 316

exp B (See exponential (of matrix B)), 338

Y (See “for all”), 13, 316

d f (See the second derivative of f(zx)), 5

(See the derivative of f(x)), 5

7(S) (See genus (of closed surface S)), 170
f(w) (See Fourier transform of f(x)), 37
f
€

d

(n) (See Fourier coefficient of f(6)), 48
(See “in”), 12

k(s) (See unsigned (or absolute) curvature
(of an arc length-parameterized curve)),
155
k(t) (See unsigned curvature (of an arbitrarily
parameterized curve)), 156
s) (See geodesic curvature), 163
s) (See normal curvature), 163
)

Kg(
(

n

=

(a(x)) (See ensemble average (of a(x))), 65
(¢(x) | y) (See conditional expectation), 71
— (See “goes to”), 12

/L(Sz) (See valuation (on S;)), 16

V? (See Laplacian), 351

f (See integral around a closed curve), 157

1 (See differential 1-form), 194
wz (See differential 2-form), 195
@ (See direct sum), 325
® (See tensor product), 206
OB (See boundary (of body B)), 158, 178
¢(x) = 0 (See implicit surface), 180
7 (See a permutation), 201
p(x; p, X) (See Gaussian distribution,
multivariate), 40
p(z; 1, 0%) (See Gaussian distribution,
univariate), 34
w(0; 1,0) (See Gaussian distribution
wrapped around the circle), 47
R0 (See positive real numbers), 14, 15
R>¢ (See non-negative real numbers), 14, 15
~ (See equivalence relation), 12
C (See strictly contained), 12
C (See contained, or subset), 12
7(t) (See torsion (of an arbitrarily parame-
terized curve), 156
x (See cross product), 320
Il - Il (See sub-multiplicative matrix norm),
329
u(t) (See unit tangent vector (to a curve),
155
(v) (See dual vector), 206
(See Kronecker sum), 341
® (See Kronecker product), 340
T (See transpose (of x)), 319
||A|| (See Frobenius norm (of matrix A)), 328
||Allp (See induced norm (of matrix A)), 329
||x]| (See vector norm), 318
x|l (See p-norm), 319
d(x) = dx1dzs - - - dzy, or dx for short (See
differential volume element for R™), 40
d(dw) = 0 (See (double) exterior derivative of
a k-form), 199
d(s1,s2) (See metric, or distance, function),
15
dA (See differential area element), 20
dS (See element of surface area), 161

>EB>€



dV (See differential volume element), 20
dw (meaning 1: differential element in
frequency space), 37
dw (meaning 2: exterior derivative (of the
differential form w)), 196
dx (meaning 1: vector with infinitesimal
length), 18
dx (meaning 2: infinitesimal volume element
dxidxs - - dxy), 19
dw;(t) = w;(t 4+ dt) — w;(t) (See increments of
a Wiener process, or white noise), 109
dz1 A dze (See wedge product (of dzi and
d:Cz))7 195
dz;(t), ith entry of dx(t) = x(t + dt) — x(t),
Not to be confused with the differential
used in integration (See (4.38)), 114
(x1 | x2) (See conditional density), 42
(k;n,p) (See binomial distribution), 39
() = O(g(x)) (See Big-O notation), 7
(z;a) (See family of functions (parameter-
ized by a)), 8
k(q1,q2) (See Gaussian curvature (of a
surface)), 165
k(s) (See signed curvature (of an arc-length-
parameterized curve)), 155
m(q1,q2) (See mean (sectional) curvature of
a surface), 166
p(x, t;X2,t2; X3, t3; ... ; Xn, tn) (See random
process, pdf for a), 105
p(x|y,t) (See transition probability), 121
w;(t) (See Wiener process), 108
Ri(¢) (See a fundamental rotation), 328
2 (See 2-torus), 171
r (See kth natural basis vector for R™), 316
n;(s) (See principal normal (for a space
curve)), 155
na(s) (See binormal (of a space curve)), 156
o(s;r) (See offset curve), 171
o(t1,t2;7) (See offset surfaces, or tubes), 175
w(t) (See Wiener process, m-dimensional),
111
F(f) (See Fourier transform of f), 37
FW(dq,dq) (See first fundamental form),
161
FP(dq,dq) (See second fundamental form),
162
FY(f) (See inverse Fourier transform), 37
N (D) (See space of “nice functions” on
domain D), 9
On (See volume of a (unit) sphere in R™), 45
P(R) (See Pfaffian), 278
X (M) (See set of smooth vector fields on M),
281
curl(f) (See curl operator (applied to f)), 351

f
f
f
f

Index 365

det
V

A) (See determinant (of matrix A)), 323

f) (See divergence (of f)), 162, 351

div(gradf) (See Laplacian (of f)), 162

erf(z) (See error function) 46

grad(¢), Vx¢, or V¢, or a— (See gradient (of
#(x))), 18, 25, 161, 180

sgn(m) (See signature (of permutation 7)),
201, 323

span{vi,, ..., Vi, } (See span of a set of
vectors), 319

trace(A) or tr(A) (See trace (of matrix A)),
323

|DE, or Gift=adel,
determinant), 18

|G| (See metric tensor determinant, or in
other contexts, number of elements in a
group), 161

|S| (See number of elements in a finite set),

14

AAAA

J (See Jacobian

Abbena, E., 191
Abhyankar, S.S., 190
Abraham, R., 232, 286
Ackerman, M., vii
action (of a group), 17
Adams, C.C., 190
addition

matrix, 321

vector, 315
additive measure, 16
admissible deformation, 21
affine transformation, 152
Aguilar, A., 61
Aleksandrov—Fenchel inequality, 236
Algebra, 10
algebraic equations, 150
Allendoerfer, C.B., 286
alternating tensor, 203

Amari, S., 29
analytic
function, 9

manifold, 267
angular momentum, 25
anti-commuting, 195
anti-symmetric (Same as skew-symmetric),
320
Apéry, F., 286
Applebaum, D., 97, 309
arc length, 155
Arfken, G.B., 29
Arnol’d, V.I., viii
associative law
for group operations, 16
for matrix multiplication, 322
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asymmetric unit, 241, 242 Borel measurability, 63
Atiyah, M., 309 Bott, R., 286, 309
atlas, 267 Bottema, O., 190
axioms, 11 Bouleau, N., 138
boundary, 158

backbone, 169 boundary of a body, 178
Baillieul, J., 286 bounding sub-manifold terms, 255
balls Boy’s surface, 241

boundary of, 45 Boyce, W.E., 360

volume of, 43-45 Boyer, C., 60
band limit, 6 Bracewell, R.N., 60
Barron, A.R., 97 Brakke, K.A., 190
Barroso, V., 99 Braunstein, S.L., 98
base space, 279 Brenner, J., 361
basis bridging

non-orthogonal, 319 index, 157

orthogonal, 319 number, 157
basis vectors for R™, 316 Brockett, R.W., 310
Bates, P.W., 190 Brown, L.D., 98
Bayes’ rule, 69 Brownian motion, 3, 85, 102, 103, 111
bell curve, 32 Bruckstein, A.M., 191
Bell, D.R., 314 Brunn—Minkowski inequality, 235
Bellman—Gronwall lemma, 344 Bullo, F., 286
Belopolskaya, Ya. L., 314 bundle space, 279
Ben-Israel, A.; 190 Burke, W.L., 286
Benedetto, J.J., 60 Burke-Hubbard, B., 360
Berger, M., 286 Burnett, M.N., 287
Bertsekas, D., 97 Burrus, C.S., 60
Bhattacharya, R, 98 Buttazzo, G., 190
bi-unit cube (and Stokes’ theorem), 224
bi-variate distribution, 70 calculus, 10
bi-variate pdf, 68 matrix, 353-355
Bianchi identity, 257 multivariable, 18, 349-353
Big-O notation, 6 Campbell, S.L., 360
bijective mapping, 14 Canny, J., 192
binary operations, 15 cart
binomial kinematic, 3

coefficients, 39 stochastic, 3

distribution, 39, 103 cart-like robot, 2

theorem, 39 Cartan, E., 193
binormal of a space curve, 156 Cartan, H., 232, 286
Birkhoft, G., 29, 360 Cartesian product, 15
Bishop, R., 190, 286 and Euler characteristic, 179
Blachman, N.M., 98 of two bodies, 179
Blackmore, D., 190 Casimir, H.B.G., 138
Bloch, A.M., 286 Cauchy distribution, 68
Bloomenthal, J., 190 Cauchy-Bunyakovsky—Schwarz (CBS)
Bluman, G., 60 inequality, 79
Bobenko, A.I., 286 Cauchy—Schwarz inequality, 83, 318
Bochner, S., 288 for matrices, 331
body, 178 Caves, C.M., 98

planar, 158 Cayley—Hamilton theorem, 358

spatial, 159 cells, 176

Boothby, W.M., 286 central limit theorem
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Chan, T.F.,; 190
change of coordinates
and entropy, 88
and integration, 21
change of variables, 65
Chapman—Kolmogorov equation, 108, 118
and derivation of the Fokker—Planck
equation, 120
characteristic polynomial, 356
Charlap, L.S., 286
Chavel, 1., 286
Chazvini, M., 190
Chen, B.-Y., 190
Chern, S.-S., 286
Chern—Lashof inequality, 171

Chirikjian, G.S., x, 61, 98, 190, 286, 310, 360

Cholesky decomposition, 335
Chopp, D.L., 191
Christoffel symbol, 164
Clausius—Duhem inequality, 27
clipped Gaussian distributions
multi-dimensional, 46
one-dimensional, 45
variance of, 46
closed form, 226
closure
under conditioning, 68
under convolution, 68
under marginalization, 68
co-dimension, 248
Codazzi-Mainardi equations, 188
Cole, J., 60
commutative diagrams, 17, 19
commutativity, 17
compact, 10
domain, 353
manifold, 268
support, 89
complex
numbers, 341-343
vector space, 316
composed mapping, 13
conditional
density, 41
entropy, 74
expectation, 68-73
convolution and, 72
Jensen’s inequality and, 71
mean, 69
conditioning, 65
conformation (of a polymer), 281
conformational bundle, 281
conformations (of a robot arm), 143

Index

connected, 10
connection
affine, 281
Riemannian, 281
symmetric, 281
conservation of mass, 24
consistent matrix norm, 329, 337
contained, 12
continuity equation
for fluids, 24
for heat flow, 26
for solids, 23
continuous entropy, 73
continuous function, 5
continuously differentiable, 5
continuum mechanics, 20
convex
function, 71
polytopes, 234
convolution, 36, 65
and implicit surfaces, 180
information and, 78
on the integers, 102
Cooley, J.W., 61
coordinate changes
and Fokker—Planck equations, 130
and It6 SDEs, 135
and SDEs, 130
and Stratonovich SDEs, 136
coordinate chart, 267
coordinates
non-linear transformations of, 57
corollaries, 11
Costa, M.H., 98
cotangent space, 269
covariance matrix, 41, 66
Cover, T.M., 98
Cramér, H., 98
Cramér—Rao bound, 81-84
Crassidis, J.L., 98
cross product (See vector product), 320
Crouch, P., 286
crystallographic space group, 244
crystallography, 241
cumulative distribution function, 34
curl operator, 351
curvature
2-form, 278
flow, 179, 185
Gaussian, 165
geodesic, 163
mean, 165
normal, 163
of an implicit surface, 181
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of planar curve, 155 distance function, 15
of surfaces, 163 distribution
principal, 165 bi-variate, 70
Ricci, 257 binomial, 39
Riemannian, 165 Cauchy, 68
signed, 155 Gaussian, 29
unsigned, 155 maximum entropy, 40
curves multi-Gaussian, 92
differential geometry of, 155 multi-variate, 70
implicit, 179-185 tri-variate, 70
simple, 157 distributions
cyclic permutation, 324 parametric, 45
divergence, 351
Dalecky, Yu. L., 314 Fisher information, 76
damping, 124 information-theoretic, 76
Darboux frame, 163 of a vector field, 162
Darling, R.W.R.., 232, 286 divergence theorem, 9, 160, 352
Davis, H.F., 360 and forms, 224
Davis, J.H., 360 for implicitly defined surface, 184
de Bruijn identity, 84-85 for manifolds with boundary, 271
decomposition DNA, 3, 281
of a matrix, 331-337 do Carmo, M., 191
spectral, 126 do Carmo, M.P., 232, 286
defining equality, 4 dodecahedron, 237, 244
Dembo, A.; 98 Dombrowski, P., 191
densities donut, 10, 144
conditional, 40 Doob, J.L., 98, 138
marginal, 40 dot product (See scalar product), 317
derivative, 5 double exterior derivative of a k-form, 199
detailed balance, 127 dual
determinant of a matrix, 323 of a vector space, 206
diffeomorphism, 213, 241 spaces, 319-320
differential vector, 206, 320
2-form, 194 dummy variable, 13
area element, 20 Dunbar, W.D., 287
entropy, 73 Durrett, R., 138
equations, 10
forms E. coli, 3
in Euclidean space, 194-200 edges, 158, 170
geometry Edwards, B.H., 360
of curves, 155 Edwards, H.M., 360
of surfaces, 159 eigenvalues, 26, 127, 331
manifold, 267 eigenvectors, 127, 331
volume element, 20 Einstein, A., 138
volume element for R", 40 Elbert, T.F., 360
diffusion constants elbow down, 144
time-varying, 50 elbow up, 144
diffusion equations, 38 element of surface area, 161
DiPrima, R.C., 360 elimination theory, 146
direct kinematics, 142 ellipsoid
direct sum, 325 metric tensor for, 167
discrete entropy, 90 of revolution, 167
dispersion surface area of the, 168

measures of, 95 total Gaussian curvature of the, 168



total mean curvature of the, 168
volume of the, 168
Elworthy, K.D., 310
embedding, 141, 266
Emery, M., 310
empty set, 12
end effector, 143
ensemble average, 65
entire space, 279
entropy, 34
and change of coordinates, 88
and discretization, 89
conditional, 74
continuous, 73
differential, 73
discrete, 90
marginal, 74
power inequality, 75
statistical mechanical, 90
thermodynamic, 27
entropy power inequality, 85-87
equality
defining, 4
different meanings of, 4
in the mean-squared sense, 5, 6
philosophical view, 7
equations
algebraic, 150
polynomial, 150
rate-linearized, 150
equivalence
classes, 12
relation, 12
ergodic (ergodicity), 109
error
function, 46
mean-squared, 5
estimation of parameters, 81
estimators
unbiased, 82
Euclidean space, 8, 64, 315
Euler
integration, 346
Euler characteristic, 158, 170, 175-179
in N dimensions, 176
of a body, 178
of a boundary, 178
of a Cartesian product, 179
Euler parameters, 240
Euler-Maruyama integration, 115
Eulerian description, 22
Evans, L.C.,; 191
even function, 32
evolution equations, 53

Index

evolving surfaces, 185
exact form, 226
expectation, 63-73

conditional, 68-73
expectation, or expected value, 64
exponential (of a matrix), 338-340
exterior

algebra, 204-221

calculus, 195

derivative, 195

power, 209

product, 207

faces, 158, 170
factorial, 39
family
of functions, 8, 11
of parametric distributions, 45
of sets, 16
Farmer, D.W., 286
Farouki, R.T., 191
Fary, 1., 191
Fary—Milnor theorem, 157
fast marching methods, 184
Faugeras, O., 191
Feder, M., 99
Fedkiw, R.P.; 192
Feller,W., 98
Fenchel’s theorem, 157
Fenchel, W., 191, 286
FFT (Fast Fourier Transform), 237
fiber bundles, 278
fiber space, 279
fibers, 172
Fick’s law, 25
field, 316
filtrations, 63
finite-difference approximation, 346
Finney, R.L., 361
first fundamental form, 161
Fisher information, 77
divergence, 76
matrix, 77
Fisher, R.A., 98
Flanders, H., 232, 286
Flannery, B.P., 360
fluctuation—dissipation theorem, 130
Fliigge, S., 310
Fokker, A.D., 138
Fokker—Planck equation, 3, 38
and coordinate changes, 130
derivation of, 120-121
in Euclidean space, 123-127
folded Gaussian distribution, 47-48
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for all, 13
form
closed, 226
exact, 226
forms
one-, 194
quadratic, 195
two-, 194
zero-, 194
forward kinematics, 142
Fourier
analysis, 5, 10
coefficient, 48
reconstruction formula, 37
series, 48
transform, 37
Fourier’s law of heat conduction, 25
Fourier, J.B.J., 61
Fowler, R.H., 138
Fox, R.H., 191
Fréchet, M., 360
Frenet frames, 156
Frieden, B.R., 98, 99
Fris, 1., 61
Frobenius norm, 328
Fukuda, K., 286
function, 11, 14
analytic, 9
band-limited, 6
complex-valued, 5
continuous, 5
continuously differentiable, 5
convex, 71
error, 46
even, 32
family of, 8, 11
Fourier series of, 48
indicator, 14
integrable, 33
Kronecker delta, 102
matrix-valued, 26
natural logarithm, 75
nice, 9, 36
non-anticipating, 118
non-pathological, 9
odd, 32
on the unit circle, 48
periodic, 48
smooth, 29
well-behaved, 9
fundamental form
first, 161
second, 161
Fundamental Theorem of Calculus, 5, 351

Gage, M., 191
Gamma function, 44
Gantmacher, F.R., 360
Gard, T.C.; 138
Gardiner, C.W., 138
Gardner, R.J., 98
Gauss’ theorem (See divergence theorem),
160, 352
Gauss—Bonnet theorem, 170
Gauss—Bonnet—Chern theorem, 277
Gaussian
curvature, 165
of an implicit surface, 181
distribution, 29-48
clipped, 45-47
folded (or wrapped), 4748
multi-dimensional, 39-43
multivariate, 40
on the real line, 31-39
wrapped around the circle, 47
integrals, 42
random processes, 106-108
genus, 157, 170
geodesic curvature, 163
geodesics, 165
Geometry, 10
geometry
algebraic, 11
differential, 11
of curves and surfaces, 139-190
GL(n,C), 325
GL(n,R), 325
gluing, 244
Gnedenko, B.V., 98
goes to, or is mapped to, 12
Goldberg, S.I., 286
Goldman, R., 191
Golub, G.H., 360
Gonzélez, M., 61
gradient, 18, 25, 162, 180
Gram—Schmidt orthogonalization process,
251, 319
Gray, A., 61, 191
Grayson, M., 191
Green’s theorem, 352
and forms, 223
for manifolds with boundary, 271
Grenander, U., 98
Greub, W.H., 232
Greville, T.N.E., 190
Gromoll, D., 191
group, 16
action, 17



permutation, 323

symmetric, 323

transformation, 17
group manifold, 239
groupoid, 244
Gruber, P.M., 286
Griinbaum, B., 286
Guggenheimer, H.W., 191, 232, 286
Guibas, L., 286
Guillemin, V., 232, 286
Guo, D., 99

Hadwiger, H., 191, 286
Haker, S., 192
Halmos, P., 360
Hamilton, R.S., 191, 287
Hammond, C., 287
Hardy, G.I., 98
heat, 25
conduction, 25
current density, 26
flow, 20
flux, 26
heat equation, 26, 38, 48-58
multi-dimensional, 51-53
on a Riemannian manifold, 283
on the circle, 50-51
on the line, 48-50
symmetry analysis of, 53-58
Heaviside step function, 34
heavy tails, 67
helix (right-handed circular), 187
Hendricks, H., 98
Hermitian conjugate, 322
Hermitian matrix, 327
Hermitian positive definite, 360
Hida, T., 310
Higham, D.J., 138
Hilbert—Schmidt norm, 328
hip implant, 147
Hodge star operator, 204, 224, 285
Hodge, W.V.D., 191
homothetic, 236
Hopf, H., 287
Hoérmander, L., 314
Horn, R.A., 360
Hostetler, R.P., 360
Hsu, E.P., 310
Hubbard, J.H., 360
Huisken, G., 191
hyper-sphere, 5
hyper-surface, 233, 266

icosahedron, 237

Index

identity matrix, 21, 26
if, 11
iff, 11
Ikeda, N., 310
image, 13
immersion, 261
implicit equation, 149
implicit surfaces, 179-185
Gaussian curvature of, 181
mean curvature of, 181
in, or “is an element of”, 12
increment (of a Wiener process), 108
independent (statistically), 67
index set, 200
indexing set, 16
indicator function, 14, 237
induced norms, 329
inequality
Aleksandrov—Fenchel, 236
Brunn—Minkowski, 235
information
and convolution, 78
and entropy, 76
information theory, 73-80
information-theoretic divergence, 76
injective mapping, 14
inner product (See scalar product), 317
inner-product space, 317
integral
around a closed curve, 157
Riemann, 114
integral geometry, 166
integrating by parts, 50
integration by parts, 47
for manifolds with boundary, 271
in R", 353
intersection, 12
interval
closed, 5
open, 5
intrinsic
quantity, 164
volumes, 236
intrinsic geometry
of space curves, 155
of surfaces, 159
inverse
of a matrix, 325-326
of the metric tensor, 161
inverse Fourier transform, 37
inverse function theorem, 21
inverse kinematics, 144
analytical solution, 145
incremental linearization, 144
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invertible mapping, 13, 14
isomorphisms (between vector spaces), 317
Ito, K., 310
iterations; using inverse Jacobian, 151
Ito
integral, 113
SDE, 114
and coordinate changes, 135
in Cartesian coordinates, 132
in polar coordinates, 133
relationship with Stratonovich SDE, 134
stochastic calculus, 112
stochastic differential equations
in RY, 112-114
stochastic integral, 116-119
Ito, K., 138, 310
Itoh, Y., 98
1t6’s rule, 119-120

Jacobi identity, 321
Jacobian matrix, 18, 119, 131, 354
Jaynes, E.T.; 98

Jensen’s inequality, 71
Jensen, J.L.W.V. 98
Johnson, C.K., 287
Johnson, C.R., 360
Johnson, O.T., 98

Jordan block, 334

Jordan curve theorem, 157
Joshi, A.W., 29

Juan, O., 191

Junkins, J.L.; 98

k-form, 208
k-vector, 207
Kalnins, E., 61
Kanatani, K., 360
Karatzas, 1., 138
Karlin, S., 138
Kass, M., 191
Katsoulakis, M.A., 191
Kavraki, L.E., 287
Keriven, R., 191
Kho, A.T., 191
Kimmel, R., 191
kinematic cart, 3
Klein bottle, 244
Klein, F., vii, 287
Klingenberg, W., 191
Kloedon, P.E.; 138
Knight, F.B., 138
knotted curves, 157
Kobayashi, S., 287
Kohli, D., 191

Kolmogorov’s forward equation (See
Fokker—Planck equation), 38
Kolmogorov, A.N., 98, 138
Korner, T.W., 61
Krempl, E.; 29
Kreyszig, E., 29
Kronecker
delta, 202
product, 340-341
sum, 340-341
Kronecker delta, 125
Kronecker delta function, 102
Kronecker product, 340, 358
Kronecker sum, 341
Kuiper, N.H., 191
Kullback, S., 98
Kullback—Leibler divergence, 71, 76
Kunita, H., 309, 310
Kuo, H.-H., 138
Kyatkin, A.B., 61, 98, 286

Ladd, M.F.C., 287
Lagrange multipliers, 35
Lagrangian description, 22
Lai, W.M., 29
Lang, S., 232, 287
Langevin, P., 104, 138
Langevin, R., 192
Laplace—Beltrami operator (See Laplacian),
162

Laplacian, 162, 351

for a Riemannian manifold, 283
Larson, R., 360
lattice (partially ordered), 16
Lattman, E.E., 287
Lawler, G.F., 99
Lawrence, J., 287
Lee, J.M., 287
Leibniz formula, 323
Leite, F.S., 361
lemmas, 11
Lépingle, D., 138
Leu, M.C., 190
level set, 179
level set methods, 184
Levi—Civita symbol, 203
Lévy, P., 138
Lewis, A.D., 286
Lewis, J., 310
lexicographical ordering, 207, 231
Lie

algebra, 320

bracket, 212, 320

group, 17, 284



six-dimensional, 58
Lie, S., 61
Lindell, 1.V., 232
linear algebra, 10, 315-331
linear mappings, 317
linear systems theory, 343-345
linear transformations, 317
Linnik, Y.V., 99
Lipschitz condition, 114
Lipschutz, M.M., 192
Littlewood, J.E., 98
local volume change, 40
Lockwood, E.H., 287
Loll, P.J., 287
Lovelock, D., 232, 287
LU-decomposition, 336

Mace, G.E., 29
MacLane, S., 29
MacMillan, R.H., 287
Madiman, M., 99
Magnus, J.R., 360
Magnus, W., 360
Malliavin, P., 314
Malvern, L.E., 29
manifold, 228, 233, 260282
analytic, 267
compact, 277
heat equation on a, 282—283
smooth, 267
stochastic processes on a, 288-309
with boundary, 246, 268
manifolds
examples of, 238
Manocha, D., 192
mapping, 11
bijective, 14
composed, 13
injective, 14
invertible, 13
linear, 317
one-to-one, 14
onto, 14
surjective, 14
marginal
density, 41
entropy, 74
marginalization, 65
Markov
property, 105
random processes, 106-108, 118
Markovian (See Markov), 108
Marsden, J., 286
Marsden, J.E.; 232, 286

Index 373

martingales, 63
Maruyama, G., 138
Maslen, D.K., 310
material description, 22
mathematical notation, 10
matrix, 321-331
commutator, 356
decompositions, 331-337
exponential of a, 338-340
Hermitian, 327
inequalities, 331
inverse of a, 325-326
Lie groups, 57
normal, 327
norms, 328-331
Frobenius, 328
induced, 329
sub-multiplicative, 328
orthogonal, 327
perturbations, 337-338
positive definite, 326
skew-Hermitian, 327
skew-symmetric, 327
special orthogonal, 328
special unitary, 328
unitary, 327
version of Cauchy—Schwarz, 331
matrix calculus, 353-355
matrix Lie group, 239
matrix norm
consistent, 329
matrix norm, consistent, 337
matrix-valued function, 26
matrizant, or matricant (See state transition
matrix), 348
maximum entropy
distribution, 40
property, 34
McKean, H.P., Jr., 138, 310, 360
McLachlan, N.W., 310
McPherson, A., 287
McShane, E.J.; 138
McWhorter, L., 99
mean, 33, 66
conditional, 69
curvature, 165
of an implicit surface, 181
total, 170
squared error, 5
measures of dispersion, 95
mechanics
continuum, 20
medial circle, 169
median, 33
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medical imaging, 147
Meeks, W.H., 191
metric, 15
metric tensor, 161
for the ellipsoid, 167
for the sphere, 166
for the torus, 169
Meyer, C.D., Jr., 360
Meyer, W., 191
Miller, W., Jr., 61
Millman, R.S., 192
Millstein, G.N., 138
Milnor, J., 192
Minkowski sum, 235
mixed volumes, 236
mode, 33
moment of momentum, 25
momentum balance, 24
Montesinos, J.M., 287
Morgan, F., 287
motion
Brownian, 3
rigid body, 152
rigid-body, 97, 294
rotational, 153, 309
Mukherjee, A., 232, 287
multi-Gaussian distributions, 92
multi-set, 204
multi-variate distribution, 70
multi-vector, 207
multilinearity, 323
multinomial expansion, 92
multivariable calculus, 18, 349-353
multivariate Gaussian distribution, 40
Mumford, D., 192
Munkres, J.R., 29
mutual information, 76

n-dimensional space, 8
n-times continuously differentiable, 5
Nagaoka, H., 29
Nash, J., 287
natural basis vectors for R", 316
natural logarithm function, 75
necessary conditions, 11
Neff, C.A., 191
Neudecker, H., 360
Neyfeh, A., 29
nice functions, 36
on a domain D, 9
on an interval, 9
Nikolov, B., 99
noise, 103
Nomizu, K., 287

non-anticipating functions, 118
non-linear transformations of coordinates, 57
non-negative real numbers, 14, 15
non-orientable surface, 244
non-orthogonal basis, 319
non-pathological function, 9
non-stationary random processes, 104—-106
Norbert Wiener, 111
norm of a matrix, 328-331
normal

curvature, 163

distribution, 34

distribution (See Gaussian distribution),

29

matrix, 327
Norman, E., 361
normed vector space, 319
null space, 326
number of

edges, 170

faces, 170

vertices, 170
numbers

complex, 14

real, 5, 14
numerical approximations

finite difference, 301

of SDE sample paths, 115
numerical integration of SDEs, 115

O-U (See Ornstein—Uhlenbeck), 123
odd function, 32

ODEs, 349

offset curves, 171

offset surfaces (and tubes), 171-175
(Oksendal, B., 138, 310

Olver, P.J., 61, 192

one-to-one, 14

only if, 11

Onsager relations, 127

Onsager, L., 138

onto, 14

open interval, 5

Oprea, J., 192, 287

orbifold, 244

ordinary differential equation (ODE), 346
orientable differential manifold, 267
Ornstein, L.S.; 139
Ornstein—Uhlenbeck process, 123
Orsingher, E., 310

orthogonal matrix, 327

Osher, S.J., 192

Osserman, R., 192

Osvatic, M., 191
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outer product, 206 volume of, 235
Ovsiannikov, L.V., 61 polynomial
elimination, 146
p-norm, 318 equations, 150
Pan, V., 360 polytopes, 234-237
parameter estimation, 81 pose (or position and orientation), 3
parametric distributions, 67 positive definite matrix, 326
parametrization of a manifold, 266, 267 positive real numbers, 14, 15
Parker, G.D., 192 Postelnicu, G., 191
Parks, T.W., 60 postulates, 11
partially ordered lattice, 16 pre-image, 13
partition, 13 Press, W.H., 360
Patera, J., 61 principal curvatures, 165
Patodi, V.K., 309 principal normal vector
Patrangenaru, V., 98 to a space curve, 155
pdf, 63 probability density function, 6368
(See probability density function), 63 probability density function (See pdf), 33, 64
mean of, 33 process
median of, 33 random, 103
mode of, 33 return-to-equilibrium, 127
spread of, 33 Prodon, A., 286
standard deviation of, 33 product
variance of, 33 exterior, 207
weighted sum of, 87 outer, 206
Pedoe, D., 191 tensor, 206
Pennec, X., 99 wedge, 207
Perelman, G., 287 product integral, 345-349
permutation projection
group, 201 stereographic, 7
sign of a, 202 projective geometry
permutation group, 323, 324 and medical imaging, 147-154
Perrin, P.F., 310 proper subset, 12
Pfaffian, 278 Protter, P., 139
Pham, B., 192 pseudo-inverse, 326
phase factor, 39 pull-back, 21, 214
Pinsky, M., 29, 310 punctured sphere, 7
Pitts, D.R., 29 push-forward, 21, 214
planar QR decomposition, 335
quy quadratic form, 195
Sl,mple’ 157 Queiro, J.F., 361
refiflr}l)ly connected, 157 quermassintegrals, 236
Planck, M., 138 Raghavan, M., 192
Platen, E., 138 Ramshaw, L., 286
polar random
coordinates noise, 103
and Gaussians, 32 processes, 102, 104—-108
and It6 SDEs, 132 Gaussian, 106-108
and Stratonovich SDEs, 134 Markov, 106-108
decomposition, 336 non-stationary, 104-106
Pollack, A., 232, 286 pdfs for, 105
Poluyanov, L.V., 61 stationary, 104-105
Pdélya, G., 98 strong stationarity, 105-106

polyhedra, 234-237 weak stationarity, 105-106
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walker, 1, 102
walks
on the integers, 101-104
rank (of a matrix), 326
Rao, C.R., 99
Rastamian, R., 188
rate-linearized equations, 150
Ratiu, T., 232, 286
Ratnanather, J.T., 192
real numbers, 4, 5
real projective plane, 240, 244
referential state, 21
reflexive property, 12
Rényi, A., 61, 139
return-to-equilibrium process, 127
reverse kinematics (See inverse kinematics),
144
Reynolds transport theorem, 24, 29
Rhodes, G., 287
ribbons, 172
Ricci
curvature tensor, 257
flow, 284
Riemann integral, 112, 114
Riemann—Stieltjes integral, 112
Riemannian
curvature, 165, 257
manifold, 266
metric, 247, 269
Riemannian metric tensor, 269
right-handed circular helix, 187
rigid body, 3
Ripley, B.D., 139
Risken, H., 139
RMSD (See root-mean-square deviation), 93
Roberts, P.H., 310
robotic manipulators, 142-147
Rockafellar, R.T., 99
Rogers, L.C.G., 139
Rolfsen, D., 192
Roman surface, 241
root-mean-square deviation, 93
Ros, A., 192
Rosenberg, S., 287
Rosenburg, H., 192
rotations
in n-dimensional space, 133
in the plane, 17
spatial, 148
Roth, B., 190, 192
Rubin, D., 29
Rudin, W.; 361
Rugh, W.J., 361
ruled surface, 188

Rund, H., 232, 287

Salamon, S., 191
Samorodnitsky, G., 99
sample paths, 115
San Jose Estepar, R., 192
Satake, 1., 287
scalar (dot) product, 22
scalar multiplication, 315
scalar product, 317-319
Scharf, L.L., 99
Scheinerman, E.R.; x
Schervish, M.J., 99
Schey, H.M., 361
Schreiber, M., 232, 287
Schroder, P., 286
Schubert, H., 192
Schur decomposition, 335
Scott, P., 287
sculpting operations, 158
SDEs, 114
and coordinate changes, 130
Stratonovich, 122
SDEs (See stochastic differential equations),
101
second fundamental form, 161, 162
Second Law of Thermodynamics, 27
sectional curvature, 165, 257
semi-flexible polymer, 281
set
countably infinite, 16
finite, 16
indexing, 16
uncountably infinite, 16
Sethian, J.A., 192
sets, 11
Shah, J., 192
Shannon entropy, 64, 80
Shannon, C. E., 61
Shannon, C.E.,; 99
shear, 152
Shiohama, K., 192
Shoemake, K., 190
Shreve, S.E., 138
sign (or signature) of a permutation, 202, 324
signed curvature, 155
simple
curve, 157
planar body, 157
simply connected planar region, 157
Singer, I.M., 310
singular value decomposition, 336
singularities (of a robot arm), 143
Sissom, L.E.; 29



skew-Hermitian matrix, 327
skew-symmetric, 195
(Same as anti-symmetric), 320
matrix, 327
Smith, S.T., 99
smooth, 19
function, 29
manifold, 267
vector fields, 281
Snider, A.D., 360
So, W., 361
Sommese, A.J., 192
Soner, H.M., 192
space curve
binormal of, 156
curvature of, 155
torsion of, 156
spaces, 15
span, 317, 319
spatial
body, 159
description, 22
special
orthogonal matrices, 328
unitary matrices, 328
special Euclidean group, 239
special orthogonal group, 240
spectral decomposition, 126
sphere, 166
metric tensor for the, 166
punctured, 7
surface area of the, 167
total Gaussian curvature of the, 167
total mean curvature of the, 167
volume in R", 43-45
volume of the, 167
spherical coordinates, 148
Spivak, M., 287, 288
spread, 33
Spruck, J., 191
square-integrable function
on the circle, 6
Stam, A.J., 99
standard deviation, 33
state
space, 124
transition matrix, 347
stationarity
strong, 105-106
weak, 105-106
stationary
strictly, 106
wide-sense, 106
stationary random processes, 104-105

Index

Steenrod, N., 288
Stein, D., x
Steiner’s formula
in R? 175
multi-dimensional version, 236
stereographic projection, 7
Stewart, G.W., 361
stiffness, 124
Stirling series, 39
Stirling’s formula, 39
stochastic
calculus
Ito, 112, 119
Stratonovich, 121
differential equations
and changes of coordinates, 130-136
in Euclidean space, 99-137
Ito, 112-114

numerical approximation of, 114-116

Stratonovich, 130
integral

Ito, 116-119

Stratonovich, 130
process

Ornstein—Uhlenbeck, 123

377

processes (See random processes), 102, 104

systems, 6
Stokes’ theorem, 352
and forms, 224
for bi-unit cube, 224
for implicitly defined surface, 184
for manifolds, 270
in cylindrical coordinates, 225
light form of, 9
Stolfi, J., 286
Stratonovich
integral, 113
SDE, 122, 130
and coordinate changes, 136
in polar coordinates, 134
relationship with It6 SDE, 134
stochastic calculus, 121
stochastic integral, 130
Stratonovich, R.L., 139
strictly
contained, 12
stationary, 106
strongly stationary Markov process, 107
Stroock, D., 139
Stroock, D.W., 310
sub-multiplicative matrix norms, 328
sublinear growth, 75
subsets, 12
sufficient conditions, 11
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Sullivan, J.M., 192, 286
Sun, J.-Q., 361
superquadric surfaces, 225
support (of a function), 89, 237
surface

Boy’s, 241

non-orientable, 244

Roman, 241
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