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Preface

Research undertaken by modern chemical and biological engineers in-
corporates a wide range of mathematical principles and methods. This
book came about as the authors struggled to incorporate modern top-
ics into a one- or two-semester course sequence for new graduate stu-
dents, while not losing the essential aspects of traditional mathemati-
cal modeling syllabi. Topics that we decided are particularly important
but not represented in traditional texts include: matrix factorizations
such as the singular value decomposition, basic qualitative dynamics
of nonlinear differential equations, integral representations of partial
differential equations, probability and stochastic processes, and state
estimation. The reader will find many more in the book. These topics
are generally absent in many texts, which often have a bias toward the
mathematics of 19th- through early 20th-century physics. We also be-
lieve that the book will be of substantial interest to active researchers,
as itis in many respects a survey of the applied mathematics commonly
encountered by chemical and biological engineering practitioners, and
contains many topics that were almost certainly absent in their chemi-
cal engineering graduate coursework.

Due to the wide range of topics that we have incorporated, the level
of discussion in the book ranges from very detailed to broadly descrip-
tive, allowing us to focus on important core topics while also introduc-
ing the reader to more advanced or specialized ones. Some important
but technical subjects such as convergence of power series have been
treated only briefly, with references to more detailed sources. We en-
courage instructors and students to browse the exercises. Many of
these illustrate applications of the chapter material, for example, the
numerical stability of the Verlet algorithm used in molecular dynamics
simulation. Others deepen, complement, and extend the discussion in
the text.

During their undergraduate education in chemical and biological
engineering, students become very accomplished at numerical exam-
ples and problem solving. This is not a book with lots of numerical
examples. Engineering graduate students need to make the shift from
applying mathematical tools to developing and understanding them.
As such, substantial emphasis in this book is on derivations and some-
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times short proofs. We believe the text contains a healthy mix of fun-
damental mathematics, analytical solution techniques, and numerical
methods. Researchers in engineering must know mathematical struc-
tures, principles, and tools, because these guide analysis and under-
standing, and they also must be able to produce quantitative answers.
We hope this text will enable them to do both.

MDG JBR
Madison, Wisconsin Madison, Wisconsin

Added for the second edition. The second edition was printed as a
paperback to reduce the cost to the students.

MDG JBR
Madison, Wisconsin Santa Barbara, California
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Linear Algebra

1.1 Vectors and Linear Spaces

A vector is defined in introductory physics courses as a quantity hav-
ing magnitude and direction. For example, the position vector of an
object in three dimensions is the triple of Cartesian coordinates that
determine the position of the object relative to a chosen origin. Another
way of thinking of the position vector is as a point in three-dimensional
space, generally denoted R2. This view leads us to the more general and
abstract definition of a vector: A vector is an element of a linear
space:

Definition 1.1 (Linear space). A linear space is a set V whose elements
(vectors) satisfy the following properties: For all x, v, and z in V and
for all scalars & and 8

x+yevVv closure under addition
ax eV closure under multiplication

X+y=y+x
X+ (y+z)=(x+y)+z

xX+0=x definition of the origin

x+(-x)=0 definition of subtraction

x(Bx) = (xf)x
(x+ B)x = xx + Bx
a(x+y)=ox+xy
1x =x,0x =0

Naturally, these properties apply to vectors in normal 3-D space;
but they also apply to vectors in any finite number of dimensions as
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well as to sets whose elements are, for example, 3 by 3 matrices or
trigonometric functions. This latter case is an example of a function
space; we will encounter these in Chapter 2. Not every set of vectors
forms a linear space, however. For example, consider vectors pointing
from the origin to a point on the unit sphere. The sum of two such
vectors will no longer lie on the unit sphere—vectors defining points
on the sphere do not form a linear space. Regarding notation, many
readers will be familiar with vectors expressed in boldface type, X, v,
etc. This notation is especially common in physics-based problems
where these are vectors in three-dimensional physical space. In the
applied mathematics literature, where a vector takes on a more general
definition, one more commonly finds vectors written in italic type as
we have done above and will do for most of the book.

1.1.1 Subspaces

Definition 1.2 (Subspace). A subspace S is a subset of a linear space
V whose elements satisfy the following properties: For every x,y € S
and for all scalars «

xX+yes closure under addition

ax €S closure under multiplication 1.1)

For example, if V is the plane (R?), then any line through the origin
on that plane is a subspace.

1.1.2 Length, Distance, and Alignment

The idea of a norm generalizes the concept of length.

Definition 1.3 (Norm). A norm of a vector x, denoted | x|, is a real
number that satisfies

lox |l = fex| llx|l
x| >0,Vx #0
IxI=0ifx =0
llx +»|| < llxIl+ ||| triangle inequality

The Euclidean norm (or 2-norm) in R" is our usual concept of length

xll, = >, |x;|? in which x; is the ith component of the vector.
Unless otherwise noted, this is the norm that will be used throughout
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this book, and will generally be denoted simply as [ x| rather than
Ix|l,. It should be noted, however, that this is not the only definition
of a norm, nor is it always the most useful. For example, the so-called
l, norms for vectors in R™ are defined, for 1 < p < o, by the equation

. 1/p
xll, = (Z Ixil")

i=1

Particularly useful are the cases p = 1, sometimes called the “taxicab
norm” (why?) and p — o: [|x|l» = max; |x;|.

The inner product generalizes the dot product of elementary algebra
and measures the alignment of a pair of vectors.

Definition 1.4 (Inner product). An inner product of two vectors, de-
noted (x, ), is a scalar that satisfies

(x+y,z)=(x,2) + (y,2)
(O(X,y) = O((Xa_')/)

(x,¥) =(y,x)
(x,x)>0,ifx+0

The overbar denotes the complex conjugate. If (x,y) = 0, then x
and y are said to be orthogonal. Notice that the square root of the
inner product +/(x, x) satisfies all the properties of a norm, so it is a
measure of the length of x. The usual inner product in R" is

(x,¥) =D xiyi

i=1

in which case v/(x,x) = lIx|l,. This is a straightforward generalization
of the formula for the dot product x - y in R? or R® and has the same
geometric meaning

(x,y) = lIxIl ||y||cos @ (1.2)

where 0 is the angle between the vectors. See Exercise 1.1 for a deriva-
tion. If we are considering a space C" of complex vectors rather than
real vectors, the usual inner product becomes

(x,¥) =D xi¥;

i=1
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An equally valid choice! of inner product in the complex case is
n
(x,¥) = > Xiyi
i=1

Either convention can be used, as long as one does not switch between
definitions within a derivation.

The Cauchy-Schwartz inequality isan important result that gen-
eralizes (1.2). It states that for any vectors x and Yy,

e, ) | < x|l (1.3)

This can be proven as follows. The result is clearly true if x or y is the
zero vector. If they are nonzero, then consider the vector x — &y, where
o = (x,y)/(y,y). We can interpret this vector geometrically as what
remains when the component of x that is parallel to y is subtracted
from x. Thatis, (x — «y,y) = 0. Taking the inner product of x — xy
with itself, and recalling that (x,y) = (v, x), we find

0<(x—-ay,x—oy)

_ X,y W, x) (x,) (¥,x)
= (x,x) (y,y)(y’x) (y,y)(x’y) RCRD (y,y)(y’y)
s (X, ) (¥v,x) » a)|?
= )2 - 2R 2 - L
]| 1]

Rearranging and taking the square root yields (1.3). With this inequality
in hand, we can readily establish that the Euclidean norm (or 2-norm)
satisfies the triangle inequality in Definition 1.3. Let x,y € C" and
use the definition of the 2-norm and the Cauchy-Schwartz inequality to
obtain

[|x +y||2 =(x+y,x+y)=(x)+xy)+y,x)+(v,y)
<lxl*+2 ], | + |yl
< llxlZ + 211x 1 |[¥]] + 13|
= (lxll + |l»1)?

Taking the square root of both sides then verifies the triangle inequality
for the 2-norm.

1I1f making this choice, one would also change the second property in Definition 1.4
to (ax,y) = &(x,y).
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Finally, we can represent a vector x in R™ as a single column of
elements, a column vector, and define its transpose x' as a row

vector
X1

X = XT:[Xl Xn]

Xn

Now the inner product (x,y) can be written xTy if x and y are real,
and xT75 or alternately YTy if they are complex.

1.1.3 Linear Independence and Bases

If we have a set of vectors, say {x1, X2, X3}, in aspace V, this set is said
to be linearly independent (LI) if the only solution to the equation

K1X1 + 0xX2 + X3x3 =0

is ®; = 0 for all i. Otherwise the set is linearly dependent. A
space V is n-dimensional if it contains a set of 7 linearly independent
vectors, but no set of n + 1 linearly independent vectors. If n LI vectors
can be found for any n, no matter how large, then the space is infinite-
dimensional.

Everything said above holds independent of our choice of coordinate
system for a space. To actually compute anything, however, we need
a convenient way to represent vectors in a space. We define a basis
{e1,e2,e3...} as a set of LI vectors that span the space of interest, i.e.,
every vector x in the space can be represented

X = X161 + Xp€2 + X33 + - - -

If a space is n-dimensional, then a basis for it has exactly n vectors
and vice versa. For example, in R® the unit vectors in the x,y, and z
directions form a basis. But more generally, any three LI vectors form
a basis for R3.

Although any set of LI vectors that span a space form a basis, some
bases are more convenient than others. The elements of an orthonor-
mal (ON) basis satisfy these properties

(ej,ei) =1 each basis vector has unit length
(ej,ej) =0,i# j the vectors are mutually orthogonal

These properties may be displayed more succinctly
1, i=j

(ei,ej) = 0ij = {0 P
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The symbol 5ij is called the Kronecker delta. In an orthonormal
basis, any vector can be expressed

X =>(x,e)e;

1.2 Linear Operators and Matrices

An operator transforms one vector into another. Operators appear
everywhere in applied mathematics. For example, the operator d/dx
transforms a function f(x) into its derivative. More abstractly, an op-
erator A is a mapping that takes elements of one set (the domain of A)
and converts them into elements of another (the range of A). Linear
operators satisfy the following properties for all vectors u and v in
their domain and all scalars «

A(u+v) = Au + Av

(1.4)
A(oxu) = x(Au)

We focus here on operators on finite-dimensional vector spaces R";
operators on spaces of complex numbers are similar. (In Chapter 2 we
will look at an important class of operators in function spaces.) In these
spaces, and having chosen a coordinate system in which to represent
vectors, any linear operator can be expressed as multiplication by a
matrix. A matrix is an array of numbers

Ann A ... A

Azy Ax ... A
A= | . i .

Ant Amz ... Amn

The first subscript of each element denotes its row, while the second
denotes its column. The transformation of a vector

X1 Y1

X2 . ¥2
xX=1. into another yv=1 .

Xn Ym

then occurs through matrix-vector multiplication. That is: y = Ax,
which means

n
yi=ZAinj,i=l,2,...,m (1.5)
j=1
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In this example, the matrix A is m by n (rows by columns); it is an
element of the linear space R™*" and multiplication by A maps vectors
in R™ into vectors in R™. That is, for the function defined by matrix
multiplication, f(x) = Ax, f : R"™ — R™. Some readers will be familiar
with matrices written in bold and the matrix-vector product between
matrix A and vector x written as either Ax or A - X.

If one thinks of each row of A as a vector, then the ith component
of y can be thought of as the dot product between the ith row of A
and the vector x. This is probably the best way to remember the actual
algebra of the matrix-vector multiplication formula. A more intuitive
and general geometric interpretation (which will be used extensively as
we proceed through the chapter) is enabled by considering each column
of A as a vector, and thinking of the vector v as a linear combination
of these vectors. That is, y is in the space spanned by the columns of
A. If we let the ith column of A be the vector ¢;, then

Y = X101 + X202 + X3C3 + ...
n
= Z XjCj
j=1

(Note that in this equation x; is a scalar component of the vector x,
while c; is a vector.) This equation implies that the number of columns
of A must equal the length of x. That is, matrix-vector multiplication
only makes sense if the vector x is in the domain of the operator A.

1.2.1 Addition and Multiplication of Matrices

The following terminology is used to describe important classes of ma-
trices.

1. Aissquare if m = n.

2. A is diagonal if A is square and A;; = 0 for i # j. This is
sometimes written as A = diag(ai, az,...,a,) in which a; is the
element A;; fori=1,2,...,n.

3. Ais upper (lower) triangular if A is square and A;; = 0 for
1> j(i<]J).

4. A'is upper (lower) Hessenberg if A is square and A;; = O for
i>j+1@{<j—-1).

5. Ais tridiagonal if it is both upper and lower Hessenberg.
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6. Aissymmetricif Aissquareand A;; = Aj;,1,j=1,2,...,n.

Addition of two matrices is straightforward: if A and B both have
the same domain and range, then

(A + B)ij = Aij + Bij

Otherwise, the matrices cannot be added.
Scalar multiplication is simple

(xA)ij = a(Agy)

Suppose now that we have a vector z = Ay, where A is a matrix
and y a vector, and that furthermore v = Bz, where B and z are a
new matrix and vector, respectively. Let x,y and z have lengths g,n
and m. If Ais m by n and B is n by g, then using the matrix-vector
multiplication formula (1.5) we can write

n n a
zi= > Auyk= . Ai (Z Bkj’ﬁ')
k=1

k=1 J=1

n
= > AuByj | x;
j=1 \k=1

J

ES)

Observe that this relationship between z and x can be written z =
A(Bx) = (AB)x as long as we take the matrix-matrix product AB to
obey the Matrix-matrix multiplication formula

n
(AB)ij = > AuBkj,i=1,....m,j=1,...q (1.6)
k=1
If A € R"™" and B € RP*4, then AB only exists if n = p, in which case
it is AB is an m by q matrix. Otherwise, the lengths of the rows of A
are incompatible with the columns of B.
A simple way to remember (1.6) is to note that if aiT represents the
ith row of A, and b; the jth column of B, then

(AB)ij=albj,i=1,....m,j=1,...q

Another more geometrically intuitive representation of the matrix-matrix
product arises from the observation that, for example, the first column
of AB, whose elements we can denote (AB)i;,i = 1,2,...m, can be
written using (1.6), as

n
(AB)i1 = > AiBia
k=1
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This is the matrix-vector multiplication between A and the first column,
b1, of B. More generally, (1.6) indicates that the jth column of AB is
the matrix-vector multiplication between A and the jth column of B,
and we can write

AB=[Aby Ab, ... Abg]

Note that the existence of AB does not imply the existence of BA.
Both exist if and only if n = p and m = q. Even when both products
exist, AB is not generally equal to BA. In other words, the final result
of a sequence of operations on a vector generally depends on the order
of the operations, i.e., A(Bx) # B(Ax): in general, matrix-matrix mul-
tiplication does not commute. One important exception to this rule is
when one of the matrices is the identity matrix I. The elements of I
are given by I;; = §;j, so for example, in R3<3,

I=

O O P
o+ O
= O O

For any vector x and matrix A, Ix = x and Al = IA.

Example 1.5: Common transformations do not commute

Let matrices A and B be given by
22 2 0
A=| 2 2 B = 1
vz o 2 o i
2 2 2

The matrix A rotates a vector counterclockwise by 77 /4, while B stretches
it by a factor of 2 in the “1” direction while compressing it by the same
factor in the “2” direction. Show that the operations of stretching and
rotating a vector do not commute.

Solution

The matrices AB and BA are
2 -1 2 -2
AB:[? 2{5] BA:[{ {]
2 5 22 22

Since these are not equal, we conclude that the two vector operations
do not commute. |
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1.2.2 Transpose and Adjoint

For every matrix A there exists another matrix, called the transpose
of A and denoted A”, such that (A"),;; = Aji. The rows of A become
the columns of AT and vice versa. (We already saw this notion in the
context of vectors: viewing x as a matrix with one column, then xT
is a matrix with one row.) A matrix that equals its transpose satisfies
Aji = Aij and is said to be symmetric; this can occur only for square
matrices. Some properties of the transpose of a matrix are

(AHT=A
(A+B)T = AT + BT
(AB)T = BT AT

(ABC)T = CTBT AT

Properties involving matrix-vector products follow from the treatment
of a vector x as a matrix with only one column. For example

(Ax)T = xTAT

If A, x, and y are real, then the inner product between the vector Ax
and the vector vy is given by

(Ax)Ty =xTATy (1.7)

One can generalize the idea of a transpose to more general opera-
tors. The adjoint of an operator L (not necessarily a matrix) is denoted
L* and is defined by this equation

(Lx,y) = (x,L*y) (1.8)

If L is a real matrix A, then (Lx,y) becomes (Ax)Ty and comparison
of (1.7) and (1.8) shows that

A* = AT

Similarly, if L is a complex matrix A then we show in the following

section that ;
A*=A

By analogy with this expression for matrices, we will use the notation

x* = x" for vectors as well. In this case we can write the inner product

xTy as x*y.
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Some general properties of the adjoint of an operator are

(LY)* =L
(Ly+Lp)* =LY +L13
(LpLp)* = LELY
(L1LpLs)* = LELEL*

If L = L*, then L is said to be self-adjoint or Hermitian. Self-adjoint
operators have special properties, as we shall see shortly, and show up
in many applications.

1.2.3 Einstein Summation Convention

Notice that when performing matrix-matrix or matrix-vector multipli-
cations, the index over which the sum is taken appears twice in the
formula, while the unsummed indices appear only once. For example,
in the formula

N N

(ABC)ij = > > AuBuCij
k=11=1

the indices k and [ appear twice in the summations, while the indices i
and j only appear once. This observation suggests a simplified notation
for products, in which the presence of the repeated indices implies
summation, so that the explicit summation symbols do not need to
be written. Using this Einstein summation convention, the inner
product xT v is simply x;v; and the matrix-vector product y = Ax is
;i = Aijx;j. This convention allows us to concisely derive many key
results.

Example 1.6: Matrix identities derived with index notation

Establish the following matrix identities using index notation

(@ (Ax,) = (x,A'y) (b)) (AB)T = BTAT  (c) AAT = (AAT)T
d)A+AT = (A+ADHT () ATA=(ATA)T
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Solution
(@) (Ax,y) = (x,ZTy)

(Ax,y) = Aijx;y;

Linear Algebra

= XjAij);
= XjA}-i?i
~ XAy (d) A+AT=(A+ADT
—T
= (x,A y) (A+AT)ij=Aij +Aji
) (AB)T = BTAT =Aji + ATij
=(A+AY)ji
(AB)], = (AuBij)T = (A+AD],
= AjkBki
= BriAjk (e) ATA = (ATA)
_ pT AT
= Bix Ay (ATA)j = Al Axj
= (BTAT);; = AkiAkj
_ AT ,
(c) AAT = (AAT)T N
= (ATA) i
Ty.. — A, AT
(AAT)i; = AgAL; = (ATA)];
= AikAjk
= AjkAik
= AjkAzi
= (AAT)
= (AAD ],

O

1.2.4 Gram-Schmidt Orthogonalization and the QR Decomposition

We will encounter a number of situations where a linearly independent
set of vectors are available and it will be useful to construct from them a
set of orthogonal vectors. The classical approach to doing this is called
Gram-Schmidt orthogonalization. As a simple example, consider LI
vectors v1 and v, from which we wish to find an orthogonal pair u;
and u,. Without loss of generality we can set

Uy = V1
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It is straightforward to find the component of v, that is orthogonal to
u1—we just subtract from v, the component that is parallel to u; (the
projection of v, onto u1)

(v2, u1) U1
luall  luqll

U = Vo —

In higher dimensions, where we have v3, v4, etc., we continue the pro-
cess, subtracting off the components parallel to the previously deter-
mined orthogonal vectors

(v3,U1) (v3, U2)
- 2 Y1 2
[l ll luall

U3z = Vs Uz

and so on.

We can apply Gram-Schmidt orthogonalization to the columns of
any m X n matrix A whose columns are linearly independent (which
implies that m > n). Specifically, we can write

A=0QR

where Q is an m X n matrix of orthonormal vectors formed from the
columns of A and R is an n X n upper triangular matrix. This result is
known as the QR decomposition. We have the following theorem.

Theorem 1.7 (QR decomposition). If A € R™*" has linearly indepen-
dent columns, then there exists Q € R™*" with orthonormal columns,
and upper triangular R such that

A=QR
See Exercise 1.38 for the proof. Because the columns of Q are or-
thonormal, QTQ = I.
1.2.5 The Outer Product, Dyads, and Projection Operators

Given two LI vectors v; and vz in R", Gram-Schmidt uses projection to
construct an orthogonal pair

U1 =01

v — (via) i

Uz

where 711 = u1/ |11l is a unit vector in the 14 direction, and now we
have used the inner product definition (u,v) = uTv. Observe that the
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right-hand side of the second equation is linear in v, so we should be
able to put this equation in the form u, = Av,, where A is a matrix.
The form of A illustrates some important concepts so we explicitly
construct it here. We can write A =1 — P, where

Pv, = (Wlaya,

Noting that a’b = bTa for vectors a and b, this rearranges to
P, = A1 (il vy)

which has the form we seek if we move the parentheses to have
Pv, = (10 v,

That is, P is given by what we will call the outer product between
i, and itself: ﬁﬂi{. More generally, the outer product uv’ between
vectors u and v is a matrix, called a dyad, that satisfies the following
properties

(uvh)ij = uv;
(uvHw =uwTw)

wl(uv?) = (wlhu)v?

where w is any vector. The outer product is sometimes denoted u ® v.
When the notation u - v is used to represent the inner product, u ® v
or uv is used to represent the outer.

Finally, returning to the specific case P = ﬁlﬁf, we can observe that
Pw = ﬁl(ﬁ{w); the operation of P on w results in a vector that is the
projection of w in the 71; direction: P is a projection operator. The
operator I — P is also a projection—it takes a vector and produces the
projection of that vector in the direction(s) orthogonal to 7;. We can
check that both @1;7i] and I — @i, 7! satisfy the general definition of a
projection operator

p2=p

1.2.6 Partitioned Matrices and Matrix Operations

It is often convenient to consider a large matrix to be composed of other
matrices, rather than its scalar elements. We say the matrix is parti-
tioned into other smaller dimensional matrices. To make this explicit,
first we define a submatrix as follows. Let matrix A € R™*" and define
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indices1 <ij <ip<---<ig<m,andl < j; < jo<:-- < jp<m,
then the k x £ matrix S, whose (a, b) element is
Sab = Aig,j,

is called a submatrix of A.
A matrix A € R™*" js partitioned when it is written as

Ay A -0 Ay

Azy Az -+ Ay
A= ) . .

Apr Ak -+ Ape

where each A;; is an m; X n; submatrix of A. Note that Zi-;l m;i=m
and Zle n; = n. Two of the more useful matrix partitions are col-
umn partitioning and row partitioning. If we let the m-vectors a;,i =
1,2,...n denote the n column vectors of A, then the column partition-
ing of A is
Az[al a --- an]

If we let the row vectors (1 X n matrices) a;j, j = 1,2,...,m denote the
m row vectors of A, then the row partitioning of A is

a
as

Am

The operations of matrix transpose, addition, and multiplication
become even more useful when we apply them to partitioned matrices.
Consider the two partitioned matrices

Air Az -+ Ay
A= : : B=1| : : " :
Ay Agz -0 Apg Bum1i Bmz -+ Bmn

By Bip -+ Bin

in which A;; has dimension p; X g and B;; has dimension 7; X sj. We
then have the following formulas for scalar multiplication, transpose,
matrix addition, and matrix multiplication of partitioned matrices.

1. Scalar multiplication.

AA1;r AA -+ AAy
M=
AArr Ak -+ AAyy
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2. Transpose.

Aﬂ Agl e AZl
AT = | : ) :
T T T
Al Az o Al
3. Matrix addition. If p; = r;and q; = sjfori = 1,...,kand j =
1,...,4;and k = m and £ = n; then the partitioned matrices can
be added
Ci1 --- Cy
A+ B-= Cij=Aij+Bij
Ckx -+ Cre

4. Matrix multiplication. If g; = ¥; for i = 1,...,¥, then we say the
partitioned matrices conform, and the matrices can be multiplied

Cu -+ Cyp 0
AB=1| Cij = >, AuBi;
Cea - Cre -

These formulas are all easily verified by reducing all the partitioned
matrices back to their scalar elements. Notice that we do not have to
remember any new formulas. These are the same formulas that we
learned for matrix operations when the submatrices A;; and B;; were
scalar elements (except we normally do not write the transpose for
scalars in the transpose formula). The conclusion is that all the usual
rules apply provided that the matrices are partitioned so that all the
implied operations are defined.

1.3 Systems of Linear Algebraic Equations
1.3.1 Introduction to Existence and Uniqueness

Any set of m linear algebraic equations for n unknowns can be written
in the form
Ax=Db

where A € R"™" b € R" and x (€ R") is the vector of unknowns.
Consider the vectors ¢; that form the columns of A. The solution x (if
it exists) is the linear combination of these columns that equals b

b = X1C1 + X2C2 + X3C3 + ...+ XnuCn



1.3 Systems of Linear Algebraic Equations 17

This view of Ax = b leads naturally to the following result. The system
of equations

Ax = b, Ae R™" x e R, b e R™

has at least one solution x if and only if the columns of A are not
linearly independent from b.

For example, if m = n = 3 and the columns of A form an LI set, then
they span R3. Therefore, no vector b € R3 can be linearly independent
from the columns of A and therefore Ax = b has a solution for all
b € R3. Conversely, if the column vectors of A are not LI, then they do
not span R3 so there will be some vectors b for which no solution x
exists.

Consider the case where there are the same number of equations
as unknowns: n = m. Here the above result leads to this general
theorem.

Theorem 1.8 (Existence and uniqueness of solutions for square sys-
tems). If A € R"™" then

(@) If the columns of A are LI, then the matrix is invertible. The prob-
lem Ax = b has the following properties:

@ Ax

= 0 (the homogeneous problem) has only the trivial solution
x =0,

(b) Ax = b (the inhomogeneous problem) has a unigue nonzero solu-
tion for all b + 0.

(b) If the columns of A are NOT LI, then the matrix is singular or
noninvertible. In this case:

(@ Ax = 0 has an infinite number of nonzero solutions. These solu-
tions comprise the null space of A.

(b) For b + 0, Ax = b has either:

i.  No solution, if b is LI of the columns of A. That is, b is not in
the range of A, or

ii. Aninfinite number of solutions, if b is in the range of A. These
solutions correspond to the superposition of a particular solu-
tion to Ax = b and any combination of the solutions of Ax = 0,
i.e., x = xg + xp where Axp = b and Axyg = 0.
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1.3.2 Solving Ax = b: LU Decomposition

We now turn to the issue of explicitly constructing solutions. For the
present, we restrict attention to n = m and to case (a) of the above
theorem. In this case, we can define the inverse of A, denoted A1,
This is a matrix operator that satisfies

1. A~1A = I (definition of A~1)
2. AATY =1
3. (AB)"1=B"1a"1

The first property implies that A~*Ax = A~1b reduces to x = A~1b,
so Ax = b can be solved by finding A=1. Finding A~! is not necessary,
however, to solve Ax = b, nor is it particularly efficient. We describe a
widely used approach called LU decomposition.

LU decomposition is essentially a modification of Gaussian elimi-
nation, with which everyone should be familiar. It is based on the fact
that triangular systems of equations are easy to solve. For example,
this matrix is upper triangular

1
0
0

oOh~NDN
~N 00 W

All the elements below the diagonal are zero. Since the third row has
only one nonzero element, it corresponds to a single equation with a
single unknown. Once this equation is solved, the equation above it
has only a single unknown and is therefore easy to solve, and so on.
LU decomposition depends on the fact that a square matrix A can be
written A = LU, where L is lower triangular and U is upper triangular.
Using this fact, solving Ax = b consists of three steps, the first of which
takes the most computation:

1. Find L and U from A: LU factorization.
2. Solve Lc = b for c: forward substitution.
3. Solve Ux = c¢ for x: back substitution.

The latter two steps are simple operations, because L and U are trian-
gular. Note that L and U are independent of b, so to solve Ax = b
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for many different values of b, then once A is factored, only the inex-
pensive steps 2 and 3 of the above process need be repeated. The LU
decomposition procedure (first step above) is illustrated on the matrix

3 5 2
A=1]0 8 2
6 2 8
Step a. Replace row 2 with a linear combination of row 1 and row
2 that makes the first element zero. That is, 7> is replaced
by 72 — Lo171, where Lyy = Az1/A11. For this example, Az is
already zero, so L1 = 0 and 7> is unchanged.

Step b. Replace row 3 with a linear combination of row 1 and row
3 that makes the first element zero. That is, 73 is replaced
by 73 — L3171, where L3; = A31/A11. SO L3z1 =6/3=2and A
is modified to

3 5 2
0 8 2
0O -8 4

Step c. Now the first column of the matrix is zero below the diag-
onal. We move to the second column. Replace row 3 with a
linear combination of row 2 and row 3 that makes the sec-
ond element zero. That is, ¥(3) is replaced by 13 — L3772,
where L3, = A32/A22. So Lz, = —1 and A is modified to

3 5 2
0 8 2|=U

0O 0 6

This matrix is now the upper triangular matrix U. For a ma-
trix in higher dimensions, the procedure would be continued
until all of the elements below the diagonal were zero. The
matrix L is simply composed of the multipliers L;; that were

computed at each step

1 0O O 1 00
L=]|L,y 1 O0Of=]0 1 0
Ly L3y 1 2 -1 1

Note that all the diagonal elements of L are 1 and all above-
diagonal elements are zero. The elements on the diagonal
of U are called the pivots.
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Now, for any vector b the simple systems Lc = b and then Ux = ¢
can be solved to yield x. Notice that as written, the method will fail if
Ai; = 0 at any step of the procedure. Modern computational routines
actually compute a slightly different factorization PA = LU where P
is a permutation matrix that exchanges rows to avoid the case A;; = 0
(see Exercise 1.9). With this modification, known as partial pivoting,
even singular or nonsquare (m > 1) matrices can be factored. However,
the substitution steps will fail except for values of b in the range of A.
To see this, try to perform the back substitution step with a matrix U
that has a zero pivot.

1.3.3 The Determinant

In elementary discussions of the solution to Ax = b that are based
on Cramer’s rule, the determinant of the matrix A, denoted det A,
arises. One often finds a complicated definition based on submatri-
ces, but having the LU decomposition in hand a much simpler formula
emerges (Strang, 1980). For a square matrix A that can be decomposed
into LU, the determinant is the product of the pivots

n
detA = 1_[ Uii
i=1
If m permutations of rows must be performed to complete the decom-
position, then the decomposition has the form PA = LU, and

n
detA = (-1)™ H Uii
i=1
The matrix A~1 exists if and only if det A # 0, in which case detA™! =
(det A)~1. Another key property of the determinant is that
det AB = det A detB

The most important use of the determinant that we will encounter in
this book isits use in the algebraic eigenvalue problem that appears
in Section 1.4.

1.3.4 Rank of a Matrix

Before we define the rank of a matrix, it is useful to establish the follow-
ing property of matrices: the number of linearly independent columns
of a matrix is equal to the number of linearly independent rows.
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Example 1.9: Linearly independent columns, rows of a matrix

Given A € R™*", Assume A has c linearly independent columns and v
linearly independent rows. Show ¢ = 7.

Solution

Let {v;}{_, be the set of A’s linearly independent column vectors. Let
the a; be all of A’s column vectors and a; be all of A’s row vectors, so
the A matrix can be partitioned by its columns or rows as

n

a

A:m[al az - an] A=m

Each column of the A matrix can be expressed as a linear combination
of the c linearly independent v; vectors. We denote this statement as
follows

a] — V1 Ve 6]

Amxn Vimxc Aicxn

in which the column vector §; € R€ contains the coefficients of the
linear combination of the v; representing the jth column vector of ma-
trix A. If we place all the §j,j = 1,...,n next to each other, we have
matrix A. Next comes the key step. Repartition the relationship above
as follows

01
a; = v
Oc
Amxn Vimxc Aicxn

and we see that the rows of A can be expressed as linear combinations
of the rows of A. The multipliers of the ith row of A are given by the
elements of the ith row of V, written as the row vector v;. We know
that all rows of A are expressible as linear combinations of the ¢ rows
of A, but we do not know if the rows of A are independent. So we can
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conclude that the number of linearly independent rows of A is less than
or equal to the number of rows of A or

Yy =<¢

Thus, for any A, the number of linearly independent rows of A is less
than or equal to the number of linearly independent columns of A. But
if we apply that result to AT, we obtain ¢ < r because the linearly in-
dependent row (column) vectors of A are also the linearly independent
column (row) vectors of AT. Combining ¢ < 7 with r < ¢, we conclude
that

c=7

and the result is established. The number of linearly independent
columns of a matrix is equal to the number of linearly independent
rows, and this number is called the rank of the matrix. O

Definition 1.10 (Rank of a matrix). The rank of a matrix is the number
of linearly independent rows, equivalently, columns, of the matrix.

We also see clearly why partitioned matrices are so useful. The proof
that the number of linearly independent rows of a matrix is equal to the
number of linearly independent columns consisted of little more than
partitioning a matrix by its columns and then repartitioning the same
matrix by its rows. For another example of why partitioned matrices are
useful, see Exercise 1.17 on deriving the partitioned matrix inversion
formula, which often arises in applications.

1.3.5 Range Space and Null Space of a Matrix

Given A € R™*" we define the range of A as
RA)={yeR™|y=Ax, x € R"}

The range of a matrix is the set of all vectors that can be generated with
the product Ax for all x € R™. Equivalently, if v; € R™ are the linearly
independent columns of A, then the range of A is the span of the v;.
The v; are a basis for the range of A. Given A € R"™*" we define the
null space of A as follows

N(A) = {x e R" | Ax =0}
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Similarly the range and null spaces of AT are defined to be

RAT) ={xeR"|x=ATy, yeR™}
NAD = {y eR™ | ATy =0}

A basis for R(AT) is the set of linearly independent rows of A, trans-
posed to make column vectors. We can show that these four sets also
satisfy the two properties of a subspace, so they are also subspaces
(see Exercise 1.14).

Let v be the rank of matrix A. We know from the previous exam-
ple that 7 is equal to the number of linearly independent rows of A
and is also equal to the number of linearly independent columns of A.
Equivalently, the dimension of R(A) and R(AT) is also »

dim(R(A)) = dim(R(AT)) = v = rank(A)

We also can demonstrate the following pair of orthogonality relations
among these four fundamental subspaces

R(A) L N(AT)  R(AT) L N(A)

Consider the first orthogonality relationship. Let y be any element of
N(AT). We know N(AT) = {y € R™ | ATy = 0}. Transposing this
relation and using column partitioning for A gives

yTA=0
y'lar a; ---an]=0
[¥Tar yTaz -+ yTan|=0
The last equation gives yTa; = 0,i = 1,...,n, or y is orthogonal to

every column of A. Since every element of the range of A is a linear
combination of the columns of A, y is orthogonal to every element of
R(A), which gives N(AT) 1 R(A). The second orthogonality relation-
ship follows by switching the roles of A and AT in the preceding argu-
ment (see Exercise 1.15). Note that the range of a matrix is sometimes
called the image, and the null space is sometimes called the kernel.

1.3.6 Existence and Uniqueness in Terms of Rank and Null Space

We return now to the general case where A € R"™*", The fundamen-
tal theorem of linear algebra gives a complete characterization



24 Linear Algebra

of the existence and uniqueness of solutions to Ax = b (Strang, 1980):
every matrix A decomposes the spaces R™ and R™ into the four funda-
mental subspaces depicted in Figure 1.1. The answer to the question of
existence and uniqueness of solutions to Ax = b can be summarized
as follows.

1. Existence. Solutions to Ax = b exist for all b if and only if the
rows of A are linearly independent (m = r).

2. Uniqueness. A solution to Ax = b is unique if and only if the
columns of A are linearly independent (n = 7).

We can also state this result in terms of the null spaces. A solution
to Ax = b exists for all b if and only if N(AT) = {0} and a solution
to Ax = b is unique if and only if N(A) = {0}. More generally, a
solution to Ax = b exists for a particular b if and only if b € R(A), by
the definition of the range of A. From the fundamental theorem, that
means yTb = 0 for all y € N(AT). And if N(AT) = {0} we recover
the existence condition 1 stated above. These statements provide a
succinct generalization of the results described in Section 1.3.1.

1.3.7 Least-Squares Solution for Overdetermined Systems

Now consider the overdetermined problem, Ax = b where A € R"*"
with m > n. In general, this problem has no exact solution, because
the n columns of A cannot span R™, the space where b exists. This
problem arises naturally in fitting models to data. In general, the best
we can hope for is an approximate solution x that minimizes the resid-
ual (or error) ¥ = Ax — b. In particular, the “least squares” method
attempts to minimize the square of the Euclidean norm of the residual,
lr)? = vTr. Replacing by Ax — b, this quantity (divided by 2) reduces
to the function

P(x) = %XTATAX —xTATh + %leo

P is a scalar function of x and the value of the vector x that minimizes
P is the solution we seek. That is, we now want to solve 0P /0x; = 0,1 =
1,...,n, or in different notation, VP (x) = 0. Performing the gradient
operation yields

oP

T T
57961 = AleJ'ka — Aljbj =0
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Ax =D
[Rn [Rm

Figure 1.1: The four fundamental subspaces of matrix A (after
(Strang, 1980, p.88)). The dimension of the range of A
and AT is 7, the rank of matrix A. The null space of A
and range of AT are orthogonal as are the null space of
AT and range of A. Solutions to Ax = b exist for all b
if and only if m = r (rows independent). A solution to
Ax = b is unique if and only if n = ¥ (columns indepen-
dent).

or in matrix form

4P ATax - ATh =0
dx

Therefore, the condition that P be minimized is equivalent to solving
ATAx = ATp

These are called the normal equations. Notice that AT A is a square
matrix, so that we can solve this problem with LU decomposition,
provided ATA has full rank. QR decomposition also can be used:
ATA = RTQTQR = RTR. Since R is triangular, RTRx = ATb is as
easy to solve as LUx = ATh. In Exercise 1.41 you are asked to prove
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that AT A has full rank if and only if the columns of A are linearly in-
dependent.?

If ATA has full rank, the inverse is uniquely defined, and we can
write the least-squares solution to the normal equations as

xis = (ATA)"ATD (1.9)

The matrix on the right-hand side is ubiquitous in least-squares prob-
lems; it is known as the pseudoinverse of A (or Moore-Penrose pseu-
doinverse in honor of mathematician E. H. Moore and mathematical
physicist Roger Penrose) and given the symbol Af. The least-squares
solution is then denoted

xis =ATh At = (ATA)71AT

The normal equations have a compelling geometric interpretation
that illustrates the origin of their name. Substituting ¥ into the normal
equations gives the condition AT¥ = 0. That s, the residual ¥ = Ax —b
is an element of the null space of AT N(AT), which means 7 is orthog-
onal, i.e., normal, to the range of A, R(A) (right side of Figure 1.1). This
is just a generalization of the fact that the shortest path (minimum ||+ )
connecting a plane and a point b not on that plane is perpendicular to
the plane. Note that this geometric insight is our second use of the
fundamental theorem of linear algebra. This geometric interpretation
is perhaps best reinforced by a simple example.

Example 1.11: The geometry of least squares

We are interested in solving Ax = b for the following A and b.

Y

A=

oON P
=

1
b=|1
1

o

(a) What is the rank of A? Justify your answer.
(b) Draw a sketch of the subspace R(A).

(c) Draw a sketch of the subspace R(AT).

2putting proof aside for a moment, the condition is at least easy to remember. The
A in the overdetermined system for which we apply least squares has more rows than
columns. So the rank of A is at most the number of columns. The least-squares solution
is unique if and only if the rank is equal to this largest value, i.e., rank of A equals the
number of columns.
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(d) Draw a sketch of the subspace N(A).
(e) Draw a sketch of the subspace N(AT).
(f) Is there a solution to Ax = b for all b? Justify your answer.

(g) Is there a solution for the particular b given above? Justify your
answer.

(h) Assume we give up on solving Ax = b and decide to solve instead
the least-squares problem

min(Ax — b)T(Ax - b)
What is the solution to this problem, x°?
(i) Is this solution unique? Justify your answer.

(j) Sketch the location of the b° for which this x° does solve Ax = b.
In particular, sketch the relationship between this b° and one of
the subspaces you sketched previously. Also on this same draw-
ing, sketch the residual ¥ = Ax® — b.

Solution
(&) The rank of A is 2. The two columns are linearly independent.
(b) R(A) is the xy plane in R3.

(c) R(AT) is R2. Notice these are not the same subspaces, even though
they have the same dimension 2.

(d) N(A) is the zero element in R2.
(e) N(AT) is the z axis in RS.
() No. The rows are not independent.

(g) No. The range of A does not have a nonzero third element and
this b does.

(h) The solution is

x0=ATA)1ATp xO= [0}
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NT)

Figure 1.2 Least-squares solution of Ax = b; projection of b into
R(A) and residual ¥ = Ax° — b in N(AT).

(i) Yes, the least-squares solution is unique because the columns of
A are linearly independent.

(i) The vector b is decomposed into b° € R(A) and v = Ax®° - b €
N(AT).
b=b"+(-r) 7reNA) b°cRA)

We want Ax° = b° so b° = A(ATA)"2ATh = Pb and the projec-
tion operator is P = A(ATA)"1AT. The residual isr = Ax® — b =
(P — I)b and we have for this problem

0 0 O 0
0 P-1=|0 O 0
0 0 O

1
P=AATA)TAT = |0
0 -1

O O

Substituting in the value for b gives

1 0
bo=|1 r=| 0
0 -1

The spaces R(A) and N(AT) are orthogonal, and therefore so are
b° and r. The method of least squares projects b into the range
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of A, giving b°, and then solves exactly Ax = b° to obtain xP°.
These relationships are shown in Figure 1.2. a

The above analysis is only the beginning of the story for parameter
estimation. We have not dealt with important issues such as errors in
the measurements, quantifying the uncertainty in parameters, choice
of model form, etc. Many of these issues will be studied in Chapter 4
as part of maximum-likelihood estimation.

1.3.8 Minimum Norm Solution of the Underdetermined Problem

Consider the case of solving Ax = b with fewer equations than un-
knowns, the so-called underdetermined problem. Assume that the
rows of A are linearly independent, so a solution exists for all b. But
we also know immediately that N(A) = {0}, and there are infinitely
many solutions. One natural way to choose a specific solution from
the infinite number of possibilities is to seek the minimum-norm solu-
tion. That is, we minimize || x||? subject to the constraint that Ax = b.
By analogy with the approach taken above in constructing the least-
squares solution, we define an objective function

P(x) = 2xTx = 27 (Ax = b) = Zxix; - 2i( Ay — )
where now z is a vector of Lagrange multipliers. The minimization
condition 0P /dxy = O is thus
Xk = zZjAjk
or x = ATz. Inserting this into the equation Ax = b yields
AATz =D

Since the rows of A are linearly independent, AAT is full rank.3 We can
solve this equation for z and insert into the equation x = AT z that we
found above to deduce the minimum-norm solution

Xmn = AT(AAT) b (1.10)

Note the similarity in the solution structure of the underdetermined,
minimum-norm problem to the overdetermined, least-squares problem
given in (1.9). The singular value decomposition, which we introduce
in Section 1.4.7, allows for a unified and general treatment of both the
underdetermined and overdetermined problems.

3Transpose the result of Exercise 1.41.
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1.3.9 Rank, Nullity, and the Buckingham Pi Theorem

As engineers, we often encounter situations where we have a number
of measurements or other quantities d; and we expect there to be a
functional relationship 4 between them

q)d(dlstJ .- -,dn) = 0

In general, we would like to have a dimensionless representation of this
relation, one that does not depend on the units of measurement, i.e.,

& (Mg, I, ..., 1) =0
where each I1; has the form
Il = d’fldgz X ...xdn

and the exponents a; are chosen so that each I1; is dimensionless. If the
set of n quantities d; depend on m units (kilograms, meters, seconds,
amperes, ...), the key question is: what is the relationship between n,
m, and the number | of dimensionless variables I1; that is required to
characterize the relationship between the variables?

We will address this issue with a specific example. Consider fluid
flow through a tube. The fluid has density p and viscosity n, and flows
with average velocity U through a tube with radius R and length L,
driven by a pressure drop Ap. Defining [=] to mean “has dimensions
of,” we seek dimensionless quantities of the form

H — Apal Uazpa:g na4Ra5La6
al ar as ay
() (2 (2)” (35 o

s2m?2 S m3 mZ2s2

All the units must cancel, so we require that

kg : a,+az+as=0
m: —ay+ax—3az—as+as+ag=0
S: —2a1—a»—aqs =0

This is a system of three equations with six unknowns and has the form
Ax = 0, where A € R™" m = 3,n =6,and x = (a1,...,as)T. We
know that A has at most three LI columns, so in six dimensions there
must be at least three dimensions that cannot be spanned by these
three columns. In this case it is easy show that A does have three LI
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columns, which means that there are 6 — 3 = 3 families of solutions
a; that will yield proper dimensionless quantities. By inspection, we
can find the solutions x = (0,1,1,-1,1,0)T, (1,-2,-1,0,0,0)T, and
(0,0,0,0,1,-1)7T, yielding the three dimensionless groups

Ap R
Mh=— Ih=—7:5 Iz3=—
! n 27 pU2 T L

Readers with a background in fluid mechanics will recognize I1; as the
Reynolds number (Bird, Stewart, and Lightfoot, 2002).

Because the solution to Ax = 0 is not unique, this choice of dimen-
sionless groups is not unique: each I1; can be replaced by any nonzero
power of it, and the II;s can be multiplied by one another and by any
constant to yield other equally valid dimensionless groups. For exam-
ple, IT; can be replaced in this set by 1113 = pAgfL; fluid mechanicians
will recognize this quantity as the friction factor.

Now we return to the general case where we have n quantities and m
units. Because A has m LI rows (and thus m LI columns—see Example
1.9), it has a null space of n — m dimensions, and therefore there is an
n — m dimensional subspace of vectors x that will solve Ax = 0. This
result gives us the Buckingham Pi Theorem: given a problem with n
dimensional parameters containing m units, the problem can be recast
in terms of [ = n —m dimensionless groups (Lin and Segel, 1974). This
theorem holds under the condition that rank(A) = m; in principle it is
possible for the rank of A to be less than m. One somewhat artificial
example where this issue arises is the following: if all units of length are
represented as hectares per meter, then the equations corresponding
to those two units would differ only by a sign. They would thus be
redundant and the rank of A would be one less than the number of
units. If m were replaced by rank(A), then the Pi theorem would still
hold.

A less trivial example in which the Buckingham Pi theorem can cause
confusion is the case of problems involving mixtures. One might ex-
pect that moles (or masses) of chemical species A and moles of chemical
species B (or mole or mass fractions of these species) would be inde-
pendent units, but they are not. Unlike kilograms and meters, which
cannot be added to one another, moles of A and moles of B can be added
to one another so they do not yield separate equations for exponents
the way that kilograms and meters do.
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Figure 1.3: An iteration of the Newton-Raphson method for solving
f(x) = 0in the scalar case.

1.3.10 Nonlinear Algebraic Equations: the Newton-Raphson Method

Many if not most of the mathematical problems encountered by engi-
neers are nonlinear: second-order reactions, fluid dynamics at finite
Reynolds number, and phase equilibrium are a few examples. We will
write a general nonlinear system of n equations and n unknowns as

f(x)=0 (1.11)

where x € R™ and f € R™. In contrast to the case with linear equations,
where LU decomposition will lead to an exact and unique solution (if
the problem is not singular), there is no general theory of existence and
uniqueness for nonlinear equations. In general, many solutions can
exist and there is no way of knowing a priori where they are or how
many there are. To find solutions to nonlinear equations, one almost
always needs to make an initial guess and use an iterative method to
find a solution. A powerful and general method for doing this is called
Newton-Raphson iteration.

Consider an initial guess x and assume for the moment that the
exact solution x, is given by x + d, where d is as yet unknown, but is
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assumed to be small, i.e., the initial guess is good. In this case
flxe)=flx+d)=0

We next expand f(x + d) in a Taylor series around x. It is now con-
venient to switch to component notation to express the second-order
Taylor series approximation for vector f

ofi| 4. .1 02 fi
an x 772 anaXl

filx +d) = filx) +

did; + 0 (1ld]®)

‘ X

where the notation O(67) denotes terms that are “of order 67,” which
means that they decay to zero at least as fast as 6” in the limit 6 — 0.
An approximate solution to this equation can be found if the terms
that are quadratic and higher degree in d are neglected, yielding the
linearized problem

I a

)
f(x+d)=f(x)+a .

Setting f(x +d) = 0 and defining the Jacobian matrix Ji;(x) = gf:; ,
X
this can be rearranged into the linear system

J(x)d = —f(x)

This equation can be solved for d (e.g., by LU decomposition) to yield
a new guess for the solution x™ = x + d in which we use the notation
x* to denote the variable x at the next iterate. Denoting the solution
by d = —J 1(x) f(x), the process can be summarized as

xt=x-Jtx)f(x) (1.12)

This equation is iterated until || x* — x/|| or || f (x)|| reaches a prescribed
error tolerance. One iteration of (1.12) is depicted for a scalar function
in Figure 1.3.

An important question for any iterative method is how rapidly it
converges. To address this issue for the Newton-Raphson method, let
€ = X — X, be the difference between the approximate solution and the
exact solution. Similarly, et = x* — x, and therefore €™ — € = x* — x.
Using this result and (1.12), the evolution equation for the error is

€t =e—J Hxe+€)f(xe+€)
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Taylor expanding this equation around X, yields, again in index nota-
tion due to the Taylor series,

-1

oJ
+ _ .. -1 1
€ =€ (Jij lx, + x|

€l+0(||€||2>)'

Xe

(0 + Jiklx €k + % Z;J;f . exer+ 0O <||€||3)>
—ei - (Ji—jljjk ’xe €x + (aajgll]jk + ;J;jlzj)g‘) ) €ex + 0 (||e||3>>
=€ (5ik€k + (a;ilfjk + ifﬁlaajﬁif) x ek + 0 (”6”3>)
C (g 2| aevo (1)
(- 5700 aavolier
_ ‘<a%5“< . ;Ji—jl%) _aacto (lel®)
¢t = 2 a0 (lel?)

This result, which we can summarize as [[e*] = O (||€||2>, illustrates
that given a sufficiently good guess, the Newton-Raphson iteration con-
verges rapidly, specifically quadratically, to the exact solution.

For example, if the error in iteration (1.12) after step k is 1072, the
error after step k + 1 is ~ 10~ and after step k + 2 is ~ 1078, Indeed,
a good check of whether a code for implementing Newton-Raphson is
correct is to verify the quadratic convergence. Of course, this result
holds only if a sufficiently good guess is given. If the initial guess is
poor, the iteration may not converge, or alternately may converge to a
solution far from the initial guess.

1.3.11 Linear Coordinate Transformations

As noted above, the components of a matrix operator depend on the
coordinate system in which it is expressed. Here we illustrate how the
components of a matrix operator change upon a change in coordinate
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system. Consider two vectors x and y and a matrix operator A, where
v = Ax. For example, we can take x and y to be two-dimensional, in

which case
{xl]
X =
X2

Now consider new variables x; and x5, where

Xi =T11x1 + T12Xx>

Xé =To1x1 + TooX2

This can be written x’ = Tx. Here x and x’ are the same vector, but
represented in the original (unprimed) and new (primed) coordinate
systems, and T is the operator that generates the new coordinate val-
ues from the original ones. It must be invertible—otherwise there is
not a unique mapping between the coordinate systems. Therefore, we
can write x = T~ 'x" and y = AT 'x’; the matrix AT~ yields the
mapping between x" and . If we also consider a coordinate transfor-
mation of the vector y of the form v’ = Wy, then v = WAT 1x’.
The matrix WAT 1 provides the mapping from x’ to y’. Some impor-
tant coordinate transformations that take advantage of the properties
of the operator A are described in Section 1.4.

1.4 The Algebraic Eigenvalue Problem
1.4.1 Introduction

Eigenvalue problems arise in a variety of contexts. One of the most
important is in the solution of systems of linear ordinary differential
equations. Consider the system of two ordinary differential equations

dz
T (1.13)

Here z € R? and A € R?*?, If we guess, based on what we know about
the scalar case, that solutions will have the form

z(t) = xeM

then we have that
Ax = Ax (1.14)

If we can find a solution to this equation, then we have a solution to
(1.13). (To obtain the general solution to (1.13) we must find two solu-
tions to this problem.) This is the algebraic version of the eigenvalue
problem.
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The eigenvalue problem can be rewritten as the homogeneous sys-
tem of equations
(A-Al)x =0

As with any homogeneous system, this generally has only the trivial
solution x = 0. For special values of A, known as the eigenvalues
of A, the equation has a nontrivial solution, however. The solutions
corresponding to these eigenvalues, which can be real or complex, are
the eigenvectors of A. Geometrically, the eigenvectors of A are those
vectors that change only a scalar multiple when operated on by A. This
property is of great importance because for the eigenvectors, matrix
multiplication reduces to simple scalar multiplication; Ax can be re-
placed by Ax. Because of this property, the eigenvectors of a matrix
provide a natural coordinate system for working with that matrix. This
fact is used extensively in applied mathematics.

From the existence and uniqueness results for linear systems of
equations that we saw in Section 1.3.1, we know that the above ho-
mogeneous problem has a nontrivial solution if and only if A — Al is
noninvertible: that is, when

det(A-AI)=0

This equationis called the characteristic equation for A, and det(A—
Al) is the characteristic polynomial. For an n X n matrix, this poly-
nomial is always nth degree in A; this can be seen by performing LU
decomposition on A— AT, therefore, the characteristic polynomial has n
roots (not necessarily all real or distinct). Each root is an eigenvalue, so
an n X n matrix has exactly n eigenvalues. Each distinct eigenvalue has
a distinct (i.e. linearly independent) eigenvector. Each set of repeated
roots will have at least one distinct eigenvector, but may have fewer
than the multiplicity of the root. So a matrix may have fewer than n
eigenvectors. The nature of the eigenvectors depends on the structure
of the matrix.

In principle, the eigenvalues of a matrix may be found by finding
the roots of its characteristic polynomial. Since polynomials of degree
greater than four cannot be factored analytically, approximate numeri-
cal methods must be used for virtually all matrix eigenvalue problems.
There are numerical methods for finding the roots of a polynomial, but
in practice, this procedure is difficult and inefficient. An extremely
robust iterative method, based on the QR factorization of a matrix (Ex-
ercise 1.38), is the most commonly used technique for general matrices.
In some cases, only the “dominant” eigenvalue (the eigenvalue with the
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largest magnitude) needs to be found. The power method (Exercise
1.57) is a rapid iterative technique for this problem. Generalizations of
the idea behind the power method form the basis of powerful Krylov
subspace methods for iterative solutions of many computational linear
algebra problems (Trefethen and Bau lll, 1997).

1.4.2 Self-Adjoint Matrices

Consider the real symmetric (thus self-adjoint) matrix

_

The characteristic equation for A is A2 — 4A + 3 = 0 and its solutions
are A; = 1,A, = 3. The corresponding eigenvectors x = v; and x = v,

are solutions to
2-A 1 _o
1 2-Al*7

These solutions are (to within an arbitrary multiplicative constant)

wely el

Note that these vectors, when normalized to have unit length, form an
ON basis for R?. Now let

Q= [Ul Uz] = % [_1 i]

A vector x in R? can now be represented in two coordinate systems,
either the original basis or the eigenvector basis. A representation in
the eigenvector basis will be indicated by a’, so x’ = [x; x,]T is the
vector containing the coordinates of x expressed in the eigenvector
basis. It can be shown that the coordinate transformation between
these bases is defined by Q, sothat x = Qx’ and x’ = Q ~1x. Remember
that A is defined in the original basis so Ax makes sense, but Ax’ does
not. However, we can write

Ax = A(x1V1 + X5V2)
= X1 AV1 + XAV,
= xi)\lvi + Xé)\z’Uz
= QAX’
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SRR

Therefore, Ax = QAx’. Using the transformation x’ = Q 1x gives
that Ax = QAQ 1x, or A = QAQ 1. This expression can be reduced
further by noting that since the columns of Q form an orthonormal
basis, QxiQkj = 0ij, or QTQ = I. Since Q1Q = I by definition, it
follows that Q !t = QT. Matrices for which this property holds are
called orthogonal. In the complex case, the property becomes Q1 =
QT and Q is said to be unitary. Returning to the example, the property
means that A can be expressed

where

A=QAQT

As an example of the usefulness of this result, consider the system

of equations
dx
2~ — Ax = OAOT
it X =QAQ x
By multiplying both sides of the equation by QT and using the facts

that Q7Q =TI and x’ = QT x, the equation can be rewritten

dx’ |11 0],
ar ~ M _[o 3]"

or dxi/dt = x1, dxz2/dt = 3x2. In the eigenvector basis, the differen-
tial equations are decoupled. They can be solved separately.

The above representation of A can be found for any matrix A that
satisfies the self-adjointness condition A = ZT. We have the following
theorem.

Theorem 1.12 (Self-adjoint matrix decomposition). If A € C"*" is self-
adjoint, then there exists a unitary Q € C"*" and real, diagonal A €
R™*" such that

A = QAQ¥

The diagonal elements of A, Ajj, are the eigenvalues A; of A. The
eigenvalues are all real, even if A is not. The columns of the matrix Q
are the (normalized) eigenvectors v; corresponding to the eigenvalues.
The eigenvectors are orthonormal and form a basis for C".

This result shows that for every self-adjoint matrix operator, there
is a natural orthogonal basis, in which the matrix becomes diagonal.
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That is, the transformation diagonalizes the matrix. Since the eigen-
values are all real, matrix multiplication reduces to simple contraction
or stretching along the (eigenvector) coordinate axes. In this basis, any
linear systems of algebraic or differential equations containing Ax re-
duce to n decoupled equations.

That the eigenvalues are real can be established as follows. We have
Av = Av and, by taking adjoints, v*A = Av*, after noting that A* = A.
Multiply the first on the left by v* and the second on the right by v
and subtract to obtain 0 = (A — A)v*v. We have that v*v is not zero
since v # O is an eigenvector, and therefore A = A and A is real.

If A has distinct eigenvalues, the eigenvectors are orthogonal, which
is also readily established. Given an eigenvalue A; and corresponding
eigenvector v;, we have that Av; = A;v;. Let (A}, V) be another eigen-
pair so that Av; = A;v;. Multiplying Av; = A;v; on the left by v;‘, and
Av; = Ajvjonthe left by v;* and subtracting gives (A; —A;) (v v;) = 0.
If the eigenvalues are distinct, A; # A; this equation can hold only if
v v; = 0, and therefore v; and v; are orthogonal.

For the case of repeated eigenvalues, since orthogonality holds for
eigenvalues that are arbitrarily close together but unequal, we might
expect intuitively that it continues to hold when the eigenvalues be-
come equal. This turns out to be true, and we delay the proof until we
have introduced the Schur decomposition in Section 1.4.6.

1.4.3 General (Square) Matrices

Although many matrices arising in applications are self-adjoint, many
others are not, so it is important to include the results for these cases.
Now the eigenvectors do not necessarily form an ON basis, nor can the
matrix always be diagonalized. But it is possible to come fairly close.
There are three cases:

1. If Ais not self-adjoint, but has distinct eigenvalues (A; # Aj, i # j),
then A can be diagonalized

A=SAS™?t (1.15)

As before, A = S71AS is diagonal, and contains the eigenvalues
(not necessarily real) of A. The columns of S contain the corre-
sponding eigenvectors. The eigenvectors are LI, so they form a
basis, but are generally not orthogonal.

2. If Aiis not self-adjoint and has repeated eigenvalues, it may still be
the case that the repeated eigenvalues have distinct eigenvectors -
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e.g. aroot with multiplicity two that has two linearly independent
eigenvectors. Here A can be diagonalized as above.

. If A is not self-adjoint and has repeated eigenvalues that do not

yield distinct eigenvectors, it cannot be completely diagonalized,;
a matrix of this type is called defective. Nevertheless, it can
always be put into Jordan form J

A=MJM™1 (1.16)

where J] = M~1AM is organized as follows: each distinct eigen-
value appears on the diagonal with the nondiagonal elements of
the corresponding row and column being zero, just as above.
However, repeated eigenvalues appear in Jordan blocks with
this structure (shown here for an eigenvalue of multiplicity three)

A1 0
0 A1
0 0 A

In the case of repeated eigenvalues, we can distinguish between
algebraic multiplicity and geometric multiplicity. Algebraic
multiplicity of an eigenvalue is simply its multiplicity as a root
of the characteristic equation. Geometric multiplicity is the num-
ber of distinct eigenvectors that correspond to the repeated eigen-
value. In case 2 above, the geometric multiplicity of each repeated
eigenvalue is equal to its algebraic multiplicity. In case 3, the al-
gebraic multiplicity exceeds the geometric multiplicity.

For a non-self-adjoint 5 by 5 matrix with repeated eigenvalues
A2 = Az = Ay,
A7z O O O O
0O A, 1 0 O
J=]10 0 A3 1 O
0O 0 0 Ay O
0O 0O 0O 0 As

The eigenvectors corresponding to the distinct eigenvalues are
the corresponding columns of M. A distinct eigenvector does not
exist for each of the repeated eigenvalues, but a generalized
eigenvector can be found for each occurrence of the eigenvalue.
These vectors, along with the eigenvectors, form a basis for R™,
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Example 1.13: A nonsymmetric matrix

Find the eigenvalues and eigenvectors of the nonsymmetric matrix

1 2
and show that it can be put in the form of (1.15).

Solution

This matrix has characteristic equation (1 —A)(3 —A) = 0 and thus has
eigenvalues A = 1,A = 3. For A = 1, the eigenvector solves

ot Ao 2] [l

and it is straightforward to see that this is satisfied by [x1,x2]7 = v =
[1,0]T. For A = 3 we have

o o[- o]

which has solution v» = [1,1]7. Here v; and v, are not orthogonal,
but they are LI, so they still form a basis. Letting

s=[ve vl =[5 1]

one can determine that
1 -1
-1 _

Since the columns of S are not orthogonal, they cannot be normalized
to form a matrix that satisfies S~1 = ST. Nevertheless, A can be diago-

nalized
1 0
_1 _ _
S AS—A—[0 3]

Example 1.14: A defective matrix

Find the eigenvalues and eigenvectors of the nonsymmetric matrix

o 3]

and show that it cannot be put in the form of (1.15), but can be put in
the form of (1.16).
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Solution

The characteristic equation for A is (3—A)? = 0, so A has the repeated
eigenvalue A = 3. The eigenvector is determined from

o o<l

which has solution x = v; = [1,0]7. There is not another nontrivial
solution to this equation so the repeated eigenvalue A = 3 has only one
eigenvector. We cannot diagonalize this A.

Nevertheless, we will seek to nearly diagonalize it, by finding a gen-
eralized eigenvector v, that allows us to construct a matrix

M = [Ul Uz]
satisfying
0 A

Multiplying both sides of this equation by M yields that

AM = MJ = [vl ’Uz] [A 1}

MAM =] = [A 1]

0 A
which can be rearranged to
(A — Al [vl vz] = [0 vl]
This equation can be rewritten as the pair of equations

(A — P\I)Ul = O,
(A-ADvy, =1,
The first of these is simply the equation determining the true eigenvec-

tor vy, while the second will give us the generalized eigenvector v,. For
the present problem this equation is

EENN

A solution to this equation is v, = [0, 1/2]7. (Any solution v, must be
LI from v1. Why?) Constructing the matrix

M=[vs e = [cl) 1(/)2}
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one can show that

1 0
-1 _
elo

o 3 1
J=M AM—|:O 3]

and that

Note that we can replace v, by v, + xv1 for any & and still obtain this
result. |

1.4.4 Positive Definite Matrices

Positive definite and positive semidefinite matrices show up often in
applications. Here are some basic facts about them. In the following, A
is real and symmetric and B is real. The matrix A is positive definite
(denoted A > 0), if

xTAx >0, V nonzerox € R"
The matrix A is positive semidefinite (denoted A > 0), if
xTAx >0, VxeR"
You should be able to prove the following facts.
1. A>0 <= A>0, Aceig(A)
2. A=20 < A=0, Aceig(A)
3. A>0 < BTAB>0 VB
4. A > 0and B nonsingular < BTAB >0
5. A > 0and B full column rank = BTAB >0
6. A1 >0,A,>20 = A=A1+A>,>0
7.A>0 < z*¥Az>0 V nonzeroze C"
8. ForA>0,xTAx =0 < Ax =0

If symmetric matrix A is not positive semidefinite nor negative semidef-
inite, then it is termed indefinite. In this case A has both positive and
negative eigenvalues.
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1.4.5 Eigenvalues, Eigenvectors, and Coordinate Transformations

Under the general linear transformation
vy =Ax (1.17)

all the components of the vector y are coupled to all the components
of the vector x via the elements of A, all of which are generally nonzero.
We can always rewrite this transformation using the eigenvalue decom-
position as

y =MJM 1x

Now consider the coordinate transformation x’ = M~1x and y’' =
M~1y. In this new coordinate system, the linear transformation, (1.17)
becomes
y' =Jx'

In the “worst case scenario,” J has eigenvalues on the diagonal, some
values of 1 just above the diagonal and is otherwise zero. In the more
usual scenario J = A and each component of ' is coupled only to one
component of x’—the coordinate transformation associated with the
eigenvectors of A provides a coordinate system in which the different
components are decoupled. This result is powerful and is used in a
wide variety of applications.

Further considering the idea of coordinate transformations leads
naturally to the question of the dependence of the eigenvalue problem
on the coordinate system that is used to set up the problem. Given that

Ax = Ax

let us take x’ = Tx, where T is invertible but otherwise arbitrary; this
expression represents a coordinate transformation between unprimed
and primed coordinates, as we have already described in Section 1.3.11.
Now x = T~1x’, and thus

AT Ix' = AT 1x’

Multiplying both sides by T to eliminate T~1 on the right-hand side
yields
TAT 'x' = Ax'

Recall that we have done nothing to the eigenvalues A—they are the
same in the last equation of this sequence as the first. Thus the eigen-
values of TAT 1 are the same as the eigenvalues of A. Therefore, if two
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matrices are related by a transformation B = TAT 1, which is called a
similarity transformation, their eigenvalues are the same. In other
words, eigenvalues of a matrix are invariant under similarity trans-
formations.

In many situations, invariants other than the eigenvalues are used.
These can be expressed in terms of the eigenvalues. The two most
common are the trace of a matrix A

n n
tr A = zAii = ZAi
i=1 i=1

and the determinant

n n
detA = (-1)™ Ui = []As
i=1 i=1

Example 1.15: Vibrational modes of a molecule

The individual atoms that make up a molecule vibrate around their
equilibrium positions and orientations. These vibrations can be used
to characterize the molecule by spectroscopy and are important in de-
termining many of its properties, such as heat capacity and reactivity.
We examine here a simple model of a molecule to illustrate the origin
and nature of these vibrations.

Let the «cth atom of a molecule be at position Xy = [X«, Ya, Z«]T and
have mass my. The bond energy of the molecule is U (X3, X2, X3, ..., XN)
where N is the number of atoms in the molecule. Newton’s second law

for each atom is
m d’xx U (X1, .-, XN)
* dt2 0Xq

Let X = [X1,Y1,21,X2,¥2,22,...,XN, YN, 2~n]] and M be a 3N x 3N
diagonal matrix with the masses of each atom on the diagonals. That
is, M11 = M2z = Maz = My, Mag = Mss = Mg = My, Man-23N-2 =
Msn_13v-1 = M3nany = mpy. Now the equations of motion for the
coordinates of the atom become

d?X; oU(X)

Ml’j = —

dat2 0X;
An equilibrium shape Xgq of the molecule is a minimum of the bond
energy U, and can be found by Newton-Raphson iteration on the prob-

U

lem = 0. Assume Xgq is known and characterize small-amplitude

vibrations around that shape.
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Solution

Let X = X — Xeq be a small perturbation away from the equilibrium

d?Xeq
shape. Because =z

= 0, this perturbation satisfies the equation

M : —
Yodtz 0X;

Taylor expanding the right-hand side of this equation, using the fact

that 22 ‘X = 0, and neglecting terms of O (||X]|?) yield
i eq
U (Xeq + X) -
—— ~ Hj X,
0X; ikAk
where
02U
Hi = ~o
T OX0Xy |
eq

is called the Hessian matrix for the function U. Thus the governing
equation for the vibrations is given by

428,

Mij—7 = ~Hix Xk

By definition, H is symmetric. Furthermore, rigidly translating the en-
tire molecule does not change its bond energy, so H has three zero
eigenvalues, with eigenvectors

vV =1[1,0,0,...,1,0,0]" VvV =][0,1,0,...,0,1,0]T
vV =1[0,0,1,...,0,0,1]"
These correspond to moving the whole molecule in the x, y, and z
directions, respectively. Furthermore, because X¢q is a minimum of
the bond energy, H is also positive semidefinite.

We expect the molecule to vibrate, so we will seek oscillatory solu-
tions. A convenient way to do so is to let

X(t) = Zelwt 4 Zp—iwt

recalling that for real w, e!®! = cos wt + isin wt. Substituting into the
governing equation yields

—szl‘j(Zjeiwt +7je—iwt) = —Hik(Zkeiwt + 7ke—iwt)
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Gathering terms proportional to e!®! and e~'®! we can see that this
equation will be satisfied at all times if and only if

w3M;;Z; = Hix Zk (1.18)

This looks similar to the linear eigenvalue problem, (1.14), and reduces
exactly to one if all atoms have the same mass m (in which case M =
mli).

We can learn more about this problem by considering the proper-
ties of M and H. Since M is diagonal and the atomic masses are pos-
itive, M is clearly positive definite. Also recall that H is symmetric
positive semidefinite. Writing M = L2, where L is diagonal and its di-
agonal entries are the square roots of the masses, we can write that
w?L?Z = HZ. Multiplying by L=* on the left yields w?LZ = L™1HZ
and letting Z = LZ results in w?2Z = L *HL™1Z. This has the form
of an eigenvalue problem HZ = w?2Z, where H = L"YHL™1. Solving
this eigenvalue problem gives the frequencies w at which the molecule
vibrates. The corresponding eigenvectors Z, when transformed back
into the original coordinates via Z = L™1Z, give the so-called “normal
modes.” Each frequency is associated with a mode of vibration that in
general involves different atoms of the molecule in different ways. Be-
cause H is symmetric, these modes form an orthogonal basis in which
to describe the motions of the molecule. A further result can be ob-
tained by multiplying (1.18) on the left by Z7, yielding

w2Z™™z7 =7THZ

Because ZTMZ > 0and ZTHZ = 0, we can conclude that w? > 0 with
equality only when Z is a zero eigenvector of H. This result shows
that the frequencies w are real and thus that the dynamics are purely
oscillatory.

Observe that the quantity ZT M Z arises naturally in this problem: via
the transformation Z = LZ it is equivalent to the inner product ZT Z.
It is straightforward to show that for any symmetric positive definite
W, the quantity xT Wy satisfies all the conditions of an inner product
between real vectors x and y; it is called a weighted inner product.
In the current case, the eigenvectors Z are orthogonal under the usual
“unweighted” inner product, in which case the vectors Z = L7117 are
orthogonal under the weighted inner product with W = M. m|
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1.4.6 Schur Decomposition

A major problem with using the Jordan form when doing calculations
on matrices that have repeated eigenvalues is that the Jordan form is
numerically unstable. For matrices with repeated eigenvalues, if di-
agonalization is not possible, it is usually better computationally to
use the Schur form instead of the Jordan form. The Schur form only
triangularizes the matrix. Triangularizing a matrix, even one with re-
peated eigenvalues, is numerically well conditioned. Golub and Van
Loan (1996, p.313) provide the following theorem.

Theorem 1.16 (Schur decomposition). If A € C"*™ then there exists a
unitary Q € C™" such that

Q*AQ =T
in which T is upper triangular.

The proof of this theorem is discussed in Exercise 1.43. Note that
even though T is upper triangular instead of diagonal, its diagonal el-
ements are still its eigenvalues. The eigenvalues of T are also equal
to the eigenvalues of A because T is the result of a similarity trans-
formation of A. Even if A is a real matrix, T can be complex because
the eigenvalues of a real matrix may come in complex conjugate pairs.
Recall a matrix Q is unitary if Q*Q = I. You should also be able to
prove the following facts (Horn and Johnson, 1985, p.14,67).

1. If A e C"" and BA = I for some B € C"™", then
(@) A is nonsingular
(b) B is unique
(c) AB=1

2. The matrix Q is unitary if and only if

(@ Q is nonsingular and Q* = Q1

(b) QQ* =1

(c) Q* is unitary

(d) The rows of Q form an orthonormal set

(e) The columns of Q form an orthonormal set
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If A is self-adjoint, then by taking adjoints of both sides of the Schur
decomposition equality, we have that T is real and diagonal, and the
columns of Q are the (normalized) eigenvectors of A, which is one way
to show that the eigenvectors of a self-adjoint matrix are orthogonal, re-
gardless of whether the eigenvalues are distinct. Recall that we delayed
the proof of this assertion in Section 1.4.2 until we had introduced the
Schur decomposition.

If A is real and symmetric, then not only is T real and diagonal, but
Q can be chosen real and orthogonal. This fact can be established by
specializing the results in Exercises 1.42 and 1.43 to real rather than
complex matrices and noting that the eigenvalues are real. The theo-
rem summarizing this case is the following (Golub and Van Loan, 1996,
p-393), where, again, it does not matter if the eigenvalues of A are re-
peated.

Theorem 1.17 (Symmetric Schur decomposition). If A € R™ " is sym-
metric, then there exists a real, orthogonal Q and a real, diagonal A
such that

QTAQ = A =diag(A1,As,...,An)

where diag(a, b, c, . ..) denotes a diagonal matrix with elements a, b, c, . ..
on the diagonal.

Note that the {A;} are the eigenvalues of A and the columns of Q,
{qi}, are the corresponding (normalized) eigenvectors.

For real but not necessarily symmetric A, you can restrict yourself
to real matrices by using the real Schur decomposition (Golub and Van
Loan, 1996, p.341). But the price you pay is that you can achieve only
block upper triangular T, rather than strictly upper triangular T.

Theorem 1.18 (Real Schur decomposition). If A € R™ ™ then there ex-
ists a real, orthogonal Q such that

Ri1 Riz -+ Ruim
0740 O Ry -+ Rom
0 0 -+ Rum

in which each Rj; is either a real scalar or a 2x2 real matrix having com-
plex conjugate eigenvalues; the eigenvalues of R;; are the eigenvalues
of A.
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1.4.7 Singular Value Decomposition

Another highly useful matrix decomposition that can be applied to non-
square in addition to square matrices is the singular value decomposi-
tion (SVD). Any matrix A € C"™*" has an SVD

A=USV*
in which U € C"*™ and V € (""" are square and unitary
U*U =UU* = Iy, V¥V =VV* =1,

and S € R"*" js partitioned as

S = err Orx(n—r)
O(m—r)xr O(m—r)x(n—r)
in which 7 is the rank of the A matrix. The matrix X is diagonal and
real
01
3= OL=202=--20y>0

Oy

in which the diagonal elements, g; are known as the singular values of
matrix A. The singular values are real and positive and can be ordered
from largest to smallest as indicated above.

Connection of SVD and eigenvalue decomposition. Given A € C"*"
with rank 7, consider the Hermitian matrix AA* € R" ™ also of
rank . We can deduce that the eigenvalues of AA* are real and non-
negative as follows. Given (A,v) are an eigenpair of AA*, we have
AA*v = Av,v * 0. Taking inner products of both sides with respect
to v and solving for A gives A = v*AA*v/v*v. We know v*v is
a real, positive scalar since v # 0. Let y = A*v and we have that
A = y*y/v*v and we know that y*y is a real scalar and y*y > 0.
Therefore A is real and A = 0. And we can connect the eigenvalues and
eigenvectors of AA* to the singular values and vectors of A. The v
nonzero eigenvalues of AA* (A;) are the squares of the singular values
(07) and the eigenvectors of AA* (q;) are the columns of U (u;)

Ai(AA*) = 02(A) i=1,...7
qi=u; i=1,...m
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Next consider the Hermitian matrix A*A € R"™*", also of rank . The

¥ nonzero eigenvalues of A* A (A;) are also the squares of the singular

values (0;) and the eigenvectors of A* A (r;) are the columns of V (v;)
Ai(A¥A) = 02(A) i=1,...7

vi=vi, 1=1,...n

These results follow from substituting the SVD into both products and
comparing with the eigenvalue decomposition (Theorem 1.12)

AA* = (USV*)(VS*U*) = USS*U™* = QAQ*

A*A = (VS*U*)(USV*) = VS*SV* = RAR*

Real matrix with full row rank. Consider a real matrix A with more
columns than rows (wide matrix, m < n) and full row rank, ¥ = m. In
this case both U and V are real and orthogonal, and the SVD takes the

form .
A=U [z o] [“;ﬂ

in which V7 contains the first m columns of V, and V>, contains the
remaining n — m columns. Multiplying the partitioned matrices gives

A=Uzsv]

and notice that we do not need to store the V, matrix if we wish to
represent A. This fact is handy if A has many more columns than
rows, n > m because V, € R"™*" requires a large amount of storage
compared to A.

Real matrix with full column rank. Next consider the case in which
real matrix A has more rows than columns (tall matrix, m > n) and full
column rank. In this case the SVD takes the form

2T
A=|Ur U] [0] 1%
in which U; contains the first n columns of U, and U, contains the
remaining m — n columns. Multiplying the partitioned matrices gives
A=UzsvT

and notice that we do not need to store the U, matrix if we wish to
represent A.
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Ax=Db
[Rm

[Rn
A
0 0

Figure 1.4: The four fundamental subspaces of matrix A = USVT,
The range of A is spanned by the first ¥ columns of
U, {u4,...,u,}. The range AT is spanned by the first

r columns of V, {v4,...,v,}. The null space of A is
spanned by {v, 1,...,Vn}, and the null space of AT is
spanned by {ty11,...,Um}.

SVD and fundamental theorem of linear algebra. The SVD provides
an orthogonal decomposition of all four of the fundamental subspaces
of matrix A. Consider first the partitioned SVD for real-valued A

s ol [vf
et s ][]
A=U3V]

Now consider Avy in which k = v + 1. Because vy is orthogonal to
Vi = {v1,...,v,}, we have Avy = 0, and these n — ¥ orthogonal vy
span the null space of A. Because the columns of V; are orthogonal to
this set, they span the range of AT. Transposing the previous equation
gives

AT =307
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and we have {uy.1,..., Uy} span the null space of AT. Because the
columns of U; are orthogonal to this set, they span the range of A.
These results are summarized in Figure 1.4.

SVD and least-squares problems. We already have shown that if
A has independent columns, the unique least-squares solution to the
overdetermined problem

min || Ax ~ b|?
is given by
x1s = (ATA)7ATD
xis = ATh

The SVD also provides a means to compute x|s. For real A, the SVD
satisfies

A=UsvT AT =vsU]
ATA =vzulu,svT = vz2yT
The pseudoinverse is therefore given by
At =vs—2vlvsyl
At =vztul

and the least-squares solution is
xis = VEUlp

SVD and underdetermined problems. We already have shown that
if A has independent rows, the unique minimum-norm solution to the
underdetermined problem

min lx|I> subjectto Ax = b

is given by
Xmn = AT(AAT) 1p

The SVD also provides a means to compute xmn. In this case we have
A= UZVlT and substituting this into the minimum-norm solution gives

Xmn = VA2 1UTH

Note the similarity to the least-squares solution above.
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1.5 Functions of Matrices
1.5.1 Polynomial and Exponential

We have already defined some functions of square matrices using ma-
trix multiplication and addition. These operations create the class of
polynomial functions

P(A):0(oI+O(1A+o(2A2+...+o(mAm

withA € (""" «; € C,i=0,...,m. We wish to expand this set of func-
tions so that we have convenient ways to express solutions to coupled
sets of differential equations, for example. Probably the most impor-
tant function for use in applications is the matrix exponential. The
standard exponential of a scalar can be defined in terms of its Taylor
series

1 1
a _ 2 34 ...
e —1+a+2!a +3!a+ aecC

This series converges for all a € C. Notice that this expression is an
infinite-order series and therefore not a polynomial function. We can
proceed to define the matrix exponential analogously

eA:I+A+%A2+%A3+--- AeCmn

and this series converges for all A € C"*", Let’s see why the matrix
exponential is so useful. Consider first the scalar first-order linear dif-
ferential equation

ax _

dt
which arises in the simplest chemical kinetics models. The solution is
given by

ax x(0) = xg xeR,aeR

x(t) = xpet
and this is probably the first and most important differential equation
that is discussed in the introductory differential equations course. By
defining the matrix exponential we have the solution to all coupled sets
of linear first-order differential equations. Consider the coupled set of
linear first-order differential equations

X1 aixz A2 - din || X1
d | X2 az1 A2 --- don | [ X2
dt :

Xn aAn1 An2 - Aaunl LXn
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with initial condition

x1(0) X10
x2(0) X20
xn(0) Xno

which we express compactly as
ax _
dt

The payoff for knowing the solution to the scalar version is that we also

know the solution to the matrix version. We propose as the solution

Ax x(0) = xo x € R", A e R™" (1.19)

x(t) = exg (1.20)

Notice that we must put the xp after the eA! so that the matrix multi-
plication on the right-hand side is defined and gives the required n X 1
column vector for x(t). Let’s establish that this proposed solution is
indeed the solution to (1.19). Substituting t = 0 to check the initial
condition gives

x(0) = e%xq = %% = Ixo = X0

and the initial condition is satisfied. Next differentiating the matrix
exponential with respect to scalar time gives

a ar _

d t2 5, t3 5
at E(I+tA+EA +§A +-00)

t o 2 5
=0+A+ A+ A+ - --
1! 2!

t a2 %
=Al+ A"+ A +--+)
1! 2!

= Ae™t

We have shown that the scalar derivative formula d/dt(e%!) = aet
also holds for the matrix case, d/dt(e?!) = Ae?'. We also could have
factored the A to the right instead of the left side in the derivation above
to obtain d/dt(eAl) = eA A. Note that although matrix multiplication
does not commute in general, it does commute for certain matrices,
such as eA! and powers of A. Finally, substituting the derivative result
into (1.19) gives

dx d

dt a(e“xo) = (Ae?)xo = A(e?x0) = Ax
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and we see that the differential equation also is satisfied.

Another insight into functions of matrices is obtained when we con-
sider their eigenvalue decomposition. Let A = SAS~! in which we as-
sume for simplicity that the eigenvalues of A are not repeated so that
A is diagonal. First we see that powers of A can be written as follows
forp=>=1

AP = AA---A
L+J
ptimes
= (SASTH)(SAS™1) - - - (SAS™Y)
=S(AA---A)S7?
[ ——

ptimes

=SAPS?

Substituting the eigenvalue decomposition into the definition of the
matrix exponential gives

t2 t3
eM=T+tA+ A%+ A3+ ...
2! 3!

2 3
=SS+ tSAS L+ %SAZS*1 + %SA3S*1 R

tz 2 t3 3 -1
:S(I+tA+EA +§A +---)S

eAl' — SeAtsfl

Therefore, we can determine the time behavior of e4! by examining the

behavior of
et

e)\zt
At _

e/\nt

and we deduce that eA! asymptotically approaches zeroas t — o if and
only if Re(A;) < 0,i = 1,...,n. We also know that e4! is oscillatory if
any eigenvalue has a nonzero imaginary part, and so on.

The matrix exponential is just one example of expanding scalar
functions to matrix functions. Any of the transcendental functions
(trigonometric functions, hyperbolic trigonometric functions, logarithm,
square root, etc.) can be extended to matrix arguments as was shown
here for the matrix exponential (Higham, 2008). For example, the square
root of a matrix A is any matrix B that satisfies B> = A. If A =
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SAS~1, then one solution (the principal square root) is B = SAY/2571
where A1/2 = diag(A}/?,A2/%,...). More generally, A1/2 can be replaced
by diag(i/\}/z, i?\;/z, ...). Moreover, for any linear scalar differential
equation having solutions consisting of these scalar functions, coupled
sets of the corresponding linear differential equations are solved by the
matrix version of the function.

Bound on eAl. When analyzing solutions to dynamic models, we often
wish to bound the asymptotic behavior as time increases to infinity. For
linear differential equations, this means we wish to bound the asymp-
totic behavior of eAf as t — oo. We build up to a convenient bound in a
few steps. First, for scalar z € C, we know that

le?| = ‘eRe(z)Hm(Z)i‘ _ ‘eRe(z)‘ ‘elm(z)i‘ — oRe(@)

Similarly, if we have a diagonal matrix D € C"*", D = diag(di,...,dn),
then the matrix norm of e® is

D

max Xl _ o
x=0 ||x]|

Je?] = max 1

in which A = max; (Re(d;)). In fact, if this max over the real parts of the
eigenvalues occurs for index i*, then x = e;+ achieves the maximum in
llePx||/ lIx|l. Given a real, nonnegative time argument t > 0, we also
have that

HeDtH:e“ t>0
Next, if the matrix A is diagonalizable, we can use A = SAS~! to obtain
eAt _ SeAtS—l
and we can obtain a bound by taking norms of both sides

e[l = ljsers=#{| = nsfje*e[| s~

For any nonsingular S, the product ||S||||S~1|| is defined as the con-
dition number of S, denoted k(S). A bound on the norm of eA! is
therefore

HeAtH <k(S)e t=0 A diagonalizable

in which A = max; Re(A;) = max(Re(eig(A))). So this leaves only the
case in which A is not diagonalizable. In the general case we use the
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Schur form A = QTQ*, with T upper triangular. Van Loan (1977) shows
that*

et < e :g:”]\g'“( t>0 (1.21)

in which N = T — A where A is the diagonal matrix of eigenvalues and
N is strictly upper triangular, i.e., has zeros on as well as below the
diagonal. Note that this bound holds for any A € C"™". Van Loan
(1977) also shows that this is a fairly tight bound compared to some
popular alternatives. If we increase the value of A by an arbitrarily small
amount, we can obtain a looser bound, but one that is more convenient
for analysis. For any A’ satisfying

A" > max(Re(eig(A)))
there is a constant ¢ > 0 such that
HeAtH <ce’ t=0 (1.22)

This result holds also for any A € C"*™, Note that the constant ¢ de-
pends on the matrix A. Establishing this result is discussed in Exercise
1.71. To demonstrate one useful consequence of this bound, consider
the case in which all eigenvalues of A have strictly negative real parts.
Then there exists A’ such that Re(eig(A)) < A’ < 0, and (1.22) tells us
that eA! — 0 exponentially fast as t — o for the entire class of “stable”
A matrices. We do not need to assume that A has distinct eigenvalues
or is diagonalizable, for example, to reach this conclusion.

1.5.2 Optimizing Quadratic Functions

Optimization is a large topic of fundamental importance in many engi-
neering activities such as process design, process control, and process
operations. Here we would like to introduce some of the important
concepts of optimization in the simple setting of quadratic functions.
You now have the required linear algebra tools to make this discussion
accessible.

Scalar argument. The reader is undoubtedly familiar with finding the
maximum and minimum of scalar functions by taking the first deriva-
tive and setting it to zero. For conciseness, we restrict attention to

4Note that there is a typo in (2.11) in Van Loan (1977), which is corrected here.
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(unconstrained) minimization, and we are interested in the problem®
min f (x)

What do we expect of a solution to this problem? A point x° is termed
a minimizer if f(x°) < f(p) for all p. A minimizer x° is unique if
no other point has this property. In other words, the minimizer x° is
unique provided f(x°) < f(p) for all p = x°. We call x° the mini-
mizer and f° = f(x°) the (optimal) value function. Note that to avoid
confusion f© = min, f(x) is called the “solution” to the problem, even
though x° is usually the item of most interest, and x® = arg miny f(x)
is called the “argument of the solution.”

We wish to know when the minimizer exists and is unique, and how
to compute it. We consider first the real, scalar-valued quadratic func-
tion of the real, scalar argument x, f(x) = (1/2)ax? + bx + ¢, with
a,b,c,x € R. Putting the factor of 1/2 in front of the quadratic term
is a convention to simplify various formulas to be derived next. If we
take the derivative and set it to zero we obtain

f(x)=(1/2)ax?®+bx +c
da
Ef(X)

x%=-b/a

ax +b=0

This last result for x° is at least well defined provided a # 0. But if
we are interested in minimization, we require more: a > O is required
for a unique solution to the problem min, f(x). Indeed, taking a sec-
ond derivative of f(-) gives d?/dx?f(x) = a. The condition a > 0 is
usually stated in beginning calculus courses as: the function is concave
upward. This idea is generalized to the condition that the function is
strictly convex, which we define next. Evaluating f(x) at the proposed
minimizer gives f° = f(x°) = —(1/2)b?/a + c.

Convex functions. Generalizing the simple notion of a function hav-
ing positive curvature (or being concave upward) to obtain existence
and uniqueness of the minimizer leads to the concept of a convex func-
tion, which is defined as follows (Rockafellar and Wets, 1998, p. 38).

Definition 1.19 (Convex function). Let function f(-) be defined on all
reals. Consider two points X,y and a scalar « that satisfy 0 < &« < 1.

5We do not lose generality with this choice; if the problem of interest is instead
maximization, use the following identity to translate: maxy f(x) = miny —f(x).
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f)

af(x)+1-a)f(y)

flax+(1-x)y)

f(x) -

X ax+ (1-x)y %

Figure 1.5: Convex function. The straight line connecting two points
on the function curve lies above the function; of(x) +
1-)f(y) = flax + (1 —x)y) forall x,y.

The function f is convex if the following inequality holds for all x, y
and «x € [0,1]

flax+(1-x)y) <af(x)+ (1 -x)f(y)

Figure 1.5 shows a convex function. Notice that if you draw a straight
line connecting any two points on the function curve, if the function
is convex the straight line lies above the function. We say the function
f () is strictly convex if the inequality is strict for all x = y and
x € (0,1)

flax+ (1 -x)y) <af(x)+(1-x)f(y)

Notice that x and y are restricted to be nonequal and « is restricted to
lie in the open interval (0, 1) in the definition of strict convexity (or no
function would be strictly convex).

That strict convexity is sufficient for uniqueness of the minimizer is
established readily as follows. Assume that one has found a (possibly
nonunique) minimizer of f(-), denoted x°, and consider another point
p + x°. We know that f(p) cannot be less than f(x°) or we contradict
optimality of x°. We wish to rule out f(p) = f(x9), also, because
equality implies that the minimizer is not unique. If f(-) is strictly
convex and f(p) = f(x°), we have that

flax®+ 1 -0)p) <af(x®) + 1 -x)f(p)=f(x°



1.5 Functions of Matrices 61

A indefinite

Figure 1.6: Contours of constant f(x) = xTAx; (a) A > 0 (or A <
0), ellipses; (b) A = 0 (or A < 0), straight lines; (c) A
indefinite, hyperbolas. The coordinate axes are aligned
with the contours if and only if A is diagonal.

Soforallz = axx?+ (1 - x)p with x € (0,1), z = x° and f(z) < f(x°),
which also contradicts optimality of x°. Therefore f(x°) < f(p) for
all p # x°, and the minimizer is unique. Notice that the definition of
convexity does not require f(-) to have even a first derivative, let alone
a second derivative as required when using a curvature condition for
uniqueness. But if f(-) is quadratic, then strict convexity is equivalent
to positive curvature as discussed in Exercise 1.72.

Vector argument. We next take real-valued vector x € R", and the
general real, scalar-valued, quadratic function is f(x) = (1/2)xTAx +
bTx + c with A € R™™", b € R"™, and ¢ € R. Without loss of generality,
we can assume A is symmetric.® We know that the eigenvalues of a
symmetric matrix are real (see Theorem 1.17); the following cases are
of interest and cover all possibilities for symmetric A: (&) A > 0 (or

61f A is not symmetric, show that replacing A with the symmetric A=(1/2)(A+AT)
does not change the function f(-).
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A <0),(b) A =0 (r A < 0), and (c) A indefinite. Figure 1.6 shows
contours of the quadratic functions that these A generate for x € R2.
Since A is the parameter of interest here, we set b = 0, ¢ = 0.7 The
positive cost contours are concentric ellipses for the case A > 0. The
contour for f = 0 is the origin, and minimizing f for A > 0 has the
origin as a unique minimizer. This problem corresponds to finding the
bottom of a bowl. If A < 0, contours remain ellipses, but the sign of
the contour value changes. The case A < 0 has the origin as a unique
maximizer. This problem corresponds to finding the top of a mountain.

For the case A = 0, the positive contours are straight lines. The
line through the origin corresponds to f = 0. All points on this line
are minimizers for f(-) in this case, and the minimizer is nonunique.
The quadratic function is convex but not strictly convex. The function
corresponds to a long valley. As before, if A < 0, contours remain
straight lines, but the sign of the contour value changes. For A < 0,
the maximizer exists, but is not unique. The function is now a ridge.
And some specialized techniques for numerically finding optima with
badly conditioned functions approaching this case are known as “ridge
regression.”

For indefinite A, Figure 1.6 shows that the contours are hyperbolas.
The origin is termed a saddle point in this case, because the function re-
sembles a horse’s saddle, or a mountain pass if one prefers to maintain
the topography metaphor. Note that f(-) increases without bound in
the northeast and southwest directions, but decreases without bound
in the southeast and northwest directions. So neither a minimizer nor
a maximizer exists for the indefinite case. But there is an important
class of problems for which the origin is the solution. These are the
minmax or maxmin problems. Consider the two problems

max rrjlcin f(x) n;in rr;(axf(x) (1.23)

These kinds of problems are called noncooperative games, and players
one and two are optimizing over decision variables x; and x», respec-
tively. In this type of noncooperative problem, player one strives to
maximize function f while player two strives to minimize it. Nonco-
operative games arise in many fields, especially as models of economic
behavior. In fact, von Neumann and Morgenstern (1944) originally de-
veloped game theory for understanding economic behavior in addition

“Note that ¢ merely shifts the function f(-) up and down, and b merely shifts the
origin, so they are not important to the shape of the contours of the quadratic function.
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to other features of classical games such as bluffing in poker. These
kinds of problems also are useful in worst-cases analysis and design.
For example, the outer problem can represent a standard design op-
timization while the inner problem finds the worst-case scenario over
some set of uncertain model parameters.

Another important engineering application of noncooperative games
arises in the introduction of Lagrange multipliers and the Lagrangian
function when solving constrained optimization problems. For the
quadratic function shown in Figure 1.6 (c), Exercise 1.74 asks you to
establish that the origin is the unique solution to both problems in
(1.23). The solution to a noncooperative game is known as a Nash
equilibrium or Nash point in honor of the mathematician John Nash
who established some of the early fundamental results of game theory
(Nash, 1951).

Finally, to complete the vector minimization problem, we restrict at-
tention to the case A > 0. Taking two derivatives in this case produces

f(x)=1/2)xTAx +bTx + ¢

%f(x) =(1/2)(Ax+ATx)+b=Ax+b

dZ
Wf(x) =A
Setting d f /dx = 0 and solving for x°, and then evaluating f (x°) gives
xO=-A"1 fO=—-@/2)bTA b+

These results for the scalar and vector cases are summarized in Table
1.1. Notice also in the last line of the table that one can reparameterize
the function f(-) in terms of x° and f©, in place of b and ¢, which is
often useful.

Revisiting linear least squares. Consider the linear least-squares prob-
lem of Section 1.3.7

~ ~12
mxin(1/2) HAx - bH

where we have changed Ax — b to Ax — b to not conflict with the no-
tation of this section. We see that least squares is the special case of a
quadratic function with the parameters

A=ATA b=-ATbhb c¢=@1/2)b"D

Obviously A is symmetric in the least-squares problem. We have al-
ready derived the fact that AT A > 0 if the columns of A are independent
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f
03 2 XJ ] 1

Scalar Vector

f(x) (1/2)ax? + bx + ¢ (1/2)xTAx + bTx + ¢

% ax+b Ax+Db

d2

dx? a A

x0 -bla —A"1p

10 —(1/2)b?/a +c ~(1/2)bTA b + ¢

fx)  (1/2)a(x — x°)? + f°

(1/2)(x — x9TA(x — x°) + fO

Table 1.1: Quadratic function of scalar and vector argument; a > 0,

A positive definite.

in the discussion of the SVD in Section 1.4.7. So independent columns
of A correspond to case (a) in Figure 1.6. If the columns of A are not
independent, then A > 0, and we are in case (b) and lose uniqueness
of the least-squares solution. See Exercise 1.64 for a discussion of this
case. It is not possible for a least-squares problem to be in case (c),
which is good, because we are posing a minimization problem in least
squares. So the solution to a least-squares problem always exists.
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1.5.3 Vec Operator and Kronecker Product of Matrices

We introduce two final matrix operations that prove highly useful in
applications, but often are neglected in an introductory linear algebra
course. These are the vec operator and the Kronecker product of two
matrices.

The vec operator. For A € R™*", the vec operator is defined as the
restacking of the matrix by its columns into a single large column vector

AL
Ao

Am1

Ao
A1; A -+ A Ao
Azy Axp -0 Ao

A= . VecA =

Amz

Aml Am2 s Amn

Aln
Aoy

| Amn
Note that vecA is a column vector in R™". If we denote the n column
vectors of A as ai, we can express the vec operator more compactly

using column partitioning as
a
az
A:[al a, --- an] VvecA =

an

Matrix Kronecker product. For A € R™ ™" and B € RP*4, the Kro-
necker product of A and B, denoted A ® B, is defined as

AnB  ApB .-+ AB
A>1B  AsB  ---  AouB
A®B= , (1.24)

AmlB Asz et AmnB
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Note that the Kronecker product is defined for all matrices A and B, and
the matrices do not have to conform as in normal matrix multiplication.
By counting the number of rows and columns in the definition above,
we see that matrix A ® B € R™P>*"4_ Notice also that the vector outer
product, defined in Section 1.2.5, is a special case of this more general
matrix Kronecker product.

Some useful identities. We next establish four useful identities in-
volving the vec operator and Kronecker product.

vec(ABC) = (CT ® A)vecB (1.25)
(A®B)(C®D) =(AC) ® (BD) A, C conform, B,D conform (1.26)
(Ao B)T = (AT ® BT) (1.27)

(A® By =A"1®B' AandB invertible (1.28)

Establishing (1.25). Let A € R™*" B € R"™*¥, and C € RP*1, Let the
column partitions of matrices B and C be given by

B=[b1 bz bp] C=[Cl C2 ... Cq]

We know from the rules of matrix multiplication that the jth column
of the product ABC = (AB)C is given by ABcj. So when we stack these
columns we obtain

ABC]_

ABc;
vec(ABC) =

ABcy

Now we examine the right-hand side of (1.25). We have from the defi-
nitions of vec operator and Kronecker product

C11A Cc21A - - - CplA bl

C12A (€A - -- szA b2
(CT ® A)vecB =
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The jth row of this partitioned matrix multiplication can be rearranged
as follows

C1j
Coj
Clebj_ + Cszbz + -+ ijAbp = [Abl Abz e Abp]
Cpj
=A[b1 by .- bp]CJ'
= ABCJ'

Inserting this result into the previous equation gives

ABcq

ABC2
(CT ® A)vecB =

ABcy
which agrees with the expression for vec(ABC).

Establishing (1.26). Here we let A € R™" B € RP*1, C € R™7,
D € R%%S so that A, C conform and B,D conform. Let ¢q,Co,...cy be
the column vectors of matrix C. We know from the rules of matrix
multiplication that the jth (block) column of the product (A®B) (C®D)
is given by A ® B times the jth (block) column of C ® D, which is

AuB  --+  AuB7 [CyD AuB -+ ABT| [Cuj
L A R - |D
AmiB --+ AmnB]||CniD AmiB -+ AmnB||Cnj
= (Acj®B)D

— (Acj) ® (BD)

Since this is the jth (block) column of (A ® B) (C ® D), the entire matrix
is

(A@B)(C®D) = [(Ac1) ® (BD) (Ac2) ® (BD) --- (Acy) ® (BD)|
= [Acl Acy - Acy] ® (BD)
:A[cl C2 - cy]®(BD)
= (AC) ® (BD)

and the result is established.
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Establishing (1.27). Given A € R™*" and B € R?*4, from the defini-
tion of transpose and cross product we have that

[A11B  AB .-+ AwB ’
(AeB)T AxB  Ax»B .-+ AonB
® =
;AmlB AmZB e AmnB
A]_zBT A22BT e AszT
_AlnBT AZnBT e AmnBT
= AT @ BT

Establishing (1.28). Apply (1.26) to the following product and obtain
(A®B)(AteB ) =AAHYe BB ) =I0I=1

and therefore
(A®B)t=A1eB?

Eigenvalues, singular values, and rank of the Kronecker product.
When solving matrix equations, we will want to know about the rank
of the Kronecker product A ® B. Since rank is closely tied to the singu-
lar values, and these are closely tied to the eigenvalues, the following
identities prove highly useful.

eig(A ® B) = eig(A)eig(B) A and B square (1.29)
0(A®B) =0(A)o(B) nonzero singular values (1.30)
rank(A ® B) = rank(A)rank(B) (1.32)

Given our previous identities, these three properties are readily estab-
lished. Let A and B be square of order m and n, respectively. Let
(A,v) and (u,w) be eigenpairs of A and B, respectively. We have that
Av®Bw = (Av) ® (uw) = (Au) (v ® w). Using (1.26) on Av ® Bw then
gives

(A®B)(veow) =(Au)(vew)

and we conclude that (nonzero) mn-vector (v ® w) is an eigenvector of
A®B with product Au as the corresponding eigenvalue. This establishes
(2.29). For the nonzero singular values, recall that the squares of the
nonzero singular values of real, nonsquare matrix A are the nonzero
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eigenvalues of AAT (and AT A). We then have for 0 (A) and A(A) de-
noting nonzero singular and eigenvalues, respectively

0?(A®B) =A((A®B)(Ae B)T)
=A((A®B)(AT ® BT))
= A((AAT) ® (BBT))

A(AAT)A(BBT)

02(A)o?(B)

which establishes (1.30). Since the number of nonzero singular values
of a matrix is equal to the rank of the matrix, we then also have (1.31).

Properties (1.25)-(1.31) are all that we require for the material in
this text, but the interested reader may wish to consult Magnus and
Neudecker (1999) for a more detailed discussion of Kronecker prod-
ucts.

Solving linear matrix equations. We shall find the properties (1.25)-
(1.31) highly useful when dealing with complex maximume-likelihood
estimation problems in Chapter 4. But to provide here a small illustra-
tion of their utility, consider the following linear matrix equation for
the unknown matrix X

AXB=C

in which neither A nor B is invertible. The equations are linear in X, so
they should be solvable as some form of linear algebra problem. But
since we cannot operate with A~ from the left, nor B~ from the right,
it seems difficult to isolate X and solve for it. This is an example where
the linear equations are simply not packaged in a convenient form for
solving them. But if we apply the vec operator and use (1.25) we have

(BT ® A)vecX = vecC

Note that this is now a standard linear algebra problem for the unknown
vector vecX. We can examine the rank, and linear independence of the
rows and columns of BT ® A, to determine the existence and unique-
ness of the solution vecX, and whether we should solve a least-squares
problem or minimum-norm problem. After solution, the vecX column
vector can then be restacked into its original matrix form X if desired.
Exercise 1.77 provides further discussion of solving AXB = C.

As a final example, in Chapter 2 we will derive the matrix Lyapunov
equation, which tells us about the stability of a linear dynamic system,

ATS +SA=-Q



70 Linear Algebra

in which matrices A and Q are given, and S is the unknown. One way
to think about solving the matrix Lyapunov equation is to apply the vec
operator to obtain

(I® AT) + (AT ® I))vecS = —vecQ

and then solve this linear algebra problem for vecS. Although this
approach is useful for characterizing the solution, given the special
structure of the Lyapunov equation, more efficient numerical solution
methods are available and coded in standard packages (Python, Octave,
MaTLAB, for example). Exercise 1.78 asks you to solve a numerical exam-
ple using the Kronecker product approach and compare to the result
using these packages.

1.6 Exercises

Exercise 1.1: Inner product and angle in R?

Consider the two vectors a,b € R2
shown in Figure 1.7 and let 0 denote
the angle between them. Show the
usual inner product and norm formu-
las ap |---mo-

(a,b) => aib;  llal =+(a,a)
i

satisfy the following relationship with by |--- /- S . b
the angle o« )
(a,b)

cos@ = ——"— ay by
llall [I1b]|

This relationship allows us to gener- Figure 1.7: Two vectors in R2

alize the concept of an angle between
P 9 and the angle between them.
vectors to any inner product space.

Exercise 1.2: Scaling and vector norm

Consider the vector x € R2, whose elements are the temperature (in K) and pressure
300

(in Pa) in a reactor. A typical value of x would be 1.0 % 108 |

310 300
(@) Let yq = [1.0 % 106} and yo = [1'2 % 106] be two measurements of the state
of the reactor. Use the Euclidean norm to calculate the error || — x|| for the
two values of . Do you think that the calculated errors give a meaningful idea
of the difference between y; and y2?
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(b) A problem with the Euclidean norm is that it takes no account of different scales
for different elements of a vector. Consider the following formula

xllw =

where X; is the ith component of the vector x. Show that this formula is a norm
if and only if w; > 0O for all i. This is known as a weighted norm, with weight
vector w.

(c) Propose a weight vector that is appropriate for the example in part (a). Justify
your choice.

Exercise 1.3: Linear independence
Verify that the following sets are LI.
(@ e1=[010]T,ep=[2 0 1]T,e3=[1 1 1]T.

(b) e =[1+i 1-i 0]T,ex=[1+2i 1—i 0]T,es=[0 0 2]T.

Hint: Set x1e1 + ze2 + azes = 0, and show that the solution is &; = 0,1 =1,2,3.

Exercise 1.4: Gram-Schmidt procedure

Using Gram-Schmidt orthogonalization, obtain ON sets from the LI sets given in the
previous problem.

Exercise 1.5: Failure of Gram-Schmidt
The Gram-Schmidt process will fail if the initial set of vectors is not LI.

(@) Construct a set of three vectors in R3 that are not LI and apply Gram-Schmidt,
pinpointing where it fails.

(b) Similarly, in an n-dimensional space, no more than n LI vectors can be found.
Construct a set of four vectors in R and use Gram-Schmidt to show that if three
of the vectors are LI, then a fourth orthogonal vector cannot be found.

Exercise 1.6: Linear independence and expressing one vector as a linear
combination of others

We often hear that a set of vectors is linearly independent if none of the vectors in the
set can be expressed as a linear combination of the remaining vectors. Although the
statement is correct, as a definition of linear independence, this idea is a bit unwieldy
because we do not know a priori which vector(s) in a linearly dependent set is(are)
expressible as a linear combination of the others.

The following statement is a more precise variation on this theme. Given that the
vectors {x;},i =1,...,k,x; € R™ are linearly independent and the vectors {x;,a} are
linearly dependent, the vector a can be expressed as a linear combination of the x;.

Using the definition of linear independence provided in the text, prove this state-
ment.
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Exercise 1.7: Some properties of subspaces
Establish the following properties
(a) The zero element is an element of every subspace.

(b) The span of any set of j elements of R" is a subspace (of the linear space R™).

(c) Except for the zero subspace, a subspace cannot have a finite, largest element.
Hence, every subspace, except the zero subspace, is unbounded.

Exercise 1.8: Some subspaces in 2-D and 3-D
(@) Consider the line in R2

1
S:{y|y=a[1] (xe[R)S\
Draw a sketch of S. Show that S is a subspace.
(b) Next consider the shifted line
; |0 1
S_{yly_[l]+0(|:l:|’ O(E[R}
Draw a sketch of §’. Show that S’ is not a subspace.
(c) Describe all of the subspaces of R3.
Exercise 1.9: Permutation matrices
(a) Given the matrix
1 0 O
pP=(0 0 1
0O 1 O
show that PA interchanges the second and third rows of A for any 3 X 3 matrix.
What does AP do?
(b) A general permutation matrix involving p row exchanges can be written P =

PyPy_1...P2P; where P; corresponds to a simple row exchange as above. Show
that P is orthogonal.

Exercise 1.10: Special matrices
Consider operations on vectors in R2.

(a) Construct a matrix operator A that multiplies the horizontal (x1) component of
a vector by 2, but leaves its vertical component (x2) unchanged.

(b) Construct a matrix operator B that rotates a vector counterclockwise by an angle
of 21r/3.

1
(c) Compute and draw ABx and BAx for x = [2]

(d) Show that B3 = I. With drawings, show how this makes geometric sense.
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Exercise 1.11: Integral operators and matrices

Many problems can be posed with the use of integral operators. Consider the integral
operator K defined by its action on the function x(s) by the following equation:

1
K(x(s)) = Jo k(t,s)x(s)ds

where k(t, s) is a known function called the kernel of the operator.

(@) Show that K is a linear operator.

(b) Read Section 2.4.1. Use the usual (i.e., unweighted) inner product on the interval
(0,1) and show that if k(t,s) = k(s,t), then K is self adjoint.

(c) An integral can be approximated as a sum, so the above integral operator can
be approximated like this:

N
Ka {x(iAt)} = > k(iAt, jADX(jADAL,i=1,N
j=1

where At = 1/N. Show how this approximation can be rewritten as a standard
matrix-vector product. What is the matrix approximation to the integral opera-
tor?

Exercise 1.12: Projections and matrices
Given a unit vector n, use index notation (and the summation convention) to simplify
the following expressions:

(@ (mnT)y(mnT)u for any vector u. Recalling that nn! is a projection operator,
what is the geometric interpretation of this result?

(b) (I —2nnT)2. what is the geometric interpretation of this result?

Exercise 1.13: Use the source, Luke

Someone in your research group wrote a computer program that takes an n-vector
input, x € R™ and returns an m-vector output, y € R™,

v =f(x)

All we know about the function f is that it is linear.

The code was compiled and now the source code has been lost; the author has
graduated and won't respond to our email. We need to create the source code for
function f so we can compile it for our newly purchased hardware, which no longer
runs the old compiled code. To help us accomplish this task, all we can do is execute
the function on the old hardware.

(@) How many function calls do you need to make before you can write the source
code for this function?

(b) What inputs do you choose, and how do you construct the linear function f from
the resulting outputs?



74 Linear Algebra

(c) To make matters worse, your advisor has a hot new project idea that requires
you to write a program to evaluate the inverse of this linear function,
x=f1y)

and has asked you if this is possible. How do you respond? Give a complete
answer about the existence and uniqueness of x given y.

Exercise 1.14: The range and null space of a matrix are subspaces

Given A € R™ " show that the sets R(A) and N(A) satisfy the properties of a sub-
space, (1.1), and therefore R(A) and N(A) are subspaces.

Exercise 1.15: Null space of A is orthogonal to range of AT
Given A € R™*™ show that N(A) 1 R(AT).

Exercise 1.16: Rank of a dyad
What is the rank of the n x n dyad uv’?

Exercise 1.17: Partitioned matrix inversion formula
(a) Let the matrix A be partitioned as

B C
in which B, C, D, E are suitably dimensioned matrices and B and E are square.

Derive a formula for A~1 in terms of B,C,D,E by block Gaussian elimination.
Check your answer with a math handbook.

(b) What if B~1 does not exist? What if E~1 does not exist? What if both B~! and
E~1 do not exist?

Exercise 1.18: The four fundamental subspaces
Find bases for the four fundamental subspaces associated with the following matrices

1 2 0 0 1 1 0 0
A:[3 6] B:[o o] C:[o 1 0 1]

Exercise 1.19: Zero is orthogonal to many vectors

Prove that if

xTz=9Tz forall z € R"

then
xX=y
or, equivalently, prove that if

ufv=o0 forallv € R"

then
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Figure 1.8: Experimental measurements of variable 1y versus x.

Exercise 1.20: Existence and uniqueness
Find matrices A for which the number of solutions to Ax = b is

(a) Oor 1, depending on b.
(b) o0, independent of b.
(c) O or oo, depending on b.
(d) 1, independent of b.

Exercise 1.21: Fitting and overfitting functions with least squares

One of your friends has been spending endless hours in the laboratory collecting data
on some obscure process, and now wants to find a function to describe the variable
y’s dependence on the independent variable, x.

x | 000 022 044 067 089 111 133 156 1.78 2.00
y | 236 249 267 382 487 628 823 947 1201 15.26

Not having a good theory to determine the form of this expression, your friend has
chosen a polynomial to fit the data.

(a) Consider the polynomial model
Y(X) = ag + A1X + axx? + ...+ apx"

Express the normal equations for finding the coefficients a; that minimize the
sum of squares of errors in y.
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(b) Using the x- and y-data shown above and plotted in Figure 1.8, solve the least-
squares problem and find the a that minimize

ng n N2
o= 3 (vi- Y apx])
i—1 j=o

inwhich ng  is the number of measurements and n is the order of the polynomial.

Do this calculation for all polynomials of order 0 < n < 9.
(c) For each n, also calculate the least-squares objective 4, and plot &, versus n.

(d) Plot the data along with your fitted polynomial curves for each value of n. In
particular, plot the data and fits for n = 2 and n = 9 on one plot. Use the range
—0.25 < x < 2.25 to get an idea about how well the models extrapolate.

(e) Based on the values of ¢, and the appearance of your plots, what degree poly-
nomial would you choose to fit these data? Why not choose n = 9 so that the
polynomial can pass through every point and ¢ = 0?

Exercise 1.22: Least-squares estimation of activation energy

Assume you have measured a rate constant, k, at several different temperatures, T,
and wish to find the activation energy (divided by the gas constant), E/R, and the
preexponential factor, ko, in the Arrhenius model

k = kge E/RT (1.32)

The data are shown in Figure 1.9 and listed here.

T(K) | 300 325 350 375 400 425 450 475 500
k 182 189 202 214 212 217 215 221 226

(a) Take logarithms of (1.32) and write a model that is linear in the parameters
In(ko) and E/R. Summarize the data and model with the linear algebra problem

Ax=b
in which x contains the parameters of the least-squares problem
_ | In(ko)
xX= [ E/R
What are A and b for this problem?

(b) Find the least-squares fit to the data. What are your least-squares estimates of
In(kg) and E/R?

(c) Is your answer unique? How do you know?

(d) Plot the data and least-squares fit in the original variables k versus T. Do you
have a good fit to the data?
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Figure 1.9: Measured rate constant at several temperatures.

Exercise 1.23: Existence and uniqueness of linear equations
Consider the following partitioned A matrix, A € R"M*"

A1 O
in which A; € RP*? is of rank p and p < min(m,n).
(&) What are the dimensions of the three zero matrices?

(b) What is the rank of A?

(c) What is the dimension of the null space of A? Compute a basis for the null space
of A.

(d) Repeat for AT,
(e) For what b can you solve Ax = b?

(f) Is the solution for these b unique? If not, given one solution X1, such that
Ax1 = b, specify all solutions.

Exercise 1.24: Reaction rates from production rates
Consider the following set of reactions.

1
CO + 502:C02
1
Ho + EOZ:Hzo
CHz + 20,—=C03 + 2H>0

CHs + 202: CO + 2H20
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(a) Given the species list, A = [CO O, CO2 Hz H20 CH4]T write out the
stoichiometric matrix, v, for the reactions relating the four reaction rates to the
six production rates

R=vTr (1.33)

(b) How many of the reactions are linearly independent?

(c) Inalaboratory experiment, you measured the production rates for all the species
and found

Rmeas:[_z -2 3 2 0 —1]T

Is there a set of reaction rates 7ey that satisfies (1.33) exactly? If not, how do you
know? If so, find an 7ey that satisfies Rmeas = VI 7ex.

(d) If there is an 7ey, is it unique? If so, how do you know? If not, characterize all
solutions.

Exercise 1.25: Least-squares estimation

A colleague has modeled the same system as only the following three reactions
1
CO + 502 — CO2

1
Ho + 502 —H>0
CH4 + 20,=—=CO0> + 2H50
(@) How many of these reactions are linearly independent?

(b) In another laboratory experiment, you measured the production rates for all the
species and found

T
Rmeas=[1 -45 1 -2 6 72.5]

Is there a set of reaction rates 7ex in this second model that satisfies (1.33) ex-
actly? If so, find an 7ex that satisfies Rmeas = v 7ex. If not, how do you know?

(c) If there is not an exact solution, find the least-squares solution, 7est. What is the
least-squares objective value?

(d) Is this solution unique? If so, how do you know? If not, characterize all solutions
that achieve this value of the objective function.

Exercise 1.26: Controllability
Consider a linear discrete time system governed by the difference equation
x(k+1) = Ax(k) + Bu(k) (1.34)

in which x(k), an n-vector, is the state of the system, and u(k), an m-vector, is the
manipulatable input at time k. The goal of the controller is to choose a sequence of
inputs that force the state to follow some desirable trajectory.

(a) What are the dimensions of the A and B matrices?



1.6 Exercises 79

(b) Not all systems can be controlled. Consider the case in which B is the zero
matrix. Then the input has no effect on the state and we cannot control it. We
should redesign the system before trying to design a controller for it. This is an
example of an uncontrollable system.

A system is said to be controllable if n input values exist
u(0),u(1),u(2),...,u(n-1)

that can move the system from any initial condition, xo, to any final state x(n).
By using (1.34), show that x(7n) can be expressed as

x(n) = Axo + A" 1Bu(0) + A" 2Bu(1) + - - - + ABu(n —2) + Bu(n — 1)

Stack all of the u (k) on top of each other and rewrite this expression in partitioned-
matrix form,

un-1)
un-2)
x(n) =A"xg+C ) (1.35)
u(.O)

What is the C matrix and what are its dimensions?

(c) What must be true of the rank of C for a system to be controllable, i.e., for there
to be a solution to (1.35) for every x(0) and x(n)?
(d) Consider the following two systems with two states (n = 2) and one input (m = 1)

2 1

x(k+1) = [; 2] x(k) + [(1)] u(k)

Notice that the input directly affects only one of the states in both of these
systems. Are either of these two systems controllable? If not, show which x (1)
cannot be reached with 7 input moves starting from x(0) = 0.

x(k+1) = [1 O] x(k) + [2] u(k)

Exercise 1.27: A vector/matrix derivative
Consider the following derivative for A,C € R"™*" x,b € R"

C (AxxTh)

T oaxT
Or expressed in component form

Cij = %(Axleo)i i=1,....m, j=1,...,n

Take A and b to be independent of x. Find an expression for this derivative (C) in
terms of A, x, b.
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Exercise 1.28: Rank equality with matrix products

Given arbitrary B € R™* " and full rank A € R"™™ and C € R"™*", establish the
following two facts

rank(AB) = rank(B) rank(BC) = rank(B)
Use these to show

rank(ABC) = rank(B)

Exercise 1.29: More matrix products
Find examples of 2 by 2 matrices such that
(@ LU +=UL,

(b) A2 = —I, with A a real matrix,
(c) B2 = 0, with no zeros in B,
(d) CD = —-DC, not allowing CD = 0.

Exercise 1.30: Programming LU decomposition

Write a program to solve Ax = b using LU decomposition. It should be able to handle
matrices up to n = 10, read in A and b from data files, and write the solution x to a
file. Using this program, solve the problem where

1 1 1 1 3
2 -2 -1 2 0
A=l3 1 2 2 b=1,
1 -1 -1 1 0

Exercise 1.31: Normal equations
Write the linear system of equations whose solution x = (x1,x2)T minimizes
_1.2 2y _
P(x) = 5 (xT +2x1X2 +2Xx5) — X1 + X2
Find the solution x and the corresponding value of P(x).

Exercise 1.32: Cholesky decomposition

A symmetric matrix A can be factorized into LDLT where L is lower triangular and D
is diagonal, i.e., only its diagonal elements are nonzero.

(a) Perform this factorization for the matrix

2 -1 0
-1 2 -1
0o -1 2

(b) If all the diagonal elements of D are positive, then we can write D = S2, where
S is also diagonal, and the matrix A can be further factorized into LLT—this is
called the Cholesky decomposition of A. Find L for the matrix of part (a).
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Exercise 1.33: A singular matrix

<l 2] ol

(a) Find the value of g for which elimination fails (i.e., no solution to Ax = b exists).
If you are thoughtful, you won’t need to perform the elimination to find out.

For the system

b

-

For this value of g what happens to the first geometrical interpretation of the
problem (intersecting lines)?

(c) What happens to the second (superpositions of column vectors)?

(d) What value should replace 4 in b to make the problem solvable for this g?

Exercise 1.34: LU factorization of nonsquare matrices
(a) Find the LU factorization of

b
I
W RN

1
1
2

(b) b =[1 p q]7T, find a necessary and sufficient condition on p and q so that
Ax = b has a solution.

(c) Given values of p and g for which a solution exists, will the algorithm from
Section 1.3.2 solve it? If not, pinpoint the difficulty.

(d) Find the LU factorization of AT.

(e) Use this factorization to find two LI solutions of ATx = b, where b = [2 5]7.
Since there are fewer equations than unknowns in this case, there are infinitely
many solutions, forming a line in RZ. Are there any values of b for which this
problem has no solution?

Exercise 1.35: An inverse

Under what conditions on u and v does (I — auvT) = (I + auvT)~1? Here a is an
arbitrary nonzero scalar.

Exercise 1.36: LU decomposition

Write the first step of the LU decomposition process of amatrix Aas A’ = I—auvT)A.

In other words, what are a, u, and v so that A'21 =0?

Exercise 1.37: Newton-Raphson

Write a program that uses the Newton-Raphson method to solve this pair of equations
y-(x-1?%=0 (y+4)?-tanx =0

Do not reduce the pair of equations to a single equation. With this program, find at
least one solution.
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Exercise 1.38: The QR decomposition

In this exercise, we construct the QR decomposition introduced in Section 1.2.4. Con-
sider an m X n matrix A with columns a;. Observe that if A = BC, with Ban m xn
matrix and C and n X n matrix, where b; are the columns of B, then we can write each
column of A as a linear combination of the columns of B, as follows

Ci1i

[a e[k eow] |
A B

Cni

&

The ith column of A is a linear combination of all the columns of B, and the coefficients
in the linear combination are the elements of the ith column of matrix C. This result
will be helpful in solving the following problem. Let A be an m X n matrix whose
columns a; are linearly independent (thus m > n). We know that using the Gram-
Schmidt procedure allows us to construct an ON set of vectors from the a;. Define a
matrix Q whose columns are these basis vectors, g;, where qiqu = 0ij.

(a) Express each a; in the basis formed by the g;. Hint: because the set of g; are
constructed from the set of a; by Gram-Schmidt, a1 has a component only in
the g1 direction, a2 has components only in the g1 and g2 directions, etc.

(b) Use the above result to write A = QR, i.e., find a square matrix R such that each
column of A is written in terms of the columns of Q. You should find that R is
upper triangular.

Exercise 1.39: Orthogonal subspace decomposition

Let S be an ¥ < n dimensional subspace of R™ with a basis {a;,az,...,a,}. Consider
the subspace S+, the orthogonal complement to S.

(@) Prove that S* has dimension n — 7. Do not use the fundamental theorem of
linear algebra in this proof because this result is used to prove the fundamental
theorem.

(b) Show that any vector x € R™ can be uniquely expressed as x = a + b in which
aeSandb e S+t

Exercise 1.40: The QR and thin QR decompositions
For A € R"™* " with independent columns we have used in the text what is sometimes
called the “thin” QR with Q1 € R™*" and R; € R™*" satisfying

A=Q1iR1

It is possible to “fill out” Q1 by adding the remaining m — n columns that span R™. In
this case A = QR and Q € R™*™ js orthonormal, and R € R™*", In the “thin” QR, Q1
is the shape of A and R; is square (of the smaller dimension ©), and in the full QR, Q
is square (of the larger dimension m) and R is the shape of A.

(a) Is the “thin” QR unique?

(b) Show how to construct the QR from the thin QR. Is the full QR unique?
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Exercise 1.41: Uniqueness of solutions to least-squares problems

Prove the following proposition

Proposition 1.20 (Full rank of ATA). Given matrix A € R™*" the n x n matrix ATA
has full rank if and only if A has linearly independent columns.

Note that this proof requires our first use of the fundamental theorem of linear
algebra. Since most undergraduate engineers have limited experience doing proofs, we
provide a few hints.

1. The “if and only if” statement requires proof of two statements: (i) AT A having

full rank implies A has linearly independent columns and (ii) A having linearly
independent columns implies AT A has full rank.

2. The statement that S implies T is logically equivalent to the statement that not
T implies not S. So one could prove this proposition by showing (ii) and then
showing: (i’) A not having linearly independent columns implies that AT A is not
full rank.

3. The fundamental theorem of linear algebra is the starting point. It tells us
(among other things) that square matrix B has full rank if and only if B has
linearly independent rows and columns. Think about what that tells you about
the null space of B and BT. See also Figure 1.1.

Exercise 1.42: A useful decomposition
Let A € O B € CP*P,and X € C"*P satisfy

AX = XB rank(X) = p
Show that A can be decomposed as

14 n-p
" P Ti1 T2
QAQ_T_H*;? [ 0 Tzz]
in which eig(T11) = eig(B), and eig(T22) = eig(A) \ eig(B), i.e., the eigenvalues of T»»
are the eigenvalues of A that are not eigenvalues of B. Also show that eig(B) < eig(A).
Hint: use the QR decomposition of X.

Exercise 1.43: The Schur decomposition

Prove that the Schur decomposition has the properties stated in Theorem 1.16.
Hint: the result is obviously true for n = 1. Use induction and the result of Exercise
1.42.

Exercise 1.44: Norm and matrix rotation
Given the following A matrix

_ [0.46287 0.11526
~10.53244 0.34359

invoking [u,s,v]=svd(A) in MATLAB or Octave produces

u = s = v =
-0.59540 -0.80343 0.78328  0.00000 -0.89798 -0.44004
-0.80343 0.59540 0.00000 0.12469 -0.44004 0.89798
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(a) What vector x of unit norm maximizes ||Ax||? How large is ||[Ax|| for this x?
(b) What vector x of unit norm minimizes ||Ax||? How large is ||[Ax]|| for this x?
(c) What is the definition of ||A[|? What is the value of ||A|| for this A?

(d) Denote the columns of v by v; and v2. Draw a sketch of the unit circle traced
by x as it travels from x = v, to x = v, and the corresponding curve traced by
Ax.

(e) Let’s find an A, if one exists, that rotates all x € R2 counterclockwise by 0
radians. What do you choose for the singular values 01 and 02? Choose v1 = e1
and v, = ey for the V matrix in which e;, i = 1,2 is the ith unit vector. What
do you want u1 and u; to be for this rotation by 0 radians? Form the product
USVT and determine the A matrix that performs this rotation.

Exercise 1.45: Linear difference equation model
Consider the following discrete-time model

x(k+1) = Ax(k)

A= 0.798 0.051 o — 1
~|-0.715 1.088 °~ o
(@) Compute the eigenvalues and singular values of A. See the Octave or MATLAB

commands eig and svd. Are the magnitudes of the eigenvalues of A less than
one? Are the singular values less than one?

in which

(b) What is the steady state of this system? Is the steady state asymptotically stable,
i.e., does x (k) converge to the steady state as k — «?

(c) Make a two-dimensional plot of the two components of x (k) (phase portrait) as
you increase k from k = 0 to k = 200, starting from the x(0) given above. Is
x (1) bigger than x(0)? Why or why not?

(d) When the largest magnitude eigenvalue of A is less than one but the largest
singular value of A is greater than one, what happens to the evolution of x (k)?

(e) Now plot the values of x for 50 points uniformly distributed on a unit circle and
the corresponding Ax for these points. For the SVD corresponding to Octave
and MATLAB convention

A=USV*

mark u1, Uz, v1, V2, 1, and s2 on your plot. Figure 1.10 gives you an idea of the
appearance of the set of points for x and Ax to make sure you are on track.

Exercise 1.46: Is the SVD too good to be true?

Given A € R"™*" with rank(A) = 7 and the SVD of A = USV*, if we partition the first
¥ columns of U and V and call them U; and V1 we have

et el 2]
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Figure 1.10: Plot of Ax as x moves around a unit circle.

and A = U3, V{".
Then to solve (possibly in the least-squares sense) Ax = b we have

Ulzyvl*x =b
which motivates the pseudoinverse formula
AY =vi371Uf
and the “solution”
x=A"Db
If we form the residual for this “solution”
r=Ax->b
=AA*b-b
Iy
——t
=ULS Vivis;tuf b-b
I
"

—
Im

=Imb-Db

r=0



86 Linear Algebra

which seems to show that ¥ = 0. We know that we cannot solve Ax = b for every
b and every A matrix, so something must have gone wrong. What is wrong with this
argument leading to v = 0?

Exercise 1.47: SVD and worst-case analysis

Consider the process depicted in Figure 1.11 in which u is a manipulatable input and
d is a disturbance. At steady state, the effects of these two variables combine at the
measurement y in a linear relationship

vy =Gu+Dd

The steady-state goal of the control system is to minimize the effect of d at the mea-
surement y by adjusting u.

For this problem we have 3 inputs, u € [R{3, 2 disturbances, d € [Riz, and 2 mea-
surements, v € R2, and G and D are matrices of appropriate dimensions. We have the
following two singular value decompositions available

c-[v][s o|ir| p-[¥1][27]

-0.75 -0.66 1.57 0.00 -089 037
U=|_o66 075 S=1000 021 Vi=| ~045 -081
: : ' ' -0.085  0.46
y_|-098 -o019 s _|o71 000 ,_[-094 -033
“|-019 0098 ~|o0.00 0.13 ~|-033 094

(a) Can you exactly cancel the effect of d on y using u for all 4? Why or why not?
(b) In terms of U, S, V1, X, 2, Z, what input u minimizes the effect of d on y? In
other wordes, if you decide the answer is linear
u=Kd
What is K in terms of U, S, V1, X, X, Z? Give the symbolic and numerical results.

(c) What is the worst d of unit norm, i.e., what d requires the largest response in u?
What is the response u to this worst d?

Exercise 1.48: Worst-case disturbance

Consider the system depicted in Figure 1.11 in which we can manipulate an input u €
R2 to cancel the effect of a disturbance d € R? on an output y € R? of interest. The
steady-state relationship between the variables is modeled as a linear relationship

vy =Gu+Dd

and y,u,d are in deviation variables from the steady state at which the system was
linearized. Experimental tests on the system have produced the following model pa-

rameters
1 1 2.857 3.125
G= [0 1} b= [0.991 2.134]
If we have measurements of the disturbance d available, we would like to find the input

u that exactly cancels d’s effect on y, and we would like to know ahead of time what
is the worst-case disturbance that can hit the system.
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1L X

Figure 1.11: Manipulated input u and disturbance d combine to af-
fect output y.

y

(a) Find the u that cancels d’s effect on y.

b

=

For d on the unit circle, plot the corresponding value of u.

What d of norm one requires the largest control action u? What d of norm one
requires the smallest control action u? Give the exact values of dmax and dmin,
and the corresponding Umax and Umin.

(c

-~

(d) Assume the input is constrained to be in the box

[:i] <u=< [ﬂ (1.36)

What is the size of the disturbance so that all disturbances less than this size
can be rejected by the input without violating these constraints? In other words
find the largest scalar « such that

if |d|| < « then u satisfies (1.36)
Use your plot from the previous part to estimate «.

Exercise 1.49: Determinant, trace, and eigenvalues
Use the Schur decomposition of matrix A € C"*" to prove the following facts

n
detA=[]A (1.37)
i=1
n
trA= > A (1.38)
i=1

in which A; € eig(A),i =1,2,...,n.
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Exercise 1.50: Repeated eigenvalues
The self-adjoint matrix

2 0 O

A=]0 1 1

0 1 1

has a repeated eigenvalue. Find the eigenvalues of the system and show that despite
the repeated eigenvalue the system has a complete orthogonal set of eigenvectors.

Exercise 1.51: More repeated eigenvalues

The non-self-adjoint matrix

o OO
O ORrF
ONWN
=~ NOO

also has repeated eigenvalues.
(a) Find the eigenvalues and eigenvectors (there are only two) of A.

(b) Denote the eigenvector corresponding to the repeated eigenvalue as v1 and the
other eigenvector as v4. The generalized eigenvectors v, and vz can be
found by solving

(A=A1Dva =1,
(A-A1D)vz =v2

where A1 is the repeated eigenvalue. Show that {v1,...,va} is necessarily an LI
set.

(c) Determine the set, construct the transformation matrix M, and show that J =
M~1AM is indeed in Jordan form.

Exercise 1.52: Solution to a singular linear system

Consider a square matrix A that has a complete set of LI eigenvectors and a single zero
eigenvalue.

(a) Write the solution to Ax = 0 in terms of the eigenvectors of A.

(b) In the problem Ax = b, use the eigenvectors to determine necessary and suffi-
cient conditions on b for existence of a solution.

Exercise 1.53: Example of a singular problem

Consider the problem Ax = b, where
1 2 3
A=[1 2 3
1 2 3
(a) Perform LU decomposition on this matrix. Give L and U.

(b) Find two linearly independent vectors in the null space of A.
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(c) Use the LU decomposition to find a solution when

b=|a
4

(d) This solution is not unique. Find another.

(e) Find the eigenvalues and eigenvectors of A. How are these related to your an-
swers to parts b and c above?

Exercise 1.54: Linearly independent eigenvectors

Show that if A has n distinct eigenvalues, its eigenvectors are linearly independent.
This result is required to ensure the existence of Q1 in A = QAQ 1 in (1.15).

Hint: set Z?:l ®iq; = 0 and multiply by (A—A1I)(A—A2l) - - - (A—Ap—1]) to establish
that «;, = 0. With &, = 0 what can you do next to show that x;—1 = 0? Continue this
process.

Exercise 1.55: General results for eigenvalue problems
Prove the following statements:
(@) If A is nonsingular and has eigenvalues A;, the eigenvalues of A1 are 1/A;.
(b) LetS be amatrix whose columns form a set of linearly independent but nonorthog-

onal basis vectors: the ith column is the vector u;. Find a matrix S’ whose

’ A T,,” - - - -
columns u; satisfy u; uj; = 6;j. A pair of basis sets whose vectors satisfy this

condition are said to be biorthogonal.

(c) Assume that A has a complete set of eigenvectors. Show that the eigenvectors
of A and AT are biorthogonal.

(d) Show that if the eigenvectors of A are orthogonal, then AAT = AT A. Such ma-
trices are called normal. (The converse is also true (Horn and Johnson, 1985).)

(e) Show that the eigenvalues of A = —AT are imaginary and that its eigenvectors
are orthogonal.

Exercise 1.56: Eigenvalues of a dyad

Let u and v be unit vectors in R”, with ulv + 0. What are the eigenvalues and eigen-
vectors of uvT?

Exercise 1.57: The power method for finding largest eigenvalues
Consider the matrix

0O 0 1

0O 0 1

1 1 1

A=

(@) Let xo = (1,0,0)T and consider the iteration procedure x;.1; = Ax;. Perform
several steps of this procedure by hand and observe the result.
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(b) Can you understand what is happening here by writing x in the eigenvector
basis? In particular, show that for a self-adjoint matrix with distinct eigenvalues,
this iteration procedure yields the eigenvalue of largest absolute value and the
corresponding eigenvector.

(c) Write an Octave or MATLAB function to perform this process on a real symmetric
matrix, outputting the largest eigenvalue (to within a specified tolerance) of A
and the corresponding eigenvector, scaled so that its largest component is 1.
Present results for a test case. This is the power method. It is much faster than
finding all of the eigenvalues and can be generalized to other types of matrices.
Google’s “PageRank” algorithm is built around this method.

Exercise 1.58: Markov chain models

Imagine that there are three kinds of weather: sunny, rainy, and snowy. Thus a vector
wo € R3 defines today’s weather: wg = [1,0,0]7 is sunny, wo = [0,1,0]7 is rainy, and
wp = [0,0,1]17 is snowy. Imagine that tomorrow’s weather w1 is determined only by
today’s and more generally, the weather on day n + 1 is determined by the weather on
day n. A probabilistic model for the weather then takes the form

Wp+1 = Twy

where T is called a transition matrix and the elements of w; are the probabilities of
having a certain type of weather on that day. For example, if ws = [0.2,0.1,0.7]7, then
the probability of snow five days from now is 70%. The sequence of probability vectors
on subsequent days, {wo, w1, w>,...} is called a Markov chain. Because w is a vector
of probabilities, its elements must sum to one, i.e., >.j_1 3 Wy,; = 1 for all n.

(@) Giventhat X;_; 3wy,; = 1, what condition must the elements of T satisfy such
that >\j_1 3 Wy41,; is also 1?

(b) Assume that T is a constant matrix, i.e., it is independent of n. What conditions
of the eigenvalues of T must hold so that the Markov chain will reach a constant
state wWe as 1 — ©? How is w related to the eigenvectors of T7?

Exercise 1.59: Real Jordan form for a real matrix with complex conjugate
eigenvalues

For a 2 x 2 real matrix A with a complex conjugate pair of eigenvalues A1 = 0 + iw,
A2 = A1 with eigenvectors v1 and v2:

(a) Derive the result that v1 = V>.
(b) Write the general solution to X = Ax in terms of the real and imaginary parts of

v1 and sines and cosines, so that the only complex numbers in the solution are
the arbitrary constants.
-2 =2

show that the similarity transformation S"1AS, where the columns of S are the
real and imaginary parts of v1, has the form

STIAS = [U 7“’]

(c) For the specific matrix

w [oa
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This result can be generalized, showing how a real matrix with complex eigen-
values can be put into Jordan form without introducing any imaginary numbers.

Exercise 1.60: Solving a boundary-value problem by eigenvalue decompo-
sition
Consider the reaction

ki ko

—B—=2C

ko1 k-p
occurring in a membrane. At steady state the appropriate reaction-diffusion equations
for this system are

d?c
DAW? —kica +k_1cg=0
d?c
DBWE + ki1ca —k_1cp —kocgp+k_2cc =0
2
D¢ (Z;g +kocg —k_2cc =0

where the k;,i = £(1,2) are rate constants and the Dj, j = (A,B,C) are the species
diffusivities. The boundary conditions are

cA=1 ¢cp=cc=0 atx=1

dﬂ—dﬁ=d£:0 atx =0
dx dx dx

Convert this set of second-order equations into a set of first-order differential equa-
tions. Write a MATLAB or Octave code to find the solution to this problem in terms
of eigenvalues and eigenvectors of the relevant matrix for a given set of parameters.
Have the program plot the concentrations as functions of position. Show results for
parameter values D4 = Dp = D¢ = 20, k1 = k2 = 10, k_1 = k_» = 0.1, and also for the
same rate constants but with the diffusivities set to 0.05.

Exercise 1.61: Null spaces of nonsquare matrices

Consider a nonsquare m x 1 matrix A. Show that AT A is symmetric positive semidef-
inite. If A were square we could determine its null space from the eigenvectors cor-
responding to zero eigenvalues. How can we determine the null space of a nonsquare
matrix A? What about the null space of AT?

Exercise 1.62: Stability of an iteration
Consider the iteration procedure x (i + 1) = Ax (i), where A is diagonalizable.

(a) What conditions must the eigenvalues of A satisfy so that x(i) — 0 as i — «?

(b) What conditions must the eigenvalues satisfy for this iteration to converge to a
nonzero steady state, i.e., so that x(i) - xg # 0asi — %?

Exercise 1.63: Cayley-Hamilton theorem
Suppose that A is an n X n diagonalizable matrix with characteristic equation

det(A—Al) =A"+ay A" 1+...+a0=0
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(@) Show that
A" +ap A" 4 +agl=0

This result shows that A satisfies its own characteristic equation; it is known as
the Cayley-Hamilton theorem.
1 2

Use the theorem to express A2, A3, and A1 as linear combinations of A and I.

(b) Let

Exercise 1.64: Solving the nonunique least-squares problem

We have established that the least-squares solution to Ax = b is unique if and only if
A has linearly independent columns. Let’s treat the case in which the columns are not
linearly independent and the least-squares solution is not unique. Consider again the

SVD for real-valued A
= o] [v]
A=l s o[

(a) Show that all solutions to the least-squares problem are given by
x1s = Vi YUTb + Vo e R™T
in which « is an arbitrary vector.

(b) Show that the unique, minimum-norm solution to the least-squares problem is
given by
x2 =viztulp
This minimum-norm solution is the one returned by many standard linear alge-
bra packages. For example, this is the solution returned by Octave and MATLAB
when invoking the shorthand command x = A \ b.

Exercise 1.65: Propagating zeros in triangular matrices

When multiplying two partitioned (upper) triangular matrices, if the first one has k
leading columns of zeros, and the second one has a Opxp matrix on the second element
of the diagonal, show that the product is a triangular matrix with k + p leading columns
of zeros. In pictures

k p 7 k p r k p r
k |0 % * T3 * x* 0O 0 x k
p [0 Tp 0 0O *x|=|0 0O *x|vp
Y10 0 Tz 0O 0 Ty 0 0 Ts| 7T

in which T;j,i = 1,...,4 are arbitrary triangular matrices, Ts is triangular, and * rep-
resents arbitrary (full) matrices. This result is useful in proving the Cayley-Hamilton
theorem in the next exercise.
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Exercise 1.66: Cayley-Hamilton theorem holds for all matrices
Revisit Exercise 1.63 and establish that all matrices A € C"™*" satisfy their charac-
teristic equation. We are removing the assumption that A is diagonalizable in the
Cayley-Hamilton theorem so that it holds also for defective matrices.

Hint: use the Schur form to represent A and the result of Exercise 1.65.

Exercise 1.67: Small matrix approximation
For x a scalar, consider the Taylor series for 1/(1 + x)
1
1+x
which converges for |x| < 1.

(a) Using this scalar Taylor series, establish the analogous series for matrix X €
Ran

=1-x+x%2-x3

4.

T+X)1=T-X+X?>-Xx3+...
You may assume the eigenvalues of X are unique. For what matrix X does this
series converge?

(b) What is the corresponding series for
(R+Xx)71

inwhich R € R™" is a full-rank matrix. What conditions on X and R are required
for the series to converge?

Exercise 1.68: Matrix exponential, determinant and trace
Use the Schur decomposition of matrix A € C"™*" to prove the following fact
dete? = (A

Exercise 1.69: Logarithm of a matrix

If A € C"™" is nonsingular, there exists a B € C"™" such that
A=¢P

and B is known as the logarithm of A
B=1InA

If A is positive definite, B can be uniquely defined (the principal branch of the loga-
rithm).
Given this definition of the logarithm, if A € C"*" is nonsingular, show that

det A = etr(in4) (1.39)

Exercise 1.70: Some differential equations, sines, cosines, and exponentials

(a) Solve the following vector, second-order ordinary differential equation with the
given initial conditions for y € R2
d2y
—5 tAy =0
atz Y

NER! [ dy . [o
i3] soe 4] el

Use the solution of the scalar version of this differential equation as your guide.
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(b) We can always reduce a high-order differential equation to a set of first-order
differential equations. Define x = dy/dt and let

[

and show that the above equation can be written as a single first-order differen-
tial equation

dz
—~  +Bz=
di z=0

with z € R*. What are B and the appropriate initial conditions z(0)? What is
the solution to this problem?

(c) Plot, on a single graph, the trajectories of the two y components versus time for
the given initial conditions.

(d) Show that the result of (a) is the same as the result of (b), even though the
functions exp and cos are different.

Exercise 1.71: Bounding the matrix exponential

Given the bound for [|eA|| in (1.21), establish the validity of the bound in (1.22).
Hints: first, for any k > 0 and € > 0, show that there exists a ¢ > 0 such that for all
t>=0
ceft > tk

Use this result to show that for any € > 0, N € C"*" there exists ¢ > 0 such that for
allt =0

n-1 k
¢ INE|
ceft = -
k=0

Exercise 1.72: Strictly convex quadratic function and positive curvature
Consider the quadratic function
fx)=@/2)xTAx +bTx + ¢
(@) Show that f(-) is strictly convex if and only if A > 0.
(b) For the quadratic function, show that if a minimizer of f(-) exists, it is unique if
and only if A > 0. The text shows the “if” part for any strictly convex function.

So you are required to show the “only if” part with the additional restriction that
f(+) is quadratic.

(c) Show that f(-) is convex if and only if A > 0.

Exercise 1.73: Concave functions and maximization

A function f(-) is defined to be (strictly) concave (concave downward) if —f(-) is
(strictly) convex (Rockafellar and Wets, 1998, p. 39). Show that a solution to max f (x)
is unique if f(-) is strictly concave.
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Exercise 1.74: Solutions to minmax and maxmin problems

Consider again the quadratic function f(x) = (1/2)xT Ax and the two games given in
(1.23). Confirm that Figure 1.6 (c) corresponds to the A matrix

ol

1

(a) Show that x1 = x2 = 0 is the unique solution to both games in (1.23). Hint: with
the outer variable fixed, solve the inner optimization problem and note that its
solution exists and is unique. Then substitute the solution for the inner problem,
solve the outer optimization problem, and note that its solution also exists and
is unique.

(b) Show that neither of the following problems has a solution
max n;(llnf(x) min n;gxf(x)

in which we have interchanged the goals of the two players. So obviously the
goals of the players matter a great deal in the existence of solutions to the game.

Exercise 1.75: Games with nonunique solutions and different solution sets
Sketch the contours for f(x) = (1/2)xT Ax with the following A matrix

0 1
What are the eigenvalues of A?
Show that x; = x2 = 0 is still a solution to both games in (1.23), but that it is not
unique. Find the complete solution sets for both games in (1.23). Establish that the
solution sets are not the same for the two games.

Exercise 1.76: Who plays first?

When the solutions to all optimizations exist, show that

max min f(x1,x2) < minmax f(x1, x:
na le(l 2) i Xzf(l 2)

This inequality verifies that the player who goes first, i.e., the inner optimizer, has the
advantage in this noncooperative game. Note that the function f(-) is arbitrary, so
long as the indicated optimizations all have solutions.

Exercise 1.77: Solving linear matrix equations

Consider the linear matrix equation
AXB =C (1.40)

in which A € R"™" X € R"™¥P B € RP*4, and C € R"™*4, We consider A, B, C fixed
matrices and X is the unknown matrix. The number of equations is the number of
elements in C. The number of unknowns is the number of elements of X. Taking the
vec of both sides gives

(BT ® A)vecX = vecC (1.41)

We wish to explore how to solve this equation for vecX.
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For the solution to exist for all vecC, and be unique, we require that (BT ® A)
has linearly independent rows and columns, i.e., it is square and full rank. Using
the rank result (1.31) show that this is equivalent to A and B being square and
full rank.

For this case show that the solution
vecX = (BT ® A)1vecC

is equivalent to that obtained by multiplying (1.40) by A~1 on the left and B~1
on the right,
X=Acp™?

If we have more equations than unknowns, we can solve (1.41) for vecX as a
least-squares problem. The least-squares solution is unique if and only if BT ® A
has linearly independent columns. Again, use the rank result to show that this
is equivalent to: (i) A has linearly independent columns, and (ii) B has linearly
independent rows.

We know that A has linearly independent columns if and only if AT A has full
rank, and B has linearly independent rows if and only if BBT has full rank (see
Proposition 1.20 in Exercise 1.41). In this case, show that the least-squares so-
lution of (1.41)

vecX|s = (BT ® A)tvecC

is equivalent to that obtained by multiplying (1.40) by At on the left and Bt on
the right,
Xis = ATCB?

The superscript T denotes the Moore-Penrose pseudoinverse discussed in Sec-
tion 1.3.7. Note that for a matrix (like A) with linearly independent columns,
the pseudoinverse is AT = (ATA)~1AT, but for a matrix (like B) with linearly
independent rows, the pseudoinverse is BT = BT (BBT)~1. The matrices A" and
B' are also known as left and right inverses, respectively.

Exercise 1.78: Solving the matrix Lyapunov equation

Write a function S = yourlyap(A, Q) using the Kronecker product to solve the matrix
Lyapunov equation

ATS +5A=-Q

Test your function with some A with negative eigenvalues and positive definite Q by
comparing to the functions provided in Python, Octave, or MATLAB.
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2

Ordinary Differential Equations

2.1 Introduction

Differential equations arise in all areas of chemical engineering. In this
chapter we consider ordinary differential equations (ODEs), that is,
equations that have only one independent variable. For example, for re-
actions in a stirred-tank reactor the independent variable is time, while
in a simple steady-state model of a plug-flow reactor, the independent
variable is position along the reactor. Typically, ODEs appear in one of
two forms
dx

- f(x,t), xeR" (2.1)
or
dﬂy dnfly
an(x) dx" + an-1(x) dxn-1 +oee

; al(x)% fasx)y =g(x), yER (22)

We have intentionally written the two forms in different notation, as
the first form typically (but not always) appears when the independent
variable is time, and the second form often appears when the indepen-
dentvariable is spatial position. These two forms usually have different
boundary conditions. When t is the independent variable, we normally
know the conditions at t = O (e.g., initial reactant concentration) and
must solve for the behavior for all t > 0. This is called an initial-
value problem (IVP). In a transport problem, on the other hand, we
know the temperature, for example, at the boundaries and must find it
in the interior. This is a boundary-value problem (BVP).
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2.2 First-Order Linear Systems
2.2.1 Superposition Principle for Linear Differential Equations

An arbitrary linear differential equation can be written
Lu=g

where L is a linear differential operator (e.g., L = d/dt — A, where
A is a matrix), u is the solution to be determined, and g is a known
function. Section 1.2 introduced the following general properties of
linear operators, which we now write in terms of L

Llu+v)=Lu+Lv
L(oxu) = x(Lu)

Leaving aside for the moment the issue of boundary conditions, the
following two superposition properties follow directly from linearity

1. Homogeneous problem. Letg = 0. If u; and u, are both solutions
to Lu = 0, then xxu; + Bu, is also a solution, for any scalars «
and .

2. Inhomogeneous problem. Let u; be a solution to Lu = g; and
U, be a solution to Lu = g,. Then au; + fu, is a solution to
Lu = xg1 + Bg>.

With regard to boundary conditions, linearity also implies the fol-
lowing.

3. Let u; be a solution to Lu = g; with boundary condition Bu = h;
on a particular boundary, where B is an appropriate operator, e.g.,
a constant for a Dirichlet boundary condition, a first derivative
d/dx for a Neumann boundary condition, or a combination B =
y + 6 d/dx for a Robin boundary condition. Let u, solve Lu =
g2 with boundary condition Bu = h,. Then xu; + fu, satisfies
Lu = xgy + Bg» with boundary condition Bu = «ch; + Bho.

These simple results are very powerful and will be implicitly and ex-
plicitly used throughout the book, as they allow complex solutions to
be constructed as sums (or integrals) of simple ones.
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2.2.2 Homogeneous Linear Systems with Constant Coefficients—
General Results for the Initial-Value Problem

Consider (2.1), where t denotes time. The function f is often called a
vector field; for each point x in the phase space or state space
of the system, f(x) defines a vector giving the rate of change of x at
that point. The system is called autonomous if f is not an explicit
function of t. The trajectory x(t) traces out a curve in the state space,
starting from the initial condition x(0) = xo.
The most general linear first-order system can be written
dx

T =A(t)x+g(t),x eR (2.3)

In the present section we further narrow the focus and consider only
the linear, autonomous, homogeneous system

X=Ax x€eR®™ AeR™" (2.4)

where A is a constant matrix. Note that many dynamics problems are
posed as second-order problems: if x is a position variable then New-
ton’s second law takes the form X = F(x). Letting u; = x,u, = X, we
recover a first-order system

1./L1 = Uy
Uy = F(uq)

More generally, a single high-order differential equation can always be
written as a system of first-order equations.

Unless A is diagonal, all of the individual scalar equations in the
system (2.4) are coupled. The only practical way to find a solution to
the system is to try to decouple it. But we already know how to do
this—we use the eigenvector decomposition A = MJM 1, where J is
the Jordan form for A (Section 1.4). Letting ¥ = M~1x be the solution
vector in the eigenvector coordinate system, we write

y=Jy
If A can be completely diagonalized, then J = A = diag(A1,A2,...,Ay)
and the equations in the y coordinates are completely decoupled. The
solution is
yi(t) = eite;
or
y=e
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where c¢ is a vector of arbitrary constants. For an initial-value problem
where x(0) is a known vector xg, ¢ = y(0) = M~ 1xg. Recall from
Section 1.5 that the matrix e is called the matrix exponential of A.
It is defined for a general matrix A as

eM oIt At s 2 A%t 1A%
2! 3!

and we also show in Section 1.5 that the solution to (2.4) with initial
condition x(0) = xg is given by x (&) = e xg.

For the diagonal matrix A, e is simply a diagonal matrix with en-
tries eMit. Since yi(t) = elite; we see that the eigenvalues of A deter-
mine the growth or decay rates A; and the eigenvectors (columns of
M) determine the directions v; along which this growth or decay oc-
curs. Converting back to the original coordinates, we have the general
solution

x(t) = MeMc = > cieMtv;
1
where v; is the eigenvector corresponding to A;. This expression shows
explicitly that the solution when A has a complete LI set of eigenvec-
tors is a simple combination of exponential growth and decay in the
directions defined by the eigenvectors.

An important general consequence of this result is that an initial
condition X that lies on the line defined by the kth eigenvector leads
to ¢; = «dik and thus to a solution x(t) = e !vy. This solution
will never leave the line defined by the eigenvector vg. This line is
thus an invariant subspace for the dynamics: an initial condition
that starts in an invariant subspace never leaves it. Similarly, each pair
of eigenvectors defines a plane that is invariant, each triple defines a
three-dimensional space that is invariant and so on.

A particularly relevant special case of an invariant plane arises when
A has a complex conjugate pair of eigenvalues o + iw with correspond-
ing eigenvectors v and vV; see Exercise 1.59. A solution with initial
conditions in this subspace has the form

x(t) = c1e%tei®ty + cretem iy
If the initial conditions are real, then ¢, = ¢; (to cancel out the imagi-
nary parts of the two terms in this equation). Equivalently, we can write
that
x(t) = 2Re (cle‘”ei‘”tv)
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where Re denotes the real part of an expression. Now writing ¢1 =
Cr +1ici, V = Uy + iv; and et = cos wt + isin wt, this can be written
in real form as

x(t) = e’ (¢, cos wt — ¢;sinwt)v, — et (c;cos wt + ¢, sin wt)v;

Thus for real initial conditions, the invariant subspace corresponding
to a pair of complex conjugate eigenvalues is the plane spanned by v,
and v;.

If A cannot be diagonalized the situation is not as simple, but is
still not really very complicated. We still have that y = Jy, but J
is triangular rather than diagonal. Triangular systems have one-way
coupling, so we can solve from the bottom up, back substituting as we
go. To illustrate, we consider the case

A1l
We can solve the equation y, = Ay first and then back substitute,
getting an inhomogeneous problem for y1. The inhomogeneous term

prevents the behavior from being purely exponential, and the general
solution becomes (after converting back to the original coordinates)

x(t) = creMvy + cpeM (v, + tvr) (2.5)

where v; is the eigenvector corresponding to A and v is the general-
ized eigenvector; compare with Example 1.14. The line defined by the
eigenvector v; is an invariant subspace, as is the plane defined by v1
and v,. However, the line defined by the generalized eigenvector v is
not invariant.

Note the te term that appears in (2.5). In initial-value problems,
this term allows solutions to grow initially even when all of the eigenval-
ues have negative real parts. As t — oo, though, the exponential factor
dominates. Thus even when A is defective, its eigenvalues determine
the long-time dynamics and, in particular, the stability. The issue of
stability is addressed at length in Section 2.5; for the present we note
that the steady state x = 0 of (2.4) is asymptotically stable—initial
conditions approach it as t — oo if and only if all the eigenvalues of A
have negative real parts.

To summarize, the above results show that every homogeneous
constant-coefficient problem X = Ax can be rewritten as y = Jy,



104 Ordinary Differential Equations

where J has a block diagonal structure exemplified by the following
template

(A1 O .
0O A, O
0 o -w O
|- 0 o w o ...
J= ... 0 A5 1 O
0 As O .
0O A; O
0 Ag]

The dynamics corresponding to each block are decoupled from those
of all the others and the associated eigenvectors define invariant sub-
spaces; the dynamics in each invariant subspace are decoupled from
those in all the others.

2.2.3 Qualitative Dynamics of Planar Systems

In a general n-dimensional system, there is a large range of possible
combinations of eigenvalues, real and complex, with positive or neg-
ative real parts. For n = 2, a simple and general classification of the
possible dynamics is possible. Such systems are called planar, be-
cause all of the dynamics occur on a simple plane (sometimes called
the phase plane) defined by two eigenvectors (or an eigenvector and
generalized eigenvector, if A is defective). Writing

) a b
x=Ax=[C d]x

the characteristic equation for A is
A2 —(a+d)A+ (ad —bc) =0

Notice that a + d = trA and ad — bc = det A, which we call T and D,
respectively. Recall that T = A; + A and D = A1A;. In two dimensions,
the eigenvalues are determined only by the trace and determinant of
the matrix. When Re(A1) < 0 and Re(A2) < 0, any initial condition de-
cays exponentially to the origin—the origin is asymptotically stable.
These conditions are equivalentto T < 0,D > 0.

Figure 2.1 shows the dynamical regimes that are possible for the pla-
nar system as characterized by T and D; asymptotically stable steady-
state solutions occupy the second quadrant, excluding the axes. Each
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regime on Figure 2.1 shows a small plot of the dynamics on the phase
plane in that regime; the axes correspond to the eigenvectors (or real
and imaginary parts of the eigenvectors in the case of complex con-
jugates) and trajectories x(t) on this plane are shown with time as
the parameter. The arrows on the trajectories indicate the direction of
time. An important curve on this diagram is T2 — 4D = 0, where the
two eigenvalues are equal. This parabola is also the boundary between
oscillatory solutions (spirals on the phase plane) and exponential ones
(nodes); a spiral arises from a complex conjugate pair of eigenvalues
while a node arises from the case of two real eigenvalues with the same
sign. In the lower half of the figure, D < 0, the eigenvalues are real and
with opposite signs. The steady states in this regime are called sad-
dle points, because they have one stable direction and one unstable.
Figure 2.2 shows the dynamic behavior that occurs on the boundaries
between the different regions. Trajectories on the boundary between
stable and unstable spirals, i.e. where T = 0,D > 0, are purely oscilla-
tory. On the phase plane they take the form of closed ellipses called
centers whose size is determined by the initial condition.

2.2.4 Laplace Transform Methods for Solving the Inhomogeneous
Constant-Coefficient Problem

Inhomogeneous constant-coefficient systems also can be decoupled by
transformation into Jordan form: x = Ax + g(t) becomes y = Jy +
h(t), where h(t) = M~1g(t). Accordingly, once we understand how
to solve the scalar inhomogeneous problem, we will have learned what
we need to know to address the vector case. A powerful approach to
solving inhomogeneous problems relies on the Laplace transform.

Definition

Consider functions of time f(t) that vanish for t < 0. If there exists a
real constant ¢ > 0 such that f(t)e ¢! — 0 sufficiently fastast — oo, we
can define the Laplace transform of f(t), denoted f (s), for all complex-
valued s such that Re(s) = ¢

L(f() = Jw eSLf(t)dt  Re(s)=c (2.6)
0
= f(s)
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determinant

— definite

Re(A) <0

A<O0 .
stable spiral

Re(A) >0

>

unstable spiral

aet
2 = A

+ definite

A>0

D

X 41 Sq

stable node 2 2c®)

~Or- s unstable node

trace

A1 <O0and Az >0

.

unstable saddle

A
<~

indefinite indefinite

Figure 2.1. Dynamical regimes for the planar system dx/dt = Ax,
A € R?X2 parametrized in the determinant and trace of
A; see also Strang (1986, Fig. 6.7).

The inverse formula is given by

L7Y(f(5)) t>0 (2.7)

c+i o
1 J est f(s)ds

2711 c—1i o

S(t)

Properties

1. The Laplace transform operator is linear. For every scalar «, 8
and functions f(t), g(t), the following holds

L{xf(t) +Bg(t)} = of(s) + BgG(s)
The inverse transform is also linear

L af () + Bg(s) | = af (1) + Bg )
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determinant

@

/\1=/\2<0 A1:2\2>0
neutral center
A1=02A2<0 "0ge o <t A1=0A2>0
\ trace
S o X Sy X
stable node stable star unstable node unstable star

Figure 2.2: Dynamical behavior on the region boundaries for the pla-
nar system dx/dt = Ax, A € R?*?; see also Strang

(1986, Fig. 6.10).

2. Transform of derivatives
df(t)
(G
2
’ (d f(t)

at?

({2

) = sF() - £(0)
) = s2f(s) —sf(0) - f/(0)

) — SMF(s) = s"LE(0) — STRST(0) — - - -

_ Sf(n—Z)(O) _ f(n—l)(o)

3. Transform of integral

! ’ s _ 1*
r (jofu ydt ) ~<f ()
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4. Derivative of transform with respect to s

arf(s)

L (1) = (-1

5. Time delay and s delay

Lf(t—a)H(t —a)) = e *f(s)
LEeMf(t)) =f(s—a)

where the Heaviside or unit step function is defined as

0 t<O
H(t) =
1 o<t

6. Laplace convolution theorem

t _
L (L ftHg(t - t')dt'> = f($)g(s)

t P
r (Jofu _ t')g(t')dt’) ~ F()g(s)

7. Final value theorem
limsf(s) = lim f(t)
s—0 t—o

if and only if sf(s) is bounded for all Re(s) > 0

8. Initial-value theorem

lim s f(s) = lim f(t)

We can readily compute the Laplace transform of many simple f(t)
by using the definition and performing the integral. In this fashion we
can construct Table 2.1 of Laplace transform pairs. Such tables prove
useful in solving differential equations. We next solve a few examples
using the Laplace transform.
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f(t) f(s)
o(t) 1
1 1
1
‘ 2
I'(n+1)
t" —-1<n i1
cos wt o
524+ w?
sinwt @
52 4+ w?
. w
sinh wt - w?
s
cosh wt 2 _ w?
eat 1
S 1(1
tet —
(s —a)?
s—a
et cos wt

. w
e sin wt

(s —a)? + w?

(s —a)? + w?2

Table 2.1: Small table of Laplace transform pairs. A more extensive

table is found in Appendix A.

-Ky F(t)

-

— M —9

y

Figure 2.3: Particle of mass m at position y experiences spring force

—Ky and applied force F(t).
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Example 2.1: Particle motion

Consider the motion of a particle of mass m connected to a spring with
spring constant K and experiencing an applied force F(t) as depicted
in Figure 2.3.

Let v denote the displacement from the origin and model the spring
as applying force Fs = —Ky. Newton’s equation of motion for this
system is then

d2
md—fz’ —F-Ky
We require two boundary conditions for this second-order differential
equation. If we assume the particle is initially at rest at the origin, then
the boundary conditions are both specified at ¢ = 0 and these initial
conditions are
dy
dt

If we divide by the mass of the particle we can express the model as

y(0) =0 (0)=0

dzy 2., _
y(t)=0 t=0
dy(t) B
T =0 t=0

in which k2 = K/m and f = F/m. Take the Laplace transform of
the model and find the position of the particle versus time y(t), for
arbitrary applied force f(t).

Solution

Taking the Laplace transform of the equation of motion and substitut-
ing in the two initial conditions gives

s2y(s) —sy(0) — ' (0) + K2y (s) = f(s)
s2y(s) + K2y (s) = f(s)

Solving this equation for Y (s) gives

f(s)

52 + k?

y(s) =
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We see the transform is the product of two functions of s. The inverse
of each of these is available

1,7 _ 1 1 .
L l(f(S)):f(t) L l(m)ZESIHkt

The first follows by the definition of f(s) and the second follows from
Table 2.1. Using the convolution theorem then gives

t
y(t) = %L () sink(t — t')dt’

and we have the complete solution. We see that the particle position
is a convolution integral of the applied force with the sine function.
The reader may wish to check that this solution indeed satisfies the
differential equation and both initial conditions as claimed. a

Example 2.2: A forced first-order differential equation

Consider the first-order differential equation with forcing term

dx
a - ax + bu(t)
x(0) = xg

Use the Laplace transform to find x (t) for any forcing u(t).

Solution
Taking the Laplace transform, substituting the initial condition, and
solving for X (s), give

$X(s) —xo = ax(s) + bu(s)

X u(s)
° +p
s—a s—a

x(s) =

We can invert the first term directly using Table 2.1, and the second
term using the table and the convolution theorem giving

t
x(t) — xoetlt + bJ eﬂ(t*t’)u(tl)dtl
0

We see the effect of the initial condition x¢ and the forcing term u(t).
If a < 0 so the system is asymptotically stable, the effect of the initial
condition decays exponentially with time. The forcing term affects the
solution through the convolution of u with the time-shifted exponen-
tial. |
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Example 2.3: Sets of coupled first-order differential equations

Consider next the inhomogeneous constant coefficient system (2.3),
with g(t) = Bu(t)

dx
E = Ax + Bu(t)
x(0) = xo

inwhich x € R", u € R"™, A € R"™" B € R"™™, |n systems and control
applications, x is known as the state vector and u is the manipulated
variable vector. Use Laplace transforms to find x (t) for this problem.
Solution

Again taking the Laplace transform, substituting the initial condition,
and solving for x(s) gives

$SX(s) — xo = AX(s) + Bu(s)
(sI —A)x(s) = xg + Bu(s)
x(s) = (s — A)*xg + (sI — A)"1BuU(s)

We next require the matrix version of the Laplace transform pair

f(t) fs)

1
s—a

eAl AeR™MM (sT—A)1

et geR

which can be checked by applying the definition of the Laplace trans-
form. Using this result and the convolution theorem gives

t
x(t) = eMxg + J A By (tdt'
0

Notice we cannot move the constant matrix B outside the integral as we
did in the scalar case because the indices in the matrix multiplications
must conform as shown below

t
x(t) = et xo +J A By (tydt’
—_— o—— v ——
nx1i nxnnxl nxn nxm mx1
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2.2.5 Delta Function

The delta function, also known as the Dirac delta function (Dirac,
1958, pp. 58-61) or the unit impulse, is an idealization of a narrow and
tall “spike.” Two examples of such functions are

Iua(x) = %ffﬁ/m (2.8)
Iua(x) = m (2.9)

where « > 0. Setting x = 0 and then taking the limit @ — 0 shows that
limy—o0 g« (0) — oo, while setting x = xo # 0 and taking the same limit
shows that for any nonzero xg, limy-ogu«(XxXo) = 0. These functions
become infinitely high and infinitely narrow. Furthermore, they both
have unit area

fw Ja(x) dx =1

A set of functions depending on a parameter and obeying the above
properties is called a delta family. The delta function 6(x) is the
limiting case of a delta family as «« — 0. It has infinite height, zero
width, and unit area. It is most properly thought of as a generalized
function or distribution; the mathematical theory of these objects
is described in Stakgold (1998).

Operationally, the key feature of the delta function is that when
integrated against a “normal” function f(x) the delta function extracts
the value of f at the x value where the delta function has its singularity

[ rseo ax=im | feogux dx =0 @10
The delta function also can be viewed as the generalized derivative of

the discontinuous unit step or Heaviside function H(x)

dH (x)
dx

o(x) =

Also note that the interval of integration in (2.10) does not have to be
(=00, ). The integral over any interval containing the point of singu-
larity for the delta function produces the value of f(x) at the point of
singularity. For example

a+e

f(x)6(x —a)dx = f(a) foralle >0 forallaeR

a
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Finally, by changing the variable of integration we can show that the
delta function is an even function

0(—x) =56(x)

Derivatives of the Delta Function

Doublet. An interesting property of the delta function is that it is
also differentiable. The first derivative is termed the doublet or dipole,

usually denoted &' (x)
_ asd(x)

dx

Sometimes we see the dot notation 5(x) to denote the doublet instead
of 8’ (x). If we perform integration by parts on the integral

8 (x)

J_w f(x)o (x)dx

we find that the doublet selects the negative of the first derivative of f
evaluated at the location of the doublet’s singularity

J_ f(x)d' (x)dx = - f'(0) (2.11)

Note the sign in this equation. We also find by changing the variable of
integration that, unlike the delta function, or singlet, which is an even
function, the doublet is odd

0 (x)=-8(-x)

Higher-order derivatives. Repeated integration by parts produces the
following higher-order formulas for triplets, quadruplets, etc.

r, FO)8M (x)dx = (-1)"f™(0) n=0

As with the singlet and doublet, we can change the variable of inte-
gration and shift the location of the singularity to obtain the general
formula

r@ F)M™W(x—a)dx = (-1)"f™ (@) n=0 aecR

Finally we can use the definition of the Laplace transform to take the
transform of the delta function and its derivatives to obtain the trans-
form pairs listed in Table 2.2.
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Sf(t) £
H(t) 1
K
o(t) 1
o' (t) s
o (t) 52
5(")(t) gn

Table 2.2: Laplace transform pairs involving 6 and its derivatives.

2.3 Linear Equations with Variable Coefficients
2.3.1 Introduction

In many chemical engineering applications, equations like this one are
encountered )

x2%+x%+(x2—v2)y =0 (2.12)
This is called Bessel’s equation of order v, and arises in the study of
diffusion and wave propagation via the Laplacian operator in cylindrical
coordinates. Since the coefficients in front of the derivative terms are
not constant, the exponential functions that solved constant-coefficient
problems does not work here. Typically, variable-coefficient problems
must be solved by power series methods or by numerical methods, as
they have no simple closed-form solution. We focus here on second-
order equations, as they arise most commonly in applications.

2.3.2 The Cauchy-Euler Equation

The Cauchy-Euler equation, also called the equidimensional equa-
tion, has a simple exact solution that illustrates many important fea-
tures of variable-coefficient problems and arises during the solution of
many problems. The second-order Cauchy-Euler equation has the form

aox?y" +aixy’ +a,y =0 (2.13)

where v’ = dy/dx. Its defining feature is that the term containing the
nth derivative is multiplied by the nth power of x. Because of this,
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guessing that the form of the solution is y = x% yields the quadratic
equation agx(x — 1) + a;x + ax = 0. If this equation has distinct roots
«1 and «2, then each root leads to a solution and thus the general
solution is found

Y =c1X% + cpx*? (2.14)

For example, let ag = 1,a1 = 1,a, = —9, yielding the equation &2 -9 =
0, which has solutions @ = +3. Thus the equation has two solutions
of the form y = x*: the general solution is y = ¢1x3 + co,x 3. Notice
that this solution can blow up at x = 0; this singular behavior does not
arise in constant-coefficient (linear) problems, but is frequently found
in variable-coefficient and nonlinear problems.

In the case of a repeated root, the general solution does not have
the form given above. Instead, the technique of reduction of order,
also called variation of parameters, can be used. In this technique,
given one solution to a second-order linear problem y; (x), the second
can be found in the form y2(x) = A(x)y1(x). For example, let ap =
1,a1 = —1,a, = 1, yielding the repeated root « = 1. Thus y1 = x, and
v, = A(x)x, which, upon substitution into the differential equation,
yields

A'x3+2A'x2 - A'x?> - Ax+Ax =0

which simplifies to
A'x+A =0

Letting A" = w leads to a simple first-order equation for w
wx+w=0

so that w = ¢/x and thus A = cInx + d, where ¢ and d are arbitrary
constants. Thus the general solution for this problem can be written

y(x)=c1x +coxInx =x(cy1+c2Inx)

It can be shown in general that (second-order) Cauchy-Euler equations
with repeated roots have the general solution

y(x) =x%(c1 + c2lnx) (2.15)
2.3.3 Series Solutions and the Method of Frobenius
A general linear second-order problem can be written

p(xX)y" +ax)y +r(x)y =0 (2.16)
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or
v ax) o, r(x)

— =0 2.17

p(x)y p(x)y (@17)

If % and ;ifc)) are analytic, i.e., they have a convergent Taylor se-

ries expansion, at some point x = a, then a is an ordinary point.
Otherwise, x = a is a singular point.

If x = a is an ordinary point, there exist solutions in the form of
power series

y(x) =D cnlx —a) (2.18)
n=0

Two such solutions can be found, thus yielding the general solution.
Letting p be the distance between a and the nearest singular point of
the differential equation, which might be at a complex rather than a
real value of x, the series converge® for |x —a| < p. Accordingly p is
called the radius of convergence of the series. The exception to this
is when a series solution truncates after a finite number of terms, i.e.,
cy = 0 for M > Mp; in this case the sum is always finite for finite x.

Example 2.4: Power series solution for a constant-coefficient equa-
tion
Let p(x) =1, q(x) = 0 and r(x) = k?, resulting in the equation

Yy +k%*y =0

Solve this by power series expansion.

Solution

We seek a solution by expanding around the ordinary point a = 0. For
this simple example, every point is an ordinary point. Inserting the
solution form, (2.18), into this equation yields

D nm—1Denx"2+k% > cpx™ =0

n=2 n=0
The two sums can be combined if we can make their lower limits the
same and the powers of x the same in each sum. To do so we set
n = m + 2 in the first series and n = m in the second, obtaining

> [(m +2)(M + 1) Cman + kzcm] x™ =0

m=0

1A full understanding of convergence of power series requires knowledge of func-
tions of complex variables, see, e.g., Ablowitz and Fokas (2003).
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For arbitrary x, this can only hold if the term inside the square brackets
is zero for all m, requiring that

2 = )+ 1)

(where we have now reverted to using n as the index). Leaving co and
¢y arbitrary, we find that

_ —Cok2
2=y
_ —C1k2
@ =3
—C2k2 Cok4
Cq = =
4-3 41
—C3k2 C1k4
Cs = =
5.4 5!

Absorbing a factor of 1/k into c; (recall that it is arbitrary), the series
solution becomes

B k?x?  kAx* X k3x3  k°x®
y(x)=co|1l- > + TR +c1 | kx - 3 + 5 T

Note that this has two arbitrary constants co and c1, so it is the gen-
eral solution. The two infinite series can be recognized as the Taylor
expansions of two familiar functions, and we can thus rewrite the gen-
eral solution as

y(x) = cogcoskx + cysinkx
m|

If p(x) — 0 at some point x = a, the situation is more complex. We
set a = 0 from now on for convenience. Now q(x)/p(x)andr(x)/p(x)
are not analyticand x = Oiscalled asingular point. If x (q(x)/p(x))
and x? (r(x)/p(x)) are analytic, i.e., the singularity in p(x) is not
very strong, then the point is a regular singular point. Observe
that x = 0 is a regular singular point for the Cauchy-Euler equation. In
fact, by multiplying (2.17) by x? and Taylor-expanding the coefficients,
one can see that when the conditions for a regular singular point are
satisfied, this general case reduces precisely to a Cauchy-Euler equation
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as x — 0. This observation motivates the method of Frobenius, which
seeks solutions of the form

y(x) =x%> cpx" (2.19)

n=0

The power series has the same convergence properties as described
above for ordinary points.

Example 2.5: Frobenius solution for Bessel’s equation of order zero

Bessel’s equation (2.12) with v = 0 is
xy' ' +y +xy=0 (2.20)

Here x = 0 is a regular singular point. Solve by the method of Frobe-
nius.

Solution

Observe that this equation can be written X2y’ +xy’+(0+x2)y = 0so
the corresponding Cauchy-Euler equation is thus x?y” +x7y’+0y = 0.
Seeking a solution y = x® yields the repeated root & = 0 and thus a
general solution y(x) = c1 + coInx. As we will see, this structure is
reflected in the form of the solution to Bessel’s equation.

Inserting the Frobenius solution form, (2.19) into (2.20) yields that

o0 (o)

(o]
Z (M+o)(n+ax—1)cyx" 14 Z M+ ) cpx™o 1y Z CpxTeHl —
n=0 — o

To simplify this series, set n = m + 2 in the first two sums and m = n
in the third. Then set all the ms back to n. This yields a summation
starting at n = —2, which is fine as long as we make c_, = c_1 = 0. The
formula becomes

[o]

> [(n +o+2)%Cn + cn] xmrerl — o
n=-2

Since x can vary, the equality can only hold if the terms in the brackets
are all zero. This is the recursion formula for the coefficients ¢;,,. The
firstterm (n = —2) picks out the Cauchy-Euler behavior and is called the
indicial equation. Since ¢_» = 0, it reduces to (n + x+2)% = &? = 0.
As we anticipated above with the corresponding Cauchy-Euler equation,
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this has the repeated root « = 0. The general recursion relation for the

coefficients reads
Cn

(n+2)2

Since c_1 = 0, all the coefficients with n odd are zero. Therefore, only
one of the two solutions to the problem has the form of (2.19), again,
in parallel with the Cauchy-Euler analysis. With some rearrangements,
this solution becomes

Cni2 =

(o)

yi(x) = >

n=0

(_1)11 x 2n
(nh)?2 < 2 )

This function has the special symbol Jo(x) and is called the “Bessel
function of the first kind and order zero.” For general v, the solutions
are denoted J, (x). A second solution can be found for this problem
by variation of parameters; see Exercise 2.31. It is not of Frobenius
form, having a logarithmic singularity as x — 0 (again as anticipated
from the solution to the corresponding Cauchy-Euler equation). It is
called Yp(x) and is the “Bessel function of the second kind and order
zero.” Singular solutions for general v are denoted Y, (x). The general
solution is

¥ (x) = c1Jo(x) + c2Yo(x) (2.21)
O

See Table 2.3 for a graph of functions Jo and Yp. Note that for com-
parison purposes, the table also shows the solution for the radial part
of V2y + v = 0 in rectangular, cylindrical, and spherical coordinates.

In the previous example, the indicial equation yielded a single re-
peated root for &« and one solution of Frobenius form. Other cases are
possible. Here are the possibilities and their consequences.

1. If the indicial roots are equal, only one Frobenius solution is ob-
tained. This is what occurred in the above example.

2. If the roots differ by a noninteger constant, then each root leads
to a solution and the general solution is obtained.

3. If the roots differ by an integer then the (algebraically) larger root
leads to a Frobenius solution and either

(a) the smaller root also leads to a Frobenius solution and the
general solution is obtained, or
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Rectangular Cylindrical Spherical
Coordinates Coordinates Coordinates

d?y 3 1d dy 3 1d ,dy B
a2 £V =0 rarTar) £y =0 ar gty =0
. cosx A A
/\ / Jo(r) oL
+ o 2 n 6 5 0 12 o 2 . 5 o 2 o 6 s 0 12
sinx
A o) sinr
LS

. eX

Ko(r)

Table 2.3: The linear differential equations arising from the radial
part of V2y +y = 0in rectangular, cylindrical, and spher-

ical coordinates.

Bessel functions (Jo, Yo) and modified
Bessel functions (Ip, Kp) are two linearly independent so-
lutions in cylindrical coordinates for the plus and minus
signs, respectively. The solutions in spherical coordinates
are called spherical Bessel functions.
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(b) the smaller root does not lead to a second solution of Frobe-
nius form. A second solution can be found by reduction
of order and have a logarithmic singularity just as in the
Cauchy-Euler case.

2.4 Function Spaces and Differential Operators
2.4.1 Functions as Vectors

One of the main tasks of mathematical modeling is the exact or approx-
imate representation of functions. Here we extend the ideas of vectors
and bases into the regime where each vector is a function, so the space
the vectors live in is a Function Space.

In the finite-dimensional space C", the usual inner product of vec-
tors u and v is simply the n-dimensional version of the dot product

n
(w,v) = > uiv;
i=1

For functions u(x) and v(x) in a domain a < x < b, a natural analog
to this relation is

b
(u(x),v(x)) = J wu(x)v(x) dx

a

This is the usual inner product for functions defined on the interval
[a, b]. From this inner product, we can obtain a norm

b 1/2
)|l =+/(u,u) = U u(x)u(x) dx}

a

Another inner product, which plays an important role shortly, is given
by the formula

b

(ux),v(x))w =J ux)v(x)w(x) dx

where w(x) is a so-called weight function and must be positive in
(a, b). Finally, with these definitions, a bounded function is one that
satisfies

b
J lu(x) [P w(x) dx = [[ul?, < c
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With these definitions in hand, we can define an important function
space. The set of functions u(x) that satisfy (u, u) = |[u|| < co with the
usual inner product (w = 1) is the Lebesgue space L,(a, b). If we had
used a nonunit weight function w(x) in the inner product, we would
have L, ., (a,b). Lebesgue spaces are examples of Hilbert spaces. A
Hilbert space is essentially identical to a space of vectors with infinitely
many components, so that all of our intuition about directions, lengths
and angles carries over from two dimensions into an infinite number of
dimensions!

Basis Sets and Fourier Series

In a finite-dimensional space, any vector can be represented in an or-
thonormal basis {eq,e5,...,e,} as

n
u=> (uee
i=1
The same is true in a Hilbert space, except that each basis vector is now
a function ¢;(x) and the sum is infinite?, e.g.,

u(x) = D> (u(x), pi(x))pi(x)
i=1
Two of the most important basis sets for L, are the trigonometric func-
tions and the Legendre polynomials.
Consider the space L, (—11,1T), i.e., the Lebesgue space defined as
above, except on the interval® from —7t to 1r. The functions

e = coskx + isinkx,k = -o,...,-2,-1,0,1,2,..., %

are in this space. In addition, they are orthogonal and can be normal-
ized

ikx
V2
A natural question, then, is whether this set can be used as a basis for
L, (—1,717). Specifically, we examine the proposition that every function
in Lo(—1T,7T) can be represented as

(kX Xy = 2778y, Pr(x) =

© eikx
fx) = kzz_oo o (2.22)

2pepending on the specific situation, the sum’s lower limit might be 0,1, or — .
3The interval (0,21) might also be used.
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This is the trigonometric Fourier Series representation of f(x). The
c are the Fourier coefficients and are given by the standard formula
for expansion of a vector in an orthonormal basis

ck = (f, i) = J% J_nf(X)e_ikde (2.23)

The equality (2.22) cannot possibly hold at every point x for every
function f(x) € Ly(—1r, 1), simply because trigonometric functions
are continuous and smooth, and functions in L,(—17, 1) are allowed
to have discontinuities. Distance in L, (—1,77) is not measured point-
wise, however, but rather via the L, norm. To address the issue of
the distance between a function and its Fourier series representation,
consider the finite trigonometric series expansion

eikx

K
pi(x) = kgngﬁ

and define the residual or approximation error to be the difference
rix) = f(x) - Zf:_ngdbk(x). We can now ask the question: given
integer K what coefficients gy minimize the L, norm of the residual?
Using the definition of norm and the orthogonality of the ¢, we obtain

I71% = (f =D grdr, f—D.95d))
k J
= (f,.f) = D.(f, b1)Tx — 2. 9x(Pr, ) + > gix
k k k

Note that | gx — (f, dr) |° = gkdx — 9r (bk, £) — (F, dR)Ti + | (f, i) | 2.
Summing this result and substituting into the previous expression gives

1712 = (1117 + > 1gx = (fs bi) 12 = [(F, i) 2
k

By inspection, the minimizer is achieved by gy = (f, $r), k € [-K,K]
so gk = ck defined in (2.23), and we see that the Fourier coefficients
minimize the L, norm of the residual, and the norm of the minimal
residual satisfies

Iroll2 =[£I = lexl? (2.24)
k

Because the cx do not depend on the number of terms, K, if we decide to
increase the order of the approximation, we do not need to recalculate
the lower-order coefficients.
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Now consider the truncated Fourier series fx(x) = Sx__x cxe'k*.
The question of convergence of this series to the function f is nontriv-
ial; we state without proof that for functions in L, (—1T, 1T)

||f(X)—fK(X)||2—>O as K — o

The rate of convergence of fx to f depends on the behavior of the
Fourier coefficients ck as |k| — oo. A simple analysis sheds light on this
behavior. Consider functions f(x) € L, (1, 1) whose jth derivatives
fY) existin (-1, 17) for all (positive) j but which may have discontinu-
ities at the boundaries. Integrating (2.23) by parts yields

Vorrey = j" f(x)e ** dx
- - femy cok e X j" Fx)e ik dx  (2.25)
ik ik ) '

Since (f (1) — f(—17)) isindependent of k, the first term in this expres-
sion clearly decays as k™1 as k — «. To characterize the second term,
we observe that it can be written as

i ’ ikx
7 100, e™)
The Cauchy-Schwartz inequality (1.3) can now be applied, giving
| (), e | < (17l || = [1£ (ol [Vam

By the conditions imposed on f(x) above, f'(x) is in L(—1T,1T); thus
this inner product is finite and bounded from above by a constant in-
dependent of k. Therefore c; decays at least as fast as k™! as k — .
This dependence can written as ¢x = O (k™1): “cy is order k=1.”4 Before
continuing, we note as an aside that this analysis has just established
the Riemann-Lebesgue lemma: For functions f(x) € Lo (-1, 1),

™
lim |  f(x)e™**dx =0
koo ) 1t

If, additionally, f(1r) = f(—1r), then the first term in (2.25) van-
ishes and we can repeat the integration by parts procedure and Cauchy-
Schwartz argument on the remaining integral to conclude that ¢y =
O(k=2). If fW (1r) = fY (=) forall j (i.e. £(x) and all its derivatives

4Notation for asymptotic relationships between expressions is described in more
detail in Section 2.6.
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are smooth and periodic), this process can be repeated ad infinitum,
and we can conclude that the Fourier coefficients ¢y decay faster than
any finite power of k~1. This is called exponential or spectral conver-
gence. Alternately, if the first m — 2 derivatives, but not the (m — 1)th,
are continuous at the boundaries, then after m iterations, the boundary
terms in the integration by parts process will no longer vanish, yielding
that

lckl = C(k)k™™ (2.26)

where C(k) = O(1). Above we saw this directly for the case m = 1,
where the zeroth derivative (i.e. the function value itself) is discontin-
uous. This result can be generalized to the case of functions that are
continuous and smooth at the boundaries but have discontinuities in
the interior. For further discussion of the convergence of Fourier series
see Gasquet and Witomski (1999); and Canuto, Hussaini, Quarteroni,
and Zang (2006). We now turn to some examples of rapidly and slowly
converging Fourier series representations.

Figure 2.4 shows truncated Fourier series approximations to the
function f(x) = exp( — 8(%)2) with several values of K. Although
this function is not exactly periodic, its function values and derivatives
at x = =711 are extremely small, so convergence is rapid.

If f(x) is discontinuous or f(—7) # f(17), then ¢ decays as k!
and convergence is very slow. The most obvious characteristic of Fourier
series representations of discontinuous functions is the Gibbs phe-
nomenon, the rapid oscillation of the truncated series fx in the vicinity
of the discontinuity.

Example 2.6: Fourier series of a nonperiodic function and the Gibbs
phenomenon

What is the Fourier series expansion of f(x) = x?

Solution
Application of (2.25) yields that

cx _{o k=0

Ve | SR ko0

Observe that c_y = Ck (see Exercise 2.5), so we can write the Fourier
series as

2 X _
frx(x)=co+ \/ﬁ kgl (Re(ck) coskx — Im(ck) sinkx)
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X

Figure 2.4: Function f(x) = exp ( — 8(n)2) and truncated trigono-
metric Fourier series approximations with K = 2,5,10.
The approximations with K = 5 and K = 10 are visually
indistinguishable from the exact function.

which in the present case reduces to

K k
fr(x)=> ﬂsin kx

k=1 k
This series contains only sines, not cosines, reflecting the fact that the
function f(x) = x is odd. Figure 2.5 shows the approximation for
K = 5,10, and 50, which exhibits Gibbs phenomenon as expected for a
nonperiodic function.

The plot remains essentially the same if the discontinuity is in the

interior rather than on the boundary. For example, the function

X+1m —-1TT<x<0
flx) =
x—-m 0<x<TT

is periodic (along with all its derivatives) but has a discontinuity at the
origin. The Fourier series of this function is the same as that for the
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2 L 4

1L 4

Jrk(x) 0O

Figure 2.5: Truncated trigonometric Fourier series approximation to
f(x) = x, using K = 5,10,50. The wiggles get finer as
K increases.

previous, except shifted by 1

K _ _1\k K _
fr(x)=> ﬁsink(xvt T = > ~2 sinkx
-k o K

For trigonometric Fourier series, Gibbs phenomenon occurs whether
the discontinuity occurs on the boundary or in the interior of the do-
main. |

Implicitly, the trigonometric basis assumes that the function is pe-
riodic, with the period being the length of the interval. This is why the
Gibbs phenomenon occurs if the boundary values of the function are
not the same. Another basis that does not make this implicit assump-
tion is given by the so-called Legendre polynomials. This basis can
be constructed by performing Gram-Schmidt orthogonalization on the
set {1, x,x2,x3,...}. The first several of these polynomials, now in the
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space Lo(—1,1), the usual setting for polynomial basis functions, are

Py(x) =1 (2.27)
Pi(x)=x (2.28)
Pr(x) = (3x%-1)/2 (2.29)
2j+1 j

Pji1(x) = J_J+ ZxP;(x) - ji—lpj_l(x) (2.30)

and the Legendre-Fourier series representation of a function is

(o8]

flx)=>

i=0

(f (x),Pi(x))
(Pr(x), o)) 1Y)

Note that the sum starts with the index i = 0, which is conventional for
polynomial bases.

As written, this basis is not orthonormal; instead each polynomial
has been scaled so that its value is 1 at x = 1. The function f(x) = x
can be represented exactly, since P;(x) = x. Convergence for Fourier
series based on Legendre polynomials is analogous to that for trigono-
metric functions; in particular, spectral convergence is found for func-
tions that have infinitely many derivatives, whether they are periodic or
not. We refer the interested reader to Canuto et al. (2006) for detailed
analysis.

Figure 2.6 shows Legendre-Fourier series approximations to the func-
tion f(x) = exp ( — 8x?) truncated at n + 1 terms, i.e., including poly-
nomials up to degree n. As with the trigonometric Fourier series ap-
proximation of this function, convergence is rapid. Figure 2.7 shows
Legendre-Fourier Series approximations to the unit step function f(x) =
H(x); because this function is discontinuous, the Legendre-Fourier se-
ries also displays Gibbs phenomenon.

The trigonometric and Legendre basis sets are very important, but
there are many others that also are important and widely seen in appli-
cations. The following section introduces an entire class of equations,
each of whose members generates a basis set.

2.4.2 Self-Adjoint Differential Operators and Sturm-Liouville Equa-
tions

When we studied linear algebra, we learned that self-adjoint matrix
operators in R™ have special properties, namely that their eigenvalues
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Figure 2.6: Function f(x) = exp ( — 8x2) and truncated Legendre-
Fourier series approximations with n = 2,5, 10.

are real and their eigenvectors form an orthogonal basis for R". Self-
adjoint differential operators also generate basis vectors (functions).
Recall the definition of the adjoint L* of an operator L

(Lu,v) = (u,L*v)

Let us apply this definition to the operator L = d/dx in the interval
[0, 1] and the usual, i.e., uniformly weighted, inner product

(Lu,v)

1
J u' (x)v(x)dx
0

1
u@)v (1) —u(0)v() — JO ux)v'(x)dx

Since L is here a first derivative, any differential equation involving it
requires specification of one boundary condition. As an example, we
require that u(0) = 0. Now the boundary term at x = 0 vanishes. Now
observe that if we require that v(1) = 0, the boundary term at x = 1
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Figure 2.7: Function f(x) = H(x) and truncated Legendre-Fourier
series approximations with n = 10,50, 100.

also vanishes, leaving the result

1
(Lu,v) = —J u(x)v'(x)dx
0
= (u,L*v)
where L* = —d/dx. Therefore, if L is d/dx, operating on functions that

vanish at x = 0, then from the above equation, L* = —d/dx, operating
on functions that vanish at x = 1. The first derivative operator is not
self-adjoint.

If, however, we let L = d?/dx? and require that u(0) = u(1) = 0,
then the same procedure (but using integration by parts twice) shows
that L* is also d?/dx? operating on the same domain. The second-
derivative operator, therefore, with appropriate boundary conditions,
is self-adjoint. More generally, consider a class of second-order differ-
ential operators called Sturm-Liouville operators. These operators
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have the general form

Lu = i( d [ (x)—} +T(x)u> (2.31)

w(x)

in the domain a < x < b, with homogeneous boundary conditions
ocu(a) + pu’(a) =0, yu(b) +6u’(b) =0

To avoid the possibility of singular points, p (x) must be positive in the
domain. Furthermore, take the inner product to be

b
(U, V)w =J ux)v(x)w(x) dx
a
The function w (x) here is the same as in (2.31). For this integral to be
a proper inner product, we must require that w(x) > 0 in the domain.
We now show that Sturm-Liouville operators are self-adjoint. Re-
peated integration by parts yields

d

w(x) (dx

= p(b) (u' (b)v(b) —u(b)v'(b))
-pla) (W' (a)v(a) —ula)v'(a))

+Jhuw(lx) <% I:p(x)%:l +r(x)v> wdx  (2.33)

a

(Lu,v)y = [ (x)—] + T(X)u) vwdx (2.32)

If the boundary terms vanish, then this expression satisfies the self-
adjointness condition (Lu,v) = (u,Lv). This is the case if the above
boundary conditions apply on both u and v. The restriction on the
boundary conditions can be relaxed if p(x) vanishes at one or both
boundaries, in which case only boundedness of the function and its
derivative is required at that boundary. The latter case is called a sin-
gular Sturm-Liouville operator, because it has a singular point at the
boundary or boundaries where p vanishes. Finally, the boundary terms
also vanish if p(a) = p(b) and periodic boundary conditions are
imposed: u(a) = u(b),u’(a) = u'(b) and likewise for v.

Next consider the eigenvalue problem associated with the Sturm-
Liouville operator®

Lu+Au=0

5This is the conventional form for writing differential eigenvalue problems. Unfor-
tunately, it is different from the convention for algebraic problems.
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As with all self-adjoint operators, the eigenvalues A are real and the
eigenvectors—now called eigenfunctions because they are elements of
a function space—are orthogonal with respect to the inner product
weighted by w(x). Furthermore, and very importantly, there are an
infinite number of eigenfunctions and they form a complete basis for
Ly (a,b). We next consider three Sturm-Liouville operators that pro-
duce some famous eigenfunctions that are popular choices for use as
basis functions.

Example 2.7: Generating trigonometric basis functions

Consider the operator L = d?/dx?, with boundary conditions 1 (0) =
u(l) = 0. The eigenvalue problem for this operator is

u’ +Au=0 (2.34)
What are the eigenvalues and eigenfunctions?

Solution

This equation has the general solution
u(x) = cysin VAx + C2 COS Vax

We have thus taken A > 0: a negative value of A would lead to a gen-
eral solution consisting of growing and decaying exponentials, which
cannot satisfy homogeneous boundary conditions on both boundaries,
as can be easily checked. The boundary condition 1 (0) = O requires
that ¢, = 0. Setting c; = O leaves only the trivial solution u = 0, so to
satisfy the remaining boundary condition, we require that

sinvAl =0

This is the characteristic equation for this eigenvalue problem; it has
infinitely many roots A = n?m?/12 forn = 1,2,3,...,. Thecase n = 0
does not result in an eigenvalue since sin0 = 0. Thus the eigenfunc-
tions are

. NTTX
Uy (x) =sin

with (U, uy) = %b}nn. The result that Sturm-Liouville eigenfunctions
form a basis for functions in L,(0,l) implies that we can write any
function in that space as a Fourier series

nTx
l

f(x) = > culx)sin

n=1
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where
(f(x),sin %)

(sin T, sin T

C'I’L:

BHELS

This is the Fourier Sine series of f(x).

Now consider the same operator but with periodic boundary con-
ditions 1 (0) = u(l),u’(0) = u’(l). The boundary terms in (2.33) also
vanish in this case, because here p(a) = p(b) = 1. Now the solution to
(2.34) is

Uu = exp ivAx

2
which satisfies the periodicity requirement if A = (2"%) for any in-

teger n. Thus the eigenfunctions of d?/dx? with periodic boundary

conditions in (0, 1) are
X

l
Taking | = 21, we recover the first set of basis functions we considered
in Section 2.4.1. O

Uy =expi

Example 2.8: Bessel’s equation revisited

pe= 2 (o)

The operator

" xdx \Ndx
arises in many differential equations originating in problems in polar
coordinates, e.g., diffusion in a cylinder. It has Sturm-Liouville form
with w = p = x, ¥ = 0. The eigenvalue problem for this operator can
be written

rr 1 ’
u’' +=u"+Au=0
X
or, multiplying through by x?, as
x2u” + xu' +Ax?u =0
What are its eigenfunctions and eigenvalues?

Solution

This is a variable-coefficient problem with a regular singular point at
x = 0, so we can seek solutions by the method of Frobenius. Alter-
nately, in the present case we can make the substitution z = x+/A, thus
rewriting the equation as
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which is in fact Bessel’s equation of order zero. We already found that
this equation has the general solution u(z) = c1Jo(z) + c2Yo(2), or,
reverting to the original independent variable,

u(x) = c1Jo(VAX) + 2 Yo(VAx)

To complete the specification of the eigenvalue problem requires choos-
ing the domain and imposing specific boundary conditions. Consider
the domain 0 < x < [. We require that 1(0) be bounded; this is all that
is required, since p(0) = 0 and u(l) = 0. Boundedness requires that
c2 = 0, because Yy diverges logarithmically at the origin. Satisfaction
of u(l) = 0 requires that

Jo(WAl) =0

The top center plot of Table 2.3 shows Jo(x); the positions of its zeros
determine the eigenvalues A. The first several of these are at approxi-
mately x = 2.4,5.5,8.7,11.8,... and are tabulated in many places, in-
cluding Abramowitz and Stegun (1970). Thus A1 = (2.4/1)2, etc. The
functions

Un(x) = JO(\/an)

form an orthogonal basis for L, (0,1). Referring again to Table 2.3,
u1 is the function Jq scaled so that its first zero is at x = [, u, is the
same function, but scaled so that its second zero is at x = [, etc.

Other boundary conditions could be chosen. For example, one could
requireu(a) = 0,u(b) = 0. In this case the eigenfunctions involve both
Jo and Yy, and the eigenfunctions and eigenvalues are determined by
the solution to the coupled nonlinear equations

Jo(WAa) + c2Yo(VAa) = 0
Jo(VAD) + c2Yo(VAb) = 0
Since c; is arbitrary, it has been set to unity for convenience. Here ¢»

and A are the unknowns. Solution of these highly nonlinear equations
is nontrivial. m|

Example 2.9: Legendre’s differential equation and Legendre polyno-
mials

Consider the Sturm-Liouville eigenvalue problem with p(x) = 1 — x?,
w(x)=1,r(x)=0inthe domain -1 <x <1

(1 —x2> u’ —2xu ' +Au=0
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It has regular singular points at x = =1 while the origin is an ordi-
nary point. Because p(x) = 0 at x = +1, only boundedness at these
points is required of the eigenfunctions. What are the eigenvalues and
eigenfunctions?

Solution

Seeking a series solution around x = 0 reveals that, if A = [(l + 1) with
[ > 0 an integer, then one of the solutions is a Legendre polynomial
of degree I (Exercise 2.35) and using the method of Frobenius one can
learn that the other has logarithmic singularities at x = +1. Otherwise,
because the radius of convergence of a power series solution is given by
the distance to the nearest singular point(Ablowitz and Fokas, 2003),
there is no solution that is bounded at both x = 1 and x = —1. There-
fore, the eigenvalues of (2.9) are A = I(l + 1) with [l = 0,1,2,... and
the corresponding eigenfunctions are the Legendre polynomials P;(x).
Legendre polynomials are the simplest of a broad class of orthogonal
polynomials that come from Sturm-Liouville eigenvalue problems and
are orthogonal with respect to various weighted inner products. Some
examples are given in the exercises. a

2.4.3 Existence and Uniqueness of Solutions
Homogeneous Boundary Conditions

Consider the nonhomogeneous second-order differential equation with
the homogeneous boundary conditions

Lu=f
Biu=0 Bu =0 (235)

Define the null space of the operator
N(L)={u|Lu=0, Byu=0, Byu=0;}
and the null space of the adjoint operator
N(L*)={v|L*v =0, Bfv=0, Bjv=0}

then the following theorem characterizes existence and uniqueness of
solutions to (2.35) (Stakgold, 1998, p. 210-211).

Theorem 2.10 (Alternative theorem). For the boundary-value problem
in (2.35), we have the following two alternatives.
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(a) Either—
N (L) contains only the zero function in which case N (L*) contains only
the zero function and (2.35) has exactly one solution for every f.

(b) Or—
N(L) contains n linearly independent functions, in which case N(L*)
contains n linearly independent functions

N(L):{u1)u21---1un} N(L*):{'Ulyvzl---’vn}
and (2.35) has a solution if and only if
(f,vi) =0, k=1,2,...,n

and the general solution is

n

u(x) = up(x) + > Ui (x)
k=1

in which 1, (x) is any particular solution and o are arbitrary scalars.

Next we present two heat-conduction problems that display the two
alternatives.

Example 2.11: Steady-state temperature profile with fixed end tem-
peratures

Apply the alternative theorem to the steady-state heat-conduction prob-
lem with heat generation f (x) and specified end-temperature boundary
conditions

A°T(x)  »
W —f(X)

T(X):To x =0
T(x)=T1 x=1

-k

What can you conclude about existence and uniqueness of the steady-
state temperature profile?

Solution

First it is convenient to make the boundary conditions homogeneous
by defining
ux)=Tx)—-To(1l-x)—-Tix
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and dividing by the thermal conductivity to give

Lu=f
Biu =0 B>u =0

in which f = —f/k and
d2
= Ix2 Biu = u(0) Bou = u(1)
Next we compute N (L). Setting Lu = 0 gives
u(x)=ax+b
Applying the boundary conditions gives
Biu=u(0)=b=0 Bou=u(l)=a=0

and we see that u = 0 is the only element of N(L). We can therefore con-
clude that N(L*) also contains only the zero element, and the steady-
state temperature profile exists and is unique for any heat-removal rate

f. 0

Example 2.11 illustrates the first alternative in Theorem 2.10. The
following example illustrates the second alternative.

Example 2.12: Steady-state temperature profile with insulated ends

Replace the fixed-temperature boundary conditions in Example 2.11
with insulated-end boundary conditions. What can you conclude about
existence and uniqueness of the steady-state temperature profile for
these boundary conditions? What is the physical interpretation of the
existence condition. Why is the solution not unique?

Solution

The boundary conditions for insulated ends are

Tx(x)=0 x=0

and since the boundary conditions already are homogeneous, we have

LT =f
BiT=0 B,T=0
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in which f = —f/k and

d2
T dx?

Next we compute N(L). Setting LT = 0 gives

BiT = Tx(0) BoT = Tx(1)

T(x)=ax+Db
as before. Applying the boundary conditions gives
BiT=Tx(0)=a=0 BT =Tx(1)=a=0

and now we have that T(x) = b is in N(L). With these boundary con-
ditions L has a one-dimensional null space consisting of the constant
function. Normalizing this element gives {1} as the basis function for
N(L) and the one-dimensional nullspace

NL)=«x-1 x e R

Since the problem is self-adjoint, N(L*) is identical to N(L). Applying
the alternative theorem, we conclude that a steady-state temperature
exists only if

1
(£,1) = | fxdx =0
and the general solution is
T(x)=Typ(x)+

where T, is any particular solution. Since f corresponds to a rate of
heat removal (or addition when f < 0) to the domain, the restriction on
f provides the physically intuitive fact that if the ends are insulated,
just as much heat must be removed from the domain as is added for a
steady-state temperature to exist. For f satisfying this restriction, the
general solution indicates that a constant can be added to any steady-
state solution to provide another steady-state solution. m|

Nonhomogeneous Boundary Conditions

Next consider the nonhomogeneous second-order problem for 1 (x) on
X € [a, b] with the nonhomogeneous boundary conditions

Lu=f
Biu=y1  Bxu=y> (2.36)
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The null spaces of the operator and the adjoint are defined as in the
case with homogeneous boundary conditions

N(L)={u|Lu=0, Biu=0, Bu=0}

N(L*) ={v|L*v =0, Bfv=0, Bjv=0}

When we define the adjoint operator, we perform integration by parts
(Lu,v) - (u,L*v) = J(u,v) |}

From the integration by parts, we have that J(u,v) is linear in both
u(x) and v (x) and involves lower-order derivatives of u, v evaluated
at the two ends of the interval. Setting J(u,v) |z to zero is what deter-
mines the adjoint boundary functionals

Vu such that Biu = 0,Bou =0

b
Jw,v) |, =0 Vv such that Bf v = 0,Bfv =0

To find the solvability condition for the nonhomogeneous boundary
conditions, we take the difference

(Lu,vi) — (u,L*vg) = J(u, vg) ‘Z

in which vg is any element of the null space of the adjoint and u is the
solution to (2.36). Then, because Lu = f and L*vy = 0, we have

(frve) = J(w,vg) |2 (2.37)

Evaluating J(u, vg) for u satisfying Byu = y; and Bou = y,, and v
satisfying Bf vy = 0, Bjvx = O, gives the solvability conditions for
the nonhomogeneous problem. The next example and Exercise 2.40
derive the solvability conditions for problems with nonhomogeneous
boundary conditions.

Example 2.13: Steady-state temperature profile with fixed flux

Consider again Example 2.12, but replace the insulated ends with fixed,
nonzero fluxes at the ends

Ty(x)=y1 x=0
Tx(x)=y2 x=1

For what f does the solution exist?
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Solution
This fully nonhomogeneous problem can be written as
LT =f
BiT=y1 BT =2
in which f = —f/k and
d2
T dx?

The null space N(L) is unchanged, so the constant function {1} is a
basis function and

B1T = T« (0) BT =Ty (1)

N(Il)=«x-1 xeR
The problem was shown to be self-adjoint so N(L*) is one dimensional
and vi(x) = 1. Next we compute J(u,v) for this problem. Integration
by parts gives
(Lu,v) — (u,L*v) = J(u,v) |g
=V(Dux(1) —v(0)ux(0) — vx()u(l) + vx(0)u(0)
For T satisfying the boundary conditions and vy in N(L*), we have
BiT =Tx(0) =y1  BoT =Tx(1) =y>

dv dv
Biuy = d—xl(O) -0 Biv,-= d—xl(l) -0

Substituting these into J gives

JT o013 = 1@ Te(1) - 110) Te(0) - 22 T + 22 0) 7(0)
—— e — e —— X dx

1 Y2 1 Y1 T T

=Y2— X1
Substituting this into the solvability condition, (2.37), gives

1
(1) = | foodx = vz -y
and the general solution remains
T(x)=Tp(x) + x

The restriction on f now stipulates that the net heat generation must
exactly balance the heat removed through the two ends. Again, for f
satisfying this restriction, a constant can be added to any steady-state
solution to provide another steady-state solution. m|
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du(t)
dat

o(t ~
yo) F) = £(0) +ys(t)

Sf@)

0 0 t

Figure 2.8: Solution to the initial-value problem with nonhomoge-
neous boundary conditions; top figure shows u(t) with
step introduced at t = 0, and bottom figure shows re-
sulting du/dt with impulse at t = 0.

Nonhomogeneous Boundary Conditions Revisited

We can use the delta function and its derivatives introduced in Section
2.2.5 to streamline the treatment of the nonhomogeneous case. Basi-
cally we replace the nonhomogeneous boundary conditions with homo-
geneous ones, but then compensate for this change by adding appro-
priate impulsive terms to the forcing term of the differential equation.
In this way, we have to recall only how to solve problems with homoge-
neous boundary conditions, and we can use Theorem 2.10 to analyze
existence and uniqueness even when a problem has nonhomogeneous
boundary conditions.

It is perhaps easiest to introduce the approach with an example.
Let’s say we are interested in solving the first-order nonhomogeneous
differential equation, with forcing term f(t), and nonhomogeneous
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boundary (initial) condition

du
E:f(t)

u@ =y y=+0

The solution is sketched in Figure 2.8. Imagine instead that we solve
the problem with the homogeneous boundary condition u(0~) = 0, and
we push the boundary at t = 0 slightly to the left of zero. Now we wish
to make the solution jump to value u(0) = y just after time 0~ so
that it agrees with the solution to the problem with nonhomogeneous
boundary condition at t = 0. This idea is also sketched in Figure 2.8.
To make u(t) jump discontinuously by amount y at t = 0, we require
du/dt to have an impulse of strength y at t = 0, which is yd(t). Since
du/dt = f(t), we introduce a modified forcing term f and choose it
to be

Ft) = f(t) +ys(t)

We conjecture that solving the problem with this modified forcing term
f and homogeneous boundary condition should give us the solution to
the problem with the original f and nonhomogeneous boundary con-
dition. Let’s check this conjecture. By inspection, the solution to the
differential equation is obtained by integration

du =
ar = f(t)
du = f(t)dt

t b
u(t)|o = JO_ f(oydr
t —~
W) ~u©) = | Frdr

t —~
w = | Ferdr

Note that this solution satisfies the homogeneous boundary condition
u(0~) = 0 as desired. Now we substitute the definition of f to obtain
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the solution of the original problem
t
u(t) = Li (f(T) +yd(T))dT

t t

= f(T)dT-l—J yo(t)dTt
0~ 0~

t t
=y Jo— o(t)drt + Jo f(rydr

¢
u(t)=y+J0f(T)dT t>0

By inspection, the last equation is indeed the solution to the original
problem with forcing term f and nonhomogeneous boundary condition
u(0) =y.

We can generalize this approach to cover any nonhomogeneity in the
boundary conditions by adding appropriate impulsive forcing terms to
the original problem’s differential equation. We revisit Example 2.13
to illustrate this technique.

Example 2.14: Fixed flux revisited

Rederive the existence and uniqueness conditions for Example 2.13 us-
ing the alternative theorem, which applies only to homogeneous prob-
lems.

Solution

We replace the nonhomogeneous boundary conditions of Example 2.13
with the homogeneous version

BiT=T(0")=0
BT =Ty(1%) =0

In this example we require that Ty jump from zero to value y; at the
left boundary, x = 0. That requires an impulse to be added to f so
that Txx sees an impulse and Ty sees a jump at x = 0. We also require
for T to jump from value y, to zero as x passes through x = 1 at the
right boundary. We add —y,6(x — 1) to f to cause Ty to jump by this
amount. The modified f is therefore®

F(x) = f(x) + y18(x) — y28(x — 1)

SNote that if we had nonhomogeneous boundary conditions on T rather than Ty, we
would required Ty to have an impulse and Txx to have a doublet, and we would add
y16'(x) = y20'(x —1) to f.
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Next we apply the alternative theorem. We have already computed
the null space of L for this problem. Itis N(L) = 1. The problem is
self-adjoint so this is also N(L*). The solvability condition applied to

f gives

0=(f1)
1+

= F(x)dx
o-

1+
= L (f(x) +y16(x) — y20(x — 1))dx

1
0=J fx)dx +y1—y2
0

The last equation implies the solution exists for f satisfying

1
Jo fx)dx =y —y1
and the general solution remains

T(x)=Ty(x)+ ]

We see that we have reached the same solvability condition found
in Example 2.13. By introducing f and using homogeneous boundary
conditions, we avoid the additional complication of introducing and
evaluating J(u,v) as explained in Section 2.4.3. Evaluating J(u,v) is
about the same work as determining the appropriate f But using delta
functions expands the applicability of Theorem 2.10, and allows this
one theorem to cover both homogeneous and nonhomogeneous bound-
ary condition cases, which is not an insignificant benefit.

Example 2.15: Nonhomogeneous boundary-value problem and the
Green’s function

The following second-order nonhomogeneous boundary-value problem
arises in solving the transient wave equation for propagation of sound.
We wish to solve the following BVP for u(x), x € [0, 1]

Lu=f
B]_MZO Bz’l/LZO
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in which the second-order differential operator is Lu = d?u/dx? —
k?u, and the two boundary functionals are Biu = u(0), Bou = u(1).
The constant k is real and the function f(x) is an arbitrary forcing
function.

(a) Take the Laplace transform of the BVP with the x variable playing
the role of time. Note that the values of 1(0) and u, (0) show up
in the transform. Evaluate u(0) and leave u,(0) as an unknown
constant.

(b) Invert the transform to obtain u(x).

(c) Solve for u,(0) using the solution in the previous part and the
other boundary condition. Plug the expression for 1, (0) back
into your solution to obtain the complete solution to the problem.

(d) Next express the solution as

1
wix) = L G(x,E)f(E)dE

The function G(x, £) is known as the Green’s function for the non-
homogeneous problem.” Write out the Green’s function G(x, &)
for this problem.

(e) Establish that the Green’s function G(x, &) is symmetric for this
boundary-value problem, i.e., G(x, &) = G(&, x).
Hint: you may find the hyperbolic difference formula useful:
sinh(a — b) = sinhacoshb — coshasinhb.

Solution

(a) Taking the Laplace transform of the differential equation gives

S2U(s) — su(0) — ux(0) — kK2u(s) = f
(s2 = k)U(s) = f +ux(0)
? Ux(0)

uls) = 2 _ret 22
"The Green’s function concept is explored in greater detail in Chapter 3, Section
3.35.
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(b) Using the transform pair

_ 1 1 .
L 1(32—k2> = Esmhkx

and the convolution theorem gives

uX( ) sinh kx

ulx) = kj sinh(k(x - &))f(&§)d§ + ——

(c) Evaluating the solution at x = 1 and solving for the unknown
U, (0) gives

0=u(1)

kjammu £)f©)dg + 0

sinh k

Uy (0) = m L sinh(k(1 - &))f(§)dE

Substituting 1y (0) into the previous solution gives

. 1
sinh kx sinh(k(1 - §)).f(§)dg

1 (> .
uix) = ¢ L sinh(k(x — £))f (E)dE - Tom 2 |

(d) Combining these two integrals into one gives

1
mw:LGmaﬂa@

with
sin hkx
nh k

%smh(k(x §))— sinh(k(1-§)) &<x

G(x,E) =
(x.8) _smh kxsinh k(1 — E)

ksinhk

E>x
(e) We work on the first part of G(x,&) using the sinh difference
formula
sinh(a — b) = sinhacoshb — coshasinhb
We have for & < x that

smh kx
hk

1 i i . .
= Xsinh k(smh ksinh(k(x — &)) — sinhkx sinh(k(1 - £)))

G(x,&) = fsmh(k(x &) -

sinh(k(1 - §))
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Using the sinh difference formula on the term in parentheses
gives

sinh ksinh(k(x — &€)) — sinhkx sinh(k(1-&)) =
sinh k(sinh kx cosh k& — cosh kx sinh k&) —
sinh kx (sinh k cosh k& — cosh ksinh k&)

Canceling the cosh k& terms gives

sinhksinh(k(x — &)) — sinhkxsinh(k(1 - &)) =
— sinh k cosh kx sinh k& + sinh kx cosh k sinh k&

Factoring out the sinh k& term and using the difference formula
again gives
sinhksinh(k(x — &)) — sinh kx sinh(k(1 - &))
= sinh k& ( sinh kx cosh k — cosh k sinh k)
sinh k& sinh(kx — k)
—sinh k&sinh(k(1 - x))

Substituting this result into the equation for G(x, &) gives

_sinh k&Esinh(k(1 - x))

- E<x

Gix,p) =] koK
_smh kxsinhk(1- &) £>x

ksinhk

and we have established that G(x, &) = G(&, x); the Green’s func-
tion for this operator is symmetric, a consequence of the self-
adjointness of L in this case. a

Lyapunov Functions and Stability

251 Types of Stability

Consider a system model of interest to be an autonomous initial-value
problem

dx
- f(x)  x(0) =x0 (2.38)

We are interested in the behavior of solutions to this system. Since
the solution depends on the initial condition, we denote by ¢ (t; x) the
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Stability Asymptotic Stability

Figure 2.9: Solution behavior; stability (left) and asymptotic stability
(right).

solution to the initial-value problem at time t > O, which has value x at
time t = 0. So the solution to the initial-value problem above is given
by ¢(t;x0),t = 0. But we are also interested in the solution as we vary
the initial value x. Steady-state solutions to the model, if any exist,
satisfy

f(xs) =0

We can always shift a steady state of interest to the origin by defining
a new coordinate, X = x — x;, and f(X) = f(X + xs) so that

ax dx ~
E:E:f(x):f(x+xS)
ax ~

T =f®  fo=o

So we assume without loss of generality that x; = O, i.e., the origin is
the steady state of interest. Unlike a linear system, when dealing with
a nonlinear system, stability depends on the solution of interest, and
we may have some solutions that are stable, while others are unstable.
For a given linear system, the stability of all solutions are identical, and
to reflect this special situation, we often refer to stability of the system,
rather than stability of a solution.

There are several aspects to stability, and we define these next. The
first most basic characteristic of interest is whether a small perturba-
tion to x away from the steady-state solution results in a small subse-
quent deviation for all future times. The general term stability is com-
monly reserved for this most basic notion; we use the more precise
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term Lyapunov stability or stable in the sense of Lyapunov if we need
to ensure that there is no confusion. The definition is as follows.

Definition 2.16 ((Lyapunov) Stability). The origin is (Lyapunov) stable
if for every € > 0, there exists 6 > 0 such that || x|| < 6 implies
l|p(t;x)|| <eforallt >0.

The stability concept is illustrated on the left side of Figure 2.9. A
solution that is not stable is termed unstable. The next characteristic
of interest is whether small perturbations to the initial state die away
as time increases. The idea here is whether the origin attracts solutions
starting nearby.

Definition 2.17 (Attractivity). The origin is attractive if there exists 6 >
0 such that ||x|| < 6 implies that

fim [l )] = 0

Asymptotic stability is then the combination of these two proper-
ties.

Definition 2.18 (Asymptotic stability). The origin is asymptotically sta-
ble if it is (i) stable and (ii) attractive.

The right side of Figure 2.9 shows a representative solution tra-
jectory when the origin is asymptotically stable.® One might wonder
why Lyapunov stability is a requirement of asymptotic stability, or even
whether the origin can be attractive, and not Lyapunov stable. The an-
swer is yes, the origin in a nonlinear system may be globally attrac-
tive and still not Lyapunov stable. The problem with these systems is
that there exist starting points, arbitrarily close to the origin, for which
the resulting trajectories become large before they asymptotically ap-
proach zero as time tends to infinity. Because we cannot bound how
large the solution transient becomes by constraining the size of its ini-
tial value, we classify the origin as unstable.® Note that the system must

8 Asymptotic stability is probably the most common notion of stability that people
have in mind, and sometimes it is referred to simply as stability. Of course, this usage
may cause confusion because now the term stability is being used in two ways: as
Lyapunov stability and as asymptotic stability; and one is stronger than the other.

90ne is obviously free to define words as one pleases, but defining asymptotic sta-
bility in this way precludes a possible solution behavior that is not expected of “nice”
or “stable” solutions. Regardless of terminology, the important point is to be aware
that solutions can be globally attractive and not Lyapunov stable.
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be nonlinear for a solution to be attractive and unstable. For linear sys-
tems, attractivity and asymptotic stability are identical; see Exercise
2.60.

A stronger form of asymptotic stability known as exponential sta-
bility is often useful, especially when dealing with linear dynamics. It
is defined as follows.

Definition 2.19 (Exponential stability). The origin is exponentially sta-
ble if there exists & > 0 such that || x|| < ¢ implies that there exist
¢, A > 0 for which

l[p(t;x)|| <cllxlle™™ forallt =0

We leave it as an exercise for the reader to show that the definition
of exponential stability implies also Lyapunov stability.

2.5.2 Lyapunov Functions

Now we consider a scalar function of x, denoted V(x), whose char-
acteristics are going to enable us to analyze the stability of the origin
without requiring us to first solve completely the model X = f(x). The
motivation for this class of functions is the role that mechanical en-
ergy plays in a mechanical system. Consider mechanical energy to be
the sum of kinetic and potential energies, T and K, and let total energy
be the sum of mechanical energy and internal energy

E=U+Enm Evy=T+K

If we start an isolated mechanical system, such as the particle on a track
depicted in Figure 2.10, at some system temperature with some initial
kinetic and potential energies, and monitor the mechanical energy with
time, we observe that although the total energy E is conserved, the
mechanical energy E)y; steadily drops as some of that form of energy is
converted into heat by friction.'® The temperature of the system slowly
increases due to the conversion of energy into heat, and the internal
energy U of the system increases to maintain the total energy constant.
If we define the height of the track at its lowest point as h = 0, we then
have Ey = (1/2)mv? + mgh, and since h > 0, m > 0, and v? > 0, we
have that Ey = 0. The mechanical energy is therefore a scalar function
satisfying
Ey=0 EM <0

10This conversion of mechanical energy into heat is what causes the system’s entropy
to increase.
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Figure 2.10: A simple mechanical system with total energy E, inter-
nal energy U, kinetic energy T = (1/2)mv?, and po-
tential energy K = mgh. The mechanical energy is
Ey =T + K, and the total energy is E = Ey + U.

Because Ej; decreases with time and is bounded below by zero, we
expect that its only possible steady state is Ey; = 0, and Ep = 0 implies
both v = 0 and h = 0. So by analyzing the energy function E); in this
fashion, we conclude that the marble at rest at the bottom of the track
is an asymptotically stable steady state, and we do not have to solve
the complicated equations of motion of the system to deduce this fact.

We wish to generalize this concept, and the key idea is to define V (x)
to be a nonnegative scalar function V : R™ — R, with a negative time
derivative V(x(t)) < 0. To compute the time derivative of V(x(t)), we
apply the chain rule giving!?!

Vix) = (g‘;)%j;;
V(x) = (g‘;)rf(m (2.39)

This generalization of mechanical energy is the concept of a Lyapunov
function for the system X = f(x). A precise definition is as follows.

Definition 2.20 (Lyapunov function). Consider a compact (closed and
bounded) set D C R" containing the origin in its interior and let func-

11see Appendix A for various notations for derivatives with respect to vectors. Some

readers may be more familiar with this equation in the form V(x) = VV - X or V(x) =

(VW) x or V(x) = $-%i.
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tion V : R"™ — R-o be continuously differentiable and satisfy'?

V() =0and V(x) >0forx e D\O0 (2.40)
V(x)<O0forx eD (2.41)

Then V (-) is a Lyapunov function for the system x = f(x).

The big payoff for having a Lyapunov function for a system is the im-
mediate stability analysis that it provides. We present next a few repre-
sentative theorems stating these results. We mainly follow Khalil (2002)
in the following presentation, and the interested reader may wish to
consult that reference for further results on Lyapunov functions and
stability theory. We require two fundamental results from real analysis
to prove the Lyapunov stability theorems. The first concerns a nonin-
creasing function of time that is bounded below, which is a property
we shall establish for V(x(t)) considered as a function of time. One
of the fundamental results from real analysis is that such a function
converges as time tends to infinity (Bartle and Sherbert, 2000, Theo-
rems 3.3.2 and 4.3.11). The second result is that a continuous function
defined on a compact (closed and bounded) set achieves its minimum
and maximum values on the set. For scalar functions, i.e., f : R —» R,
this “extreme-value” or “maximum-minimum?” theorem is a fundamen-
tal result in real analysis (Bartle and Sherbert, 2000, p. 130), and is
often associated with Weierstrass or Bolzano. The result also holds for
multivariate functions like the Lyapunov function V : R"™ — R.q, which
we require here, and is a highly useful tool in optimization theory (Man-
gasarian, 1994, p. 198) (Polak, 1997, Corollary 5.1.25) (Rockafellar and
Wets, 1998, p. 11) (Rawlings, Mayne, and Diehl, 2020, Proposition A.7).

Theorem 2.21 (Lyapunov stability). Let V(-) be a Lyapunov function
for the system X = f(x). Then the origin is (Lyapunov) stable.

Proof. Given € > 0 choose ¥ € (0, €] such that
B={xeR"||xll<r}eD

The symbol B, denotes a ball of radius . Such an r > 0 exists since
D contains the origin in its interior. The sets D and B, are depicted in
Figure 2.11. Define « by

x= min V(x)
x€eD,||x||=r

12For two sets A and B, the notation A \ B is defined to be the elements of A that
are not elements of B, or, equivalently, the elements of A remaining after removing the
elements of B.
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Figure 2.11: The origin and sets D, B,, Vg (shaded), and Bs.

Note that « is well defined because it is the minimization of a contin-
uous function on a compact set, and «x > 0 because of (2.40). Choose
B € (0, @) and consider the sublevel set

Vg = (x| V(x) < B)

Note that, as shown in Figure 2.11, sublevel sets do not need to be
connected. Regardless, we can readily establish that Vg is contained in
the interior of B, as follows. A point p not in the interior of B, has
llp|| = r and therefore satisfies V(p) > o« due to «’s definition, and is
therefore not in the set Vg since f < «. Notice also that any solution
starting in Vg remains in Vg for all £ > 0, which follows from (2.41)
since V(x(t)) < O implies that V(x(t)) < V(x(0)) < Bforallt > 0.
A set with this property is called an invariant set, or sometimes a
positive invariant set, to indicate that the set is invariant for time
running in the positive direction. Next notice that Vg contains the origin
in its interior since 8 > 0. Therefore we can choose 6 > 0 such that the
ball Bs is contained in Vg. Therefore, if we choose initial x € Bs, we
have forall t = 0

Ixll<d6 = xeVg =
P(t;x) eV = ¢P(t;x) €B, = ||[p(t;x)|| <€
and Lyapunov stability is established. [ ]

Theorem 2.22 (Asymptotic stability). Let V(-) be a Lyapunov function
for the system X = f(x). Moreover, let V (-) satisfy

V(x) <0 forxeD\O (2.42)

Then the origin is asymptotically stable.
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Proof. We conclude that the origin is stable from the previous theorem.
So to prove asymptotic stability we need to show only that the origin
is attractive. Since V (-) is continuous and vanishes only at zero, it is
sufficient to establish that V(¢ (t;x)) goes to zero as t — o for all x
satisfying || x|| < n. We choose n as in the proof of Lyapunov stability so
B, = D. Since V(x(t)) <Oforall x(t), V(x(t))isa nonincreasing func-
tion of time, and it is bounded below by zero. Therefore it converges.
We need to show that it converges to zero. Assume the contrary, that
V(x(t)) converges to some ¢ > 0, and we establish a contradiction.
Consider the level set V. = {x | V(x) = c}. This level set does not con-
tain the origin, so we can choose d > 0 such that max|xj<a V(x) < c.
Since V(x(t)) is nonincreasing and approaches ¢ as t — o, we have
that x(t) is outside B, for all t = 0. Next define y as
y=— max V(x)
ds<lixli=n

Note that y is well defined because V(x) is continuous due to (2.39)
and the fact that oV (x)/dx and f(x) are continuous. We know y > 0
due to (2.42). Therefore

t
Vix(t)) = V(x(0)) + Jo V(x(1))dT < V(x(0)) — yt

The right-hand side becomes negative for finite t for any x(0) € By,
which contradicts nonnegativity of V(-), and we conclude ¢ = 0 and
V(x(t)) — 0, and hence x(t) — 0, as t — 0. []

Under the stronger assumption of Theorem 2.22, i.e., (2.42), estab-
lishing continuity of the solution ¢(t;x) int for all t > 0 and all x
in a level set Vg contained in By also implies that the level set Vg is
connected. This follows because every point x € Vj is then connected
to the origin by a continuous curve ¢ (t; x) that remains in the positive
invariant set Vg forall t > 0.

Next we consider a further strengthening of the properties of the
Lyapunov function to ensure exponential stability. We have the follow-
ing result.

Theorem 2.23 (Exponential stability). Let V(-) be a Lyapunov function
for the system X = f(x). Moreover, let V(-) satisfy for all x € D

allx||? <V(x) <b|x|? (2.43)
Vix) < —clx|¢ (2.44)

for some a, b,c, o > 0. Then the origin is exponentially stable.
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Proof. Consider an arbitrary v > 0 and define function B(-) by f(v) =
max|x|<r V(x). We have that §(-) is positive definite and (0) = 0.
Now choose v > 0 small enough so that Vg,y = D. Such an v ex-
ists since V(-) is continuous and V(0) = 0. We know that trajectories
starting in Vg remain in Vg and hence D, so the inequalities stated in
the theorem hold for solutions ¢(t;x) for all £ = 0 and x € Vg. The
upper-bounding inequality on V() implies that ||x || = V(x)/b, which
combined with the bound on the time derivative of V(x(t)) gives

- c

V<-— bV
Notice that the scalar time function v (t) = V(x(t)) satisfies the ODE
¥ < —(c/b)v and therefore v(t) < v(0)e /Dt Translating this
statement back to V(-) gives V(¢ (t;x)) < V(x)e /D)t for all t >
0 and x € Vpg. Using the lower-bounding inequality for V(-) gives
l|p(t;x)]|7 < V(x)/a e ¢/P)t. Using the upper-bounding inequality
again gives forall x € Vgand allt > 0

1/0
l|[p(t;x)]| < (E) x| e~ (c/boNt

a

We can choose 6 > 0 such that the ball Bs is contained in Vg as shown
in Figure 2.11. We then have that for all |x|| < &

llpt;x)|| <cllxlle™  forallt =0

in which ¢ = (b/a)}? > 0and A = ¢/(bo) > 0, and exponential
stability of the origin is established. ]

2.5.3 Application to Linear Systems

Lyapunov function analysis of stability can of course be applied to lin-
ear systems, but this is mainly for illustrative purposes. We have many
ways to analyze stability of linear systems because we have the ana-
lytical solution available. The true value of Lyapunov functions lies in
analysis of nonlinear systems, for which we have few general purpose
alternatives. To build up some expertise in using Lyapunov functions,
we consider again the linear continuous time differential equation
ax = Ax x(0) = xo (2.45)
dt
in which x € R" and A € R"™™, We have already discussed in Sec-
tion 2.2.2 the stability of this system and shown that x(t) = 0 is an
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asymptotically stable steady state if and only if Re(eig(A)) < O, i.e,
all eigenvalues of A have strictly negative real parts. Let’s see how we
construct a Lyapunov function for this system. Consider as a candidate
Lyapunov function

V(x)=xTSx

in which S € R"™*" is positive definite, denoted S > 0. With this choice
we have that V : R" — R.g, which is the first requirement, i.e., V(0) = 0
and V(x) > 0 for x = 0. We wish to evaluate the evolution of V(x(t))
with time as x evolves according to (2.45). Taking the time derivative
of V gives

d d

“ _ 4T
dtv(x(t)) dtx Sx

dx’ rodx

= ar XS

=xTATSx + xTSAx
%V(x(t)) =xT(ATS + SA)x
and the initial condition is V(0) = ngxo. One means to ensure that
V(x(t)) is decreasing with time when x =+ 0 is to enforce that the matrix
ATS + SA is negative definite. We choose some positive definite matrix
Q > 0 and attempt to find a positive definite S that satisfies

ATS +SA=-Q (2.46)
so that

iV = -—xTQx

dat

Equation (2.46) is known as the matrix Lyapunov equation. It says that
given a Q > 0, if we can find a positive definite solution S > 0 of (2.46),
then V(x) = xTSx is a Lyapunov function for linear system (2.45), and
the steady-state solution x = 0 is asymptotically (in fact, exponentially)
stable. This requirement can be shown to be also necessary for the sys-
tem to be asymptotically (exponentially) stable, which we verify shortly.
We seem to have exactly characterized the stability of the linear system
(2.45) without any reference to the eigenvalues of matrix A. Of course,
since the condition on the eigenvalues as well as the condition on the
matrix Lyapunov equation are both necessary and sufficient conditions
for asymptotic stability, they must be equivalent. Indeed, we have the
following result stating this equivalence.
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Theorem 2.24 (Lyapunov function for linear systems). The following
statements are equivalent (Sontag, 1998, p. 231).

(a) A is asymptotically stable, i.e., Re(eig(A)) < 0.

(b) For each Q € R™ ™", there is a unique solution S of the matrix Lya-
punov equation
ATS +SA=-Q

andif Q > 0then S > 0.
(c) There is some S > 0 such that ATS + SA < 0.

(d) There is some S > 0 such that V(x) = xTSx is a Lyapunov function
for the system x = Ax.

Exercise 2.62 asks you to establish the equivalence of (a) and (b).

2.5.4 Discrete Time Systems

Next we consider discrete time systems modeled by
x(k+1) = f(x(k))  x(0) = xo

in which the sample time k is an integer k = 0,1, 2,.... To streamline
the presentation we assume throughout that f(-) is continuous on its
domain of definition. Steady states are now given by solutions to the
equation x; = f(xs), and we again assume without loss of generality
that f(0) = 0O so that the origin is a steady state of the discrete time
model. Discrete time models arise when time is discretized, as in digital
control systems for chemical plants. But discrete time models also
arise when representing the behavior of an iterative algorithm, such as
the Newton-Raphson method for solving nonlinear algebraic equations
discussed in Chapter 1. In these cases, the integer k represents the
algorithm iteration number rather than time. We compress notation by
defining the superscript * operator to denote the variable at the next
sample time (or iteration), giving

xt=f(x) x(0)=xo0 (2.47)

Notice that this notation also emphasizes the similarity with the con-
tinuous time model X = f(x) in (2.38). We again denote solutions to
(2.47) by ¢p(k; x) with k > 0 that start at state x at k = 0. The discrete
time definitions of stability, attractivity, and asymptotic stability of the
origin are then identical to their continuous time counterparts given in
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Definitions 2.16, 2.17, and 2.18, respectively, with integer k > 0O replac-
ing real-valued time t > 0. In discrete time, the definition of exponential
stability is modified slightly to the following.

Definition 2.25 (Exponential stability (discrete time)). The origin is ex-
ponentially stable if there exists 6 > 0 such that || x| < 6 implies that
there exist ¢ > 0, A € (0,1) for which

l|p(k;x)|| < cllx||A* forall k =0

We see that Ak with A < 1 is the characteristic rate of solution decay
for exponentially stable discrete time systems.

Lyapunov functions. The main difference in constructing Lyapunov
functions for discrete time systems compared to those for continuous
time systems is that we compare the value of V at two successive sam-
ple times, i.e., V(x(k + 1)) — V(x(k)). If this change is negative, then
we have the analogous behavior in discrete time that we have when V is
negative in continuous time, i.e., V(x(k)) is decreasing when evaluated
along the solution x (k). We define the AV notation

AV(x) =V(f(x)) = V(x) =V(x") = V(x)

to denote the change in V starting at state x and proceeding to suc-
cessor state x* = f(x). Another significant change is that we do not
require differentiability of the Lyapunov function V(-) in discrete time
since we do not require the chain rule to compute the time derivative.
We do require continuity of V(-) at the origin, however. For consistency
with the earlier continuous time results, we assume here that V (-) is
continuous everywhere on its domain of definition.'® The definition of
the (continuous) Lyapunov function for discrete time is as follows.

Definition 2.26 (Lyapunov function (discrete time)). Consider a com-
pact (closed and bounded) set D C R" containing the origin in its inte-
rior and let V : R" — R be continuous on D and satisfy

V() =0and V(x) >0forx e D\ 0 (2.48)
AV(x) <0forx € D (2.49)

Then V(-) is a Lyapunov function for the system x* = f(x).

13For those needing discontinuous V (-) for discrete time systems, see Rawlings et al.
(2020, Appendix B) for the required extension.
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Notice that AV (x) also is continuous on its domain of definition
since both V(-) and f(-) are assumed continuous.

Theorem 2.27 (Lyapunov stability (discrete time)). Let V(-) be a Lya-
punov function for the system x* = f(x). Then the origin is (Lyapunov)
stable.

Theorem 2.28 (Asymptotic stability (discrete time)). Let V(-) be a Lya-
punov function for the system x* = f(x). Moreover, let V(-) satisfy

AV(x) <0 forxeD\O (2.50)

Then the origin is asymptotically stable.

Theorem 2.29 (Exponential stability (discrete time)). Let V (-) be a Lya-
punov function for the system x* = f(x). Moreover, let V(-) satisfy for
all x e D

alx|” <V(x)<blx|” (2.51)
AV(x) < —c x| (2.52)

for some a, b,c, o > 0. Then the origin is exponentially stable.

The proofs of Theorems 2.27, 2.28, and 2.29 are essentially iden-
tical to their continuous time counterparts, Theorems 2.21, 2.22, and
2.23, respectively, with integer k replacing real t and the difference AV
replacing the derivative V. An essential difference between continu-
ous and discrete time cases is that the solution of the continuous time
model ¢ (t; x) is continuous in t, and the solution of the discrete time
model ¢ (k; x) has no continuity with index k since k takes on discrete
values. Notice that in the proofs of the continuous time results, we did
not follow the common practice of appealing to continuity of ¢ (t;x) in
t, so the supplied arguments are valid for both continuous and discrete
cases.

Linear systems. The time-invariant discrete time linear model is
xt = Ax x(0) = xo

and in analogy with the continuous time development, we try to find a
Lyapunov function of the form V (x) = xTSx for some positive definite
matrix S > 0. Computing the change in the Lyapunov function at state
X gives
AV(x) =V(x") - V(x) = (Ax)TS(Ax) — xTSx
=xT(ATSA - S)x
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Choosing a positive definite Q > 0, if we can find S > 0 that satisfies
ATSA-S=-Q (2.53)

then we have succeeded in finding a V (-) with the desired properties:
Vix) = xTSx = 0and AV(x) = —xTQx < 0 for all x. Equation
(2.53) is known as the discrete matrix Lyapunov equation. Exercise 2.63
asks you to state the discrete time version of Theorem 2.24, listing the
connections between the solution of the discrete Lyapunov equation
and the eigenvalues of A. These connections often come in handy when
analyzing the stability of discrete linear systems.

2.6 Asymptotic Analysis and Perturbation Methods
2.6.1 Introduction

Typical mathematical models have a number of explicit parameters.
Often we are interested in how the solution to a problem depends on a
certain parameter. Asymptotic analysis is the branch of applied math-
ematics that deals with the construction of precise approximate solu-
tions to problems in asymptotic cases, i.e., when a parameter of the
problem is large or small. In chemical engineering problems, small pa-
rameters often arise as ratios of time or length scales. Important lim-
iting cases arise for example in the limits of large or small Reynolds,
Péclet, or Damkohler numbers. In many cases, an analytical solution
can be found, even if the problem is nonlinear. In others, the scaling
behavior of the solution (e.g., the correct exponent for the power-law
dependence of one quantity on another) can be found without even
solving the problem. In still others, the asymptotic analysis yields an
equation that must be solved numerically, but is much less complicated
than the original model. The goal here is to provide a background on
the basic concepts and techniques of asymptotic analysis, beginning
with some notation and basic ideas about series approximations.

2.6.2 Series Approximations: Convergence, Asymptoticness, Uni-
formity

As this section deals extensively with how one function approximates
another, we begin by introducing symbols that describe degrees of iden-
tification between different functions.
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a=b aisequaltob

a ~b aisasymptotically equal to b (in some given/implied limit)
a=b aisapproximately equal to b (in any useful sense)

aoc b aisproportional to b

It is important to note that ~ implies a limit process, while =~ does
not. In this section we will be careful to use the symbol “~” in the
precise manner defined here, though one must be aware that it often
means different things in different contexts (and different parts of this
book). Closely related to these symbols are order symbols, which
provide a qualitative description of the relationships between functions
in limiting cases. Consider a function f(€) whose behavior we wish to
describe relative to another function (a gauge function) 6(€). The
order symbols “O”, “0” and “ord” describe the relationships

- - N AC R
fe)=0(6(e))ase—~0 if |€I_I:18 500 <

_ - L fle)
f(e) =0(6(e))ase ~ 0 if LID;]) 5 0

f(e) =ord(6(e))ase -0 if f(e) =0(6(€)) but not 0(S5(€))

In the latter case, f is said to be strictly order §. Often, authors write
“f(e) ~o(e)”tomean “f(e) = O(5(€))”, though the latter only implies
equality to within a multiplicative constant as € — 0, while as defined
here the former implies equality.

Asymptotic approximations take the form of series, the most famil-
iar of which is the truncated Taylor series approximation that forms
the basis of many engineering approximations. An infinite series

fx) = fulx)
n=0

converges at a particular value of x if and only if, for every € > 0,
there exists Ny such that

N

Z Sn(x)

n=M

< € forall M,N > Ny

In contrast, an asymptotic series

N
fle)= > fule)

n=0
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satisfies

- fle) = o fule)

lim
€-0 Su(e)

In words, the remainder is much smaller than the last term kept. This

property is the source of the usefulness of asymptotic series. If this

property is satisfied, we write

=0foreach M <N

N
fl&)~ > fule)ase—0

n=0

In general, we do not care whether the series converges if we let N — .
Often it does not. The important point is that the finite sum—often the
first term or two—provides a useful approximation to a function for
small €. This is in stark contrast to convergent infinite series, which,
although they converge, often require a large number of terms to be
evaluated to obtain a reasonably accurate approximation.

We typically construct asymptotic series in this form

f(€) ~ > andnl(e) (2.54)

where
50(6) > 51(6) > 62(6) > -

for small €. We also require that ,,,1(€) = 0(d,(€)) as € — 0. In prac-
tice, the s are not generally known a priori, but must be determined as
part of the solution procedure to satisfy the requirement that the coef-
ficients a,, be ord(1). This procedure is best illustrated by example as
we do in several instances below. In principle, we can construct a se-
ries approximation with N as large as we like, as long as the a, remain
ord(1) and 6n_1(€) < On(€) at the value of € of interest. However, the
most common application of asymptotic analysis is to the construction
of a one- or two-term approximation that captures the most important
behavior as € — 0.

As an example of the difference between convergent and asymptotic
series, we look at the error function erf (z), written here as

2 *© 2
f (x =1——fJV e Udt
erf (x) =5

By Taylor expanding the integrand around the origin and integrating
term by term, a power series convergent for all x can be constructed
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for this function

( 1)nx2n+l

erf (x) = 7= Z 2n + 1)n!

Although convergent, this expression may require many terms for rea-
sonable accuracy to be obtained, especially when Xx is large. One could
try setting w = 1/x and Taylor expanding e~1/%? ground w = 0. This
leads to immediate difficulty because

lim “lw? — o

e
w-0 dwh

for all n; the Taylor expansion is identically zero! This difficulty arises
because e X’ decays to zero faster than any negative power of x as
X — oo,

On the other hand, for x > 1, an asymptotic series for the function
may be constructed by repeated integration by parts (a common trick
for the asymptotic approximation of integrals). This approximation is

2 (e (* -1 2
=1- — _ = deft
T ( 2x L 43 )
e"‘z © 3 £2
— + —e M dt
( 2x  4x3 L 4t4 )

1,13 "
xf (1_ 2x2 * (2x2)2 TOx )>

If continued indefinitely, this series would diverge. The truncated se-
_x2

ries, however, is useful. In particular, the “leading order” term 1 — fc =,
the expression that includes the first correction for finite but large x,
precisely indicates the behavior of erf (x) for large values of x. Further-
more, the truncated series can be used to provide accurate numerical
values and is the basis of modern algorithms for doing so (Cody, 1969).

Now consider a function f of € and some other parameter or vari-
able, x

erf (x) ~1-

f(x,€) ~ > andnle)
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If the approximation is asymptotic as € — O for each fixed x, then we
say it is pointwise asymptotic. Now consider the particular case

f(x,€) ~01(€) + 62(6) =1+€/V/x

This is pointwise asymptotic, but for fixed €, the second term blows up
as x — 0. So obviously, it cannot remain much smaller than the first
term, which is our requirement for asymptoticness. The approximation
is not uniformly valid. Put another way

limlime/v/x = limlime//x

e—~0x—-0 x—-0€e—-0
To be precise, a function u(x, €) converges uniformly to u(x,0) on
the interval x € [0,a], if, given E > 0, there is a D > 0 such that

lu(x,e) —u(x,0)| < E,fore <D and all x € [0,a]

Nonuniformity is a feature of many practical singular perturbation prob-
lems. A major challenge of asymptotic analysis is the construction of
uniformly valid approximations. We shall see a number of tech-
niques for doing this. They all have a general structure that looks like
this

f(x,€) ~ > an(x,€)6n(€)

2.6.3 Scaling, and Regular and Singular Perturbations

Before proceeding to discuss perturbation methods for differential equa-
tions, we introduce some important concepts in the context of algebraic
equations. First, consider the quadratic equation

x°+ex—-1=0, ex1 (2.55)

Ife =0,x = £1. We would like to characterize how these solutions are
perturbed when 0 < € <« 1. To to so, we posit a solution of the form
(2.54)

x(€) = doxo + 01(€)x1 + 62(€)x2 + 0(02) (2.56)

where x; = ord(1) (independent of €) and the functional forms of 61 (€)
and 2 (€) remain to be determined. Substituting into the quadratic and
neglecting the small 0(62) terms yields

(50X0+(51(E)X1+62(€)X2)2+€((50X0+61(E)X1+52(€)X2)—1 =0 (2.57)
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At € = 0, the solution is x = xg = +1. So we let g = 1 and for the
moment consider the root xo = 1. Now (2.57) becomes

€+2(51X1+51€X1+5%X]2_+252X2+52€X2+25152X1X2+5%X§ =0 (258)

Observe that all but the first two terms are o(€) or 0(d1). Neglecting
these, we would find that

€+261x1=0 (2.59)
Since x; is independent of €, we set 61 = €, in which case x; = —%.
Now (2.58) becomes
€ 2.2
—Z + 2025 + 52X2 =0 (2.60)

Now, since 6% = 0(d2), we neglect the term containing it to get

62
—Z +202x2, =0 (2.61)

for which there is a solution if §2(€) = €2 and x5 = %. Thus we have
constructed an asymptotic approximation

x=1-tesiezy 0(€?) (2.62)
2 8
Observe that to determine 61 (€) and 62 (€), we have found a dominant
balance: a self-consistent choice of di(€), where it is comparable in
size to the largest term not containing a 6x and where all the terms
containing 6xs and €s are smaller as € — 0.
To find how the second root xop = —1 depends on €, we use the
lessons learned in the previous paragraph to streamline the solution
process. That analysis suggests that 5y (€) = €¥ so we seek a solution

X =-1+ex1+e’x2+0(e3)
which upon substitution into (2.55) yields
—€ - 2ex1 + €2x1 + €2x2 - 2e2x, + 0(e%) = 0

Since by assumption the xj are independent of ¢, this expression can
only hold in general if it holds power by power in €. We have already
zeroed out the €° term by setting xg = —1. The €* and €? terms yield

el —2x1—-1=0

€?: —2x2+x2+x1=0
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There is one-way coupling between these equations: the equation for

xx depends on x; with [ < k. The solutions to these are x; = —% and
Xo = —%, so the second root is
1 1
X = —l—§€—§€2+0(€3) (2.63)

In the limit e — 0 both solutions (2.62) and (2.63) reduce to the solutions
when € = 0. Cases such as this are called regular perturbation
problems.

The situation is much more interesting when € = 0 is qualitatively
different from € <« 1. Cases like this are called singular perturba-
tion problems. Consider the equation

ex?+x-1=0 (2.64)

When € = 0, this has the unique exact solution x = 1, while for any
€ # 0, it has two solutions. This problem is singular because the
small parameter multiplies the highest power in the equation — when
the parameter is zero the polynomial becomes lower degree so it has
one fewer root. To analyze this problem, we define a scaled variable
X = x/6 where § = §p and

52

6o

51

5o X2 = ord(1)

X ~Xo+ —x1+

Thus 6 measures the size of x as € — 0. Substitution into (2.64) yields
€6°X?2+5X-1=0

Now we examine the possibility of finding a dominant balance between
different terms with various guesses for 6. If we let 6 = 1, then the
second and third of these terms balance as € — 0 while the first is
small. This scaling gives the root x = 1 + O(e). If we let 6 = 0(1)
then the first and second terms are small, while the third term is still
ord(1). There is no balance of terms for this scaling. On the other hand
if we let § = €71 then we can get the first and second terms to balance.
Applying this scaling yields

X2+X+€=0

which clearly has the solution X = 1 + O(€) or x = % + 0O(1). As
€ — 0 the root goes off to infinity. Although the first term in (2.64)
contains the small parameter, it can multiply a large number so that
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the term overall is not small. This characteristic is typical of singular
perturbation problems.
A more subtle singular perturbation problem is

1-€e)x?2-2x+1=0 (2.65)

When € = 0 this has double root x = 1. When € < O there are no real
solution whereas when € > 0 there are two. Clearly 6o = 0, xg = 1 so
we seek a solution

X=1+01x1+ 62x2+0(02)
Substitution into (2.65) gives
82x3 +25102X1X2 + 05X5 — € — 2€61x1 — €65x% — 2€52X2 + ... =0

Since 1 > 81 > &, we can conclude that §2x? and ¢ are the largest
(dominant) terms. These balance if 62 = O(€). Thus we set §; = €1/2,
which implies that x; = +1. So the solutions are

x=1+€Y?2+0(52) (2.66)

As an exercise, find that 6, = € and that the solutions to (2.65) can be
written as an asymptotic series in powers of €1/2.

2.6.4 Regular Perturbation Analysis of an ODE

One attractive feature of perturbation methods is their capacity to pro-
vide analytical, albeit approximate solutions to complex problems. For
regular perturbation problems, the approach is rather straightforward.
As an illustration we consider the problem of second-order reaction
occurring in a spherical catalyst pellet, which we can model at steady
state by

0= v I Dac (2.67)
with ¢ = 1 at r = 1 and ¢ bounded at the origin. If D,R,k, and cp
are the diffusivity, particle radius, rate constant, and dimensional sur-
face concentration respectively, then Da = kcgR?/D is the Damkohler
number. The problem is nonlinear, so a simple analytical solution is
unavailable. An approximate solution for Da <« 1 can be constructed,
however, using a regular perturbation approach.
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Let € = Da. We seek a solution of the form c(¥) = ¢co + €c1 + €2¢5 +
O(€®). Substituting into (2.67) and equating like powers yields

1 d ,dc
0. 2 0
0= 21220 (1) =1
r2dr dr o(1)
1d dc
1. 2 1 2
0= 25t 1)=0
€ rzdrr dr cor €1(1)
1
(—:2:0=——d 2—dCZ—chco, c2(1) =0

12 drr dr

Observe that the solution at each order has the same operator but dif-
ferent “forcing” from the solution at lower order. This structure is
typical of regular perturbation problems. The solution at €° is trivial:
co = 1 for all r. At €1, we have

=—r"—--1 ¢(1)=0

r2drv dr 1(1)

The solution to this equation is ¢; = (¥2 — 1) /6. The solution to the
€2 problem is left to Exercise 2.66. Although this problem is nonlinear,
the regular perturbation method provides a simple approximate closed-
form solution.

2.6.5 Matched Asymptotic Expansions

The regular perturbation approach above provided an approximate so-
lution for Da <« 1. We can also pursue a perturbation solution in the
opposite limit, Da > 1. Now letting € = Da ! we have

14 .dc

0=¢€ v
r2drv dr

- c? (2.68)
If we naively seek a regular perturbation solution ¢ = ¢g + €c; + 0 (€?),
the leading-order equation will be

0=c?

This has solution ¢g = 0, which satisfies the boundedness condition
at ¥ = 0 and makes physical sense for the interior of the domain be-
cause when Da > 1, reaction is fast compared to diffusion so we ex-
pect the concentration in the particle to be very small. On the other
hand, this solution cannot be complete, as it cannot satisfy the bound-
ary condition ¢ = 1 at v = 1. The inability of the solution to satisfy
the boundary condition arises from the fact that the small parameter
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€ multiplies the highest derivative in the equation. It is thus absent
from the leading-order problem, so the arbitrary constants required to
satisfy the boundary conditions are not available.

The resolution to this issue lies in proper scaling. Although € is
small, it multiplies a second derivative. If the gradient of the solution
is large in some region, then the product of the small parameter and
large gradient may result in a term that is not small. In the present case,
we can use physical intuition to guess where the gradients are large. At
high Da the reaction occurs rapidly, so we expect the concentration to
be small in most of the catalyst particle. Near r = 1, however, reactant
is diffusing in from the surroundings and indeed right at » = 1 the
concentration must be unity. Thus we define a new spatial variable
n = (1-7)/C(e) where C is a length scale that is yet to be determined.
Applying this change of variable to (2.68) yields

_ € 2 a4
C?2(1-Cn)?dn

The first term contains e 2. If we take = €/2 then this termis ord(1)
as € — 0 and can balance the term c? to yield a nontrivial solution.
This scaling implies that near » = 1 the steepness of the concentration
gradient scales as £~1 = ¢ 1/2. Proceeding with this scaling, (2.69)
becomes

e 2
0 (1-Cn) dan c (2.69)

1 d

(1-€lzp?dn
Now we seek a perturbation solution of this rescaled problem: c(n) =
co +€Y2¢1 + O(€). The choice of €1/2 comes from the observation that
the Taylor expansion of (1 — €2n)™? = 1 ¥ 2¢1/2n + O(e). This gives
the leading-order problem

(1- elfzn)’—’;l—; - c? (2.70)

2
_d% _ 2 2.71)

0 = dnz 0

Although this equation is nonlinear, it has a special form that facilitates
solution.® Let w = ¢’ where ’ denotes d/dn. Now we can write

oH oM

’ 2
w =c2=- CHh=w = ~——
0 dco 0 ow
with 1 1
H=-w?->-¢3
2 30

141f we had considered first-order kinetics instead, the solution would be simple.
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As constructed, this system has the special property that

an_om,, oo ony o
dn  ow doco ° ow \ dco dcodw

Therefore, curves of H = %c’z - %cg = K, where K is a constant, are
solutions. As n becomes large, i.e., at positions much larger than a
distance €1/2 from the interface, we expect the concentration and its
gradient to go to zero, we take K = 0, so

, 2

The negative signh must be chosen so that ¢ decays with increasing n.
This equation can be integrated and the boundary condition ¢cp(n =

0) = 1 applied to yield
1 _2
col) = (“\/;7)

In terms of the original variables this becomes

-2
co(r) = (1+1/6—l€(1—1f)> (2.72)

This decays to zero once 1 — 7 is larger than O(€'/2). Thus the con-
centration changes rapidly in a boundary layer with thickness of
O (€'/2) that is located near the catalyst particle surface. Outside this
thin boundary layer, in the interior of the particle, the concentration is
very small, going to zero as € — 0. One can carry this analysis to higher
order terms. For example, the first effects of the particle shape on the
result appear at O (e'/?) but it should be clear that the primary struc-
ture of the solution behavior has been captured by this leading-order
solution.

This example is a simple instance of a singular perturbation method.
The solution ¢cg = 0 that we obtained before rescaling is called the
outer solution. It is valid away from the boundary v = 1. The so-
lution (2.72) that we obtained after rescaling is called the inner solu-
tion. In this simple example the inner solution decays to zero, auto-
matically matching the outer solution. In general, the outer solution is
not simply a constant, and a matching condition must be imposed
to properly connect the two solutions to one another. This process is
the origin of the term matched asymptotic expansions.
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Matching can be accomplished with a number of different proce-
dures. We describe here a simple approach that works for many prob-
lems. More sophisticated and general approaches are described in
Hinch (1991). In the simple approach, we denote the outer solution
with terms up to 6p as up(x) and the inner solution as Up (&) where x
and & = x /e are the outer and inner variables, respectively. The simple
matching procedure just requires that at each order n =0,1,...,N

limu,(x) = lim Uy (&) (2.73)
x—0 E—o
In words, the inner limit of the outer solution equals the outer limit of
the inner solution. In the above case, taking the outer variable x as1—-r
and the inner variable & as n, this expression is satisfied trivially. In
general, neither the inner nor the outer solution is valid throughout the
entire domain, but the matching procedure provides a means to con-
struct a uniformly valid solution. This so-called composite solution
is given by
Unc(X) = Un(x) + Up(E) - Elln; Un(8) (2.74)

The last term avoids double counting of the overlapping parts of the
two solutions. These ideas are illustrated in the following example.

Example 2.30: Matched asymptotic expansion analysis of the reac-
tion equilibrium assumption
Consider the following reactions

ki

A=B BX ¢
k-1

in which rate constants ki, k_1 are much larger than the rate constant
k2, so the first reaction equilibrates quickly. In a batch system where
ca,Cp, and cc are the concentrations, the governing equations are

dc

7? = —kica + k_1Cp

dc

7: = k1CA — k_1CB — kZCB
dc

A = ke

The reaction equilibrium assumption takes c4 and cp to be in equilib-
rium so that cg = Kcy where K = ki/k_1. Further assume that k_;
is the largest rate constant. Initial concentrations in the reactor are
€a(0) = cao,c(0) = cc(0) =0.
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(a) Find a proper nondimensionalization so that a systematic pertur-
bation expansion can be performed.

(b) Use matched asymptotic expansions to show that the reaction
equilibrium approximation corresponds to the leading-order outer
solution of the kinetic equations. Also find the equations for the
O(€') terms in the outer solution.

(c) Find the leading-order inner solution for the dynamics on the fast
time scale 1/k_1, match the inner and outer solutions, and find a
composite solution that is uniformly valid for all time.

Solution

(@) Letu = caca(0),v =cp/ca(0),w =cc/ca(0),sou(0) =1,v(0) =
w(0) = 0. Define a scaled “slow” time variable t; = kot so that
an O(1) change in t; corresponds to a time interval of O (1/k>),
and define the small parameter € = ko/k_3. In these variables,
the rate equations are

du
d—tS:——qufv
dv K
d—tszzu—gv—w
dw

at, Y

Since cc¢ is determined completely by cp we do not include its
evolution in the following development.

(b) Multiplying the dimensionless equations by € yields

du dv
€e—=—-Ku+v e—=Ku—-v —-¢ev
dt_g dtg

Assuming a power series form, the outer solution is obtained by
letting

u(ts) = uo(ts) + eus(ts) + O(e?)
v (ts) = vo(ts) + €vi(ts) + O(€?)



174

Ordinary Differential Equations

Substituting and considering only the terms of O (€°) yields
Kug = vg

for both of these equations. This is the reaction equilibrium as-
sumption in dimensionless form. Although physically reasonable,
observe that this assumption is not consistent with the initial con-
ditions u(0) = 1,v(0) = 0. Similarly, because the time derivatives
are multiplied by €, they do not appear in the leading-order outer
problem, so we do not have differential equations whose solu-
tions include the arbitrary constants that are determined by the
initial conditions. Keeping this issue in mind, we collect O (e?)
terms to yield
duo dvo

=-Kui +v
dts SR T

=Ku1—vl—'Uo

Although this equation is valid, it is not yet useful because we do
not know the values of ©ug and vg. To obtain these we consider
the inner solution.

The problem with the outer solution can be traced to the loss of
the time-derivative terms. Recognizing that the derivatives can be
large at short times because k; and k_; and much larger than k>,
we define a new fast time scale ty = k_1t = t;/€. Now tr changes
an O (1) amount in a dimensional time of about 1/k_1. Rewriting
the equations with this new time scaling yields

du dv

S - —Ku+ S —Ku-v-
dtf u+v dtf Uu—-v —€v

Now we seek an inner solution

u(ty) = Uo(ty) +€Us(ty) + 0 (€?)
V(ty) = Vo(ty) +€Valty) + 0(€e?)

Substituting and extracting the O(¢€°) terms yields

dUy av

—— = —KUp + V| — = KUy — V,

dt; o o dt; 0 0
with initial condition Up(0) = 1,Vp(0) = 0. This coupled pair of
equations could be solved, for example, by Laplace transforms or
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by rewriting as asystem dx/dty = Ax and diagonalizing A, butin
this case we can use the observation that dUg/dts +dVo/dty = 0
so Up + Vp = 1 to just solve for Ug

aUy
dtf =—-KUg+1-Uy

which has solution

Up = e~ 14Kty 4 (1 _ e—(1+1<)tf)

1+K
Using this, we obtain
K
_ _ _ _ ,—(1+K)tr
Vo =1 U() . 71 n (1 e f)

By analogy with the reaction-diffusion example above, this inner
solution corresponds to a boundary layer in time, rather than
space.

With inner and outer solutions in hand, we can use (2.73) to match
them. The “outer limit” of the inner solution is

K
lim Ug = lim Vg =
tp—oo °T 14K tp—oo °T 14K

which satisfies the equilibrium assumption Ku = v. The inner
limit of the outer solution is simply 1(0), vo(0) and using the
previous result yields

K
- 0) =
1 k. O =10%

Now we have initial conditions for the outer solution. Adding the
two differential equations at O(e!) and differentiating the alge-
braic equation (reaction equilibrium result) at O (e°) give

Up(0) =

dug dvg dug = dvg
+ = -V -K + =0
dts  dt; 0 dts  dt;
Solving these two equations for the two time derivatives gives
duo K dUo K

dt, ~ 1+K™  dt, T 1+Kk"°

Solving these with their respective initial (matching) conditions
U (0) = 1,v0(0) = 0 gives the full leading-order outer solution

1 2 Vo — K
1+K °T 14K

K 4
Upg = e 1+K*"s



176

ca(t)
€0 o5

Ordinary Differential Equations

0.8 | 1

0.7 -\ .

0.3 - :

O.l 1 1 1

Figure 2.12: Leading-order inner Uy, outer 1, and composite solu-
tions ug., for Example 2.30 with € = 0.2,K = 1, and
ko = 1.

or, reverting to dimensional form

K K
e kKl cp(t) = e Tk ket

1+K 1+K

This is precisely the solution that would be obtained via uncritical
application of the reaction equilibrium approximation. Now we
see this approximation in more precise terms.

ca(t) =

Finally, we construct a uniformly valid composite solution via
(2.74). To leading order in dimensional variables

calt) 1 K, <1 _ 7) o (LHKkzt /€
CAO 1+K 1+K

cg(t) K (e_ﬁkzt _ e—(1+K)k2t/e>

CA0 1+K

Figure 2.12 shows the leading-order inner, outer and composite
solutions for u(t) = ca(t)/cao fore =0.2,K =1land k, =1. O
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2.6.6 Method of Multiple Scales

The method of matched asymptotic expansions deals with problems
in which different time or length scales dominate in distinct regions
of the solution domain. In many problems, however, processes occur
concurrently on disparate scales, a situation that requires a different
approach, the method of multiple scales. Problems amenable to this
approach include dynamical systems with multiple natural frequencies
or decay times'®, nonlinear systems with widely separated timescales
and problems of propagation (wavelike or diffusive) in inhomogeneous
media.

As an introduction to this approach, we consider a weakly damped
oscillator modeled by the linear equation

X¥X+ex+w?x =0, x(0)=1,%0)=0

On physical grounds, we expect two time scales to act simultaneously
in this problem: harmonic oscillation, with natural period 27T /w (as-
sumed to be ord(1)), and the exponential decay, with time scale of
ord(e). If we proceed naively, looking for a regular perturbation solu-
tion x (&) = xo(t) + ex1(t) + O(€2), we find that

Xo + w?xg = 0, X0(0) =1,%0(0) =0

X1 + w?x1 = —Xo, x1(0) =X1(0) =0

with solution
1 . 1
x(t) ~coswt + € | — sinwt — =t cos wt
2w 2

The equation at O(€) has the same differential operator as does the
zeroth order problem, but has a resonant forcing term X = cos wt that
leads to the t cos wt secular term in the solution. When t = ord(1/€),
this term destroys the asymptoticness of the expansion; the approx-
imation is not uniformly valid, failing at large times. The method of
multiple scales avoids this nonuniformity by explicitly recognizing the
existence of two time scales in the problem, by letting to = t,t; = €t
and looking for a solution of the form x (to, t1;€). Now

dx 0x 0x

ar ~ ote ' oy

15For extensive application of the method in this context, see: Nayfeh and Mook
(1979).
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and we look for a solution of the form
x (to, t1;€) ~ xo(to, t1) + €x1(to, t1)

Defining Do = 0/0tg and D, = 0/0t;, the leading-order equation be-
comes a partial differential equation

D(Z)X() + (U2X0 = O,Xo(O) =1,Dgxg(0) =0

This has the solution xg = A(t1) cos wtg, where A(0) = 1, but is as yet
otherwise undetermined. At the next order, we have

D3x1 + w?xy = 2D1A(t1) w sin wto + A(t1) w sin wty
X]_(O) =0 DoXl(O) =0

Again, a resonant forcing term is present on the right-hand side. Un-
less this is zero, a secular term again shows up in the equation and
the approximation will not be asymptotic. However, we now have the
possibility of eliminating this term. Notice that if

dA 1

dtq T2
the resonant term vanishes. This equation is called the solvability
condition or secularity condition or integrability condition. It is an
amplitude equation, determining the evolution of the amplitude of the
solution over the slow time scale £;. From the leading-order result, we
have that A(0) = 1,s0 A = exp(—%tl). At leading order, the solution
is therefore )

X0 = e 2¢! cos wt

This is the type of solution we expect intuitively: a very slowly decaying
harmonic oscillation. A couple final comments on this example: the
solution x1 is identically zero, but another resonance term shows up
in the equation for x,. This nonuniformity does not show up until
t =ord(1/€?), by which time the amplitude has nearly decayed to zero,
but if desired, it could be eliminated by including a “superslow” scale
t» = €2t. This time scale arises because the damping causes a very
small (O (€?)) change in the frequency of oscillation.

This simple example illustrates the procedure and resulting struc-
ture. The recurring theme is the existence of a secularity condition,
whose satisfaction requires the solution of an amplitude equation. This
amplitude equation determines the evolution of the system at its largest
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scale. If the underlying problem is linear, so is the amplitude equation;
a nonlinear equation leads to a nonlinear amplitude equation. The fol-
lowing example illustrates this.

Example 2.31: Oscillatory dynamics of a nonlinear system

From Section 2.2.2, we have a complete understanding of the linear
system X = Ax. When A has complex conjugate eigenvalues A = o +
iw, the origin is a stable or unstable spiral depending on the sign of
0. When |o| <« |w], the growth or decay of solutions occurs on a
time scale much longer than the period of oscillation. In this situation,
the method of multiple scales can be used to show very generally the
dynamics of the nonlinear system X = Ax+N(x), where N(x) contains
no linear part. In this example we apply the method of multiple scales
to the system of equations

dx EH —w X2 - x1x2 + X3
. = X + 2
dt w €U X1X2

where 0 = ey, with € < 1, while u and w are ord(1). The steady state
x = 0 of this system is very weakly stable or unstable, depending on
the sign of u. Since the problem is nonlinear, finding the proper scaling
of x is an important part of the solution procedure. The oscillatory
nature of the linearized equation suggests that a solution can be found
in terms of amplitude || x|| and phase ¢.

Solution

Although we consider here a specific form for the nonlinearity, the
multiple-scales solution will lead to equations for » and ¢ whose gen-
eral structure is both extremely simple and extremely general. The time
scaling of this problem is similar to that of the linear example above,
so we consider a multiple-scales expansion with to = t,t1 = €t. The
scale tg reflects the time scale of the oscillation, while the scale t; re-
flects the scale for growth or decay of the amplitude of the solution. To
determine the proper scaling of the solution amplitude, we let x = 6X,
where X = ord(1) as € — 0. Now the equation becomes

_ 0 —-w u 0
6D0X+66D1X—6[w O]X+6e[o “}X
+ 02N> (X, X) + 63Nz (X, X, X)
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where Nz (X, X) and N3 (X, X, X) are the quadratic and cubic terms writ-
ten in a form convenient for perturbation expansions. For general vec-
tors u = [ug,uz]7,v = [v1,v2]7,w = [wy, w217, the nonlinear terms
for this problem are

No(u,v) = {ulul o ulvz} Ns(u,v,w) = [Zizﬁj

Any polynomial nonlinearity can be written as a sum of terms with this
structure.

If we tentatively let § = € and X = Xg + €X; + O(€?) then the prob-
lems at O(e°) and O(e') become, respectively,

0 —-w
DOXO_[(U O}ono

and

0 —-w 0
DoX; - [w 0 :|X1 = [g H] Xo — D1Xo + N2(Xo)

The solution at O(€9) is

cos(wto — ¢p(t1))

Xo(to,t1) =7 (t .
o(to,t1) = r(t1) [sm(wto—qb(tl))
Turning to the O(e) equation, the term N2(Xp, Xo) does not lead to
resonance because it is quadratic and thus contains no terms with fre-

quency w. The solvability condition for this choice of scaling is thus

0
D1 Xo = [g u} Xo

This equation is linear, leading to exponential growth on the time scale
t1 when p > 0 and eventually violating the scaling assumption x =
O (€). Thus the choice 6 = € is not self consistent.

We need a different guess for 6. The term N, does not lead to res-
onance at leading order, but the term N3 can. For example sin® wty =
(3sinwtp — sin3wtg) /4. A balance between the linear term, which is
O(€6) and this cubic term, which is O(52) would imply that § = €1/2,
Thus we seek a solution of the form x = €Y/2(Xy + €Y2X; + €Xo +
0(€%/2)). With this scaling the O(€°) problem and its solution remain
the same as above, while the O (€/2) equation becomes

LX1 = N2(Xo, Xo)
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where
0 —-w
L'=Do - [w 0 ]

As noted above, N2 (Xp, Xp) contains no resonant terms. A particular
solution can be found

Xi(to, t1) =

r(t1)? 2 (cos20 +sin20)
% (1 - % (cos 26 + sin 29))

where 0 = wto — ¢p(t1). Observe that X; has frequency 2w.

The leading-order amplitude and phase, v (t1) and ¢(t1), have not
yet been determined, so we turn to the equation at O(€), which deter-
mines X

u

LX5 = N2(Xo,X1) + N2(X1, Xo) + N3(Xo, Xo, Xo) + [O

0

Xo — D1 X
IJ o 140
For brevity, we denote the right-hand side as R. Resonance will occur
if it has terms of the form [sin wtg, — cos wtg]T or [cos wtg, sin witg]T,
which in general it does. To obtain the solvability conditions, we thus
require that R be orthogonal to these terms

2m/w sin wt, 2m/w cos wt
[ RT ° dt0=I RT| 2% dtg=0
0 — cos wip 0 sin wtop
Omitting the detailed calculation, which involves elementary but exten-
sive trigonometric manipulations, we find that

ar _ v+ ars
dr, H
ag _, >
dtl—br

where for the nonlinearity given here

4w -1 5
8w T 24w

This is a remarkably general result. These simple differential equa-
tions govern the leading-order behavior for small € and their form
is completely insensitive to the nature of the nonlinearity—the entire
structure of N> and N3 is distilled into the constants a and b. Further-
more, even for a more general nonlinearity containing higher powers,
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only the quadratic and cubic terms contribute. For example, a quartic
term does not appear until O(€?) and thus does not contribute to R.
Because of its generality, it is known as the normal or canonical form
for this class of nonlinear problems?6.
The equation for the oscillation amplitude 7 is the most important.
It has steady-state solutions ¥ = 0 and * = /—u/a. Including the
scaling § = €'/2, the latter solution becomes || x|| = \/—u€/a. Therefore
real nontrivial solutions exist if pe/a < 0. We return to this example
and related ones in a more general context in Section 2.7.5.
m|

2.7 Qualitative Dynamics of Nonlinear Initial-Value Prob-
lems

2.7.1 Introduction

The dynamics of nonlinear differential equations can be extremely com-
plex. In this section we introduce a number of the issues that arise in
these systems. Questions that we address include

e How do nonlinear systems differ from linear ones?

e What general qualitative (geometrical) structure can be found in
nonlinear systems?

e What kinds of steady-state and time-dependent behaviors are typ-
ical?

e How do solutions change as parameters change?

2.7.2 Invariant Subspaces and Manifolds

We begin with an introduction to the geometry of differential equations,
by describing invariant manifolds, regions of phase space in which solu-
tions to an equation remain for all time. We shall see that these regions
organize the dynamics of initial-value problems. For linear constant-
coefficient systems, thinking of the solution to X = Ax in terms of the
eigenvectors leads toward a geometric view of solutions to differential
equations. An important point to notice is this: a point lying on a line

16Guckenheimer and Holmes (1983) give a general formula for construction of the
normal form, including explicit formulas for a and b, derived using a rigorous and
elegant method of nonlinear coordinate transformations.



2.7 Qualitative Dynamics of Nonlinear Initial-Value Problems 183

defined by one of the eigenvectors v; of A never leaves this line and
never has left. These lines are invariant under the solution operator
eAt Recall from Section 2.2.2 that if x(0) = cv;, then

x(t) = eAlev; = celity; Vit

Thus we call the line defined by v; an invariant subspace of the phase
space. The most important invariant subspaces of a linear system are
defined as follows. Let uy,..., Uy, be the (possibly generalized) eigen-
vectors whose eigenvalues have negative real parts; vy,..., vy, be those
whose eigenvalues have positive real parts and wy, ..., Wy, those whose
eigenvalues have zero real parts. Now we can define three invariant

subspaces

E* =span{ui,...un,} stable subspace
E“ = span{vy,...vn,} unstable subspace
E¢ =span{wgy,...wy,} center subspace

An initial condition in ES will remain in ES and eventually decay to
zero, one in E* will remain in E* and grow exponentially with time,
and one in E€ will remain in E€, staying the same magnitude or growing
with at most a polynomial time dependence. Figure 2.13 shows some
examples of these invariant subspaces in linear systems. In general,
a system with eigenvalues with zero real parts is not robust: a small
change in the system, e.g., the parameters, moves the eigenvalues off
the imaginary axis and the invariant subspace E¢ vanishes. A system
like this, for which an arbitrarily small change in the system changes
the qualitative behavior, is said to be structurally unstable. In
contrast, if all the eigenvalues have nonzero real parts, no qualitative
change occurs if the system is changed slightly. Such a system is said
to be structurally stable. Similarly, if a system linearized around
a steady state has no eigenvalues with zero real parts, the steady state
is said to be hyperbolic. Otherwise it is nonhyperbolic.

So what happens when we allow nonlinearity to creep in? Consider a
nonlinear system in the vicinity of a steady state x;. Letting z = x — xg,
we can write the system X = f(x) as

_ ofi L1 fi
aZj 220 72 aZjaZk 220

- 3
Z zjzx + O(l1z]I7)

or
z=Jz+Naz,z) +0(lzI®
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Figure 2.13: Examples of invariant subspaces for linear systems:
(a) Al = —l,Az =0; (b) A1’2 =-1=+1, 2\3 =1.

where Jij = 0fi/0x; ‘Z:O is the Jacobian of f(x;) and N,(z, z) contains
all terms that are quadraticin z. Since Jz = O(z) and N»(z, z) = O(z?),
the leading-order behavior for small z is determined by the linearized
system, as long as all the eigenvalues of J have nonzero real parts, i.e.,
the steady state x; is hyperbolic. The rigorous and general statement
of this fact is called the Hartman-Grobman theorem (Guckenheimer
and Holmes, 1983). If there is an eigenvalue with zero real part, then

the linearized problem gives that

Lharz=o
for some values of z, in which case the quadratic term N> (z, z) appears
at leading order.

Restricting ourselves to the usual situation, when x; is hyperbolic,
we now generalize the ideas of the stable and unstable subspaces to
the nonlinear case. We define the stable and unstable manifolds'’

of x; as follows:

e The stable manifold W*(x;) is the set of points that tend to x; as
t - +o0,

e The unstable manifold W% (x;) is the set of points that tend to x;
ast — —oo,

These have the same dimensions n; and 1, as the subspaces E* and
E" of the linearized system, and are tangent to them at x = x;. The

17 A manifold for our purposes is simply a curve or surface. We use the term because
WS and WY are not generally linear subspaces of R™, while ES and E% are.
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Figure 2.14: Invariant subspaces of the linearized system (a) and in-
variant manifolds of the nonlinear system (b).

relationship between them is shown in Figure 2.14. Convince yourself
that the definitions of W< and W% are equivalent to those given above
for ES and E* for a hyperbolic linear system.

For many interesting situations, a steady state of interest is stable;
there is no unstable manifold. Recall, however, that in the linear case
each individual eigendirection defines an invariant manifold so ES con-
tains within it further invariant subspaces. This fact gives us a tool
for understanding the approach to a steady state and possibly for con-
structing simplified models of the dynamics near a steady state. As
an example, consider the following pair of differential equations, with
exl

€x1 = f1(x1,x2)
Xo = fa(x1,X2)

Let [x1,x2]7 = (0,0) be a stable steady state. Furthermore, assume
that we have written the equation in coordinates where

- [—e 1 0]
0] -1
Thus the eigenvalues are —e~! and —1, with corresponding eigenvec-
tors uy = [1,0]7 and us = [0,1]7. The “s” and “f” stand for “slow” and
“fast” respectively, because the dynamics in the u; direction occur on
an O(1) time scale, while those in the u s direction occur on an O(€)

time scale. We can thus define a “slow” subspace E** and a fast sub-
space ESf, with nonlinear extensions W* and WS/, Initial conditions
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(sufficiently close to the origin) approach WS in a time of O(€) so af-
ter this transient all the dynamics are along the slow manifold W*5. To
leading order in €, W** is defined by the equation f1(x1,x2) = 0. This is
the result we would get by just setting € to zero above and can be found
as an outer solution in a matched asymptotic expansions analysis.

Close to the origin, this equation can be rewritten x1 = h(x5), so
we can reduce the pair of equations to a single equation

X2 = fo(h(x2),x2)

What we have just done is a form of the quasi-steady-state approxima-
tion used in all areas of chemical engineering analysis. It illustrates a
very important and general property of initial-value problems: beyond
initial transients, solutions often evolve on a subspace or manifold that
has many fewer dimensions than the entire phase space. This fact is
both conceptually and computationally important. It means that the
behavior of large systems can often be understood by only consider-
ing a few dimensions, and also that computations might be performed
with many fewer degrees of freedom than formally required.

2.7.3 Some Special Nonlinear Systems
Gradient Systems

Imagine a small particle suspended in a viscous fluid, and moving under
the influence of a force that can be written as the gradient of a scalar
potential function U(x). This situation is described by

X=-VU (2.75)

In general, systems of this form are called gradient systems. Recall
that the vector VU is always normal to surfaces of constant U so tra-
jectories of this type of system are always moving “downhill” on the
“energy landscape” defined by U. In other words, the potential U is a
Lyapunov function for (2.75). The only steady states of gradient sys-
tems are sources, saddle points, and sinks (can you show this?). A
two-dimensional example is shown in Figure 2.15. Some more insight
into the behavior of a gradient system is gained by asking how the “po-
tential energy” of a trajectory evolves with time. The rate of change of
U on a trajectory is

dU(x(t)) U dx; U U

vy — _ 2
dt B Ox; dt B 0xi 0X;{ Ivui® <o
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Figure 2.15: Contours of an energy function V(x1,x2) or H(x1,X2).
Black arrows denote directions of motion on the energy
surface for a gradient system, while gray ones denote
motion for a Hamiltonian system; V(x1,x2) = O.2xf -
2cos(1r/2)x + 10x3.

with equality only at steady states, where VU = 0. So whatever the
trajectory of the vector equation for X, it satisfies this scalar equation
showing that the rate of change of potential energy is the square of the
gradient of the potential. Trajectories roll downhill until they reach a
minimum in U. In a high-dimensional problem, the potential surface
can be very complex, with many minima, and saddle points where there
are many “downhill” directions for the system to choose from.

Hamiltonian Systems

Consider again the landscape of Figure 2.15. Call the energy function H
rather than V. Now imagine a dynamical system where trajectories are
not normal to H, but are tangent to them. So we modify the gradient
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system by rotating VH by 11/2 to get

_OH

. 0 -1 0x2

x:[l o} VH = SH (2.76)
ox1

By the same exercise we performed above for U along trajectories, we
can show that for (2.76), trajectories satisfy

dH(x,t) _

dt 0

so the energy function H is conserved on trajectories that follow (2.76).

The above situation is a special case of a very general and important
class of equations. Consider a system of particles, e.g., molecules. For
each particle, there is a number of coordinates (typically three) that
describes the position of the particle, and for each coordinate there is
an associated momentum. We denote the full set of coordinates as g
and the momenta as p. The total (kinetic plus potential) energy H of
the system is a function of the positions and momenta and is called
the Hamiltonian. In the absence of friction (always true at the atomic
level), the sum of kinetic and potential energy is conserved, so

dH _ 0H dp; | 0H da; _
dt  op; dt  0q; dt

In general, this holds only if

_OH
QI_al”i

__OH
pl__aqi

These equations are called Hamilton’s equations. A system whose
dynamics are described by a model of this form is said to be Hamilto-
nian (Goldstein, 1980).

In addition to the property that H is constant along trajectories,
Hamiltonian systems have another important attribute: phase space
volume is conserved along trajectories. In other words, a “blob” of
initial conditions may deform and rotate with time, but it cannot shrink.
We can see this by looking at the divergence!® in phase space of the

18gee Section 3.2.
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vector field for a Hamiltonian system

o
0 0 opi

Vef=|5— - =0
f [8qi api] _aﬂ
0qi

This result is known as Liouville’s theorem. In general vector fields
with V - f = 0 are said to be conservative; if V - f < 0 the system is
dissipative.l® What is V - f for a gradient system?

An important class of conservative vector fields is the velocity fields
of incompressible flows. In two dimensions, equations for motion of
a fluid element are Hamiltonian, with the Hamiltonian function being
simply the stream function. A three-dimensional incompressible flow
field, although conservative, cannot generally be Hamiltonian. Why
not?

Single Degree-of-Freedom Hamiltonian Systems

A mechanical system with only one degree of freedom, such as a par-
ticle moving along a line or a pendulum restricted to swing in a single
plane, illustrates some of the important features of nonlinear differen-
tial equations. In this case p and q are scalars. Often the Hamiltonian
can be written in this simple form

H(p,q) = %vz +V(q)

Along any trajectory, H is constant, so we can solve for the momentum

in terms of the position
p = *=\2(H -V(q))

Trajectories in phase space are thus symmetric across p = 0. Further-
more, this formula can be used to construct the energy landscape, the
curves of H = constant on the (g, p) plane. From Hamilton’s equations
and the expression for p, we can see that steady states occur when
H =V(q) and 0V /dq = 0. For the pendulum, V(q) = —k cosq, where
K is a constant; the energy landscape and phase-plane trajectories are
shown in Figure 2.16 for k = 2. Note in particular the trajectories

19Grmela and Ottinger (1997) have developed a formalism for continuum models of
materials, in which the vector field is simply a sum of a Hamiltonian part and a gradient
part.
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that round the “hill” or “valleys,” connecting two saddle points. These
special trajectories are called heteroclinic orbits. Denoting the two
steady states involved as P and Q, the heteroclinic orbit is part of both
the unstable manifold of P and the stable manifold of Q. If the po-
tential energy is changed to V(gq) = —%qz + %q“, the landscape and
trajectories are as shown in Figure 2.17. Now we have two trajectories
connecting a saddle point to itself, called homoclinic orbits. The
homoclinic orbit is part of both the unstable and stable manifold of
the steady state. Homoclinic and heteroclinic orbits are examples of
global features of a dynamical system, because their existence cannot
be deduced by only looking at behavior in a small neighborhood of a
particular point. Hamiltonian systems are not structurally stable; phys-
ically we can understand this by noting that any dissipation of energy
leads to “downhill” motion on the energy landscape and the special
properties that H = constant on trajectories and V - f = O are lost.
Similarly, homoclinic and heteroclinic orbits are not structurally sta-
ble features, but they remain important for general systems because
they can arise at particular points in parameter space, called global
bifurcations (Guckenheimer and Holmes, 1983).

2.7.4 Long-Time Behavior and Attractors

A question of significant practical interest when studying a mathemat-
ical model of a process is: what happens to the dynamics after a long
time, i.e., as t — ? In one- or two-dimensional phase spaces, the pos-
sibilities are quite limited and we describe them essentially completely.
In three or more dimensions, very complex behavior is possible and we
shall only touch on the topic.

One Dimension

If x is a scalar, then the autonomous equation
X = f(x)
can always be written in gradient system form

_4av
dx

where V(x) = [ f(x') dx’. All initial conditions must end up at a
steady state, or roll downhill forever toward + .
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a

Figure 2.16: Energy landscape for a pendulum; H = %pz — KC0sq;
K =2.

Two Dimensions—Planar Systems

Not every two-dimensional vector field can be written as the gradi-
ent of a potential, so two-dimensional (or planar?®) systems are not
quite as restricted as one-dimensional ones. Nevertheless, they are
still fairly constrained by the topology of the plane. Let us write a two-
dimensional system as

X1 = f1(x1,x2) Xo = fa(x1,X2)

where (x1,x2)T € R2. The steady states of this system are simply the
intersections of the curves fi(x1,x2) = 0 and f2(x1,x2) = 0. Near
these steady states, the behavior is described by the linearizations, if

20Not all two-dimensional systems are planar. For example, consider a system whose
trajectories are restricted to the surface of a torus, i.e., a doughnut with a hole. This
surface cannot be mapped onto an unbounded plane. We discuss this case when con-
sidering three-dimensional systems. On the other hand, it turns out that the surface of
a sphere can be mapped onto a plane, but the mapping is singular. Another nontrivial
two-dimensional surface is a Mdbius strip.
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Figure 2.17: Landscape for H = 3p? + 24* — 34°.

the eigenvalues have nonzero real parts. In addition to steady states,
we know that closed trajectories (oscillations) can arise, as we saw in
the Hamiltonian examples described previously. Can anything else hap-
pen as t — ~? Can, for example, a periodic orbit have a figure-eight
shape? The answer to this is no; for trajectories in phase space to cross
would require two values of the vector field (f1, f»)” for the same point
(x1,x2)T, which cannot occur. This prohibition on trajectories crossing
applies in any number of dimensions, but in two dimensions it severely
constrains the possible behavior. One very important consequence of
the constraint is the Poincaré-Bendixson Theorem

Theorem 2.32 (Poincaré-Bendixson). If D is a closed region of R? and
a solution (x1(t),x2(t))T € D for all t > to, then the solution either is a
closed path, approaches a closed path as t — o, or approaches a fixed
point (steady state).

As an application of this theorem, consider the system
X=x-7y-x(x?+2y?)

y=x+y-y(x?+y?
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Transforming to polar coordinates gives
: 1
0=1+ 51/2 sin? 0'sin 20
- 2 1 - 2
r=r(1-r<(1+ Zsm 20))

From this form of the equations we see that the origin is the only steady
state and that it is unstable. So where do the trajectories go? Note that
¥ < 0 for all ¥ > 1 so the trajectories must be bounded. Furthermore,
7 = 0 for all @ on the circle ¥ = 1, = 2/+/5 and ¥ < 0 on the circle
v = 12 = 1. So all trajectories entering this annulus (let us call it D)
never leave it. This region is the area between the two gray circles on
Figure 2.18. Since 0>0 throughout D, there can be no steady states in
this region. The Poincaré-Bendixson theorem thus requires that there
be at least one closed path (periodic orbit) in this region. Numerical
integration reveals that for this problem there is one asymptotically
stable periodic orbit, which is also known as a limit cycle. Part of
a trajectory that starts near the origin, as well as the limit cycle it ap-
proaches, are shown in Figure 2.18.

At this point we have seen two types of behavior that trajectories
may tend to as t — : a steady state and a limit cycle. These are simple
examples of attractors. A good working definition of an attractor is
the following.

An attractor A of a dynamical system is a set of points that
is invariant under time evolution of the system, and that is
the ultimate destination as t — oo of all initial conditions
that begin sufficiently near it, i.e., in a neighborhood U.?*

For planar systems, the Poincaré-Bendixson theorem dictates that the
only attractors are steady states and limit cycles. Note that the two-
dimensional Hamiltonian systems discussed above also have periodic
orbits; these are not attractors because an initial condition close to one
such orbit does not approach it as t — «. The fact that trajectories of
Hamiltonian systems lie on constant energy surfaces precludes them
from having attractors.

Three Dimensions

Trajectories in the three-dimensional phase space R® are much less
topologically constrained than are those in one or two dimensions.

215ee, for example, Guckenheimer and Holmes (1983) for a discussion of various def-
initions of attractors and the difficulties in developing a satisfactory general definition.
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Figure 2.18: A limit cycle (thick dashed curve) and a trajectory (thin
solid curve) approaching it. The region D is bounded
by the two gray curves.

There is no three-dimensional analog of the Poincaré-Bendixson the-
orem and thus no restriction that all attractors be either steady states
or periodic orbits. We look first at a simple, geometrically defined ex-
ample. Consider a torus (a donut-shaped surface) floating in three di-
mensions and assume that all trajectories asymptotically approach the
surface of the torus, so that we only need consider what happens on
the torus itself. Further assume that there are no steady states on the
torus. Now any point on the torus can be represented by two angu-
lar positions, 8 € [0,21T) and ¢ € [0,2717), so we can represent the
phase space by a square—any trajectory that leaves one side of the
square reenters on the opposite side. Consider a very simple evolution
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of these variables
O=p ¢=aq

where p and g are constants. Eliminating time and integrating we find
an explicit solution for the trajectories: 0 = %(([) — ¢o) + O, where
(Og, ¢po) is the value of (0,¢) at a chosen value of t. Now since 0
and ¢ are in [0, 217), the trajectory will return to (6q, ¢g) if 0 — 09 =
2tm when ¢ — ¢pg = 211, where m and n are (as yet unspecified)
integers. This requires that gm = pn, which can only hold if p/q =
m/n for some pair of integers m and n. Thatis, p/q must be a rational
number; this situation is a form of resonance. Otherwise, the trajectory
will never repeat and will eventually pass through every point on the
torus! Such an orbit is called quasiperiodic, because 0(t) and ¢(t)
are individually time periodic, but the pair (6(t), ¢(t)) is not. Figure
2.19 shows trajectories for the cases p/q = 9/7 (left) and p/q = V2
(right). The qualitative distinction should be clear. From this example
we see a new type of dynamical behavior, the quasiperiodic orbit.

Finally, we present one example of an even more complex type of
attractor that can occur in phase spaces of dimension 3 or higher. Con-
sider the system

X=-y-z
y=x+ay
z=b+z(x—-2c)

known as the Rossler system. If a = b = 0.2, ¢ = 1, the system
displays a limit cycle, as shown in Figure 2.20. If ¢ = 5.7, however,
the system has the attractor shown in Figure 2.21. This attractor is
neither periodic nor quasiperiodic; in fact, nearby initial conditions will
not follow similar paths but will eventually diverge from one another.
This property is known as sensitivity to initial conditions and
is characteristic of chaotic dynamics. Loosely speaking, an attractor
on which the dynamics are chaotic is called a strange attractor
(Guckenheimer and Holmes, 1983; Strogatz, 1994).

2.7.5 The Fundamental Local Bifurcations of Steady States

We now have seen a variety of possible behaviors for nonlinear dy-
namical systems: steady states, periodic orbits, quasiperiodic orbits,
strange attractors, heteroclinic orbits, homoclinic orbits.... Our focus
now shifts to understanding the ways in which the qualitative behav-
ior of a system changes as we change parameters. This branch of the
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Figure 2.19: Periodic (left) and quasiperiodic (right) orbits on the sur-
face of a torus. The orbit on the right eventually passes
through every point in the domain.

theory of differential equations is called bifurcation theory(looss
and Joseph, 1990).

We begin the discussion just by thinking generally about the steady
states of

X = f(x;u)

where we now explicitly indicated the dependence of the vector field f
on the parameter u. For definiteness, assume that derivatives of f of all
orders exist. Let x;(u) be a steady state, i.e., f(xs(u);u) = 0. We can
determine from the linearization of f at x; whether this steady state is
hyperbolic. Ifitis, then we know, from the Hartman-Grobman theorem,
that a small change in u does not change the qualitative behavior near
Xs. Thus our attention focuses on behavior near values of u where x;
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Figure 2.20: A limit cycle for the Rossler system, a = b = 0.2, ¢ = 1.

Figure 2.21. A strange attractor for the RGssler system, a = b = 0.2,
c=5.7.
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is not hyperbolic—where the linearization has eigenvalues with zero
real part. This is where qualitative changes in the local behavior near
X can occur.??>. We denote a value o where x; is not hyperbolic as a
bifurcation point.

It will be productive to begin our examination of bifurcations with
one-dimensional systems: x € R, u € R. We shall see later how this
discussion generalizes to higher-dimensional systems. Without loss of
generality, we can specify that the bifurcation point is at yo = 0 and
define a new dependent variable y = x — xs(up). Taylor expanding
about v = 0, u = 0 and using the facts that f = fx = 0 give

. 1
V= fuu + > (fxxyz + 2fxuly + fuu“2> +
1
6 (fxxxy3 + 3fxxuy2U + 3fxuuy/12 + fuuul«ls) + -0 (277)

Here the subscript denotes partial derivative, f, = (0f/0u) |u=o’y=o,
etc. We now examine the structure of solutions to this in the most
important cases.

Saddle-Node Bifurcation

We begin with the most general case: the partial derivatives of f (other
than fy) involved in the leading-order behavior are nonzero at the bifur-
cation point. This gives the generic bifurcation behavior; the behavior
that arises in the absence of special conditions on f. For small y and
v, the dominant balance in (2.77) is

) 1
y = fu“ + Efxxyz (2.78)
This has steady states
— 4 —2fuu
Sx

(To see this, check that when y = O (/1) the terms in (2.77) that we
neglected to get (2.78) are small compared to the ones that we kept.)
Therefore, depending on the sign of f,;/ fxx, there are two real solutions
for y > 0 and none for u < O or vice versa. The point u = 0 is thus
quite special in that on one side of it there are no steady states near
v = 0 and on the other there are two. This type of bifurcation point

22|f the system has a special structure, like a Hamiltonian, then additional conditions
must be satisfied for bifurcation to occur.
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Figure 2.22: Bifurcation diagram for the saddle-node bifurcation. Ev-
ery bifurcation of this type looks like this modulo a ver-
tical and/or horizontal reflection across y = O,u = 0.
The branch of stable solutions is the solid curve, the
unstable branch is dashed.

is called variously a limit point, turning point, or saddle-node
bifurcation point. It arises when the conditions fx =0, f, # 0, fxx =0
are satisfied. By rescaling, we can write the normal form for this
bifurcation as

y=p-y* (2.79)
Now the steady states are simply y = *+./i; the positive root is stable
and the negative unstable. When u = 0, there is a single (repeated) root,
which is stable from the right but not the left, and when u < O there
is no steady state, although trajectories that pass close to v = 0 move
very slowly through that region. The time spent in the interval [—-1,1]
is J% The bifurcation diagram associated with the saddle-node
bifurcation is shown in Figure 2.22. It summarizes the position and
stability of the steady states as u changes.

Transcritical Bifurcation

In the above scenario, steady states exist only on one side or the other of
the bifurcation point. What type of bifurcation do we expect to see if we
know, on physical grounds, for example, that solutions exist on both
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sides of the bifurcation point? To capture this situation, we impose
the additional condition that f,, = O at the bifurcation point. Now we
find that y = O(u) and the leading-order equation for the dynamics
becomes

) 1
Yy = > (fxxyz + 2fxul«ly + fuu“z)
This has steady states

y = fi (= Few P = Frw i) 1

So the steady states are (locally) lines in the (y, i) space, which cross
at (y,u) = (0,0). Since steady states persist on both sides of the bi-
furcation point, this scenario is called transcritical bifurcation. It
arises when the conditions fx = 0, f, = 0, fxu * 0, fxx # O are satis-
fied. We can make the presentation simpler without loss of generality
by setting f,,, = 0 and rescaling, which gives us the normal form for
the transcritical bifurcation

y=yu+ay), a==1 (2.80)

We can show that the steady state v = O is stable when yu < 0 and
unstable when u > 0, and the nontrivial steady state v = —u/a has the
opposite stability characteristics. The solutions are sometimes said to
“exchange stability” at the bifurcation point. The bifurcation diagram
for the transcritical bifurcation is shown for a < 0 in Figure 2.23.

Pitchfork Bifurcation

Many physical problems have some symmetry that constrains the type
of bifurcation that can occur. For example, for problems with a reflec-
tion symmetry, a one-dimensional model may satisfy the condition

Sfx —xgp) = —f(=(x —x4); 1)

for all values of u. With y = x — x; we have that f(y;u) = —f(—-y; u)
so v = 0 is always a solution and f is odd with respect to v = 0.
Therefore, at a bifurcation point v = O,u = 0 we have that 0 = f =
Sxx = fxxxx =...and 0 = fy = fuu = fupu = - ... Our Taylor expansion
thus becomes 1

V= fxuly + gfxxxy3
with v = O(u'/2). Rescaling, we find the normal form

y=yu+ay?, a==1 (2.81)
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Figure 2.23: Bifurcation diagram for the transcritical bifurcation. Ev-
ery bifurcation of this type looks like this modulo a ver-
tical and/or horizontal reflection across y = O,u = 0.
The stable branch is solid, and the unstable branch is
dashed.

This has steady states ¥y = 0,y = *./—pu/a. The steady states and
stability for this bifurcation are shown in Figure 2.24. For obvious rea-
sons, this scenario is called pitchfork bifurcation. It arises when
the conditions fx = 0, f(y;u) = _f(_y;U)yfxu #0,fxx =0, fxxx # 0
are satisfied. If a = —1, then the nontrivial steady-state branch exists
only for u > 0 and is stable; this case is said to be supercritical. If
a = +1, the nontrivial branch exists for y < 0 and is unstable; this is
the subcritical case. Note that in the latter case, the linearly stable
trivial branch will not be approached by initial conditions with mag-
nitude |y (0)| > /—u/a; so although small perturbations from the
steady state ¥ = O decay, larger ones grow.

Hopf Bifurcation

In all of the above scenarios, solutions either monotonically approach
a steady state or go off to oo (or more precisely, to where higher-order
terms in the Taylor expansion are important). We now consider the
case where we expect oscillatory behavior, i.e., where the linearized
version of the problem has complex conjugate eigenvalues A = o = iw.
Obviously, we must move from one- to two-dimensional systems for



202 Ordinary Differential Equations

Figure 2.24: Bifurcation diagrams for the pitchfork bifurcation. Top:
supercritical bifurcation, a = —1. Bottom: subcritical
bifurcation, a = 1. The stable branches are solid, the
unstable are dashed.

this behavior to occur. As above, we expect a bifurcation when the
steady state is nonhyperbolic, so 0 = 0 and the eigenvalues of J are
purely imaginary. In this instance, the steady-state solution persists on
both sides of the bifurcation point, as long as w # 0 when o is small.
We let 0 = pe with u = O(1) and write the model as

. |HE -—w a
X = [w Le ] X + Na(x,x) + N3(x,x,x) + O(|x|")
The behavior of the linearized system is characterized by oscillation
on a time scale of w1 (which we assume remains finite as € — 0), and
slow growth or decay on an O (e~ 1) scale. In Example 2.31, we used the
method of multiple scales to show that for small €, balancing the linear
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growth terms with the nonlinearity requires that x = O(€1/2), as in the
pitchfork and saddle-node cases above, and that the solution has the
form

sin(wt — ¢(t))

where the amplitude r and phase ¢ of the solution are given by

X(t) — €1/21,(1.) |:COS((Ut - ¢(t)):|

,",

eur + aer? (2.82)
¢ = ber? (2.83)

The constants a and b are functions of the nonlinearity and of w (Guck-
enheimer and Holmes, 1983; looss and Joseph, 1990). These equations
comprise the normal form for the so-called Hopf bifurcation, the
generic bifurcation connecting steady states (» = 0) to periodic orbits
(r = 0). Notice that the equation for v is identical in form to that for
the pitchfork bifurcation. So if a < 0, we have a supercritical Hopf
bifurcation, a transition with increasing u from a stable steady state to
a stable limit cycle whose amplitude is €¥/2r = \/—pu€e/a. For the sub-
critical case a > O there is a periodic solution, but it exists for y < 0
and is unstable. Turning to the phase equation, we see that on the limit
cycle, ¢ = —uebt/a, so the frequency of the solution is w + bue/a. It
changes linearly as u increases from zero, with a rate determined by
b/a.

2.8 Numerical Solutions of Initial-Value Problems

We have seen that for linear constant-coefficient problems, a complete
theory exists and the general solution can be found in terms of eigenval-
ues and eigenvectors. For systems of order greater than four, however,
there is no general, exact way to find the eigenvalues. So even in the
most well-understood case, numerical approximations must be intro-
duced to find actual solutions. The situation is worse in general, be-
cause no simple quantitative theory exists for nonlinear systems. Most
of them need to be treated numerically right from the start. Therefore
it is important to understand how numerical solutions of ODEs are con-
structed. Here we consider initial-value problems (IVPs). We focus on
the solution of a single first-order equation, because the generalization
to a system is usually apparent. The equation

X = f(x,t)
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can be formally integrated from a time t to a future time ¢ + At to read

t+At

x(t + At) = x(t) +L flx (), tHdt (2.84)
The central issue in the numerical solution of IVPs is the approximate
evaluation of the integral on the right-hand side of this equation. With
a good approximation and a small enough time step At, the above for-
mula can be applied repeatedly for as long a time interval as we like,
i.e., x(At) is obtained from x(0), x(2At) is obtained from x (At), etc.
We use the shorthand notation x®) = x (kAt).

2.8.1 Euler Methods: Accuracy and Stability

The three key issues in the numerical solution of IVPs are simplicity,
accuracy, and stability. We introduce each of these issues in turn,
in the context of the so-called Euler methods.

The simplest formula to approximate the integral in (2.84) is the
rectangle rule. This can be evaluated at either t or t + At, giving these
two approximations for x(t + At)

x*FD & x® L AL F(xc®) 1K) (2.85)
x (K1) o 5o (k) Atf(x“‘*l),t(k*l)) (2.86)

The first of these approximations is the explicit or forward Euler
scheme, and the second is the implicit or backward Euler scheme.
The explicit Euler scheme is the simplest integration scheme that can be
obtained. It simply requires one evaluation of f at each time step. The
implicit scheme is not as simple, requiring the solution to an algebraic
equation (or system of equations) at each step. Both of these schemes
are examples of single-step schemes, as they involve quantities at the
beginning and end of only one time step.

To examine the accuracy of the forward Euler method, we introduce
the local truncation error €. This is the error incurred in a single
time step given a known solution x ), and is defined by

(k+1) (k+1)

. Xexact approximate

B At

For forward Euler, this expression becomes

xrD <X(k) n Atf(x(k)’t(k)))
€= AL (2.87)
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We estimate the exact solution by Taylor expanding and using the fact
that X&) = f(x® k).

. 1
Xt = x® + x®AL + SxWaz+oard)
1
=x® 4 f(x® t®)AL + E5<'<’<>At2 +0(At)

(For the present analysis it suffices to keep the O(At?) terms, but in
general higher order terms may need to be retained.) Plugging back
into (2.87) yields

x® 4 f(x® R AL + 20 AL2 - (X(k) 4 Atf(x(k),t(k))) +O(AL?)

€= At

Observe that the first two terms in the Taylor expansion of xéﬁgclt)

cancel out the terms from the forward Euler step to yield
1
€= 555<’<>At +O(At?)

Thus € scales as At! as At — 0. The implicit Euler method obeys the
same scaling. Thus the Euler methods are said to be “first-order accu-
rate.” Since the explicit method is simpler, is there any reason to use
the implicit method? The answer is yes and arises when we look at the
third issue mentioned above, stability.

Consider a single linear equation X = Ax, so f(x,t) = Ax. If
Re(A) < 0O, then x(t) — 0 as t — oo. It is not asking too much that
a numerical approximation maintain the same property. The Euler ap-
proximations for this special case are

xFD = x® 4 AAtx®

x D = x®) 4 AAEx KD

For the explicit Euler scheme, the iteration formula can be written in
the general form x*+1 = Gx®) where in the present case G = (1 +
AAt). We call G the growth factor or amplification factor for
the approximation. By applying this equation recursively from k =
0, we see that x*¥) = Gkx©@ so if |G| > 1, then x® — « as k —
0. Conversely, if |G| < 1, then x¥) — 0 as k — 0. Thus there is
a numerical stability criterion: |G| < 1. This is equivalent to
Gl% + Gf < 1, where subscripts R and I denote real and imaginary parts,
respectively. For explicit Euler, Gg = 1 + ARAt,G; = AjAt, yielding
stability when
(1+AgA1)% + (AjAD)? < 1
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On a plane with axes ArRAt and AjAt, this region is the interior of a circle
centered at AgAt = —1,A;At = 0. If At is chosen to be within this circle,
the time-integration process is numerically stable; otherwise it is not.
If A is real, instability occurs if A > 0; this is as it should be, because
the exact solution also blows up. But it also happens if A < 0 but At <
—2/A, which leads to G < —1. This is pathological, because the exact
solution decays. This situation is known as numerical instability.
A numerically unstable solution is not a faithful approximation of the
true behavior of the system.

For a system of equations X = Ax, numerical stability is obtained
only if the time step satisfies the |G| < 1 criterion for all of the eigen-
values A;. Observe that for systems with purely imaginary eigenvalues,
i.e., purely oscillatory solutions, the explicit Euler method is never nu-
merically stable.

Now consider the same analysis for the implicit Euler scheme. We
can again write x ¥*1) = Gx® but now G = (1 — AAt) L. Therefore

_ -1
IGI? = GG = (1-2ApAt + [APAL2) " <1

whenever Ay < 0. That is, if the exact solution decays, so does the
approximation. The stability of this method is independent of At, so it
is said to be absolutely stable or A-stable.

Figure 2.25 shows plots of x(t) for the case A = —1 starting from
initial condition xo = 1 using explicit and implicit Euler methods with
At = 2.1, along with the exact solution x(t) = e~t. The implicit Euler
solution is not particularly accurate because the time step is not small
relative to the natural time scale of the system (~ min (|1/Ag|, [1/A1])),
while the explicit Euler solution displays numerical instability.

2.8.2 Stability, Accuracy, and Stiff Systems

Say we have a differential equation model whose shortest time scale
of interest is t;»;. Obviously, we cannot choose a time step At that is
greater than t;,;, or our approximate solution will jump right over the
interesting behavior. So accuracy requires that At < tin;. But if we
use an explicit method, stability requires a time step smaller than t,,in,
which is the smallest time scale of the entire problem. For example,
in a kinetics problem, this might be the reaction time for a free-radical
intermediate whose Kinetics are so fast that its concentration always
remains near equilibrium. Problems where t,;in < tint are said to be
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Figure 2.25: Approximate solutions to X = —x using explicit and
implicit Euler methods with At = 2.1, along with the
exact solution x(t) = e~t.

stiff. Implicit methods are always used to solve such problems, as
explicit methods require unreasonably small time steps.
In general, for the problem

X =Ax
we can write a single-step scheme as
x&+D) = G4 K

For example, consider the system

) -3 1
X—AX—[O _100})(

The matrix A has eigenvalues -3 and -100, so its characteristic time
scales are 1/3 and 1/100. In fact x5 (t) ~ e~100 so it is negligible after
only avery short time. The explicit Euler method must capture this time
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scale to remain stable. Specifically, G = I + At A, whose eigenvalues are
1 - 3At and 1 — 1006t, giving a stability limit At < 2/100. If implicit
Eulerisusedinstead, G = (I-AtA) 1x®) whose eigenvalues are 1/(1+
3At) and 1/(1 + 100At), which are both always less than one. Again,
the implicit Euler method is always stable.

2.8.3 Higher-Order Methods

The Euler methods are simple to implement and convenient for intro-
ducing the concepts of simplicity, accuracy, and stability, but they are
not necessarily the most efficient for solving real problems. For ex-
ample, if an implicit method is required, the Adams-Moulton second-
order formula (AM2) is much preferable. This formula uses the trape-
zoid rule rather than the rectangle rule to evaluate the integral and
therefore has second-order accuracy. The accuracy of IVP methods
is usually given by a number p, the exponent in the expression € =
O(At?). Therefore, the Euler methods have p = 1 and AM2 has p = 2.
The formula for this method is

kD) (k) % (f(x(k+1),t(k+1)) _I_f(x(k)’t(k)))

Like the backward Euler method, this formula requires the solution
of an algebraic equation for x**1) at each time step. Also like the
backward Euler method, it is A-stable. It is preferable to the back-
ward Euler method because it has higher accuracy, the same stability,
and requires no more work. AM2 is widely used for stiff problems.
Adams-Moulton formulas of arbitrary order are available. The third-
order formula, for example, uses f k1 fk) fk-1 and fk-2) (where
fH = f(x® t®)) to estimate the integral in (2.84) by polynomial ap-
proximation. These methods are not A-stable, however, and since they
are expensive, are rarely used (except in the context described later in
this section).

The second-order Adams-Bashforth (AB2) method is an explicit
method that also uses the trapezoid rule, but it extrapolates to the point
f%+1D "using current and past values of f. AB2 approximates fk*1) by
fO LAt ((f(k) - f(kfl))/At> (linear extrapolation), so it is a two-step
scheme. Using this approximation in the trapezoid rule formula above
yields

xk+D ) % (3f® - fk-v)

The price that is paid for higher accuracy without more work is a sta-
bility limit that is twice as restrictive as the forward Euler limit, e.g.,
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for real A the stability limit is AAt < —1 instead of —2. This stricter
limit arises from the extrapolation that Adams-Bashforth uses, as seen
in Figure 2.26. Adams-Bashforth formulas of arbitrary order also are
available. The third-order formula, for example, uses f*), fk-1 and
f(k—z).

Stability can be improved by combining an explicit method for “pre-
dicting” x**1) with an implicit method for “correcting” it. Such ap-
proaches are called predictor-corrector methods. Often the order
of the predictor is chosen to be one less than that of the corrector. We
denote APCn as the n — 1 order predictor combined with the n-order
corrector. For example, APC3 has the following steps:

1. A predicted value of the solution at the next time step is denoted
by x*) and computed by the AB2 formula
X — k)  BE (3f® - fk-D)
2
2. This value is now corrected, using the implicit third-order Adams-
Moulton formula

x®&+D ) % (50 +8f® - fk-1)

where f(*) = f(x ), tk+1))

APC3 displays third-order accuracy with only one more function eval-
uation than explicit Euler and comparable stability. Figure 2.27 shows
the stability regions for the APC2, APC3, and APC4 methods. If AAt for
each eigenvalue of the Jacobian of %) is within the region, the method
is stable. If the solutions are expected to be very smooth and function
evaluations are expensive, the APC methods are very economical, be-
cause of their high-order accuracy with only two function evaluations
per time step.

Adams predictor-corrector methods are multistep methods because
they use information from prior time steps. Runge-Kutta (RK) meth-
ods also have higher-degree accuracy than Euler, but are one-step meth-
ods, a useful feature in situations where one may want to change the
time-step during the course of the integration. The simplest of these,
RK2, uses the trapezoid rule to obtain second-order accuracy, extrap-
olating to f*+1) using a simple forward Euler step: fk+1) =~ fKk 4
At f® | Letting

ki = f(x®, 0
ko = f(x® + Atky, t + At)
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Figure 2.26: Stability regions for Adams-Bashforth methods; X = Ax;
see also Canuto et al. (2006, Fig. D.1).

the trapezoid rule formula becomes
At
x kD) = (k) ?(kl + k2)

RK2 is in fact identical to APC2 (because a first-order Adams-Bashforth
formula is simply an explicit Euler step), but RK4, the fourth-order
Runge-Kutta formula, has a larger stability limit than the corresponding
APC4 method; see Figure 2.28. The RK4 formula is

A
X(k+l) = X(k) + Et(k]_ + 2k2 + 2k3 + k4)
in which
_ (k) (k) _ w1 ) , 1
ki = f(x™,t™) ko= f(x™ + EAtklyt + EAt)
ks = f(x® + %Atkz, AL %At) ka = f(x® + Atks, t0 + At)

If f were independent of x, this would reduce to the Simpson’s rule
formula. RK4 requires four function evaluations. Because they have
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Figure 2.27: Stability regions for Adams predictor-corrector meth-
ods; X = Ax; APCn uses (n — 1)st-order predictor and
nth-order corrector; see also Canuto et al. (1988, Fig.
4.7).

better stability properties than APC formulas, Runge-Kutta methods
are generally preferable for nonstiff problems unless evaluation of f is
expensive. If f is stiff, AM2 is the method of choice.

2.9 Numerical Solutions of Boundary-Value Problems
2.9.1 The Method of Weighted Residuals

There are basically two ways to make a continuous problem, like an
ODE, discrete. One is to choose a finite number of points (values of
the independent variable) and find an approximate solution at those
points. This is what we did to solve initial-value problems (IVPs). We
picked a point a distance At from the current time step, and used var-
ious approximate integration techniques to find the solution at that
point. This is a natural approach for IVPs, because the solution at each
time depends only on the solution at the immediately previous time.
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Figure 2.28: Stability regions for Runge-Kutta methods; X = Ax; see
also Canuto et al. (2006, Fig. D.2).

The situation with boundary-value problems (BVPs) is different. In this
case, the solution at any point is coupled to the solution at all other
points in the interval because the boundary conditions are imposed
at both ends of the interval (think of a diffusion problem). So if the
solution at a point changes, so does the solution at the neighboring
points. A natural way to take this fact into account is to approximate
the solution as the sum of a finite number of functions, i.e., to choose a
set of functions over the interval and represent the solution as a linear
combination of those functions. A general and systematic approach
to this approximation process is given by the Method of Weighted
Residuals (MWR).
Consider the linear ODE

Lu = f(x) xe€la,b]

We choose a set of trial functions {¢;(x)} in which to represent the
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solution u(x) and let u, (x) be the approximate solution

n

Un(x) = > cjdj(x)

j=1

For the moment we require that the solution ©(x) and the trial func-
tions satisfy homogeneous boundary conditions, though it is easy to
relax this requirement. As n — o, we expect u, to approach the exact
solution. For finite n, we expect a finite error, or residual, R, which we
define pointwise as

Obviously, if u, = u, then Lu,, = f, the equation is solved and R = 0.
In any case, we want R to be as small as possible. In what sense do we
want R to be small? We choose a second set of functions, the weight
functions or test functions {y;(x)}, and require that

(R,pi) =0,i=1,2,...,n (2.88)

This condition is equivalent to requiring that the residual be orthogonal
to all of the test functions, with respect to the chosen inner product.
We expect that an approximate solution u, (x) that satisfies these con-
ditions will converge to the exact solution as n — o because a function
that is orthogonal to infinitely many basis functions must be zero. Us-
ing the expressions for R and u,, the condition becomes

D (Lpj(x), wi(x))ecj = (f(x),i(x)),i=1,2,...,n
j=1

Setting
Aij = (Lpj(x),pi(x)) (2.89)

and
bi = (f(x),pi(x)) (2.90)

results in the linear algebraic system A;jc; = b;. We know, of course,
how to solve this. Once we have done so, we have the coefficients c; in
the series for u, and therefore we have our solution.

As yet, the trial and test functions have been left unspecified. We
already have introduced several examples of trial functions and shall
shortly see another. As for test functions, there are two common
choices, which lead to two types of formulations:
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1. Galerkin: y;(x) = ¢;(x). If the trial functions are orthogonal,
this approach simply forces the first n terms in the representation
of R in the trial function basis to vanish.

2. Collocation: i(x) = 8§(x — xi), where {x;},i = 1,2,...,nis a
set of collocation points. Since (R,6(x — x;)) = R(x;), the
collocation method simply requires the residual to be zero at the
chosen set of points.

We introduce a number of specific MWR implementations using the
model problem

y'i+y=x-1 y(0)=-1 y(1)=1 (2.91)

Since the boundary conditions are not homogeneous, let u = y — (2x —
1). Now u(0) = u(1) = 0 and the equation becomes

U +u=-x (2.92)

Galerkin Method

Finite element Galerkin method. In this method, the trial functions
are low-order piecewise polynomials localized to small subsets of the
domain, known as the elements, and are zero elsewhere. Consider the
space L»(0, 1) and the set of functions ¢;(x) where

1-—
d)o(X):‘[

0, otherwise

, 0<x<x1

=%

1-j+73, Xj-1<X <X
Pj(x)=11+j-7, Xj<X=<Xj j=1,N-1
o, otherwise

1-N+7, XN-1<X <Xy
o, otherwise

Pn(x) ={

with x; = jh and h = 1/N. These functions are called “hat” functions
and are shown in Fig. 2.29 for N = 2. Observe that ¢;(x) and ¢ ;1
are nonzero in overlapping regions—these regions are the “elements”
to which the name of the method alludes. These functions are not
orthogonal. Attractive features of this set are that the functions are
spatially localized (important for multidimensional problems in com-
plicated domains) and simple, and that the coefficients c; are the actual
values of the (approximate) solution at the points x;: ¢; = un(x;).
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Figure 2.29: Hat functions for N = 2.

For (2.92), the boundary conditions u(0) = u(1) = 0 obviate the
use of ¢bg and ¢y in the basis, since they do not satisfy the boundary
conditions. In the Galerkin approach, y@;(x) = ¢;(x), so the weighted
residual conditions become

n 1 1
R,yi) = Z L (P} + Pj)Ppidxcj - Jo -x¢idx =0,i=1,2,...,n
j=1
where n = N — 1. Thus

1
Ajj = L (P + Pj)pidx

1 1
Bibily+ | i+ b

2 2h .
nt3. 1=
h

+€’

j=1ix1

O =+ |

, otherwise

and L
bi = J —xcl;idx = —ih2
0

Note that integrating by parts is unnecessary if we are willing to deal
with the delta function nature of ¢’ for the hat functions. Now we
have a linear algebra problem A;jc; = b;, which can be solved by LU
decomposition, for example. For this particular choice of basis, A has a
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Figure 2.30: Approximate solutions to (2.92) using the finite ele-
ment method with hat functions for N = 6 and N = 12.
The exact solution also is shown.

special structure: only the diagonal elements and those just above and
below the diagonal are nonzero. Such a matrix is called tridiagonal
and can be LU decomposed quickly, i.e., in O (n) operations, since most
of its entries are already zero. In general, an n X n matrix that only has
~ 1 nonzero elements is said to be sparse. Because the trial functions
in this case are piecewise linear, the L, norm of the error |[u, — ull,
decays rather slowly as n increases: |1y, — ull, = O(%) asn — .
The maximum (L) error decays even more slowly: ||, — Ul = O(%)
as n — oo (Hughes, 2000; Strang and Fix, 2008). Figure 2.30 shows
finite element solutions for this problem, as well as the exact solution
u(x) = —x +csc(l) sinx.

The finite element method bears some similarities to finite differ-
ence methods, which instead of expanding solutions in basis functions,
considers function values at distinct grid points in a domain and re-
places derivatives by difference formulas (Press, Teukolsky, Vetterling,
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and Flannery, 1992). For example, 1’ (x) can be approximated as

u(xj1) — ulx;)
h

u}(xj) = +O0(h) (2.93)

or

u(x;) —u(x;j-1)
h

where x; and h are defined as above. These two equations are known

as forward and backward difference formulas, respectively. The
central difference formula for the first derivative is given by

) (x;) ~ +0(h) (2.94)

u(xj+%) —u(xj_%) )
7 + O (h9) (2.95)

u(xj) =

These formulas are easily verified by Taylor expansion. Applying this

formula twice gives the central difference formula for the second deriva-

tive

u(xj1) — 2u(x;) + ulx;-1)
h2

Using this formula to approximate the second derivative in (2.92) yields

the following set of equations

+ 0 (h?) (2.96)

ug (xj) =

u(xje1) — 2u(x;) + ulx;-1)
h2

+u(xj) =-jh, j=1,2,...,n

with u(xg) = u(xn+1) = 0. For comparison, writing the finite element
formulation above in the same format gives

uxj1) — 2u(x;) + ulxj-1) N Au(xj-1) + ulx;) + 4u(x;j1)
h2 6
=—jh j=1,2,...,n

Observe that the term corresponding to the second derivative is iden-
tical in the two cases, as is the right-hand side. In many situations,
finite difference and finite element formulations lead to similar sets of
discretized equations. A great advantage of the finite element method,
however, is its flexibility in dealing with multidimensional problems in
complex geometries, as one does not need to develop multidimensional
analogues of the difference formulas.

Fourier-Galerkin method and eigenfunction expansion. Here, in-
stead of the hat functions, we use the sine functions as trial and test
functions, i.e.,, ¢j(x) = sin jmx; we seek a solution in the form of a
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truncated Fourier sine series. In the present case these trial functions
are eigenfunctions of L. Choosing the trial functions to be the eigen-
functions of the linear operator is called eigenfunction expansion
and in this situation the matrix A defined by (2.89) becomes diagonal.
For the example

—j?m?+1

2 i

1
Aiy = | (@) + by b =

1 i—1
(=1)!
b; = J -x¢pidx = ———
1 o d)l it
The diagonal nature of A makes the solution procedure for ¢ simple
once the above integrals have been performed

o 2(-1)y?
I @ ey

Because cj ~ j~2 for large j, the L, error scales as 1/n3. This error
is smaller than for the finite element method, but not as small as it
could be, because the solution to the problem is not a smooth periodic
function, as the use of the Fourier basis implicitly assumes.

Legendre-Galerkin method. The trigonometric functions used in the
previous example were the eigenfunctions of a regular Sturm-Liouville
problem. What happens if we instead use the eigenfunctions of a sin-
gular Sturm-Liouville problem, for example the Legendre polynomials?
Our example problem is set in the domain (0, 1), while the natural do-
main for Legendre polynomials is (-1, 1), so we change coordinates,
letting z = 2x — 1, which gives the new equation

d?u 1
4@4‘“2 —E(Z-i-l), u(—l) :u(l) =0
We let ¢ (z) = Pj_1(2), so
n-1
un(z) = Y cji1Pj(2)
j=0

The Legendre polynomials do not satisfy the boundary conditions, so
we need to use a slightly modified approach, called the Galerkin tau
method:

1. Impose the weighted residual conditionsonly fori =1,2,...,n—-2
(R,¢pi) =0,i=1,...,n—-2

This gives n — 2 equation for the n unknowns c;.
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2. Supplement these equations with the expressions for the bound-
ary conditions on u,
n-1
Un(-1) =0 = > Pj(-1)cjs1 =0
j=0
n-1
Up(1) =0 = > Pj(1)cj41 =0
j=0

Now the first n — 2 rows of A and b contain the weighted residual
equations, and the last two rows the equations needed to satisfy the
boundary conditions.

To construct the equations resulting from the weighted residual
conditions, the following properties of Legendre polynomials are rele-
vant

61411’1

1
f_1Pn<x>Pm(x) ax =2

j-1
Pix)= >  (2k+1)P(x)
k=0,j—k even
-ty
P/(x)= > SQRk+DG-K+k+1P(x)
k=0,j—k odd

These can be derived from (2.27)-(2.30).dz For the sample problem,
these results can be used to yield

j-1

. 1 . .
Ai+1,j+1=4jil< > E(Zk+l)(]—k)(]+k+l)Pk(Z)+PJ(Z)>P1'(Z) dz
j—kk:rgjd
2 2
=4 kzo 5(2k+1)(]fk)(1+k+1)2k+15ik+2i+15ij

j—k odd

fori=0,n-3,j=0,n—-1and
11
bi+1=J S+ DPi(2) dz
-1

1 _
— | S Roz) + Pu2)Pi(2) dz

1
= —0i0 — 50i



220 Ordinary Differential Equations
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Figure 2.31: Dependence of |c(j)| on j for the Legendre-Galerkin
approximation of (2.92) with n = 10.

for i = 0,n — 3. The expressions for the boundary conditions lead to
An—l,j+1 = (_1)j An,j+1 =1 bn—l =0 bn =0

We do not plot the comparison between approximate and exact so-
lutions for this case, because even for n = 5, the two are visually in-
distinguishable. Rather, Figure 2.31 shows |cj| versus j for n = 10.
For j = 4, the plot is nearly a straight line on a semilog plot, indicat-
ing that c¢; decays exponentially with j. This exponential or spectral
convergence is characteristic of MWR methods that use trial functions
chosen to be eigenfunctions of a singular Sturm-Liouville problem (Got-
tlieb and Orszag, 1977). For this reason these methods are often called
spectral methods. The rapid convergence reflects the fact that the
Galerkin approximation yields a solution very close to the truncated
Fourier series of the solution in the trial function basis. The very high
accuracy of spectral methods does come at a cost—the matrix A is not
sparse so it cannot generally be factorized in O (N) operations.

Collocation Method

Galerkin methods require evaluation of many integrals of products of
trial functions. This fact is particularly cumbersome in nonlinear prob-
lems. In the collocation method, the integrals of (2.88) are simplified
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greatly by the fact that the test functions are delta functions. Another
attractive feature of the collocation approach is that the solution can be
directly represented by its values at the collocation points, rather than
as coefficients in a series. To illustrate the structure of a collocation
formulation, consider the trial function set {¢;(x), ¢ (x), P3(x)} and
three collocation points x1, x2,x3. The approximate solution is thus
Un(x) = c1P1(x) + c22(x) + capa(x). The coefficients ¢; — c3 are
uniquely determined if the values of u, are known at three points, as
we can see by writing in matrix form the equations for the values of u,,
at the collocation points

P1(x1) Pa(x1) Palx1) | |ca Un(x71)
P1(x2) Pal(x2) Pa(xz) | |c2| = | un(x2)
b1(x3) Pa(x3) Palx3) | |c3 Un(x3)

This equation can be written Sc = U, where S is the (invertible) transfor-
mation that relates the coefficient vector ¢, with the vector of solution
values at the collocation points U

T T
c=[c1 e cs U=[un(x1) un(x2) un(xs)]
We also can write the equations for du, /dx at the collocation points

Pi(x1) Pr(x1) Pi(x1)] [ea Uy, (x1)
P1(x2) Por(x2) Pg(x2) || c2| = | Un(xz)
Pi(x3) Por(x3) Palxs) | |cs Uy, (x3)

or Sgc = U’. Using the fact that ¢ = S~1U, we can write U’ = S3S~1U
or U’ = D,U, where D,, = S35 1 is called the collocation differen-
tiation matrix. With this formula, we can compute the derivative of
the function u, (evaluated at the collocation points) directly from the
function values at the collocation points. All of the information about
what basis functions have been used is absorbed into the operator D,,.
Similarly, the second derivative matrix is simply D2. Note that within
the space of functions that are spanned by the set of trial functions,
the differentiation is exact. For example, if we use a polynomial ba-
sis, the derivative of any quadratic function is evaluated exactly by the
collocation differentiation operator constructed above.

The choice of collocation points depends on the basis functions and
is based on the following idea. A weighted integral (inner product) of

functions b

(U, V) = I ux)vx)w(x) dx
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can be approximated as a sum

n
(U, V)w ~ > ux)v(xj)w; (2.97)
j=0
where w; # w(x;) in general. It can be shown that for certain choices
of u(x) and v(x), the points x; and weights w; can be chosen so that
(2.97) is exact. These points are the ideal choice for collocation points.
For example, let u and v be periodic functions that can be written
as truncated Fourier series
n/2-1 n/2-1
ulx)= > wme™™, vix)= > re*¥
k=-n/2 k=-n/2

in the domain 0 < x < 271r. Equation (2.97), modified to exclude the
term j = m, which is redundant due to periodicity, yields the exact
integral if x; = 21rj/n and w; = 27 /n. Similarly, if u and v are poly-
nomials of degree < m, (2.97) can be made exact using the Gaussian
integration formulas. Canuto et al. (2006) provide a detailed dis-
cussion.

Chebyshev collocation. Chebyshev polynomials are a particularly pop-
ular choice as trial functions for the collocation method. These func-
tions are the solutions to the Sturm-Liouville equation
d?y _dy

1-x2)== —x—=—+Vv?y =0 2.98

( ) Ax? dx y (2.98)
When v is an integer, this equation always has a polynomial solution
called a Chebyshev polynomial (of the first kind) T, (x); see Exercise
2.36. These polynomials form an orthogonal basis in the domain -1 <

x < 1 with the weight function w(x) = (1 — xz)_l/2 and have the form
To(x) =1
Ti(x) =x

Tyvir = 2xTy(x) — Ty—1(x)

As with Legendre polynomials, Chebyshev polynomials also arise from
Gram-Schmidt orthogonalization of the set {1, x,x?,...}, but now us-
ing the weighted inner product. A particularly important property of
Chebyshev’s equation is that when using the coordinate transformation
x = cos 0, it reduces to ,

% +v2y =0
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and the Chebyshev polynomials become
T, (0) = cos (vO)

in the domain —1 < 0 < 1. In this domain, the optimal collocation
points are uniformly spaced, which in the original domain -1 < x <1
results in the points
Tj .
xXj=cos—,j=0,...,n
J n '/
These points are very closely spaced near x = =1, making Chebyshev
collocation an attractive approach for problems in which sharp gra-

dients near boundaries are expected. The differentiation operator is
given by

Tj xi-xj L#j

T
5 l=j=0
N A

wherec; =1+ 6o + 0 jn.

As with the Legendre-Galerkin method, the natural setting for Cheby-
shev collocation is the domain (—1, 1). For our example problem, (2.92)
transformed into this domain, the equations of the Chebyshev colloca-
tion approximation are

1 .
4(D$l)ijUj+UJ' = —E(Zi-i-l),l: 1,....,.n—-1

This gives n — 1 equations; the additional two equations come from the
boundary conditions: Up = U, = 0. Thisis a set of n+ 1 algebraic equa-
tions in n + 1 unknowns and can be solved in the usual way. Because
it uses orthogonal polynomials as trial functions, the Chebyshev collo-
cation method also achieves the exponential convergence illustrated in
the Legendre-Galerkin example.

2.10 Exercises

Exercise 2.1: A linear constant coefficient problem

Find the general solution to
X = Ax
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where
-1 -1 0
A= 1 -1 -1
0 0 2

Express it so that only the arbitrary constants are (possibly) complex. You should be
able to solve the problem without explicitly performing any similarity transformations,
i.e., you should not need to invert any matrices.

Exercise 2.2: Phase plane dynamics of a linear problem

Find the general solution to
X =Ax

19 -14
A= [14 —16]

Sketch the dynamics on the phase plane in the original coordinate system, being careful

where

to show the invariant directions and the stability along those directions.

Exercise 2.3: Members of function spaces

Determine which of the following functions are in the linear space spanned by the set
{1,cos2x,sin2x}.

(a) cos?x
(b) cosx(cosx +sinx)
(c) 1+ sin? x

(d) 1+cosx

Hint: remember to look at the basic trigonometric identities.

Exercise 2.4: Weighted inner products and approximation of singular func-
tions

Consider the function f(t) = 1/t in the interval (0, 1].

(@) Show that f(t) is not in L(0, 1), but that it is in the Hilbert space Ly, (0,1),
where the inner product is given by

1
X, Y)w = L xyHwt)dt  and w(t) = t?

(b) From the set {1,t,t?,t3,t*}, construct a set of ON basis functions for L, , (0,1).
These are the first five Jacobi polynomials (Abramowitz and Stegun, 1970).

(c) Find a five-term approximation to 1/t with this inner product and basis. Plot
the exact function and five-term approximation. Compute the error between the
exact and approximate solutions using the inner product above to define a norm.
This type of inner product is sometimes used in problems where the solution
is known to show a singularity. As your analysis will show, polynomials can be
used to get a fairly good approximation except very near the singularity.
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Hint: this problem is a good excuse to begin using a symbolic manipulation program
like Mathematica. The calculations are not hard, but they are tedious and that is exactly
the kind of problem Mathematica is good at.

Exercise 2.5: Fourier series of a real function

For a real function f(x) with Fourier series representation Z,‘:’:_m ckeik", show that
the Fourier coefficients satisfy ¢y = c_.

Exercise 2.6: Fourier series of a sawtooth function
Consider the “sawtooth” function in the domain 0 < x < 21T

f(x)—{x ifx <t

2 —x ifx =1

Find the Fourier coefficients ¢y for this function using the basis functions e™* X show
that they decay as 1/k2 as |k| — .

Exercise 2.7: Fourier series of a square wave
Repeat the above exercise, but for the “square wave” function
1 ifx <1
(x) = .
f -1 ifx=1

Avoid redoing all of the integrals by using the fact that this function is simply the
derivative of the sawtooth (so its Fourier series is the derivative of that of the sawtooth).
Show specifically that the Fourier coefficients decay as 1/k as |k| — oo. Use Octave or
MATLAB to plot the 10-term approximation to this function, i.e., —10 < k < 10.

Exercise 2.8: Basis functions of the finite element method
Consider the hat functions described in Section 2.9.1.
(@) For N = 2, find the inner products (¢ (x),$;(x)),k =0,...,N,l =0,...,N. Is
the set orthogonal?

(b) Approximate (in L2 (0,1)) the function f(x) = 1 + x(1 — x) in terms of the hat
functions with N = 2. That is, find and solve a linear system for the coefficients
¢; in the expression f(x) = 212:0 cidhi(x).

Hint: use symmetry to save time evaluating integrals.

Exercise 2.9: Bessel’s inequality and Parseval’s theorem

Consider a function f(x), represented in a (complete) orthonormal basis as a general-
ized Fourier series: f(x) = Zf":o cidi(x), with ¢; = (f(x), pi(x)).

(a) Show that the Fourier coefficients satisfy for any K, X |¢;|% < ||f|[>. This
result is known as Bessel’s inequality.

(b) Since the series converges to f(x) as K — o0, show that
0
2 2
> el =1£1l
i=0

This result is known as Parseval’s equality or Parseval’s theorem.
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Figure 2.32: Triangle wave on [0, 1].

Exercise 2.10: Fourier series of a triangle wave

Consider the Fourier sine series approximation for the triangle wave depicted in Fig-

ure 2.32.
M

fu(x) = > ansin(nmx)  x €[0,1]
n=1

(a) Find the coefficients an, n = 1,2,.... To save time you may find the following
integral formulas useful

J(mx + b)sin(ntx)dx = 7% cos(nrmx) +

sin(nmx)

m

(nm)?
1 1

,[o sin(nmrx) sin(mmx)dx = E(Snm’ nm=12,...

(b) Plot the function f(x) for M = 5,10, 50 with parameter a = 0.1 to demonstrate
convergence to f(x). How many terms are required to obtain good accuracy?

Exercise 2.11: Differentiating integrals
Use the Leibniz rule for differentiating integrals to solve the following two problems.
(a) Check that the solution to the differential equation

dy B
ar T pt)y =q(t)

with initial condition y(0) = yp is
[N '
y(t) = e lordt Uo q(t’"yelo PTG 4 yo]

Remember to show the solution satisfies both the differential equation and initial
condition.

(b) Derive a Leibniz rule for differentiating the double integral
b(t) cd(t,p
fw-|
a(t) Je(t,p)

Your answer should not contain the derivatives of any integrals.

)
h(t,p,s)dsdp
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Exercise 2.12: Convolution theorem

(a) Use the definition of the Laplace transform to derive the convolution theorem
t _
L{ JO ftHg(t - t’)dt’} = f($)g(s)

(b) Use the definition of the inverse Laplace transform to derive the convolution
theorem going in the other direction

o t
LHf(9)G(s)} = L) f(tHg(t —tHat'
Which direction do you prefer and why?

Exercise 2.13: Final-value and initial-value theorems
Two useful theorems are the final and initial-value theorems

lim f£(t) = limsf(s)
t—o0 s—0
if and only if sf(s) < oo for all s such that Re(s) = 0

otherwise tlim f(t) does not exist
— 00

and -
lim f(t) = lim sf(s)
t—0* §—00

(@) The conditionson sf(s) for the final-value theorem are crucial. For the functions
below, state which satisfy the conditions and give their final values.

1.t
s
1
2. 572
1
3. —— Re(a) >0
s(s—a)
1
4, —— Re(a) >0
s(s+a)

(b) What are the initial values, f(0%)?

(c) Invert each of the transforms to get f(t) and check your results.

Exercise 2.14: Network of four isomerization reactions
Consider the set of reversible, first-order reactions
k1 k2 k3 k4
—B—=C=D=E
k,J_ kfz k73 k,4

taking place in a well-mixed, batch reactor. The reactions are all elementary reactions
with corresponding first-order rate expressions. Let the concentration of the species
be arranged in a column vector

C:[CA CB cc CD CE]
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(a) Write the mass balance for the well-mixed, batch reactor of constant volume

dc
E*KC

What is K for this problem?

(b) What is the solution of this mass balance for initial condition c(0) = cg? What
calculation do you do to find out if this solution is stable?

(c) Determine the rank of matrix K. Hint: focus on the rows of K. Justify your
answer. From the fundamental theorem of linear algebra, what is the dimension
of the null space of K?

(d) What is the condition for a steady-state solution of the model? Is the steady
state unique? Why or why not?

Exercise 2.15: Network of first-order chemical reactions

Consider the generalization of Exercise 2.14 to the following set of n reversible, first-
order reactions

taking place in a well-mixed, batch reactor. The reaction rate for the ith reaction is
1i = kiAj - k_jAin

Let the concentration of the species be arranged in a column vector

T
Cc = [CAl CAZ et CAn]
(a) Write the mass balance for the well-mixed, batch reactor of constant volume

dc

yri
(b) What is the solution of this mass balance for initial condition c(0) = cg?

(c) What is the steady-state solution of the model? Is the steady state unique? Why
or why not?

(d) What calculation would you do to decide if the steady state is stable?

Exercise 2.16: Using the inverse Laplace transform formula

Establish property 4 of the Laplace transform pair given in Section 2.2.4, which states
forn=1 -
asf(s)
=—L(tf(
s €f ()

This formula proves useful in Exercise 3.19.
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Exercise 2.17: ODE review

Solve the following ODEs: unless boundary conditions are given, find the general solu-
tion:

@ »

7

= eX*2Y (separable)

(b) 7 = ¥2,¥(0) = 1 (separable)

(¢) (¥ —2x)dy — (2 — x)dx = 0 (exact)

(d) (x2 - y?)dy = 2xydx (integrating factor)

(e) xdy + (¥ + e¥)dx = 0 (integrating factor)

Exercise 2.18: General solution to a first-order linear system of ODEs

Find the general solution to v = Jy, where

Exercise 2.19: A linear system—dynamics on the phase plane
Consider the system

X = [_1 _ﬂ X +h(t)

(a) Find the general solution to the homogeneous problem, i.e., with h(t) = 0. Char-
acterize its stability.

(b) Sketch the qualitative behavior of solutions on the x; — x2 plane. Where does
this system fit on Figs. 2.1-2.2?

(c) Now solve the inhomogeneous problem with h(t) = (1, 1)T and characterize its
stability.

Exercise 2.20: Dynamics of a freely rotating rigid body
Consider the system of equations

1wy = waw3z(lz - I3)

Iz = wzwi (I3 —I1)

Izwz = wiw2(l1 - I2)
with I1 > I> > I3 > 0. This set of equations describes the motion of a rigid body freely
rotating in space. The Is are the moments of inertia of the body relative to each of the

principal axes of the body and the ws are the angular velocities with respect to those
axes.

(a) Ifw = (w1, w2, w3) is a steady state of this system, find the linearized equation
for deviations @ = (@1, @2, ®3) from the steady state.

(b) Find three steady states of the system that satisfy I2w? + [2w3 + [2w?2 = 1.
Which are linearly stable?
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(c) Sketch, in the (@1, @2, @3) phase space, the qualitative behavior of trajectories
that begin near each of the steady states, using the linearized equations as your
guide.

(d) Your results can be tested experimentally. The principal axes of a book are, in
order of decreasing moment of inertia, the axis passing through the front and
back covers, the right and left sides, and the top and bottom. Experimentally
assess the stability of free rotation of a book with respect to these three axes.
(You have to do something to keep the covers from flying open while the book
spins.) Do the theory and experiment agree?

Exercise 2.21: Duffing’s equation

Duffing’s Equation describes the dynamics of an undamped beam
X-Bx+x%=0

where x is proportional to the displacement of the middle of the beam. When 8 > 0
the beam buckles: the “unbuckled” state x = X = 0, is unstable.

(@) The two nontrivial steady states are x = =+/B, X = 0. Find the eigenvalues of the
linearizations around those states.

(b) In this model there is no friction so the total energy (kinetic plus elastic) is
conserved. The total energy is given by

2 2

A given initial condition will have a specified value of H, and the resulting trajec-
tory must have the same value of H for all time, so a trajectory in phase space is
a curve of constant H. Show that the trajectories near the two nontrivial steady
states are closed curves and thus that the linearized equations give the correct
qualitative behavior in this case.

Exercise 2.22: Predator-prey model

The following model describes a “predator-prey” system: species 1 eats the grass and
species 2 eats species 1

X1 =x1(1-x1 - Bx2)
X2 = xX2(0xx1 — 1)

In this model, B > 0 and & > 1, and x1 and x» represent the sizes of the prey and
predator populations.

(@) There are three steady states to this model. Find them.

(b) Find the linear stability of each of the steady states. Since this is a 2-dimensional
system, the trace and determinant criterion can be used.

(c) Draw the phase-plane behavior near each of these steady states.
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Figure 2.33: Annulus with heat generation in the solid.

Exercise 2.23: Cell in shear flow

The following differential equation arises from a model of a cell moving in a shear flow
0 =—A+cos20

where 0 is the orientation angle of the cell with respect to the flow direction and A is
a parameter that is determined by the geometry and mechanics of the cell (Keller and
Skalak, 1982).

(a) For A = 0, there are four steady states in the domain 0 < 6 < 2. Find them
and determine which ones are linearly stable.

(b) Draw the trajectories in phase space for A = 0, along with the steady states.
Here phase space is simply the line, and since 6 is periodic can alternately be
considered to be just a circle with unit radius.

(c) For A larger than a certain value, this equation has no steady-state solutions.
What is that value? What do the phase-space dynamics look like, i.e., draw a
picture, when A exceeds that critical value?

Exercise 2.24: Steady-state heat conduction in an annulus

Consider the steady-state conduction of heat in a solid annular region shown in Fig-
ure 2.33. There is uniform heat generation in the solid. The heat-generation rate is
given by

Q =S0(1+ (T -To))
in which « is a dimensional constant. The inner wall of the annulus is insulated and
the outer wall is at constant temperature Tp. The material has thermal conductivity k.

(a) Write the steady-state heat equation with the source term.

(b) Define dimensionless variables

r _ k(T -Top) >  oSoR?
&= R ©° SoR2 A= k
Show that the model reduces to
1d doe >
——= &= | +B0=-1
£ dE ( dz) P
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with boundary conditions

=0 £-=1
dao
d7§=0 §=K

(c) What is the complementary function?
(d) By inspection, what is a particular solution?

(e) Using the two boundary conditions, specify the two unknowns in the comple-
mentary function.
(f) Plot (&) for the following values
Kk =0.8 B=11,3,5,7,7.5]

Exercise 2.25: Existence of a positive steady-state temperature profile

Consider Exercise 2.24 again.

(a) Plot and compare the solution @ (&) if you set k = 0.8 and 8 = 7.5, 8.0, 8.5,10?
What happens as you increase f in this problem?

(b) Look again at how you solve for the constants c1, c2. What are you assuming for
this solution to exist?

(c) For k values ranging from 0 to 0.99, find and plot the critical value of  such
that the solution for c1, c2> does not exist. If you exceed this critical value of S,
what do you think happens in the transient heat-conduction problem?

Exercise 2.26: Flow through a porous medium in a tube
Brinkman’s modification of Darcy’s law for flow in porous media is
—-VP - (%)v+uvzv= 0

For axial flow in a tube containing a porous medium this becomes

1d(dv)_ve__aP
rdr \"ar Kk uL
in which
K = permeability of the porous medium
u = viscosity of the fluid
AP = pressure difference + gravity driving force
vz = z-component of the “superficial velocity” v
R = radius of tube
L = length of tube

Reasonable boundary conditions are vz (R) = 0 and v, (0) < oo.
(a) Introduce a dimensionless velocity and radius

vzuL r
¢ = 2 p==
APR R
and rewrite the differential equation and the boundary conditions in terms of
the dimensionless variables. How many dimensionless parameters does the new

differential equation contain?
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(b) Obtain a particular solution of the differential equation obtained in (a) by inspec-
tion.

(c) Obtain the solution of the homogeneous equation; it should contain two con-
stants. One constant can be immediately evaluated from the boundary condition
at p = 0. Why?

(d) Evaluate the remaining constant using the boundary condition at p = 1. Write
the full solution ¢ (p) to the differential equation. Plot ¢p(p) for permeability
k/R? = 0.01,0.1,0.3,1.0. Also include on this plot the velocity profile for Hagen-
Poiseuille flow.

(e) Evaluate the average dimensionless velocity (¢) and show that

_Jopdp)de
Io pdp

_K[lmh(j;)}
BT R Do)

Plot (¢) versus k/R2 with a log scale for the x-axis for 107 < k/R? < 102,

()

(f) Show that in the limit of small permeability, K, the result in (e) simplifies to
(p) = R% (which is exactly the result from Darcy’s law).

(g) Show that in the limit as kK — o, (¢) = % (which is exactly the result for flow in

an empty tube).

Exercise 2.27: Laguerre’s equation
The ODE
xy" +(1-x)y" +Ay =0
where A is a constant, is called Laguerre’s equation. It arises in determining the wave
function for the electrons of a hydrogen atom—the orbitals that you learn about in

quantum mechanics (and thus the structure of the periodic table) emerge in part from
the solutions to this equation.

(a) Show that x = 0 is a regular singular point.

(b) Determine the roots of the indicial equation and one solution to this problem
(for x > 0) using the method of Frobenius.

(c) Show that when A is a positive integer, this solution reduces to a polynomial.
These polynomials are called the Laguerre polynomials.

Exercise 2.28: Hermite’s equation

Hermite’s differential equation is
u' —2xu’ +2ku=0

Among other places, it arises in the solution of Schrodinger’s equation for a particle in
a potential well.
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(a) Write Hermite’s equation as Lu + Au = 0, where A = 2k and L takes the standard

form of a Sturm-Liouville operator, Lu = ﬁ (% (p(x)%) + r(x)u), with

w(x) = e~*?. What are p(x) and 7 (x)?
(b) Consider the inner product
1
(@b = fim [ aCob(xwod

where w(x) is as given above. What boundary conditions must we impose in
the limit £ — o so that L is self-adjoint, i.e., so that (Lu,v)y = (u,LV)y?

(c) The point x = 0 is an ordinary point for this equation. Find the general solution
by series expansion around this point. Show that if k is an integer, one solution
to the equation is a polynomial. These polynomials are known as the Hermite
polynomials.

Exercise 2.29: Series solution
Find the general solution to the differential equation
(x?-x)u”’ —xu'+u=0
Start by seeking a solution of Frobenius form, expanding around x = 0.

Exercise 2.30: Another series solution
Find the general solution to
5x2y" +xy' + (x®-1)y =0

Expand around x = 0 and keep up to quartic terms.

Exercise 2.31: Bessel’s equation: singular solution
The Bessel equation of order zero is
x2y" +xy +x%y =0
and the associated Cauchy-Euler equation is
x2y" +xy' =0
(a) Find the general solution to this Cauchy-Euler equation.

(b) Motivated by this result, seek a second solution to the Bessel equation, of the
form y2(x) = Jo(x)Inx + g(x), where g(x) has a power series solution. It will

2n
be convenient to note that g is even and write itas g(x) = > p_oCn (%) . Find
the first two terms in the power series for g.

Exercise 2.32: Sturm-Liouville problem with mixed boundary condition
Consider the Sturm-Liouville eigenvalue problem

u”’ +Au=0, u(0)=0,u(l)+u'(1)=0
Find the eigenfunctions of this problem and the nonlinear algebraic equation that deter-
mines the eigenvalues A. (This equation cannot be solved analytically.) Draw a sketch
that indicates that there will be an infinite number of these eigenvalues, and use your

sketch to propose an approximation for the eigenvalues that is valid in the situation
A> 1.
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Exercise 2.33: A higher-order variable coefficient problem

Find the general solution to the third-order equation

x3y"" +3x%y" —3xy’ =0

Exercise 2.34: A fourth-order variable coefficient ODE
The following differential equation arises in the analysis of time-dependent flow of a
polymeric liquid

(x2D2 - x? +2-2xD) (D2 -2iD-3) y =0

where D = %. This equation has solutions of Frobenius form. Find the roots of the
indicial equation.

Exercise 2.35: Legendre’s equation

Legendre’s equation is
1-x%)y" —2xy" +1(l+1)y =0

The point x = 0 is an ordinary point for this equation; seek a series solution, expanding
around this point. Find the two solutions that make up the general solution. These will
have the form

B l(l+1)xz+ (l—2)l(l+1)(l+3)x4_ o
2! 41
(l—1)3(!l+2)xgJr (l—3)(l—1)5(!l+2)(l+4)X57

yi(x) =1

Yo(x) = x —

By examining the recursion relation, show that for every integer L, one of these series
will truncate, becoming a polynomial. These are the Legendre polynomials.

Exercise 2.36: Chebyshev’s equation

Chebyshev’s equation is

1-x2u" —xu +v2u=0
Its solutions are important in the approximation of functions and in numerical solution
methods for boundary-value problems.

(a) Put this in the form of a Sturm-Liouville problem Lu + Au = 0 in the domain
[-1,1], with A = v2, w(x) = (1 — x2)~1/2_ what boundary conditions must u
and u’ satisfy at x = +1 for self-adjointness to hold?

(b) By expanding in a power series about x = 0, obtain two LI solutions of this
equation. Show that when v is a nonnegative integer, one of these is always a
polynomial of degree v. Because these satisfy a Sturm-Liouville problem, these
polynomials form an orthogonal basis for Lz, (—1,1), withw (x) = (1-x2)"1/2,

(c) The points x = +1 are regular singular points for this equation. As a first step
toward finding the behavior of the solution near these points, find the roots of
the indicial equation for a solution in Frobenius form expanded around x = 1.
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Exercise 2.37: Laplace’s equation as second-order, variable coefficient ODEs

Express the radial part of Laplace’s equation V2y + y = 0 in the form a>(x)y’” +
ai(x)y’ +ao(x)y =0.
(@) What are ao, a1, a» for one-dimensional rectangular coordinates, cylindrical co-
ordinates, and spherical coordinates?

(b) What are two linearly independent solutions for each coordinate system?

Exercise 2.38: How many solutions?

Consider the second-order differential equation
d’u
dx?

(@) How many linearly independent solutions exist for the single boundary condition

=0 O<x<1

u(0) =u(1)

(b) How many linearly independent solutions exist for the two boundary conditions

u0) =0 u(l)=0

(c) How many linearly independent solutions exist for the two boundary conditions

du du

—(0) =0 ——(1)=0

dx( ) dx( )

(d) What can you conclude about the dimension of the null space of this second-
order differential operator and the number of boundary conditions?

Exercise 2.39: Heat conduction with equal temperatures at the ends
Consider the differential equation for steady-state heat conduction with heat genera-
tion, f(x), in a one-dimensional slab
d’T
— =/, O0<x<1
dx? f

Suppose we set up the problem with a temperature controller that keeps the ends of
the body at the same temperature.

(a) ldentify the appropriate differential operator, L, and associated boundary func-
tional B1, so this problem can be written as

LT =f
BT =0 (2.99)

(b) Notice that we do not have enough boundary conditions to expect to be able to
solve (2.99) uniquely. Define the adjoint operator and adjoint boundary func-
tionals so that

(Lu,v) = (u,L*v)

for every admissible u(x) and v (x). Notice that since you are missing a bound-
ary condition on u(x), you will require three boundary conditions on v (x). What
are L*,Bf,BX,BX?
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(©

What are the null spaces of L and L* with their associated boundary conditions?
For which f can (2.99) be solved? Is the solution unique? If not, what is the form
of all solutions?

Solve (2.99) using any method at your disposal. Laplace transforms would work,
for example. Check your solution by substituting into the differential equa-
tion and boundary condition. Does your solution agree with the existence and
uniqueness result you determined previously?

(e) What is the Green’s function for this problem, i.e., identify the function g ap-

pearing in the T (x) solution as

1
T(x) = Jo g(x, &) f(E)AE + terms not involving f

Exercise 2.40: Solvability conditions and set of solutions for a second-order
operator

Consider the second-order differential operator and two boundary conditions

Lu——dz—u—u - <X<T
T dx?
Biu = u(m) — u(-1m)
du du
Bou = a('ﬂ) - a(—n’)

(a) Find the adjoint operator and boundary conditions, L*, Bf, and B;‘.

(b) Find the null spaces N(L) and N(L*).

(c) For what f can you solve the nonhomogeneous problem

Lu = f(x)
Bi(u)=y1  Ba2(u) =y

answer: (f,sinx) =-y1  (f,cosx) =y»

(d) For f satisfying this solvability condition, what is the set of all solutions?

X
answer: u(x) = —J' f(&)sin(x-&)d&+acosx+bsinx a,beR
-

Exercise 2.41: Steady-state temperature profile

Solve the steady-state heat-conduction problems in Examples 2.11 and 2.12 using Laplace
transforms.

Txx = f Txx = f
T(0)=To Tx(0) =0
T(1) =T Tx(1) =0
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Exercise 2.42: Heat-transfer boundary conditions

Consider the one-dimensional steady-state heat-conduction problem

a?T(x) 4
k=2 =S
azr =
axZ f f=-flk

Consider Newton’s law of cooling boundary conditions

ho(Teo — T(0)) = —kTx(0)
h1(T(1) - Te1) = —kTx (1)

in which hg, h1 are the heat-transfer coefficients at the two ends, and To, T,1 are the
temperatures providing the heat-transfer driving forces at the two ends.

(a) Write this problem as
DT =f
BiT=y1 BxT=y2
What are D, B1 and B, and y; and y»2?

(b) Solve for the steady-state temperature profile.

(c) For what f(x) does the solution exist? For these f(x), is the solution unique?

Exercise 2.43: Orthogonality of Sturm-Liouville eigenfunctions

Show that two eigenfunctions 13 and uz of a Sturm-Liouville problem (pu’)" + ru +
Awu = 0 are orthogonal if the inner product weighted with w is used. Consider only
zero boundary conditions u(a) = u(b) = 0. Multiply the equation for u; (setting
A = A1) by uz; multiply the equation for u; (setting A = A2 # A1) by uq; subtract and
integrate over the interval. Use the boundary conditions and integration by parts to
prove orthogonality.

Exercise 2.44: The convection-diffusion operator

For problems with convection and diffusion, an important differential operator is
d?u du

Tax2 T %ax

with boundary condition #(0) = u(1) = 0. Pe is the Peclet number, measuring the

relative importance of convection and diffusion.

Lu =

(a) Find the adjoint of this operator, first with an inner product with a constant
weight function w (x) = 1, and then with the weight function w (x) = exp(—Pe x).

(b) Solve the eigenvalue problem Lu + Au = O for arbitrary Pe.
Hint: since the equation has constant coefficients, express the solution as u(x) =
e'® and find «. Plot the first five eigenfunctions for Pe = 5.
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Exercise 2.45: Testing a CSTR operating condition for stability®3

The reaction
A k B v =keca = koe E'Tcy

is carried out in a CSTR. The mass and energy balances are given by

dca Caf —C€a

at o ke
Tr—-T

ar 11 s,

dt T pCp

Find the three steady states corresponding to the conditions in the following table,
where T = Vg/Qy. Determine whether each of these three steady states is stable or
unstable.

Parameter Value Units

E 7550 K

Ty 298 K

caf 3 kmol/m3

AHR —2.09 x 108 J/kmol
ko 4.48 x 108 1/s

Cp 419 x10% | J/(kg K)
P 103 kg/m3
%% 18x 1073 | m3

Qy 60x 1078 | m3/s

Exercise 2.46: Choosing an ODE solver

You are given the task of modeling the dynamics of a chemical reactor in which a large
number of reactions are occurring. The rate constants for the reactions vary between
1571 and 107s~1. Will you base your code on a fourth-order Runge-Kutta scheme, an
explicit Euler scheme, or an Adams-Moulton scheme? Why?

Exercise 2.47: Numerical stability criterion for RK2

Derive the numerical stability criterion for integrating the single equation X = Ax with
the second-order Runge-Kutta method. Allow A to be complex.

Exercise 2.48: Dynamics of a nonlinear problem
Consider the pair of ODEs

y1=(1-31) - 10y2y,
¥2 = —0.05yfy>
with initial conditions y7(0) = 0.2,y,(0) = 1.

(a) Find the Jacobian of the RHS at t = 0. Show, using the eigenvalues of the Jaco-
bian, that the you expect the problem to be stiff.

235ee also Exercise 6.7 in Rawlings and Ekerdt (2020).
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(b) Write a computer program to use the Adams-Moulton second-order method to
solve the initial-value problem. Integrate the equations out to t = 20 and plot
the solutions. Can you find any stability limit on the time step?

(c) Write a second-order Runge-Kutta program and attempt to use it for the above
problem. What time step do you have to use to get a stable result?

(d) Modify your RK code to use variable time steps. Use the criterion that At <
tmmin /5. Estimate t,,i,, from the values of /) at each time step.

Exercise 2.49: Solutions of difference equations

When examining the numerical stability of integration schemes, as well as in many
other situations, we run across the linear constant-coefficient difference equation

any ™M aM — 1y M- 44 g0y Z o, (2.100)

For example, y("> could be the value of y at the nth time step of some process.

(a) Show that this equation can be written in vector form
xM+D) = Gx M (2.101)

What are x and G in terms of the y and a coefficients?

(b) Given the initial condition x(©| find the solution to this equation (i.e., x™M in
terms of n and x(o)) in the situation where G has distinct eigenvalues A.

o[ 1]

(d) What is the general criterion for asymptotic stability of the steady state x = 0 ?

(c) Repeat for the case where

Exercise 2.50: Numerical integration for undamped oscillations

Second-order initial-value problems ii = f(u) are important for many applications.
For the specific case f(u) = —q%u do the following:

(a) Find the exact general solution.

(b) By letting it = v convert the equation to a pair of first-order equations and show
that the forward Euler method is always unstable for integrating these.

(c) Consider the following numerical integration formula
w2y 4 (=D = (A2 f(u™)

For f(u) = —q?u find a quadratic equation for the growth factor G for this
method, i.e., look for solutions of the form u 1) = Gu (™. Up to what threshold
(th)2 are the numerical solutions stable?

(d) By expanding all terms in Taylor series around time step n, find the local trun-
cation error p of this formula (the first power of At that does not cancel).
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Exercise 2.51: The velocity Verlet algorithm of molecular dynamics simu-
lation

The velocity Verlet algorithm is very commonly used to perform numerical time
integration for molecular dynamics simulations. Consider the numerical stability prob-
lem for a very simple case

where a € R.

(@) What property must a satisfy so that the true solution x = 0, v = 0 is stable?
(b) For this problem, the velocity Verlet algorithm becomes

xM+D) = 5 () Ly WAL 4 %axm)Atz

v+ = %(ax(") +axM DAt

Put this expression in the form

zn+l) _ ()
where z = [x,v]L.
(c) Find the criteria that aAt2 must satisfy for numerical stability of the algorithm.

Exercise 2.52: Stability of predictor-corrector methods

Denote the general (up to fourth-order) predictor-corrector formulas for the differential
equation X = ax by

x5 = () +u,(,ﬂlx(m + pax D 4 paxm2) 4 p4x<"—3>)
xM+D) = () w(clx(*) +eox™ 4 cgxmD) 4 C4x("’2))

in which w = aAt. The coefficient vectors of the first four Adams-Bashforth predictors
and Adams-Moulton correctors are as follows

p{1} =[1,0,0,0] c{1} = [1,0,0,0]

pi2} = (1/2)[3,-1,0,0] c{2} = (1/2)[1,1,0,0]
p{3} = (1/12)[23,-16,10,0] c{3} = (1/12)[5,8,-1,0]
p{4} = (1/24)[55, -59, 37, -9] c{4} = (1/24)[9,19,-5,1]

Show that combining the two steps gives
xM D = xMW (1 +wey +w(cawps +¢2)) + XV (w(ciwpz +c3)) +
xM=2 (w(ciwps + ca)) + x" 3 (weiwpy)
Let zM = (xM) x(M-1) x(n-2) xn-3)) and find matrix G such that
2D = G(w)zM

The eigenvalues of G(w) then determine the stability of the method.
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f
1

-2.5 -2 -15 -1 -0.5 0 0.5

1.5

0.5

Im(AAL) 0

-0.5 ~

Re(AAt)

Figure 2.34: Stability regions for Adams predictor-corrector meth-
ods; X = Ax; APCn’ uses nth-order predictor and nth-
order corrector.

Exercise 2.53: Stability boundary of predictor-corrector methods

Given G(w) from the previous exercise, to map out the boundary of the stability re-
gion, consider w = et for 0 < 0 < 27T, so w has unit magnitude, and solve the single
algebraic equation det(G(w) — wI) = 0 for the complex value w as a function of pa-
rameter 0. The stability boundary of the APC method then comprises these values of
w. That is how Figure 2.27 was prepared, for example.

Now consider the class of predictor-corrector methods that use the same order in
the predictor and corrector. Recall the methods in Figure 2.27 used a predictor with
order one less than the corrector. Find the stability boundaries for first-order through
fourth-order methods. Compare your calculated results to Figure 2.34. Contrast the
stability results displayed in Figures 2.27 and 2.34. From a stability standpoint, which
class of methods do you prefer and why?

Hints:

You will need to increase the 6 interval to [0, 417] to close the stability boundary. Why
do you suppose this increased interval is required? Consider mapping out the square
root function on the unit circle using 0 € [0, 21r]. Does this boundary close?

You will need to clip off some unstable regions made by loops in the boundary to
match Figure 2.34.
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Exercise 2.54: Airy’s equation

The eigenvalue problem
Y ' +(x+A)y=0

arises in optics, quantum mechanics, and hydrodynamics, and is known as Airy’s equa-
tion.

(a) Ifonly an estimate of the smallest (magnitude) eigenvalue A is needed, a one-term
Galerkin approximation can be useful. In quantum mechanics, where eigenval-
ues have the interpretation of energy levels, this approach is a version of the
ground state approximation. Use a one-term Galerkin approximation using a
sine function basis, ¢; = sin jTrx, to estimate the first eigenvalue of Airy’s equa-
tion with boundary conditions y(0) = y(1) = 0. That is let y(x) = c1 sinrx.

b

-

Repeat with a two-term Galerkin approximation, y(x) ~ c1 sintx + c2 sin 21 x.

Use the finite element method with hat functions to construct an algebraic prob-
lem for the Airy equation: it will have the structure Au + ABu = 0. The matrix
B will be invertible so this form can be converted to a standard algebraic eigen-
value problem. Find the approximate eigenvalues and eigenfunctions using six
hat functions and again with 12.

(c

-~

Exercise 2.55: Applying Galerkin and collocation methods

Solve the problem
X%y +xy +x%y=x% ' (0)=0, y(1)=0

using
(a) The Legendre-Galerkin method.

(b) The Chebyshev collocation method. Recall that the Chebyshev collocation points
are numbered from right to left, i.e,, xo = 1 and xny = —1.

Exercise 2.56: Modeling a tubular reactor: convection, diffusion, and reac-
tion
The equation

2u' =u" +1, u(-1)=0,u'(1) =0

models the temperature profile in a tubular reactor in which an exothermic reaction
occurs.

(a) Find the exact solution.
(b) Use the Galerkin tau method to construct an approximate solution. Use the
Legendre polynomial basis set: ¢o(x) = 1,¢1(x) = x,¢p2(x) = (3x2 —1)/2.

Sketch the solution and look at 1’ (0) and 1 (1) to compare the approximate and
exact solutions.

Exercise 2.57: Converting a differential operator to an algebraic operator

Solve the eigenvalue problem

x2y" +xy' +x%Ay =0, ¥'(0) =y(1) =0
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using the Legendre-Galerkin method. You should be able to reduce this problem to a
linear algebra problem of the form Ac + ABc = 0. Note that because of the boundary
conditions, B will be singular, but A will not. How many basis functions do you need
to compute the first three eigenvalues to four-digit accuracy? Plot the first four eigen-
functions. This is the eigenvalue problem for Bessel’s equation of order zero. In the
chapter, we showed that the eigenvalues of this problem are related to the roots of the
Bessel function Jp.

Exercise 2.58: An eigenvalue problem with finite elements

Solve the above problem again, using the finite element method with the “hat functions”
described in Section 2.9.1. Study how the approximation converges as the number of
node points N increases. Also look at the computation time as a function of N.

Exercise 2.59: Chebyshev collocation for a nonlinear problem

Using the Chebyshev collocation technique, write an Octave or MATLAB program to solve
the boundary-value problem (a steady-state reaction-diffusion problem)

eT" +T-T3 =0, T(-1)=T(1) =0

for € = 0.05. Use the initial guess T = 1 to find a nontrivial solution. Study how the
approximation converges as the number of collocation points N + 1 increases. Also
look at the computation time as a function of N.

Exercise 2.60: Attractivity and asymptotic stability for linear systems

Show that asymptotic stability and attractivity are identical for linear systems, X = Ax,
and both are equivalent to the condition that Re(eig(A)) < 0.

Exercise 2.61: Stability and asymptotic stability for linear systems

dx _|0 1
dt o ol*

Is this system asymptotically stable? Why or why not?

(a) Consider the linear system

(b) Is the system (Lyapunov) stable or unstable? Prove it.

(c) Generalize this example and provide a checkable condition to test for (Lyapunov)
stability of all linear systems, X = Ax.

(d) Given this result, characterize the class of linear systems that are stable but not
asymptotically stable.

Exercise 2.62: Lyapunov equation and linear systems
Establish the equivalence of (a) and (b) in Theorem 2.24.

Exercise 2.63: Discrete time Lyapunov function for linear systems

State the discrete time version of Theorem 2.24. Show that (a) and (b) are equivalent in
the discrete time version.
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Exercise 2.64: Nonsymmetric matrices and definition of positive definite

For real, square matrix S, consider redefining S > 0 to mean that x” Sx > 0 for all x €
R™ + 0. We are removing the usual requirement that S is symmetric in the definition
of positive definite in Section 1.4.4.

(@) Define the matrix B = (S + ST)/2. Show that B is symmetric and xTBx = xTSx
for all x € R". Therefore S > 0 (new definition) if and only if B is positive
definite (standard definition).

(b) What happens to the connection between this new definition of S > 0 and the
eigenvalues of §? Consider statement 1. from Section 1.4.4

S>0ifandonlyif A >0, A €eig(S)
Does this statement remain valid? If so prove it. If not, provide a counterexam-
ple.

Exercise 2.65: Stabilities of a linear system

Consider the linear, time-invariant system X = Ax. Characterize the class of A matrices
for which the systems exhibit the following forms of stability.

(a

=

Stable (in the sense of Lyapunov).
(b) Attractive.

(c

-~

Asymptotically stable.
(d) Exponentially stable.

(e) Which of these forms of stability are equivalent for the linear, time-invariant
system?

Exercise 2.66: Extending a regular perturbation solution to higher order

For the regular perturbation solution of (2.67) presented in Section 2.6.4, compute the
next term in the series, c2 (7).

Exercise 2.67: QSSA as the outer solution in a two-time-scale singular per-
turbation

Consider the following simple reaction mechanism taking place in a well-mixed, constant-
volume, batch reactor

k1 ko

A— B Cc

and assume ky > kj so B is a low-concentration species for which we wish to examine
the QSSA.

(a) Solve A’s material balance and show
cas = cape” k1!
Apply the usual QSSA approach, set Rg = 0, and show that

cgs = %CAS = CAo%e”‘lt
The concentration of C is always available if desired from the total species bal-
ance
ccs(t) = ¢ca(0) + cg(0) +¢c(0) — cas(t) — cps(l)



246 Ordinary Differential Equations

(b) The B species has two-time-scale behavior. On the fast time scale, it changes

rapidly from initial concentration cpo to the quasi-steady-state value for which
Rp =~ 0. Divide B’s material balance by k», define the fast time-scale time as
T = kot, and obtain for B’s material balance

dcp 1

—— =¢€kica—-c¢ €=—

dt 1A CB k2
We wish to find an asymptotic solution for small €. We try a series expansion in
powers of € for the inner solution (fast time scale)

CBi:Yo+€Y1+€2Y2+---

The initial condition, Cg; = Cpo, must be valid for all €, which gives for the initial
conditions of the Y;,

Y0(0) = cpo Y,(0) =0, n=1,2,...

Substitute the series expansion into B’s material balance, collect like powers of
€ and show the following differential equations govern the Yy

dy
EOZ 7d_l?=—Y()

day
el: d—_rl=kch—Y1
en: —d;_?—— mn n=2

(c) Solve these differential equations and show

-~

Yo = cpoe™ "

_ L -T _ ,—k1T/kp
YliCAokl/kz—l(e e )

Yn=0 n=2

Because Yy vanishes for n > 2, show you obtain the exact solution for the B
concentration for all € by using the first two terms.

(d) Next we analyze B’s large-time-scale behavior, also called the outer solution.
Divide B’s material balance by ks again but do not rescale time and obtain

dcp
€e—— =¢€kica—c
at 1CA — CB

Expand cp again in a power series of €
CBo =Bo+631+6232+- H

Substitute the power series into the material balance and collect like powers of
€ to obtain the following equations

€V Bop=0
dB
1. 0
: — = - B
€ at kch 1
n. dBy

at =-Bpy1 nz=1
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Solve these equations and show

Bop=0
By = kica

By =klca n=2

So we see the zero-order outer solution is Cpp = 0, which is appropriate for a
QSSA species, but a rather rough approximation.

(e) Show that the classic QSSA analysis is the first-order outer solution.

(f) To obtain a uniform solution valid for both short and long times, we add the
inner and outer solution and subtract any common terms. Plot the uniform
zeroth-order and first-order solutions for the following parameter values

Cao =1 cgo=1/2 ki1=1 ko =10

Compare to the exact solution and the first-order outer solution (QSSA solution).

(g) Show that the infinite-order uniform solution is also the exact solution.

Exercise 2.68: QSSA and matching conditions in singular perturbation

Consider again Exercise 2.67 with a slightly more complex reaction mechanism

A ~L—l B ﬁ C
k-1
and assume that either k_1 > ki or k2 > k1 (or both) so B is again a low-concentration
species for which we wish to examine the QSSA. Notice that either k_; or k> may be
large with respect to the other without invalidating the QSSA assumption for B. Only if
k_1 > ky > k> is the reaction equilibrium assumption also valid for this mechanism.

(&) Apply the QSSA on species B and show

_kiKp,
CAs (CAo +CBo ) e 17Kz

1+ K>

1 1 ( ) _kiKp,
CBs = —— Cao + C e 1Kz
Bs k_]_ 1+ K> 40 BOl+K2

in which K> = ka/k_1.

b

-

With this mechanism, both the A and B species have two-time-scale behavior, so
we use a series expansion for both c4 and cg. Let the inner solution be given by

CAi:X0+€X1+€2X2+---

CBi:Yo+6Y1+€2Y2+---

in which the small parameter € is the inverse of the largest rate constant in the
mechanism. In the following we assume k_1 is largest and € = 1/k_1. Define
K2 = ko /k_1 and we assume that K> is order unity or smaller. If Ko were large,
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we should have chosen € = 1/k; as the small parameter. Collect terms of like
power of € and show

dXo dvo

0. _ —
0 - = Yo it (1+K2)Yg
el aX, = ki Xo+ Y1 ﬁ:leof(l+K2)Y1
art at
ax day,
N d—_r":—len—1+Yn T::klxn_l—(1+K2)Yn n=1

What are the initial conditions for the X, and Y), variables?

Solve these for the zero-order inner solution and show

(1 _ e—(1+K2)T> Yo = CBoe—(l+K2)'r

Xo=cCao +C
0 A0 BOl+K2

Next we construct the outer solution valid for large times. Postulate a series
expansion of the form

CA02A0+6A1+€2A2+---

CBo = Bo + €By + €2By + - - -

Substitute these into the A and B material balances and show

€V By =0 (1+K2)By =0
dA dB
1. 0 0
=0~ kiAo + B =29 — kiAo — (1 +K2)B
€ it k1Ag + By dt kiAo — ( 2)B1
e dAn-1 _ —k1An + B dBn-1 _ kiAp-1 - (1L+K2)By n=1

dat dat

Solve these and show for zero order
_kiKp
Ag = Ag(0)e 1+K2 Bp=0
Again we see that to zero order, the B concentration is zero after a short time.

Note also that, unlike in Exercise 2.67, we require an initial condition for the
outer solution Ay, differential equations. We obtain the missing initial condition
by matching with the inner solution as follows

lim Xo(T) = limAq(t)
T—o t—0

In other words, the long-time solution (steady state) on the fast time scale is the
short-time solution (initial condition) on the slow time scale. Using this matching
condition show

Ao(0) =cao+Co7—

0(0) = cao0 + CBo 1+ K,
Find also the first-order solution, B1, and show that the QSSA solution corre-
sponds to the zero-order outer solution for ¢4 and the first-order outer solution
for cp.
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Exercise 2.69: Michaelis-Menten kinetics as QSSA

Consider the enzyme kinetics

ky
E+ S = ES
k-1
k.
ES—2 P+E

in which the free enzyme E binds with substrate S to form bound substrate ES in the
first reaction, and the bound substrate is converted to product P and releases free en-
zyme in the second reaction. This mechanism has become known as Michaelis-Menten
kinetics (Michaelis and Menten, 1913), but it was proposed earlier by Henri (1901). If the
rates of these two reactions are such that either the free or bound enzyme is present in
small concentration, the mechanism is a candidate for model reduction with the QSSA.

Assume k1 > k_1, k2 so E is present in small concentration. Apply the QSSA and
show that the slow time scale model reduces to a first-order, irreversible decomposition
of StoP

S— P r
(a) For a well-stirred batch reactor, show the total enzyme concentration satisfies

ce(t) + ces(t) = cp(0) + cgs(0)

(b) Find an expression for the QSS concentration of E. What is the corresponding
concentration of ES?

(c) Show the rate expression for the reduced model’s single reaction is

sz kl
= — k = k2KE K=-—"7"— Eo = ce(0) + cps(0) (2.102
1+ Kes 2KEp P o =ce(0) +ces(0) ( )
which depends solely on the substrate concentration. The inverse of the con-
stant K is known as the Michaelis constant. The production rates of reactant S

and product P in the reduced model are then simply

v

Rs = —r Rp =7

Notice we have reduced the number of reactions from two to one; we have re-
duced the number of rate constants from three (k1,k-1,k2) to two (k,K).

(d) Plot the concentrations versus time for the full model and QSSA model for the

following values of the rate constants and initial conditions.
k1=5 k-1=1 ko =10
ce(0) =1  cgs(0) =0 ¢s(0) =50 cp(0)=0

=

Exercise 2.70: Michaelis-Menten kinetics as reaction equilibrium
Consider again the enzyme kinetics given in Exercise 2.69.

k1
E+ S —ES
k-1

ESﬁ P+E

Now assume the rate constants satisfy k1,k_1 > k2 so that the first reaction is at
equilibrium on the time scale of the second reaction.
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Find the equilibrium concentrations of E and ES

Show the production rate of P is given by
]:CS

Y ors kK =koK1Eo Ky =ki/k_1 (2.103)

Rp
in which K is the equilibrium constant for the first reaction. Notice this form
is identical to the production rate of P given in the QSSA approach. For this rea-
son, these two assumptions for reducing enzyme Kinetics are often mistakenly
labeled as the same approach.

It is interesting to note that in their original work in 1913, Michaelis and Menten
proposed the reaction equilibrium approximation to describe enzyme kinetics, in
which the second step is slow compared to the first step (Michaelis and Menten,
1913). Michaelis and Menten credit Henri with proposing this mechanism to
explain the experimental observations that (i) production rate of P increases lin-
early with substrate at low substrate concentration and (ii) production rate of P is
independent of substrate concentration at high substrate concentration (Henri,
1901).

The QSSA analysis of enzyme kinetics was introduced by Briggs and Haldane
in 1925, in which the enzyme concentration is assumed small compared to the
substrate (Briggs and Haldane, 1925). Since that time, the QSSA approach has
become the more popular explanation of the observed dependence of substrate
in the production rate of product Rp in 2.102 and 2.103 (Nelson and Cox, 2000).

The reader should be aware that either approximation may be appropriate de-
pending on the values of the rate constants and initial conditions. Although both
reduced models give the same form for the production rate of P, they are often
quite different in other respects. Finally, for some values of rate constants, in
particular k_; > ki1 > ko, both the QSS assumption and the reaction equilib-
rium assumption apply.

Show that the slow-time-scale reduced model for the reaction equilibrium as-
sumption can be summarized by two irreversible reactions

ES— E+S 71
S— P o

with the following rate expressions

171 = ( Kacg ) ( kes ) %: k2K1Eo

1+ K1(cg +cs) 1+ Kics
N kcs
Vo= ————— Ki=ki/k_
2= T4 Kics 1 1/k-1

Notice here we have not reduced the number of reactions; we still have two
reactions, but as before we have reduced the number of rate constants from
three (k1,k_1,k>) to two (k,K1). The first rate expression here depends on cs
and cg rather than only cs as in the previous QSSA reduction. Therefore the
production rates of E, ES, and S depend on cg as well as cs. Only the production
rate of P (Rp = 2) loses the cg dependence.
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(d) Plot the concentrations versus time for the full model and reaction equilibrium
model for the following values of the rate constants and initial conditions.

k1 =0.5 k_1=1 k> =0.5
ce(0) =20 ces(0) =10 cs(0) =50 cp(0) =0

Recall that you must modify the initial conditions for the slow-time-scale model
by equilibrating the first reaction from these starting values.

Exercise 2.71: Asymptotic expansion of an integral
Find an asymptotic expansion of the integral

flx) = Jm t~teXtat
X

for large positive values of x. Use repeated integration by parts. Show that the approx-
imation is asymptotic as x — .

Exercise 2.72: Asymptotic series are not always power series
Find the leading-order approximations to the two solutions of
xe X =¢

for € < 1. Seek solutions of the form x = §(¢)X, find two dominant balances: one
where 6(€) < 1 and one where d(¢€) > 1.

Exercise 2.73: Perturbed eigenvalue problems
Consider the eigenvalue problem
Ax + €B(x) = Ax

where A is an n X n matrix and B(x) and x are n-vectors. Assume that A and B are real
and the eigenvalues of A are distinct. If the € = 0 problem has an eigenvalue Ag with a
corresponding eigenvector vg, find the leading-order corrections to the eigenvalue and
eigenvector. Hint: review the existence and uniqueness theory for linear equations.

Exercise 2.74: Multiple-scales analysis of a problem with a pitchfork bifur-
cation
Consider the system of equations

X =—x—¢el/2y2

¥ = ey —et2xy
Assume that x and y are both ord(1). (They have already been scaled by €1/2) Perform

a multiple-scales expansion, letting to = t, t; = €1/2t,t, = et. Show that the solvability
conditions require that

9Yo _ 9¥o _
Jto ot

dyo _ 3
At AYo + g

when tp > 1. What are the steady-state solutions of the amplitude equation for yg?
Sketch the steady states as A varies between —1 and +1.
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Exercise 2.75: Degenerate pitchfork bifurcation

Consider the one-dimensional system
= flp

where f(x;u) = —f(—x;u) and fxxx = 0 at x = 0. Although this equation has
the correct symmetry to display a pitchfork bifurcation, (2.81) does not hold because
fxxx =0.
(a) Derive the correct normal form in this case and draw the corresponding bifur-
cation diagram(s).

(b) Now let fxxx be nonzero, but very small. How are the above bifurcation dia-
grams modified?

Exercise 2.76: Multiple scales to determine stability of a time-periodic so-
lution

Consider the stability of a periodic orbit of a nonlinear system. Let xp () = xp(t + T)
be a time-periodic solution of the differential equation
X =f(x)
Now let x = xp (1) + 0z(t),6 < 1.
(a) Show that the linearized equation for z takes the form

z=A(t)z

where A(t) = A(t + T) is a matrix operator with time-periodic coefficients.

(b) The damped Mathieu equation is a particular case of a linear equation with
time-periodic coefficients. It is (written as a single second-order equation)

X+ epux + (w? +€cos2t)x =0

Letting w = 1,0 < € <« 1,u = ord(1) > 0O, use the multiple-scales method to
determine the stability of the point z = 0. Show that z = 0 is stable when u >
1/2. (Although this equation can be putin the form z = A(t)z, itis easier to work
with when kept in second-order form.) Use time scales tg = t, {1 = €t and assume
a solution of the form x (tg, t1) = A(t1) cos to+B(t1) sinto+€x (to, t1) + O(€2).

Exercise 2.77: Oscillator with slowly varying frequency

Use the multiple-scales approach with t1 = t,t> = t/€ to find the leading-order general
solution to the problem of an oscillator with slowly varying frequency

2d2%y

dt?
Assume that w(t) > 0 in the domain of interest. Show that a leading-order solution of
the form yo ~ ¥ (t1) exp(*xiw(t1)t2) will not work, but that a solution of the slightly
more general form yo ~ 7(t1) exp(xie 10(t1)) will. You will see from the multiple-
scales result that the quantity 2w is independent of t1, to leading order: it is a so-
called adiabatic invariant.

€ +(w()?y=0
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Exercise 2.78: Multiple-scales solution to a nonlinear oscillator problem

Use the method of multiple scales to find a leading-order solution to the nonlinear
oscillation problem

X¥+e(x?-1x+x=0, x(0)=1,%(0)=0

Use time scales tg = t,t1 = €t.

Exercise 2.79: Synchronization of oscillators

Huygens was the first to observe that two oscillators (mechanical clocks in his case)
whose natural frequencies w1 and w> are close but not identical can be synchronized
(“phase locked”) if they are coupled to one another. Such synchronization has since
been observed in a diverse range of applications, including coupled chemical reactors.
A simple model for a pair of coupled oscillators is

él = w1 + K1sin(02 — 01)
92 = w2 + Ko sin(01 — 02)

where 01 and 0, are the phase variables for the two oscillators. Thus these equations
describe trajectories on a torus. Synchronization occurs when the phase difference
¢ = 02— 0; attains a stable steady-state value. Analyze the dynamics of ¢ to determine
the range of parameters in which the oscillators are synchronized. Draw the bifurcation
diagram. Draw what happens on the torus as the system passes from the synchronized
to the unsynchronized state.
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3

Vector Calculus and Partial Differential
Equations

3.1 Vector and Tensor Algebra
3.1.1 Introduction

Many of the partial differential equations (PDEs) that we encounter as
chemical and biological engineers arise from field equations such as the
Navier-Stokes equations of fluid dynamics or the Schrodinger equation
of quantum mechanics. These equations govern quantities (velocity,
wave function) that vary with position in three-dimensional physical
space. In general, such a quantity is known as a field. Therefore, this
chapter begins with a discussion of the properties of vectors and re-
lated objects (tensors) in physical space. In general, a tensor is an
object that has an intrinsic geometric definition, independent of coor-
dinate system. It may be a velocity vector, a dot product between two
vectors (a scalar) or, as we shall see, even a linear operator.

3.1.2 Vectors in Three Physical Dimensions

In this chapter, we consider only vectors in three-dimensional physical
space and following convention in the physics and engineering litera-
ture, represent these vectors using bold type. We begin with a brief
review of vectors, tensors and their algebra. For now, let us consider
only a Cartesian basis for the space, with position independent, or-
thonormal basis vectors eq, e», e3. Any vector u can be represented as
u = Z?:l u;e;, or, using the summation convention, u;e;. In Carte-
sian tensor notation, we streamline the notation even further, denot-
ing the vector as u;. The unsummed index i on u; indicates that u is a
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vector. The length of a vector is ||u| = \/2?:1 ul2 = /uiu;. The degree
of alignment between two vectors is determined by the dot product

3 3
u-v=ulv-= z z uivj(e;-ej) = ujv; = lull lv|lcos @
i=1j=1

Using some elementary geometry, it can be shown that
w-v =2 (Jul?+ w7 - v - ul?)
2

This result shows that u - v can be expressed without referring to a co-
ordinate system, but only to the lengths of vectors. Therefore, the dot
product is independent of coordinate system; itis a geometric invari-
ant. Recall that the inner product of Chapter 1 is the generalization of
the dot product.

In Chapter 1 we also introduced the outer product between two vec-
tors, also called the direct product or dyadic product. The outer
product between vectors u and v is the dyad?! uv. A dyad is a second-
order tensor: a quantity that incorporates information regarding two
directions. (A vector, which has one magnitude and one direction, is a
first-order tensor). A dyad can act as a linear operator

(uv) - w=ulw - -w)

Similarly,
w-(uv) = (w-u)v

Note that uv # vu. Based on this definition, we can write uv out,
including basis vectors

3 3

uv = > > uivjee;
i—1j-1

In Cartesian tensor notation, uv is denoted as u;v; (the presence of
the basis vectors e; and e; is implied by the presence of the two sub-
scripts). When a dyad operates on something, the rightmost index (and
basis vector) is involved. An example of a useful dyad is the projection
operator #iii, where #i is a unit vector. The product (#ifl) - v is the
component of the vector v in the i direction. You can check this by
applying the definition of the outer product.

1As noted in Chapter 1, sometimes the dyad uv is denoted by uv? or u ® v.
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A general second-order tensor T can be written as a linear combina-
tion of the basis dyads e;e;

3 3
T= Z Z Tijéi€;
i=1j=1

In Cartesian tensor notation, the summations and base vectors are im-
plied and we can denote the tensor by its component matrix T;;. The
dot product u = T - v between a second-order tensor and a vector is
another vector: u; = T;;v;. Similarly, u = v - T is, in Cartesian coordi-
nates: u; = v;T;j;. The second-order identity tensor is denoted é and
satisfies the property 6 -a = a - § = a for all a. In Cartesian coor-
dinates, the ij component of § is simply the Kronecker delta §;;, or
equivalently 6 = e1eq + eze, + ezes.

Also important is the cross product, u X v. Recall that, while the
dot product is a scalar, the cross product is a vector, with magnitude
lull |v|lsin @ and direction orthogonal to both u and v and deter-
mined by the “right-hand rule.” The cross product is not commutative:
U X v = —v X u. Because of the invocation of the right-hand rule in
its definition, the cross product is strictly speaking a pseudovector,
because its definition is affected by the handedness of the coordinate
system in which it is computed.

It is useful to view the cross product as a matrix-vector multiplica-
tion. Using the Cartesian components

0 —Us Uo V1
uxv=| us 0 -Uuq Vo
—U2 U1 0 V3

We can write the cross product more compactly if we introduce the
following operator, called the Levi-Civita symbol

1, ijk = 123,231 or 312
€ijx =1-1, ijk=132,321or 213
0, i=j,i=korj=k

This is the Cartesian coordinate representation of the alternating
unit tensor or permutation tensor €. As with the cross-product
itself, €;;x is not actually a tensor, but rather a pseudotensor, because
its definition is based on the use of right-handed Cartesian coordinates.
Now the operator (ux) can be written €;xu ;. This quantity has two free
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indices, so it is a second-order pseudotensor. Finally, we can write the
cross product as
(UX V)i = €ijkUjVk

A useful identity involving €;;x is
€ijk€kim = 0i10 jm — OimOji

which arises in the computation of double cross products such as a X
(b x c). Since the Kronecker delta is not handedness dependent, the
double cross product between three vectors is a true vector.

3.2 Vector Calculus: Differential Operators and Integral
Theorems

3.2.1 Divergence, Gradient, and Curl

Consider a vector that is a function of position, v(x), a vector field.
Physically, this vector field could be a fluid velocity (mass flux) or an
electric current (charge flux), for example. An important physical con-
sideration is the total flow into or out of a closed region. We denote
this region as V, its boundary surface as S and the outward unit nor-
mal vector to S as n, as illustrated in Figure 3.1. The volume of V is
Vol(V) = [,dV. If v is a flux of some quantity, then n - v dS is the
amount of that quantity crossing the boundary element dS per unit

time and thus
1
— J n-vds
Vol Js

is the amount of that quantity leaving V, per unit volume. Now let the
region be centered at a position xg and let V shrink to zero around that
point. The divergence of v at point xg is defined by

. . 1
divv = lim —

J n-vdSs (3.1)
vol-0 Vol Jg

Thus the divergence of v measures the amount per unit volume that
leaves the point xo. This definition is independent of coordinates, so
the divergence is a tensor.

For a scalar field ¢ (x) there is an analogous quantity, the gradient
of ¢, defined by

. 1
grad ¢ = vlcglnjo vol Js nods (3.2)
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Figure 3.1: Volume V shrinking to zero size around a point xg.

Given a unit vector s, the quantity s - grad ¢ is the derivative of v along
the s direction, i.e., the directional derivative. The gradient of ¢ is
a vector whose direction shows the direction of the maximum change
in ¢ and whose magnitude is the magnitude of that change.

The final important operation, the curl, measures the rotation of a
vector field v at a point. It is defined by

curl v = lim LJ nxvds (3.3)
vol-0 Vol Jg

Because of the cross product involved in its definition, the curl is a

pseudovector.

The above definitions of div, grad, and curl are independent of co-
ordinate system and illustrate the concepts underlying them, but to
actually work with these operators we need coordinate systems. All
three of the above operations can be expressed in terms of the gra-
dient operator, V, also called “nabla” or “del.” It is also sometimes

denoted
0

ox
In Cartesian coordinates, it is given by

S
Vv = Z e —
o oxi

or in Cartesian tensor notation

0
V=e—-—
laXi
or simply a%l The presence of the basis vector e; is implied by the
unrepeated index i. The divergence, gradient, and curl operators are
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then given by

divv:V-v=%
axi

_vg = 9P

grad p = Vo = ox;

avk
curlv =V Xv =¢€jjks—
ijk an
Another extremely important operator is the Laplacian operator div
grad, given by

82

axiaxi
The most common notation for the Laplacian operator is V2. Unfortu-
nately, this notation is somewhat misleading, implying that the opera-
tor is grad grad rather than div grad. Some literature uses the symbol
A for the operator. We follow engineering convention and use V2.

divgrad=V -V =

3.2.2 The Gradient Operator in Non-Cartesian Coordinates

In many applications, Cartesian coordinates are not the most practical
for solving a problem.2 We are familiar with cylindrical and spherical
coordinate systems, but there are many others, including bipolar and
parabolic systems. We consider here only orthogonal coordinate sys-
tems; the basis vectors may change from point to point, but at each
point they are mutually orthogonal. We denote an arbitrary set of or-
thogonal coordinates by u1, 12, u3z and the (orthonormal) base vectors
by ey, eu,, eu;. The most important distinction between Cartesian and
other coordinate systems is the actual distance traversed in moving
from one coordinate line to another. For example, in Cartesian coordi-
nates (x1, x2,x3) = (X, Y, z), the distance between the coordinate lines
v =1and y = 2, keeping x and z fixed, is always 1. But in cylindrical
coordinates, (u1,uz,uz) = (r, 0, z), the distance traveled going from
0 =1to 0 = 2 (at constant ¥ and z) depends on 7! This dependence is
quantified in the scale factors for a coordinate system, defined by

aX]_ 2 8xz 2 8x3 2
h; = + +
Bui aui 8ui
2Appendix A of Bird, Stewart, and Lightfoot (2002) contains a great deal of useful
information about this topic. Tensor analysis is not restricted to orthogonal coordi-
nate systems; if you want to learn about tensor analysis in general coordinates, some

good references are Aris (1962); Block (1978); Simmonds (1994); Bird, Armstrong, and
Hassager (1987).




3.2 Differential Operators and Integral Theorems 263

This quantity determines the distance traversed in moving along the u;
coordinate curve. For example, in cylindrical coordinates, it is easy to
compute that hy = 1,h, = v,hz = 1. The distance covered in moving
from 0 to 0 + dO is h,dO0 = rdf. If we let g; = eu (scale the basis
vector by the scale factor), then we can write the baS|s vectors in terms
of the Cartesian basis

1 Z axJ
9i= 3 €j
hs ] ou;i
Note that despite the notation, the number h; is not a component of
a vector but rather is a property of the particular coordinate system
under consideration.
For any orthogonal coordinate system, we can now write the gradi-

ent operator as
0

=9 ou;
(summation implied). In general, the g; depend on position. The im-
portance of this fact becomes clear when we consider operators like
the Laplacian

0 5,9
aui gjauj

s 1 02 N 9g9;\ 0
Y I’lil’lj 8uiauj gi aui 8uj
The second term in this expression does not appear in Cartesian coor-
dinates, where the base vectors are independent of position. In terms

of the scale factors, the derivative of a basis vector with respect to
position can be written as follows

99; 1 0h; 1( hy dh : ahj)

ouc %% Ty \9%n; ou, 51"2 Ii3u;

V.-V =g;

691

Summation is not implied, as 3, is not a component of a tensor.

Example 3.1: Gradient (del) and Laplacian operators in polar (cylin-
drical) coordinates

(a) Without referring to Cartesian coordinates at all, derive a formula
for the gradient (del) operator in polar coordinates shown in Fig-
ure 3.2 so that one obtains for the differential of a scalar function

b
dp =V - dx
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dx
rdOeg

dre,

x=re,

Figure 3.2: Polar coordinates (7, ) and unit vectors e, and eg.

in which dx is the differential of the position vector in polar co-
ordinates.

(b) Using this formula for V, derive the formula for the Laplacian in
polar coordinates.

(c) Finally check these two results by relating them to Cartesian co-
ordinates using the h; and g; formulas given previously.

Solution

(&) As shown in Figure 3.2 we have for the differential of position
dx = dre, + rdOey

From the definition of partial derivative, we have the formula for
the total differential of an arbitrary function ¢ (7, 0)
o¢ o
dp = —dr + —-dO
¢ or
We substitute V¢ = e, a1 + epa, and solve for a1, a,, the two
vector components of V¢

dp =V - dx
o o

—dr + —d0O = (eya; + epaz) - (dre, + rdOey)
or 00

@dr + %dG = a1dr + a,rdf
or 00
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Comparing the two sides, we have

_0¢ 109

M= 2T

which gives for V in polar coordinates

_, 99 109
Ve =erg, T 50
5 10 o)

(b) Next we use the definition of the Laplacian to obtain
0 10 0 10
2 _v.vu_ v =Y. “ -9
vi=vev <erar Teoy ae) (erar Teoy ae)

Taking the derivatives, and noting the dot product e, - ey
because the unit vectors are orthogonal, gives

=0

2 _ . . _—
Vi=er <8r or €2 v or 20

1 (aer 0 1 02 1 0ep a>
;ee . - -

de, 0 02  10ep 0 )

B0 0r %3027y 3000

Now we require the derivatives of the unit vectors with respect to
(7, 0). As shown in Figure 3.2 these are given by (see also Exercise
3.2)

der deg _ der _ deo _
= 20 "% 5o ¢ BY

or or
Substituting these derivatives into the previous result and collect-
ing the nonzero terms gives
0 10 1 0
Vet -+ ===
0r2  rvor 120602
Note that we can combine the first two terms for an equivalent
form )
10 0 10
V2 = ——(r—) = 36
Y or\ or 12002 (3.6)
(c) The partial derivatives of the coordinates are

ox 0y a—X=—1fsin9 a—y:rcose

a—yzcose a—rzsme 30 30
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Substituting into the previously given formulas for h and g gives

. 1 .
g, =cosOex +sinfe, g,= —(—7rsinfex +rcos0be,)

91 r 9> €0

We then have
0 1 0
V=e-—+ ey
“or T r%%0
which agrees with (3.4).

For the Laplacian, we require the derivatives of g, g»

991 _ 991 _ 99, _ 1 09, _ 1
or -0 B0 7% B TT2% e T
The formula for the Laplacian then gives
h2or2  nzo02 "7t \or or  or 90
(%82, 09: 0
2 \o00or 00 00

The g, term vanishes upon substituting the various derivatives,
and the g, term produces the additional term (1/7)0/0r giving

,_ ¥ 19 12
0r2  v2002 vror
1a(,2), 12
ror\ or 2 002

which agrees with (3.6). |

Table 3.1 collects expressions for the gradient and Laplacian oper-
ators in Cartesian, cylindrical, and spherical coordinate systems. The
convention used for the angles 0 and ¢ in spherical coordinates are
shown in Figure 3.3.
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er

Figure 3.3: The orthonormal unit vectors in spherical coordinates.

. 0 0 0
Cartesian V= exa + ey@ + eza—Z
G P
0x2  0y2 0z2
. . 0 0 0
Cylindrical V = era— + 89*@ + eza—Z
z_éi( i) 10 0
v Cror\ or 72002 322
. 0 10 1 0
Spherical v —e75+e9;£ +e¢rsin9ﬁ
2_ii< zi) ;i(- i) B
V=2 e \"ar) T rsine 00\ 5" %0) t rasin? 0 692

Table 3.1: Gradient and Laplacian operators in Cartesian, cylindrical,
and spherical coordinates.
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ng = —sin 0ey + cos e, S2

\ np = ex

o

€x 0 S1 inl =-ey

Figure 3.4: Right triangle V with sides Si, S»2,S3 and outward nor-
mals ni,n,,n3. On the hypotenuse S3 we have that
x = 03cos 0 and y = o3 sin 0 with o3 as distance along
Ss.

3.2.3 The Divergence Theorem

The divergence theorem concerns the integral of the divergence of a
vector field v(x) in a region V. It is central to many aspects of the
derivation and solution of partial differential equations. For example,
many partial differential equations arise from conservation laws. These
are often most easily stated in integral form, i.e., as conservation of
some quantity over a finite volume of space. It is often useful, however,
to have representations of the same laws that apply at each point in the
volume and the divergence theorem plays a key role in development of
these.
A standard form of the divergence thereom is

J V-de=Jn-vd(r
1% s

in which V is an arbitrary volume element with bounding surface S.
Note that this result equates the integral of the divergence of the vec-
tor field over the volume with the integral of the outward flux of the
vector field over the bounding surface. It is a remarkable result with
far-reaching consequences, so we would like to understand why this
equation holds and how to derive it.

We start off in two dimensions where region V is an area element,
and S becomes the bounding circumference of the area element. For
example, consider the right triangle depicted in Figure 3.4. We show
that the divergence theorem holds for this region by an explicit cal-
culation. This will turn out to be the only calculation that we have to
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do to establish the divergence theorem for quite general regions. In
rectangular coordinates we have that

0 0
Jv V-vdQ= Hv [avx + @vy] dxdy

b ra 0 a (Ty(x) 3
= —VUx dxd +J I —v, dyd
Jo JTX(y) 6xvx xay o Jo ay”y yax

Notice that the key first step is to use different orders of integration in
the two double integrals to undo the differentiation of the divergence
operator for each term in the sum. Since 0 < 8 < 1/2 (or we do not
have a triangle), we also know thaton S3, ¥ = xtan 6 := T,,(x) and x =
y/tan 0 := Tx(y), so Ty (x) and Tx(y) are well defined. Performing
the inner intergrals and rearranging the terms give

b a
J V-de=I vx(a,y) dy—J Vy(x,0) dx—
1% 0 0

a

b
JO Ux(Tx (), y) dy + JO vy (x, Ty (x)) dx (3.7)

As shown in Figure 3.4 we have thaton S1, n; = —e, andon Sz, N, = ey.
So we can express the first two integrals in the right side (3.7)

Jb Vy(a,y) dy — Jj Vy(x,0) dx = J

nz-vd02+J n,-vdoy
0 S2

S1

Finally, we change the variable of integration in the last two integrals
of (3.7) using x = 03co0s 0,y = 03sin 0 on S3. So on S3 changing from
x and y to 03, we have that

b Jaz+b?

J Vx(Tx(y),y) dy = Vyx(03€080,03sin0)sin dos
0 0
a Jaz+b?

J Vy(x,Ty(x)) dx = J Vy (03 cos 8, 03sin @) cos 0 dos
0

Noting that since the tangent vector for Sz is t3 = cos fey + sin fe,,
the outward unit normal vector and its inner product with v for (x, y)
on Sz are

n3 = —sin ey + cos fe,, N3 -V = —Vxsinf + v, cos o
(note that n3 - t3 = 0). Substituting the results from the change of

integration variables then gives

b a
_Jo Ux (Tx (), y) dy + JO Vy(x,Ty(x)) dx = Ls ns - v dos
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S1

b

Vi

V2
S2

Figure 3.5: Left: Decomposing an arbitrary triangle into the sum of
two right triangles. Right: Decomposing a polygon into
a sum of triangles.

Collecting the previous integrals and substituting into (3.7) then give

n3-vd03=fn-vd0

J V-de=J nl-vd01+J nz-vd02+I
1% St S» S

S3
and we have established the divergence theorem for an arbitrary right
triangle. Note that the normal vector is not defined at the three corners
of the triangle, but the surface integral remains well defined because
an integral is unaffected by the value of the integrand at a countable
set of points in the interval of integration.

The next key step in the development is to understand what hap-
pens when we add two objects sharing a common boundary segment.
Consider decomposing an aribtrary triangle into a sum of two right
trangles as shown on the left side of Figure 3.5. We have established
the divergence theorem for both V; and V>, so we have that

n-vd0'+J n-vdo
S2

JV-de= V-de+J V.-vdQ=
v Va2

Vi S1

Notice that the two surface integrals contain the same line segment.
But in the integrals over S; and S», the outward normals on this shared
line segment have opposite sign, and n; = —n,. So the two integrals
on this common segment cancel and we have the integral over only the
outer boundary, S, establishing the divergence theorem

J V-de=Jn-vd(r
v s

for any triangle.



3.2 Differential Operators and Integral Theorems 271

Figure 3.6: The circle as a limit of polygons P,,,n = 1,2,3,....

Generalizations. Next we can decompose any polygon (or more gen-
erally an n-polytope in n dimensions) into a sum of triangles, illus-
trated on the right side of Figure 3.5. Again, the integrals over the
common interior line segments cancel and the divergence theorem ap-
plies to any polygon. Further generalizing, we can take limits of poly-
gons and extend the divergence theorem also to objects with curved
boundaries, such as circles, ellipses, and boundaries with cusps. One
can even take limits in which the limiting object is fractal, and with a
suitable definition of the surface integral establish the divergence the-
orem for fractal objects where the normal vector is nowhere defined on
the boundary (Harrison, 1999). See Exercise 3.55 for an example using
the Koch snowflake, one of the earliest fractal objects to be described.

Finally, nothing restricts the development to the two-dimensional
plane as illustrated here, and the divergence theorem holds also in n-
dimensions for any n. In one dimension it reduces to the fundamen-
tal theorem of integral calculus: j,f % dx = f(b) — f(a). As
mentioned earlier, the divergence theorem arises most often in stan-
dard 3-dimensional physical space as a key step in deriving conser-
vation laws (mass, momemtum, energy) in continuum transport prob-
lems.

Example 3.2: Divergence theorem on the circle

Show the divergence theorem applies when V is a circle of radius R.
First use the established result for polygons and take a sequence of
polygons approaching the circle. Next choose a better coordinate sys-
tem for a circle and establish the divergence theorem by direct calcu-
lation.
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Solution

Note in Figure 3.6 that the sequence of polygons P, converges to the
circle V as n — o, and the divergence applies to each element P, so it
applies in the limit to V. Next, consider polar coordinates, and we have
established in (3.4) and Exercise 3.3

0 10 10 10
Voeg teo g Vivs g s DG

By direct integration we have that

2m 1 0vg
JV vdQ = J J (;ﬁ( V”*%) drdo

= Rvy(R 0) d9+J (vo(r,21) — Vo (7,0)) dr
0
21
=J Rv, (R, 0) d9=J n-v(R,0)RdO
0 0
=J n-vdo
s

and the result is established. O

In Cartesian tensor notation, the divergence theorem is

o0v; J
Jv ox,; av = | niv;dS

By replacing the vector v; by a scalar ¢ or by a second-order tensor T;;
in this expression, the related results can be found (now expressed in
boldface notation)

Jv Ve dV = L ne ds (3.8)

JV-TdV=Jn-TdS (3.9
1% s

Multidimensional Leibniz’s rule. Another important related result
is the multidimensional version of Leibniz’s rule. Consider the time
derivative of an integral over a volume that is moving with time, e.g., a
fluid element in a velocity field. If a point on the boundary is moving
with a velocity g (x,t), then Leibniz’s rule states that

J m(x,t)dVv = J—dVJern-qu
V() s
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V(t + At)

Figure 3.7: Volume element V (t) with moving boundary S(t) having
velocity q.

The second term in this formula appears only if the volume is moving
or changing shape with time and represents the net amount that is
swept into V because of the motion of its boundaries.

A derivation of Leibniz’s rule can be constructed as follows. We as-
sume enough smoothness so that all derivatives of interest exist. Con-
sider the volume element V (t) in Figure 3.7. We consider the volume
integral at a time t + At with At small. We have two changes to track:
the function m(x, t) changes with time, and the volume element V (t)
changes with time due to the velocity of its surface, g. Keeping up to
first-order terms, the change in m(x,t) is straightforward

m(x,t + At) = m(x,t) + %m(x, t) At

To compute the change in the volume integral we have

J m(x,t)dQ = m(x,t)dQ + J mn - qdo At
V(t+At) V(t) S(t)

Note that n - gdo At evaluated in a surface element on S gives to first
order the local increase (or decrease) in volume V due to the motion
of the bounding surface. This local change is integrated over the en-
tire surface to obtain the total change in the volume integral due to a
small (normal) displacement in the bounding surface S(t). Note that
we need to project the velocity onto the surface normal to calculate the
volume change, i.e., the component of g tangent to the surface does not
change the size of V, but simply allows rotation of the volume element.
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Assembling the terms we have

J m(x,t +At) dQ = J <m(x, t) + im(x, t)At) dQ+
V(t+AL) V(t) ot

J (m(x, t) + im(x, t)At)n -qdoAt
S(t) ot

Expanding the integrals and rearranging terms gives

i[J m(x,t + At) dQ—J m(x,t) dQ} =
At LJvi+an V(t)

[ om aQ + [ (m(x, t) + im(x, t)At)n -qdo
V(t) ot S(t) ot

and taking the limit At — O produces the multidimensional Leibniz’s
rule

J m(x,t) dQ = J —dQ+J mn-qdo
V(t) v(e) ot S(t)

Example 3.3: The divergence theorem and conservation laws

Conservation laws can be written for many quantities. Important exam-
ples include mass, energy, chemical species, and probability. Consider
a quantity A that satisfies a conservation law in some arbitrary region
of space V with boundary S and outward unit normal n. The density
(amount per unit volume) of A is p4 and the flux (amount per unit area
per unit time) is F4. We allow for the possibility that A is created or
destroyed within the volume, with rate R4 having units of amount of A
per unit volume per unit time. If A is a chemical species, then R4 is a
volumetric reaction rate of production of A. The conservation law for
A can thus be written for the domain V as follows

ij pAdV:—Jn-FAdS+JRAdV (3.10)
dat Jv S v

The left-hand side is the rate of accumulation of A in the domain. The
first term on the right-hand side is the net rate of entry of A into the do-
main across its boundary and the final term is the net rate of production
of A via sources or sinks of A within the domain. Use the divergence
theorem to write a conservation statement for A that is valid at every
point in the domain.
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Solution

The divergence theorem allows the lone surface integral to be recast as
a volume integral

Jn-FAdSzj V.-Fyadv
s 1%

Furthermore, because V is time independent

J padVv = J apA

Substituting these two equations into (3.10) yields

aPA

av = — J V. FAdV+J Ry dV
v ot

Since all terms in this equation are volume integrals, they can be com-
bined

0

J [ﬂ+v FA—RA] av
ot

Because the volume V is arbitrary, the only way that this equation can
be satisfied in general is if the integrand vanishes at every point within
V. That is

0pa

O - v Fy+ Ry (3.11)

This is the general pointwise statement of the conservation law for A.

To be more specific, let A be a chemical species. Its molar density,
or concentration, will be denoted c4. Chemical species are transported
by molecular diffusion and flow; if the species is dilute the flux of A
can be written F4 = cav — DAV ca, where v is the velocity field for the
fluid in which A is dissolved, and D4 is the diffusivity of the species.
Now (3.11) becomes

2ca

T = -V - (cav) +DAV2CA + Ra (3.12)

This is a partial differential equation for spatial and temporal distribu-
tion of a chemical species. If U and L are characteristic scales for the
fluid velocity v and domain size, respectively, then the relative impor-
tance of convection and diffusion is estimated by the Peclet number
Pe = UL/D4. m|
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3.2.4 Further Integral Relations and Adjoints of Multidimensional
Differential Operators

Green'’s identities are special cases of the divergence theorem that
are useful for working with integrals over quantities involving differ-
ential operators other than the divergence. Green'’s first identity is the
divergence theorem for the case where v is replaced by uVv, where u
and v are now scalars

J (Vu- Vv +uv?v)dv = J uvv - ndS (3.13)
v s

Green’s second identity comes writing Green'’s first identity with u and
v exchanged and subtracting this expression from Green'’s first identity
as written above

J (uvV2v —vviu) dv = J (uvVv —vvu) - ndsS (3.14)
v s

Finally, Green’s formula comes from replacing v in the original ex-
pression by uv where u is a scalar and v a vector

[ (Vu-v+uV-v)dV=Juv-ndS (3.15)
1% S

In one dimension, Green’s formula reduces to the expression for inte-
gration by parts.

The above theorems all deal with the divergence and its closest rel-
atives, the gradient and the Laplacian. The final results are instead for
the curl. In two dimensions, V X v reduces to (% — %)83. Green’s
theorem shows how the integral of this over an area A can be reduced

to an integral over the (closed) boundary curve C

0vy  0vx B
JA (ax - a_)/) dA = IC(UX dx + Vy dy)

The proof of this result closely follows what we did above with the
divergence theorem. Stokes’s theorem is more general, applying to
any bounded orientable (“two-sided”) curved surface A floating in three
dimensions, with boundary curve C

Jn-(va)dA:J v-tdC
A C

Here t is the unit vector tangent to the boundary C, pointing in the
direction in which the integration around C is being performed. The
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orientability condition precludes surfaces like a Mobius strip. The vec-
tor n is a unit normal vector to the surface A. Since the surface does
not enclose a three-dimensional volume, however, inward and outward
are undefined, the direction of n cannot be defined as it has been in
earlier theorems. Here n is determined from the right-hand rule, based
on the direction of the integration path for C. For example, if S were a
region on a sheet of paper, then n would point upward out of the paper
if the integration path around C is counterclockwise.

One important application of the above results is in the determina-
tion of the adjoints to div, grad, and curl. First, we define the relevant
inner products. Let

(u,v) = J uv dv
1%
if u and v are (real) scalars, and
(u,v):J u-vdv
1%

if they are vectors. In our earlier discussion of adjoints, we used in-
tegration by parts to help us compute them; in multiple dimensions,
Green’s formula and identities are the appropriate replacements. For
example, using Green’s formula, (3.15), we can easily find that, with
u(S) = 0 (Dirichlet boundary conditions)

(Vu,v) =-(u,V -v)

Thus the adjoint of grad (with Dirichlet boundary conditions) is —div.
Similarly, rearranging Green’s second identity we find that

(V?u,v) = - L(qu —vvu) - ndS + (u, V3v)

If we impose the same boundary conditions on u and v, then uVv =
vVu on the boundary. Thus the boundary term vanishes, leaving

(V2u,v) = (u, V?v)
Therefore, the Laplacian operator is always self-adjoint. This fact has

important implications for the solution of partial differential equations
that involve the Laplacian.
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3.3 Linear PDEs: Properties and Solution Techniques

3.3.1 Classification and Canonical Forms for Second-Order Partial
Differential Equations

Many general properties of partial differential equations can be intro-
duced with this second-order equation in two dimensions

AUxx + 2bUxy + CUyy = f(X, Y, U, Ux, Uy) (3.16)

where x,y € Rand uy = g—;‘ etc. For the moment x and y are not nec-
essarily position variables—they are simply the independent variables
for the problem. The coefficients a, b, and c are real and constant,
though the latter restriction can be relaxed. Now consider the question
of whether there exists a change of independent variables

E=8Exx+&y
n=nNxx-+nyy

that can simplify the left-hand side of this equation. Here &y, &,, nx,
and 1, are constants and &1, — &, nx must be nonzero for the coor-
dinate transformation to be invertible. Applying the chain rule yields
that

(a2 + 2DEE, + cE2) uge+

(aExnx +b(Exny +&ynx) + ng’?y) Ugp+
(an2 +2bneny +cn?) uny = (&, 0, u,ug, uy)  (3.17)
If b2 — ac > 0, then (3.16) is said to be hyperbolicS. In this case,
we can find real constants &y, &, Nx, Ny such that the coefficients mul-
tiplying ugg and uyy, in (3.17) vanish, leaving the simpler differential

equation
Ugn =g (3.18)

This is the canonical, or simplest, form for a hyperbolic partial dif-
ferential equation. Lines & = constant and n = constant are called
characteristics for the equation. The wave equation

Upr — C%Uxx =0 (3.19)

3The nomenclature introduced in this section arises from an analogy with conic
sections defined by the equation ax?2 + 2bxy + cy? + dx + ey + f = 0. If they exist,
real solutions to this equation are hyperbolas, ellipses, or parabolas, depending on
whether b2 — ac is positive, negative, or zero.
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has this form, with &€ = x — ct, n = x + ct. We present the general
solution to this equation in Section 3.3.6.

If b2 —ac < 0, then (3.16) is el liptic. No real coefficients Ex, &, Nx,
and n, exist that will make the coefficients of ugz and up, vanish.
Instead, one finds complex conjugate characteristics & = &g + i&, n =
Er — i&;. All is not lost, however. Using &' = & and n’ = & as new
coordinates, the coefficient of ug, can be made to vanish, leading to
the canonical form

Ugg +Uyy = ¢ (3.20)

The left-hand side of this equation is the two-dimensional Laplacian
operator. At steady state, (3.12) above reduces to this form in two
spatial dimensions. If g is only a function of x and y, this equation
is called the Poisson equation. If g = 0, it is called the Laplace
equation.

The borderline case b? — ac = 0 leads to the parabolic equation

Unp =4 (3.21)

The standard example of a parabolic equation is the transient species
conservation equation, (3.12) in one spatial dimension, which we can
write

Ut + VUy = DUuyxy + Ra

The Schrodinger equation is also parabolic. Elliptic and parabolic equa-
tions are treated extensively in the sections below.

The classification of partial differential equations into these cate-
gories plays an important role in the mathematical theory of existence
of solutions for given boundary conditions. Fortunately, the physical
settings commonly encountered by engineers generally lead to well-
posed mathematical problems for which we do not need to worry about
these more abstract issues. Therefore we now proceed to the presen-
tation of classical solution approaches, many of which are insensitive
to the type of equation encountered.

3.3.2 Separation of Variables and Eigenfunction Expansion with
Equations involving V2

The technique of separation of variables is perhaps the most famil-
iar classical technique for solving linear partial differential equations.
It arises in problems in transport, electrostatics, quantum mechanics,
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and many other applications. The technique is based on the superposi-
tion property of linear problems (Section 2.2.1) as well as the following
several assumptions:

1. A solution u(xy,x2,xs,...) to a PDE with independent variables
Xx; can be written u = X(x1)Y(x2)Z(x3) - - -.

2. The boundaries of the domain are coordinate surfaces and the
boundary conditions for the PDE can also be written in the above
form.

3. Adistinct ODE can be derived from the original PDE for each func-
tionX,Y,Z,....

4. Using superposition, a solution satisfying the boundary condi-
tions can be constructed from an infinite series of solutions to
these ODEs. This condition implies that separation of variables
is primarily useful for equations involving self-adjoint partial dif-
ferential operators such as the Laplacian, in which case eigen-
functions of various Sturm-Liouville problems provide bases for
representing the solutions. Consider a problem with three in-
dependent variables and two of them, say x> and Xx3, lead to
Sturm-Liouville problems with eigenfunctions Yy (x2) and Z;(x3),
k=0,1,2,...,1 =0,1,2,.... The basis functions for the x> — x3
direction are thus Yy (x2)Z;(x3). The solutions to the problem in
the inhomogeneous direction are then coefficients in the series
and the total solution has this form

[e)

w(xy, X2,x3) = > > Xw(x1) {Yi(x2) Z1(x3)}
k=11-1

We illustrate the method with several examples.
Example 3.4: Steady-state temperature distribution in a circular cylin-
der

Consider a circular cylinder with unit radius and an imposed tempera-
ture profile u;(0) on its surface. The steady-state temperature profile
u(r, 0) is a solution to Laplace’s equation

Viu =0 (3.22)
in polar coordinates

10 ou 103%u

;Zwrar * Y2002
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with ©u bounded at the origin and satisfying u(1,0) = us(0). As de-
scribed above, seek a solution u(r,0) = R(r)0(0).

Solution
Plugging into the equation and simplifying yields

r
R

B @/I

C]
where R' = dR/dy and ®" = d©®/d6. Notice that the LHS of the equa-
tion is a function of  only and the RHS a function of 0. The only way

for the two sides to be equal is for them both to equal a constant, c.
This observation gives us a pair of ODEs

(rR') =

¥ (*R) —cR=0 (3.23)
0" +cO=0 (3.24)

The constant c¢ is as yet unspecified.

Equation (3.23) satisfies periodic boundary conditions ©(0) = ©(0 +
2m),0'(0) = O'(0 + 21); it is a Sturm-Liouville eigenvalue problem
with eigenvalue c. This has solutions O, (0) = e*? for all integers k
with the corresponding eigenvalue ¢ = k2. So in fact we have found
not a single solution, but a family of solutions; a basis for functions in
the 6 direction.

Now consider the equation for R(r¥), setting ¢ = k2. A little manip-
ulation puts the equation in this form

r’R" +vR' + kR =0

This is a Cauchy-Euler equation, with k as a parameter and solutions
Ry = Axr* +Byr—k. To satisfy the boundedness condition at » = 0, only
the solution with a positive exponent must remain, so Ry = axr'¥.
Since every integer k gives a solution, we can use the superposition
principle to write

(o)
u(r,0) = z ayr'kletko
k=—o00

This is a Fourier series, using the Sturm-Liouville eigenfunctions O (9)
as basis functions. The coefficients ax come from the boundary condi-
tion. Atr =1,

u(1,0) = > are®® =u(0)
k=—o
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We can extract the coefficients ax from this formula by using the or-
thogonality of the Sturm-Liouville basis functions: take inner products
(in 0) of both sides with the basis function e!?

( i akeike’eile) _ (us(g),eiw)

k=—oc0
Letting cx = (us(0), e?) /21, this process simply gives us that a = ck.
That is, the (known) Fourier coefficients of the boundary temperature
determine the Fourier coefficients in the cylinder, so

o0
u(r,0) = > cpr'klekd O
k=—o

Example 3.5: Transient diffusion in a slab

The transient diffusion of heat or a chemical species in one direction
is governed by the transient diffusion equation, also called the heat
equation

ou _0°u

ot 0x?
Consider the initial and boundary conditions u(x,0) = 0, u(0,t) = 0O,
u(l,t = 0) = uy, i.e., the initial concentration in the domain 0 < x < £
is zero and at t = O the right end of the domain is exposed to a known
concentration u = uy. Seek a separation of variables solution u(x,t) =
X(x)T(t).

(3.25)

Solution
Using the form u(x,t) = X(x)T(t), (3.25) becomes
XT' =DX"'T

where again ' denotes the derivative of a function with respect to its
independent variable. Rearranging yields

iz 3 X/I

DT X
Observing that this expression equates a function of t to a function of
x we again conclude that each side of it must be constant

T =c¢DT (3.26)
X" =cX (3.27)
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The second of these contains a Sturm-Liouville operator and must sat-
isfy boundary conditions X(0) = 0, X(£) = uy. These boundary condi-
tions, however, are not homogeneous, so the problem as written is not
a Sturm-Liouville problem.

A simple change of variable solves this problem. We let u = u;(x) +
v(x,t) and choose u; to satisfy the inhomogeneous boundary condi-
tionsat x = 0and x = ¥, in which case v satisfies homogeneous bound-
ary conditions v(0,t) = v(£,t) = 0. A particularly convenient choice
is us = ug% which is the steady-state solution to this problem. Thus
v(x,t) is the deviation from the steady state. Substituting into (3.25)
and observing that du/0t = 0%us/0x? = 0 yields

ov _ _0%v

ot 0x2
with v(x,0) = —us, v(0,t) = 0, v(¥,t = 0) = 0. Now letting v (x,t) =
X (x)T(t) and repeating the above steps we find that the problem for X
is a true Sturm-Liouville problem, including the homogeneous bound-
ary conditions X(0) = X(¥) = 0. The eigenvalues are ¢ = —k?, where
now k = nrt /4 for positive integer n and the eigenfunctions are sin ”ﬂﬂ
Equation (3.26) is an initial-value problem. Its solutions, parametrized
by n, are

1’1,2Tr2
Tp(t) = Tp(0)e™ 2 Pt

so the overall solution again has the Fourier series form

nmx

0

v(x,t) = > Tp(0)e 2 Plsin

n=1

(3.28)

The initial conditions T,,(0) are determined from the initial condi-
tionv(x,0) = —u, by settingt = 0in(3.28) and taking its inner product

with basis function sin ">

( — uy%,sin m;rx) = <n§1 T,.(0) sin m;x,sin %)

Thus ,
L X aiqy MTTX
T (0) = fo —uegsin == dx (—pym 2uy
f(fj sin "7 sin X dx mr

The final exact solution is thus

n2m2 . NTTX
(2 Dtsm
{

X o 2up _
ulx,t) =up5 + > (-1)"—e (3.29)
? gl nm
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At short times t < £2/D, this series converges very slowly because of
the n~! decay of the Fourier coefficients T, (0) of the initial condition.
In this situation, alternate approaches that approximate the domain as
semi-infinite are more appropriate because diffusion has only had time
to spread the heat or solute over a short distance from the boundary.
See Exercises 3.23 and 3.36. As t increases, the exponential decay term
becomes smaller and the series converges more rapidly.

ad

With these two examples, one can see a pattern emerging. Separa-
tion of variables leads to at least one direction that presents a Sturm-
Liouville problem whose eigenfunctions are a useful basis for repre-
senting the solution. In the second example, a change of variable was
required to find a direction with the homogeneous boundary condi-
tions required of a Sturm-Liouville eigenvalue problem. The following
example extends this idea.

Example 3.6: Steady-state diffusion in a square domain

Solve Laplace’s equation V2u = 0 in a unit square domain 0 < x <
1,0 < y < 1, with boundary conditions u = 200 on x = 0 and y = 0,
u =3000n x =1and u =500 on y = 1, as shown in Figure 3.8(a).

Solution

As stated, there are no homogeneous directions. Now we split the so-
lution into three pieces: u(x,y) =U(x,y) +V(x,y)+W(x,y), where
U,V,and W all satisfy Laplace’s equation, but with conveniently chosen
boundary conditions that sum to the boundary conditions for the orig-
inal problem, as illustrated in Figure 3.8(b). The problem for U is trivial
because all the boundaries have the same value of 200; thus U = 200.
The problem for V has homogeneous boundary conditions at v = 0
and x = 1, while that for W has homogeneous boundary conditions at
x = 0and x = 1, aside from a multiplicative constant, it is just a 17/2
rotation of the problem for V. The solution to the W problem (to within
a multiplicative constant) is Exercise 3.32. From it the solution to the
V problem can be found so the solution for u = U +V + W is complete.

O
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(a)
500

200 vZu=0 300
200
(b)
200 0 300
2y - 2y 20
200 v2u =o 200 0 v2y =0 100 0 V2w =0 o
200 0 0

Figure 3.8: Laplace’s equation in a square domain. (a) Original prob-
lem. (b) Three subproblems whose solutions sum to the
solution of the original problem.

Example 3.7: Eigenfunction expansion for an inhomogeneous prob-
lem

Solve the Poisson equation
Uxx + Uyy = f(x,»)

in a unit square with Dirichlet boundary conditions, which models a
steady-state distribution given a source f(x,y) distributed within the
domain.

Solution

Separation of variables does not work for this problem (try it), but a
version of eigenfunction expansion does. Think of this problem as a
linear algebra problem Lu = f. Here L is self-adjoint, so the solutions
to the eigenvalue problem Lw + Aw = 0 form an orthogonal basis and
allow us to diagonalize L. We can express u and f in this basis, and
since L becomes diagonal we can easily solve for u.

To perform this procedure in the present case, we need to solve

in the unit square with w = 0 on the boundary. We can solve this
problem by separation of variables: it gives Sturm-Liouville problems in
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both x and y, andyields eigenfunctions w;;,; (x, y) = sinmmx sinnmy
with (real) eigenvalues Ay, = T2 (m? + n?), for all integer pairs mn.
Now to solve the Poisson equation, we express u and f in terms of the
eigenfunctions

o0

ux,¥) = > D UmnWmn(x,Y)
m=1m=1

flx,y) = z Z SmnWmn(x,y)

m=1m=1

Since f is known, finn = (f, Wmn) / (Wimn, Wmn), Where the inner prod-
uct in this case is just the integral over the square. Now since wyx +
Wyy = —Aw, we can write —AynUmn = fmn, Which we can solve im-
mediately to give Umn = — finn/Amn, SO

ulx,y)=> > S sinmmxsinnmy O

m=1n=1 —Amn

In some situations, a separation of variable solution can be obtained
via multiple approaches. For example, the Laplacian operator in polar
coordinates can be written

1
V2=Ly+ﬁL9+LZ

where ) )

10 0 0 0
=—=—|r=— Lo = — L, =

rar< ar> 07 %02 P 522
Given appropriate homogeneous boundary conditions, all three of these
are Sturm-Liouville operators, so depending on the boundary condi-
tions, there may by the possibility of more than one method of solution.
The following example illustrates this situation.

v

Example 3.8: Steady diffusion in a cylinder: eigenfunction expansion
and multiple solution approaches

Consider Laplace’s equation in a cylindrical domain with boundary con-
ditions u(r,z=0) =1, u(r =1,z) =0, u(r,z = 1) = 0. That is, the
bottom is heated, and the top and side are cooled. Solve this equation
in two different ways:

(a) Using basis functions that depend on 7.
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(b) Using basis functions that depend on z.

Solution

We could proceed by seeking a solution v(r,z) = R(r)Z(z) as above.
Instead we will directly impose a Fourier series form for the solution
based on the eigenfunctions.

(a) For the current problem there is no 0-dependence and we first
seek a solution that uses basis functions in the r-direction., i.e.,
eigenfunctions of L,. This is a singular Sturm-Liouville operator
(p(r) = ¥) so only boundedness is required at the origin, and the
boundary condition at ¥ = 1 is homogeneous. Referring back to
Example 2.8, we recognize that the eigenfunctions of L, are the
Bessel functions of order zero so we can seek a solution

ur,z) = > un(2)Jo(Vanr)

n=1

where VA, = 2.4,5.5,8.7,11.8,.... To simplify notation, let k,, =
VAy. Substituting this solution form into Laplace’s equation and
using the fact that L, Jo(k,7) = —k2 Jo(ky7) yields that

d?uy

2., _
122 —k“u, =0

Because of the bounded domain, it is convenient to represent the
solution to this problem as

Un(z) = apcoshkyz + by, sinhk,z

SO

ulr,z) = Z (ancoshkyz + by sinhk,z)Jo(knt) (3.30)

n=1

At z = 0, u = 1. Taking the inner product, i.e., weighted integral
from r = 0 to v = 1 of (3.30), evaluated at z = 0, with Jo(kyu7)
leads to
a, = (1, Jo(km7))w
(Jo(km?), Jo(km?))w

(3.31)
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Evaluation of these and related integrals is facilitated by the fol-
lowing general results for Bessel functions with integer n and ar-

bitrary k, 1
;?*[xnjﬁ(kX)]::x”kJﬁ_l(kx) (3.32)
X

d n _ n
ax [x"Y,(kx)] = x"kYy,_1(kx) (3.33)
x% [Jn(kx)] + nkJn(kx) = xkJn-1(kx) (3.34)
x% [Yi(kx)] + nkY, (kx) = xkY,_1(kx) (3.35)
X% [Jn(kx)] = nkJn(kx) = —=xkJn+1(kx) (3.36)
x% [Yi(kx)] —nkYn(kx) = xkYn1(kx) (3.37)
J-n(kx) = (=1)"Jn(kx) (3.38)
Y_n(kx) = (=1)"Y, (kx) (3.39)

1

J X T (k) T (1) dix

0]
-1 o (3.40)
L2k k=Liuk)=0n>-1 °

Using the first and last of these expressions, one can find that
1 1
(W Jolkm? ) = | Jotkmr)r dr = = Julkn)  (3:42)
m
1
1
Uotkn) Jo (kD = | Tk )y dr = ZJ2 (k) (342

The boundary condition u = 0 at z = 1 requires that

a, cosh ky,

bn = sinh k;,

Using these results, the solution is

o0

u(r,z) = > an(cosh knz —

n=1

with a, given by (3.31), (3.41), and (3.42).

coshky,
sinh k;,

sinh an)Jo(knT)
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(b) Alternately, we can seek a solution using eigenfunctions of L.
The boundary conditions at z = 0 and z = 1 are not homogeneous
but this is easily addressed by lettingu = (1-z)+v. Now V2v = 0
(because V2(1 — z) = 0) with the homogeneous boundary condi-
tions v(v,0) = v(r,1) = 0. Now, however, v(1,z) = —(1 — z).
We could proceed by seeking a solution v(r,z) = R(v)Z(z) as
above. Instead we will directly impose a Fourier series form for
the solution based on the eigenfunctions sinntrz of L,

v(r,z) = D> vn(r)sinnmz
n=1

Substituting this solution form into Laplace’s equation leads to

o (1d _dvy, : _
g <;d7 d——n ™ vn(r)) sinnmz =0

Taking the inner product of this equation with sin m1rz, invoking
orthogonality, and changing m to n yields

This is called the modified Bessel equation of order zero. It
differs from Bessel’s equation by the sign in front of the second
term. Its solution can be found by the method of Frobenius; the
general solution is

vn(¥) = anlo(nmtr) + b Ko (N1T7)

The functions Iy and Kg are the modified Bessel functions of
order zero; they are shown in Table 2.3. The function Ky has
a logarithmic singularity at the origin, so for boundedness we
require that b,, = 0. The coefficients a,, are found by imposing the
boundary condition at * = 1 and again taking the inner product
with an eigenfunction

(=(1-2z),sinnmz) _ -2
%Io(nTr) ntlo(nt)

n =

The solution in final form is

v(r,z) = Z anlo(nmr) sinntmz O
n=1
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In spherical coordinates, the Laplacian operator can be written

1 1
VZ:(L U+ —=Lou+——5—1L u)
v y2? r2sin2g ?®

where
10 0 1 0 0 02
Ly= 51— = Asin0—  Ly==7
"Triar oy T sineo0 "0 T 542
It often is useful to rewrite the first of these in this form
1 02
Lyf = T2 (rf) (3.43)

Accordingly, the introduction of a new variable g = r f often is useful
in problems in spherical coordinates.

Example 3.9: Transient diffusion from a sphere

Consider the transient diffusion of a chemical species out of a sphere
with radius R into uniform surroundings where the species concentra-

tion is zero. This problem satisfies
ou
— =DL,u
ot "

with u(7,0) = ug,u(R,t > 0) = 0.

Solution

Spherically symmetric problems like this can be solved using the eigen-
functions of

L,d+Ad =0
This is the Spherical Bessel’s equation

d a
A 24y

dx  dx
in the specific case A = m? and n = 0. Its solutions are the spherical
Bessel functions of order zero, which are simply

+ (mzxz—n(n+l))y=0

Flx) = asin mx N bcosmx
X x
These functions are orthogonal with respect to an inner product with
weight function w(r) = r2. This factor arises naturally in the dif-
ferential volume element in spherical coordinates. The eigenvalues
m?2, and coefficients a and b are determined as usual by the (homoge-
neous/boundedness) boundary conditions. For example, for diffusion
in a sphere, boundedness at the origin requires that b = 0. |
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Example 3.10: Temperature field around a sphere in a linear gradient

Consider the steady-state temperature field T (7, 0) that surrounds a
sphere of radius R, e.g., a spherical inclusion in a solid material, ex-
posed to a temperature gradient aligned along the z axis. We take the
thermal conductivity of the sphere to be small enough that there is no
heat flux into it. Thus we are solving

1

with boundary conditions
oT _
or
VT - Geg, v — o©

o, r¥=R

Solution

Axisymmetric diffusion problems involving the Laplacian in spherical
geometries are naturally treated by expansion in the eigenfunctions of

Lod+Ad =0

If we make the substitution n = cos 0, Lg becomes

L, d (1_’72> d

dn dn
and the eigenvalue problem can be written as
7 ) ade
2\ F == —
(1—z)d22 22—+ =0

This is Legendre’s differential equation, see Example 2.9. Its eigenval-
ues are A = n(n + 1) for nonnegative integers n and its eigenfunctions
are the Legendre polynomials Py, (n).

Substituting the solution form

T(r,n) = > Tu(r)Pu(n) (3.44)
n=0
into the governing equation, recalling that L,P, = —n(n + 1)Py, and

using the orthogonality of the Legendre polynomials yields that
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Rewriting this as

2
Z”ZTTZ" +2r ”%" -nn+1T, = (3.45)

we recognize it as a Cauchy-Euler equation with solution
Tn(r) = anr™ + by~ "+ (3.46)

Consider first the boundary condition at infinity. We can rewrite this
as T - Grn+ Tew = vGP1(n) + Tw, where T, is arbitrary; we have not
specified the temperature anywhere, only its gradient. Comparing this
form to the series solution (3.44), we see that ag = Tw, a1 = G, and
ap=0forn>1 Atr =R

OaT

or

= dTy
- Z dlnp,

Z (nanR™* — (n + 1)buR~ "Y1 Py (1)

Because of the orthogonality of the P, (1), this sum must vanish term
by term

napR" - (n+1)b,R-"V-1-90

Using the known values of a,

n=0: b0=0
R3
n=1: a1=G=2b1R’3:«b1=%
n>1: aAn=0=Mm+1)b,R-V-15p =0
The final result is
R3
T(r,0) =Tw +G (1’ + M) cos 0 (3.47)
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Example 3.11: Domain perturbation: heat conduction around a near-
sphere

Consider the problem of heat conduction outside an object described
in spherical coordinates by

¥ =R(0) =1+ €P>(cos 0)

where P>(x) = (3x2 — 1)/2 is the quadratic Legendre polynomial. This
shape is slightly elongated at the poles and narrower at the equator than
is a sphere, but has the same surface area. Use a regular perturbation
approach based on the smallness of the deviation of the surface from
spherical.

Solution

This example illustrates the technique of domain perturbation. This
approach is applicable to problems where the possibly unknown bound-
ary shape is a small perturbation from a shape for which a closed form
(e.g., separation of variables or Fourier transform) solution can be ob-
tained. This approach is sometimes also used in numerical solution
approaches to simplify the domain shape. In the present example, the
choice of the Legendre polynomial simplifies the calculation but the
solution procedure would be similar, but more tedious, with a more
complicated surface shape, as long as the deviation from a sphere is
uniformly small.
The equation and boundary conditions are

V?T=0,Tr=R)=1,T—-0asr — ©

Because the boundary is not a constant-coordinate surface, separation
of variables (in spherical coordinates) cannot be used to find an exact
solution. Nevertheless, a perturbation approach can be used to impose
an asymptotically exact boundary condition at ¥ = 1. This is done by
expanding the boundary condition in a Taylor series around r = 1:

1=T(r =R(0))

~T(1,0) + a—T
or

1 92T
2 0r2

(R(O) —1) +
=1

(R(0) —1)2 + O(€3)
v r=1

Inserting the particular expression for the boundary shape:

1 02T
P -
r=1€ »(cos 0) + 5> 3,2

1~T(1,9)+8—T

€°P>(cos 0)? + O(e®)
or

r=1
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Note that this boundary condition is imposed at r = 1, allowing the
use of separation of variables. There is no indication that a singular
perturbation approach is necessary, so we posit a regular perturbation
expansion T(r,0) ~ To(r,0) + €T1(v,0) + €2T>(r,0). The governing
equation at each order is simply Laplace’s equation, with boundary con-
dition at v = 1 at each order

€ To=1

€l: Ti=—Py(cos0)Ze

€2: T, =—P,(cos Q)aa% - %Pz(cos 9)283277;0.

Using the fact that axisymmetric decaying solutions to Laplace’s equa-
tion in spherical coordinates are given by
i P;(cos 0)
T
i=0 rt

we find that the solutions at each order are:

To(r,0) = =
-
Tl(ylg) — LC;SQ)
r
Ty(r,0) = 2L 4 4P2(c0s0) | 36 Py(cos0)
5 7 & 35 r5

Given these solutions, we can find that the dimensionless heat flux from
the object is

ToT
Q——ZT(JO ﬁ

where Q = 1 corresponds to the heat flux from a sphere. Thus the
change in heat flux from the sphere is proportional to the square of the
deviation of the surface from spherical. Notice that the entire solution
procedure is valid, and the heat flux the same if € < 0, so the object is
actually a slightly flattened sphere. Therefore both prolate and oblate
deviations from a spherical shape increase the heat flux. m|

sin@ do =4m(1+ g(52)
r=1 S

3.3.3 Laplace’s Equation, Spherical Harmonics, and the Hydrogen
Atom

Schrodinger’s equation for the wave function Y (x,t) of a particle ex-
posed to a potential energy field V(x) is

ig—‘f = VY + V(x)¥Y (3.48)
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We will consider the case of a spherically symmetric potential V(x) =
V(r), whose form we will specify later, so it is natural to work in spher-
ical coordinates. The solutions of this equation have a very rich struc-
ture that encompasses many features of systems with spherical sym-
metry.

In contrast to the previous couple examples, we will allow the sepa-
ration of variables procedure to again guide us. To begin, let Y(x,t) =
f )y (x)—the temporal and spatial variables are separated but not
(yet) the individual coordinate directions. Inserting this form into (3.48)
and rearranging yields

.% —V2y +Vy
1——= = E
S 1
where E is a constant. Thus
.df B
lE =Ef (3.49)
(-VZ2+V@)yp = Ep (3.50)

The solution to (3.49) is
f(t) = foe '

Equation (3.50) has the form of an eigenvalue problem where the eigen-
value E is a dimensionless energy. This must be real so that ¥ does not
vanish at past or future times. Now, since Ly = 02/0¢? with periodic
boundary conditions, we let @ (¥, n, ¢) = u(r,n)e™® for any integer
m. As above, we have let n = cos 0. Equation (3.50) becomes

1 m?
(—Ly BB 1L R yr— 117 + V(T)) u=Eu (3.51)

We now write u(r,n) = R(r)P(n). Substitution into (3.51) and rear-
rangement to group terms dependent only on r and n yields

1, 2 1 m?
ET LyR+7" (E—V('I")) = _ELnP+1—7r]2 =C

Therefore

L, R+7v>(E-V(r))R-cR=0 (3.52)

m?2

LyP = 7P +cP =0 (3.53)
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Equation (3.53) describes the angular behavior of the solutions. For
m = 0, it reduces to Legendre’s differential equation—we know that
for boundedness at n = =1 (0 = 0 and ), that ¢ = I(l + 1), with
[ a whole number. For m =+ O it is called the associated Legen-
dre differential equation. Seeking a power series solution re-
veals that this equation has bounded solutions in —1 < n < 1 only
ifm=-1,-(l-1),-(1-2),...,0,1,2,...,L. These solutions are the
associated Legendre polynomials

m/2 Jqm
Pt = (1-2)"* Lo, m=o (@54
and P;_w = Pim.

Recapitulating, the products Py, (cos 8)e™® contain the angular de-
pendence of the solution. Suitably normalized and denoted Y, (0, ¢b),
these products are called surface spherical harmonics, or some-
times just spherical harmonics; they are the eigenfunctions of the
angular part of the Laplacian

(Le + L¢> Yim + U (L+1)Yy, =0 (3.55)

sin? 0
Each eigenvalue | has | + 1 corresponding eigenfunctions Yy, with m =
0,1,...l. The normalized functions have the form

meimhyz [2L+ 1 (L= m)! im
Ylm(0,¢) = (—1)( Imi)/2 ?mplm(cos Q)e ¢ (356)

and satisfy orthonormality with respect to integration over the surface
of the unit sphere

21T T
JO JO Yim (0, ) Vp (c0S 0, ) SiN 0 dO dp = SinSmp  (3.57)

The functions Y}, for [ = 4 are shown in Figure 3.9. Surface spherical
harmonics are widely used to represent functions on the surface of a
sphere.

Returning to (3.52) for the 7-dependence, consider first the case
E = V(r) = 0, in which (3.50) becomes the Laplace equation V2 = 0.
Equation (3.52) and its solution reduce to (3.45) and (3.46), respectively,
with 1 replaced by . Thus the general solution to V2 = 0, expressed
in spherical coordinates, is

o 1
Wr,0,¢) = > (amr!+ bimr= V) Yin (0, $) (3.58)
[=0m=0
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Figure 3.9: From left to right, real parts of the surface spherical har-
monics Yao, Ya1, Yaz, Ya3, Yaa.

Equation (3.47) is a particular case of this solution. Terms 'Y}, (0, ¢)
and ¥~ 41y}, (0, ¢) are called the growing and decaying solid spher-
ical harmonics, respectively.

Now consider the case of an electron “orbiting” a proton—a hydro-
gen atom—where the potential energy is the Coulomb potential

V(ix) = 1
v

As boundary conditions, we require that ¥ is bounded at v = 0 and that
it vanishes as v — co. If the latter condition is not satisfied, the electron
is not bound to the proton and we do not have an atom. Equation (3.43)
motivates the substitution w () = ¥R(r) into (3.52), yielding

d*w +[ 1 ULl+1)

are T1ET

¥ 12 ]w=0

As ¥ — oo we can approximate this as w'’ + Ew = 0, suggesting that
we seek a solution w(r) = F(r)e #", where B = +/=E. This result in-
dicates that E < O for a bound electron. Without going into the details
(with which we are now largely familiar), seeking a Frobenius solution
F(r) = r*g(r) and requiring that Fe " — Oasv — o leadsto & = [+1
and requires that g(v) be a truncated power series, i.e., a polynomial.
Inspecting the recursion relation for the power series, one finds in close
analogy to the results in Chapter 2 regarding Legendre and other or-
thogonal polynomials that it will truncate at degree n' if

V-E(l+n') =1

The solutions, which we denote R,y can be written in terms of as-
sociated Laguerre polynomials (Merzbacher, 1970; Winter, 1979).
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Defining n = [ + n’ as the principal quantum number this becomes

1

E=—1e

This expression determines the eigenvalues of (3.50) and describes
very well the energy levels of a hydrogen atom. The eigenfunctions
Yimn (X) = Y (0,P)Ry () of (3.50) are characterized by [, m =
—1,...,1, called the angular momentum quantum numbers, and n’,
called the radial quantum number. Since the eigenvalues E depend
only on [ + n’, various combinations of [ and n’ have the same energy.
The same is true for all eigenfunctions with the same m. The s, p,
d, and f atomic orbitals correspond to I = 0,1, 2, and 3, respectively.
Since E < 0, when n = 1 only | = O states, s orbitals, can exist. This
is the ground state or lowest-energy state of the hydrogen atom. When
n = 2, both I = 0 (s orbitals) and I = 1 (p orbitals) can exist, and so
on. Thus we see in this analysis the basic features of the electronic
structure of atoms.

3.3.4 Applications of the Fourier Transform to PDEs

In Section 2.4.1 we saw that functions in a finite domain could be rep-
resented as a trigonometric Fourier series®

(f, eikX)

— = ,ikx A o=

k=—oc
The Fourier transform generalizes this idea to an unbounded do-
main. First some definitions: the Fourier transform f (k) of a function
f(x) is given by

Fao = feoeax = F{f)

This is the analogue of the expression for ¢ in a bounded domain; be-
cause periodicity is no longer required over a finite interval, k can be
any real number rather than needing to be an integer. The inverse
Fourier transform is the analogue of the Fourier series representa-
tion of f

00 = o | Foetcak = {F o)

4Note that the & used here denote the Fourier coefficients when the basis functions
are orthogonal but not normalized. So here ¢y = ¢ /+/2T.
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These operations are mappings from “x-space” to “k-space” and vice
versa. Here are some useful properties of Fourier transforms, which
are easily derived from its definition:

1. Derivative property

F {%} — ikF {f(x)} = ikF (k) (3.59)
2. Integral property
FSL g f(x)dx} _ if(k) +c5(k) (3.60)

where ¢ depends on the lower limit xg of the integration.
3. Shiftin x

F{f(x—a)} =e*af(k) (3.61)
4. shiftin k

Fle™fo} = flk-1) (3.62)
5. Scaling

Flfteo} = o7 (%) (3.63)

where « is a real scalar.

6. Behavior upon exchanging variables: if f(k) = F{f(x)}, then
F{f(x)} = 2w f(—k). This property is useful for extending the
usefulness of lists or tables of transforms, like the one in the fol-
lowing paragraph.

7. Convolution theorem: the convolution of two functions G and
his

o) = [ Gec-on© dg= [ cene -9 a

This is often written © = G * h. The convolution theorem
states that
F{G x h} = G(k)h(k) (3.64)

A convolution in x-space is a product in k-space. Similarly,
1 5 = _ i N _L\A(L ’
F{f(x)g(x)} = ﬁf(k) * g(k) = o wa(k k") g(k") dk

A product in x-space is a convolution in k-space.
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These properties will help us to solve PDEs.
Fourier transforms of some important functions are:

1 f(x)=0(x) < f(k) = 1. A spike localized in space has equal
components at every wavelength.

2. f(k) = 2m8(k) < f(x) = 1. Conversely, a spike located at
zero wavenumber is smeared all over space.

3. f(k) =2mé(k—-1) < f(x)=elx. Aspikeatk = [ corresponds
to a sinusoid of wavenumber [.

4. f(x) =1,-L < x < Land zeroelsewhere < f(k) = (2sinkL)/k.

5.
F) =1 e Fh) = me ™
6.
Flx)=e P (b>0) e Fk) = bzzisz b>0
7.

—~ 1 2
k) = e*akz’ a>0) < X) = ————e X'/4a

S (k) ( ) S(x) 2 /a
The Fourier transform of a Gaussian is a Gaussian. If a is large, the
function decays very quickly as |k| increases, so the Gaussian in
k-space is very localized. Because a appears in the denominator
in x-space, however, the function is very spread out in x. The
opposite is true if a is small, with the balance holdingata = 1/2.
Here and here only is the spread of the function the same in k and
x. Asa — 0, Nlﬂ—ae*"z/““ — &(x), in which case this property

reduces to the first result on the list: f(x) = 0(x) < f(k) =1.

Example 3.12: Derivation of a Fourier transform formula

Let f(x) = e ¥l with b > 0. Find its Fourier transform.
Solution

0 0 o
Fk) = J o bIXl pikx gy _ J o (b-il)x g +J ob-ik)x gy
e N .

1. 1 2b
b-ik  Db+ik b2+k2
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The generalization to a three-dimensional Fourier transform
is also useful

Fap {f(x,¥,2)} = H ) flx,y,z)e kX tkyyo=ikaz gy gy dz
= f(kx, ky, kz)

Here Fourier transforms have been applied in all three spatial coordi-
nate directions. Defining the wavevector k = (ky, ky, k), this can be
written

fk) = Jﬂ:f(x)e*”‘"‘ dx

Similarly, the inverse can be expressed
_rp-147 _ 1 R ik-x
£ =3 [Fuo} = s ||| Foe= ak

The results presented above for one-dimensional transforms can be
used to generate formulas for multidimensional transforms. For ex-
ample

Fap (Vf} = ikf (k)
Fap {V - v} = ik - D(k)
Fap {V2fl = —k2F, K2=kZ + k2 + K2

Fo {[[| " 6x-on@ agl = oo

1 2 2
F { e—r/Aa}:efak’ 1’2=X2+ 2+22
3D 7(2 e y
Note the similarity of the last result with the one-dimensional version.
It is perhaps illustrative to verify this result by taking the inverse trans-

form of the right-hand side

1 - 1 © ik
F3Dl {e akz} _ o Jjj_we ak® 5ik-x g

1 (% iza,ikex 1 J —K2a ik
= — e xApltkxX gl . — e ey ik
21T J_oo *om Y

— 00

1 (° :
LT J e—k%aelkzzdkz
27T J -

_ 1 e7x2/4a 1 e7y2/4u 1 e—22/4a
2/ma 2\/mTa 2 /ma
_ 1 6—72/4(1

(21/1T61)3
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We illustrate the use of Fourier transforms to solve PDEs with ex-
amples.

Example 3.13: Transient diffusion in an unbounded domain: one and
multiple dimensions

(@)

Consider transient diffusion
ut = Duxx (365)

in the one-dimensional infinite domain (—o0, o) with initial con-
dition u(x,0) = ug(x), where ug(x) is known but otherwise ar-
bitrary. Use the Fourier transform in x to find the solution.

Show that the transient solution asymptotically approaches the
constant steady-state solution
tlim u(x,t) =uo

where Ug is the mean initial temperature of the body, defined as

1 (M
U = lim — Uo(x)dx
0 M—o0 2M J—M O( )

Extend this result to three dimensions, using initial condition
u(x,0) = ug(x), where the three-dimensional transient diffusion

equation is
u[ = D (uxx + uyy + u22> (3.66)

Solution

(@)

Taking the Fourier transform of (3.65) and applying the derivative
property yields

Ut (k,t) = D(ik)?*0(k,t) = —k*D@

This gives us an ODE for each value of k, with initial condition
g (k), and the solution is

ik, t) = e ¥Plag(k)

The inverse Fourier transform puts this back in physical space.
Using the Fourier transform pair for the normal with a = Dt and
applying the convolution theorem gives

1 oo —(x—&)?/4Dt
> /DL Lm Ug(&)e da& (3.67)

ux,t) =
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(b)

It is also of interest to specialize this result to an arbitrarily sharp
initial condition by setting uo(&) = 6(&) to obtain

1 2
uU(x,t) = ————e X /4Dt 3.68
(x,t) > VDI (3.68)

Next we look at the large time limit. In (3.67) ug(&) is being
integrated against a normal distribution with mean x and vari-
ance 2a = 2Dt. As t increases, the variance goes to infinity, and
the normal becomes more uniform on an increasingly large set
of (x,&) values. We can then approximate it as a uniform with
value 1/(2M) on an interval [-M, M], where M increases with t,
and take it outside the integral. The result is
1 M
limu(x,t) = lim — u ag =u
lim (x,t) dim oy 0(&) d& =uo

which is the mean initial temperature. Since heat never enters or
leaves the body, the body’s mean temperature is constant for all
time, and the temperature profile asymptotically approaches this
constant value as time increases.

Taking the three-dimensional Fourier transform of (3.66) yields
the initial-value problem for the transform

iy = —k2D7, 1i(x,0) = 7ig(k)
which is readily solved to give
ik, t) = e X Plig (k)

Setting a = Dt in the three-dimensional Fourier transform of
a normal, and using the three-dimensional convolution theorem
gives

1 o0 2
- - ~|lx-%l|"/4Dt
u(x,t) 2 07 HLO uo(&)e ag (3.69)

We see the close similarity to (3.67). The mean temperature result
holds also in the three-dimensional case. m|
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Example 3.14: Steady diffusion from a wall with an imposed concen-
tration profile

Solve the steady state diffusion or heat conduction problem
Uxx + Uyy =0

in the half-plane —0 < x < o, 0 < v < oo, with boundary conditions
u(x,0) = ug(x) and u(x,y) bounded as y — .

Solution

Taking the Fourier transform of the equation and boundary condition
in the x-direction (the problem is not unbounded in y) yields

Requiring that the solution be bounded as y — o, this has the solution
a(k,y) = fo(k)e k> (3.70)

Now the inverse transform of this solution must be found. Recall that
from the point of view of the Fourier transform and its inverse, the
variable y is a constant (we have only taken the Fourier transform in
the x-direction). Therefore we can combine the following results from
above: f(k) = me K o f(x) = Tlxz and f(xx) = %fA(k/(x). Letting
y = i we have that

11 1 1 vy

7 — o lkly === ==
Fly) = e = fix,5) mY1+3; X2+

Given this inverse, we can then use the convolution theorem to take the
inverse transform of (3.70) giving the solution

[o9)

1
u(x’y):;LOQMO(E)(X—EyTyZ dg O

3.3.5 Green’s Functions and Boundary-Value Problems
Overview

The transient diffusion problem we solved in Example 3.13 gave us an
example of a Green’s function, a solution to a differential equation
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with a point source forcing.> We saw in that example that the solutions

for an arbitrary initial distribution ©(x,0) = ug(x) could be written

as a convolution of 1o and the Green’s function. Exercise 3.36 extends

that result. In the present section we will develop the basic theory of

Green’s functions, with a particular focus on boundary-value problems.
Consider a linear boundary-value problem

Lu = f(x) (3.71)

with specified boundary conditions that may be inhomogeneous in gen-
eral. The Green’s function G(x, xg) for the operator L is the solution
to

LG = 6(x — x9) (3.72)

For example, G(x, xo) is the solution for a point source placed at an
arbitrary position xo within the domain of interest. The discussion be-
low reveals what boundary conditions G should satisfy. For the present,
we will consider Green’s functions for self-adjoint problems and as a
specific initial example will consider Sturm-Liouville operators. Recall
(2.33) from Section 2.4.2

d

w(x) (dx
=p(b) (W' (b)v(b) —u(b)v’(b))
-pa) (W (a)v(a) —u(a)v'(a))

[k (e o2 o) s

Letting v (x) = G(x, xo), this becomes

(Lu,v)y = [ (x)—] + r(x)u) vwdx

(Lu,G)y = (U, LG)y
+p(b) (U (b)G(b,x0) —u(b)v' (b, x0))
- p(a) (U (a)G(a,xo) —u(a)G' (a,xo))
Applying (3.71) and (3.72) in the two inner products gives us that
(f,G)w = (u,6(x = x0))w
+p(b) (W' (b)G(b,x0) —u(b)G' (b, x0))
- p(a) (u'(a)G(a,xo) —u(a)G'(a, xo))

5In gquantum mechanics in particular, a Green’s function for a transient problem
like this one is called a propagator, since it propagates a §-function initial condition
forward in time.
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The inner product (u, 6(x — xg))w evaluates to u(xg)w (xg), SO rear-
ranging leads to

b
w(le) U f(x)G(x,x0)w(x) dx
—p(b)(u' (b)G(b,x0) —u(b)G' (b, x0))

u(xop) =

+ p(a)(u' (a)G(a, xo) — u(a)G' (a, xo))]

Finally, we specify boundary conditions. For example, we can set inho-
mogeneous Dirichlet boundary conditions u(a) = ug,u(b) = u,. Be-
cause we are not specifying homogeneous boundary conditions here,
the operator L is said to be formally self-adjoint; true self-adjointness
for adifferential operator requires that we impose homogeneous bound-
ary conditions such that the boundary terms vanish. In this case 1’ (a)
and u’(b) are not specified. If we require G to satisfy homogeneous
Dirichlet boundary conditions G(a,xo) = G(b,x0) = 0, however, then
the unknown boundary values 1’ do not appear and we arrive at a so-
lution for u in terms of f, G and the boundary conditions

1
w (Xo)

b
u(xo) = “u S(xX)G(x, x0)w(x) dx+

p(x)u(x)G’(x,xo)|§iZ] (3.73)

Therefore, given the solution G(x, xg) to the problem LG = 6 (x — xg),
G(a,xo) = G(b,xo9) = 0, we can find the solution to Lu = f for any
f through (3.73). Note that (3.73) is closely analogous to the solution
x = A~1b of the algebraic problem Ax = b, with G playing the role
of A=l Example 2.15 shows a derivation of this formula for a spe-
cific problem. Because that example already imposes homogeneous
Dirichlet boundary conditions, reworking it with u(x) = G(x, xg) and
f(x) = 6(x — xo) would directly yield the Green’s function for the
Dirichlet problem.

The above discussion focused on a Sturm-Liouville problem, which
is formally self-adjoint. For a non-self-adjoint operator, the Green’s
function for the adjoint operator satisfies

L*G*(x,x1) = 0(x — x1) (3.74)

along with appropriate homogeneous boundary conditions. In general,
the position of the source is arbitrary, which is why we let its position
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here be x1, which is generally distinct from xo. From the definition of
the adjoint
(LG,G*) = (G,L*G*)

(we have chosen homogeneous boundary conditions on G and G* so
the boundary terms vanish), and inserting (3.72) and (3.74), yields

(6(x — x0),G*(x,x1)) = (G(x,x0),6(x — Xx1))
This reduces to simply
G*(x0,x1) = G(x1,X0) (3.75)

This result is the analog of the matrix adjoint result Az‘j = Aji. Fora
(formally) self-adjoint operator it becomes the analog of the result for a
symmetric matrix: G(xg,x1) = G(x1,X0). A specific case of this result
arose in Example 2.15. For complex functions, (3.75) simply becomes
G*(x0,x1) = G(x1,X0).

Green’s Function Solution to the Poisson Equation

In multiple dimensions, Green’s identities provide the foundation for
developing solutions based on Green’s functions. We focus here on the
solution of the Poisson equation®

-V2u = f(x)

with boundary conditions specified below. The Green’s function of in-
terest here satisfies

—V2G(x,x0) = 6(x — x0) (3.76)
Green’s second identity, (3.14), with v replaced by G, is
J (u(x)V2G(x,x0) — G(x,%0) VZu(x)) dV(x)
1%
= J (u(x)VG(x,x0) — G(x,x0)VUu(x)) - ndS(x)
s

where we have written the differential volume and surface elements as
explicit functions of x to remind us that it is the independent variable.

6We put a negative sign in front of the Laplacian here so that physically, the term
f(x) represents a source of heat, chemical species, etc., and thus the Green’s function
represents a point source. Some authors do not use the negative sign.
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Inserting (3.3.5) and (3.76) and evaluating the integral containing the
o-function yields

w(xo) = jvc;(x,xo)f(x) av(x)

- Js(u(x)VG(x,xo) - G(x,x0)Vu(x)) -ndS(x) (3.77)

If u satisfies Dirichlet boundary conditions u = us on S, then requiring
that G = 0 on § yields a solution for u

u(xo) = JVG(X,xo)f(x) av(x) — L ug(x)g—i(x,xo) dS(x) (3.78)

where 0G/on = n - VG. A Green'’s function satisfying homogeneous
Dirichlet boundary conditions is sometimes called a Green’s func-
tion of the first kind. If u satisfies Neumann boundary conditions
ou/on = js, then we apply homogeneous Neumann boundary condi-
tions 0G/on = 0 to the Green’s function, in which case the solution for
uis

u(xg) = Jv G(x,x0)f(x)dV(x) + L G(x,x0)js dS(x) (3.79)

and G is a Green'’s function of the second kind.

Evaluating the solutions (3.78) or (3.79) requires us to determine
the solution to —V2G = §(x — xg) with the appropriate boundary con-
ditions. To do this, it is useful to let G be written as the sum of two
parts: G = G + Gp. In this sum, G is called the free-space Green’s
function. It is a solution to the equation Lu = ¢ in an unbounded
domain, and contains the singular behavior induced by the presence of
the point source. The boundary correction Gp satisfies LGp = 0 (the
singular behavior is contained in G), and is determined by the require-
ment that G satisfy specific boundary conditions on S. We will find G«
and Gg for L = —V2 in two dimensions.

For the purpose of obtaining the free-space Green’s function, we
will place the source at the origin: xo = 0. Because the §-function
has no angular dependence, we will seek a two-dimensional solution to
—-V2Gs, = 8(x) that is only a function of . Therefore, at every point
in the domain except the origin, G« (¥) satisfies the equation

1d dG.
rdv dr
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The solution to this is simple
Go(r)=c1In7r + 2

We set ¢; = 0; any constant component of the solution can be incorpo-
rated into Gg. To find c; we first integrate the equation —V?Go = 5(x)
over any volume V (area in this case) containing the origin

—J VszdV=J S(x)dV =1
\% \%

Recalling that V2 = V - V and applying the divergence theorem to the
left-hand side of this expression yields that
_ a& as =1
s on
The integral is simple to evaluate if we let V be a circle of radius €
surrounding the origin, in which case

0Gw c
- as=-| 2rdo=1
s on s
Therefore c; = —%. Letting ¥ = |x — x|, the free-space Green’s func-

tion for —V2 in two dimensions becomes
-1
Go(X,X0) = G (X — x0) = glnlx—xol (3.80)

To determine Gp, the shape of the domain and the boundary condi-
tions must be specified. We will take the domain to be the half-plane
—00 < X < 00,0 <y < o and seek a solution that vanishes as yy — .
In the case of Dirichlet boundary conditions, Gy satisfies

—V2Gp(x,%x0) =0

with Gp = -G on y = 0. We can solve this problem using the “method
of images.” Since G« represents the field due to a point source at the
position xo = (X0, Vo), if we place a point sink (an “image” or “reflec-
tion” of the source) at xor = (X0, —)0), Symmetry shows us that the
field due to the source-sink combination will be zero at y = 0 (Figure
3.10). Therefore we set

-1
Gp(x,x0) = ——— In|x — xq|
21
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+ Y\odo)
y=0
'éo,yw

Figure 3.10: A source (as indicated by the +) in the physical domain
at position (xo, »0) and an image sink (=) at (xo, —)0).
The shaded region is outside the physical domain. Be-
cause source and sink have equal magnitude and op-
posite sign, and are the same distance from the plane
y = 0, the fields due to them cancel out on that line.

This satisfies V2Gg = 0in v > 0 because the sink is in the image region
v < 0. Thus the total Green’s function is given by

-1 -1

G(x,x9) = — In|x — xol — — In|x — x01|
21T 21T
-1 [x — x0]

= Tl jp X=Xl
2 |x — xof]

Finally, the solution, (3.78), becomes

L[ Xl
u(xo,¥0) = JO J_w In |x_xmf(x,J/) dx dy
+EJ°° Us(x)

S dx
T Joo (x = x0)% + 2

If f(x,y) = 0, this solution reduces to what we found using Fourier
transforms in Example 3.14. For the solution with Neumann boundary
conditions, (3.79), Gg would have to satisfy 0Gg/on = —0G«/0n on
v = 0. In this case Gj is the field due to an image source rather than a
sink at position xo;.

The simple geometry used here required only one “image point” to
satisfy the boundary conditions. Nevertheless, the geometry does not
need to be much more complicated to require many or even an infinite
number of image points. The infinite strip, —c0 < X < 0,0 <y < 1,
requires an infinite number of image points since the image point we
use to satisfy, say, the boundary condition at y = 0 will change the
field at v = 1, which must be compensated by another image point,
and so on ad infinitum. As a practical matter, often using one image
for each of the two boundaries provides an adequate approximation.
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Boundary Integral Formulation of the Laplace Equation

Equations (3.78) and (3.79) require the availability of the solution for
the Green’s function with the appropriate boundary conditions and in
the domain of interest. In some cases, as we saw above, this solution
is available in closed form but often it is not. To address this situa-
tion, we step back to (3.77). In developing this equation, the boundary
conditions on G have not yet been specified. For example, it is valid if
we let G = G, Which has a simple closed-form solution, (3.80). Using
this choice and letting f(x) = 0 so that we are considering the Laplace
equation, (3.77) becomes

ou(x) 0Gw(x,X0)
on on

u(xo) = L (Goo(x,xo) ) dS(x) (3.81)

Above, we have taken xo to be a point within the domain. If instead
we take it to be on the boundary itself, we would have a self-consistent
integral equation for the boundary values of u and du/on. The
solution to this equation could then be inserted into (3.81) to find the
solution at any point within the domain. We will derive this equation
for the case where the domain is the interior of a bounded volume and
the boundary of the volume is smooth.

There is an important subtlety in doing this, which arises from the
fact that 0G./0n changes sign as xo crosses from one side of the
boundary to the other. Consider a vertical boundary defined by the
line x = 0 with the outward normal pointing to the right, so points
on the boundary are given by x = (0,y), and denote interior point
Xo = (X0, Y0). Taking the limit xo — 0 corresponds to approaching the
boundary, and

. 0G(x,x0) . 0Gw(x,x0)
lim ————= = lim ——————=
XOA'O an quo aX
lim L X0
x0—~0 27T x§ + (¥ — Y0)?

%sgn(xO)é(y - o)

[0l
(x5 +(y->0)?)
a delta family, see Section 2.2.5. Thus this term is singular as xg ap-
proaches the boundary, and the sign depends on the side from which it

approaches. Using this result, and recalling that here xg is approaching

where the last step is accomplished by recognizing as
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the boundary from the left (interior)

0Gw(x,X0)

lim u(x)iaGm(x’xO) 3

x0—S JS a

ds(x) = Lu(x) as(x) — %u(xo)

(3.82)
where the integral on the boundary must be evaluated in the sense of
its Cauchy principal value

lim u(x)iaGw(x’xO)

as(x)
€—~0Js-S, on

where S¢ is the portion of S within a tiny radius € of xg.
Finally, inserting (3.82) into (3.81) yields that for points xo on the
boundary

ou(x) 3
on

0Gw(x,Xx0)
on

Eu(xo) = L (Goo(x,xO) u(x)

5 ) as(x) (3.83)

If Dirichlet boundary conditions u = g are imposed, then the left-
hand side and the second integral is known and the boundary values
of ou/on are determined by the solution of this equation. If Neumann
boundary conditions are imposed, then the boundary values of u are
the unknowns. If u is imposed on some part of the boundary, and
Ju/on on the remainder, then du/0n is an unknown on the part of the
boundary where u is imposed and vice versa.

Closed-form solutions to (3.83) can be obtained in special cases, but
its importance goes beyond these. On a fundamental level, it shows that
Laplace’s equation, a partial differential equation, can be reformulated
as an integral equation whose domain is the boundary of the origi-
nal domain. On a practical level, it forms the basis of an important
computational approach to solving the Laplace equation and related
problems, the boundary element method. In this approach, the in-
tegrals in (3.83) are discretized, leading to a system of linear algebraic
equations whose unknowns are values of u and du/0dn at points on the
boundary.

3.3.6 Characteristics and D’Alembert’s Solution to the Wave Equa-
tion

The wave equation
U = c?vVu (3.84)

governs wave propagation in many physical contexts, including elec-
tromagnetic waves (light), vibrations of strings and membranes, and
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sound propagation. In one spatial dimension, the equation is
Upt = CPUxx (3.85)

which was introduced in Section 3.3.1 as an archetypal hyperbolic equa-
tion. Following the change of variable procedure introduced there, we
findthat & = x—ct and n = x+ct. Rewriting (3.85) in these coordinates
yields (3.18) with g = 0

0°u

=0

0&aon
We can easily integrate this twice to find the general solution of the
wave equation

u(x,t) = F1(&) + Fo2(n) = F1(x — ct) + Fo(x + ct)

It says that any solution is a superposition of a right-moving and a left-
moving wave. Usually, we want to understand the wave equation as an
initial-value problem, so we look at two cases of initial conditions and
then combine them to get a general result.

First, consider the initial condition u(x,0) = ug(x),u:(x,0) = 0.
This condition corresponds to a plucked string: the string is pulled to
a stationary shape, held, then released. There is an initial deformation,
but no initial velocity. At ¢t = O the above general solution and its time
derivative become

u(x,0) = ug(x) = F1(x) + F2(x)
ut(x,0) =0 = —cF; + cF,

The latter equation integrates to yield F; = F>, and using this fact in the
first equation gives F; = F> = %uo. Thus the solution for these initial
conditions is

1 1
ulx,t) = EuO(X —ct) + EMO(X + ct)

The initial condition splits immediately into two identical waves, one
traveling to the right and one to the left. These waves have the same
shape, but half the amplitude, of the initial condition. In contrast to
the parabolic heat equation u; = Uyx, which smooths discontinuous
initial conditions as illustrated in Example 3.13, no smoothing occurs
in the wave equation. If an initial condition contains a discontinuity at
a point x, this will simply propagate along the characteristic directions
& = constant, n = constant.
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Now consider a struck string rather than a plucked one. The initial
condition is u(x,0) = 0,u;(x,0) = vo(x) * 0. There is no initial
deformation, but there is an initial velocity. Now at t = 0 we have

u(x,0) =0 =Fi(x) + F2(x)
ut(x,0) = vo(x) = —cF; + cF,

This tells us that F; = —F, and that vg = ZCFé. We can integrate this to
find that

1 x+ct
F(x +ct) = o L Vo (E) dE
Similarly
x—ct
Fi(x —ct) = _%Jo Vo(&) d&

The solution is F; + F», which is

x+ct

wix, t) = % Vo(E) dE

x—ct
The complete solution to the initial-value problem is the sum of the
above two cases. This is D’Alembert’s solution

x+ct

ulx,t) = %uo(x —ct) + %uo(x +ct) + 2 ) V(&) dE

We have only considered the very simplest hyperbolic equation here.
For example, if the coefficients a, b,c depend on position, then the
characteristics are curved. The references contain extensive informa-
tion about more complex hyperbolic problems.

Because the wave equation is linear, we can superpose multiple so-
lutions to form another solution. As an application of this fact, imagine
a pulse traveling rightward toward a boundary at x = O, at which the
boundary condition is © = 0. At time t = 0, the pulse is centered
at x = xo. To understand this situation, recall Figure 3.10 and the
“method of images” analysis of Section 3.3.5. Applying the same idea
here, we place an “image” pulse of the same shape but opposite sign
at the position x = —xp (which is outside the physical domain) and
make it move leftward as shown in Figure 3.11. Now the real and im-
age pulses will eventually overlap, and by symmetry they will satisfy
u = 0 at x = 0. Once the “image” pulse enters the physical domain,
it is no longer an image, but a component of the true solution. The
implication of this construction is that when a wave hits a boundary
where no deformation is allowed, it reflects but with a change of sign.
What happens if the boundary condition is u, = 0?
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Physical domain X < O Image domain X > O
X0

—Z o

Figure 3.11: An initially right-traveling wave in the domain x < 0
reflecting across a wall where u = 0, as solved using
superposition of a left-traveling “image” with opposite
sign.

3.3.7 Laplace Transform Methods

Next we illustrate the solution of several linear PDEs with Laplace trans-
forms. For a user with some experience, Laplace transforms are proba-
bly the most powerful method for solving linear, low-dimensional PDEs
in closed form. After taking the Laplace transform of a PDE, usually
with respect to the time variable, the result is a linear ODE in the trans-
form function. We can often solve this ODE. To perform the inverse
transform, we then require some inverse formulas for transforms with
singularities. We develop these inverse formulas next and then solve
some example PDEs. Let the transform function

z p(s)

f(s) 70)
have singularities at the zeros of g(s), which is assumed to have m
simple zeros 7

q(s)=0 S=51,52,...,5m

The inverse of this Laplace transform is given by the following formula

ft)=> ape™  ap= aﬁ((?;)) (3.86)

n=1

"The singularities of complex-valued functions are poles, branch points, and essen-
tial singularities (Levinson and Redheffer, 1970). The order of a zero is the smallest
integer i such that q(sy) /(s — st is nonzero, and a simple zero is a first-order zero.
So we are assuming here that the function f(s) has m simple poles.
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which is usually called the Heaviside expansion theorem. When p(s)
and ¢ (s) are polynomials, the coefficients a, can be derived using par-
tial fractions. But the result applies to more general cases as we re-
quire in the two examples below, where q(s) = sinh vk + s and q(s) =
sinhs.8

When the zeros of ¢ (s) are higher than first order, f(t) is a linear
combination of products of polynomials and exponentials of time, and
the coefficients are more complex. Let the zero s, have order v, n =
1,2,...m. Then the inverse is given by

m Tn
ft) =D et > aptt™? (3.87)
n=1 i=1
The coefficients ayq, fori=1,...,vy, n =1,2,...m, are given by
P (sp)
a«ni = o . A
(rp — )i —21)!
in which
P(s)
() = (s —sp)n=—=
¢ A

and ¢ (s,,) denotes the ith derivative of ¢ (s) evaluated at s = s,. For
students with a background in complex variables, Exercise A.2 provides
some hints to establish (3.87) (and hence also (3.86)), which requires in-
verting the Laplace transform by performing the contour integral (2.7).

Next we use Laplace transforms to solve the reaction-diffusion equa-
tion and the wave equation. We will see that the transform in both
problems has only simple zeros and we will use (3.86) for calculating
the inverse.

Example 3.15: Reaction and diffusion in a membrane

The following model describes diffusion through a membrane in which
component A decomposes by a first-order reaction. The membrane
initially has zero concentration of A. At t = 0 the concentration at the
side of the membrane at x = 0 is abruptly raised to concentration c4,
and the other side is maintained at zero concentration.

8We are in good company. Heaviside also used the expansion for the case of g(s) =
sinh xs (Vallarta, 1926)(Heaviside, 1899, p. 88).
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aCA ach
PDE —— =D —Kc
ot A dx2 A
BC1 c¢4(0,t) = ca, t>0
BC2 c4(L,t) =0 t>0
IC ca(x,0)=0 O0<x <L

(a) Define the dimensionless variables

CA X tDy K12
cC = — zZ = — = —F k = —
Cag L Tz Da
and show that the model reduces to
oc 0%c
PDE — =—-— -
oT 022 ke
BC1 c¢(0,7)=1 T>0
BC2 ¢(1,7)=0 T>0
IC c(z,0) =0 0<z<1

in which k = KL?/D,4 is the only dimensionless parameter ap-
pearing in the problem. This dimensionless parameter is known
as the Thiele number or Thiele modulus in the chemical reaction
engineering literature (Rawlings and Ekerdt, 2020, p. 363). It in-
dicates the ratio of the reaction rate to the diffusion rate.

(b) Take the Laplace transform of your model (also the boundary con-
ditions). Solve the resulting differential equation and boundary
conditions for ¢(z,s) and show that

sinh(+/s + k(1 - z))
ssinh+/s + k

(c) Apply the final-value theorem to ¢(z,s) to find the steady-state
solution cs(z).

c(z,s) =

(d) Take the limit of this solution as k — 0 for the zero-reaction case.
Does your solution satisfy the diffusion equation?

(e) Sketch the solution cs(z) for a range of k values and show the
effect of reaction on the steady-state concentration profile.

(F) Let p(s) = sinh+/s + k(1 — z) and q(s) = ssinh+/s + k, and find
the zeros s, of q(s). Also find the value of p(s,)/q (sn) at the
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zeros of q(s). The following formulas may be helpful: cosh(iu) =
cos(u), sinhiu =isinu.

(g) Invert the transform and find c(z,t). Check that the solution
satisfies the PDE and boundary conditions.

Solution
(&) Inserting the defined dimensionless variables in the PDE gives

Dacas ¢ _ ) can 0%
12 ot 120z

and rearranging gives

oc 0%c KIL?
E - 0z2 Dy ¢
dc  0%c
0T 0z2
Inserting the dimensionless variables in the boundary and initial
conditions gives
CAoC(Z,T) = Ca, z=0, T>0
CapnC(z,T) =0 zL=L, T>0
Ca€(z, T) =0 O<zL<IL, T=0

Simplifying these expression gives
c(z,Tt)=1 z=0, 7>0
c(z,T)=0 z=1, T>0
c(z,T)=0 0<z<l1l T=0
(b) Taking the Laplace transform of the PDE and BCs gives

d?c

sc(z,s) —c(z,0) = a2 kc
d?c _
E - (k +s)c=0

_ _ 1
c(1,s) =0 ¢(0,s) =3
The solution of the ODE can be written

c(z,s) =acoshvs +k(1—-2z)+ bsinhvs +k(1-2)
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(©

(d)

(€)

()

and we use the two BCs to find the constants a and b. We have

0O=a %=bsinh\/s+k

so we have 1

h=— -
ssinh+/s + k

which gives for the Laplace transform of the solution

C(z.s) = sinhvs + k(1-2)
T ssinhs + k

Applying the final-value theorem gives

cs(z) = Iirr(} sc(z,s)

B Iimssmh Vs +k(1-2)
T -0 ssinh/s + k
sinhv/s + k(1 - z)

= lim

s—0  sinh/s +k
ci(2) = sinhvk(1 - z)
s sinh vk
Using the fact that sinh x = x for small x gives
limcs(z) = M
k-0 vk
=1-z

Yes, the solution satisfies the steady-state diffusion equation and
boundary conditions

dZCS(Z) _ _ _

The concentration profile c;(z) versus z for a variety of rate con-
stant k are given in Figure 3.12. We see that a large reaction rate
constant prevents species A from diffusing very far into the mem-
brane.

Since the zeros of sinu areu = +tnmw,n=0,1,2,..., the zeros of
sinhu are u = +nmi, n = 0,1,2,....° The zeros of sinh/k + s

9See Exercise 3.48 for a proof that these are the only zeros of sinu for u € C.
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Figure 3.12: Concentration versus membrane penetration distance
for different reaction rate constants.

are given by s, = —(n?m? + k), and for these roots, we have
that /s, + k = n1ri, in which we choose the positive square root.
Therefore the zeros of the denominator g(s) are given by

s=1{0,-(n?m? + k)}, n=0,12,...

These are simple zeros so the inversion formula in (3.86) is ap-
plicable. Differentiating g(s) and evaluating g (s) at the zeros
gives

q'(s) = sinh/s + k + w
7' (0) = sinhvk
(nZ-’TZ + k)(_l)n

q (-(n?*m? +k)) = -

2ntri

Evaluating p(s) at the zeros gives

7(0) =sinhvk(1—2z)  BP(—m2m?+k)) = isinnm(l-z)
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(g) Putting these terms together in (3.86) gives

sinh k(1 — Z)
smhf

Z (-1 )nnZ 2y Sin(nTr(l —-2)) e~ (WPmPHiT

c(z,T) =

Noticing the n = O term vanishes, we can rewrite the solution as

c(z.1) = sinhVk(1-2)
’ sinh Vk
1 n+1n
Z (nzirz sin(nm (1 — z)) e-M*™+KT (3 88)
Compare also to entry 36 in Table A.1. ]

Example 3.16: Solving the wave equation

Revisit the wave equation u;: = c?uxx on x € [0,1] for a string with
fixed ends u(0,t) = u(1,t) = 0, and the plucked string initial con-
dition, u(x,0) = ug(x), u;(x,0) = 0. Solve this equation using the
Laplace transform. Compare the solution to D’Alembert’s solution.
Which form do you prefer and why?

Solution

First we define T = ct to remove the velocity ¢ and simplify our work.
The problem is now

Urt = Uxx
u(x,0) = uo(x), ur(x,0)=0 x € (0,1)
u(,7) =0, u(1,T)=0 T=0

Taking the Laplace transform with respect to the time variable gives
WX, $)xx — SPU(X,5) = —SUo(X)
with transformed boundary conditions

u,s)=u(1,s)=0
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We obtain a second-order nonhomogeneous differential equation for
the transform. We have already solved this problem in Example 2.15
and obtained the Green’s function. The solution is therefore

1
u(x,s) = JO G(x,&,8)uo(§)dg

in which
sinh(s‘g')s?nh(s(l —x)), £<x
Gx.E s) = sinhs
7o sinh(sx) sinh(s(1 - &))
. , €>Xx
sinh s

Notice that, as we expect, G(x, &, s) is symmetric in (x, &) because the
second-order boundary-value problem is self-adjoint. Next we invert
G(x,&,s). We require a Laplace inverse for the following form

sinh(as) sinh(bs)
sinh s

fs) =

Notice that sinh s has simple zeros at s, = n1ri with n an integer. We
use the formula given in (3.86) to obtain

p(sy) = sinh(nmai) sinh(nmbi) = —sin(nma) sin(nmb)
q’' (sy) = cosh(nri) = (-1)"

Therefore the inverse is
f(1) = Z (-1)"*Lsin(nma) sin(nmwh)e™™T
N=—o00
Substituting e*™™ = cos(nTT) + isin(nwT) and combining terms
gives

f(T) =2 > (-1)"Lsin(nma) sin(nmb) cosnmt
n=1
Notice that the function is now real valued as it must be. Using this
result to invert the Green’s function gives

> {(—1)”*1sin(nn§)sin(nrr(1—x))cos(nTrT) E<x

G(x,§T1)=2 Z

= | (D" sin(nmx) sin(nm(1 - §)) cos(nmt) € > x

But noticing that sin(nmr(1 — &)) = (-1)"*1sin(nm&) reduces this to

G(x,&E,1)=2 Z sin(nm&) sin(nmx) cos(nmt)
n=1
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Substituting this into the solution gives

© 1
u(x,t) =2 Z sin(nmrx) cos(nrrt) JO Uug(&) sin(nw&)de

n=1

Defining the Fourier coefficients representing the initial condition

1
an = ZJ uo(&) sin(nmg)dg

0

we have finally'®
u(x,T) = > ansin(nmx) cos(nmt) (3.89)
n=1
Returning to the original time variable with the substitution T = ct
gives

u(x,t) = > ansin(nmx) cos(nmcet)
n=1
Notice that this solution does not resemble D’Alembert’s solution
presented in Section 3.3.6. The Laplace transform has provided a Fourier
series representation of the solution to the wave equation. It is easy to
see that the solution satisfies the wave equation. Taking two x deriva-
tives gives Uyyx = —(n1)?u; similarly, taking two t derivatives gives
Uiy = —c2(n1)?u so U = c?uUy, and the solution satisfies the wave
equation. The zero boundary conditions are satisfied because all the
sine terms vanish at x = 0, 1. The initial condition is satisfied because
of the Fourier series representation of ©ug(x). We see immediately that
the solution is periodic (in time) with period T = 2/¢ since all the cosine
terms have this period. The Fourier series solution is also convenient
if we wish to analyze the frequency content of the solution, which is
often a quantity of interest when modeling sound propagation.
D’Alembert’s solution, on the other hand, provides the nice struc-

tural insight that the solution splits into two waves traveling in oppo-
site directions. But then we also require the additional insight from the
method of images to enforce zero boundary conditions and extend the
solution to the (x,t) values where x — ct < 0 or x + ct > 1, for which
Ug(x — ct) or ug(x + ct) is not defined. ]

101f we knew enough about the problem to propose a solution of this form, we could
arrive at this answer more quickly. The value of the Laplace transform here is that it is
prescriptive. You do not have to know (or guess) the structure of the solution to apply
the method.
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3.4 Numerical Solution of Initial-Boundary-Value Prob-
lems: Discretization and Numerical Stability

Chapter 2 introduced numerical methods for solving initial-value and
boundary-value problems. These approaches will be combined here to
solve initial-boundary-value problems

ou

§+Lu:f(x), Bu(S,t) = h, u(x,0) = up(x)
where L is a differential operator that contains all the spatial deriva-
tives, S is the boundary of the domain, and B is an operator that de-
termines the boundary conditions. To treat this problem the spatial-
dependence will be discretized using the approaches of Chapter 2 to
yield a set of ordinary differential equations in the form of a normal
initial-value problem. Then the time-integration approaches also intro-
duced in Chapter 2 can be used. This approach is sometimes called the
method of lines. We will see that a central issue in this approach is the
numerical stability of time integration, which is now closely coupled to
the spatial discretization (Press, Teukolsky, Vetterling, and Flannery,
1992; Strang, 1986).

Any of the methods introduced in Section 2.9 can be used for spatial
discretization. In the weighted residual formulation for one spatial
dimension, we look for an approximate solution uy(x,t); a truncated
(discretized) series of basis (trial) functions ¢ ;(x); the difference now
is that we allow the coefficients in the series to depend on time. That
is

N
un(x,t) = > cj(t)pj(x)
j=1
Note the similarity of this expression to those arising in the separation

of variables technique. We assume for the moment that the basis func-
tions satisfy the boundary conditions and define the residual or error

by
R=——+Luy - f(x)
The residual is now forced to be orthogonal to the set of N test func-

tions y;; thatis (R,y@) = 0,i =1,2,...,N. In the Galerkin method the
test functions equal the trial functions so this condition becomes

N N
SUpj, bi)Ej+ D (Lj, bidej = (f, i), i=1,2,...,N

j=1 Jj=1
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If we let M;; = (d)j, bi), Aij = (L¢j, ¢i), and b; = (f, ¢p;), we can write
the weighted residual conditions as

¢=-M1Ac+M b

This is a set of linear ODEs (an initial-value problem) for the vector of
coefficients c in the series for uy. We have reduced a partial differential
equation to a system of ordinary differential equations.

If the Galerkin tau method is used, then there are only N — Ny,
ordinary differential equations, where Ny, is the number of bound-
ary conditions. The boundary conditions add Ny algebraic equations.
Typically, these can be explicitly solved for the last Ny, values of ¢ and
the formulas substituted into the ODEs.

A similar result arises if we use the collocation approach. Now we
replace the spatial derivative operators in L by their matrix approxima-
tions, the collocation differentiation operators. This yields

n(xi) + Lli\]ju(xj) = f(x;) for x; in the interior of the domain
u(x;i) = us(x;) on the boundaries

Here LN is the matrix operator obtained by inserting the collocation
differentiation operators.

In both Galerkin and collocation approaches, the PDE has been re-
duced to a system of ODEs. In principle, we know how to solve these.
In practice, though, there are numerical stability considerations that
arise because the matrices derive from the approximation of derivative
operators.

3.4.1 Numerical Stability Analysis for the Diffusion Equation

To get an initial idea of the stability issues we face when numerically
solving PDEs, we look at the diffusion equation in one dimension,

Ut = DUy

in an unbounded domain. Taking the Fourier transform of this equa-
tion gives 7 (k) = —k?D7i(k), for all real values of k. This is a system
of linear ODEs with eigenvalues A = —Dk?. If we want spatial reso-
lution of wavelengths as short as 2717 /kmax, an explicit Euler method
would require At < —2/Amax = 2/ (Dk?,,) to ensure stability. Defining
Lnin = ,f—" as the smallest wavelength resolved, we can rewrite this

stability Inmnit as
AtD o\ 1
72 < (217 )
min
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This result shows that, to within a numerical constant, the time step
for explicit Euler must be shorter than the time scale for diffusion over
a distance {min.

A similar result holds when finite element or finite difference meth-
ods are applied. For simplicity, we will consider a finite difference ap-
proximation to the diffusion equation, using the central difference for-
mula (2.96):

duj _ Duj_l —2Uj + Uji1

dt h2
where h is the spacing between mesh points x; and u; = u(x;). Recall
from Chapter 2 that the finite element discretization using hat func-
tions leads to an identical form for the second derivative. The forward
Euler approximation to this ODE is

DAt
utD — g, 00 ( () _

= -1

(n) (n)
: it h2 2u; 7 +u )

Jj j+1

Following an approach initially developed by von Neumann, we will
seek a spatially periodic solution to this equation: u}") = etkXj = gikjh
where k is arbitrary. (The full solution is a superposition over all k.) In
a periodic or unbounded domain, this yields an exact solution to the
discretized problem—in a bounded domain it works very well when
kL > 1 where L is the domain size. Substituting into the equation

above gives

u

m+1) _ {1 B 2DAt 2DAt

ikjh
j 2 + 2 coskh}e”

_ (n)
=Gu ]

Here G = {1 - Z?LZM + zﬁft cos kh} is the growth factor, which for nu-
merical stability must satisfy |G| < 1. When k = 0, G = 1, which makes
physical sense because k = 0 corresponds to a constant function, which
does not decay by diffusion (there are no gradients). As k increases, G
decreases, taking on its most negative value when kh = 7. To maintain
stability at this value of k requires that

2DAt
h2

Indeed, one common indication of numerical instability in a solution is

the observation of “sawtooth” patterns with a length scale close to h.
Equation (3.90) is the key result of numerical stability theory for

parabolic differential equations and is sometimes called the diffusive

<1 (3.90)
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Courant-Friedrichs-Lewy (CFL) condition!®. It mirrors the result we
found above using Fourier transforms: to within a constant, the time
step At must be smaller than the time h?/D required for diffusion be-
tween two mesh points or across one element. The maximum time step
scales as the square of the minimum element size h. This can be a very
severe restriction on the time step if high spatial resolution is required,
as in problems with boundary layers.

This severe stability restriction means that for problems where dif-
fusion is important (Peclet number is not high), implicit integration
techniques are almost always used. The second-order Adams-Moulton
method (AM2) is popular. For the finite difference approach used here,
AM2 becomes

1 DAt
(n+1) _ 1/L(n) <u;n

4 ) _ (n) (n)

u; =U; +2 h2 i1~ 2U; +uj+1)
1 DAt (n+1) (n+1) (n+1)
> The (w3 —2uf™ Y +ufV)

This is called the Crank-Nicolson method. The linear system that
must be solved at each time step is tridiagonal so it can be factored
quickly.

3.4.2 Numerical Stability Analysis for the Convection Equation

We just considered diffusion, so it makes sense now to look at convec-
tion. The transient convection equation in one dimension (also called
the first-order wave equation)

Ut +VvuUyx =0 (3.91)

where v is a constant velocity. The Fourier transform of this is #i; =
—ikv . Now the eigenvalue is purely imaginary. Recall that imaginary
eigenvalues pose a problem for many time-integration schemes; many,
including forward Euler and RK2, are never stable for problems with
imaginary eigenvalues.

Using the central difference formula

ou  u(xjy) —ulx;1)
ox 2h
Equation (3.91) becomes

du; Voo )
a - e M)

11The true CFL condition was derived for convection problems and is given in the
following section.
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The same right-hand side arises in the finite element approximation
with hat functions. The forward Euler approximation is

(n+1) _  (n) _ vAt( n) _ (,n))
J J 2h Jj+1 j-1

which is sometimes called the forward-time center-space (FTCS) dis-
cretization. It is first-order accurate in time and second-order accurate

u (3.92)

in space.
To analyze stability we again seek a solution u(”) etkxj = otkih
This analysis shows that G = 1 — ”ﬁt sinkh, Whlch always has magni-

tude greater than one when k = 0. FTCS will never work for the con-
vection equation, as we guessed from the Fourier analysis above, which
revealed that the eigenvalues of the convection operator are imaginary.
The same conclusion holds for the wave equation.

There are number of possible resolutions to this problem. One is to
use a different approximation for the spatial derivative. In particular,
we might expect that we should only use information from “upwind”
when computing the solution at the next time step—after all, in the
physical problem, convection carries the value of u downstream, so
the approximate solution uJ"” should ideally only be determined by
values upstream of it. Applying this idea, we replace the central differ-
ence above by a forward or “upwind” difference. For v > 0 the forward
Euler approximation becomes

m+1) _ () VAL ) ()
J =Uu;j h (”J Uj- 1)

This gives the growth factor

G=1—UTM(1—e*“<h)

The stability condition |G| < 1 will hold if

u

VAL

h<l

”At as the Courant number, the stability condition be-

Defining C =
comes

C < Crmax (3.93)

where in this case Chax = 1. This is the Courant-Friedrichs-Lewy
condition, often simply called the Courant condition. Physically,
it tells us that the time step must be smaller than the time it takes for
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convection at speed v over one mesh unit h. By replacing the central
difference, which has second-order accuracy in space, with an upwind
difference, we have lost an order in spatial accuracy but have gained
stability. And anyway, the method is still first order in time. One small
complication of this method is that for problems where the velocity can
change sign, it is necessary to take care that the appropriate upwind
difference is used. If downwind differencing is used, the approximation
is always unstable.

Stability also can be gained without use of upwind differences. The
Lax-Friedrichs method is a simple modification to the FTCS discretiza-
tion where the present value at point x; is replaced by the average of
the values at points j+1and j—1

n+1) _ 1 ( m ) _ VAt ( (n) W) (3.94)

u Ujrn t U1 ) = o (Ujn — Uy

i T2
By applying the average, this change effectively introduces a small
amount of smoothing or “numerical diffusion” into the time-integration
process. This can be seen explicitly by rewriting (3.94) so that it has
the form of (3.92) with an additional remainder term that indicates the
difference between the two methods

(n+1) _  (n) _ VAL ( n _ (n) (n)
J J 2h

1 (n)

u uj+1—uj_1> +§(uj_1—2uj +uj+1> (3.95)
The remainder term has very nearly the form of a central difference
approximation to the second-derivative operator, and in fact this ex-
pression is precisely the FTCS approximation to a convection-diffusion

2
equation with artificial or numerical diffusivity %

h2
Ut + VUyx = Euxx

This diffusion term is enough to stabilize the method: using the von
Neumann analysis the stability criterion is found to be very similar to
what we found for the upwind method but is now insensitive to the

sign of v
lv| At

h

All the methods developed so far for the convection equation are
first order in time, so even if the stability condition is satisfied, the so-
lution may not be very accurate. The Lax-Wendroff method builds on

the Lax-Friedrichs method to yield second-order accuracy. Let uﬁ’ﬂ/lz/z)

=|Cl<1
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be intermediate values at the midpoint ¢ + At /2 of the time step and on
“half-mesh points” xj + h/2. Lax-Friedrichs, (3.94) is used to generate
these intermediate values

m+1/2) _ L ) (n _ VAt () (n)
jr2 T 5 ( Ujser T U )+ 2n (ujrl —U; )
This solution is used in a modified FTCS step to generate the solution
attime t + At
m+1) _ (m) VAL (mi1/2) . (n+1/2)
uy =uy T, (ufii? - uy"3s”)

Eliminating the intermediate values, this can be rewritten in the more
illuminating form

(n+1) _  (n) UN( (n) (n)) (vAt)? (um) 2u"
j-1

Uu; =u j+1 T h? j-1

J J 2h + uJ+1)

(3.96)
This is almost identical to (3.95); the difference is that now the artificial
diffusivity has the value v2At/2. The stability condition is again |C| <
1 and now, since the method is second order in time, the time step can
be set very close to the stability limit and still yield enough accuracy
for many purposes. Lax-Wendroff and related methods are thus widely
used.

Pure convection does not change the amplitude of an initial condi-
tion; convection only carries the initial condition downstream. In all of
the methods described here, some amplitude damping occurs (|G| < 1)
except precisely when k = 0 or C = 1. We care most about this damping
when kh is small, corresponding to length scales that are large com-
pared to the grid size, i.e., | G| should be very close to unity for all length
scales of interest. If we care about length scales close to h, then we have
made h too big; h should always be chosen to be much smaller than
the length scales over which the true solution varies. Taylor-expanding
|G|? around kh = 0 yields

G2 =1—- (1-C?)(kh)?2+O0((kh)*)

and

G2 =1-C2%(1-C?

4
@%L+owm6

for Lax-Friedrichs and Lax-Wendroff, respectively. The latter is sub-
stantially better, since the deviation from |G|? = 1 scales as (kh)*4
rather than (kh)2.
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3.4.3 Operator Splitting for Convection-Diffusion Problems

The cases above represent the low and high Peclet number limits of the
general convection-diffusion equation

Ui+ VUx = DUy

A simple explicit method for this equation would use central differ-
ences for the diffusion term and Lax-Wendroff for the convection term

DAt
w0 ( (n)

Zu(n) n u(n) )

J J h2 j-1 7 e%j j+1
VAL (n) (n) (VAL)? (n) (n) (n)
~ on (s = ) + oh2 () — 2uf™ +uilh)

Unless the Peclet number is very large, the diffusive term controls
the stability, because it leads to a growth factor that scales as h=2
rather than the h=1 from the convective term. We could use an im-
plicit method on the whole problem, but this entails solution of a large
non-self-adjoint matrix problem (at every time step if the problem is
nonlinear). It would be preferable to use an implicit method only on
the diffusive piece, which is self-adjoint. A popular solution is called
operator splitting; an explicit method is used for the convective
terms and an implicit method for the diffusive ones. For example, Lax-
Wendroff can be used for the convective terms and Crank-Nicolson for
the diffusive. This is often executed in two steps:

1. The convective terms are applied, to give an intermediate solution
()

) m VAt gy oy (WAD?
i TW T o0 ( J+1 j*1>+ 2h2 (ujfl—Zu

2. Crank-Nicolson is applied, using the intermediate values instead
of the values at step n

(n) (n)
i T ”j+1>

m+1) _ 0 LDAL /) (k)

uj = Uy 55 (25— 2uf™ +ufl))
1DAt / (ni1) (n+1) (n+1)
> h2 (3" - 20" ufi?)

In methods like this, because the diffusion terms are evaluated implic-
itly, the stability limit is set by a Courant condition on the convective
terms. In fact, one might also get away with an unstable (e.g., FTCS)
method for the convection term, relying on the implicit treatment of
the diffusion term to stabilize the overall result. There is not generally
a good reason to do this.
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3.5 Exercises

Exercise 3.1: Gradient formula from gradient definition

Consider a cubic volume with one corner at the origin and the opposite corner at
(x,v,z) = (Ax,Ay,Az). In this case the integral definition of the gradient grad ¢
becomes

li li lim J as
A)I(TO A}mo Az—0 AxAyAz ne

Because we are going to shrink the volume to zero, we can make the truncated Taylor-
series approximation

op op 09

— +yY— 4z +-

ax Yoy %oz

where the derivatives are evaluated at the origin. Combine these to derive the formula

V= Zl 1elax (where x1 = x,x2 = y,Xx3 = 2).

$(x,y,z) = $(0,0,0) + x

Exercise 3.2: Derivatives of unit vectors in polar (cylindrical) coordinates

By taking limits in polar coordinates, derive the formulas for the derivatives of the unit
vectors ey, ey
e, deg oe, deg

- = = =, =e -5 =—e
ar or 30 % 20 r
Do not refer to Cartesian coordinates in your derivation.

Exercise 3.3: Divergence of the flux in polar coordinates

Derive an expression for the divergence of a flux in polar coordinates, V - g, in which
q is an arbitrary vector. Do not use Cartesian coordinates in your derivation.
Hint: the answer is

Exercise 3.4: Gradient and Laplacian in spherical coordinates

Repeat Example 3.1 and find expressions for V and V2 for spherical coordinates shown
in Figure 3.3. Do not refer to Cartesian coordinates in your derivation. Then derive the
result using the h and g formulas provided in the text. Which method do you prefer
and why?

Hint: the answers are in Table 3.1.

Exercise 3.5: Fundamental identities in vector calculus

Using Cartesian tensor notation, derive the following identities (here u,v, and w are
vectors and ¢ is a scalar).

(@ V-VXxu=0
(b) VXVg¢p=0

¢ V-(uu)=u-Vu+uV-u
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Exercise 3.6: Cross-product identities

(a) Verify that €;jx€xim = 6110 jm — 6im0ji. Now use this to derive the following
results.

(b) VXVXUu=VV-u-V-vu

© Vxwxw)=w - Vv-wV-v)- (v VYw+ @0V -w)
d) Uxv)xw=(u -wv- - wu

e uUuxv)Xw=(vu—-uv) - w

® vx(Vxv) =V vI?) - (v Vv

Exercise 3.7: A special case of Leibniz’s rule

Derive Leibniz’s rule for the special case where the volume V is a cube whose size
is constant but is moving with velocity q. In other words, explicitly show that the
contribution from the motion of V becomes [¢ mn - qdS.

Exercise 3.8: Adjoint of curl

Find the adjoint of the curl operator with Dirichlet boundary conditions.

Exercise 3.9: Volume as surface integral

(a) If Alis aconstant vector and ¥ = ||x/||, then show using Cartesian tensor notation

that 1 A
av(t) -4
r r
and
VA-x)=A
(b) Show that
V.x=3

(c) Use this result and the divergence theorem to derive a formula for the total
volume T = [;, dV of aregion V in terms of an integral over the surface S of the
volume.

Exercise 3.10: Curl theorem

Use the divergence theorem and results of vector algebra to show that

J vadV:J nxvdsS
1% S

Exercise 3.11: Poisson equation in a no-flux domain
Consider the Poisson equation
Veu=f
in a volume T with (no-flux) boundary condition n - Vu = 0 on the boundary S of T. n
is the outward unit normal vector on the boundary.
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(a) Use the divergence theorem to show that a necessary condition for the existence
of a solution to this problem is

ijdV:o

(b) If f = V - v for some vector v, what condition must v satisfy for the result of
part (a) to be satisfied?

Exercise 3.12: Helmholtz decomposition

Under rather general conditions it is possible to write a vector field g(x) as
q=Vdp+Vxv

Using the results of Problem 3.5, find independent equations for ¢ and v in terms of

q. Find ¢ and v for the case q = x1e; + xZe>.

Exercise 3.13: The Stokes equations for viscous flow

The Stokes equations for the velocity u and pressure p in a viscous flow driven by a
body force f are

Vu-Vvp=-f
V-u=0
These equations can be written in matrix-vector form as

AU=F

vz -V u -f
A_[V' 0] U_[P] F_[O]
If u = 0 on the boundary S of the flow domain V, show that the Stokes operator A is
self-adjoint. That is, if
V= v
qa

(AU,V) = (U,AV)
where the inner product is given by

where

then

(U,V)=J u-vdV+I pqdv
1% 1%

Exercise 3.14: Differentiating functions of a matrix and matrix determinant
Derive the following two differentiation formulas.
(a) Use the polynomial expansion of a matrix function to show that
4
dt
in which g(-) = d/d(-)f(-) is the usual derivative of the scalar function f(-).
For the special case of f(A) = In A for A nonsingular, we obtain

d a1 d
ai InA=A th

d
(A) = g(A)EA
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(b) For nonsingular A, differentiate (1.39) with respect to scalar t and use the result
of the previous part to show that

d ~ iy
o detA = det(4) tr(A o ) (3.97)

Exercise 3.15: Euler expansion formula

Let coordinates u represent the reference position of a point in a deformable contin-
uum, and x be the position at time t so x(0) = u. We have that %x = v, the velocity
of the continuum. We know that the size of the volume element when transforming

coordinates is given by

ox
AVy = det (ﬁ)dvx

in which det(g—ﬁ) is the determinant of the Jacobian matrix of the transformation. As-
suming the Jacobian is nonsingular, use the matrix differentiation formula of the pre-
vious exercise to establish that

d ox 0x
E det (@) = det (a)(v . ‘U)

which is known as the Euler expansion (or dilation) formula.

Exercise 3.16: Temperature profile in tube flow
Read Example 12.2-2 in (Bird et al., 2002, p.384). Check the following points.

(a) Substitute ¥ from Equation 12.2-21 into 12.2-23. Then exchange the order of
integration, and show that the inner integral can be performed. Then, make a
change of variable to obtain

3

V9A 0

O(X.A) = — [e*x3 - xj (/3 ot dt]
I(3) X3

which is equivalent to 12.2-24.

I 00 00 020
(b) Evaluate the derivatives ($>A (a—)\)x (W)\

(c) Verify that the temperature profile in (a) satisfies the differential equation in
Equation 12.2-13. Use the chain rule and the results from (b).

(d) What is the numerical value of T'(2/3)?

Exercise 3.17: The error function and some useful integrals
The error function is defined by

erf (z) = 2 re‘tzdt z>0
VTt Jo

Note that

0 2
The complementary error function defined by

J e = VT

erfc(z) =1 —erf (2)

2 (® ;2
erfc(z) = \/—F et dt z>0
z
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(a

=

Sketch the error function and the complementary error function.

b

-

Consider the function f(x)

[

flx) = J' e~t% cos(2tx)dt
0
Differentiate f(x) and then integrate by parts to show that f satisfies the dif-
ferential equation

af

—— +2xf(x)=0

dx f(x)
What is the initial condition for this ODE?

(c) Solve the ODE and show that

~

(d) Lett = au and x = b/(2a) and show that

2 [
VT exp ( — b—) = J. e—atu? cos(bu)du
2a 4a2 0

(e) Integrate the previous equation with respect to b on the interval [0, ]. Change
the order of integration and show finally that

T ert (ﬂ) = Jwe‘“zuzwdu

2 0 u

Exercise 3.18: Other useful integrals

Differentiate the following function with respect to x

\/j

[ez‘”’erf (ax + B) +e 2aberf (ax — B)]
4a X X

and derive the indefinite integral (Abramowitz and Stegun, 1970, p. 304)
2
Jefuzxzfz—zdx _ ﬁ[eZzlb
4a

b b
erf (ax + ) + e 2aberf (ax — ;)] +const. a=0

Use the indefinite integral to derive the definite integral

X 2.2 b2 b b
J e VT Zdx = ﬁ[e‘z‘”’erfc(— —ax) — e2Werfc(= + ax)] a+0,b=0
0 4a X X
(3.98)
From this result, show that
o 2 b2
J e X TxZdx = ge‘” b>0 (3.99)
0

This integral arises in transport problems in semi-infinite domains (see Exercises 3.19
and 3.23).
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Exercise 3.19: Some useful Laplace transforms

The following Laplace transform pairs are useful for solving transient heat-conduction
and diffusion equations (see Exercises 3.23 and 5.6).

f(s) f©)
—k/s
e kv k
Ko erto(SE)
erfc NG
K2
e kS k>0 K e at
2+4/1rt3
—k+/s 2
e 1 k
, k>0 —==e 4
NG VTt
(a) Establish the first entry by taking the Laplace transform of the function
k
=)
f(t) =erfc NG

Use the definition of the Laplace transform, switch the order of integration, and
use Equation 3.99.

(b) Establish the second entry by differentiating the first f(t) with respect to t.
(c) Establish the third entry by differentiating the second f(s) with respect to s.

Exercise 3.20: A transform pair for reaction-diffusion problems

The following Laplace transform pair is useful in solving problems with simultaneous
diffusion and first-order reaction (Carslaw and Jaeger, 1959, p. 496)

_ N
f(s) = m k>0

o1 kvm K Jxp) = kv k. Jat
f(t) = 2\/33 {e erfc(z\/f (xt) e erfc(2ﬁ+ O(tﬂ>

Derive this result by using the convolution theorem and the last entry in the table in
Exercise 3.19. You will also require the integral (3.98).

Exercise 3.21: Integral representations of Ky

The following integral representation of Kg proves useful in applying Laplace trans-
forms to solve the diffusion equation

(% 1 (24 )
Ko(x):EJ e~ g (3.100)
0

The following argument provides a derivation.
(a) Denote the integral by

1(® 1
folx) = EJ t~le~Ptap) gy
0
Differentiate with respect to x and show

1d (x—dfo) - 2x2J te~Pt+an gy —2J e~ Pt an) gy
x dx dx o 0
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(b) Next use integration by parts to show

r em a0 gt = X2 ro te-Ptrdn g - L Jw Lo ¥Pteap) gp
0 0 4 Jo
Substitute this result into the previous equation and show that fj satisfies the
Bessel equation
1d (XLﬁ
x dx dx
Therefore fy is of the form

) - fox) =0

So(x) = ailo(x) + a2Ko(x)

with some constants a1, as.

(c) Given the integral defining fo(x), what value does fo(x) approach for large x?
Use this fact to deduce the value of a;.

(d) Next use I'HOpital’s rule to show that

lim So(x)

x—0 In(x)

It is known that Kg(x) = —In(x) as x — O (see (Abramowitz and Stegun, 1970,
p. 375)), so we conclude that az = 1 and fo(x) = Ko(x).

Exercise 3.22: More useful Laplace transforms

Use the integral representations of the modified Bessel function Ko derived in Exer-
cise 3.21 to derive the following Laplace transform pairs.

f(s) £
Ko(ky5), k >0 1,-4
o(k+/s), k> T

2
%Kl(k\/?), k>0 %e’ﬁr

These transforms are also useful in solving transient heat-conduction and diffusion
equations (see Exercise 5.9).

Exercise 3.23: Time-dependent heating of a semi-infinite slab
Consider a slab of infinite thickness, density p, heat capacity Cp, and thermal conduc-
tivity k with a surface at x = 0. The boundary conditions are

T(x,0) =Tg x>0

T(0,t) =Ty t>0

(a) Define the following scaled variables

_T*To _— kt
T - To pCp
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Show that the energy equation reduces to

20 320

0T  ox2?

with boundary conditions

O(x,00=0 x>0
00,71)=1 T>0

Notice that there are no parameters in the problem, but there is also no natural
length scale for this problem.

(b) Take the Laplace transform of the PDE and show that

e—X NG

O(x,s) =

What assumptions did you make?
(c) Take the inverse transform using Exercise 3.19 to obtain

O(x,T) = erfc (%)

Plot ®(x, T) as a function of x on 0 < x < 10 for T = [0.01,0.1, 1,10, 100, 1000].

(d) Show that the proposed solution satisfies the PDE and BCs.

Exercise 3.24: Partial fraction expansion

We often teach inversion of Laplace transforms by so-called partial fraction expansion.
For example, given
—= 1

f(s):(s—u)(s—b)(s—c) a+b=+c

Note thata # b # c ensures a, b, and c are simple zeros of the denominator polynomial.
The function f(s) is first written as a summation of simpler fractions
1 A B . C
(s—a)(s-b)(s-c) s-a s-b s-c

(3.101)

and the coefficients A, B, and C are determined. Then the inverse is simply
F(t) = Aet + BePl 4 Cect

(a) Determine A, B, and C in the partial expansion approach and determine f(t).

(b) Apply (3.86) with p(s) = 1 and q(s) = (s —a)(s — b)(s — ¢), and find f(t)
using (3.86). Which method do you prefer and why? Notice that (3.86) can be
applied when the denominator g (s) is more general than a polynomial as shown
in Example 3.15.
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Exercise 3.25: Transient heat conduction in a finite slab

Consider the transient heat conduction equation
pépa—T = -V . (-kVT)
ot
We have a one-dimensional slab with ends located at x = +L. The slab is initially
at uniform temperature Tp. Just after t = 0, the two ends are immediately raised to
temperature T; and held at this temperature. We wish to find the transient solution
T (x,t) for this problem.

(a) Write the PDE and (three) boundary conditions for this situation, i.e., conditions
atx =L, x = —L,and t = 0. How many parameters appear in this problem?

(b) Choose nondimensional temperature, spatial position, and time variables as fol-

lows
T-Tp X tk

= z= T=——%
T1 - To L pCplL?2

Express the PDE and BCs in these nondimensional variables. How many param-

eters appear in this problem?

(c) Take the Laplace transform of the PDE, apply the boundary conditions, and show
that
cosh(/sz)

6(z,5) = scosh /s

(d) For what s values in the complex plane is @(z, s) singular?

(e) Invert the transform and find ©(z, T).
Hint: the answer is

© _1\n
0(z,T)=1-2) ( =D cos((n + 1/2)mrz) e~((+1/2m%T (3109

o (m+1/2)m

(f) Show that ©(z, T) satisfies the PDE and boundary conditions at z = +=1. Does
the solution satisfy the initial condition? How would you check this?

(9) What is the steady state, ©5(z), i.e., take the limit of ©(z,T) as T — co.

Exercise 3.26: Heat conduction in a cylinder and a sphere

Let’s change the body in Exercise 3.25 from a slab to a cylinder and a sphere and see
what happens. Again assume the body is initially at uniform temperature Tp. Just after
t = 0, the outer boundary at ¥ = R is immediately raised to temperature T1 and held
at this temperature. We wish to find the transient solution T'(7,t) for these problems.

(a) Write the PDE and (three) boundary conditions for the cylindrical body, i.e,,
conditionsat ¥ = R, v = 0, and t = 0. How many parameters appear in this
problem?

(b) Choose nondimensional temperature, radial position, and time variables as fol-

lows
tk

E=p  T-
T1 — To "R = p@pRZ
Express the PDE and BCs in these nondimensional variables. How many param-
eters appear in this problem?

0=
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Figure 3.13: Transient heating of slab, cylinder, and sphere from
(3.102), (3.103), and (3.104). Dimensionless temperature
O(&,T) versus £ at T = 1074,107%,1072,0.1,0.5.

(c) Take the Laplace transform of the PDE, apply the boundary conditions and find
O(E, s) for the cylinder. You do not need to invert this transform.

(d) Write the PDE and (three) boundary conditions for the spherical body, i.e., condi-
tionsatr =R, r =0, and t = 0. How many parameters appear in this problem?

(e) Choose the same nondimensional temperature, radial position, and time vari-
ables as follows
T-To 4 tk
E=— T=—
T1 — To R pCPR2
Express the PDE and BCs in these nondimensional variables. How many param-
eters appear in this problem?

0=

(f Iake the Laplace transform of the PDE, apply the boundary conditions and find
0O(&, s) for the sphere. You do not need to invert this transform.

Exercise 3.27: Transient solutions for slab, cylinder, and sphere

We wish to plot and compare the temperature profile (&, T) versus & at different T
for the slab, cylinder, and sphere geometries.
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(b)

(©

(d)

O]

Vector Calculus and Partial Differential Equations

The transform for the cylinder is given by

Io(\/s8)

OE9) = (s

Find the zeros of the denominator.
Hint: you may want to use the Bessel function relations Ip(7) = Jo(ir) and

I (r) = J1(ir) /i (Abramowitz and Stegun, 1970, p. 375, 9.6.3.).

Use (3.86) and show that the inverse is given by

(o9
1 2
0E 1) =1-2)> ———— Jo(ap&) e”*nT 3.103
3 ngl s Talon JolonE (3.103)
What are the &, in this formula?
The transform for the sphere is
— sinh(\/s§)
O(E,s) = &
Essinh /s

Find the zeros of the denominator sinh./s. Note that the denominator has a
double zero at s = 0 because both s and sinh /s vanish at s = 0.

Because of the double zero, we cannot use the inversion formula (3.86), which
assumes simple zeros. But notice the following fact. If the Laplace transforms
f(s) and g(s) satisfy

2oy = L)
g(s) = p

then their inverse transforms satisfy

t
g(t) = Jofa’)dt’

Therefore define

_ sinh(\/s&)
F&5) = sBE.s) Esinh /s
Use (3.86) to invert this transform and show
© n+1 -
fE 1) = Z ———— (nm)sin(nmg)e T

Perform the time integral and show that

_ )n+l 2 o

sin(mmg)[1-e ™7

O, T)=2 Z

Notice that the following series is the Fourier sine series of the linear function §
(Selby, 1973, p. 480)

® +1
2 Z ( )n sin(né) = &
s
n=1
so we have
( n+1 2 5
O 1T)=1-2 Z sin(nmg) e VT (3.104)

n=1 TTE
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(F) Make plots of the temperature profile ®(&, T) versus & at several T for the slab,
cylinder, and sphere geometries. Your results should resemble Figure 3.13.

Which geometry heats up the quickest? The slowest? Give a physical explanation
for these results.

Exercise 3.28: Transient diffusion in a sphere by separation of variables

Revisit the transient diffusion problem in the spherical geometry described in Exercises
3.26 and 3.27. Solve it by separation of variables, using the information in Example 3.9.

Exercise 3.29: Fourier series

Find the Fourier series coefficients for the function f(x) = 1 on the interval x €
[—1t/2,11/2] using the odd cosine terms {cos x, cos 3x, cos 5x,...}

Z ancos(2n + 1)x

Use this result to check the initial condition of (3.102) in Exercise 3.25.
Hint: first establish the orthogonality property ff,ﬁz cosnxcosmxdx = %6mn, n,m=
1,2,.... Then obtain the a, by taking inner products as discussed in Section 2.4.1.

Exercise 3.30: Plancherel’s formula

Plancherel’s formula states that
ot | AP dx = [ 170l ak

Begin with the expression on the left and from it derive the expression on the right. In
general, both f(x) and f(k) can be complex. Hint:[* eik=Dx dx = 28k - 1).

Exercise 3.31: Green’s function for a fourth-order problem

(a) Use the Fourier transform technique to solve the ordinary differential equation

a*G d?G

i 255 +G=6

Ags g2 (&—x)
Use a computer algebra program or a math handbook to perform the integral
that is required to find G(&).

(b) The function G from the previous problem is the Green’s function for the ordi-

nary differential operator L = W 2 d? axz 1 Use this Green’s function to solve
Lu = f(x),u(x) - 0as x — o, where f(x)=1if0< x <1 and 0 elsewhere.
Use numerical integration to approximate the solution for |x| < 10.

Exercise 3.32: A square with one heated wall

Solve V2u = 0 in a unit square domain 0 < x < 1,0 < y < 1, with boundary conditions
u=0onx=0,x=1landy=0,andu=10ony =1.
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Exercise 3.33: Separation of variables for the wave equation

Use separation of variables to solve
2
Utt = CTUxx

with the following boundary conditions

(x,0) = * x<1/2 (0,t) =u(1,t) =0 (x,0) =0
u(x,0) = 1ox, x>1/2° u(0,t) =u(1,t) =0,  u(x,0) =

Show that your solution can be put in the D’Alembert form u = F1(x —ct) + F2(x + ct).

Exercise 3.34: Separation of variables for a partially heated sphere

Use separation of variables to solve for the steady-state temperature distribution in
a sphere whose bottom half is kept at temperature T = 0, and whose top half is at
T = 1. Use the transformation n = cos 0 to convert the equation in the polar angle
direction to Legendre’s equation. Note that the eigenvalues of Legendre’s equation are
A = n(n + 1) for positive integers n. The corresponding eigenfunction is the Legen-
dre polynomial Py (n). Explicitly find the first four terms in the expansion. Laplace’s
equation in spherical coordinates (r, 0, ¢) is

1000y, 12
r2 or or r2sin@ 00

8T) 10T
¥2sin? 0 02

sin0—
( 00
Exercise 3.35: The Helmholtz equation
Consider the wave equation
Ut = c2v2u
in the domain y > 0, 0 < x < oo, with boundary condition u(x,y = 0,t) = f(x)ei‘“t.
This equation governs sound emanating from a vibrating wall.
(@) By assuming a solution of the form u(x,y,t) = v(x,y)el®! show that the
eqguation can be reduced to
—w?v -c?V?v =0
with boundary condition v (x,0) = f(x). This is the Helmholtz equation.

(b) Find the Green’s function G = G« + Gp for this operator with the appropriate
boundary conditions, using the fact that the Bessel function Yp(7) ~ % Inr as
r — 0.

(c) Use the Green’s function to solve for u(x, y,t).

Exercise 3.36: Transient diffusion via Green’s function and similarity solu-
tion approaches

In Example 3.13 we found that the transient diffusion problem
Gt = DGxx

has solution 1
Gx,t,5,T) = ———=" - (x-8)?/4D(t-T)
( &) 2JD(t — T)
We have changed notation here to emphasize that this solution is the Green’s function
for transient diffusion with delta function source term f(x,t) = 6(x — £)6(t — 7).
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(a) Use this result, along with the convolution theorem to find the solution to the
initial-value problem
ur = Duxx + f(x,1)

in —oo < x < o0 and initial condition u(x,0) = ug(x).

(b) Now consider the case f = 0 in the domain x > 0 with boundary condition
u(0,t) = 0 and initial condition u(x > 0,0) = 1. Use an image or symmetry
argument to convert this into a problem in the unbounded domain, where you
can apply (3.67). The information in Exercise 3.17 may be useful. This solution
is found by Laplace transforms in Exercise 3.23.

(c) Solve this problem again by the method of similarity solution. That is, ob-
serve that the only length scale in the problem is the combination n = x/2+/Dt
(the factor of 2 is arbitrary but convenient), and seek a solution

u(x,t) =un)

Substitution of this form into the governing equation and application of the
chain rule leads to an ordinary differential equation.

Exercise 3.37: Schrodinger equation in a circular domain

The wave function for the “quantum corral”—an arrangement of atoms on a surface
designed to localize electrons—is governed by the Schrodinger equation

; _y2

=V
Use separation of variables to find the general (bounded) axisymmetric solution to this
problem in a circular domain with ¢ = 0 at ¥ = 1. Hint: if you assume exponential
growth or decay in time, the spatial dependence will be determined by the so-called
modified Bessel equation. Use the properties of solutions to this equation to show that
there are no nontrivial solutions that are exponentially growing or decaying in time,
thus concluding that the time dependence must be oscillatory.

Exercise 3.38: Temperature profile with wavy boundary temperature

Solve the steady-state heat-conduction problem
Uxx + Uyy =0

in the half-plane —o» < x < o, 0 < ¥ < oo, with boundary conditions u(x,0) =
A+ Bcosax = A+ g(ei""‘ + e 1) and u(x, y) bounded as y — . Use the Fourier
transform in the x direction. How far does the wavy temperature variation imposed at
the boundary penetrate out into the material?

Exercise 3.39: Domain perturbation analysis of diffusion in a wavy-walled
slab

Solve V2T = 0 in the wavy-walled domain shown in Figure 3.14. The top surface is at
y =1, the left and right boundaries are x = 0 and x = L, respectively, and the bottom
surface is y = ecos2mx/L, where € < 1. Find the solution to O(e) using domain
perturbation.
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T=0
oT _ 27 _ or _
Wﬁo veT =0 K*O
T=1

Figure 3.14: Wavy-walled domain.

Exercise 3.40: Fourier transform for solving heat conduction in a strip

Solve the steady-state heat-conduction problem
Uxx + Uyy =0

in the infinite strip —o < x < 0, 0 < ¥ < 1, with boundary conditions u(x,0) =
Ug(x),u(x,1) = ui(x). Use the Fourier transform in the x direction to get an ordinary
differential equation and boundary conditions for i (k, y).

Exercise 3.41: Separation of variables and Laplace’s equation for a wedge

Use separation of variables to solve Laplace’s equation in the wedge 0 < 0 < ¢,0 < ¥ <
1, with boundary conditions u(#,0) = 0, u(r, ®) = 50,u(1,60) = 0.

Exercise 3.42: Laplace’s equation in a wedge

Again consider Laplace’s equation in a wedge, but now fix the wedge angle at & = 11/4.
Use the method of images to find the Green’s function for this domain—where should
the images be, and what should their signs be? A well-drawn picture showing the posi-
tions and signs of the images is sufficient. The first two images are shown. They don’t
completely solve the problem because each messes up the boundary condition on the
side of the wedge further from it.

0 @ + position of point source

Q
Il
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Exercise 3.43: D'Alembert form of the wave equation

(a) By looking for solutions of the form u(x,t) = U(x — at) where a is to be deter-
mined, show that the general solution of the wave equation

ot2 7 ox2

u(x,t) = f(x —ct) + g(x + ct)
where f and g are arbitrary.
(b) Use this solution to find the solution with initial condition u(x,0) = w(x),

ou/dt(x,0) = 0in an unbounded domain. Pick a shape for w(x) and sketch the
solution u(x,t).

Exercise 3.44: Heat equation in a semi-infinite domain
The solution to the heat equation

Ut = Duxx
subject to the initial condition u(x,0) = ug(x) is

® 1 _(x-%)?
u(x,t)=Jﬁwuo(§)ﬁe ant  dE

Use this solution and an argument based on images to find the analogous solution for
the same problem, but in the domain x > 0, with boundary condition u(0,t) = 0 and
with initial condition u(x > 0,t = 0) = u4(x).

Exercise 3.45: Vibrating beam

The transverse vibrations of an elastic beam satisfy the equation
Ut + Kixxxx =0

where k > 0. Use separation of variables to find 1 (x,t) subject to initial condi-
tion u(x,0) = ug(x),ut(x,0) = 0 and boundary conditions u(0,t) = u(L,t) = 0O,
Uxx(0,t) = Uxx(L,t) = 0. These conditions correspond to a beam whose ends are
pinned in place at x = 0 and x = L, but that have no torques exerted on them. Hint:
the equation &* = ¢ has solutions & = =c1/4 and « = *icl/4, where c1/4 is the real
positive fourth root of c.

Exercise 3.46: Convection and reaction with a point source

Use the Fourier transform and its properties to find a solution that vanishes at +oo for
the ordinary differential equation

du
Ix —au + o(x)

where a > 0. Recall that F~1 {1127118} = £ealxl,
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Exercise 3.47: Green'’s function for Laplacian operator

(a) Find the free space Green’s function G« for the Laplacian operator in three di-
mensions. It is spherically symmetric.

(b) Show thatif u is a solution to Laplace’s equation, then so is Vu, aswell as ¢- Vu,
where ¢ is any constant vector.

(c) Show that Ej; a%i %u is also a solution, for any constant tensor E.

Exercise 3.48: Zeros of sine, cosine, and exponential in the complex plane
We extend the definition of the exponential to complex argument z € C as follows
e% = Xt — eX(cosy +isiny) ze€C, x,yeER
in which we take the usual definitions of real-valued eX, cos y,siny for x,y € R. We
extend the sine and cosine to complex arguments in terms of the exponential
elz 4 o—iz eiz —e-iz
coOsz = —7—— sinz=————
2 2i
Given these definitions, find all the zeros of the following functions in the complex
plane
(a) The function sinz.
Hint: using the definition of sine, convert the zeros of sin z to solutions of the
equation e2Z = 1. Substitute z = x + iy and find all solutions x,y € R. Notice
that all the zeros in the complex plane are only the usual ones on the real axis.

(b) The function cos z. (Answer: only the usual ones on the real axis.)

(c) The function e?. (Answer: no zeros in C.)

Exercise 3.49: A Laplace transform inverse

The Laplace inverse for the following transform has been used in solving the wave
equation
— sinh(as) sinh(bs)
S)=—"""—"—"""F————
fs) sinh s
Find f(t), and note that your solution should be real valued, i.e., the imaginary number i
should not appear anywhere in your final expression for f(t).

a,b eR

Exercise 3.50: Wave equation with struck string

Revisit Example 3.16 and the wave equation u+t = Uxx on x € [0, 1] for a string with
fixed ends u(0,T) = u(l1, 1) = 0, but the struck string initial condition, u(x,0) = 0,
ur(x,0) = v(x). Here there is zero initial deformation, but a nonzero initial velocity.

(a) Solve this equation using the Laplace transform.

(b) Note that this initial condition requires an inverse Laplace transform for
— sinh(as) sinh(bs)
f(s) = ————=

ssinhs
Show that this inverse is given by

B i (_1)n+1 ) ) )
f(rt)y=2 Z Wsm(nna) sin(ntth) sin(nmrT) (3.105)
n=1
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(c) Denote the Fourier coefficients for the initial velocity v (x) as by

v(x) = > busin(nmx)
n=1

(d) Next consider the mixed initial condition u(x,0) = ug(x) and ur(x,0) = v(x).
Let ay, denote the Fourier coefficients of 1 (x) as in Example 3.16. Show that
the solution for the mixed initial condition is

< bn .
u(x, ) = Z sin(nmx) (an cos(nmt) + Py sin(nmT))
n=1

Exercise 3.51: Wave equation with triangle wave initial condition

The wave equation is useful to describe propagation of sound and vibration of strings
and membranes. Consider the wave equation u;; = c2uz; on z € [0, L] for a string
with fixed ends u(0,t) = u(L,t) = 0, and the plucked string initial condition, i.e.,
fixed arbitrary position and zero velocity at t = 0, u(z,0) = ug(z), ut(z,0) = 0. The
constant ¢ is known as the wave speed.

(a) Firstrescale time and positionas T = (¢/L)t, x = z/L, to remove the parameters
¢ and L and simplify your work. Show that the rescaled problem is

UrtTt = Uxx
u(x,0) =ug(x), ur(x,00=0 x¢€(0,1)
u(0,t) =0, u(l,t)=0 T=0

(b) Consider the solution (3.89) given in Example 3.16. Establish that the solution
u(x, 1) satisfies the wave equation, both boundary conditions, and the initial
condition. Establish that the solution u(x, T) is periodic in time. What is the
period?

(c) Consider the string’s initial condition to be the triangle function depicted in
Figure 2.32 with a = 0.1. Given the Fourier coefficients for this triangle function
from Exercise 2.10, plot your solution at the following times on separate plots:

T =0,0.0175,0.035,0.0525,0.07

T = 0.45,0.48,0.49,0.495, 0.4975, 0.50

T = 0.50,0.5025,0.505,0.51,0.52,0.55

T = 0.90,0.95,1.00,1.05,1.10

a » 0 NPk

T = 1.90,1.95,2.00,2.05,2.10

Provide a physical description (comprehensible to the general public) of what is
happening as the wave equation evolves forward in time. In particular, explain
what the initial condition does just after T = 0. Explain what happens when
waves arrive at the boundaries x = 0, 1?
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Exercise 3.52: Numerical solution of the heat equation
(a) Write (and run) a program to use Chebyshev collocation to solve the heat equa-
tion
Ut = Uxx
with boundary conditions
u(x,0) =0, 0<x<1,
u(0,t) =0, wu(i,t)=1, o<t

Use the implicit Euler method and compare your solutions at a number of values
of N at different times. Approximately how long does it take for the temperature
at x = 0.9 to reach 0.5?.

(b) How many terms in the exact solution are needed to find the time at which
u(0.9) = 0.5? (to five percent precision)?

Exercise 3.53: Propagation of a reaction front

Using the Chebyshev collocation technique for spatial discretization and the implicit
Euler time integration scheme, write a MATLAB or Octave program to solve the transient
reaction-diffusion problem
oT 2T
=S +T-T3
ot 0x2
T(-1,t) =1 T(1,t) =-1 T(x,0) =-1

using « = 0.1. Perform simulations for a long enough time that the solution reaches a
steady state, and perform convergence checks to verify that your spatial and temporal
discretizations are adequate, i.e., that the solution does not change much when the
resolution is increased.

Exercise 3.54: Von Neumann stability analysis

Use von Neumann stability analysis to find the growth factor and the stability (Courant)
condition for the Lax-Wendroff method, (3.96).

Exercise 3.55: Divergence theorem for a fractal
Consider the sequence of objects shown in the following figure

VLA ESE3E

Each figure is generated from the previous by adding an equilateral triangle pertur-
bation to each straight line segment of the boundary. If we take the limit as n — oo,
we have a so-called fractal object. This fractal is known as the Koch snowflake in
honor of the mathematician Niels Fabian Helge von Koch, who wrote about it in a 1904
paper, “On a continuous curve without tangents, constructible from elementary geome-
try.”(von Koch, 1904). We’ll establish that the area, which is clearly bounded, converges
as n tends to infinity, but the length of the boundary tends to infinity.
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Note that in the limit as n tends to infinity the boundary becomes arbitrarily
“rough,” and the outward normal (and tangent) is nowhere defined. Despite these tech-
nical challenges, it can also be shown that a suitable generalization of the divergence
theorem still applies to this fractal object.

(@) Compute the area of the Koch snowflake at level n and show that

An 1 27

S =4 (1 (4/9)"Ht

Ao 4 20( (4/9)"%)
in which Ag is the area of the starting equilateral triangle. Therefore, show that
limy_c An = (8/5)A0

(b) Compute the perimeter and show that
a4\
Pu=(3) po
in which Pg is the perimeter of the starting equilateral triangle. Therefore, show
that limy—.c Py = co.
(c) Show that the divergence theorem holds for each value n. What result do you

use to establish this fact?

Assume for simplicity that the vector field is a constant. How do you rationalize
the result that an integral over this bounded area is equal to a line integral over
an unbounded perimeter?

Exercise 3.56: More transport integrals
We derive a close relative of the integral derived in Exercise 3.18

© _ 2.2 b2
J e UG g L VT [e‘z“herfc(ax - B) + e2Werfe(ax + E)] a>0 (3.106)
x 4a X X

Compare this result to (3.98)

(a) Establish (3.106) by using the indefinite integral in Exercise 3.18 and substituting
the integration limits.

(b) Use this integral and the convolution theorem to establish the following trans-
form pair, which is a relative of the pair established in Exercise 3.20, see entry
31 in Table A.1.

_ ks
fo)=ta k>0
S R P . S KTgrfe K
f) = e {e erfc(z\/E \/E)-ke v erfc(zﬁ-k\/a)} (3.107)

Exercise 3.57: Transient reaction and diffusion in a semi-infinite domain

Consider first-order reaction and diffusion taking place in a semi-infinite domain, x = 0.
(The finite domain x € [0, L] is treated in Example 3.15, and the case without reaction
is treated using heat conduction in Exercise 3.23.)

The differential equations and boundary conditions are given by

aCA ach
PDE 2 =D -k
at oxz KeA
BC ca(0,t) = ca, t>0

IC ca(x,0) =0 x>0
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(a) Define dimensionless concentration to be c(x,t) = ca/cao. Take the Laplace
transform of the PDE and boundary conditions, solve the 2nd-order ODE, and

show that
_ 1 +k
c(x,s) = ;e’V%X

(b) Take the inverse of the shifted transform

1 5
e VD
s—k

c(x,s—k) =
using (3.107).

(c) Finally, shift the result from the inverse of ¢(x, s — k) to the desired inverse of
c(x,s) using entry 8 in Table A.1 and establish that

% = % {e’x\/kTDerfc (ZL\/Dit - «/E) +eXVkDerfe (ij + \/E)}

(d) Check that the solution satisfies the initial and boundary conditions.

Exercise 3.58: Transient convection and diffusion in a semi-infinite domain

Consider convection and diffusion taking place in a semi-infinite domain, x = 0. The
differential equations and boundary conditions are given by

aca dca 0%ca
PDE L=v_2+D4

ot = Vox Vaxz
BC cA(0,t) = ca, t>0
IC ca(x,0) =0 x>0

(a) Define dimensionless concentration to be c(x,t) = ca/cao. Take the Laplace
transform of the PDE and boundary conditions, solve the 2nd-order ODE, and

show that
v —vv2 +4Ds

1
c(x,s) = —e? =
(x,s) PR q 2D

(b) As in the previous exercise show that the shifted transform can be written as

_ 1 5=
Clx,s—a) =e?X/@D) = _o"VSU5 g =1v2/(4D)
s—a
Invert this transform using (3.107). Again, shift the result from the inverse of
Cc(x,s —a) to the inverse of ¢(x, s) using entry 8 in Table A.1 and establish that

calx,t) l{ (x—vt) xv/D (x+vt)}
———— = = Jerf + f
CA0 2 erte 2Dt € erte 2Dt

(c) Check that the solution satisfies the initial and boundary conditions. Compare
your result to Huang and Seinfeld (2019). Which method of inverting the Laplace
transform do you prefer and why. Note that Conner, Tsotsis, Manousiouthakis,
and Manousiouthakis (2025) use this solution to analyze the residence time dis-
tribution of the dispersed plug-flow reactor.
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Exercise 3.59: Time-dependent heating of a slab with prescribed flux

Consider a one-dimensional slab at time ?, with temperature T()Nc, ?), thickness, L, den-
sity p, heat capacity Cp, and thermal conductivity k with surfaces at ¥ = 0 and X = L.
The boundary conditions are

(b)

(©

(©)

~

Tx,00=To Xelo,L]
—kTxO,t) =% >0
—kTe(L,t) =%, >0

Define the following dimensionless variables

T-T0 N kt

t= & T ~$1L/(kTo)  y2 = ~§2L/(kTo)

Show that the energy equation reduces to
Tt = Txx
with boundary conditions

T(x,0)=0 x €[0,1]
Tx(0,t) = y1 t>0
Tx(1,t) = y2 t>0

Take the Laplace transform of the PDE and show that

_ yzcosh/sx — y1 cosh /s(1 - x)
B s\/Ssinh /s

Derive as in Example 3.15 (and Exercise 3.27) the following transform pair

1 { cosh x./s
J/Ssinh /s

T(x,s)

} =1+2)> (—1)" cos(nrrx)e~WM2t (3.108)
n=1

Show that cos(nm (1l — x)) = (—=1)"cos(ntrx), and using the transform pair,
show that the inverse of sT(x, s) is
o0
L7GT(x,9) = y2—y1 +2 3. (y2(~1)" — y1) cos(nmx)e” "%t

n=1

Since L’l(f(s)/s) = féf(t’)dt’, integrate the previous expression with respect
to time to obtain
00 1- e—(nrr)zt
Tt = (y2 —yDt+2 S (ya(-1)" - yp) cos(nmx) 2= )
n=1 (nr)
Plot T'(x,t) versus x for at 11 evenly space times for t € [0,0.5] with y; = y» =
1. What is the steady-state solution?

Repeat for y; = 1,y2 = 2 with t € [0,3]. Describe why the behavior is so
different, and how this outcome is related to the result of Example 2.13.
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A

Probability, Random Variables, and
Estimation

4.1 Introduction and the Axioms of Probability

For those engineers familiar with only deterministic models, we now
make a big transition to random or stochastic models in the final two
chapters of the text. Why? The motivation for including stochastic
models is simple: they have proven highly useful in many fields of
science and engineering. Moreover, even basic scientific literacy de-
mands reasonable familiarity with stochastic methods. Students who
have been exposed to primarily deterministic descriptions of physical
processes sometimes initially regard stochastic methods as mysteri-
ous, vague, and difficult. We hope to change this perception, remove
any mystery, and perhaps even make these methods easy to understand
and enjoyable to use. To achieve this goal, we must maintain a clear
separation between the physical process, and the stochastic model we
choose to represent it, and the mathematical reasoning we use to make
deductions about the stochastic model. Ignoring this separation and
calling upon physical intuition in place of mathematical deduction in-
variably creates the confusion and mystery that we are trying to avoid.

Probability is the branch of mathematics that provides the inference
engine that allows us to derive correct consequences from our starting
assumptions. The starting assumptions are stated in terms of unde-
finable notions, such as outcomes and events. This should not cause
any alarm, because this is the same pattern in all fields of mathemat-
ics, such as geometry, where the undefinable notions are point, line,
plane, and so forth. Since human intuition about geometry is quite
strong, however, the undefinable starting notions of geometry are taken
in stride without much thought. Exposure to games of chance may pro-
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vide the same human intuition about probability’s undefinable starting
terms.

We start with the set or space of possible outcomes which we denote
by 7. Let A and B be events, which are subsets of 7 and therefore
include some collection of outcomes. We use the empty set & to denote
an impossible event. Let A U B denote the event “either A or B,” and
let A N B denote the event “both A and B.” The close analogy with the
set operations of union and intersection is intentional, and helpful. To
each event A < 7, we can assign a probability to that event, denoted
Pr(A). The three axioms of probability can then be stated as follows.

I. (Nonnegativity) Pr(A) =0 forall A c 7.
Il. (Normalization) Pr(7) = 1.

Ill. (Finite additivity) Pr(AuUB) = Pr(A)+Pr(B) forall A,B<c1
satisfying An B = J.

These three axioms, due to Kolmogorov (1933), combined with the ax-
ioms of set theory, are the source from which all probabilistic deduc-
tions follow. It may seem surprising at first that these three axioms
are sufficient. In fact, we’ll see soon that we do require a modified
third axiom to handle infinitely many events. First we state a few im-
mediate consequences of these axioms. Exercise 4.1 provides several
more. When A N B = & we say that events A and B are mutually ex-
clusive, or pairwise disjoint. We use the symbol A \ B to denote the
outcomes in set A that are not outcomes in set B, or, equivalently, the
outcomes in set A with the outcomes in B removed. The event A is
then defined to be 7 \ A4, i.e., A is the set of all outcomes that are not
outcomes in A. We say that two events A and B are independent if
Pr(A nB) =Pr(A)Pr(B).

Some of the important immediate consequences of the axioms are
the following

Pr(©@) =0

Pr(A) +Pr(A) =1

Pr(A) <1

If B< A, then Pr(B) <Pr(A)

Pr(A U B) =Pr(A) +Pr(B) —Pr(AnB)

Proof. To establish the first result, notethat AV = Aand ANY = &
forall A < 7, and apply the third axiom to obtain Pr(Au J) = Pr(A) =



4.2 Random Variables and the Probability Density Function 359

Pr(A) + Pr(&). Rearranging this last equality gives the first result.
To establish the second result note that from the definition of A, we
have that AU A =7 and An A = @. Applying the third axiom then
gives Pr(A U A) = Pr(7) = Pr(A) + Pr(A), and applying the second
axiom then gives the second result. Using this second result and the
first axiom, then gives the third result.! To obtain the fourth result,
note that if B < A, then A can be expressed as A = BU (A n B),
with B n (A n B) = @. Applying the third axiom then gives Pr(A) =
Pr(B) + Pr(A n B), and applying the first axiom gives Pr(A) = Pr(B).

To obtain the fifth result, we express both ‘A U B and B as the union
of mutually exclusive events: AUB = AU(ANB) with An(ANB) = @,
and B= (ANB)U(ANB)with (AnB)n(AnB)=3. Applying the
third axiom to both gives

Pr(AuUB) =Pr(A) +Pr(AnB) Pr(B) =Pr(AnNB) +Pr(AnB)

Solving the second equation for Pr(A N‘B) and substituting into the first
gives the fifth result, which is known as the addition law of probability.
Also note that due to the first result, the probability of two mutually
exclusive events is zero. [ |

4.2 Random Variables and the Probability Density Func-
tion

Next we introduce the concept of an experiment and a random variable.
An experiment is the set of all outcomes 7, the set of events F of inter-
est, and the probabilities assigned to these events. A random variable
is a function that assigns a number to the possible outcomes of the
experiment, X(w),w € 7. For an experiment with a finite number of
outcomes, such as rolling a die, the situation is simple. We can enumer-
ate all outcomes to obtain 7 = {1, 2, 3,4,5, 6}, and the set of events, F,
can be taken as all subsets of 7. The set F obviously contains the six
different single outcomes of the die roll, {1}, {2}, {3}, {4}, {5}, {6} € F.
But the random variable is a different idea. We may choose to assign
the integers 1, 2, ..., 6 to the different outcomes. But we may choose in-
stead to assign the values 1 to the outcomes corresponding to an even
number showing on the die, and O to the outcomes corresponding to
an odd number showing on the die. In the first case we have the simple
assignment
X(w)=w, w=1,2,3,45,6

INotice that we have used all three axioms to reach this point.
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and in the second case, we have the assignment

0, w=135
X(w) =
1, w=2,4,6

The experiment is the same in both cases, but we have chosen different
random variables to reflect potentially different goals in our physical
modeling that led to this random process.

The situation becomes considerably more complex when we have an
experiment with uncountably many outcomes, which is the case when
we require real-valued random variables. For example, if we measure
the temperature in a reactor, and want to model the reactor as a random
process, the random variable of interest X (w) assigns a (positive, real)
value to each outcome of the experiment w € 7. If we let 7 = R, for
example, it is not immediately clear what we should allow for the set
of events F. If we allow only the individual points on the real number
line, we do not obtain a rich enough set of events to be useful, i.e.,
the probability of achieving exactly some real-valued temperature T is
zero for all T € R. The events corresponding to (uncountably) infinite
sets of points, e.g., a < T < b with a < b € R, are the ones that have
nonzero probability. If we try to allow F to be all subsets of the real
number line,? however, we obtain a set that is so large that we cannot
satisfy the axioms of probability on the events in this set. Probabilists
have found a satisfactory resolution to this issue in which F is the set
of all intervals [a, b], for all a,b € R, and all countable intersections
and unions of all such intervals.3 Moreover, we modify the third axiom
of probability to cover unions of countably infinitely many events

III'. (Countable additivity) Let A; C 7,i=1,2,3,... be a count-
able collection of mutually exclusive events. Then

Pr(ﬂll UA U - - - ) = PI’(JZ[]_) + Pr(ﬂz) + .-

We can then assign probabilities to these events, Pr(A), A € F satisfy-
ing the axioms. The random variable X (w) is then a mapping from
w € 7 to R, and we have well-defined probabilities for the events
Pr(X < x) =Pr(w | X(w) < x) for all x € R. At this point we have
all the foundational elements that we require to develop the stochastic

2The power set of the reals, whose cardinality is larger than that of the reals.
3The collection of Borel sets of the reals, whose cardinality is equal to that of the
reals.
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methods of most use in science and engineering. The interested reader
may wish to consult Papoulis (1984, pp.22-27) and Thomasian (1969,
pp.320-322) for further discussion of these issues.

We let € be a random variable taking values in the field of real num-
bers, and the function Fg(x) denote the (cumulative) probability dis-
tribution function of the random variable so that

Fe(x) =Pr(§ < x)

i.e., we say that Fg (x) is the probability that the random variable & takes
on a value less than or equal to x. The function Fg is a nonnegative,
nondecreasing function and has the following properties due to the
axioms of probability

FE(Xl) < Fg(Xz) if X1 < X2

lim Fe(x) =0 lim Fe(x) =1
X——00 X —00

We next define the probability density function, denoted pg(x),
such that

Fe(x) = J, pe(s)ds, —00 <X < 00 (4.1)

We can allow discontinuous Fg if we are willing to accept generalized
functions (delta functions and the like) for pg. Also, we can define the
density function for discrete as well as continuous random variables if
we allow delta functions. Alternatively, we can replace the integral in
(4.1) with a sum over a discrete density function. The random variable
may be a coin toss or a dice game, which takes on values from a discrete
set contrasted to a temperature or concentration measurement, which
takes on values from a continuous set. The density function has the
following properties

pe(x) =0 J_ pe(x)dx =1

and the interpretation in terms of probability

X2

Pr(x; <& <xp) = pe(x)dx
X1

The mean or expectation of a random variable & is defined as

(o)

E(&) = J xpe(x)dx 4.2)
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The moments of a random variable are defined by

00

E(E) = | x"petodx

and the mean is the first moment. Moments of & about the mean are
defined by

o]

F(E-FEN" = | (e - @) "pe(x)dx

The variance is defined as the second moment about the mean

var(§) = (€ - £(§))?)
= F (&% - 28E(8) + E%(%))
= F(&%) — 2F2(E) + F%(¥)
= F(&%) — E2(¥)

The standard deviation is the square root of the variance

o (&) = (var(§))/?

Normal distribution. The normal or Gaussian distribution is ubiqui-
tous in applications. It is characterized by its mean, m, and variance,
o2, and is given by

Lee-m?

1
pg(x)=mexp< 202) (4.3)

We proceed to check that the mean of this distribution is indeed m
and the variance is 02 as claimed, and that the density is normalized
so that its integral is one. We require the definite integral formulas

L e Xdx = Jm (4.4
J xe Xdx = 0 (4.5)
J, x2eXdx = g (4.6)

The first formula may also be familiar from the error function in trans-
port phenomena

erf (x) = “udy erf (o) =1

e
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The second integral follows because the function e~ is even and the
function x is odd. The third formula may also be familiar from the
gamma function, defined by (Abramowitz and Stegun, 1970, p.255-260)

[(n) = J t" e tdt = (n—1)!
o
Changing the variable of integration using t = x? gives

*© 2 © 2
J x%e X dx = ZJ x%e " dx
—o00 0

[t

0
s - ¥

We calculate the integral of the normal density as follows

© 1 * 1(x —m)?
JL pet = s | e (‘202) ax

Define the change of variable

()
-5 -
which gives
jm pe(x)dx = 1 Jm exp (—u2> du=1
B I )

from (4.4) and the proposed normal density does have unit area. Com-
puting the mean gives

_ 2
F(E) = 1<xm>> o

1 (o]
vamo? Jﬁmxexp <_2 0?2

using the same change of variables as before yields

E(&E) = 2uo + m)e ¥ du

1 J N
VT ) e
The first term in the integral is zero from (4.5), and the second term
produces

E(@E) =m
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as claimed. Finally the definition of the variance of & gives

00 _ 2
var(§) = \/% Lm(x —m)2exp (—;W) dx

Changing the variable of integration as before gives
var(&) = 2 52 JOO u2e ' du
JTT —
and from (4.6)

var(§) = o?
Shorthand notation for the random variable & having a normal distri-
bution with mean m and variance o2 is

&~ N(m,o?)

In order to collect a more useful set of integration facts for manipu-
lating normal distributions, we can derive the following integrals by
changing the variable of integration in (4.4)-(4.6). For x,a € R,a > 0

j e~ 2X% Ay v2m/a

0
1
[ xe 2X*/agx 0
—o0

o0
1
J x2e2X*lagdx = \2mrad/?

Figure 4.1 shows the normal distribution with a mean of one and vari-
ances of 1/2, 1, and 2. Notice that a large variance implies that the ran-
dom variable is likely to take on large values. As the variance shrinks to
zero, the probability density becomes a delta function and the random
variable approaches a deterministic value.

Characteristic function. It is often convenient to handle the algebra
of density functions, particularly normal densities, by using a close
relative of the Fourier transform of the density function rather than
the density itself. The transform, which we denote as @g(u), is known
as the characteristic function in the probability and statistics literature.
It is defined by

Pe(t) = E(e'F)
Joo ™ pg(x)dx
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0.9

0.8 + B
0.7 + o=1/2 B
0.6 + B
0.5 + B
pe(x)
0.4 | .
0.3 .
0.2 | .

0.1 + o=2 E

3

0 L
-5 -4 -3 -2 -1 0

1
X
Figure 4.1: Normal distribution, with probability density ps(x) =

(1/v21o2) exp(—(1/2)(x — m)?/0?). Mean is one and
standard deviations are 1/2, 1, and 2.

where we again assume that any random variable & of interest has a
density pg(-). Note the sign convention with a positive sign chosen on
the imaginary unit i. Hence, under this convention, the conjugate of the
characteristic function @z(t) is the Fourier transform of the density.
The characteristic function has a one-to-one correspondence with the
density function, which can be seen from the inverse transform formula

1 (° ;
pE(X) = EJl eiltx(Pg(l')dt

Again note the sign difference from the usual inverse Fourier trans-
form. Note that multiplying a random variable by a constant n = a&
gives

@p(t) = E(e"98) = pg(at) (4.7)
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Adding independent random variables n = &; + &, gives
(pr](t) — f(eit(leer))

= JJ eit(x1+xQ)p§1,§2 (x1,x2)dx1dx>

:L eitxlpgl(xl)dxlj e 2pe, (x2)dx2

— 00

Pn(t) = Pg, (D@, (1) (4.8)

We next compute the characteristic function of the normal distribution.

Example 4.1: Characteristic function of the normal density

Show the characteristic function of the normal density is

Qe(t) = exp (itm - %tzaz)

Solution

The definition of the characteristic function and the normal density
give

itx p—(1/2)(x-m)?/0? 7.

@e(t) = #Jm e
£ V21mo? J-w

Changing the variable of integration to z = x — m gives

1 itm 00 itz ,—(1/2)z2%/0?
@e(t) = et eltze dz
V2102 o
2 i o0
= ——__pltm J e~ (11222102 o5t 7d 2
0

V2102

(Pg(t) — eitmftz(rz/Z
in which we used the definite integral
J"" e ¥X* cosbxdx = ﬂe*bz/(““z) a+0
0 2a
on the last line. Exercise 4.49 discusses how to derive this definite inte-

gral. Note also that the integral with the sintz term vanished because
sine is an odd function. |
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4.3 Multivariate Density Functions

In applications we usually do not have a single random variable but a
collection of them. We group these variables together in a vector and let
random variable & now take on values in R™. Proceeding analogously
to the single variable case, the joint distribution function Fg(x) is
defined so that

Fe(x) =Pr(§ < x)

in which the vector inequality is defined to be the n corresponding
scalar inequalities for the components. Note that Fg(x) remains a
scalar-valued function taking values in the interval [0, 1]

FE(X) R"™ - [0,1]

Also, as in the single variable case, we define the joint density func-
tion, denoted ps(x) : R" — R such that

X1

Xn
Fe(x) =J pe(s)dsy - - -dsy

or, provided the derivatives exist,
an

pe(x) = 0X10X2 - - - 0Xn

Fe(x) (4.9)

As in the scalar case, the probability that the n-dimensional random
variable & takes on values between a and b is given by

bn bl
Pr(as§sb)=J pe(x)dxy - - -dxy
an al
Mean and covariance. The mean of the vector-valued random vari-
able & is simply the vector-valued integral

(o)

() - | xpexdx (4.10)

Writing out this integral in terms of its components we have

|- [xipe(x)dxy...dxn

m Xops(x)dxy...dxn
£(E) = fﬁmf 2P¢ 1

[+ [ xupe(x)dxy...dxy
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The covariance of two scalar random variables &, n is defined as
cov(§,n) =L ((E-E(E) (n—-EMN)))
=Z(&n) - E(E)En)

The covariance matrix, C, of the vector-valued random variable & with
components &;,i = 1,...n is defined as

Cij = cov(&;, &)

var(&1) cov(&1,82) -+ cov(&,&n)
~ cov(&2,&1)  var(&) .- cov(E, En)
COV(én,El) cov(fn,Ez) e var(.En)

Again, writing out the integrals in terms of the components gives

Cij = J e J(xi —E(&))(x; — E(&j))pe(x)dxy...dxy (4.11)

Notice that C;; = Cj;, so C is symmetric and has positive elements on
the diagonal. We often express this definition of the variance with the
convenient shorthand

var(§) =C=Z((E-E(E)(E-EE)NT)
=F(EE) -EENE®T

Notice that the vector outer product xxT appears here, which is an
n X n matrix, and not the inner product xTx, which is a scalar.

Marginal density functions. We often are interested in only some
subset of the random variables in a problem. Consider two vectors
of random variables, € € R™ and n € R™. We can consider the joint
distribution of both of these random variables pg ,(x,y) or we may
only be interested in the & variables, in which case we can integrate out
the m n variables to obtain the marginal density of &

pe(x) = J e ng,n(x,y)dyl o dyYm

Analogously, to produce the marginal density of n we use

(o)

po ) = | [ peatx y)dxy - dxa
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4.3.1 Multivariate normal density

We define the multivariate normal density of the random variable & €
R" as

1 e
(21T)"/2(det P)1/2

pe(x) = Xp [ - %(x -m)TP 1 (x - m)] (4.12)
in which m € R" is the mean and P € R™*" is a real, symmetric, pos-
itive definite matrix. We show subsequently that P is the covariance
matrix of &. The notation det P denotes the determinant of P. The
multivariate normal density is well defined only for P > 0. The singu-
lar, or degenerate, case P > O is discussed subsequently. Shorthand
notation for the random variable & having a normal distribution with
mean m and covariance P is

& ~N(m,P)

We also find it convenient to define the notation

1
(2m)"/2(det P)1/2

1
n(x,m,P) = exp [— E(X—m)TPfl(x—m)] (4.13)
so that we can write compactly for the normal with mean m and co-
variance P
pe(x) = n(x,m,P)

in place of (4.12). The matrix P is real and symmetric. Figure 4.2 dis-
plays a multivariate normal for

35 25
-1 _
P = [2.5 4.0]

As displayed in Figure 4.2, lines of constant probability in the multi-
variate normal are lines of constant

(x —=m)TPL(x —m)

To understand the geometry of lines of constant probability (ellipses
in two dimensions, ellipsoids or hyperellipsoids in three or more di-
mensions) we examine the eigenvalues and eigenvectors of a positive
definite matrix A as shown in Figure 4.3. Each eigenvector of A points
along one of the axes of the ellipse. The eigenvalues show us how
stretched the ellipse is in each eigenvector direction.

If we want to put simple bounds on the ellipse, then we draw a
box around it as shown in Figure 4.3. Notice that the box contains
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pe(x)

Figure 4.2: Multivariate normal for n = 2. The contour lines show
ellipses containing 95, 75, and 50 percent probability.

Figure 4.3: The geometry of quadratic form xTAx = b.



4.3 Multivariate Density Functions 371

much more area than the corresponding ellipse and we have lost the
correlation between the elements of x. This loss of information means
we can put different tangent ellipses of quite different shapes inside
the same box. The size of the bounding box is given by

length of ith side = ybA;;

in which

A;i = (i,1) element of A1
See Exercise 4.15 for a derivation of the size of the bounding box. Fig-
ure 4.3 displays these results: the eigenvectors are aligned with the
ellipse axes and the eigenvalues scale the lengths. The lengths of the

sides of the box that is tangent to the ellipse are proportional to the
square root of the diagonal elements of A~

Example 4.2: The mean and covariance of the multivariate normal

Assume the random variable & is distributed normally as in (4.12)

pe(x) = xp[—%(X—m)TPfl(x—m)]

1
(212 (det P)1/2 ©

1. Establish the following facts of integration. For z € R™ with A €

R A >0
Jj; exp [ %ZTA‘lz_ dz = (2m)"?(detA)Y?  (4.14)
(scalar)
Jio Zexp [ _ %ZTAflzﬁ dz = 0 (4.15)
(n-vector)
ro zzT exp [ %ZTA‘lz_ dz = (2m)"?(detA)Y?A (4.16)
- ) ) (n X m-matrix)

2. Show that the first and second integrals, and the definition of
mean, (4.10), lead to
E(@E) =m

Show that the second and third integrals, and the definition of
covariance, (4.11), lead to

C=P
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So we have established that vector m and matrix P in (4.12) are
the mean and covariance, respectively, of the normally distributed
random variable &.

Solution
1. To compute the integrals, we first note that because A is real and
symmetric, there exists a factorization

A=QAQT A l=QA1QT

in which A is a diagonal matrix containing the eigenvalues of A
and Q is real and orthogonal. To establish the first integral, we
use the variable transformation z = Qx and change the variable
of integration in (4.14)

J exp [ - %ZTA_12:| dz = J exp [ - %XTA‘lx] |det Q| dx

— 00

in which |detQ| = 1 because QQT = I, which makes det(QQT) =
(detQ)? = 1 so detQ = +1. Performing the integrals gives

Jm exp [ - %ZTA_lZ]dZ = ﬁ \/E\/Ai
e i=1
. 1/2
= (2m)"/? (1‘[ Ai)

i=1
= (21T)"2(det A)1/2
and we have established the first result.

To establish the second integral, use the variable transformation
z = QXx to obtain

J zexp [ — %ZTA’lz]dz = QJ X exp [ - %xTAflx]dx

— 00



4.3 Multivariate Density Functions 373

Notice that the ith element of this vector equation is of the form

QJ xlexp[ xTA- x}dx-

QJ xie~2Xiidx; ]_[ J e 2%t/ Mdxy = 0

k=1,k=+i" "~

This integral vanishes because of the first term in the product.
Since the integral vanishes for each element i, the vector of inte-
grals is therefore zero.

To establish the third integral, we again use the variable transfor-
mation z = Qx and change the variable of integration in (4.16)

oo 1
J zzTexp[ EZTA z

— 00

Jaz -

Q(Jco XX exp[ % TA- x} |detQ|dx>QT
1
2

Q(Jioxx exf’[ g ]dX)QT=QVQT (4.17)

in which, again, |[det Q| = 1, and the V matrix is defined to be the
integral on the right-hand side. Examining the components of V
we note that if i # j then the integral is of the form

i o 1,2
Vij :J xie 2 X i J xje 2N dx;
—

— 00

1
1_[ J e X Mdxy =0 i+
k=1,k=+i,j°

The off-diagonal integrals vanish because of the odd functions in
the integrands for the x; and x; integrals. The diagonal terms, on
the other hand, contain even integrands and they do not vanish

(o]
Vii =J x?e -3 P 1_[ J e zkakdxk
- k=1,k=+i" "~
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Evaluating these integrals gives

n
Vo —Em? [ Emh

k=1,k+1i

_ (Zﬂ)n/2< ﬁ Ak)l/zAi

k=1
Vii = (210)"/2(det A)Y/2A;

Substituting this result into (4.17) gives

J zzTexp [ — %ZTAflz]dZ =qQvaQT
Aq
= (2m)™?(det A)*2Q Q"
An
= (2m)"2(det A)12QAQT = (2m)"/?(det A)Y/2A

and we have established the integral result of interest.

2. Using the probability density of the multivariate normal and the
definition of the mean give

[oe)

F(E) = f Xpe(x)dx

1 S 1 7
" (2m)n/2(detP)i/2 waexp [ -5 - m)TP1(x - m)]dx

Changing the variable of integration to z = x — m gives

_ 1 ” _1orpa
B = (21T)"/2(det P)1/2 Jﬁm(m+z)exp[ 22 P z]dz

E(&) =m

in which the integral with m produces unity by (4.14) and the
integral involving z vanishes because the integrand is odd.

Next using the probability density of the multivariate normal, the
definition of the covariance, and changing the variable of integra-
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tion give

C= [ - E@) - @) pr(rIdx

1 o)
~ (2m)n/2(det P)1/2 LO(X -m)(x -m)’

exp [ - %(x -m)TP Y (x - m)]dx

_ 1 w 1 ]
~ (2mm)n/2(det P)1/2 j_w zz EXD[ 5Z Piz|dz
1
= rnz(getp)iz (2" (det P)TEP
cC=P .

Characteristic function of multivariate density. The characteristic
function of an n-dimensional multivariate random variable &, is defined
as

et) = | e pe(xydx

in which t is now an n-dimensional variable. The inverse transform is
now

1
e | e s

pe(x) =
Note that if one has the characteristic function of the entire ran-
dom variable vector available, one can easily compute the characteristic
function of any marginal distribution. We simply set the components
of the t vector to zero for any variables we wish to integrate over to
create the marginal. To illustrate the idea, assume we have a joint den-
sity for two (vector-valued) random variables & and n, pg ,(x,y), and
its characteristic function @ (ty,ty)

@ (tx, ty) = Hio exp <i [t,{ tﬂ [;C)D Pen(x,y)dxdy

If we are interested in the characteristic function of n’s marginal, @, (ty),



376 Probability, Random Variables, and Estimation

we set L, = 0 in the joint characteristic function to obtain it

0 ) x
@gn(0,ty) = ” exp (1 [O t;] [y]) pen(x,y)dxdy
= [ e | pegtxvidxdy

= J_ e pn(v)dy

= (pn(ty)

Example 4.3: Characteristic function of the multivariate normal
Show that the characteristic function of the multivariate normal § ~
N (m, P) is given by

Pe(t) = pit"m=(1/2)t"Pt

Solution

From the definition of the characteristic function we are required to
evaluate the integral

00 eithe—(1/2)(x7m)TP’1(x—m)

Pelt) = J—oo (2mm)"/2(det P)1/2 dx

Changing the variable of integration to z = x — m gives

eitTm

(2mT)n/2(det P)1/2

Qe(t) = ro eit'z2e=(1/22"P 2 5

Since P is positive definite, by Theorem 1.17 it can be factored as P =
QAQT so P1 = QA1QT, and changing the variable of integration to
w = QTz in the integral gives

JOO eithe—(l/Z)zTP’lde _ Jw eitTQwe—(l/Z)wTA’lwdw
—oco

— 00
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after noting that det(Q) = +1 since Q is orthogonal. Denoting t7Q =
[bl bz e bn] gives

o n )
J eit’ze= (11227 P 22 g, _ [ J bW o~ WRWEIN gy
— 00 — 00
j=1
n 2
=[] vrry2A e M/2E5A
j=1

= (2m)"2(det P) 2 exp ( - (1/2) > b?AJ')
j=1

in which we used (4.94) to evaluate the integral. Noting that Z;Ll bfz\j =
tTQAQTt = tTPt gives

J'OQ oit’2p=(1/2)2TP 7z g, _ (2.”.)11/2(detP)l/Ze—(l/Z)tTPt (4.18)

Substituting this result into the characteristic function gives
Pe(t) = pit'm=(1/2)tPt

which is the desired result. O

Example 4.4: Marginal normal density

Given that & and n are jointly, normally distributed with mean and

covariance
m = My p— Py Pyy
my Pyx Py

show that the marginal density of & is normal with the following pa-
rameters
& ~ N(my, Px) (4.19)

Solution

Method 1. As a first approach to establish (4.19), we could directly
integrate the y variables. Let X = x — my and )y = ¥ — m,, and ny
and n, be the dimension of the & and n variables, respectively, and
N = Ny + N,. Then the definition of the marginal density gives

)|

1
(21T)"/2(det P)1/2

— 2 y Pyx Py

pe(x) =

Ly X
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If we follow this approach, we’ll also need to use the matrix inversion
lemma. This is left as an exercise for the interested reader.

Method 2. In the second approach, we use the previously derived
results of characteristic function of the multivariate normal and its
marginals. First the characteristic function of the joint density is given

by
m 1" Tt
Qg n(tx, ty) = exp (i [t§ t;] [my] - (1/2) [ty] P [ty])

Setting {,, = O to compute the characteristic function of &’s marginal
gives

@g(tx) = Qg n(ty,0)

~ exp (i (¢ o [ZZ] - (1/2) [tg]Tp [%CD

_ eitimx—(l/z)tithx

But notice that this last expression is the characteristic function of a
normal with mean m, and covariance Py, so inverting this result back
to the densities gives

1 o~ (1/2) (x—m) TP (x—1my)
(21T)"x/2(det Py )1/2

pe(x) =

or & ~ N(my, Py).

Summarizing, since we have already performed the required inte-
grals to derive the characteristic function of the normal, the second
approach saves significant time and algebraic manipulation. It pays
off to do the required integrals one time, “store” them in the charac-
teristic function, and then reuse them whenever possible, such as here
when deriving marginals. a

4.3.2 Functions of random variables.

In many applications we need to know how the density of a random
variable is related to the density of a function of that random variable.
Let f : R™ — R" be a mapping of the random variable & into the random
variable n, and assume that the inverse mapping also exists

n=f&, E=f"*m



4.3 Multivariate Density Functions 379

Given the density of &, pg(x), we wish to compute the density of n,
pn(y), induced by the function f. Let X denote an arbitrary region of
the field of the random variable &, and define the set Y as the transform
of this set under the function f

Y={yly=f(x),xeX}

Then we seek a function p, () such that

JX pe(x)dx = L{ pn(y)dy (4.20)

for every admissible set X. Using the rules of calculus for transforming
a variable of integration we can write

-1
of ") (y)> ‘ dy (4.21)

L« pe(x)dx = Jv pg(ffl(y)) ‘det( 3y

in which |det(df1(y)/0y)]| is the absolute value of the determinant
of the Jacobian matrix of the transformation from n to £.4 Subtracting
(4.21) from (4.20) gives

oy

Because (4.22) must be true for any set Y, we conclude (a proof by
contradiction is immediate)®

-1
LY (Pn(y)—Pg(f_l(y)) det<af(y)>'>dyzo (4.22)

pn(¥) =pe(f () 5

w2 e

Example 4.5: Nonlinear transformation

Find the density function of the random variable n under the transfor-
mation n = &3 for & normally distributed &€ ~ N(m, 0?).

Solution

The transformation is invertible and we have that & = n'/3. Taking the
derivative gives d&/dn = (1/3)n~2/3, and using (4.23) gives

_ 1 -2/3 _ 1/3 _ 2,42
pn(y) = 3@03’ exp (— (1/2)(y m)</o?) i

4See Appendix A for various notations for derivatives with respect to vectors.
5Some care should be exercised if one has generalized functions in mind for the
probability density.
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Figure 4.4: The region X(c¢) for y = max(x1,x2) < c.

Noninvertible transformations. Given random variables & having n
components & = (&1,&2,...5x) with joint density pg and k random
variables n = (1, N2, ..., Nk) defined by the transformation n = f(&)

ni=f1(&) nz2=f2(8) -+ nk=fi(§)

We wish to find p; in terms of pg. Consider the region generated in R"
by the vector inequality

fix)=<c
Call this region X(c), which is by definition

X(c) = {x|f(x) <c}

Note that X is not necessarily simply connected. The (cumulative) prob-
ability distribution (not density) for n then satisfies

Fy(y) = J pe(x)dx (4.24)
X(y)
If the density p, is of interest, it can be obtained by differentiating F,.

Example 4.6: Maximum of two random variables

Given two independent random variables, &1, &, and the new random
variable defined by the noninvertible, nonlinear transformation

n = max(&y, &)
Show that n’s density is given by

y y
pn(y) = pe () Lo Pg, (x)dx + pg, () J_m pe, (x)dx
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Solution

The region X(c) generated by the inequality ¥ = max(x1,Xx2) < c is
sketched in Figure 4.4. Applying (4.24) then gives

Yy Yy
Fn(y)=J J pe(xy,x2)dx1dx,

=Fe(y,y)
= Fg, (¥)Fg, ()

which has a clear physical interpretation. It says the probability that
the maximum of two independent random variables is less than some
value is equal to the probability that both random variables are less
than that value. To obtain the density, we differentiate

Pn(¥) = pe, (V) Fg, () + Fe, () pe, ()

y y
—pe ) | _pedxspeo) [ padx o

4.3.3 Statistical Independence and Correlation

From the definition of independence, two events A and B are indepen-
dent if Pr(A n B) = Pr(A)Pr(B). We translate this definition into an
equivalent statement about probability distributions as follows. Given
random variables &, n, let event A be § < x and event Bbe n < y, then
ANBis& < x and n < y. By the definitions of joint and marginal
probability distribution, these events have probabilities: Pr(A N B) =
Fep(x,y), Pr(A) = Fg(x), Pr(B) = Fy(y). So events A and B are in-
dependent if for the corresponding x and y, Fg ,(x,y) = Fe(x)F,(y).
We say that the two random variables &, n are statistically indepen-
dent or simply independent if this relation holds for all x, y

See Exercise 4.2 for the proof that an equivalent condition for statistical
independence can be stated in terms of the probability densities instead
of distributions

Pen(x,y) = pe(xX)py(y),  allx,y (4.26)

provided that the densities are defined. We say two random variables,
& and n, are uncorrelated if

cov(&,n) =0
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Example 4.7: Independent implies uncorrelated

Prove that if & and n are statistically independent, then they are uncor-
related.

Solution

The definition of covariance and statistical independence gives
cov(&, n) =E((&-E(&E)(n—EMN)))

- ﬂ (x — E(E) (Y — E()pen(x,y)dxdy

[ee}

=j (x—f(g))pg(x)dxj (v — E(m)pn(»)dy

=0

Example 4.8: Does uncorrelated imply independent?
Let & and n be jointly distributed random variables with probability
density function

pe . (x.3) = H1+xy(x?-y2)], Ixl<1, |y|<1,
&n Xy 0

, otherwise

(@) Compute the marginals pg(x) and p,(y). Are & and n indepen-
dent?

(b) Compute cov(&, n). Are € and np uncorrelated?

(c) What is the relationship between independent and uncorrelated?
Are your results on this example consistent with this relationship?
Why or why not?

Solution

The joint density is shown in Figure 4.5.

(a) Direct integration of the joint density produces

pe(x) ==, IxI<1 E(E) =0

pn¥)=35, |yl<1 Em=0

NI NP
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Pen(x,y) = 5 [1+xy(x2 - y?)]

0.5

0.25

Figure 4.5: A joint density function for the two uncorrelated random
variables in Example 4.8.

and we see that both marginals are zero mean, uniform densities.
Obviously & and n are not independent because the joint density
is not the product of the marginals.

(b) Performing the double integral for the expectation of the product
term gives

1
£(en = [ xy+ 22 = 32y
=0
and the covariance of & and n is therefore

cov(&,n) = E(&n) — E(E)E(n)
=0

and & and n are uncorrelated.

(c) We know that independent implies uncorrelated. This example
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does not contradict that relationship. This example shows uncor-
related does not imply independent, in general, but see the next
example for normals. a

Example 4.9: Independent and uncorrelated are equivalent for nor-
mals

If two random variables are jointly normally distributed,

'3 ~N My Py Pyy

n my || Pyx Py
Prove & and n are statistically independent if and only if € and n are
uncorrelated, or, equivalently, P is block diagonal.

Solution

We have shown already that independent implies uncorrelated for any
density, so we now show that, for normals, uncorrelated implies inde-
pendent. Given cov(&,n) = 0, we have

ny:PT

so the density can be written

1
pg,r](x!y) = 1 1/2
(21r) 2 (Mt ty) (deth deth>

(5[5 2) ) e

For any joint normal, we know that the marginals are simply

& ~ N(my, Px) n ~ N(my, Py)

so we have

1
(21) /2 (det Py ) 1/2

- 1 lorp-15
pn(y) = (2m)" 2 (det Py 172 exp (—Ey P, y)

1_ _
pe(x) = exp (—EXTP;lx)
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Forming the product and combining terms gives

1
1/2
(2m)2 (1) (det Py det Py )

oo [ L[X] [P o[
Pl72 7] | o ptl|>
Comparing this equation to (4.27), and using the inverse of a block-

diagonal matrix, we have shown that & and n are statistically indepen-
dent. |

pe(xX)py(y) =

4.4 Sampling

Let scalar random variable & have density pg with mean m and variance
P, and consider n independent samples of £, denoted x1, X5, ...,X5,. By
independent samples, we mean that the joint density of the samples is
the product of the marginals, which all are identical and equal to pg

Pxixn(Z1,- 03 2Zn) = Px, (21) - = - Px, (2Zn) = pe(21) - - - pe(zZn)

4.4.1 Linear Transformation

The following facts about the linear transformations of random vari-
ables prove useful. Consider random variable & € R™ with density pg,
and let A € R™*" pe a constant matrix. Then the following formulas
give the mean and variance of random variable n = A&

E(n) = AE(E)  var(n) = Avar(§)AT (4.28)

We establish these formulas as follows. Using the definition of expec-
tation, we have that

E(n) = E(A%)
= Jw Axpg(x)dx

= AJOO xpe(x)dx
= AE(8)
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Using the definition of variance, we have that

var(n) = var(A¢)

= [ tax - B (ax - £(48) T pe(x)dx

~A - TE) - E@) pe(x)dxaT
= Avar(§)AT

With normals, we often wish to check if the variance is positive def-
inite after a linear transformation. Let P € R™" be positive definite
and A € R™ " pe an arbitrary matrix. The following result is often
useful: P > 0 and A’s rows linearly independent < APAT > 0. See
also statement 5 in Section 1.4.4.

Singular or degenerate normal distributions. It is often convenient
to extend the definition of the normal distribution to admit positive
semidefinite covariance matrices. The distribution with a semidefinite
covariance is known as a singular or degenerate normal distribution
(Anderson, 2003, p. 30). Figure 4.6 shows a nearly singular normal
distribution.

To see how the singular normal arises, let the scalar random variable
& be distributed normally with zero mean and positive definite covari-
ance, & ~ N(0, Py), and consider the simple linear transformation

1
e s

in which we have created two identical copies of & for the two compo-
nents n; and n» of n. Now consider the density of n. If we try to use
the standard formulas for transformation of a normal, we would have

n~N(,Py) P, =APAT = [ﬁ" i"]
X X

and P,, is singular since its rows are linearly dependent. Therefore one
of the eigenvalues of P, is zero, and P, is positive semidefinite and
not positive definite. Obviously we cannot use (4.12) for the density
in this case because the inverse of P, does not exist. To handle these
cases, we first provide an interpretation that remains valid when the
covariance matrix is singular and semidefinite.
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p(x) = exp (~1/2 (27.2x% + 2(~43.7)x1x2 + 73.8x3) )
1 -

0.75
0.5

0.25

Figure 4.6: A nearly singular normal density in two dimensions.

Definition 4.10 (Density of a singular normal). A singular joint normal
density of random variables (&1, &»), & € R™, &, € R"2, is denoted

&1 N N[ mi| [A1 O ]
& mo|’l O O
with A1 > 0. The density is defined by

1
(2m)™/2(det Ay) /2

pe(x1,x2) =

exp [ - %(Xl - ml)T/\Il(Xl - ml)] 6(x2 —mz) (4.29)

In this limit, the “random” variable & becomes deterministic and
equal to its mean my. For the case n; = 0, we have the completely
degenerate case in which pg,(x2) = 6(x2 — m2), which describes the
completely deterministic case & = my, and there is no component
&1. Notice that by performing the required integrals of (4.29) the two
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marginal densities are found to be

1
(21)"1/2(det Aq )12
Pg,(x2) = 6(x2 — m2)

Pe (x1) = p[—%(x1—m1)T/\Il(X1—m1)]

Example 4.11: Computing a singular density

Consider again the motivating example with the unit normal scalar ran-
dom variable & ~ N(0, Py), Px = 1 and the linear transformation

1
o]

Use Definition 4.10 to express the density p, for this case, and draw a
figure showing the appearance of pj,.
Solution

We first compute the eigenvalue decomposition of the semidefinite co-
variance P,

11
P, = AP AT = AAT = L 1]

and obtain

1 ]1-1 -1 2 0
_ T _ _
Py =QAQ Q_ﬁ[—l 1} A [o o]
Next we define the invertible variable transformation
£=Q'™n n=QC

and we can write the covariance of C, P;, as
2 0
= T = =
P,=Q P,Q=A [0 O]

which is in the form of Definition 4.10. Using that definition gives the
density for €

e*%(Z%/Z) 5(z2)

1
pe(zy,22) = W

Finally transforming back to the variable n using

__1

V1 +Y2)  za=——=(y1- V)
ﬁyl Y2 2= fyl Y2

z
. 2
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pn(y)

Y1

Figure 4.7: The singular normal resulting from y = Ax with rank
deficient A.

and noting d(ax) = (1/a)d(x) gives

1 1(y1+ y2)?
Pn(y1,2) = ﬁexp [ - 5%] 0(y1—2)

To draw a sketch, first we note that p,(y1, y2) = 0 for )1 # ), because
of the delta function. So we have a singular normal defined in the plane,
and the density is nonzero on the line y; = y». Therefore take a zero
mean, unit variance normal defined on the y; axis, and rotate it by 45
degrees to the 1 = )5 line, and that is the joint density for p,(y1, )2).
The result is shown in Figure 4.7. a

The expanded definition of normal distribution enables us to gener-
alize the important result that the linear transformation of a normal is
normal, so that it holds for any linear transformation, including rank-
deficient transformations such as the A matrix given above in which
the rows are not independent. We state this result as the following
theorem and defer the proof to Exercise 4.24.

Theorem 4.12 (Normal distributions under linear transformation). Con-
sider a normally distributed random variable & € R", &€ ~ N(0O,Py),
with semidefinite covariance Py > 0 and an arbitrary linear transfor-
mation A € R™*" and transformed random variable n = A&. Then
n ~ N(0,P,) with P, = AP, AT > 0.
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442 Sample Mean, Sample Variance, and Standard Error

Usually in applications we do not obtain nearly enough samples to ob-
tain convergence to the entire density, and we settle for convergence
to a few low-order moments of the distribution, such as the mean and
variance. The sample mean is defined as

n
S x
i=1

.’x\n:

S|k

and we expect this quantity to converge to &’s mean as the number of
samples increases. Indeed if we take expectations

n

Z(%n) =T(%in> =%Zf(xi) =%Zm:m
i=1 i=1

i=1

which means that the sample mean is an unbiased estimate of the mean
of random variable &, for all values of n. An estimator’s bias is defined
to be the difference between the expectation of the estimator and the
true value, and an estimator is termed unbiased if the bias is zero.
Next, toward defining an appropriate sample variance, we consider
the sum of outer products of the samples’ differences from the sample
mean S, = >.1*; (x;—Xn)(x;—X»)T, which can be rearranged as follows

Sn = (xi_)?n)(xi—fn)T

M

-
I
ey

(xi =m) = (Rn —m)) ((xi = m) = (Rn —m))"

Il
M=

_.
I
ey

Il
M=

_
I
N

((Gci = m) G = )T = (g =) (R — 1)
(Rn = m) (i = M) + (R = 1) (R0 = 1))
Su = S (g — ) (34— m)T) = n(Ry - m) (R - )"
i=1
Taking the expectation gives

E(Sp) = > var(x;) — nvar(Xy)
i=1
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We know var(x;) = P, for all i = 1,...,n, and to compute the vari-
ance of X,, it is convenient to first determine the variance of vec-
tor X, obtained by stacking the samples together in a column vector

T
X = [xlT xroo. xﬂ . Since the x; are mutually independent, we
have that var(x;,x;) = Pd;j,1,j = 1,...,n or in matrix form

p

p
var(X) =

p

Using X,, = AX with A = (1/n) [I I --- I] and the second part of

(4.28) gives

var(®,) = Avar(X)AT = %P

Substituting these into the equation for expectation of S, gives
E(Sy)=nP-P=(mn-1)P

So here we notice an interesting outcome; if we want to obtain an unbi-
ased estimate of the variance, we should define the sample variance
as s, = S, /(n—1) to obtain
1 n
Sn=———= > (xXi = Xn)(xi — )"

n_li=l

FE(sp) =P

This explains the somewhat mysterious definition of sample variance
involving division of the sum of outer products by n — 1 instead of n,
which one might have anticipated. We show later that division by n
gives the maximume-likelihood estimate of the variance, which is also
a good estimate because it converges to P as n — . Although the
maximume-likelihood estimate is not an unbiased estimate for finite n,
the bias decreases to zero as n — .

Standard error is the standard deviation of the sampling distribu-
tion of an estimator. For example, in the scalar case, if we consider the
sample mean above to be an estimator of the mean, we have worked
out that the variance of the sample mean is var(X,) = (1/n)var(x) =
(1/n)02, and the standard error of the mean is therefore

e 9
SE(Xn) = n
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When the standard deviation of the random variable being sampled is
also unknown, people sometimes replace o in the previous expression
with an estimate of it, such as the square root of the sample variance
/Sn. We then have

SE(Xy) =~ \/g

NeD
This quantity does provide a rough measure of the uncertainty in X,
due to the finite sample size. But if we want to say something precise
about the uncertainty in the sample mean as an estimate of mean, we
must calculate a true confidence interval for that estimate. We show
how to calculate confidence intervals in the discussion of maximum
likelihood estimation in Section 4.7.

45 Central Limit Theorems

Central limit theorems are concerned with the following remarkable
observation: if we have a set of n independent random variables x;, 1 =
1,2,...,n, then, under fairly general conditions, the density p, of their
sum

Y=X1+Xo+ - +Xpn

tends to a normal density as n — c. We require only mild restrictions
on how the x; themselves are distributed for the sum y to tend to a
normal. It is perhaps best to illustrate this observation with a concrete
example.

Example 4.13: Sum of 10 uniformly distributed random variables

Consider 10 uniformly and independently distributed random variables,
X1, X2, ..., X10. Consider a new random variable y, which is the sum
of the 10 x random variables

Y =X1+ X2+ --+"X10

What is ’s mean and variance? Draw samples of the 10 x; random
variables, and compute samples of y. Plot frequency distributions of
x and y. Even though the 10 x random variables are uniformly dis-
tributed, and their probability distribution looks nothing like a normal
distribution, discuss how well y is approximated by a normal.
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Solution

The x random variables are distributed as x ~ U (0, 1), which means

(x,) B 1 x' €][0,1] (4.30)
Px |0 otherwise '

Computing the mean and variance gives

1

E(x) = Jo xdx =%

1
var(x) = L (x = (1/2))%dx = %

If we stack the x variables in a vector
T
XZ[X]_ X v Xlo]
we can write the v random variable as the linear transformation of x
y =Ax A:[l 1 --- 1]
We have that y’s mean and variance are given by
E(y)=AE(x)=5

var(y) = Avar(x)AT = 2

So, if the central limit theorem is in force with only 10 random variables
in the sum, we might expect y to be distributed as

¥ ~N(5,5/6)

A histogram of the 10,000 samples of x; and y are shown in Fig-
ures 4.8 and 4.9. Itis clear that even 10 uniformly distributed x random
variables produce nearly a normal distribution for their sum y. |

45.1 Identically distributed random variables

Consider n independent random variables, X;, i = 1,2,...,n, each with
identical distribution having mean u and variance o-2. We are interested
in the distribution of the sum S, = X; + Xo> + - - - + X}, as n becomes
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large. Since the X; are independent, the mean and variance of S;, are
given by

E(Sn) = D E(Xi) = np
i=1

n
var(S,) = Z var(X;) = no?
i-1

Since we want to take the limit as n — oo, we first rescale the sum
to keep the mean and variance finite. Given the formulas for shifting
mean and variance we choose Z, = (S, — nu)/(y/no) and obtain

1
E(Zy) = W(f(sn) -nu) =0
var(Z,) = 1 2var(Sn) =1
no

Theorem 4.14 (De Moivre-Laplace central limit theorem). Let X;,i =
1,2,...,n be independent and identically distributed with mean y and
variance o2, then Z, tends to the standard normal N(0,1) as n — oo.

Proof. In keeping with Laplace’s approach to the problem, we shall use
characteristic functions to establish this result. We shall find useful
the following bound on the error in the Taylor series approximation of
the exponential with a purely imaginary argument.

< ()™ [x|™
m!

ix _

(4.31)

o T (n+1)!

This bound is simple to establish (see Exercise 4.53). We will use it with
n = 2 stated in this form

. 2
eiX =14 ix — % +0(x1?) (4.32)

in which O (|x|®) denotes that the size of the error term in (4.31) is less
than some constant times |x|3. We first show that the characteristic
function of Z,, converges to the characteristic function of N(0, 1), which
is e~ /21 et Y; = (X; — u)/o so that the Y; have zero mean and
unit variance. We use (4.32) with argument e'* and obtain a series
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expansion for Y;’s characteristic function

00

@y, (t) = J e py. (x)dx

_ f (1+itx — (1/2)£2x2 + |x[2O(|t1%)) py, (x)dx

=1+ itE(Y;) — (1/2)t3var(Y;) + E(1Y;®)Oo(t]®)
=1-(1/2)t2+ 0(|t]?)

Notice that here we have assumed f(IYils) is finite, so that it can be
absorbed into the O(|t|®) term. Next, since Z, = (1/y/n) 3", Y;, we
have from (4.7) and (4.8) that

Pz, (1) = (py,(t/vn)" = (1 - (1/2)t?/n + O(t3/n®/?))"

In taking the limit as n — oo the last term is negligible and can be
dropped to obtain

fim @z, () = lim (1 - (1/2)¢2/n)"

Using the calculus result that limy_o(1 + ax)¥* = e% withn = 1/x
gives

lim @z, (t) = e~ /2"
The final step, which unfortunately requires the most effort, is to show
that if the characteristic function converges, then the random variable
also converges (in distribution). Assuming this is true, we then have

Jlm Zn ~N(0,1)
and the result is established. [ |

This argument can be improved in several ways. For example, it is
sufficient to assume only that the second moment is finite, not the third
absolute moment Z(]Y;|®) assumed here (Durrett, 2010, pp.114-116).
And we have not justified the claim of convergence in distribution im-
plied by convergence in characteristic function. However, the argument
does nicely illustrate why characteristic functions prove so useful. In
the next section we pursue a much more general approach that is not
based on the characteristic function, so we content ourselves to leave
this proof here.
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4.5.2 Random variables with different distributions

The central limit theorem of de Moivre and Laplace is already a spectac-
ular mathematical result. But as it stands, it is not a compelling reason
to assume that unmodeled noise in a physical system would be well
represented by a normal distribution. After all, how would we deduce
that some unmodeled random effect in a physical system is the result
of many different independent random causes, all of which have iden-
tical distributions? But the central limit theorem runs deeper. We next
remove the assumption that the X; are identically distributed. This ver-
sion of the central limit theorem was developed by Lindeberg (1922).
We consider the following conditions on the X; variables.

Assumption 4.15 (Lindeberg conditions). Consider independent ran-
dom variables X;,i = 1,2,...,n satisfying Z(X;) = 0 and var(X;) = O'iz,
and lets2 =>1 O'iz. The following two conditions hold as n — o

(@) sp — o0

1 n
(b) For every € > 0, = > E(XZ;|Xk| > €sy) — 0
n k=1
The notation f(X,f; | Xx| > €sy) is shorthand for taking expectations
of the truncated random variable

a o0
E(X%|X|>a) = J px(w)w?dw + J px(w)w?dw
e a

Notice that the definition implies that £ (X2; | X| > a)+FE (X% |X| < a) =
var(X). Many sufficient conditions for the central limit theorem have
been proposed over the years, but all were superseded by the Lindeberg
conditions, which were also shown to be necessary (Feller, 1935; Lévy,
1935). For example, Exercise 4.55 shows that the identically distributed
assumption of the de Moivre-Laplace central limit theorem is a special
case of these conditions. Also, all bounded random variables satisfy
these conditions. We have the following theorem with ®(x) denoting
the distribution function of the standard normal.

Theorem 4.16 (Lindeberg-Feller central limit theorem). Consider in-
dependent random variables X;,i = 1,2,...,n with Z(X;) = 0 and
var(X;) = O'l-z satisfying Assumption 4.15. The normalized sum Z, =
Sn/sn converges in distribution to the unit normal

lim sup |Fz,(x) —®(x)| =0

The proof of this theorem is given in Section 4.9.
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4.5.3 Multidimensional central limit theorems

The central limit theorem (CLT) can be extended to vector-valued ran-
dom variables, X; € R%. Consider first independent, identically dis-
tributed (1ID) Xj,i = 1,2,...,n random variables with E(X;) = u, and
var(X;) = 3. We assume that X > 0 is positive definite. We have the
following result.

Theorem 4.17 (Multivariate CLT—IID). Let vector-valued random vari-
ables X;,i = 1,2,...,n be independent and identically distributed with
F(X;) = pandvar(Xj) = 3. Thenormalizedsum Z,, = (1//n) Z?:l (X;—
u) converges in distribution to the normal N (0, X).

Again, the IID version is a special case of a more general version
that assumes a generalization of the Lindeberg condition.

Theorem 4.18 (Multivariate CLT—Lindeberg-Feller). Consider indepen-
dent vector-valued random variables Xj,i = 1,2,...,n with £(X;) = y;
and var(X;) = 3; > 0, and satisfying the following conditions as n — oo

(@) 211'1:1 Zi—2
(b) For every € > 0, S, F(11X;11%; 1 X;]l > €) - 0

Then thesum Z,, = > ; (X;—u;) converges in distribution to the normal
N(0,3).

See van der Vaart (1998, pp. 20-21) for further discussion of this
case. Theorem 4.18 is the mathematical basis for the common physical
assumption that noise in process measurements is often well modeled
by a zero mean normal distribution. The variance often can be deter-
mined by examining samples of the measurement, which is an impor-
tant part of the process modeling task that is often overlooked.

Finally, the history of the term “central limit theorem” is also in-
teresting. Apparently coined by Polya in 1920 (in German: zentraler
Grenzwertsatz), he referred to the theorem as central to the theory of
probability, a place of honor that it maintains to this day. But the word
central can also be interpreted to mean the center of the normal distri-
bution, where the distribution converges quickly as n increases com-
pared to the tails of the distribution, where the convergence is much
slower (Le Cam, 1986). Le Cam'’s article is highly recommended read-
ing for anyone interested in the fascinating history of the central limit
theorem.
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4.6 Conditional Density Function and Bayes’s Theorem

Let & and n be jointly distributed random variables with probability
density pg ,(x,)). We seek the density function of & given that a spe-
cific realization y of n has been observed. We define the conditional
density function as

pE,r](X,y)

Pa(y) pn(y) =0

Pen(xly) =
Consider aroll of asingle die in which n takes on values E or O to denote
whether the outcome is even or odd and & is the integer value of the
die. The 12 values of the joint density function are simply computed

pPen(LE) = 0 pen(1,0) = 1/6
pPen(2,E) = 1/6 pen(2,0) = 0
pen(3,8) = 0 pen(3,0) = 1/6
pen(4,E) = 1/6 Pen(4,0) = 0 (4.33)
Pen(5E) = 0 pen(5,0) = 1/6
pen(6,E) = 1/6 pen(6,0) = 0

The marginal densities are then easily computed; we have for &
E
pe(x) = > peqlx,y)
y=0
which gives by summing across rows of (4.33)
pe(x) = 1/86, x=12,..6
Similarly, we have for n
6
Pn(¥) = > pen(x,y)
x=1
which gives by summing down the columns of (4.33)
pn(y) =1/2, ¥ =EO

These are both in accordance of our intuition on the rolling of the die:
uniform probability for each value 1 to 6 and equal probability for an
even or an odd outcome.
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Now the conditional density is a different concept. The conditional
density pg |, (x|y) tells us the density of x given that n = y has been
observed. So consider the value of this function

Pein(1/0)

which tells us the probability that the die has a 1 given that we know
that it is odd. We expect that the additional information on the die
being odd causes us to revise our probability that it is 1 from 1/6 to
1/3. Applying the defining formula for conditional density indeed gives
1/6
Pgin(1|0) = pg 4(1,0)/py(0) = m =1/3
Consider the reverse question, the probability that we have an odd
given that we observe a 1. The definition of conditional density gives
1/6
Pri(O11) = ppe(0,1)/pe(1) = 10 =1
1/6
i.e., we are sure the die is odd if it is 1. Notice that the arguments to
the conditional density do not commute as they do in the joint density.
This fact leads to a famous result. Consider the definition of condi-
tional density, which can be expressed as

Pen (X, ) = pgin(x1y)pn(y)

or
Pne(y,x) = ppe(y|x)pe(x)

Because pgn(x,¥y) = pye(y,x), we can equate the right-hand sides
and deduce

Prie(Y1x)pe(x)
pn(y)

which is known as Bayes’s theorem (Bayes, 1763). Notice that this re-
sult comes in handy whenever we wish to switch the variable that is
known in the conditional density, which we will see is a key step in
state estimation problems.

Pein(xly) = pn(y) #0 (4.34)

Example 4.19: Conditional normal density

Show that if & and n are jointly normally distributed as

H R A Fal)
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then the conditional density of & given n is also normal
Pein(x|y) = n(x,m,P) (4.35)
in which the mean and covariance are

m=my +PyyPyt(y —my) P =Py—P PPy (4.36)

Solution

The definition of conditional density gives

pg,n(x, y)
pn(y)

Because (&, n) is jointly normal, we know from Example 4.4

pEm(XD)) =

pn(y) = n(yamyypy)

w5 L] o )

n(y,my,Py)

and therefore

Pen(x|y) =

Substituting in the definition of the normal density from (4.13) gives

det P,)1/?
Pen(x|y) = (de yP) i exp(—(1/2)a) (4.37)
ng/2 X Xy
(21T)"e/= det ([Pyx Py

in which the argument of the exponent is

x—mx " [P P ' [x—my]

- X X Xy - X Tp-1

= - - P —
(4.38)

Ifweuse P =P, — PXyPy‘lex as defined in (4.36) then we can use the
partitioned matrix inversion formula to express the matrix inverse in
(4.38) as

Px PXJ/ - _ p-1 —PilpxyPle

Substituting this expression into (4.38) and multiplying out terms yields
a=(x—mx) P (x —my) —2(y —my) T (PP P7Y) (x — my)

+ (¥ = my) T (P Pyx P Py P31 (y — my)
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which is the expansion of the following quadratic term
~1 T -1 -1
a=[(x-my) - Py Py (y —my)| PH[(x - my) = PeyPy (v —my) |

in which we use the fact that Py, = P;X. Substituting (4.36) into this
expression yields

a=x-mTPt(x-m)

Finally noting that for the partitioned matrix

Py P
det| ,* 7| =detP, detP

and substituting the two previous equations into (4.37) yields

()] Lo %))

n(y, My, Py) =n(x,m,P) (4.39)
or
Pein(xly) = n(x, m,P)
which is the desired result. |

Example 4.20: More normal conditional densities

Let the joint conditional of random variables (A, B) given C be a normal
distribution with the following mean and variance

pasgic(a,blc) =n((a,b), m,P) (4.40)
ma P(l Pah
m = P =
[mb] [Pba Py ]
Show that the conditional density of A given B and C is also normal
paclalb,c) =n(a,m,P) (4.41)
with mean and variance given by

m=mgy + Pabpb_l(b - mp) P=pP, - Pabpb_lpba
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Solution

From the definition of joint density we have that

pagcla,b,c)

b,c) =
pasclalb,c) pec(b,c)
Multiplying the top and bottom of the fraction by p¢(c) yields

pagcla,b,c) pclc)
pc(c) pec(b,c)

papclalb,c) =
or
pagic(a,b|c)
paic(blc)

Substituting the distribution given in (4.40) and using the result in
Example 4.4 to integrate over a to obtain the marginal pgc(blc) =

| papic(a,blc)da yields
a ma Pa Pab
n< b{’|mp|’|Pra Pp )

n(b, my, Pp)

pas,clalb,c) =

pa.clalb,c) =
Now using (4.39) and (4.36) gives

paclalb,c) =n(a,m,P)

m=ma +PapPy (b —mp) P =Pa—PapPy*Ppa

and the result is established. O

47 Maximum-Likelihood Estimation

We now turn to one of the most basic problems in modeling: how to de-
termine model parameters from experimental measurement. Finding
methods to solve parameter estimation problems has had a significant
impact on the development of mathematics, generally, and statistics,
in particular. To get started we consider the simplest but arguably still
one of the most important problems, determining the parameters in a
linear model. Consider some set of environmental or predictor vari-
ables, x, that we wish to use to explain some response variables, Y.
The linear model means simply that v = 8x in which 0 is a set of pa-
rameters that we wish to determine from measurements of y for given
values of x. We often intend to use the identified parameters to make
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predictions about y’s response to x values that we have not used in
any previous experiment. We may use the identified model to optimize
over the x variables to find the conditions that maximize the responses
. This approach may save considerable time and expense compared
to the alternative of trial and error experimental adjustment of the x
variables.

In addition to finding the “best” parameter estimate, we would also
like to quantify our uncertainty in the estimate. Modeling the uncer-
tainty in the data as a random variable with some fixed probability
density is one of the key methods that we can use to solve this prob-
lem. Uncertainty in measurement leads to uncertainty in estimate, and
stipulating the structure of the measurement uncertainty allows us to
find (exactly in some cases) the uncertainty in the estimate. Because of
the central limit theorem, our first choice for modeling uncertainty in
measurement is the normal distribution. We then have the model

y=0x+e

in which e is assumed normal and zero mean. The effect of nonzero
mean is assumed to be included in 0 as additional parameters to be
estimated.

The six canonical linear estimation problems. We next look at the
six versions of this problem that result from assuming (i) v is a scalar
or vector, (ii) 0 is a vector or matrix, and (iii) whether we know the
measurement error variance, or if it has to be estimated from the data.
The variable x will be a vector throughout. The goal in each problem
is the same: find the optimal parameter estimate by maximizing the
probability of the data, and quantify the estimate’s uncertainty, for
example, by determining confidence intervals. The first five estimation
problems have analytical, closed-form solutions. Number six requires
iterative, numerical solution for both the optimal parameter estimate
and the measurement error covariance estimate.

4.7.1 Scalar Measurement y, Known Measurement Variance o2

We consider first the case in which y; is a scalar measurement for n
samples i = 1,...,n, e; is the measurement error (a random variable)
for the ith sample, 0 € R"» is a vector of n, model parameters, and
x; € R" is the n, vector of environmental conditions for the ith sam-

ple
_’)/i=XiTQ+ei ei ~N(0,O’2) (4.42)
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Consider n = 1 samples. The probability density of the set of y; sam-
ples for given values of 6 and o are obtained from the given normal
distribution for the measurement error ¢; = y; — xiTG. We have that

. 1 1< T )2
p(V1,Y2,...,¥n;0,0) = Wexp (_Wl_zl(yl - X 0) )
Taking logarithm gives
n 1 &
—Inp(y1,¥y2,...,Yn;0,0) = 5'”2”+"|”‘7+7‘22(yi—xf9)2
i=1

This equation is easier to express if we first stack the y; in a vector and
X; in a matrix as

1 XlT

Y2 XZT
y=1. X=1.

Yn X%

giVi“g
_|||I9( 9 O-)— I||2”+n|n0—+ 2( Xg) ( X6)
y' ’ 2 20’ y y

We define the log of the likelihood as a function of the parameters 0
and o with the data y regarded as fixed values

_n 1 _xe)T(v-—
—L(Q,U)—Zln2n+nln0+202(y X0)' (y —X0) (4.43)

Because we assume that we know the measurement error variance o2,
the only unknown in this first estimation problem is 0. Therefore, to
find the maximume-likelihood estimate, we maximize L(60, o) by differ-
entiating with respect to 0 and set the result to zero

drLe,o) 1
do o2

1 T

X"y - X0) (4.44)

Assuming that X has full column rank, we solve the last equation giv-
ing the familiar least-squares formula for the maximume-likelihood es-
timate

0=XTX)1xTy (4.45)
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We delay a discussion of what to do when X does not have full column
rank until Section 4.8. But we know from Chapter 1 that the optimal
estimate is not unique, and we have a linear subspace of estimates that
all are optimal. This situation is depicted in Figure 1.6(b).

Probability density of parameters and parameter confidence inter-
val. The next item of interest is the probability density of the esti-
mates. Let Oy be the parameter generating the measurements so the
model is y = X0y + e. Then we have
0=(XTx)1xTy
= (X"X)'X" (X0 +e)  e~N(0,0%Iy)
= 0o+ (XTX) ' XTe
0 =00+ (XTX)1xTe

Using the result on linear transformation of a normal, we have

0 ~ N(0, 2(XTX)™ 1) (4.46)

As shown in Exercise 4.21, for a random variable & € R" distributed as
a multivariate normal with mean m and covariance P, the probability
that & takes on value x inside the ellipse

op=1i{x| (x-mTPYx-m) <b}

is given by
I'(ny/2)

in which the complete and incomplete gamma functions are defined by
(Abramowitz and Stegun, 1970, p.255-260)

Pr(§ € op) =

00 X
I(ny) = J t"te~tdt = (n, — 1) y(np,x) = J t"le tdt
0 0

Defining the transformation A = (& — m)TP~1(Z — m), we have that
Pr(¢ € op) = Pr(A < b) = F»(b) and have shown that

y(np/2,b/2)

Bb) =012

This cumulative distribution is known as the x? distribution with n,
degrees of freedom, i.e., FA(b) = sz(b;np). Exercise 4.33 discusses
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the x? distribution in more detail. The function F};zl(a; np) then inverts
this relationship so we have that

ngl(a;np) =b

Therefore, given a confidence level «, the elliptical region of the multi-
variate normal containing probability « is obtained by substituting this
relation for b into the equation defining the ellipse

(x =m)"P~H(x —m) < Fi (o mp)
Finally, substituting in the values of the mean and covariance gives

the following «-level elliptical confidence region for the maximum-
likelihood estimate

A T N
(0—0)7 (X02X> (0 - 09) sF;zl(cx;np) (4.47)

For a large-dimensional parameter vector, the elliptical region is cum-
bersome to present. In these cases we may wish to approximate the
confidence region with the smallest bounding box that contains the
ellipse. As shown in Exercise 4.15, this box is given by

’é - 0o ’i =< (ngl(ai”v)(’z(XTX)i_il)l/z

which is commonly reported as plus/minus limits with the following
notation

§=901C

in which
1/2
ci = (F(asmp)o?(XTX) )

Note that the parameter uncertainly interval does not depend on
the measurement samples y; when we know the measurement error
variance. We can compute ¢ before we do the experiment, based solely
on the chosen x;. Only 0 depends on the experiment. And if we do an
increasing number of experiments, X7X = > | xixiT increases linearly
with the number of samples n, so the confidence interval ¢ decreases
as n1/2. So one method to reduce uncertainty in parameter estimates
is to replicate experiments.
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Marginal parameter estimates. Another way to condense the multi-
variate density is to compute its marginals. Since 0 is distributed as a
normal in (4.46), we compute marginals as in (4.19) giving

0; ~ N((00)i,02(XTX):1)

We can then compute x-level confidence levels on each of the 1, uni-
variate normals giving

éZ@oim

in which
1/2
m; = (F (e 1)0?(XTX) ;)

Notice that the m; and ¢; formulas are different. The first is the bound-
ing box for the true multivariate x-level confidence region; the sec-
ond is simply a collection of the «-level confidence intervals for all the
marginals of the multivariate estimate. Let’s call this latter region the
“marginal box” to distinguish it from the bounding box. Students often
ask, “Since it is difficult to present a high-dimensional ellipse, which of
these two plus/minus results should be reported as the confidence in-
terval in a research presentation?” This question has no satisfactory
answer. The important point is to know and communicate what you
are reporting. The bounding box certainly contains more than the «-
level probability since it contains the true «-level region in its interior.
The marginal box does not have this property. The interpretation of
the marginal box is the same as the interpretation of any marginal den-
sity. If you obtained many samples of the parameter estimates from
many datasets, the ith interval of the marginal box would contain an «-
level fraction of all the different samples of the ith parameter estimate.
No statement about the probability of the jointly distributed parameter
estimate follows from this characterization. We include the following
example to help clarify these distinctions.

Example 4.21: The confidence region, bounding box, and marginal
box

Assume that the two-dimensional random variable & is distributed as

N(m, P) with
1 s [2 34
m=i, “13/4 1/2

(a) Plot the multivariate density.
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Figure 4.10: The multivariate normal density (top right). The two
marginal densities and marginal 95% confidence re-
gions (shaded) (top left and bottom right). The joint el-
liptical 95% confidence region (shaded), bounding box
(outer), and the marginal box (inner) (bottom left).

(b) Compute and plot the two marginal densities, and their 95% con-
fidence intervals.

(c) Compute the bounding box and the marginal box, and plot them
along with the joint density 95% confidence ellipse.

(d) Take 1000 independent samples of £, and determine the number
inside the ellipse, the bounding box, and the marginal box. Ap-
proximately what confidence levels can you assign to the bound-
ing box and marginal box?
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Solution

@)

(d)

The multivariate density is shown in the top right of Figure 4.10.
The 95% confidence ellipse is given by

(x —m)TP~*(x —m) < F,;(0.95;2) = 5.99
This ellipse is shown in the bottom left of Figure 4.10.
The two marginals are (see also Example 4.4)

1 2
_ —(1/4)(x1-1)
X = e
le( 1) an

(x2-2)?

1 _
Pg, (X2) = Fe

The marginal densities of &; and &, are shown in the bottom right
and top left of Figure 4.10, respectively. The 95% interval for the
two marginals are given by

x1—1 2 c[-1.77 77
y < FX21(095’ |) = 3.84 X1 [ 1. 13' ]

X2 —2 2 — 4
% < FX21(095’ ]) =3.84 Xo € [061 ,339]

These intervals are shown as the shaded regions in the bottom
right and top left of Figure 4.10.

The ellipse’s bounding box is given by

(Xl - 1)2 -1

5 < sz (0.95;2) = 5.99 X1 € [—2.46,4.46]
(XZ - 2)2 -1

——— < F 5(0.95;2) = 5.99 x € [0.269,3.73

The ellipse, bounding box, and marginal box are shown in the
bottom left of Figure 4.10.

Generating 1000 samples of € and counting the fraction of sam-
ples within each of the three regions gives

ellipse = 0.956
bounding box = 0.981 marginal box = 0.920 a
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4.7.2 Scalar Measurement y, Unknown Measurement Variance 0

We now consider the measurement error variance o2 to be unknown.
We have the same model as in the previous section

yi=x0+e;i ei~N(0,02)

When the measurement variance is unknown, we maximize the like-
lihood function given in (4.43) over both o and 6 and estimate both
quantities from the data. The 0 derivative is the same as in (4.44), and
differentiating (4.43) with respect to o gives

oL6,0) 1 g
30 gzt VX9
2L(0,0)

_n ~3 () _ T _
e O_+O' (y —X0)' (y —X0)

Equating the derivatives to zero and solving simultaneously gives

XTx)"1xTy (4.48)

N> >
|

%(y ~X0)T(y - X0) (4.49)

q

We see that the maximume-likelihood parameter estimate is unchanged
from the known variance case, and the maximume-likelihood estimate of
the variance is the mean of the square of the residual over the samples.
Notice that the maximume-likelihood estimate of variance is close to
but not equal to the sample variance s? of the best fit residuals, 7; =
Vi — xf@, given by the formula (for n > ny)

1 n
2 _ _ 92
s n_nplzzl(yl xi0)

1 ~ ~
2= -X0)"(y - X0
s n_np(y % )
2_ "

We show subsequently that the residuals sample variance is an unbi-
ased estimate of 02 so the maximum-likelihood estimate of o2 is bi-
ased. But this bias is small for a large number of samples compared to
parameters n > ny.

Given the same result for 0 as in the previous problem, the proba-
bility density of 0 is unchanged from the previous problem. We next
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determine the probability density of 2. For this it is convenient to
first consider the singular value decomposition of the X matrix. We
assume that this n X n, matrix has independent columns so the rank
is ny. As discussed in Chapter 1, a real n xXn, matrix with independent
columns can be written as the product of orthogonal n X n matrix U
and orthogonal n, X n, matrix V, and diagonal 1, X n, matrix X

b T
X = [Ul Uz] |:0] Vv
X =UzvT
in which the following relationships result from orthogonality
UlUi=1In, UsUpz=Inn, UiUz=0n,xn-n,
UjUi = Op-nyxn, ULU{ +UpU; =1, VIV=VVI=1,

Using the singular value decomposition (SVD) for X, we find by substi-
tution and orthogonality

xTx)xT =vztu!l
X(x'x)=xt = v,uf
I-XXTX)1xT = v,Uut
These relations allow us to express the estimate and residual in terms
of the measurement errors as
6—0p=vs1ule
y - X0 =U,Ule (4.50)
Using these relations we can express the following quadratic terms as
(0 - 00)" (XTX) (0 - 0o) = e"UrUT e
(¥ - X0)T(y - X0) = e"UUle
These relations provide an essential insight. The error e obviously af-
fects both quadratic terms, but its effect in the sum of the squares of
the residual (the sample variance) is through U, and its effect in the
parameter estimate’s distance from the true value is through U;. Be-
cause these two matrices are orthogonal to each other, the effect of

the measurement error is independently distributed in these two quad-
ratic terms. We make this statement precise subsequently. First it is
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helpful to establish that the following two random variables, z1, z, are
statistically independent

1 1
z1==Ule z;==Ule
o o

Given that e ~ N(0,02I) and the result on linear transformation of a
normal, the pair z4, z» is distributed as

Z3 I, 0
~N(O,P P = P
|:22:| ( : |: 0 I"”n:|

Since the pair is jointly normal and the covariance is diagonal, z; and
z, are statistically independent. We also know that their quadratic
products are distributed as chi-squared

T 2 T 2
Z121 ~ Xn, 2222 ~ Xn-n,

Exercise 4.33 discusses the chi-squared and chi densities, and also
shows that the mean of x2 is n.

From that fact we can deduce quickly the earlier claim that the sam-
ple variance is an unbiased estimate. Summarizing our results on sam-
ple variance thus far

2 1

2

s (y - X0)T(y - X0)

(z1z5)

“
I

Taking expectation gives

2 2
2y_ O T _ 0 2
E(s°) = o npf(zzzz) =z npf(xn’"")

E(s?) = o?

and the result is established.

As shown in Exercise 4.3, if two random variables are statistically
independent, then all functions of the two random variables are also
statistically independent. Therefore we know that zIz; and z% 2z, are
statistically independent. The ratio of two chi-squared, statistically in-
dependent random variables is defined as the F-distribution

T

n—"mny\ zi 21

("02) 242~ Fnpn )
np Z522
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The F-distribution can be shown to have density

(zin,m) = 57 1 [ _rynmn z=20, nym=1
PEZIM) = ponrany o\ G e 220 M2

Exercises 4.35 and 4.45 provide further dlscussmn of the F-distribution.
Substituting the definitions of z41, z2 in terms of 0 and o2 give

72

<§—90>T( )(e 00~ %, (%)~ X,

(n - n,,) (0 - 00)T(XTX)(0 - 00)
nny

XTx

= ~F(np,n—-mnyp) (4.51)
o2
This last distribution provides the basis for the confidence intervals on
the parameter estimates. Summarizing our results so far, the densities
for the parameter estimates and the measurement variance estimate
are

0 ~ N(6o,02(XTX)™Y) (4.52)

0—2
n(;) ~ Xh-n, (4.53)

Notice that these distributions are inadequate to construct confidence
levels on the estimated parameter 0 because they both depend on the
unknown measurement variance o2. One might be tempted to re-
place the unknown (72 in the normal density for 0 with the maX|mum-
likelihood estimate o2 and obtain the confidence intervals for 0 from
that density. That idea is in the right spirit, but is not quite correct. We
obtain the correct confidence region by considering the distribution in
(4.51). Notice that the ratio of the two quadratic terms has divided out
the common term 2. Define the random variable A to be the left-hand
side of (4.51)

A= (n - n,;) (0 - 00)T (XTX) (0 - 0)

-\ nn, o2

We want to find the value b so that Pr(A < b) = «, or, since A is dis-
tributed as an F-distribution

Fy(b) = Fr(b;np,n—ny) =
Taking the inverse of the cumulative F-distribution then gives

b =F (np,n—ny)
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The ellipsoidal confidence intervals for the parameter estimates are
therefore given by

A~ T A~
(0 00)7 (XA;X) (0 - 0o) < (n””;; )F;l(a;np,n ~np)
g —Ip

We can use the sample variance s in place of 2 in this formula to give
a slightly simpler expression

~ T ~
(0 —00)7 (X52X> (0 — 00) <ny Frt(c;np,n—nyp) (4.54)

We can obtain the bounding box intervals as was done in the previous
section
0= 90 +C
in which 12
ci = (ongl(O(;np,n —np) SZ(XTX){il) /

The significant difference between this and the previous case is that
here the confidence interval ¢ also depends on the measurements. The
size as well as the center (@) of the x-level confidence ellipse is there-
fore random. But the statistical interpretation remains the same; given
many replicated experiments, the true parameter 0g, which is not a
random variable, will lie within the generated confidence ellipse for the
experiment 95% of the time (for &« = 0.95). We have the same depen-
dence as the previous case, the confidence interval ¢ decreases with
number of samples n=1/2,

We can also compute the marginals and the marginal box as we did
in the previous case. The result is

A~

1/2

0=0+m m;= (Fgl(a;l,n—n,,)sz(XTX)i‘il>

1+ &
2

which can be equivalently expressed using the t-statistic in place of the
F-statistic as shown in Exercise 4.59.

mizF[1< ;n—n,g)(SZ(XTX){il)l/2

4.7.3 Vector of Measurements y, Different Parameters Correspond-
ing to Different Measurements, Known Measurement Covari-
ance R

We next consider the vector measurement case. This case arises fre-
quently when identifying empirical linear models between a vector of
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input variables x and a vector of output or response variables y;. We
consider first the case in which each measurement type has its own
vector of parameters describing it

1 a 1 1
Y1 91T ex
2 N : a|Xi|+ oy (4.55)
Yp i 9; ep i
Vi = 0 xi + e; e; ~N(O,R)

The environmental variable x; is assumed to have g components, x; €
R4, and ® € RP*4, and we assume q < n. In this model we have
Ny = pq model parameters to estimate. Notice that this model is not
restricted to only p independent versions of the model given by (4.42).
The generalization allowed here comes from the covariance matrix R.
To reduce this case to the (4.42), we would add the further restriction
that R = o2I. We will see that allowing the different measurements
Y1,...,Yp to be correlated does not prevent us from solving this esti-
mation problem also in closed form. We continue to assume here (and
assume throughout) that the different samples are independent (hence
uncorrelated).

Consider n > 1 samples, i = 1,...,n, and, given the deterministic
variables ® and the n x;, we have for the probability density of the
measurements

Py, Y2, Yn;O,R) =

1
(2mT)nr/2(det R)"/2

exp (- 3 Z(yl Ox) TR (v - Ox)
or, by taking logarithm

—-Inp(¥y1,¥2,-..,Yn,0,R) =

np

> In2n+§|ndetR+—Z(yl Ox;)) TR (y; — Ox;)

i=1

We again define the log-likelihood as a function of the parameters @
and R with the data y;, i = 1,2,...n, regarded as fixed values

_L(®,R) = p|n2n+—|ndetR+—Z(yl 0x1) TR 1(y; — Ox1)
i=1
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Since R is known, we take the derivative of L with respect to the matrix
0. It is perhaps easiest to perform this derivative using component
notation. Rewriting the expression for L in components gives

n n 1 _
—-L(O,R) = 7p In2m + E IndetR + E(yiy - ®ijij)TR”l(yi5 —Ogxi1)
in which we use the Einstein summation convention for repeated in-

dices. Taking the derivative of scalar-valued function L with respect to
Omn gives a matrix derivative

oL 1

Omn 2 (5rm5jnxin;Sl(yi5 ~ Osixi)+
mn

(Yir — ®rjxij)R;sl5sm51nxil>
Performing the sums over the deltas, noting R is symmetric, and col-
lecting terms gives

oL

If we convert this back to the vector/matrix notation of the problem
statement we have

= R;ylj:g' (Vis — Os1Xi1) Xni

oL < -1 T
20 = Z R (yi - ®Xi)xi

i=1
Setting this matrix to zero and solving gives the maximume-likelihood

estimate for the parameters ©

- (Svad)(Sxal)”

in which we assume that the matrix ZixixiT has full rank. Again, we
discuss what to do when this rank condition fails later in Section 4.8.
Notice that the value of the measurement error covariance R is irrele-
vant in the estimation of O in this problem also. It is often convenient
to arrange the variables so that the summation is performed by matrix
operations. Arranging the data vectors in the following matrices

Y=[y1 yn] X:[xl Xn]

allows us to express the maximum-likelihood estimate as

0=vx" (XXT>_1 (4.56)
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Next we determine the probability density of the estimated param-
eter ©. We denote the parameter value generating the data as ©q, so
the measurements are given by

Y =@oX + E Ez[el en]

The estimate and its transpose are therefore

~

0 =00+ EXT(XXT)?
O = ef + (xxT)"1xET

We find the transpose convenient because we now wish to stack the
matrix T in a vector giving

01
or = [91 02 --- 9;,] vecO” = 9_2
0
Applying the vec operator to both sides of the transposed form of the
parameter estimates gives

vecOT = vecO! + (I ® (XXT) 1X)vecE”
From the definition of E we see
Cera

€1,2

€in
vecET = : ej i jth measurement, ith sample

ep,]_
€p,2

| €pn

Given this arrangement of these normally distributed random variables,
we have for the density

vecET ~ N(O,P)
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in which
[ Ri1 R1ip T
R11 Rip
P =
Rp1 Rpp
L Rp1 Rypp |
P=RQI

Using the result on linear transformation of a normal, we have

vecO®! —vecO! ~N(0,5) S=Re (Xxx")? (4.57)

in which

S=Te(XXDHIX)(ReD)IT e (XXT)"1Xx)T
Using the Kronecker product formulas from Section 1.5.3, we can sim-
plify this covariance as follows

S=JeXXDHIX)(Re I (XX 1x)T

=(Re (XX 1X)T e XxT(xxT)™1)

S=Re (Xxxh)1
Equation (4.57), with this result for S, is the matrix analog of the vector
result in (4.46).

Given the normal density, the elliptical confidence region for vecOT
can be found as in Section 4.7.1

(vec®T — vecO®I)T S~ 1(vecOT — vecO]) < F i (e mp) (4.58)

Interlude

Let’s put the tools of orthogonality and Kronecker products to good use
and prove a fundamental result in statistics, namely that the sample
mean and sample variance from a normal distribution are statistically
independent.
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Theorem 4.22 (Mean and variance of samples from a normal). Let x; €

RP,i = 1,...,mn be n independent samples from N(u,X). Define the
sample mean and the maximum-likelihood estimate of the variance as
1 o 1<
X=>D2xi 2=23(xi-X)(x-%"
nia nia

Then X is distributed as N (u, (1/7n)2) and independently of S, and nsis
distributed as Z?:_ll ziziT in which the z; are distributed independently
and identically as N(0, X)

Proof. Stack the 1 x; vectors next to each other in a matrix
X = [xl Xp - xn]

We next construct an orthogonal transformation of this matrix. Let 1
be 1/./n times an n-vector of ones so that X1 = \/n X. Next consider
the null space of 17. From the fundamental theorem of linear algebra,
that is an n — 1 dimensional space. Collect an orthonormal basis in the
n X (n — 1) matrix B,_;. Then construct the following orthogonal B
matrix

B= [Ble] BT = [Bp1 1]
BBT =B'B=1
Define the transformed random variables
[zl Zp - zn] = [xl Xy - xn]BT
Z=XBT
in which z,, = \/n X. The samples Xx; are distributed as

X1 H 2
veeX=| : | ~NJ||:],
Xn u >

or in more compact notation
vecX ~N(/nl1e u,lIe3)
The transformation gives for Z

vecZ = (B® I)vecX vecZ ~ N(m,P)
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in which
m=ynBel(leuy P=BeHUIeZ)Bel"
Rearranging these expressions gives
m=nBleu P=(BB' &%)

From the orthogonality relations we have

0
Bl=|" BBT =1
0
1]
o)
Z1 0 >
vecZ = ~N : , )
Zn_]_ 0 Z
Zn N >
From the covariance we conclude that the variables z4,z5,...,2z, are

statistically independent. Computing by gives

~ 1&
S=2 > (k=X -%)"
nia
1« .
== > (xix] —xxT)
nia
1 T il
= E(XX -nxx')
1
= E(ZBBTZT —zpzl)
1
= (227~ zz})
R 1 n-1
S== > ziz]
n i=1

which establishes the stated distribution for 3. Since S is a function of
only z1,...z»—1 and X is a function of only z,,, S and X are independent.
Since X = z,//n, we have that X ~ N(u, (1/n)X), and the theorem is
proved. [ ]



422 Probability, Random Variables, and Estimation

This result is established in many statistical texts using a dazzling
variety of arguments, some bordering on the mystical. The proof given
above is a compact expression of a standard method given by Anderson
(2003, p. 77).

4.7.4 Vector of Measurements y, Different Parameters Correspond-
ing to Different Measurements, Unknown Measurement Co-
variance R

When R is also unknown, we maximize L with respect to both ® and R.

l n
“L(®,R) = ”2—” In2m + gm detR + 5 3 (vi - 0x) R (v; - 0x1)
i=1
(4.59)
The O derivative has been given previously. Differentiating with respect
to R is facilitated by using the following fact about the trace of a matrix
product
tr(AB) = tr(BA)
which follows immediately from the definition of trace and expressing
the matrix product in components

tr(AB) = A;;jBj; = BjiA;j = tr(BA)
Using this result twice on a product of three matrices gives
tr(ABC) = tr(BCA) = tr(CAB)
This identity allows us to rewrite the following scalar term
(i = Ox) TR (y; — Ox;) = tr (R (y; — Ox) (i — Ox;)T)

Next we use the fact that

d -1 _ -I\TRpT -1\T
dAtr(A B)=-(A"")"B (A7)
See Exercise A.7 for a derivation. Applying this result and using the

fact that R is symmetric gives
0
R i— Oxi)"R™ (yi — Ox;) = —RH(yi — Ox;) (yi — Ox;) "R

The derivative of the determinant and the log of the determinant are
(see Exercise 4.5 for a derivation)

ddetA = | 1 dIndetA
JA = (A7) detA T AA

_ (A—l)T
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The R derivative of (4.59) is therefore
OLO,R)  n_ ., 1 71< , v . T) 1
TR - 2R + 2R Zi(yl 0x;)(yi —0x;)" |R

Setting this matrix equation to zero, using the estimate of ©, and solv-
ing gives the maximume-likelihood estimates for this problem

(Soed)(St)

1 A A~
> D (vi — 0x7) (vi — 0x7)T
i

®

R

The estimate R is a biased estimate of the measurement variance R
with fE(ﬁ) = R(n —q)/n. The distribution for 1R can be shown to be a
Wishart distribution (see Exercise 4.51), which is a generalization of the
x?2 distribution to the multivariate case (Wishart, 1928). The Wishart
distribution can be shown to be (Anderson, 2003, pp. 252-255)

n-p-1

(detW) — o~ Btr(R7IW)
27 (detR) 2Ty (%)

pw(W;n) = (4.60)

in which I}, is the multivariate gamma function defined by

14
p(2) = PP VA [Tz - 20 - 1)
i=1

Note that the argument of the probability density py (W; 1) is a positive
definite matrix W. The probability is zero for W not positive definite.

475 Vector of Measurements y, Same Parameters for all Measure-
ments, Known Measurement Covariance R

Next we consider the case in which the different measurement types
are affected by the same set of parameters. The model is

T
Y1 X1 €1
T
Y2 X5 ()
= . o +
T
Yrdi Xp o i epd;

yi = Xi 0 + e e; ~N(O,R)
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In this model, all of the different components of the measurement
y1,¥2,...,Yp are affected by the same, single vector of parameters
0. Consider n > 1 samples, i = 1,...,n, and, given the deterministic
variables 6 and the n X;, we have for the probability density of the
measurements

p(ylsyz,---,yn;g,R) =

N

1 n .
(2">””/2(detR)"/zeXp<_ l.:zl(y“xl@)R (yl—xle))

- L(O,R) =

n
% In2m + g IndetR + % S (vi - Xi0) TR (i - X;0) (4.61)
i=1

Taking the derivative with respect to 0 gives

n
L;QQ’R) -1 > 2XTR Yy — 2XIR71X;0
i=1

N |

X R (yi — Xi0)

Il
M=

i=1

Setting this vector equation to zero and solving for 9 gives the maximum-
likelihood estimate

-1
0= ( > XiTR‘lXi> > XIRy; (4.62)
i i

In this problem, it can make sense to estimate 6 with a single sample
(n = 1) if we can choose the number of measurements p significantly
larger than the number of parameters n,. For a single sample, the
parameter estimate formula is

0 = (XTR‘lX)_lXTR‘ly (4.63)

which is the solution of a weighted least-squares problem using R™* as
the weight. Compare this expression to (4.45).

Notice also that this is the first estimation problem for which the
maximume-likelihood estimate of the parameter 0 depends on the co-
variance of the measurement error R. We see next that this dependence
prevents us from solving the final estimation problem in closed form.
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We next calculate the probability density of the estimate. We denote
the parameter value generating the data as 0g, so the measurements are
given by

Yi=Xi0o +ei

and substituting this result into the estimate equation gives

-1
0 =00+ <2XiTR‘lXi> > XI'R™e;
i i

-1 €1
0 =00+ (ZXiTR‘le) [XTR* ... X[R?]
i

én

Using the result on linear transformation of a normal, we have

0 - 0o ~N(0,S) (4.64)
in which
-1
S = (ZXiTR’lXi) [XITR-* - XIRY]
l R R1X,

(ZX}R—lxiyl

R||R X, i

-1
S = (ZX}R*XL-)

1

Given the normal density, we can compute the elliptical confidence re-
gion as in Section 4.7.1

(6 - 00)" S71 (0 - 6o) < Fi (o) (4.65)

The bounding box intervals follow as in Section 4.7.1. Notice that when-
ever the variance of the measurement errors is known, the maximum-
likelihood estimate is normally distributed and the elliptical confidence
intervals are given by Fx‘zl((x; Np).
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4.7.6 Vector of Measurements y, Same Parameters for all Measure-
ments, Unknown Measurement Covariance R

The final case is the one that arises most often in mechanistic modeling
of chemical and biological experiments. To determine the unknown
R, we maximize L(6,R) over R in addition to 0. Using the results of
Section 4.7.4 we can take the derivative of (4.61) with respect to R giving

OL(O,R) ~ n,, 1 71< X0V (v — X r) -1
e = o RTHIR g(yl Xi0)(yi — X;0)" |R

Setting this result to zero and using the result of the previous sec-
tion gives the following set of necessary conditions for the maximum-
likelihood estimates

0

-1
(ZXiTR‘lXi) > XI'R™y; (4.66)
i i

N 1 ~ -
R EZ(J&' - Xi0)(yi - X;0)T  (4.67)
i

These are two sets of nonlinear equations in the unknowns é and ﬁ,
which must be solved numerically. One simple solution strategy is to
first estimate the parameter @o with (4.66) using an initial guess for
the covariance such as ﬁo = I. One then estimates the iterate ﬁl by
substituting éo into (4.67), and the process is repeated. If this iteration
procedure converges, then one has found the maximum-likelihood es-
timates by solving a sequence of standard estimation problems. But
there is no guarantee that this procedure converges. One may find that
a crude initial guess like ﬁo = [ lies outside the region of convergence
of the iteration procedure.

Maximume-Likelihood and Bayesian Estimation

With this background in maximume-likelihood estimation, we would
like to compare the approach to another class of popular methods
known as Bayesian estimation. As we saw in the previous sections,
in the maximum-likelihood approach, we maximize the probability of
the measurements over the model parameter 0

@MLE = arg mglx p(y;0) (4.68)
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As in the MLE sections we write p (y; 0) to indicate that 0 is a parameter,
not a random variable. In the MLE approach, 0 is the random variable,
not 0, and we assess the confidence intervals for 6.

In Bayesian estimation, on the other hand, 0 itself is modeled as
a random variable. The information that we have about @ before the
experiment is denoted by p(0). In the experiment, we imagine drawing
a value of 0 as well as the measurement errors to create the data y; =
xiTGJrei, i=1,...,n. With the measured y available, we then maximize
p(0]y) over O to obtain the estimate

é\BE = arg mé':lx p0ly)

The conditional density p(8|y) is known as the posterior density, i.e.,
the density for 0 after the experiment, and the density p (0) is known as
the prior, i.e,, the density before experiment. In Bayesian estimation,
we assess how much the measurement of y has changed our knowledge
about 0. From Bayes'’s theorem we can express the posterior as

p(y10)p(0)

p(0ly) = )

Notice that p(y|0) is exactly the same functional form as p(y;0) in
the MLE approach. Since the denominator does not depend on 6, in
Bayesian estimation we estimate 6 by the following equivalent maxi-
mization

Oge = arg max p(10)p () (4.69)

The only difference in the estimators (4.68) and (4.69) is the presence of
the prior p(0) in the Bayesian approach. In the absence of knowledge
about 0, we often assume that p(0) is a uniform distribution. This is
called the uniform prior. Since p(60) does not depend on 6 with the
uniform prior, the MLE and BE estimates are identical in this case.

The posterior density of Bayesian estimation is a useful way to sum-
marize the state of knowledge about the parameter 0 given the available
experiments. Since one has available the posterior density, confidence
levels on random variable 0 are determined directly from p(0|y). Box
and Tiao (1973) provide further discussion of Bayesian estimation. In
Chapter 5 when we address the problem of state estimation, we will
use the Bayesian approach.
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4.8 PCA and PLS regression

Principal components analysis (PCA) and projection onto latent struc-
tures (also known as partial least squares) (PLS) are two methods used
to develop empirical linear models between a vector of predictor or
environmental variables x, and a vector of responses y. This is the
same linear model discussed in Sections 4.7.3 and 4.7.4, so we can
view these methods as alternatives to the maximum-likelihood estima-
tion approach presented in those sections. The focus of these methods
is on determining estimates of the linear model that can handle situ-
ations with possible collinearities in the x variables, and missing or
erroneous information, such as unknown error structure. Collinear-
ities in the data can make the maximum-likelihood estimator highly
sensitive to outliers and nonnormal errors. Because the measurement
error structure is regarded as unknown or at least unreliable, robust-
ness of the estimated model to unmodeled effects is the goal, rather
than statistical optimality as in the maximume-likelihood methods.

As in Section 4.7.3, let p-vector y and g-vector x be related by the
linear model ¥ = Ox + e, and we wish to determine the parameter
matrix ® € RP*1 given data on y and x. We use x;,y;,i = 1,2,...,n
to denote the available samples. We assume n > g (often n > q) so
that we have more equations than unknowns, which is necessary for
a well-conditioned estimation problem. It is customary to define data
matrices

T T

o o

Y2 X2
=" X =

T T

Yn Xn

in which Y € R™? X € R"*4, and the model is Y = XOT + E. In order
to use a more standard notation we let B = T € R9%?, and we have
the linear model

Y=XB+E

We wish to estimate parameters B from measurements X and Y without
knowledge of the statistical structure of E. Given what we already know
about least squares from Chapter 1, a natural approach would be to
minimize some measure of the size of the residual matrix E over all
choices of B. If we choose the sum of the squares of all the elements of
matrix E as our measure, we have (the square of) the so-called Frobenius
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norm of the matrix

IEllF = (i fEfj)m

i=1j=1

So our first candidate for estimating matrix B is

min||Y - XBIf

It is not difficult to show that the solution to this problem is the fol-
lowing
Bs = (XTX)*XTy = Xty

with the usual pseudoinverse that we have seen in the standard vector
least-squares problem in Chapter 1. Notice that by taking the trans-
pose, this is also the maximum-likelihood estimate given in (4.56) for
the case in which the measurement error in y is assumed normally
distributed with covariance R, whether the covariance is known, or un-
known and must be estimated from the data.

Also, we already know that XTX has an inverse if and only if the
columns of X are linearly independent; see Proposition 1.20. Since we
may not have control over the experimental conditions, we often must
contend with datasets in which X has dependent or nearly dependent
columns, i.e., we have near collinearity in the columns of X. In such
cases, the maximume-likelihood estimate B is unreliable and sensitive
to small changes in the data or small errors in the assumed model
structure.

SVD. Butwe also have a clear idea what to do about this issue given our
background with singular value decomposition (SVD). We first replace X
with its (real) SVD X = USVT, and since X has more rows than columns,
we obtain

>
X=[U1 Uz][O}VT > =diag(01, -+ ,04), O1=:-->0,;>0

in which U; contains the first g columns of U, and U, contains the
remaining n — g columns. Multiplying the partitioned matrices gives

X =UzvT

Next to handle the case in which X has several small singular values,
corresponding to matrix X with columns that are nearly collinear, we
approximate X by setting any small singular values to zero. Assume



430 Probability, Random Variables, and Estimation

we have £ large singular values, and g — £ small singular values that
are nearly zero. In this case, the rank of X may be g, but with small
perturbations to the data in matrix X, it can easily drop to rank £. We

have
5 o[v)
- foe ][5 ][]
[ 4]0 Sq| |V

a
= UpSpVy +UgSqVy,
X = UngV} (4.70)

Using this lower-rank SVD in place of X then gives the following more
robust least-squares estimate

Bsvo = V=, U Y (4.71)

The ill-conditioning caused by inverting X with all g singular values is
overcome by inverting only the largest £ singular values. Thus the SVD
estimate is less sensitive to errors in the data than the least-squares
or maximume-likelihood estimate. Realize also that only the maximum-
likelihood estimate is unbiased. By suppressing the small singular val-
ues, we introduce a small bias in Bsyp, but greatly reduce the variance
in the estimate.

PCR. Given this background in the SVD approach, we are in an excel-
lent position to summarize the principal component regression (PCR)
method. In PCR, the X data matrix is decomposed as follows

X =T1pPT

with orthogonal matrices T, known as the scores, and P, known as the
loadings. Only the first £ principal components are retained, and the
matrix X is approximated by X =~ TpP{,T in which Tp and Py are the first £
columns of T and P, respectively. The principal component regression
for B is given by the following

Becg = Py(T{ Tp) *T] Y

So the correspondence with the SVD approach is as follows. The scores
in PCR are the product of the singular values and the left singular vec-
tors Ty = UpXp. The loadings are the right singular vectors, Py = V.
Substituting these relationships into the formula for Bpcg shows that

Bpcr = Bsvp

and the two approaches are equivalent. So one advantage of learning
the SVD as part of linear algebra is that you have also learned PCR.
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PLSR. A potential drawback of the PCR approach is that only the pre-
dictor variables are evaluated. The principal components are selected
to maximize the information about matrix X. But there is no guarantee
that these components can represent the responses Y. To improve the
predictive capability of the model, the PLS regression (PLSR) adds an
interesting wrinkle. In this approach, one does not start with the SVD
of X but with the SVD of XTY, which includes information about both
X and Y and the correlation between them. Note that XTY € R2*?,
which is a small matrix regardless of the number of samples, n. So
computing the SVD of a matrix of the dimension of XY, which is done
repeatedly in PLSR, is a fast computation. The components, called la-
tent variables, are obtained recursively as follows (Mevik and Wehrens,
2007). The first left and right singular vectors 11 and v;, are used to
obtain the scores t1 and wj, respectively, via

t1 = Xul = Elul wi = YUJ_ = Flvl

in which the matrices E; and F; are initialized as X and Y, respectively.

The X scores are then usually normalized t; = t;/4/t] t;. We now define
the two loadings, p1 and g1 using the same score £,

pr=Eti a1=Ft

Next the data matrices are deflated by subtracting the information in
the current latent variable via

Eisn=Ei—tip]  Fia=Fi - tia]

The next iterate starts with the SVD of EiTHFHl in place of XTY and the
process is repeated. As in PCR, the number of latent variables £ < q is
chosen as the number of iterations of the algorithm. The left singular
vectors u;, the scores t;, and the loadings p; and q; fori = 1,2,...,¥¢
are stored as the columns of the four matrices U, T, P, and Q. After £
iterations we have low-rank approximations of both X and Y

X=T1PT Y=T1QT

We can define the PLS solution for B as the following (nonunique) least-
squares solution of Y = XB

Beis = RTTY = RQT

in which R = U(PTU)™! so that PTR = I,. Note that this estimate
satisfies also Y = XBp s = XBps.
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Cross validation. In both PCR and PLS we need to decide how many
principal components or latent variables to retain in the model. The
most widely accepted method to make this decision is known as cross
validation. In cross validation the dataset is divided into two or more
sets; one set is used for fitting the parameters, and the other set is used
to evaluate the predictive power of the model using the remaining data
that have not been used in the fitting process. The validation error, de-
fined as E, = Y, — X, By, in which By is the estimated model parameter
matrix using the fitting dataset (X, Y) and the chosen number of prin-
cipal components or latent variables, £. To determine the best value of
£ to use for estimating B, one finds the £ that minimizes ||E, ||%. This
value of £ is large enough that the model fits the data accurately, but
not so large that the model has been fit to the noise in the data. We
demonstrate the cross validation technique with the following example.

Example 4.23: Comparing PCR and PLSR

Consider a dataset with five predictor variables, x € R5, to model a
vector of two responses, ¥ € R2. The dataset has 200 samples. The
data are available on the website www.chemengr.ucsb.edu/~jbraw/
principles.

We would like to estimate the coefficient B in the model Y = XB.
Compare the results using PCR and PLSR for the regression. Show the
prediction error in Y for the number of principal components or latent
variables ranging from one to five (full least squares). Which regres-
sion method provides the best fit with the smallest number of principal
components/latent variables?

Solution

First we divide the 200 samples into two sets, and use the first 100
samples for estimating the parameter matrix B, and the second 100
samples for cross validation. For principal component analysis, we
compute the SVD of the 5 X 100 X matrix. The five singular values are

2 =diag(15.1, 3.26, 2.72, 2.67, 0.0226)

We see that X has four large singular values and one near zero, indi-
cating that the rank of X is nearly four. Next we estimate Bpcr using
(4.71) for £ = 1,2, 3,4,5 and calculate the sum of squares of the fitting
error, ||Y — XBPCRH%. The results are shown in the top of Figure 4.11. It
is not surprising that the fitting error decreases with increasing num-
ber of principal components. As we see, the fitting error contains little
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Figure 4.11: The sum of squares fitting error (top) and validation
error (bottom) for PCR versus the number of principal
components ¥; cross validation indicates that four prin-
cipal components are best.

information about how many principal components to use. After esti-
mating the parameters, we then compute the output responses for the
validation data and compute ||Y;, — XUBPCRIIIZ; in which X,,Y, are the
predictor and response variables in the validation dataset. This vali-
dation error is plotted in the bottom of Figure 4.11. Here we see that
we should use four principal components in the model, in agreement
with the SVD analysis of X. Using the unreliable smallest singular value
in the regression causes a large error when trying to predict response
data that have not been used in the fitting process.

Next we implement the PLS regression algorithm as described above
for £ = 1,2,3,4,5 latent variables. The validation error is shown in
Figure 4.12 along with the validation error of PCR. Notice that only two
latent variables are required to obtain the same error as four principal
components. This reduction in model order is the primary benefit of
the PLSR approach. By evaluating the SVD of XY instead of only X, we
obtain the latent variables that can explain the responses Y, not just
the variables with independent information in X, which is what PCR



434 Probability, Random Variables, and Estimation
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2
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Figure 4.12: The sum of squares validation error for PCR and PLSR
versus the number of principal components/latent vari-
ables ¥; note that only two latent variables are required
versus four principal components.

provides.

Next, in Figure 4.13 we present the predicted responses versus the
measured responses for the validation dataset. A perfect prediction
would be a straight line with a slope of 45 degrees. Note that these data
were not used in the fitting process, so this plot displays the predictive
capability of the model. We see that the PLS model with two latent
variables has roughly the same predictive capability as the PCR model
with four principal components. Finally, in Figure 4.14 we make the
same comparison if we use only three principal components and one
latent variable. Notice that we obtain significantly worse predictions of
the validation dataset, indicating that we have undermodeled the data
by choosing too few variables for the regression. a

By now there is an extensive literature including many books and
research monographs on model regression with PCR and PLSR. Many
researchers have documented the usefulness and robustness of these
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Figure 4.13: Predicted versus measured outputs for the validation
dataset. Top: PCR using four principal components.
Bottom: PLSR using two latent variables. Left: first out-
put. Right: second output.

techniques to identify linear empirical models in numerous applica-
tions. The understanding of PCR is reasonably complete, since it is
based on the SVD of the single matrix, X. By contrast, the understand-
ing of PLSR is not as complete. PLS was introduced by H. Wold in the
1960s in the field of econometrics (Wold, 1966). The use of PLS in
the fields of analytical chemistry and chemometrics was pioneered by
S. Wold, Martens, and Kowalski. The tutorial by Geladi and Kowal-
ski (1986) and historical reviews by S. Wold (2001) and Martens (2001)
summarize the approach and early contributions. Its use in process
monitoring and control was developed by MacGregor, Marlin, Kresta,
and Skagerberg (1991). Kaspar and Ray (1993) discovered the connec-
tion between the early PLS algorithms and the singular value decom-
position, which we exploited here to compactly express the PLS algo-
rithm. An efficient recursive formulation was developed by Qin (1998).
Efficient numerical implementations of PCR and PLSR are available in
several high-level computing languages such as R, Octave, and MATLAB,
which make it easy for the user to try out these approaches (Mevik and
Wehrens, 2007).
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Figure 4.14: Effect of undermodeling. Top: PCR using three princi-
pal components. Bottom: PLSR using one latent vari-
able.

As demonstrated in the example, starting with the SVD of XTY
rather than X is useful for finding the smallest number of latent vari-
ables that have the most predictive capability. But PLSR research has
not yet provided a complete analysis of the method and its salient prop-
erties. We do not know, for example, in what sense PLSR is an opti-
mal estimator or whether there might be, as yet undiscovered, better
methods. Adding to the complexity, several different alternative PLSR
algorithms have been developed. The appearance of many different
algorithms has in turn generated some confusion and controversy. To
clarify matters, connections between the properties of several of the
different algorithms have been established. But until some optimality
properties of PLSR are uncovered, research on the PLSR approach will
likely continue. In any field, a valuable technique that also defies easy
explanation is a prime target for further research.

4.9 Appendix — Proof of the Central Limit Theorem

In this appendix we provide a complete proof of Theorem 4.16. We fol-
low the basic approach outlined in the stimulating papers by Le Cam
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(1986) and Pollard (1986). Moreover, in this version of the central limit
theorem we not only establish convergence to the normal distribution
as n — oo, but also develop an approach that leads to bounds valid
for finite n on the distance of the sum’s distribution from the normal
distribution. This version of the central limit theorem and, more impor-
tantly, the techniques used to establish it are wide ranging and worth
knowing for researchers making extensive use of random variables. As
you will see, the proof is elementary, by which we mean that none of
the steps require any advanced techniques that are not already familiar
to the reader. But the proof is rather long. Note also that this mate-
rial can be skipped without affecting the understanding of any other
section in the text.

Proof. We start by considering two sums of independent random vari-
ables; let S, = Xi+Xo+---+Xpand T, = Y1 + Yo+ --- +Y,, in
which E(Xy) = E(Yyx) = 0 and var(Xy) = var(Yy) = 0',?. The zero mean
assumption is not restrictive. If the original Xy have nonzero mean py,
consider instead the zero mean, shifted variables X; = X — ux. Next
define Ry as follows

n n
Re=> Xj+>Y, k=12,...,n
Jj<k J>k

so that

Ri=Y,+Y3+---+Y,
Ry=X1+Ys+Ys+---4+Yy
R;3=X1+Xo0+Ys+---4+Y,

Ro=X1+Xo+--+Xy_1

Notice from this definition that Ry and X as well as Ry and Yy are also
independent for k = 1,2,...,n. We see shortly why the Ry variables
are useful.

We also require an approximation theorem; the form we choose here
is motivated by a nice, unpublished note of F.W. Scholz (2011).

Theorem 4.24 (Taylor’s theorem with bound on remainder). Let f be
a bounded function on R with three continuous, bounded derivatives.
Consider the second-order Taylor series with remainder

f// (X)

fx+h)=f(x)+ f(x)h+ Thz +7(x,h)
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The remainder satisfies the following bound for all h € R

sup |7 (x,h)| < Ky min(h?, |h|®) (4.72)

xeR

The term |h|? is expected from the standard Taylor expansion, but
including the term h? gives a better bound for large h, which we shall
find useful subsequently. Exercise 4.54 discusses how to prove this
theorem, which is not difficult.

So we assume that f has three continuous, bounded derivatives,
and express f(Xx + Ry) as

XZ
f(Xx + Ri) = f(Ri) + Xif ' (Rp) + 7"f” (Ri) + ¥ (Ry, Xi)

Performing a similar expansion for f (Y +Ry), taking expectations, and
subtracting gives

E(f(Xx + Ry) — f(Yk + Ri)) = (E(Xk) — E(Y))E(f (Ri))+
(1/2)(E(XE) — E(YZ)E(f" (Rk)) + E(r (Ri, Xi) — ¥ (R, Yi))

where we have used the fact that Z(AB) = £(A)ZE(B) for A and B in-
dependent random variables. Noting that the first two terms cancel,
taking absolute values, and using (4.72) gives

|E(f (Xk + Rk) — f(Ye + Rp)) | < KfE(g(Xk) +g(Yr)) (4.73)

where we used the fact® that |E(f(X))| < E(|f(X)]) and defined
g(X) = min(X?, |X|3) to compress the notation. Next comes the reason
for introducing the Ry variables. Notice that differencing the sum of
f(Rr + Xx) and f(Rg + Yi) leaves only two terms

> F(Rk+Xk) = f(Rk+Yk) = fF(Rn+Xn) = f(RL+ Y1) = f(Sn) — f(Tn)
k=1

Taking expectations and then absolute values and using (4.73) then
gives

|E(f(Sn) — F(Ta)) | <Ky > E(g(Xp) +9(Yi)) (4.74)
k=1

Establishing this inequality is the first major step.

6since f(x) < | f(x)| for all x, multiply by the density px (x) and integrate.
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Figure 4.15: The indicator (step) function fi(w;x) and its smooth
approximation, f(w;x). A piecewise fifth-order poly-
nomial gives continuous derivatives up to third order;
see Exercise 4.57 for details.

But we wish to bound the distance between the two cumulative dis-
tributions Fs, and Fr,, so we next choose an appropriate function f(-)
to achieve this goal. Consider the step function f;(w;x) depicted in
Figure 4.15, in which w is the argument to the function and x is con-
sidered a fixed parameter. Using f1(w;x) we have immediately

() = | fulwixips,widw = | ps, w)dw = Fs, (x)

The function f1(-) is known as an indicator function, because f1(S;)
indicates when the random variable S,, satisfies S;, < x. So this is
the kind of function we seek, but, of course, f; does not have even
a bounded first derivative, let alone three bounded derivatives as re-
quired in our development. So we first smooth out this function as
depicted in Figure 4.15. Exercise 4.57 gives an example of a piecewise
polynomial function f with the required smoothness. Moreover, there
exists an Lo > O such that Ky = 20L~2 is a valid upper bound in (4.72)
for every L satisfying O < L < Lg; see (4.96). We will require this bound
shortly.
Computing Ef(Sy) gives

xX+L

| pswipasdw = [ ps,@idw+ [ ps, ) f wiodw
x+L

E(f(Sn)) = Fs, (x) + j ps, (W) f (w: x)dw

X



440 Probability, Random Variables, and Estimation

and, subtracting the analogous expression for T, and rearranging gives

x+L

Fs, (x) = Fr,(x) = E(f(Sn) — f(Tn)) — J (ps, (W) — pr, (W) f(w; x)dw

X
xX+L

< E(f(Sn) - f(Ta)) + j pr, (W) f (w; x)dw

X

< f(f(sn) *f(Tn)) + an

with b, = maxy pr, (w). Since we will later choose the Y variables,
we have some control over the constant b,,. Taking absolute values and
substituting (4.74) then gives the following bound

|Fs, (x) — Fr, (x)| <Ky > E(g(Xp) + g(Yi)) + bul (4.75)
k=1

Establishing this inequality is the second major step. Note that if we
choose L small, we make K¢ large, so making the sum on the right-hand
side small will require a judicious choice of L.

Next we choose the Y, to be N(O, O',f), and the scaled sum T, /s, =
ZLO Y /sn has zero mean and unit variance for all n, i.e, it is a stan-
dard normal, denoted Z with distribution function ®(x). This gives
immediately for (4.75) the value b,, = maxy, pz(w) = 1/+/21, which is
also independent of n for this choice of Y. The variable Z,, = S;, /s, =
Zﬂlek/sn is a sum of scaled X, and also has zero mean and unit
variance for all n. Applying (4.75) to these variables gives

sup |an(X) —¢(X)| < Kf z f(g(Xk/Sn) +g(Yk/Sn)) + an (4-76)
x k=1

To evaluate the right-hand side, we partition the interval of integration
as discussed before

E(g(Xx/sn)) = E(g(Xk/Sn); | Xk| < €sn) + E(g(Xk/Sn); | Xx| > €sn)

Next we use the fact that g(Xy/s,) < | Xk /sn |2 in the first term and that
9(Xi/sn) < (Xi/sn)? in the second term to obtain the bound

F(g(Xx/sn)) < E(IXp/snl®; 1Xk| < €5n) + E((Xi/sn)%; | Xk > €5n)

€ 1
< SEUXkI?: Xkl < €sn) + S EXE Xkl > €5n)
Sn 51",
2

€0, 1

< K + SEXE Xk > €sn)
s32 s
n n
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Performing the sum gives

n

> E(g(Xi/sn)) <€+ % Z E(XE; | Xk| > €sn)

The second term goes to zero as n — o« by the Lindeberg condition. So
for large enough n it is smaller than the first term, which is independent
of n. So as n — o we have that

n

> E(g(Xk/sn)) < 2€

We also can show that the normally distributed Y variables satisfy the
Lindeberg conditions if the Xy do. See Exercise 4.56 for the steps. So
we have thatas n — oo

n
> E(g(Xi/sn) + g(Ye/sn)) < 4€ 4.77)
k=1
Next we choose L, and therefore Ky, as follows
n 1/4
L= (X E@ssn) +g(ilsa)) ) < (ae)H*
k=1

To use the bound in (4.96), we require L. < Lo. Therefore setting €g =
L3/4 > 0, we have from the previous inequality that for every € < €y,

3/4
Ky =201 = (20 S E(9(Xi/sn) =g (Vilsa)))
k=1

Substituting these values for K¢ and L into (4.76) and using (4.77) gives

sup |Fz, (x) — ®(x)| < cel/?
X

with ¢ = (1/2)57%/4 + 1/ ~ 0.71. Since this bound holds for all
€ < €g, we have established that

lim sup |Fz,(x) —®(x)| =0

and the proof is complete. [ ]
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4.10 Exercises

Exercise 4.1: Consequences of the axioms of probability

(@) If B< A, show that Pr(A \ B) = Pr(A) — Pr(B).

(b) By definition, the events A and B are ingependent ifPr(AnNnB) =Pr(A)Pr(B).
If A and B are independent, show that A and B are independent.

Exercise 4.2: Statistical independence condition in densities

Show that two random variables & and n are statistically independent if and only if

PEn(x,) = pe()py (), allx, (4.78)

Exercise 4.3: Statistical independence of functions of random variables

Consider statistically independent random variables, &€ € R™ and n € R™. Define
random variable x € RP and B € R4 as & = f(&),B = g(n). Show that & and B are
statistically independent for all functions f(-) and g(-). Summarizing

Statistical independence of random variables (&, ) implies statistical in-
dependence of random variables (f(&),g(n)) for all f(-) and g(-).

Note that f(-) and g(-) are not required to be invertible.

Exercise 4.4: Trace of a matrix function
Derive the following formula for differentiating the trace of a function of a square
matrix

dtr(f(A)) af(x)

dA dx
in which g is the usual scalar derivative of the scalar function f.

=gAh)  gx) = (4.79)

Exercise 4.5: Derivatives of determinants
For A € R™™ nonsingular, derive the following formulas

ddetA dIndetA

_ -1\T
dA dA =@

= (A HTdetA

Exercise 4.6: Transposing the maximum-likelihood problem statement

Consider again the estimation problem for the model given in (4.55), but this time
express it in transposed form

yl.T = xlTGND + eiT e; ~N(O,R) (4.80)

(a) Derive the maximum-likelihood estimate for this case. Show all steps in the
derivation. Arrange the data in matrices

T T

ri X1
vy=1|: X=1:

T T

Yn Xn
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and show the maximume-likelihood estimate can be expressed as
R ey =1
6= (XTX) X'V

Expressing the model this way gives an estimate formula that is analogous to
what other problem?

(b) Find the resulting probability density for the estimate and give the analogous
result corresponding to (4.57).

(c) Which form of the model do you prefer and why?

Exercise 4.7: Joint, marginal, mean, and covariance

We consider two discrete-valued random variables, £ and n. Calculate the joint density,
Pg n(x,»), both marginal densities, pg(x), py (), the means, (&), Z(n), and covari-
ance, cov(&, n), for the following two cases

(a) We throw two dice, and & and n are the values on each die.

(b) We throw two dice, & is the value on one die and n is the sum of the two values.

Exercise 4.8: Probability density of the inverse function

Consider a scalar random variable & € R and let the random variable n be defined by
the inverse function

n=¢"
(a) If € is distributed uniformly on [a, 1] with 0 < a < 1, what is the density of n?

(b) Is n’s density well defined if we allow a = 0? Explain your answer.

Exercise 4.9: Expectation as a linear operator

(a) Consider the random variable x to be defined as a linear combination of the
random variables a and b
x=a+b

Show
E(x) =E(a) + E(Db)

Do a and b need to statistically independent for this statement to be true?

(b) Next consider the random variable x to be defined as a scalar multiple of the
random variable a
X =xa

in which « is a scalar. Show

E(x) = «xE(a)

(c) What can you conclude about E(x) if x is given by the linear combination
X = ov;
i

in which v; are random variables and «; are scalars.
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Exercise 4.10: Calculating mean and variance from data

We are sampling a real-valued, scalar random variable x(k) € R at time k. Assume
the random variable comes from a distribution with mean X and variance P, and the
samples at different times are statistically independent.

A colleague has suggested the following formulas for estimating the mean and
variance from N samples

1 Y s 1 ¥
)?NZNZX(J') *NZ (x(j) — ®N)?

(a) Prove the estimate of the mean is unbiased for all N, i.e., show

E(XN) =X, all N

(b) Prove the estimate of the variance is not unbiased for any N, i.e., show

E(Py) = P, any N

(c) Using the result above, provide an improved formula for the variance estimate
thatis unbiased for all N. How large does N have to be before these two estimates
of P are within 1%?

Exercise 4.11: The sum of throwing two dice

Using (4.23), what is the probability density for the sum of throwing two dice? On what
number do you want to place your bet? How often do you expect to win if you bet on
this outcome?

Make the standard assumptions: the probability density for each die is uniform
over the integer values from one to six, and the outcome of each die is independent of
the other die.

Exercise 4.12: The product of throwing two dice

Using (4.23), what is the probability density for the product of throwing two dice? On
what number do you want to place your bet? How often do you expect to win if you
bet on this outcome?

Make the standard assumptions: the probability density for each die is uniform
over the integer values from one to six, and the outcome of each die is independent of
the other die.

Exercise 4.13: Expected sum of squares
Given random variable x has mean m and covariance P, show that the expected sum
of squares is given by the formula (Selby, 1973, p.138)

F(xTQx) =mTQm +tr(QP)

Recall that the trace of a square matrix A, written tr(A), is defined to be the sum of the
diagonal elements
tr(A) = > Ay
i
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Exercise 4.14: Normal distribution

Given a normal distribution with scalar parameters m and o

Pe(x) =/ 5 exp [—% (% ;m)z] (4.8)
By direct calculation, show that
@
E(@E) =m
var(§) = 02
(b) Show that the mean and the maximum likelihood are equal for the normal dis-
tribution. Draw a sketch of this result. The maximume-likelihood estimate, X, is

defined as
X = argmax pg(x)

in which arg returns the solution to the optimization problem.

Exercise 4.15: The size of an ellipse’s bounding box

Here we derive the size of the bounding box depicted in Figure 4.3. Consider a real,
positive definite, symmetric matrix A € R"*™ and a real vector x € R". The set of x
for which the scalar xT Ax is constant are n-dimensional ellipsoids. Find the length of
the sides of the smallest box that contains the ellipsoid defined by

xTAx =b

Hint: consider the equivalent optimization problem to minimize the value of xT Ax
such that the ith component of x is given by x; = c. This problem defines the ellipsoid
that is tangent to the plane x; = ¢, and can be used to answer the original question.

Exercise 4.16: Conditional densities are positive definite
We showed in Example 4.19 that if £ and n are jointly normally distributed as

[E] ~ N(m,P)

()
my |"|Pyx Py
then the conditional density of & given n is also normal
(EIn) ~ N(mx|y, Px|y)
in which the conditional mean is
Mx|y = My + Pxy Py (y —my)
and the conditional covariance is
Px|y = Px — PxyP; Py

Given the joint density is well defined, prove the marginal densities and the conditional
densities are also well defined, i.e., given P > 0, prove Px > 0, Py, > O, Py, > O,
Pyix > 0.
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Exercise 4.17: Transform of the multivariate normal density

Show the Fourier transform of the multivariate normal density given in (4.12) is

@(u) =exp [iuTm - %uTPu]

Exercise 4.18: The difference of two exponentially distributed random vari-
ables

The random variables T1 and T2 are statistically independent and identically distributed
with the exponential density
pr(t)=et t=0
Define the new random variable y to be the difference
Y =T1—-T2
We wish to calculate y’s probability density p,,.
(a) First introduce a new random variable z = T2 and define the transformation

from (71, T2) to (y, z). Find the inverse transformation from (y,z) to (11, T2).
What is the determinant of the Jacobian of the inverse transformation?

(b) What is the joint density pr, r,(t1,t2)? Sketch the region in (y,z) that corre-
sponds to the region of nonzero probability of the joint density pr; 1, in (T1, T2).

(c) Apply the formula given in (4.23) to obtain the transformed joint density p, .
(d) Integrate over z in this joint density to obtain p,,.

(e) Generate 1000 samples of T1 and T2, calculate y, and plot y’s histogram. Does
your histogram of the iy samples agree with your result from (d)? Explain why
or why not.

Exercise 4.19: Surface area and volume of a sphere in n dimensions

In three-dimensional space, n = 3, the surface area and volume of the sphere are given
by

S3(r) =4mr?  Va(r) = 4/3mr3
You are also familiar with the formulas for n = 2, in which case “surface area” is the
circumference of the circle and “volume” is the area of the circle

So(r) =2mr  Vo(r) =Tmr2

If we define s, and v, as the constants such that

L Vp(r) = v

Sn(r) = snr
we have
So = 2T Vo =TT

s3 =41 v3 =4/31

We seek the generalization of these results to the n-dimensional case. Compute the
formulas for s, and v, and show
Z(W)n/z /2

" Tm/2) " Tm/2+1) (4.82)
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Exercise 4.20: Surface area and volume of an ellipsoid in n dimensions

The results for surface area and volume of a sphere in n dimensions can be extended
to obtain the surface area and volume of an ellipse (ellipsoid, hyperellipsoid) in n
dimensions. Let x be an n-vector. The surface of an ellipse is defined by the equation

xTAx = R?
in which A € R™*" js a symmetric, positive definite matrix and R? is the square of the
ellipse “radius.” Let the interior of the ellipse of size R be denoted by the set or
or = {x | xTAx < R?}
We wish to compute the volume of the ellipse, which is defined by the following integral

Vi(R) = dx
OR
The surface area, S§ (R), is defined to have the following relationship with the volume
R avg (r)
ViR = [Csamar S g

(a) Derive formulas for s§ and v§ such that
Sp(R) = sfR™™ T VE(R) = viR"
for the ellipse.

(b) Show that your result subsumes the formula for the volume of the 3-dimensional
ellipse given by
2 2 2
<§> + (Z) + (E) =1 V= ﬂ1mbc
a b c 3

Exercise 4.21: Definite integrals of the multivariate normal and x?
(a) Derive the following n-dimensional integral over an elliptical region
m2  y(n/2,b)

~xTAx 3, _ _ T
Lhe dx = detAIZ T(n2) op ={x|x"Ax < b}

(b) Let & be distributed as a multivariate normal with mean m and covariance P,
& ~ N(m, P), and let & denote the total probability that & € 0},. Use the integral
in the previous part to show

y(n/2,b/2)

I'(n/2)

Pr(§ e op) = x (4.83)

(c) Defining the transformation A = xT Ax, we have that £ € o}, is equivalent to
A € [0, b], and since Pr(A € [0,b]) = Fp(b)
y(n/2,b/2)
I'(n/2)
This distribution is known as the x2 distribution, also discussed in Exercise 4.33.
Therefore the function F);Zl((x;n) inverts this relationship and gives the size of
the ellipse that contains total probability «
Eg(en) =b (4.84)

FA(b) = a =

Plot % and F);zl(x;n) versus x for various n (try n = 1,4), and display

the inverse relationship given by (4.83) and (4.84).
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Exercise 4.22: Normal distributions under linear transformations

Given the normally distributed random variable, & € R", consider the random variable,
n € R", obtained by the linear transformation

n=Ag

in which A is a nonsingular matrix. Using the result on transforming probability den-
sities, show that if £ ~ N(m,P), then n ~ N(Am,APAT). This result establishes
that (invertible) linear transformations of (nonsingular) normal random variables are
normal.

Exercise 4.23: Normal with singular covariance

Consider the random variable & € R™ and an arbitrary positive semidefinite covariance
matrix Px with rank ¥ < n. Starting with the definition of a singular normal, Definition
4.10, show that the density for & ~ N(my, Px) is given by

1

1 _
Pe) = Gryraetan 2 Pl 2% -my)TQ1ATIQ] (x —my)] 6(Q] (x —my))

in which matrices A € R"*" and orthonormal Q € R™ " are obtained from the eigen-
value decomposition of Py

T
Pe=0AQT =01 Q] [Aol 8} [gﬂ

and Ay > 0 € R™", Q1 € R™7", Qo € R™(™M=7) On what set of x is the density
nonzero?

Exercise 4.24: Linear transformation and singular normals

Prove Theorem 4.12, which generalizes the result of Exercise 4.22 to establish that any
linear transformation of a normal is normal. And for this statement to hold, we must
expand the meaning of normal to include the singular case.

Exercise 4.25: Useful identities in least-squares estimation

Establish the following two useful results using the matrix inversion formula
-1 -1
(At+cTBtc) " =a-AacT (B+cAcT) ca

(a7t + CTB’lC)il CTB L =ACT (B+ CACT)il (4.85)

Exercise 4.26: Least-squares parameter estimation and Bayesian estimation

Consider a model linear in the parameters
y=X0+e (4.86)

in which y € R” is a vector of measurements, 0 € R™ is a vector of parameters,
X € RPXM js a matrix of known constants, and ¢ € R? is a random variable modeling
the measurement error. The standard parameter estimation problem is to find the best
estimate of 0 given the measurements y corrupted with measurement error e, which
we assume is distributed as

e ~N(O,R)
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@

(b)

©

(d)

(€

Consider the case in which the measurement errors are independently and iden-
tically distributed with variance 02, R = o2I. For this case, the classic least-
squares problem and solution are

—~ -1
m9in||y7X9||2 0=(x"x) xTy

Consider the measurements to be sampled from (4.86) with true parameter value
0. Show that using the least-squares formula, the parameter estimate is dis-
tributed as

~ -1
0~N(0o,Py) Py=02(x"x)
Now consider again the model of (4.86) and a Bayesian estimation problem. As-
sume a prior distribution for the random variable 6
0 ~N(0,P)

Compute the conditional density of 0 given measurement 7y, show this density
is a normal, and find its mean and covariance

(01y) ~ N(m,P)

Show that Bayesian estimation and least-squares estimation give the same result
in the limit of a uniform prior. In other words, if the covariance of the prior is
large compared to the covariance of the measurement error, show

m~X'X)'xTy P=aP;
What (weighted) least-squares minimization problem is solved for the general
measurement error covariance
e ~N(O,R)

Derive the least-squares estimate formula for this case.

Again consider the measurements to be sampled from (4.86) with true param-
eter value 0p. Show that the weighted least-squares formula gives parameter
estimates that are distributed as

0 ~ N(60, Py)

and find Pj for this case.

Show again that Bayesian estimation and least-squares estimation give the same
result in the limit of a uniform prior.

Exercise 4.27: Least-squares and minimum-variance estimation

Consider again the model linear in the parameters and the least-squares estimator from
Exercise 4.26

y=X0+e e ~N(O,R)

0= (XTR1X)  XTR 1y

Show that the covariance of the least-squares estimator is the smallest covariance of
all linear, unbiased estimators.
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Exercise 4.28: Two stages are not better than one

We can often decompose an estimation problem into stages. Consider the following
case in which we wish to estimate x from measurements of z, but we have the model
between x and an intermediate variable, v, and the model between y and z

y=Ax+e1 cov(er) =Q1
z=By+es cov(ez) = Q2

(@) Write down the optimal least-squares problem to solve for ¥ given the z mea-
surements and the second model. Given ¥, write down the optimal least-squares
problem for X in terms of 3. Combine these two results together and write the
resulting estimate of X given measurements of z. Call this the two-stage estimate
of x.

(b) Combine the two models together into a single model and show the relationship
between z and x is
z =BAx +e3 cov(es) = Q3
Express Q3 in terms of Q1, Q2 and the models A, B. What is the optimal least-
squares estimate of X given measurements of z and the one-stage model? Call
this the one-stage estimate of x.

(c) Are the one-stage and two-stage estimates of x the same? If yes, prove it. If
no, provide a counterexample. Do you have to make any assumptions about the
models A, B?

Exercise 4.29: Let’s make a deal!

Consider the following contest of the American television game show of the 1960s, Let’s
Make a Deal. In the show’s grand finale, a contestant is presented with three doors.
Behind one of the doors is a valuable prize such as an all-expenses-paid vacation to
Hawaii or a new car. Behind the other two doors are goats and donkeys. The contestant
selects a door, say door number one. The game show host, Monty Hall, then says,

“Before | show you what is behind your door, let’s reveal what is behind door num-
ber three!” Monty always chooses a door that has one of the booby prizes behind it.
As the goat or donkey is revealed, the audience howls with laughter. Then Monty asks
innocently,

“Before | show you what is behind your door, | will allow you one chance to change
your mind. Do you want to change doors?” While the contestant considers this option,
the audience starts screaming out things like,

“Stay with your door! No, switch, switch!” Finally the contestant chooses again,
and then Monty shows them what is behind their chosen door.

Let’s analyze this contest to see how to maximize the chance of winning. Define

(i, j,»), i,j,¥y=123

to be the probability that you chose door i, the prize is behind door j and Monty showed
you door y (named after the data!) after your initial guess. Then you would want to

m]f_ix p(jli, ) (4.87)

for your optimal choice after Monty shows you a door.

(a) Calculate this conditional density and give the probability that the prize is behind
door i, your original choice, and door j # i.
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(b) You need to specify a model of Monty’s behavior. Please state the one that is
appropriate to Let’s Make a Deal.

(c) For what other model of Monty’s behavior is the answer that it does not matter
if you switch doors. Why is this a poor model for the game show?

Exercise 4.30: A nonlinear transformation and conditional density

Consider the following relationship between the random variable , and x and w
y=f(x)+w
The author of a famous textbook wants us to believe that
Pyix(YIX) = puw (Y - f(X))

Derive this result and state what additional assumptions on the random variables x
and w are required for this result to be correct.

Exercise 4.31: Least squares and confidence intervals

A common model for the temperature dependence of the reaction rate is the Arrhenius
model. In this model the reaction rate (rate constant, k) is given by

k = koexp(—E/T) (4.88)

in which the parameters kg is the preexponential factor and E is the activation energy,
scaled by the gas constant, and T is the temperature in Kelvin. We wish to estimate kg
and E from measurements of the reaction rate (rate constant), k, at different temper-
atures, T. In order to use linear least squares we first take the logarithm of (4.88) to
obtain
In(k) = In(kg) —E/T
Assume you have made measurements of the rate constant at 10 temperatures evenly
distributed between 300 and 500 K. Model the measurement process as the true value
plus measurement error e, which is distributed normally with zero mean and 0.001
variance
In(k) =In(ko) —E/T +e e ~ N(0,0.0001)

Choose true values of the parameters to be
In(kg) =1 E =100

(a) Generate a set of experimental data for this problem. Estimate the parameters
from these data using least squares. Plot the data and the model fit using both
(T, k) and (1/T, Ink) as the (x, ) axes.

(b) Calculate the 95% confidence intervals for your parameter estimates. What are
the coordinates of the semimajor axes of the ellipse corresponding to the 95%
confidence interval?

(c) What are the coordinates of the corners of the box corresponding to the 95%
confidence interval?

(d) Plot your result by showing the parameter estimate, ellipse, and box. Are the
parameter estimates highly correlated? Why or why not?
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Exercise 4.32: A fourth moment of the normal distribution

You have established the following matrix integral result involving the second moment
of the normal distribution

J xxT exp (—%XTP’lx) dx = (2m)™2(det P)1/2p

Establish the following matrix result involving a fourth moment
*© 1
J xxTxxT exp (—ExTP’lx) dx = (2m)"2(det P)Y/2 [2PP + tr(P)P]

First you may want to establish the following result for scalar x

. * 1x2
ip =J x? exp (—E%> dx

0 p odd
1
2%0'1”+1F(pT+1) p even

Exercise 4.33: The x? and x densities

Let X;,i = 1,2,...,n, be statistically independent, normally distributed random vari-
ables with zero mean and unit variance. Consider the random variable Y to be the sum
of squares
Y=X2+X2+.. . +X2
(@) Find Y’s probability density. This density is known as the x2 density with n
degrees of freedom, and we say Y ~ x%. Show that the mean of this density is
n.

(b) Repeat for the random variable
Z=yX2+X3+---X3
This density is known as the x density with n degrees of freedom, and we say

Z ~ Xn-

Exercise 4.34: The t-distribution

Assume that the random variables X and Y are statistically independent, and X is
distributed as a normal with zero mean and unit variance and Y is distributed as x2
with n degrees of freedom. Show that the density of random variable ¢ defined as

X
T \Yn
is given by
+1 _n+l
pi(z;n) = LF(HT) (Z—Z + 1) : t-distribution (density) (4.89)
' Jam T(%) \n

This distribution is known as Student’s t-distribution after its discoverer, the chemist
W. S. Gosset (Gosset, 1908), writing under the name Student.
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Exercise 4.35: The F-distribution

Given random variables X and Y are independently distributed as x2 with n and m
degrees of freedom, respectively. Define the random variable F as the ratio,

X/n
Show that F’s probability density is
(zn)"mm
pﬂz;n,m)=% z=20 nm=1

in which B is the complete Beta function (Abramowitz and Stegun, 1970, p. 258) defined

by
I'(n)I'(m)

I'n+m)
This density is known as the F-distribution (density).

B(n,m) =

Exercise 4.36: Relation between t- and F-distributions

Given the random variable F is distributed as pr(z; 1, m) distribution with parameters
n = 1 and m, consider the transformation

T==+F
Show that the random variable T is distributed as a t-distribution with parameter m

pr(z;m) = pe(z;m)

Exercise 4.37: Independence and conditional density

Consider two random variables A, B with joint density pag(a,b), and well-defined
marginals pa(a) and pg(b) and conditional p4|p(alb). Show that A and B are statis-
tically independent if and only if the conditional of A given B is independent of b

pa(alb) = f(b)

Exercise 4.38: Independent estimates of parameter and variance

(a) Show that 0 and (/r5 given in (4.48) and (4.49) are statistically independent.

(b) Are the random variables 0 and % -X0 statistically independent as well? Explain
why or why not.

Exercise 4.39: Many samples of the vector least-squares problem

We showed for the model
y=X0+e e ~N(O,R)

that the maximume-likelihood estimate is given by (4.63)

0 = (XTR‘lX)_lXTR‘ly
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Use this result to solve the n-sample problem given by the following model
T

Y1 X1 e1
¥2 X; ez
= o +
Yp iy X;]; epl;
yi = Xi 0 + ¢ e; ~N(O,R)

First stack the y; samples in an enlarged vector ¥, and define the corresponding
stacked X matrix and € measurement error

i X1 ey
¥2 X2 e2
= . o + 1| . ei ~N(O,R)
Yn Xn en
¥y = X 6 + ¢ &~N(©O,R)

(@) What is the covariance matrix R for the new & measurement error vector?
(b) What is the corresponding formula for 0 in terms of ¥ for this problem?
(c) What is the probability density for this 02

(d) Does this result agree with (4.64)? Discuss why or why not.

Exercise 4.40: Vector and matrix least-squares problems

A colleague has an old but good piece of software that solves the traditional vector
least-squares problem with constraints on the parameters

y=A0+e e ~N(O,R)

in which y, 6, e are vectors and A, R are matrices. If the constraints are not active, the
code produces the well-known solution

~ -1
0=(ATRIA) ATR 1y (4.90)
You would like to use this code to solve your matrix model problem
yi=0x;+e; e ~N(OR)

in which y;, x;, e; are vectors, O is a matrix, i is the sample number, i = 1,...,n, and
you have n statistically independent samples. Your colleague suggests you stack your
problem into a vector and find the solution with the existing code. So you arrange your
measurements as

Y=[»m - o] X=[xa - xu|] E=[a --- en]
and your model becomes the matrix equation
Y=0X+E (4.91)

You looked up the answer to your estimation problem when the constraints are not

active and find the formula N

6 =vxT (xxT) (4.92)
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Figure 4.16: Typical strain versus time data from a molecular dynam-
ics simulation. The data are available on the website
www .chemengr .ucsb.edu/~jbraw/principles.

You do not see how this answer can come from your colleague’s code because the
answer in (4.90) obviously depends on R but your answer above clearly does not depend
on R. Let’s get to the bottom of this apparent contradiction, and see if we can use vector
least-squares codes to solve matrix least-squares problems.

(a) What vector equation do you obtain if you apply the vec operator to both sides
of the matrix model equation, (4.91)?

(b) What is the covariance of the vector vecE appearing in your answer above?

(c) Apply (4.90) to your result in (a) and obtain the estimate vecO.

N2

(d) Undo the vec operation to obtain an expression for @, and compare to (4.92).
Are they identical or different? Explain any differences. Does the parameter
estimate depend on R? Explain why or why not.

Exercise 4.41: Estimating a material’s storage and loss moduli from molec-
ular simulation

Consider the following strain response model”
Oxy(wt) = Gysinwt + G cos wt

in which o0, is the strain, G is the storage modulus, and G2 is the loss modulus (G1
and G, are positive scalars). We wish to estimate G; and G2 from measurements of
Oxy at different times t for a given forcing frequency w.

The strain “measurement” in this case actually comes from a molecular dynamics
simulation. The simulation computes a noisy realization of ox, (wt) for the given ma-
terial of interest. A representative simulation data set is provided in Figure 4.16. These
data are available on the website www.chemengr.ucsb.edu/~jbraw/principles so
you can download them.

“This problem was motivated by Rohit Malshe’s preliminary exam on May 7, 2007.
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12

Figure 4.17: Plot of y versus x available on the website www.
chemengr.ucsb.edu/~jbraw/principles.

(a) Without knowing any details of the molecular dynamics simulation, suggest a
reasonable least-squares estimation procedure for G1 and G».

Find the optimal estimates and 95% confidence intervals for your recommended
estimation procedure.

Plot your best-fit model as a smooth time function along with the data.
Are the confidence intervals approximate or exact in this case? Why?

(b) Examining the data shown in Figure 4.16, suggest an improved estimation pro-
cedure. What traditional least-squares assumption is violated by these data?

How would you implement your improved procedure if you had access to the
molecular dynamics simulation so you could generate as many replicate “mea-
surements” as you would like at almost no cost.

Exercise 4.42: Who has the error?
You are fitting some n laboratory measurements to a linear model
Yi=mx;+b+ey i=12,...,n

in which you have been told that the x variable is known with high accuracy and the
variable has measurement error e, distributed as

ey ~ N(0,0.03)

The data are shown in Figure 4.17 and are available on the website www.chemengr.
ucsb.edu/~jbraw/principles.

(a) Given these assumptions, write the model as
y=X60+ey

find the best estimate of the slope and intercept

2]
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and the 95% probability confidence ellipse, and also the plus/minus bounds on
the parameter estimates.

(b

-

Plot the data, and the line of best fit to these data.

(c) Due to some confusion in the lab, you are told later that actually y is known
with high accuracy and the x variable has measurement error ey distributed as

ex ~N(0,0.01)

Transform the model so that it is linear in a transformed parameter vector ¢
xi=fiP1,P2) tex; i=1,2,...,n
What are f and ¢ for the transformed model?
(d) Given these assumptions, write the model as
x =Y +ex

find the best estimate 43 for this model. Add this line of best fit to the plot of
the data and the line of best fit from the previous model. Clearly label which
line corresponds to which model.

(e) Compute the 95% confidence ellipse and plus/minus bounds for $

(f

=

Can you tell from the estimates and the fitted lines which of these two proposed
models is more appropriate for these data? Discuss why or why not.

Exercise 4.43: Independence of transformed normals
Consider n independent samples of a scalar, zero-mean normal random variable with

T
variance o2 arranged in a vector e = [el ey - en] so that

e~ N(0,02I,)
Consider random variables x and  to be linear transformations of ¢, x = Ae and
Yy = Be.
(a) Provide necessary and sufficient conditions for matrices A and B so that x and

y are independent.

(b) Given that the conditions on A and B are satisfied, what can you conclude about
x and v if e has variance o2, but is not necessarily normally distributed.

Exercise 4.44: The multivariate t-distribution

Assume that the random variables X € R? and Y € R are statistically independent,
X ~N(,%)and Y ~ x2.

(a) Show that the density of random variable ¢ defined as

X
VY /n

t= +m
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with m € R? a constant is given by
pi(z;p,n,m,3) =
(")
[(%)(nm)P/2(dets)1/2

-(n+p)/2
) (4.93)

(1 + i(z -m)Ts1(z-m)
n

This distribution is known as the multivariate t-distribution, and was discov-
ered by Cornish (1954), and Dunnett and Sobel (1954).

(b) Show that the ratio of the least-squares estimates of the parameters and vari-
ance for the case of the linear model with unknown measurement variance are
distributed as

0 - 0

o2

+ 00 ~ t(np,n —np, Oo, xTx) 1
n
n-np

Exercise 4.45: Integrals of the multivariate t-distribution and the F-statistic

Given the random variable ¢ is distributed as a multivariate ¢ defined in Exercise 4.44,
consider the p-dimensional hyperellipse oy, of size b € R, centered at m € R?

op={z|(z-m)TsYz-m) <b}

Show that the value of b that gives probability Pr(t € 03) = « for the multivariate
t-distribution is given by the following F-statistic
b=pF:t(p,n)

in which Fgl(oc p,n) is the inverse of the cumulative F-distribution.

Exercise 4.46: Confidence interval for unknown variance

Consider again 0 and 5'5 from (4.48) and (4.49) and define the new random variable Z
as the ratio
0 — 6o
T =
n—np 0—2

+90

in which 0 and (/rE are statistically independent as shown in Exercise 4.38.
(@) Show Z is distributed as a multivariate t-distribution as defined in Exercise 4.44.

(b) Show that lines of constant probability of the multivariate {-distribution are
ellipses in 6 as in the normal distribution.

(c) Define an «-level confidence interval using the multivariate t-distribution in
place of the normal distribution and show that

~ XTx\ A Nnpn
(9790)T< = )(9790) < nfonfl(O(;np‘n*np)

in agreement with (4.54).
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Exercise 4.47: Adding two uniformly distributed random variables

Given two independent, uniformly distributed random variables, X ~ U[0,1] and Y ~
U[4,5], find the density for Z = X + Y. Note that the transformation from (X,Y) to Z
is not an invertible transformation.

Exercise 4.48: Product of two unit variance normals

Let X and Y be independent scalar random variables distributed identically as N(0,1).
Find and plot the density for Z = XY. Is pz(z) well defined for all z? If not, explain
why not.

Exercise 4.49: A useful integral in Fourier transforms of normals
Derive the definite integral used in taking the Fourier transform of the normal density

oo
N
J e~ % coshxdx = Y4 e~b?/(4a?) a+0
0 2a

Hint: consider first the exponential version of the integral on (—o0, ). We wish to
show that

— o0

J e~ @2x% ibx gy %e‘bzﬂ%z) a+0 (4.94)
which gives the integral of interest as well as a second result

I e=*** sinbxdx = 0 a+0

0
To proceed, complete the square on the argument of the exponential and show that
i 2
2.2 . 2 ib 2 b )
—-a‘x +1bx=—a(x—— + —
( 2a? ) 4a4

Then perform the integral by noticing that integrating the normal distribution gives
0
J e~ W2 -m"210% g _ oo
— 00

even when m’ = im is complex valued instead of real valued. This last statement can
be established by a simple contour integration in the complex plane and noting that
the exponential function is an entire function, i.e., has no singularities in the complex
plane.

Exercise 4.50: Orthogonal transformation of normal samples
Let vectors x1,X2,...,Xn € RP be n independent samples of a normally distributed

random variable with possibly different means but identical variance, x; ~ N(m;,R).
Consider the transformation

n
yi:ZCinj i=12,...,m
j=1

in which matrix C is orthogonal.

Show that the y; are independently distributed as y; ~ N(v;,R) in which v; =
Z;L:l Cijmj fori=1,2,...,n.

Hint: to reduce the algebra, you may wish to start off by arranging the x; and y;
samples in the following matrices

X=[X1 X2 v xn] Y=[y1 Y2 o yn]
and deduce the relationship between X, Y, and C given in the problem statement.
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Exercise 4.51: Estimated variance and the Wishart distribution

Let vectors e1,e2,...,en € RP be n independent samples of a normally distributed
random variable with zero mean and identical variance, ¢; ~ N(0, R). Define the matrix

The distribution for random matrix S is known as the Wishart distribution, written
S ~Wp(R,n)

and integer 1 is known as the number of degrees of freedom.
Consider the estimation problem of Section 4.7.4 written in the form

Y=0oX+E E=[e1 --- en| ©eRP
(@) Show that the EET ~ W, (R, n).
(b) Define E = Y — ©X and show that nR = EET.

(©) Show that EET ~ Wy (R, n — q), and therefore that nR ~ Wy, (R,n — q).
Hint: take the SVD of the g X n matrix X forg <n

X=U[z o] [gﬂ

Define Z = EV, which can be partitioned as [Zl Zz] =F [Vl Vz], and show

that EET = Z,7] . Work out the distribution of ZZJ from the definition of the
Wishart distribution and the result of Exercise 4.50.

(d) Show that the variance estimate R defined as
1 /\E\T

n-4q

=

is an unbiased estimate of the variance R.

Exercise 4.52: Singular normal distribution as a delta sequence

Two generalized functions f(-) and g(-) are defined to be equal (in the sense of distri-
butions) if they produce the same integral for all test functions ¢(-) €

<f’¢) = (gv¢>
[ reoswax = [~ gmmax

The space of test functions & is defined to be the set of all smooth (nongeneralized)
functions that vanish outside of a compact set C = [—c, c] for some ¢ > 0.
Show that the zero mean normal density n(x, o)
1 _l(x/a-)Z
nx,o) = ——e 2
( ) V2o

is equal to the delta function 6(x) in the limit o — 0.
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Exercise 4.53: Error bound for the Taylor series of the exponential

Derive the bound (4.31) used in establishing the central limit theorem for sums of
identically distributed random variables

|X|1’H~1

T (m+ 1)

ix _ i (ix)™

m!

m=0

Hint: expand e'* in a Taylor series with remainder term at x = 0 and take magnitudes.
Note that for this particular function, the inequality above turns out to be an equality.

Exercise 4.54: Error bound for the remainder term in Taylor series

Derive the bound (4.72) for a second-order Taylor series of a bounded function f having
three continuous, bounded derivatives

(2)
P = o - (£ + f0 eon+ L0 02)
sup [ (x,h)| < Kpmin(h2,|h[?)

xeR

Show that the following K¢ is valid for any b > 0
Kf= max(uz/bz)M}O) + /b + @2MP, (1o, (1/6)M}3)) (4.95)

with M}-l) = supyer f P (x).

Hints: first expand f(x + h) about f(x) to second order using the standard Taylor
theorem with remainder. This gives the Ihl3 bound. For the second-order bound, first
take absolute values of the definition of  (x, h) and use the triangle inequality. Choose
a constant b > 0 and consider two cases: |h| < b and |h| > b. Develop second-order
bounds for both cases and then combine them to obtain a second-order bound for all
h. Finally, combine the second-order and third-order bounds by taking the smaller.

Exercise 4.55: Lindeberg conditions

Show that the following are special cases of the Lindeberg conditions given in Assump-
tion 4.15.

a) The de Moivre-Laplace central limit theorem assumption that the X; are inde-
p P i
pendent and identically distributed with mean zero and variance o2.

(b) The Lyapunov central limit theorem assumption that there exists 6 > 0 such
thatas n — o

iiqu |2+6)*O
52+5 k
no k=1
Note that the Lyapunov assumption implies only part (b) of Assumption 4.15.
(c) The bounded random variable assumption, i.e., there exists B > 0 such that
|X;| <B,i=1,2,...

Therefore, by proving Theorem 4.16, we have also proved the de Moivre-Laplace
and the Lyapunov versions of the central limit theorem. We have also shown that the
central limit theorem holds for bounded random variables, provided that s; — .
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05 -

Figure 4.18: Smooth approximation to a unit step function, H(z—1).

Exercise 4.56: Normal random variables satisfy Lindeberg conditions

Let X;,i = 1,2,...,n be independent with mean zero and variance O’iz. Let Y, i =
1,2,...,n be independent normals with mean zero and variance aiz. Show that if the
X;j satisfy the Lindeberg conditions listed in Assumption 4.15, then so do the Y;.

Hint: using the X; variables, show that for n sufficiently large and any € > O,
0i/sn < /2¢ for all i. This result shows that no single random variable can account for
a significant fraction of the sum’s variance as n becomes large. Next evaluate the Lin-
deberg condition for the Y; variables, and use the fact that > ; 0'i3 < (max; 0y) > 0‘i2 =
(max; 07)s2.

Exercise 4.57: Smoothing a step (indicator) function

We construct a suitably smooth indicator function as shown in Figure 4.15. To simplify
the presentation, first consider the set up in Figure 4.18. We seek a monotone function
f(z) with three continuous derivatives that increases from zero at z = 0 to one at
z = 2. We shall then rescale the z-axis to make this function as sharp as we please.

(a) Divide the interval in half and consider a fifth-order polynomial on z € [0, 1].

2 3 4 5

p(z) =ap+aiz+azz® +azz>+aqsz” +asz

To have p(z) and its first three derivatives vanish at z = 0, we require ap = a1 =
az = a3z = 0. We will reflect this function about the y = 1/2 and z = 1 lines
to provide the matching function q(z) on z € [1,2], or, in equations, q(z) =
—p(2-2z) + 1. Note that the symmetry implies p(¥ (1) = (-1)+1g(1), so that all
odd derivatives are automatically continuous at z = 1, and the even derivatives
are negatives of each other at z = 1. So we require that the even derivatives at
z = 1 are zero. We therefore have two conditions, p(1) = 1/2 and p”’ (1) = 0, to
find the remaining two coefficients

p(l)=ag+aq=1/2 p" (1) = 12a4 + 20as = 0

Solve these equations and show that a4 = 5/4 and as = —3/4.
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(b) The candidate function f(z) is therefore

o, z=<0
| (5/4)z% - (3/4)2°, 0<z=<1
F@ =01 5/a)@2- 2%+ B/a)2-2)5, 1<z<2
1, 2<z

Plot this function and its first three derivatives, and check that they are contin-
uous at z = 0,1,2. Show that the maxima in magnitude of the derivatives are
given by

M@ =1 MP =54 MP =209 MP =15

and check these values also on your plots.

(c) Nextwerescale. Letw = (1—z/2)L+x and f(z) = f(2(1—(w—-x)/L)) = f(w).
The function f(w) now has the required properties of Figure 4.15. Show that
the derivative bounds are scaled by

(i) _ i (1)
Mf = (2/L)1Mf

(d) Show finally that because of this scaling with L, there exists Lo > 0 such that the
bound in (4.95) is given by

Kf =20L73 for every L satisfying0 < L < Lg (4.96)

For an even smoother, seventh-order polynomial, with a smaller third derivative, see
Thomasian (1969, p.486).

Exercise 4.58: Properties of PLSR algorithm
Given the PLSR algorithm described in Section 4.8, establish the following properties.
@ TTT =14

2
(b) Q minimizes ||y — TQT|[_ for given Y and T.

(¢) T=XR

Exercise 4.59: The marginal intervals for the unknown meaurement vari-
ance case and the t-statistic

Consider again the maximume-likelihood estimation problem presented in Section 4.7.2
for the linear model with scalar measurement , and unknown measurement variance

o2

(a) Show that the marginal box for this case is given by

éigoim

1/2
m; = (Frt(ec1,n - np) s2(XTX) 1)

(b) Compare your formula for m; above to ¢; given in the text for the bounding box
interval. Which one is larger and why?
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(c) Next use the approach in Exercise 4.34 to show that the marginal box can equiv-

alently be expressed with a t-statistic

(1+o<

m; = Fi't ;n—1/L,l,>(s2(XTX)i‘il)l/2

in which F; 1 is the inverse of the cumulative t-distribution, i.e.,

F{l((x;n)
J' pi(z;n)dz = x

—o00

forallm > 1 and & € [0, 1]. Therefore, comparing the two formulas for m;, we
have also established the following relationship between the t-statistic and the

F-statistic
1+«
Ft’l( > ;n)=\/Fgl(0(;1,n) n>1, «e[0,1]
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Stochastic Models and Processes

5.1 Introduction

We are by now expert in using (deterministic) differential and partial
differential equations as models of chemical and biological systems.
These equations capture equations of motion, conservation of mass
and energy, and many of the fundamental principles useful in analy-
sis and design of chemically reacting systems. Chapters 2 and 3 were
mainly devoted to developing this program. The motivation for stochas-
tic processes and differential equations is to incorporate into the model
the random effects of the internal system (discrete molecules) and the
external environment on the system of interest. In some applications
at fine length scales, the random effects are mainly due to the internal
random behavior of the molecules. But even in applications at large
scales, the random effects of the external environment are often quite
important to understand and interpret the (noisy) measurements com-
ing from a system.

In this chapter, we illustrate the usefulness of random variables and
random processes in the modeling and analysis of systems of interest
to chemical and biological engineers. We find the basic probability and
statistics that we covered in Chapter 4 indispensable tools in carrying
out this program. We study three main examples: (i) the Wiener pro-
cess as a model of diffusion in transport phenomena, (ii) the Poisson
process as a model of chemical reactions and kinetics at the small scale,
and (iii) the Kalman filter for reducing the effects of noise in process
measurements, a fundamental task in systems engineering. By covering
representative examples from transport phenomena, chemical kinetics,
and systems engineering, we hope to both introduce random models
and processes, as well as demonstrate their wide range of applicability
in modern chemical and biological engineering.

467
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5.2 Stochastic Processes for Continuous Random Vari-
ables

5.2.1 Discrete Time Stochastic Processes

Our target in this part of the chapter is an understanding of the struc-
ture and dynamics of continuous time stochastic processes: the stochas-
tic analogs of deterministic differential equations. In building up to
these, it is instructive to start with the conceptually simpler stochastic
difference equation. Consider the following example

x(k +1) = Ax(k) + GE(k) (5.1)

in which k € l.¢ is the sample number in discrete time, & is a random
variable, assumed to have some fixed and known probability density,
and &(k),k = 0,1,2,... are independent, identically distributed sam-
ples of &. If we define a sampling interval At, then t = kAt. Because of
the influence of the random variable &, the variable x is also a random
variable. In general it can take any value, so we call it a continuous
random variable in contrast to the integer-valued or discrete random
variables we encounter in Section 5.3.

We wish to study the statistical properties of the process x (k) due
to the random disturbance &. Because the process is linear, an explicit
solution is simply calculated

k-1
x(k) = A*x(0) + > A¥ITIGE(j) k=0 (5.2)
Jj=0

There is no difficulty expressing the solution to the stochastic differ-
ence equation; in fact we cannot determine by looking at the form of
the solution if E(k) is a random variable or simply a deterministic func-
tion of time. This is the perfect place to start because everything is
well defined regardless of whether or not § is a random variable. We
build some simple intuition with stochastic difference equations and
then proceed to continuous time systems. We shall also see that dif-
ference equations arise whenever we wish to numerically approximate
the solution to stochastic differential equations, so some facility with
the difference equations is highly useful.

The integrated white-noise process provides a starting point for
understanding many important aspects of stochastic processes. Con-
sider a system with scalar x, A = 1, zero initial condition and &(k) =



5.2 Stochastic Processes for Continuous Random Variables 469

w (k), where the w (k) are independent and unit normals w ~ N(0, 1)
x(k+1) =x(k) + Gw(k) x(0)=0 (5.3)

We wish to find the probability density of x(k) versus time for this
process.

We have x(1) = x(0) + Gw(0) = Gw(0), so x(1) ~ N(0, G?). Since
the w (k) sequence is independent of x, we have for k = 2

2
x(2) = x(1) + Gw (1) B((ll))] ~ N( [8} , [% ﬂ )
Noting that
x(2)=[1 G] [1’;((11))]

and using Theorem 4.12 on the linear transformation of a normal we
have that
x(2) ~ N(0,2G?)

Continuing this process gives
x(k) ~N(0,kG?®) k=0

and we have that the variance of x (k) increases linearly with time and
the mean remains zero for the integrated white-noise process. If we
choose G = /At, then x(k) ~ N(0O, kAt) and the system satisfies

x(t) ~N(,t) t=0 G=+At

or equivalently its probability density p(x) satisfies

1 1 x?
p(x,t) = Jomt &P <_2t>
Similarly, if we let G = v/2DAt where D is a constant, then
x(t) ~N(0,2Dt) t>=0
or

(xt)—;ex ix?
PO = e P\ "abr

This is precisely (3.68) from Chapter 3, which describes the transient
spread by diffusion of a delta-function initial condition. Thus we see
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already the first sign of what turns out to be a deep and important con-
nection between diffusion and stochastic processes: (5.3) is a model
for a particle undergoing Brownian motion in one dimension. Contin-
uing with the diffusion analogy, if we consider x(kAt) = x(t) to be a
position variable, then the mean square displacement is given by

F (xz(t)> = var(x(t)) = kG? = 2Dt

For diffusion processes, the mean square displacement increases lin-
early in time.

The analysis above can be extended to the case where the random
term has nonzero mean: & ~ N(m,1), which we can write & = m + w
with w defined as above. Now

x(k+1)=x(k)+Gm+ Gw (k)
Defining v = Gm /At this becomes
x(k+1) =x(k)+vAt + Gw (k)

Again, if we interpret x as a particle position, then the particle travels or
“drifts” a distance v At in one time interval as well as diffusing. Letting
G = V2DAt

x(t) ~N(vt,2Dt)

The particle drifts with a velocity v so its mean position changes lin-
early with time, while also diffusing.

Finally, we return to the case where & is drawn from an arbitrary
distribution rather than a normal. With A = 1 and x(0) = 0, (5.2)

becomes
k-1

x(k) =G > E(j)
j=0

That is, the solution becomes a sum of independent identically dis-
tributed (1ID) random variables. In Section 4.5 we learned the remark-
able fact that sums of IID random variables converge to a normal distri-
bution. Thus as k — o, x(k) becomes normally distributed even if the
noise that drives it is not. So, for example, if we can only observe the
process x(t) at time intervals that are infrequent compared to At, it
will be virtually impossible to know whether the underlying noise was
Gaussian or not—the resulting process x (k) will be. This result is one
reason why, in the absence of further information, taking the noise in
a system to be normally distributed is often a good approximation.
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5.2.2 Wiener Process and Brownian Motion

We now wish to define the continuous time version of the discrete time
integrated white noise or Brownian motion just presented. This pro-
cess, denoted W (t), is known as a Wiener process in honor of the math-
ematician Norbert Wiener. The property that we retain in taking the
limit as At — 0 is that W (t) is normally distributed with zero mean
and linearly increasing variance or

W(t) ~N(O,t) t=0

By analogy with the results above, a diffusion process x (t) with diffu-
sivity D and x(0) = 0 would simply be

x(t) = V2DW(t) (5.4)

Note that the linear increase in variance with time should hold for any
starting time s, giving

W(t)—W(s) ~N(,t—3s) §s>0, t=s (5.5)
The increment of the Wiener process is denoted
AW(t —s) =W(t) —W(s)

Considering distinct time instants t;, with t; > t;_1, we define At; =
ti — ti-1 and AW (t;) = W(t;) — W(ti—1). Increments involving non-
overlapping time intervals are independent. The Wiener increments
have a number of important properties that follow from their defini-
tions

E(AW(t;)) =0 (5.6)
E((BAW (t;)) (BAW (t7))) = B2At;5;; (5.7)
F (AW (t;)") =0 forn odd (5.8)

F (AW(ti)zm) oc AtI" for integer m (5.9)

In Theorem 4.12 we saw that the distribution of a sum of normally
distributed random variables is also normally distributed. A number of
important results for Wiener processes follow from this fact. A Wiener
process can be written as a sum of N Wiener increments for any N

N
W(t—to) = > AW(t;) (5.10)
i=1
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where ty = t and the only restriction on t; isthat ¢; > t;_;. Accordingly,
adiffusion (Brownian motion) process can be written as a sum of Wiener
increments multiplied by /2D

N
x(t—to) = . V2DAW(t;) (5.11)

i=1

Furthermore, for separate Wiener processes Wy, W,, W3

2D1AW1(ti) + 2D2AW2(ti) = \/Z(Dl + Dz)AWg,(ti) (5.12)

In other words, the sum of two diffusion processes is equivalent to a
different diffusion process whose diffusivity is the sum of the first two.

To visualize a trajectory of a Brownian motion process x(t), we
can use (5.11), generating points x(t) at constant time intervals At.
Observing that now AW ~ N(0, At), this is equivalent to evaluating the
discrete time process

x((k + 1)At) = x(kAt) + V2DAt w (k) x(0) =0

with w (k) ~ N(0,1) defined as above. Figure 5.1 shows a trajectory of
this process for sample time At = 10-% and diffusivity D = 5 x 10°.
Notice that the roughness is quite apparent in the top row of Figure
5.1. But by looking at finer time scales, we can see the effect of the
finite step size in the discrete time approximation. The continuous
time Wiener process defined in (5.5) maintains its roughness at all time
scales; Figure 5.2 shows how the path should appear between the sam-
ples if we chose the step size properly for this magnification. Unlike
more familiar functions, the Wiener process is very irregular. Thus it
is important to address its continuity and smoothness properties.

The Wiener process is continuous. A crude argument for this state-
ment is that |AW| «< +/At, which approaches zero as At — 0. A more
refined one is presented in Exercise 5.4. On the other hand, because of
the At1/2 behavior of AW, we arrive at the perhaps surprising fact that
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Figure 5.1: A simulation of the Wiener process with fixed sample

time At = 107% and D = 5 x 10°. The boxed region
in each figure is expanded in the next plot to display a
decreasing time scale of interest. The true Wiener pro-
cess is rough at all time scales and therefore dW (t)/dt
does not exist. The top row shows an adequate sampling
rate to display the roughness of the Wiener process. The
middle row shows the time scale of interest starting to
become too small for the given sample time. The bot-
tom row shows a time scale of interest much too small
for the given sample time; one can see the samples and
the straight lines drawn between them.

0.500005
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1324

1320

W(t)

1316

1312 :
0.499995 0.5 0.500005

Figure 5.2: Sampling faster on the last plot in Figure 5.1; the sam-
ple time is decreased to At = 10~° and the roughness is
restored on this time scale. Thought question: how did
we generate a random walk that passes exactly through
the solid sample points taken from Figure 5.1? Hint: cer-
tainly not by trial and error! Such a process is called a
Brownian bridge (Bhattacharya and Waymire, 2009).

the Wiener process is not differentiable’

(2] raw

1 1 ° —x?
= At VomAL J_oo |x| exp <2At> dx
V2At/TT
At
2 1
“\ VAL
This diverges as At~1/2 as At — 0.

1The results of Exercise 5.8 were applied in this derivation.
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Now let us return for the moment to the discrete time integrated
white-noise process, (5.3). Considering a sampling interval At and let-
ting x(k + 1) — x(k) = Ax and Gw (k) = BAW, we can rewrite this
as

Ax = BAW (5.13)

Under other circumstances we could divide by At and let it shrink to
zero, yielding

dx aw
= 2D
dt dat
We have just found, however, that dW/dt does not exist. Neverthe-

less, we can define a differential of the Wiener process as the Wiener
increment W (t + Ats) — W(t) when At becomes the infinitesimal dt

aw () =w(t +dt) -Ww(t) ~ N(0,dt)

This is also known as the white-noise process. It is not continuous.
Now we can write (5.13) in differential form

dx = Bdw (5.14)

This is the most elementary stochastic differential equation.
With initial condition x(0) = 0O, its solution is (5.4).

5.2.3 Stochastic Differential Equations
Basic ideas

To motivate and introduce stochastic differential equations, consider
first the deterministic differential equation

dx

— = f(x,t 5.15

A (5.15)
When we wish to augment this model to include some random effects,

one might try

dx

qr Sfx,t) +g(x,t)n(t)
in which n(t) is a random variable, often a normally distributed, zero
mean random variable, as discussed in Chapter 4.

We have already run into problems with this formulation. Even to

model a “well-behaved” (e.g., continuous) stochastic process like dif-
fusion, we have seen that the random term would have to take on the

form AW
glx,t)n(t) = Bﬁ
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But we also saw that r%/ does not exist. Extending what we did above for
Brownian motion, we thus consider differentials instead of derivatives
and write a general stochastic differential equation (SDE) in the form

dx = A(x, t) dt + B(x,t) AW (5.16)

Formally, we can integrate this to yield
t t
x(t) =x(0) + J Ax(t),t) dt’ + J B(x(t),t")dw(t') (5.17)
0 o

The first integral is classical. The second would be as well if %/ existed,
in which case would just write that

! ’ ’ o ! ’ ’ diw ’
L B(x(t'),t") dW(t') = L B(x(t'),t") ar dt

This integral is nontrivial and to understand it we need to understand
a little bit about the calculus of stochastic processes.

Elementary Stochastic Calculus

Stochastic integrals of the form
t

s- J G(t)dAW (t))
to

are more complex than conventional integrals because both G and dW
can vary stochastically (think of the case G(t) = W(t)). Nevertheless,
as with conventional integrals, we can divide the interval [tg,t] into n
subintervals tg < t; < ... < ty-1 < t, and choose intermediate time
points T; such that t;_; < T; < t;. Now the integral S is approximated
by the sum

n
Sn= > G(T))(W(t;) - W(ti-1))
i=1
In normal calculus this sum converges to the same value independent
of the choice of the T;; in stochastic calculus this is not the case. We
will choose T; = t;_1, yielding the Itd stochastic integral?. Thus
(5.16) is an It0 stochastic differential equation.

20ther choices are used in various situations—for example the Stratonovich
stochastic integral takes T; = (tj_1 + tj) /2. Stochastic calculus is complex and techni-
cal; Gardiner (1990) and Schuss (2010) provide detailed discussions that are accessible
to the non-mathematician.
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The It6 stochastic integral corresponds to a stochastic “rectangle
rule,” with the function value chosen at the left side of the subinter-
val. One practical reason for this choice is that it is the one most
straightforwardly applied in numerical solutions of stochastic differen-
tial equations. The Euler-Maruyama scheme generalizes the explicit
Euler method to the stochastic case, using this rectangle rule approxi-
mation

x(t+ At) = x(t) + A(x(t),t)At + B(x(t), ) AW (AL) (5.18)

where AW (At) ~ N(0,At). This is the standard method for finding
trajectories of SDEs and is often referred to as Brownian dynamics
simulation; it is not highly accurate, but higher-order schemes for
SDEs are very complex to implement (Kloeden and Platen, 1992).

A more fundamental reason for working with the It integral is that,
when applied to (5.17), it corresponds to a noise term that does not
change the mean of x(t), because its expected value is zero

t

f( G(t') dW(t’)) =0 (5.19)
to

This is easily seen by taking the expected value of the discrete sum and

using the fact that for the ItG integral, G(t;) and (W (t;) — W(t;-1)) are

independent

E (Sp) = 2. E(G(ti—1) (W (t;) — W(ti-1)))

i=1

= > E(G(ti-1)E (W(t;) — W(ti-1))
i=1
=0

because E (W (t;) — W(t;—1)) = 0. This calculation makes clear that
the choice of T; matters: if T; were not taken to be t;_1, then G(T;)
and (W(t;) — W(t;-1)) would not be independent and E(S,;) would not
necessarily be zero.

By considering integrals of the form

JG(t’)[dW(t’)]M

and using the It6 expression for S, one can show that

[ Gthdt N=0

t
/ IN124N _
LOG“ AW (1) 2N = { pde =g
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This result tells us how to treat higher differentials involving dW and
dt in general

[dW (t)]? = dt, [dw(t)1>™N =0, aw dt =0

and so on. If dW; and dW; are different white-noise processes, e.g.,
corresponding to different components of a vector of such processes,
then

AW;dW; = 6;;dt (5.20)

Unlike in regular calculus, in working with differentials of W, one must
keep terms up to dW?2. To understand why, simply recall that £ (|AW|) «
VAL.

We can use the above observations about stochastic differentials to
derive the It6 stochastic chain rule. Let F be a function of t and
W(t). Then

OF 1 &%F oF
at T 20w? ow

aAF(t,W(t)) = ( at + — dwW (1)

For example, if we let F = x(t,W(t)) = A(t — to) + B(W(t) — W(tg)),
where A and B are constants, then application of the chain rule gives
us back the constant coefficient SDE dx = A dt + B dW.

Now consider a function f(x(t)), where x(t) evolves according to
(5.16). The differential of f can be written

af(x(t)) = f(x(t+dt)) - f(x(t))
= S GeENAX(E) + 2 7 (D) (dx (1)?
= f(xt)(Adt+Bdw) + %f"(X(t))(ﬂ dt + B dw)?
Noting that dt? = 0 and dW? = dt, we have It®’s formula

af(x(t)) = (Af" + %:lszf”) dt + Bf' dw (5.21)

Example 5.1: Diffusion on a plane in Cartesian and polar coordinate
systems

We can write two-dimensional Brownian motion in Cartesian coordi-
nates as
dx =B dWy (5.22)
dy = B dw, (5.23)
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where Wy and W, are independent Wiener processes and B = +/2D.
How would we write the same process in polar coordinates?

Solution

As a brief prelude, observe that for a particle starting at the origin, the
mean square displacement satisfies

T (r2(t)) = B2 (£ (W2) + £ (w2))
=B2(t+1)
= 4Dt

This result easily extends to Brownian motion in any number d of di-
mensions, giving the result F (r2(t)) = 2dDt.

Returning to the specific question at hand, consider the radial co-
ordinate first and keep in mind that we may need to keep terms up to
quadratic in dx and dy

or or 10%r 1 0%r 10%r

bl -z 2, =
dr = 3x dx + 3y —dy ZadeX +28xadedy+28 2dy

Here all the partials can be evaluated from the formulas v = /x2 + 2

and 0 = tan~?! ( ) Now using the SDEs and noting that dx? = dy? =
B2dt, dxdy = 0, we have that

dr = cos OB dWy + sin 0B dW,, + 532 dt

Now, using (5.12) we see that cos @ dWx + sin0 dW,, is a diffusion
process with variance dt. We will denote this process as dW,, so

2
dr = L dt + B dW, (5.24)
2r

Consider a particle that starts at ¥ = 0. Applying It6’s formula with
f = 7?2 and taking the expected value we find that

FE(d(r?)) = 2B? dt

Letting B2 = 2D we find that Z(¥2) = 4Dt in two dimensions, as we
should.
Now we turn to the equation for 0
00 00 1020

2 1 2
oy v =8 a2+ =2 27 i
ao = 8xd X + 3y dy + > 3x Sdx® + Zaxaydxdy+ y dy
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By symmetry there cannot be any drift term—positive and negative
changes in 8 must be equally likely. Evaluating derivatives we find

B
Using (5.12) again we can replace —ydW, + xdW,, with v dWy

40 = g AW (5.25)

Example 5.2: Average properties from sampling

Often we are interested in an “average” property of the model rather
than a single realization of the stochastic equation. Consider again
the random walk model of the diffusion process on the plane, (5.22)-
(5.23). Simulate the process and compute an estimate of the mean
square displacement versus time.

Solution

We approximate this process for simulation with the discrete process
X(k+1) =X(k) + VAL + V2DALP (5.26)

where X = (x, ¥)T, k is the sample number, At is the sample time, and
time is t = kAt. The velocity of the particles is V = (v, v,)T and the
random two-vector P is the two-dimensional normal distribution with
zero mean and covariance equal to a 2 X 2 identity matrix

P ~N(0O,I)

This choice provides uncorrelated steps in the x and y directions. In
the ensuing discussion we choose At = 1 so k = t. We also take
Ux = vV, = 0 here so there is no drift, only diffusion. A representa-
tive simulation of (5.26) is given in Figure 5.3.

We can approximate average properties by simulating many trajec-
tories or equivalently many independent particles, and then taking the
average. Let X;(k) be the position of the ith particle at sample time k,
which follows the evolution

Xi(k + 1) = X;(k) +2Dn; (5.27)
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Figure 5.3: A representative trajectory of the discretely sampled
Brownian motion; D = 2, V = 0, n = 500.
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Figure 5.4: The mean square displacement versus time; D =2,V =
0, n = 500.
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The squared displacement of the ith particle is given by
rZ(k) = X] (k) Xi(k) (5.28)

and the mean square displacement is given by the average over many
particles

(r2)(k) = % > r?(k)  mlarge
i1

Figure 5.4 shows the mean square displacement for the random walk
with no drift and D = 2 for the diffusion coefficient. We use n = 500
particles for this simulation. Notice that the mean square displacement
grows linearly with time. The simulation agrees with Einstein’s analysis
of diffusion (Einstein, 1905). See also (Gardiner, 1990, pp.3-5) as well
as our analyses above

(r?)(k) = 4Dk (5.29)

O

5.2.4 Fokker-Planck Equation

There are two ways to think about solving an SDE. We can find particu-
lar trajectories—this is what the Euler-Maruyama scheme above will do.
We can also consider the evolution of the probability density p(x,t).
In considering the integrated white-noise and Wiener processes, we ob-
served the connection between the evolution of p(x,t) and the diffu-
sion equation. The Wiener process is the solution to dx = dW. Because
its trajectories x(t) —x(0) ~ N(O, t), the density p(x, t) for a trajectory
starting at x = X is a solution to the transient diffusion equation

op _ 9%p

ar Dﬁ, p(0,t) = 6(x — xo) (5.30)

with D = % To generalize this result, consider the time evolution
of the expected value of an arbitrary function f(x(t)), where x(t)
evolves according to the It6 SDE (5.16). Using Itd’s formula and the

result £ (Bf" dW) = 0, which is the infinitesimal version of (5.19)
T (df (x(t) = F ((lef’ ; %Bzf”) dt + Bf’ dW)

_ ((ﬂf’ i %.’Bzf”) dt)
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This can be rewritten as
d ’ 1 2 prr
| reopeen ax = [ar + 2B p e dx

Rearranging and integrating by parts yields

Jf( )ap(x t) x=Jf(x) (%(—Ap(x,t))

+ %% (sz(x,t))) dx

Finally, since f is arbitrary, this result can only hold in general if

op(x,t) 9 o
T T CAK PG D) + o

( B2 (x,t)p(x, t)) (5.31)
This is the evolution equation for p(x,t), often called the Fokker-
Planck equation (FPE). For a trajectory starting at x = Xp, the initial
condition for this equation is again p(0,t) = 6(x — xg). The equation
can be put into conservation form
opx,t) 0 { 0 <1 5 )}
—— = —-——1 A, )p(x,t —B(x,t)p(x,t 5.32
3t a()lﬂ()xz()zﬂ()()
The term inside the curly brackets is the flux of probability density
and this equation bears obvious similarities to equations we are famil-
iar with from transport phenomena. It shows us that trajectories of
an Ité SDE have a drift coefficient A (x,t) and a diffusion coefficient
D(x,t) = %232()(, t). This is sometimes called the “short-time” diffu-
sivity, because one can show using It6’s formula (Exercise 5.5) that for
a particle at position x’ at time t’

d(x —x')?
Z’ - 7
( dt
Similarly, the instantaneous drift velocity of the trajectory is (as in the

deterministic case)
d(x — x’))
£ (U

The probability density must integrate to unity

=2D(x',t) (5.33)
t=t'

= A(x,t) (5.34)
t=t’

Jp(x, t)dx =1 (5.35)
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Elaborating on the connection between the FPE and transport equa-
tions, we recall that the convection-diffusion equation in one dimension
s 0 0 0

a—i = “3x {v(x)c - Dac}
The first term in the flux expression inside the curly brackets is analo-
gous to that for the FPE, with A = v, but there is an important differ-
ence in the second term. When the (short-time) diffusivity D = %BZ in
the FPE varies with position, it is not equivalent to the (gradient) diffu-
sivity D that appears in the transport equation. Exercise 5.2 explores
these differences in further detail.

We also can generalize the analysis to an n-vector random process

x, with components x;, i = 1,2,...,n. The SDE and FPEs for this case
are
dx; = Ai(x,t)dt + Bij(x t) de (5.36)
0 < 02
P = Z < (A Dp) + Z Z (Dij(x,t)p)  (5.37)
ot = 1 axla X
Here p is a function of all components x; and time, p = p(xq1,...,Xn, 1),

and D;; = %BikBjk are the elements of the diffusion coefficient ma-
trix. The derivation of (5.37) from (5.36) makes use of the multidi-
mensional It6 formula

af(x) = ( E + Z%kBJk aa f) dat + Bij%de (5.38)

As in the scalar case, probability is conserved
Jp(xl,xz,...,xn) dxi1dxz ... dxy, =1 (5.39)

In vector/matrix notation the equations are written

dx = A(x,t)dt + B(x,t) -dW (5.40)

%p(x,t) =-V-(Axp(x,t)) +VV: (D(x,t)p(x,t)) (5.41)
with
1 T
D(x,t) = EB - B (5.42)
This result indicates that D is symmetric positive semidefinite. For

numerical integration of multidimensional SDEs, the Euler-Maruyama
scheme extends straightforwardly.
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Example 5.3: Transport of many particles suspended in a fluid

A large number of particles, each obeying the equation
dx =vdt +v2Dadw (5.43)

are moving in a fluid. How do we describe the evolution of the concen-
tration field in the fluid?

Solution

The probability density for an individual particle evolves as

Pt = —VUpx +Dpxx

For the many-particle system, we define an n-particle joint density func-
tion (n is on the order of Avogadro’s number) as

p(x1,X2,...,Xn, t)dx1dxs - - - dxy
probability density that particles 1
through n are located at xi1 through Xy,
respectively, at time ¢

The concentration of particles at x, c(x,t), is then

i=1

clx,t) = > JQP(X]_,...,Xj,...,xn)6(x1‘ —x;j) [ ]dxi (5.44)
j=1

The jth term in the sum represents the probability that the jth particle
is located at x at time t, and the sum over all particles gives the total
concentration. If the particle motions are independent

p(xX1,...,xn;0) = [ [ pilxit)
i=1

Performing the integral in (5.44) gives

clx,t) = > pj(x,t)
j=1

which indicates that the linear superposition of each particle’s proba-
bility of being at location x produces the total concentration at x. If
the particles are identical, p;(x,t) = p(x,t),j = 1,...,n, this reduces
to

c(x,t) =np(x,t)
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The evolution equation for c is therefore
cr(x,t) = —vex(x,t) + Dexx(x, 1)

The conclusion is that the concentration profile created by many non-
interacting, identical particles obeys the same evolution equation as the
probability density of a single particle. Averaging the behavior of many
particles does not “average away” the diffusion term in the evolution
equation of the total concentration c(x,t). See Deen (1998, pp. 59-63)
for further discussion of this case. |

Example 5.4: Fokker-Planck equations for diffusion on a plane

Example 5.1 introduced the stochastic differential equations for diffu-
sion on a plane in Cartesian and polar coordinate representations. For
the Cartesian representation, (5.22) and (5.23) have probability density
p(x,y) that satisfies the diffusion equation

op(x,y) 02 92
pat)/:D(a)Cz_Fa_’yz p(X,y)Zszp(X,y)

with normalization (conservation of probability) condition

ﬂ px,y)dxdy =1
If we rewrite this equation in polar coordinates we get

op(r,0) _

2
- D<1a(7a)+ 12 )p(r,9)=DV2P(7’,9) (5.45)

ror\ or 12002
and

21T oo
J J p(r,0)rdrdo=1
o Jo

Do we get the same result if we start with the polar coordinate form
of the stochastic differential equations, (5.24) and (5.25)? Why or why
not?

Solution

Equations (5.24) and (5.25) can be written as the system

o] L8] e+ [o 8] ]

]
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With regard to (5.36) and (5.37), x1 = ¥, x2 = 0 and
D
2- 4]
T
D:1[3 O][B o} :[D o}
2|0 Z]|o £ o 4

Inserting these expressions into (5.37) and denoting the probability
density as pp (1, 0) yields

2 2
aw(r,e)__Dapp(r,e)w(a 10

ot - Tor  r or2 1,2592>70P(7’,9) (5.46)

This is not the transient diffusion equation in polar coordinates.
We begin to understand this difference by writing the normalization
condition, (5.39)

21T (oo
J J pp(r,0) dr dO
o Jo

This differs by a factor of ¥ in the integrand from the conventional area
integral in polar coordinates. The reason is simple: in going from the
SDE to the FPE, we did not tell 1t6’s formula about the geometry of area
elements on the plane, but only to take an SDE written with variables
X1 = 7,X2 = 0 and write the corresponding FPE. There is no paradox
here, only a message to be careful about coordinate transformations.

Finally, we wish to understand the relationship between p and pp.
Motivated by the factor of ¥ difference in the normalization conditions,
we might guess that pp (7, 0) = cvp (v, 0) where ¢ is a constant. Indeed,
making this substitution into (5.46), we recover the transient diffusion
equation in polar coordinates, (5.45). For a process starting at the origin
at t = 0, the normalized solutions (Exercise 5.9) are

_ 1 r2@pp
pr0.0 = ope @
and
pp(r,0,t) =vp(r,0,t) O

5.3 Stochastic Kinetics

5.3.1 Introduction, and Length and Time Scales

Our next application of interest is reaction networks and chemical ki-
netics taking place at small numbers of molecules. First we start with a
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continuum kinetics example to define some useful nomenclature. Con-
sider the following two-step series reaction

T
We define the species vector of concentrations ¢ = [CA Cp Cc] , and

denote the stoichiometry for the reaction network with the stoichio-

metric matrix
-1 1 0
V=l o -1 1

Weletv;, i =1,2,...,n, denote the rows of the stoichiometric matrix,
written as column vectors

-1 0
V1 = 1 Vo = -1
0 1

We assume the reaction takes place in a well-mixed reactor and assume
some rate law for the reaction kinetics, such as

1
71 = Kkica o = koCp v = [ ]
2

As taught in every undergraduate chemical engineering curriculum, the
material balances for the three species is then given by

ny
ic =vTr(c) = > viri(c) (5.47)
dt ‘

i=1
The solution of this model with a pure reactant A initial condition is
shown in Figure 5.5.

Next we consider reactions taking place at small concentrations. In-
stead of the common case in which we have on the order of Avogadro’s
number of reacting molecules, assume we have only tens or hundreds
of molecules moving randomly in a constant-volume, well-mixed, re-
actor. At such low concentrations, the deterministic concentration as-
sumption makes no sense, and we have to consider the random behav-
ior of the molecules. But we still have to choose an appropriate length
and time scale of interest. Indeed, if we move down to the length scale
of the atoms, we can model the electron bonds deforming continu-
ously in time from reactants through transition states to products. We
choose instead a larger time and length scale so that each reaction that
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0.8 -
ca(t) cc(t)

0.6 +
cg(t)

04 -

0.2 -

Figure 5.5: Two first-order reactions in series in a batch reactor,
Cao =1,¢cp0 = cco=0,ky = 2,ky = 1.

takes place can be regarded as a single instantaneous event causing a
discrete change in the number of reactants and products. At this scale,
we track the integer-valued numbers of reactant and products, and we
treat the reaction events as random jump processes. This choice of
length and time scale makes the discrete Poisson process the natural
description for stochastic kinetics.

5.3.2 Poisson Process

Just as the Wiener process W (t) is the simplest mathematical process
appropriate for modeling diffusion, the Poisson process Y (t) is the sim-
plest mathematical process appropriate for modeling stochastic chem-
ical kinetics. The Poisson process is an integer-valued counting pro-
cess. Time is modeled as a continuous variable, but the value of the
Poisson process is discrete. The Poisson process is characterized by a
rate parameter, A > 0, and for small time interval At, the probability
of an event taking place in this time interval is proportional to AAt. To
start off, we assume that parameter A is constant. The probability that
an event does not take place in the interval [0, At] is therefore approx-
imately 1 — AAt. Let random variable T be the time of the first event of
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the Poisson process starting from t = 0. We then have for small At
Pr(T > At) = 1 — AAt

Like the Wiener process, the Poisson process has independent incre-
ments, which means that the number of events in disjoint time inter-
vals are independent. The independent increment assumption coupled
with the fact that A does not change implies that the probability that
an event does not take place in two consecutive time intervals [0, 2At]
is Pr(T > 2At) = (1 — AAt)2. Continuing this argument to n intervals
gives for t = nAt

Pr(T >t) = (1 — AAD)" =~ (1 — AAL)H/AL

Taking the limit as At — 0 gives

Pr(t>t)=e M
From the probability axioms and the definition of T’s probability dis-
tribution, we then have

Pr(T<t)=F(t)=1—-e M
Differentiating to obtain the density gives the exponential density
pr(t) = Ae™M (5.48)

The exponential distribution should be familiar to chemical and bio-
logical engineers because of the residence-time distribution of a well-
mixed tank. The residence-time distribution of the CSTR with volume
V and volumetric flowrate Q satisfies (5.48) with A being the dilution
rate or inverse mean residence time, A = Q/V.

Figure 5.6 shows a simulation of the unit Poisson process, i.e., the
Poisson process with A = 1. If we count many events, the sample path
looks like the top of Figure 5.7, which resembles a “bumpy” line with
slope equal to A, unity in this case. The frequency count of the times to
next event, T, are shown in the bottom of Figure 5.7, and we can clearly
see the exponential distribution with this many events. Note that to
generate a sample of the exponential distribution for the purposes of
simulation, one can simply take the negative of the logarithm of a uni-
formly distributed variable on [0,1]. Most computational languages
provide functions to give pseudorandom numbers following a uniform
distribution, so it is easy to produce samples from the exponential dis-
tribution as well. See Exercise 5.14 for further discussion.
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Figure 5.6: A sample path of the unit Poisson process.
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Figure 5.7: A unit Poisson process with more events; sample path
(top) and frequency distribution of event times T.
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The time of the first event also characterizes the probability Pr(Y (t)
0) for t = 0. The probability that Y is still zero at time t is the same as
the probability that the first event has occurred at some time greater
thant,or Pr(Y(t) =0) =Pr(Tt >t) =1—-Pr(t <t). Therefore we have
the relationships

Pr(Y(t) =0) =1 - F(t) = e At

We next generalize the discussion to find the probability density for
the time of the second and subsequent events. Let random variable T,
denote the time of the second event. We wish to compute the density
P, (t2,t). Because of the independent increments property and the
fact that A is constant, we have for the joint density

{PT(tz —Dp.(t), >t

to, t) =
PTZ,T( 2,1) t <ty

Integrating the joint density gives the marginal

[#)
P, (t2) = . pr(ta — t)p- (t)dt

t
_ J " Ae-Mtz=t) y oAt gy
0
pr,(t2) = Atye M2

or p,(t) = A2te~2 We can then use induction to obtain the density
of the time for the nth event, n > 2. Assuming that 7,,_1 has density
AN-1gn=2,-At /(. — 2)1 we have for Ty,
tn
p'rn(tn) = o an,Tn,l(tn,t)an,l(t)dt

tn n-1

_ _ 7\7 n-2,-At
=1, pr(tn t)(n—2)!t e ‘tdt

tn )\n*l
J Aot AN nz - gy
0 (n—-2)!

A" 1,-At
— n— —Alp
Pr, (tn) = n— 1)!tn e (5.49)
From here we can work out Pr(Y (t) = n) for any n. For Y (t) to be n at
time t, we must have time T, < t and time 1,41 > £, i.e., n events have
occurred by time t but n + 1 have not. In terms of the joint density, we
have

o ~f
Pr(Y(t) =n) = J J P71, (U, D)dtdt’
t 0
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As before, the independent increments property allows us to express
the joint density as p+,.,, 1, (t',t) = pr(t' — t)p4, (t) for t’ = t. Substi-
tuting this and (5.49) into the previous equation gives

o rt An
_ _ —A(t'—t) n-1,-At !
Pr(Y(t) =n) = L L Ae 7(11 — 1)!t e ‘dtdt
Pr(Y(t) =n) = 0‘1;) Y (5.50)

See Exercise 5.13 for an alternative derivation. The discrete density
appearing on the right-hand side of (5.50), i.e, p(n) = e %a"™/n! with
parameter a = At, is known as the Poisson density. Its mean and vari-
ance are equal to a (see Exercise 5.12). So we have that E(Y (t)) = At,
which is consistent with Figure 5.7.

Because A and t appear only as the product At, the Poisson process
with intensity A, now denoted Y, (t), can be expressed in terms of the
unit Poisson process, denoted Y (t), with the relation

Ya(t) = Y(AL) t>0

The justification is as follows. We have just shown

RGN

Pr(Ya(t) =n) -l

and, for the unit Poisson process, we have Pr(Y(t) = n) = t"e t/n|,
which is equivalent on the substitution of At for t. Because the incre-
ments are independent, we also have the property for all n > 0

Pr(Y(t) —Y(s)=n)=pPr(Y(t —s) =n) t>s

which is similar to (5.5) for the Wiener process.

Nonhomogeneous Poisson process. Next we consider the nonhomo-
geneous Poisson process in which the intensity A(t) is time varying. We
define the Poisson process for this more general case so that the prob-
ability of an event during time interval [t,t + At] is proportional to
A(t)At for At small. We can express the nonhomogeneous process
also in terms of a unit Poisson process with the relation

t
Ya(t) = Y(J0 A(s)ds) t>0

To see that the right-hand side has the required property, we compute
the probability that an event occurs in the interval [t,t +At]. Let z(t) =
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4 A(s)ds. We have

Pr(t <T <t+At) =Pr(Ya(t + At) — Yi(t) > 0)
=Pr(Y(z(t + At) = Y(z(t))) > 0)

=Pr(Y(z(t + At) — z(t)) > 0)
t+At

= 1—Pr(Y(J A(s)ds) = 0)

t

t+At A(S)ds

zl—e_J[

For At small, we can approximate the integral as ftHAt A(s)ds = A(t)At
giving

Prit =T <t+At)=1—-(1-A(t)AL) =A(t)AL
and we have the stipulated probability.

Random time change representation of stochastic kinetics. With
these results, we can now express the stochastic kinetics problem in
terms of the Poisson process. Assume n, reactions take place between
n; chemical species with stoichiometric matrix v € R *"s and denote
its row vectors, written as columns, by v;,i =1,2,...,7. Let X(t) € ["s
be an integer-valued random variable vector of the chemical species
numbers, and let r;(X),i = 1,2,...,n;, be the kinetic rate expressions
for the n, reactions. We assign to each reaction an independent Poisson
process Y; with intensity 7;. Note that this assignment gives 1, non-
homogeneous Poisson processes because the species numbers change
with time, i.e., ; = ¥;(X(t)). The Poisson processes then count the
number of times that each reaction fires as a function of time. Thus
the Poisson process provides the extents of the reactions versus time.
From these extents, it is a simple matter to compute the species num-
bers from the stoichiometry. We have that

Ny

t
X(t) = X(0) + > v;Yi( L ri(X(s))ds) (5.51)

i=1

This is the celebrated random time change representation of stochastic
kinetics due to Kurtz (1972).

Notice that this representation of the species numbers has X (t) ap-
pearing on both sides of the equation. This integral equation repre-
sentation of the solution leads to many useful solution properties and
simulation algorithms. We can express the analogous integral equation



5.3 Stochastic Kinetics 495

for the deterministic continuum mass balance given in (5.47)
Ny t
c(t) =c(0) + > viJ ri(c(s))ds
i-1 70

Comparing the two results, we see the obvious similarities; the key dif-
ferences are that the species number vector X is an integer-valued ran-
dom variable, and the Poisson process Y fires the reactions at random
times.

5.3.3 Stochastic Simulation

The random time change representation suggests a natural simulation
or sampling strategy for the species numbers X(t). We start with a
chosen or known initial condition, X(0). We then select based on each
reaction, n, exponentially distributed proposed times for the next re-
actions, 14,1 = 1,2,...,n,. These exponential distributions have in-
tensities equal to the different reaction rates, 7;(X(0)). As mentioned
previously, we obtain a sample of an exponential Fr,(t) = 1 — e "it
by drawing a sample of a uniformly distributed RV on [0,1], u, and
rescaling the logarithm

Ti=—(1/ri)Inu; i=1,2,...,np

We then select the reaction with the smallest event time as the reaction
to fire, giving
ti1= min T; iy =arg min T;
ie[1,n,] i€[1,n,]
We then update the species numbers at the chosen reaction time with
the stoichiometric coefficients of the reaction that fires

X(t1) = X(0) +vi,

This process is then repeated to provide a simulation over the time
interval of interest. This simulation strategy is known as the first
reaction method (Gillespie, 1977). We summarize the first reaction
method with the following algorithm.

Algorithm 5.5 (First reaction method).

Require: Stoichiometric matrix and reaction-rate expressions, v;, ¥ (X),
i=1,2,...,n,; initial species numbers, Xp; stopping time T.
1: Initialize time t = O, time index k = 1, and species numbers X (t) =
Xo.
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Figure 5.8: Randomly choosing a reaction with appropriate probabil-
ity. The interval is partitioned according to the relative
sizes of the reaction rates. A uniform random number u
is generated to determine the reaction. In this case, since
p2 < u < p3, m = 3 and the third reaction is selected.

2: Evaluate rates v; = ¥;(X(t)). If r; = 0, all i, exit (system is at steady

state.)
3: Choose n, independent samples of a uniformly distributed RV, u;.
Compute random times for each reaction 1; = —(1/7;) Inu;.

4: Select smallest time and corresponding reaction, Tx = MiNje[1.n,] Ti,
ix = argminjeqa,n,] Ti-

5. Update time and species numbers: tx =t + Tk, X (tx) = X (£) + v;,.

6: Sett =ty, replace k — k+ 1. If t < T, go to Step 2. Else exit.

Gibson and Bruck (2000) show how to conserve random numbers
in this approach by saving the n, — 1 random numbers that were not
selected at the current iteration, and reusing them at the next itera-
tion. With this modification, the method is termed the next reaction
method.

An alternative, and probably the most popular, simulation method
was proposed also by Gillespie (1977, p. 2345). In this method, the
reaction rates are added together to determine a total reaction rate v =
> ri(X(t)). The time to the next reaction is distributed as p+(t) =
re~"t. So sampling this density provides the time of the next reaction,
which we denote T. To determine which reaction fires, the following
cumulative sum is computed

ny
pi=>rir, i=0,1,2,...n,
i=1

Note that 0 = po < p1 < p2 < --- < py, = 1, so the set of p; are a par-
tition of [0, 1] as shown in Figure 5.8 for n,, = 3 reactions. The length
of each interval indicates the relative rate of each of the n, reactions.
So to determine which reaction m fires, let u be a sample from the
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uniform distribution on [0, 1], and determine the interval m in which
u falls by the condition

Pm-1=U=Pm

Given the reaction that fires m and the time of the reaction T, we then
update the species numbers in the standard way

Xt+1)=X({t) +Vm

This method is known as Gillespie’s direct method or simply the
stochastic simulation algorithm (SSA). We summarize this method
with the following algorithm.

Algorithm 5.6 (Gillespie’s direct method or SSA).
Require: Stoichiometric matrix and reaction-rate expressions, v;, ¥;(X),
i=1,2,...,n,; initial species numbers, Xp; stopping time T.

1: Initialize time t = 0, time index k = 1, and species numbers X (t) =
Xo.

2: Evaluate rates 7; = 7;(X(t)) and total rate v = > ; r;. If ¥ = 0, exit
(system is at steady state.)

3: Choose two independent samples, 11, u», of a uniformly distributed
RV on [0, 1]. Compute time of next reaction T = —(1/7) Inu,.

4: Select which reaction, ik, as follows. Compute the cumulative sum,
pi = 2 j_17;/7 fori e [0,n,]. Note po = 0. Find index iy such that
Pip-1 = U2 = Pj,.

5: Update time and species numbers: tx =t + T, X(fx) = X(t) + v;,.

6: Sett =ty, replace k — k+ 1. If t < T, go to Step 2. Else exit.

Figure 5.9 shows the results when starting with n4 = 100 molecules.
Notice the random aspect of the simulation gives a rough appearance
to the number of molecules versus time, which is quite unlike the de-
terministic simulation presented in Figure 5.5. Because the number of
molecules is an integer, the simulation is discontinuous with jumps at
the reaction event times. But in spite of the roughness, we can already
make out the classic behavior of the series reaction: loss of starting
material A, appearance and then disappearance of the intermediate
species B, slow increase in final product C. Note also that Figure 5.9
is only one simulation or sample of the random process. Unlike the de-
terministic models, if we repeat this simulation, we obtain a different
sequence of random numbers and a different simulation. To compute
accurate expected or average behavior of the system, we perform many
of these random simulations and then compute the sample averages of
quantities we wish to report.
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Figure 5.9: Stochastic simulation of the first-order series reaction
A—B—C starting with 100 A molecules.

5.3.4 Master Equation of Chemical Kinetics

The simulations in the previous section allow us to envision many pos-
sible simulation trajectories depending on the particular sequence of
random numbers we have chosen. Some reflection leads us to con-
sider instead modeling the evolution of the probability density of the
state. We shall see that we can either solve this evolution equation di-
rectly, or average over many randomly chosen simulation trajectories
to construct the probability density by brute force. Both approaches
have merit, but here we focus on expressing and solving the evolution
equation for the probability density.
Consider the reversible reaction

A+B g C (5.52)
k-1

taking place in a constant-volume, well-stirred reactor. Let p(a, b,c,t)
denote the probability density for the system to have a molecules of
species A, b molecules of species B, and ¢ molecules of species C at time
t. We seek an evolution equation governing p(a,b,c,t). The prob-
ability density evolves due to the chemical reactions given in (5.52).
Consider the system state (a, b, c, t); if the forward event takes place,
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the system moves from state (a,b,c,t) to (a —1,b —1,c + 1,t + dt).
If the reverse reaction event takes place the system moves from state
(a,b,c,t) to (a+1,b+1,c —1,t +dt). We have expressions for the
rates of these two events

1 = klab -1 = k,]_C

These are the rates required for the trajectory simulations of the pre-
vious sections. But here we are asking for more. Here we want to know
how these reaction events occurring at these rates change the prob-
ability density that the system is in state (a,b,c,t). This evolution
equation for the probability density is known as the master equation
for chemical kinetics. The master equation for this chemical example
system is

ap(aéi?'c’t) = —(kiab + k_1c) - p(a,b,c,t)

+ki(a+1)(b+1)-pla+1,b+1,c—-1,t)
+k_1(c+1)-pla—-1,b—-1,c+1,t) (5.53)

We see that the reaction rate for each event is multiplied by the prob-
ability density that the system is in that state.

Because we have a single reaction, we can simplify matters by defin-
ing ¢ to be the extent of the reaction. The numbers of molecules of
each species are calculated from the initial numbers and reaction ex-
tent given the reaction stoichiometry

a=ag-— & b=>by—¢ C=Co+é&

We see that ¢ = O corresponds to the initial state of the system. Using
the reaction extent, we define p (&, t) to be the probability density that
the system has reaction extent ¢ at time t. Converting (5.53) we obtain

% = _(kl(a»o - E)(bo — E) + k—l(CO + E)) . P(E,t)

+ki(ap—e+1)(bo—e+1) -p(e—-1,t)
+ko1(co+e+1)-ple+1,t) (5.54)

The four terms in the master equation are depicted in Figure 5.10.
Given ag, bg, co we can calculate the range of possible extents. For
simplicity, assume we start with only reactants A and B so ¢g = 0.
Then the minimum extent is € = 0 because we cannot fire the reverse
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reaction from this starting condition. If we fire the forward reaction
n = min(nag, npo) times, the limiting reactant A or B is completely
consumed and no further forward reactions are possible. Therefore
the range of possible extents is 0 < ¢ < n. We now can write n + 1
equations stemming from the master equation and place them in the
matrix form

[ Po ] [Bo Yo 11 po |
P1 1 B1 y1 pP1
d| P2 x2 B2 ¥2 p2 -
Pn-1 Yn-1 Pn-1
| Pn L &n  Bn 1L Pn |

in which p;(t) is shorthand for p(j,t), and «;, B;, and y; are the fol-
lowing rate expressions evaluated at different extents of the reaction

o =ki(ao—j+1)(bo—j+1)
Bj = —ki(ao — j)(bo — j) —k_1(co + j)
yi=k_i(co+j+1)

We can also write this model as

dap
= AP (5.56)
P(0) = Po

in which P is the column vector of probabilities for the different reac-
tion extents
T
P=[po p1 - pal
and the A matrix contains all the model parameters.

The essential connection between the stochastic and determinis-
tic approaches to the well-mixed chemical kinetics problem is that the
stochastic model’s probability density becomes arbitrarily sharp at the
solution to the deterministic problem as the number of molecules in-
creases. Figure 5.11 displays the solution to (5.55) starting with 20 A
molecules, 100 B molecules and 0 C molecules. The extent of reaction is
scaled by the initial number of A molecules. Notice that the probability
density spreads out rapidly as time increases and there is significant
uncertainty in the equilibrium state.

If we increase the starting number of molecules by a factor of 10,
we obtain the results depicted in Figure 5.12. Notice the sharpening
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p(&,t)
A+B— C A+B— C
| | | | |
| | | | |
E—-2 e—-1 & £+1 E+2
W

A+B— C A+B— C

Figure 5.10: Master equation for chemical reaction A + B=C. The
probability density at state £ changes due to forward
and reverse reaction events. The rate of change is pro-
portional to the reaction rate times the probability den-
sity of being in that state.

in the probability density. We can see that the extent versus time is
traced out by the peak in probability density is approaching the mass
action kinetics limit. You can imagine the sharpness in the density if
we started out with on the order of Avogadro’s number of A molecules.
As stressed earlier, however, if we are not operating near that limit, the
random fluctuation may be an important physical behavior to include
in the model. To describe this behavior, the stochastic approach is
essential and the deterministic approach cannot be substituted.

The master equation, (5.56), is a simple linear, constant-coefficient
differential equation, and the solution is

P(t) = eAlp,

The challenge in solving the master equation directly is its high dimen-
sion. The dimension of P is the number of different species values
that the system can reach by reaction. If we have a single reaction, the
extent can range from zero, its initial value, to a value that exhausts
some limiting species. Denote this limiting species’s initial number by
Mo, the dimension of the state vector P is then ng. But if we have mul-
tiple reactions, we multiply n, by the limiting species corresponding
to all the combinations of reactions. The scaling is on the order of the
product ngon,. If we have 1000 initial molecules with 10 reactions, the
dimension of the master equation P vector is already on the order of
10%. The A matrix already contains 108 elements, although it would be
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10

p(&t)

Figure 5.11: Solution to master equation for A + B=—C starting with

20 A molecules, 100 B molecules and O C molecules,
ki1 = 1/20,k_; = 3. Congratulations, you now under-
stand what is displayed on the cover of the text.

quite sparse. Thus solving the master equation becomes computation-
ally intractable for problems of even modest size. The best we can hope
for with these larger models is to sample the master equation with sim-
ulations. Even simulating enough trajectories to obtain reliable sample
averages can be quite time consuming, which motivates research efforts
to develop efficient simulation algorithms and sampling strategies.
Given this basic understanding, we now express the general master
equation for n, reactions with the random variable X (species numbers)
as the state of the system rather than the reaction extents. Given a
system in state x € ["s, reaction i with stoichiometric vector v; can
reach state x from only state x — v;, and can leave this state to reach
state x + v;. We then have for the evolution of the probability density

%vx(x, ) = > ri(x - vi)px(x — vi, t) - (Zn(X)>vx(x, t) (5.57)

with initial condition px(x,0) = po(x). Equation (5.57) is the chemi-
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p(e,t)

C starting with

Figure 5.12: Solution to master equation for A + B

200 A molecules, 1000 B molecules and O C molecules,

=3.

1/200,k_1 =

ky

cal master equation for a general reaction network. It is also known
as the forward Kolmogorov equation in the mathematics literature.

Applying (5.57) to the previous example we have

k_lnC

klnAnB T—l(x)

r1(x)

and master equation

(x,t) =11(x=vy, O)px(x—v1, ) +r_1(x —v_1, ) px(x —v_1,t)

a
dth

—(ri(x,t) +7r_1(x, ) px(x,t)
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or, written to show the species numbers

d na na+1
pr( ng ,t)zkl(nA+1)(nB+1)pX( ng+1|,t|+
e nc-1
nag—1 na
koiinc+1)px| | np—1 ,t)—(klnAnB+k_1nc)pX< ng ,t)
nec+1 Nne

5.3.5 Microscopic, Mesoscopic, and Macroscopic Kinetic Models

Next we would like to explore how the discrete stochastic kinetic model
of amicroscopic system transforms into the deterministic kinetic model
of a macroscopic system that is familiar to undergraduate chemical and
biological engineers. Along the way, we derive a model for the regime
bridging the microscopic and macroscopic levels, which is sometimes
called the mesoscopic regime. Our goal is to start with the microscopic
chemical master equation and take the limit as the system size becomes
large. We use the system volume Q) for the size parameter. The pro-
cedure we follow is given by van Kampen (1992, pp. 244-263) and is
known as the omega expansion. The essentials of the approach are
perhaps best explained by taking a concrete (and nonlinear) example.
Consider the bimolecular reaction

2A— B

In the deterministic macroscopic description, we have a reaction-rate
expression v = 1?c2, in which ¢ is molar concentration of A, an intensive
variable, and the rate constant % has units of 13/(mol - t), so the rate
has units of mol/(t - 13), a rate of reaction per volume, which is also
intensive. The mole balance for species A in a well-mixed system is the

familiar

dc ~
T —2kc?  ¢(0) = co (5.58)

For these same Kinetics, at the small scale, we have the microscopic

chemical master equation

%P(n, t) = —k"(’;i(;l)zn(n, t) +k%mn+z, ) n=0
(5.59)

in which 7 is the number of A molecules in the well-mixed system of

volume Q. Here n is a discrete (nonnegative, integer-valued) random
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0.2
0.15 + Q=20
var(e) = 0.0114
ps(x) 0.1 r-
0.05
0 | | ‘ ‘ |
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Figure 5.13: The equilibrium reaction extent’s probability density for
Reactions 5.52 at system volume Q = 20 (top) and Q =
200 (bottom). Notice the decrease in variance in the
reaction extent as system volume increases.

variable. As QQ becomes large, we expect the concentration ¢ = n/Q to
be well described by the ODE (5.58). Itis initially far from clear how we
take this limit to make this transition from a discrete-valued random
variable 1 to a continuous-valued deterministic variable c.

To motivate the appropriate analysis, we first look at solutions to
the master equation for increasing values of Q. Figure 5.13 shows the
final equilibrium distributions of the scaled reaction extent, &, from
Figures 5.11 and 5.12. We have increased the system size from Q = 20
in the top figure to O = 200 in the bottom figure. We also show the
variance in random variable ¢ in the two simulations. Notice that for a
ten-fold increase in Q, the variance has decreased by almost this same
ten-fold amount. From these solutions to the master equation we have
some idea what to expect. For a large system, the integer increments in
the number of molecules n become so fine that we can approximately
replace them by a continuous variable c. But we also see randomness
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in the concentration, and although the (relative) magnitude of the con-
centration fluctuations decreases as the system size increases, it is not
zero. In fact, we see that the familiar normal distribution appears to de-
scribe the probability distribution of the fluctuations and the variance
scales with Q1.

Therefore we are led to hypothesize that we can approximate n as
a combination of the deterministic concentration ¢ and a continuous
random variable & to capture the fluctuations. Based on our numerical
experiments, the form we choose is

n=cQ+ Q2 (5.60)

so that the variance in n/Q scales with Q1, i.e., var(n/Q) = Q~lvar(§).
We are neglecting terms of order Q° and lower in the expansion of n
in (5.60). Thus we are expressing n/Q as a perturbation solution in
increasing powers of small parameter Q~1/2. The additional complica-
tion in this case compared to our previous perturbation examples in
Chapters 2 and 3, is that we are also changing from a discrete variable
N to continuous variables ¢ and &.

The master equation describes the density of random variable n,
P(n,t), and we wish to deduce an evolution equation for the density
of random variable &, which we denote I1(&,t). And we also expect the
analysis to show that the familiar differential equation (5.58) describes
the deterministic variable c. As a transformation of random variables,
we are considering the two densities to be related by

P(n,t) = P(cQ + EQY? t) = TI(E, t)

in which we suppress the dependence of 1 on ¢. Consider ¢ to be some
known function of time when expressing the transformation between
the two random variables n and &.
Given this transformation, the partial derivatives are related by P; =
I1; +IIg& and &; is found by differentiating (5.60) holding n constant,
which yields
& = —¢cQlf?

in which ¢ represents the time derivative of ¢(t). Substituting this into
the relation for the partial derivatives gives
Py =TI, — ¢QY?TIg

This is the first step. We have the left-hand side of the master equation
evaluated in terms of the new density II. Next we work on the right-
hand side.
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The term P(n,t) is simply the transformed I1(&, t), but we also re-
quire P(n + 2,t). First we solve (5.60) for £ so that we know what n + 2
corresponds to in variable &

En) =nQ 12 - cQl/? (5.61)

Using (5.61) gives E(n+2) —&(n) = 2Q-1/2, Next we use a Taylor series
to represent I[I(E(n + 2),t) in terms of [1(§(n), t), denoted simply as
I1, and its derivatives

407t 832

- -1/2
II(E(n+2),t) =11+ 2Q"IIg + o Igg + 3

IMggg + - - - (5.62)

The number of terms retained in the Taylor series determines the order
of the approximation for the density II. We now can easily transform
the remaining terms in n using (5.60)

7"(”9_ Y _ 20 1 2c8Q12 4 (—c + £2) — EQ 12
%ﬂ =c?2Q+2cEQY? + (3¢ + &%) + 3812 + 207t

Now we combine all of these ingredients by substituting them into the
master equation (5.59) giving

I — ¢QM2TIg = §[4c +48Q7Y2 + 207 T+
k[c2QY2 + 2cE + (3¢ + E2)Q7Y2 + 35071 + 20732 T+
k[c? +2cEQ Y2 + (3c+ EHQ 1 + 35032 + 2072 g

in which we have kept up to the second-order term in (5.62).

The third and final step is to extract from this large equation the in-
formation provided at the different orders of the expansion parameter
Q.

Order Q/2. Collecting the terms of order Q1/2 gives (¢ + kc?)IIg = 0
and, since Ilg # 0, we deduce

dc
= = —kc? 5.63
T (5.63)
which is the macroscopic equation (5.58) after noting that the usual
macroscopic convention absorbs a factor of one-half into the definition
of the rate constant, i.e., k = k/2.
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Order Q°. Collecting the terms of order Q° gives
II; = 2kc T1 + 2kc & g + ke? Tgg
which can be rearranged into

On— 2 (Cokegm) + 2 (ke2 )

ot 0& 0&2
This is the familiar Fokker-Planck equation, (5.41), which we can write
as an equivalent SDE

dE = —2kcE dt +2ke2 dw

Because this is a linear Fokker-Planck equation (the drift term is linear
in € and the diffusivity is independent of &), this equation is sometimes
referred to as the linear noise approximation.

To simulate the model at this level of approximation, we first solve
(5.63) for c(t), and then perform a random walk simulation for the fluc-
tuation term &(t), which depends on c(t). We combine these two parts
for n(t) using (5.60). This description in which c(t) is deterministic
and &(t) is a continuous random walk is the mesoscopic description.
We see the results in Figure 5.14. The top figure shows the discrete
simulation using KMC for volume Q = 500 and initial condition of 500
A molecules ng = 500. Note that the plot has a log scale on the time
axis to more clearly show the evolution at early times. These two simu-
lations display quite similar character. To compare them more quanti-
tatively, we could compute several low-order moments of the densities
by computing sample averages over many simulations.

As a more comprehensive alternative, we compute the correspond-
ing cumulative probability distributions at the selected time t = 1,
shown as the dashed line in Figure 5.14. We obtain the cumulative
distribution for the discrete model by solving the master equation and
summing

n
F(n,t)= > P(n',t) 0=n<ng
n’'=0
We can obtain the density for the omega expansion by solving the PDE
for I1(&, t), shifting the mean by the deterministic c(t), and integrating
for the cumulative distribution. Or we can instead derive a correspond-
ing evolution equation for &'s cumulative density

Fe(x,t) = Jﬁ TI(E, t)dE
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Figure 5.14: Simulation of 2 A — B for ng = 500, Q = 500. Top:
discrete simulation; bottom: SDE simulation.

and shift its mean by c(t), Fc(x,t) = Fg(x — c(t),t). Exercise 5.22
discusses this approach in more detail. The results are shown in Fig-
ure 5.15. The staircase function is the solution to the discrete master
equation at time t = 1, at which time the deterministic concentration
is one-half, i.e.,, c(t) = 1/2 att = 1. The steps in x = n/Q are caused
by the zero probability at all the odd integer values of 7 in the discrete
model. The smooth function is the omega expansion, which we can see
is in reasonably close agreement with the discrete model for Q = 500.

Finally, in the limit as QQ — o, the fluctuation & becomes negligible
compared to ¢, and we have the familiar deterministic macroscopic
description, (5.63) or (5.58). In Figure 5.15, this limit would be observed
by the two functions converging to a unit step function at the value of
x = c(t). See also Exercise 5.22.

There is now an extensive and rapidly growing literature on stochas-
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Figure 5.15: Cumulative distribution for 2 A — Batt = 1 with ng =
500, QO = 500. Discrete master equation (steps) versus
omega expansion (smooth).

tic kinetics. The book chapter by Anderson and Kurtz (2011) is highly
recommended for those interested in a current and comprehensive
overview of most of the topics covered here as well as more advanced
topics on: relevant central limit theorems for Poisson processes, mar-
tingales, and scaling and model reduction.

5.4 Optimal Linear State Estimation
5.4.1 Introduction

Sensors are how we learn about the world. Our five natural senses
provide us with our first exposure to sensors, i.e., the type built in
by nature. Since humans are very curious about the world, people
have been hard at work for a long time augmenting the natural senses
by constructing artificial or man-made sensors. Some of mankind’s
biggest advances in science and engineering were precipitated by a
breakthrough in sensor technology, e.g., the telescope, the microscope,
detectors for electromagnetic radiation outside the visible range, etc.
One of the important things that we know about sensors is that
they are limited and imperfect indicators of the world around us. They
often are affected by nature in ways that the user does not intend or
desire; they often conflate many different physical effects into a single
signal, which makes it challenging for us to interpret what the sensor is
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telling us. Finally, all sensors, as well as the systems that we are trying
to measure, are subject to uncontrolled and random effects.

One of the fundamental problems in systems engineering is to de-
vise methods for taking these imperfect measurements of imperfectly
controlled systems and deciding on the best estimate of the state of
the system. We are inherently trading off two sources of error: the
sensor’s random error or noise, and the system’s random fluctuation
or disturbance. We may decide in some situation that a change in a
sensor signal indicates that the system has changed. But we may de-
cide in a different situation that a change in a sensor signal is caused
by a random effect or disturbance to the sensor itself, and the system
is completely unchanged. Optimally combining these two sources of
information: what the sensor tells us and the other knowledge that we
have about the system’s behavior, is the task of state estimation.

To make these concepts precise, we consider a linear system. Let
x € R" be an n-vector containing all the relevant information about a
system of interest

xT =Ax +Bu

The u variables are the input variables that also affect the evolution
of the system. If we control the inputs, they are called actuators, i.e.,
the valves in a chemical plant. If the inputs are not controlled by us,
they are regarded as disturbances, and often given another letter to in-
dicate this difference. We use w € R" to represent the disturbances.
Because of the central limit theorem, these will be considered normally
distributed random variables with zero mean and variance Q. The dy-
namic model is then

xT=Ax+Bu+w

The initial state of the system X is also generally unknown and will be
considered a normally distributed random variable with mean X and
variance P (0). Now we consider the sensors. Let y € RP be the p-vector
of available measurements. Normally p < n indicating that we are not
measuring every relevant property of the system. Because sensors are
expensive, often p < n indicating that we have a complex system with
many states, but are information poor with few measurements. The
sensor is also affected by random disturbances, which we denote by v.
Because the input u is considered known, we can remove it from the
model for simplicity without changing any important features of the
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state estimation problem. The linear model of interest is then

xt=Ax+w
y=Cx+v

and the disturbances and unknown initial condition satisfy
w~N(,Qw) v ~N(ORy)  x(0) ~N(Xo,P(0))

If the measurement process is quite noisy, then R is large. If the
measurements are highly accurate, then R is small. Similar considera-
tions apply for the process noise, Q. If the state is subjected to large
disturbances, then Q is large, and if the disturbances are small, Q is
small. Again we choose zero mean for w because the nonzero mean
disturbances should have been accounted for in the system model. The
variance P(0) reflects our confidence in the initial state. If we know
how the system starts off, P(0) is small. If we have little knowledge,
we take P(0) large. In industrial applications, the initial condition may
be known with high accuracy for batch processes. But the initial con-
dition is usually considered largely unknown when analyzing a dataset
taken from a continuous process.

We require three main results concerning normals, conditional nor-
mals, and linear transformation. These follow directly from the prop-
erties of the normal established in Chapter 4, but see Exercise 5.24 for
some hints if you have difficulty deriving any of these. Recall also the
normal function notation (4.13)

1
(2m) "2 (det P)112

which was introduced in Chapter 4, and will be used frequently in the
following discussion.

n(x,m,P) = p[—%(x—m)TP_l(x—m)]

Joint independent normals. If px|z(x|z) is normal, and y is statisti-
cally independent of x and z and normally distributed

Pxiz(x|2) = n(x, my, Px)
y ~N(my,Py) v independent of x and z

then the conditional joint density of (x, y) given z is

Pxyiz(X,¥|2) = n(x,mx, Px) n(y,m,,Py)

oo (312 - ][ o ]) e
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Linear transformation of a normal. If x and z are jointly normally dis-
tributed with conditional density px|-(x|z) having mean m and
variance P, and y is a linear transformation of x, v = Ax, then
Py|z(¥1z) is normal with mean Am and variance APAT

Pxiz(x|z) =n(x,m,P) y=Ax
Pyiz(¥12) = n(y, Am,APAT) (5.65)

Conditional of a joint normal. If the joint conditional density of (x, y)

el )

then the conditional density of x given (Y, z) is also normal

Pxly,z(x|y,z) = n(x,m,P) (5.66)
in which
M =My + Py PNy —my) P =Px—PxyP) Py
Note that the conditional mean m is itself a random variable because
it depends on the random variable .
5.4.2 Optimal Dynamic Estimator
We have specified the random process of interest

xt=Ax+w (5.67)
y=Cx+v (5.68)

with known densities
w ~ N(0,Qu) v ~N(0,Ry) x(0) ~ N(xo,P(0))

We will next derive the optimal estimator for this process. As part of
this derivation, we will derive the probability densities of the state as a
function of time. This is the same pattern that we followed in the first
two sections on Brownian motion and stochastic kinetics. We started
with the random process (Wiener and Poisson processes), and then we
derived their probability density equations (Fokker-Plank and chemical
master equations).
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Because we have assumed a prior, the density of x(0), we are using
Bayesian estimation. The overall game plan is as follows. The initial
state x(0) is assumed normal. Our optimal estimate before measure-
ment is denoted X~ (0). The minus sign indicates estimate before mea-
surement. We obtain from the sensor measurement y(0). We then
compute the conditional density of x(0)|y(0). We show that is also
normal. The maximum of that conditional density is our optimal es-
timate after measurement, denoted X(0). We are combining the mea-
surement with the prior to calculate the posterior. Then we use the
random process (5.68) to forecast the state forward one time step to
obtain x(1). We show that the density of x(1) (conditioned on y(0))
is also normal,® and the maximum of that density is our estimate at
k = 1 before measurement, X~ (1). Then we add measurement y (1)
and compute the conditional density of x(1)|y(0), ¥ (1); its maximum
gives X (1), and we continue the iteration. So now we fill in the details.

Combining the measurement. We start off at k = 0 with estimate
X~ (0) = X and consider the effect of adding the first measurement.
We obtain noisy measurement y (0) satisfying

¥(0) = Cx(0) + v(0)

in which v (0) ~ N(0O,R) is the measurement noise. Given the measure-
ment y (0), we next obtain the conditional density px(0)|y ) (x(0)[y(0)).
This conditional density describes the change in our knowledge about
x(0) after we obtain measurement y(0). This step is the essence of
state estimation. To derive this conditional density, first consider the
pair of variables (x(0), y(0)) given as

x©] _[1 o][x()
vy | |C I||v(0)

We assume that the noise v (0) is statistically independent of x(0),
and use the independent joint normal result (5.64) to express the joint
density of (x(0),v(0))

ol (B &)

From the previous equation, the pair (x(0),y(0)) is a linear transfor-
mation of the pair (x(0),v(0)). Therefore, using the linear transfor-
mation of normal result (5.65), and the density of (x(0),v(0)) gives

3Because we have linear transformations of normals at each step of the procedure,
every density in sight will be normal.
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the density of (x(0), ¥(0))

xO] [ %] [Qeo  aocT

¥ (0) CXo|’|CQ(0) CQ(O)CT +R
Given this joint density, we then use the conditional of a joint normal
result (5.66) to obtain

Px0)y) (x(0)[y(0)) = n(x(0),m,P)
in which

m = Xo + L(0) (¥(0) — Cxop)
L(0) = Q) CcT(cqo)CcT +R)™
P =Q(0)-QCT(caoc’+RrR)1CqQ(o)

We see that the conditional density px(o)|y(o) is normal. The optimal
state estimate is the value of x (0) that maximizes this conditional den-
sity. For a normal, that is the mean, and we choose X(0) = m. We
also denote the variance in this conditional after measurement y (0)
by P(0) = P with P given in the previous equation. The change in
variance after measurement (Q (0) to P(0)) quantifies the information
increase by obtaining measurement y(0). The variance after measure-
ment, P(0), is always less than or equal to Q (0), which implies that we
can only gain information by measurement; but the information gain
may be small if the measurement device is poor and the measurement
noise variance R is large.

Forecasting the state evolution. Nextwe consider the state evolution
from k = 0 to k = 1, which satisfies

X =[A 1] L’Z((%))]

in which w(0) ~ N(0,Q) is the process noise. We next calculate the
conditional density px(1)|y(). Now we require the conditional version
of the joint density (x(0),w(0)). We assume that the process noise
w (0) is statistically independent of both x(0) and v (0), hence it is
also independent of y(0), which is a linear combination of x(0) and
v(0). Therefore we use (5.64) to obtain

o (7 e
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We then use the conditional version of the linear transformation of a
normal (5.65) to obtain

Px)ly©) (x(1)]y(0)) = n(x(1),x (1),P (1))
in which the mean and variance are
X(1) = AX(0) P (1) =AP0)AT +Q

We see that forecasting forward one time step may increase or decrease
the conditional variance of the state. The term AP(0)AT may be smaller
or larger than P(0), but the process noise Q always makes a positive
contribution.

Given that px(1)|y(0) is also a normal, we are situated to add mea-
surement y (1) and continue the process of adding measurements fol-
lowed by forecasting forward one time step until we have processed
all the available data. Because this process is recursive, the storage re-
quirements are small. We need to store only the current state estimate
and variance, and can discard the measurements as they are processed.
The required online calculation is minor. These features make the op-
timal linear estimator an ideal candidate for rapid online application.
We next summarize the state estimation recursion.

General time step k. Denote the measurement trajectory by

y(k) = {¥(0),¥(1),...y(k)}

At time k the conditional density with data y(k — 1) is normal
Pxk)lyk-1) (X (K)|y(k — 1)) = n(x(k),x" (k),P (k))

and we denote the mean and variance with a superscript minus to in-
dicate these are the statistics before measurement y (k). At k = 0,
the recursion starts with X~ (0) = X and P~ (0) = Q(0) as discussed
previously. We obtain measurement y (k), which satisfies

x(k)| _[I 0Of|x(k)
yk)| |Cc T||vk)

The density of (x(k),v(k)) follows from (5.64) since measurement
noise v (k) is independent of x (k) and y(k — 1)

o] ([T 70 R])
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Equation (5.65) then gives the joint density
x (k) N X~ (k) P~ (k) P~ (k)CT
yk) |~ Cx~(k)|’|CcP~(k) CP (k)CT +R

We note {y(k —1),y(k)} = y(k), and using the conditional density
result (5.66) gives

Pxmlyk (x(K)|y(k)) =n(x(k),x(k),P(k))
in which
X(k) =x" (k) + L(k) (y(k) = Cx(k))

L(k) =P (k)CT(cP~(k)CT +R)?
P(k) =P (k) —P (k)CT(cP~(k)CT + R)"*CP~ (k)

We forecast from k to k + 1 using the model

x(k+1)=[A I [;‘]((’I‘())}

Because w (k) is independent of x(k) and y(k), the joint density of
(x(k),w(k)) follows from a second use of (5.64)

x (k) N x(k)| |Pk) O
wk) |~ o'l o Q
and a second use of the linear transformation result (5.65) gives
Pxk+1lyk) (X (k +1)|y(k)) = n(x(k+1),X" (k+1),P (k+1))
in which
X (k+1)=AXx(k)
P (k+1) = AP(k)AT + Q

and the recursion is complete.

Summary. We place all the required formulas for implementing the
optimal estimator in one place for easy reference. The initial conditions
for k =0 are

X7(0)=Xo P (0)=0Q(0)

The update equations for time k > 0 are
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X(k) = X (k)+Lk)(y(k) -Cx (k) (5.69)
L(kk)y = P (k)yCT(cp (k)CT +R)?* (5.70)
P(k) = P (k)-P (k)CT(cP~(k)CT +R)"*CP (k) (5.71)
X (k+1) = Ax(Kk) (5.72)
P (k+1) = APKAT+Q (5.73)

The full densities of the state before and after measurement are

Pxblyk-1)(x(K)ly(k-1)) = mn(x(k),x (k),P”(k))
Pxoly (x(K)y(k)) = n(x(k),x(k),P(k))

These formulas provide the celebrated Kalman filter (Kalman, 1960).
One of Kalman’s key contributions was to use the state-space model
to describe the system dynamics. As we see here, after that step, the
solution of the optimal filtering problem reduces to a few well-known
results about normals, linear transformation, and conditional density.
One of the main practical advantages of the Kalman filter is the ex-
tremely efficient implementation. One can update and store the con-
ditional mean and variance with only a few matrix multiplications and
finding one matrix inverse. This efficient recursion makes the Kalman
filter ideal for online state estimation where one would like to find the
optimal estimate in real time as the sensor measurements become avail-
able.

5.4.3 Optimal Steady-State Estimator

Notice from (5.70) that the optimal estimator has a time-varying gain,
L(k), coming from the time-varying recursion for P (k) and P~ (k), given
by (5.71) and (5.73). If we are willing to give up a small amount of
performance during small initial times, we can obtain an even simpler
filter. Assume for the moment that these recursions converge to a
steady state. The steady state then satisfies

P, =P; —P;CT(cP;CT + R)ICP;
P; = AP AT +Q

Substituting P; from the first equation into the second equation and
eliminating Ps give the steady-state covariance before measurement as
the solution to the following algebraic Riccati equation

Py =Q + AP; AT — APy CT(CP;CT + R)1CP; AT
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The steady-state filter gain then follows from (5.70)
Ly =P CT(CP;CT +R)L

and the optimal steady-state estimate before measurement, i.e., the
conditional mean of the state given measurements, is obtained by com-
bining (5.69) and (5.72) giving

X (k+1) =AX" (k) + ALs(y (k) — Cx~(k))

Implementing this filter as data y (k) become available is extremely ef-
ficient. Offline one solves the steady-state Riccati equation, P;, and
computes the steady-state filter gain, Ls. Online one has to store only
L and current estimate X~ (k), and implement a few matrix-vector mul-
tiplications and vector additions after y (k + 1) is measured to obtain
the next estimate, X~ (k +1). We have an ideal algorithm that combines
extremely small storage requirements and extremely fast computation
making the steady-state Kalman filter ideal for many applications in
many engineering disciplines.

In any design problem, including state estimator design, we usu-
ally have many, sometimes conflicting, design objectives. Optimality is
certainly one desirable objective. But we would also like some perfor-
mance guarantees on the estimator. For example, if the disturbances
to the system are small does the estimate error become small as we
collect more measurements? We formulate this objective as a stability
question in the final section. To motivate that discussion, consider the
following case: A =1I,C = 0, i.e., the system is an integrator and we are
not making any measurements. Even without disturbances, the system
evolution is x* = x, and therefore x (k) = xp for all k > 0. But (5.70)
gives that L; = 0, so the estimator equation is X* = X and therefore
X(k) = xo for all k > 0. Since the RV x(0) is not necessarily at its
mean, x(0) # X, and we see that the state estimate does not converge
to the system state no matter how many “measurements” we make.
This system needs to be redesigned before we can obtain a state esti-
mator that converges to the system state. It is clear what is wrong with
this system since C = 0 provides no information from the sensor, but
to detect all such badly designed systems, we introduce the concept of
observability.

5.4.4 Observability of a Linear System

The basic idea of observability is that any two distinct states can be
distinguished by applying some input and observing the two system
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outputs over some finite time interval (Sontag, 1998, p.262-263). The
general definition for nonlinear systems can be quite complex, but ob-
servability for linear systems is much simpler. First of all, the applied
input is irrelevant and we can set it to zero. Therefore consider the
linear time-invariant system (A, C) with zero input and disturbances

xt = Ax
vy =Cx

with initial condition x(0) = xo. The solution for the state is x (k) =
Akxg, and the output is therefore

(k) = CA*xq (5.74)

The system is observable if there exists a finite N, such that for every
X0, N measurements {y(0),y(1),...,y(N — 1)} distinguish uniquely
the initial state xg. As shown in Exercise 5.26, if we cannot determine
the initial state using n measurements, we cannot determine it using
N > n measurements. Therefore we can develop a convenient test for
observability as follows. For n measurements, the system model gives

¥ (0) C
¥ (1) CA
. = : Xo (5.75)

y(n-1) CcAn-1

The question of observability is therefore a question of uniqueness of
solutions to these linear equations. The matrix appearing in this equa-
tion is known as the observability matrix O

c

CA
o= _ (5.76)

CA.n—l

From Section 1.3.6 of Chapter 1, we know that the solution to (5.75) is
unique if and only if the columns of the np X n observability matrix
are linearly independent. Therefore, we have that the system (A, C) is
observable if and only if

rank(©®) = n

We see in the next section that observability is a sufficient condition
for estimator stability.



5.4 Optimal Linear State Estimation 521

To illustrate this observability analysis in a chemical engineering
context, we present the following example (Ray, 1981, p.58).

Example 5.7: Observability of a chemical reactor

Consider an isothermal, continuous well-stirred tank reactor (CSTR)

with first-order liquid-phase reactions
Ats BEC

The volumetric flowrate Qy and tank volume Vy are constant. The
concentration of A in the feed c4¢ is the manipulated variable, and
Cpf = 0. Let x = [CA CB]T.
(&) Write down the mass balances for species A and B and show that
X =Acx + Beu

What are matrices A and B. for this problem?

(b) Consider measuring only species A reactor concentration with
sample time At > 0. What is matrix C. in this case? Is the system
with this sampled measurement observable?

(c) Consider measuring only species B reactor concentration. What is
matrix C, in this case? Is the system with this sampled measure-
ment observable? Provide a physical explanation if this answer
differs from the answer to the previous part.

Solution

(a) Assuming constant density, the mass balances for A and B are
i cal| _ —(F/V+k1) 0 CA " k/V
dt [cs |~ ke ~(F/V +k2) | | ca o |

~(FIV + k) 0 0%
Ac :[ K —(F/V+k2)] Be :[ 0 }

We can convert this continuous time system into a discrete time
system by approximating the time derivative with an explicit Euler

method*
dx _ x(k+1) —x(k)

dt At
4lmproving the numerical approximation does not change the observability analysis
that follows.
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giving
xt = Ax v =CcX
A 1-(At)(F/V + kq) 0
a (At)k, 1— (At)(F/V +k2)

(b) For measuring only species A we have C, = [1 0]. We then check
the observability matrix for the DT system, giving

1 0
OAC) = [1_ (AL)(FV + k1) 0}

which has rank one. Since rank (@) < n, the system is not observ-
able.

(c) For measuring only species B we have C. = [0 l]. This gives the
observability matrix

0 1
O(ACe) = |:(At)k1 1- (At)(F/V + k2):|

which has rank two for all sample times At > 0. Since rank(©) =
n, the system is observable.

The answers are different because measuring A tells us how much
total B we have produced, but we have no information about how
much B was present initially nor how much was consumed to pro-
duce C. Therefore we cannot reconstruct the B concentration from
the model and the A concentration. Measuring species B, how-
ever, provides information about how much A is in the reactor,
because the A concentration affects the production rate of B. The
B measurement information plus the mass balances enable us to
reconstruct the A concentration. The value of the rank condition
of the observability matrix is that it makes rigorous this kind of
physical intuition and reasoning. a

545 Stability of an Optimal Estimator

Optimality of a filter is one desirable characteristic, but systems engi-
neers often care about other characteristics such as stability. Stability
in this situation means that the state estimate “gets close” (in some
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sense that we make precise shortly) to the true state as more measure-
ments become available. As shown previously with an unobservable
system (A = I, C = 0), we can have situations in which optimal estima-
tors are not stable. In these situations, optimality is small consolation,
and the estimator is not useful.

We define estimate error as the difference between the true system
state and our estimate of the state. We shall use the estimate before
measurement to illustrate

X(k) = x(k) —x" (k)

The evolution of the estimate error can be given by substituting the

R(k+1) = Ax(k) + w(k) — AR~ (k) — ALs(» (k) — C2~(k))

Substituting the system measurement y (k) = Cx (k) + v (k) and com-
bining terms gives

Rk +1) = (A— ALO)X (k) + w (k) — ALsv (k) \

Estimator stability is the question of whether (A — AL;C) is a stable
matrix, i.e., has all its eigenvalues inside the unit circle.

We have the following theorem covering the stability of the steady-
state estimator.

Theorem 5.8 (Riccati iteration and estimator stability). Given (A, C)
observable, Q > 0, R > 0, P~(0) = 0, and the discrete Riccati equation

P~ (l+1)=Q +AP (DA -
AP~ (HC'(CP~()C'+R)*cP~ (LA, 1=0,1,...

Then
(a) There exists P, = O such that for every P~(0) = 0

llim P~(l) = Py
and Py is the unique solution of the steady-state Riccati equation
P; =Qu + AP; A" — AP, C'(CP;C' + R)"1CP; A’

among the class of positive semidefinite matrices.
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Figure 5.16: The change in 95% confidence intervals for X (k|k) ver-
sus time for a stable, optimal estimator. We start at
k = 0 with a large initial variance P(0), which gives a
large confidence interval.

(b) The matrix A — AL:C in which
Ly =P;C'(CP;C'+R)?!
is a stable matrix.

Bertsekas (1987, pp. 59-64) provides a proof of the “dual” of this
theorem, which can be readily translated to this case.

So what is the payoff for knowing how to design a stable, optimal
estimator? Assume we have developed a linear empirical model for a
chemical process describing its normal operation around some nominal
steady state. After some significant unmeasured process disturbance,
we have little knowledge of the state. So we take initial variance P~ (0)
to be large. Figure 5.16 shows the evolution of our 95% confidence inter-
vals for the state as time increases and we obtain more measurements.
We see that the optimal estimator’s confidence interval returns to its
steady-state value after about only 10 measurements. Recall that the
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conditional variances of state given measurement do not require the
measurements. Only the optimal estimates X (k) depend on the data.
So we can assess the information quality of our sensor system before
we even examine the data. But realize that the noise parameters Q and
R almost always need to be determined from process data before we
can perform this analysis. Moreover, if we plan to use feedback control
to move the disturbed process back to its optimal operating point, the
better our estimate of the state, the better our control and therefore
process performance.

State estimation is a fundamental topic appearing in many branches
of science and engineering, and has a large literature. A nice and brief
annotated bibliography describing the early contributions to optimal
state estimation of the linear Gaussian system is provided by Astrom
(1970, pp. 252-255). Kailath (1974) provides a comprehensive and his-
torical review of linear filtering theory including the historical devel-
opment of Wiener-Kolmogorov theory for filtering and prediction that
preceded Kalman filtering (Wiener, 1949; Kolmogorov, 1941). Jazwinski
(1970) provides an early and comprehensive treatment of the optimal
stochastic state estimation problem for linear and nonlinear systems.
Many optimal control texts contain discussions of the nonlinear state
estimation problem (Bryson and Ho, 1975; Stengel, 1994). The moving
horizon estimation (MHE) method, which uses online optimization to
address system nonlinearity and constraints, is presented by Rawlings,
Mayne, and Diehl (2020, Ch. 4).

5.5 Exercises

Exercise 5.1: Random walk with the uniform distribution

Consider again a discrete-time random walk simulation
x(k+1) =x(k) +vAt + V2DAt w (k) (5.77)

in which x,w € R?, k is sample number, At is the sample time with t = kAt. Instead
of using normally distributed steps as in Figure 5.3, let w = 2./3(u — 1/2) in which
u~U(0,1)
( ) 1 0=< ai,az < 1
Pul@naz2) =14 Gtherwise

We then have that w ~ U(—+/3,+/3) with zero mean and unit variance. The Octave or
MATLAB function rand generates samples of u, from which we can generate samples of
w with the given transformation.

(a) Calculate a trajectory for this random walk in the plane and compare to Figure 5.3
for the normal distribution.
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(b) Calculate the mean square displacement for 500 trajectories and compare to
Figure 5.4 for the normal distribution.

(c) Derive the evolution equation for the probability density px (x, t) for this process
in the limit as At goes to zero. How is this model different from the usual
diffusion equation given by (5.30) for the random walk with normally distributed
steps?

Exercise 5.2: The different diffusion coefficients D and D

In the chapter we compared two models for the evolution of concentration undergoing
convection and diffusion processes

dc 0 0 oc

a *a(U(X,t)C) + E(D(X,t)a)
and

oc 02

- —E(U(X,t)c) + ﬁ(D(X,t)C)

in which we consider x, v, and D scalars. The first is derived from conservation of mass
with a flux law defined by N = —Doc/0x. The second is the Fokker-Planck equation
corresponding to the following random walk model of diffusion

dx =v(x,t)dt +2D(x,t) AW

(a) Show that when the diffusivity D (x,t) does not depend on x, these two models
are equivalent and D(t) = D(t).

(b) Show that the Fokker-Planck equation can always be written in the following
convection-diffusion form with a modified drift term
oc 0 0 oc
3% ffx(v(x,t)C) + aX(D(x,t)aX)
and find the expression for U (x,t).

Exercise 5.3: The diffusion coefficient matrices D and D

Repeat Exercise 5.2 but for the case in which x and v are n-vectors and D and D are
n X n diffusion coefficient matrices

% =-V-(v(x,t)c) + V- (D(x,t) - Vc)
and

oc

Fri -V - (v(x,t)c) + VV: (D(x,t)c)

Exercise 5.4: Continuity of random processes

We know that the Wiener process is too rough to be differentiated, but is it even con-
tinuous? To answer this question, we first have to extend the definition of continuity
to cover random processes such as W(t). We use the following definition.

Definition 5.9 (Continuity (with probability one)). A scalar random process 7 (t) is
continuous (with probability one) if for all € > 0 and « < 1, there exists § > 0, which
generally depends on ¢ and &, such that

Pr(lvr(t) —r(s)| <¢) = «x for all t, s satisfying |t —s| < ¢
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In other words, a random process is continuous if squeezing the times close enough
together squeezes the values of the random process together, with probability as close
to one as desired.

Using this definition, prove that the Wiener process W (t) is continuous (with prob-
ability one) and that the white-noise process dW (t) is discontinuous, i.e., not continu-
ous. Hence, establish that integrating the discontinuous white-noise process smooths
it enough to creates a continuous Wiener process.

Exercise 5.5: Multidimensional 1t6 formula and moments of multidimen-
sional SDEs

(a) Use Itd’s formula to derive (5.33) and (5.34).

(b) Derive the multidimensional form of I1t8’s formula, (5.38), for an SDE in the form
dx; = Aj(x,t)dt + BU(X, l’)de
Recall (5.20).

(c) Use this formula to derive the multidimensional versions of (5.33) and (5.34):

d(xi—xlf)(xj—x}) o,
f( dt :ZDij(X,t)
t=t’
d(xi_xg) _ ;
P(Fa)| e

Exercise 5.6: Diffusion equation in one dimension with Laplace transform
Consider the diffusion equation on the line

Z—izDVzc 0<t, —0<Xx<®

We wish to calculate the response c(x, t) to an impulse source termatt =0, c(x,0) =
5(x).

(a) In Chapter 3, we already solved this problem using the Fourier transform. Here
we try the Laplace transform. Take the Laplace transform of the one-dimensional
diffusion equation with this initial condition and show

D d?c(x,s)

P sc(x,s) = —6(x) (5.78)

(b) What are the two linearly independent solutions to the homogeneous equation?
Break the problem into two parts and solve the differential equation for x > 0
and x < 0. You have four unknown constants at this point.

(c) Which of the two linearly independent solutions is bounded for x — «? Which
of these two solutions is bounded for x — —c0? Use this reasoning to find two
of the unknown constants.

(d) Use continuity of ¢(x, s) at x = 0 to find one more unknown constant. Integrate
(5.78) across a small interval containing zero to obtain a condition on the change
in the first derivative

dc(x =0%,5) dc(x=07,s)
dx - dx
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(e) Use this jump condition to find the last constant and obtain the full transform
c(x,s) valid for all x.

(f) Invert this transform and show
1
= X?/ADH gt o <x <o (5.79)
2/mDt
State which inversion formula you are using.

c(x,t) =

(g) Compute the mean square displacement for this concentration profile.

p(x,t) = c(x,t)

(x?) = Iw p(x,t)x%dx

Exercise 5.7: Random walk in one dimension

Prepare a simulation of a random walk in one dimension for D = 2. Start the particles
at x = 0 at t = 0 and simulate until ¢t = 1000.

(a) Show the trajectories of the random walks for five particles on the same plot.

(b) Plot the mean square displacement versus time for 1000 particles. Compare this
result to the analytical solution given in Exercise 5.6(g). Describe any differences.

(c) Plot the histogram of particle locations at ¢ = 1000 for 1000 particles. On the
same plot, compare this histogram to the analytical result given in (5.79). De-
scribe any differences.

Exercise 5.8: More useful integrals

Use the definition of the complete gamma function and establish the following integral
relationship

© n r(z)
p,—ax _ n
Jo xPe dx D/ a>0
For the case n = 2, this relation reduces to
© 2 r(7;h)
pp—ax - -2’
J;) xPe dx 2a D2 a>0 (5.80)

which proves useful in the next exercises.

Exercise 5.9: Diffusion equation in cylindrical coordinates with Laplace
transform

Consider the diffusion equation in cylindrical coordinates with symmetry in the 0 co-
ordinate

===
ot ror or

We wish to calculate the response c(r,t) to an impulse source term at t = 0,
c(r,0) = 52-5(r).

oc 1i Da—c O0<t, 0<r<ow

2mr
(a) Take the Laplace transform of the diffusion equation with this initial condition
and show i de
DE—VM —sc(r,s) = —ié(r) (5.81)

v dr dr 21Y
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(b) What are the two linearly independent solutions to the homogeneous equation?

(c) Which of the two linearly independent solutions is bounded for ¥ — «~? Use this
reasoning to determine one of the unknown constants.

(d) Integrate (5.81) across a small interval containing zero to obtain a condition on
the change in the first derivative

lim 1’77 — lim rid?(r,s)
r—0* dr r—0~ ar

(e) Use this jump condition to find the second constant and obtain the transform

_ 1 s
€r.9) = a0 (V57)
(f) Invert this transform and show

1 2
t)=———e7/@DH gt 0<r<
et = e , r<e

State which inversion formula you are using.

(g) Compute the mean square displacement for this concentration profile

21T o0
2y _ 2
(re) = Jo J'o rec(r,t)r dr do

Exercise 5.10: Diffusion equation in spherical coordinates with Laplace
transform

Consider the diffusion equation in spherical coordinates with symmetry in the 0 and
¢ coordinates

oc 1 0 , 0c
= = —5=VD— O<t, O<r<
ot r2or or *
We wish to calculate the response c(v,t) to an impulse source term at t = O,
c(r,0) = ;255(r).

(a) Take the Laplace transform of the diffusion equation with this initial condition

and show
1.d,2d008) _ gy =t
r2 dr dr T, 3%

o6(r) (5.82)

b

=

What are the two linearly independent solutions to the homogeneous equation?

(c

N2

Which of the two linearly independent solutions is bounded for ¥ — «? Use this
reasoning to find one of the unknown constants.

—
2

Integrate (5.82) across a small interval containing zero to obtain a condition on
the change in the first derivative

>dc(r,s)
v
-0t ar r—0~ ar

—~
D
-~

Use this jump condition to find the second constant and obtain the full transform
c(r,s) valid for all .
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(f) Invert this transform and show
1 —r2/(4Dt)
c(r,t) =——e 0<t, 0<7r<om
8(mrDt)2

State which inversion formula you are using.
(g) Compute the mean square displacement for this concentration profile

(r?) = 41TJ r2c(r,t) r2 dr
0

Exercise 5.11: Probability distributions for diffusion on the plane
This exercise provides another view of the issues raised in Example 5.4. Consider again
the diffusion equation, (5.30), repeated here

v _ o2
3t =DV<p

subject to a unit impulse at the originat t = 0.
We consider solving this equation in the plane using both rectangular coordinates
(x,y) and polar coordinates (v, 9).

(a) Using rectangular coordinates, let p(x, v, t) satisfy (5.30)
2 2
o _ (%, @p
ot 0x2  0y2?
with initial condition
p(x,y,t) =6(x)6(y) t=0

Solve this equation and show

_(v2 2
pix,y,0) = e (x+y%)/(aDD) (5.83)

Notice this p(x, y, t) is a valid probability density (positive, normalized).

(b) If we consider the two components (x, ) as time-varying random variables with
the probability density given by (5.83)

X
E‘M
pe(x,y,t) = 1 ,-%+y?)/aDt)

T 4mDt
then we say & is distributed as follows

€ ~ N(0, (2D1)I)

in which I is a 2 X 2 identity matrix. The position random variable in rectangular
coordinates is normally distributed with zero mean and covariance (2Dt)I.

(c) Next define a new random variable,

[
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as the (invertible) transformation from rectangular to polar coordinates. We
have for the transformation, inverse transformation and Jacobian

e - [
tan~1(y/x)
_ x| [rcos@
E=f"m [yg - [Tsine]

df~*(n) |cos® -rsind of tm | _
dn  |sind 7rcos@ on =T

Use the rule for finding the probability density of a transformed random vari-
able® and show
pn(r,0,t) = 74171Dtre42/(4m)
This is the quantity denoted pp in Example 5.4. Calculate the marginal p; by
integration and show
pr(r,t) = ﬁre’ﬂ”‘m”

Note that these are both well-defined probability densities (positive, normalized).
The first is the probability density of the pair of random variables (7, 6), and the
second is the marginal density of the random variable 7 for particles undergoing
the Brownian motion.

Exercise 5.12: Mean and variance of the Poisson distribution

Given that discrete random variable Y has the Poisson density

n

a
py(n) = P

—-a

forn =0,1,..., and parameter a € R > 0, show that

E(Y)=a var(Y) =a

Exercise 5.13: Alternate derivation of Poisson process density
Consider the Poisson process probability Pr(Y (t) = n) for n > 0. Show that
Pr(Y(t) =n) =Pr(Y(t) =n) —Pr(Y(t) =n+1)

You may want to review Exercise 4.1(a). Using the definition of the event time T, show
that
t t
Pr(Y(t) =n) = J;) P (t)dt - Jo Prp.q (D)dt
Substitute (5.49) and use integration by parts to show (5.50)

_@anm Ly

Pr(Y(t) =n) por

Spn(v) =pe(fy) ’det (”;7;(”) ‘ See (4.23).
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Exercise 5.14: Generating samples from an exponential distribution

Let random variable u be distributed uniformly on [0, 1]. Define random variable T by
the transformation
1
T=-—Inu
A
Show that T has density (see Section 4.3.2)

pr(t) = Ae™M

Thus uniformly distributed random samples can easily be transformed to give expo-
nentially distributed random samples as required for simulating Poisson processes and
stochastic kinetics.

Exercise 5.15: State-space form for master equation

Write the linear state-space model for the master equation in the extent of the reaction
describing the single reaction
k1
A+B=C (5.84)
k_q

Assume we are not measuring anything.
(a) What are x, A, B, C, D for this model?

(b) What is the dimension of the state vector in terms of the initial numbers of
molecules in the system.

Exercise 5.16: Properties of the kinetic matrix
(@) Show that for a valid master equation the row sum is zero for each column of
the A matrix in (5.56).

(b) Show that this result holds for the A given in (5.55) for the reaction A + B—C.

(c) What is the row sum for each column of the Ap matrix in the sensitivity equation?
Show this result.

Exercise 5.17: Reaction probabilities in stochastic kinetics
Consider a stochastic simulation of the following reaction
k1
aA+bB—=cC+dD
k-1
(a) Write out the two reaction probabilities h;(n;), i = 1, —1 considering the forward

and reverse reactions as separate events.

(b) Compare these to the deterministic rate laws 7;(c;), i = 1, —1 for the forward and
reverse reactions considered as elementary reactions. Why are these expressions
different? When do they become close to being the same?
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Exercise 5.18: Sampling to solve the master equation

Consider the stochastic simulation method described in the chapter. We may view the
trajectory of each simulation using this method as a sample of the probability density
of the system. Show that the expectation of this sampling process satisfies the chemical
master equation, (5.53).

Exercise 5.19: The evolution of the mean concentration

Consider the simple irreversible reaction
k
A— B v =kna

in which 14 is the number of A molecules and k is a rate constant. The reactor volume
starts with n 40 A molecules. Consider p(n4,t), the probability that the reactor volume
contains n, molecules at time t.

(a) Over what range of ny4 is p(na,t) defined? Call this set N. Write the evolution
equation for p(n4,t),na € N.

(b) Define the mean of A’s probability density by

(na() = > mnapna,t)
npeN

From this definition and the evolution of the probability density, write an evo-
lution equation for (n4(t)). The probability density itself should not appear in
the evolution equation for the mean.

(c) How is the mean’s evolution equation related to the usual mass action kinetics
governing the macroscopic concentration ca (t)?

Exercise 5.20: Stochastic simulation for nonlinear kinetics®
Consider the reversible, second-order reaction

k1
A+B k:‘ C v =kicacg —k_1cc
-1

(a) Solve the deterministic material balance for a constant-volume batch reactor
with

k1 = 1 L/mol-min k-1 =1min?
c4(0) =1 mol/L cp(0) = 0.9 mol/L cc(0) = 0 mol/L

Plot the A, B, and C concentrations out to t = 5 min.

(b

=

Compare the result to a stochastic simulation using an initial condition of 400 A,
360 B and zero C molecules. Notice from the units of the rate constants that k;
should be divided by 400 to compare simulations. Figure 5.17 is a representative
comparison for one sequence of pseudorandom numbers.

(c

-~

Repeat the stochastic simulation for an initial condition of 4000 A, 3600 B, zero C
molecules. Remember to scale k1 appropriately. Are the fluctuations noticeable
with this many starting molecules?
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Figure 5.17: Deterministic simulation of reaction A + B— C com-

pared to stochastic simulation starting with 400 A

molecules.

Figure 5.18: Species A and B in a well-mixed volume element. Con-

tinuum and molecular settings.
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Exercise 5.21: What happened to my rate?

Consider a well-mixed continuum setting in which we have positive, real-valued con-
centrations of reacting molecules of two types, A and B, as depicted in Figure 5.18.
Let the concentration of A and B molecules in the volume of interest be denoted cxp,
cpo. Consider the three possible irreversible reactions between these species using the
elementary rate expressions

ArAaf ¢ 71 = kick
A+B L D 2 = kocacp (5.85)
BrB-2E 3= ksc?
Consider also the total rate of reaction
Y=v1+12+73

(a) If the A and B species are chemically similar so the different reactions’ rate
constants are all similar, k; = k» = k3 = k, and the concentrations of A and B
are initially equal, the total rate is given by

r =3k,
But if we erase the distinctions between A and B completely and relabel the B

molecules in Figure 5.18 as A molecules, we obtain the new concentrations of A
and B as ca = 2c40, cg = 0 and the total rate is then

Y =1L +72 473
¥ = kic3 + kacacg + kac3

¥ = k(2ca0)? + k(2cag - 0) + k(0)?
¥ = 4kc,

Why are these two total rates different and which one is correct?

b

-

Repeat your analysis of the reaction rates if we reduce the length scale and
consider the molecular kinetic setting in which we have integer-valued n g, npo
molecules of A and B in the volume of interest.

(c

N

Perform a stochastic simulation of the molecular setting using the following
parameters

Nnao =50 mpo=60 Nco=MNpo=Mng =0
ki=kx=ka=k= 10sec !

Make a plot of all species versus time. Print the plot and the simulation code.

Exercise 5.22: Cumulative distribution for the omega expansion

Given the governing equation for the fluctuation density in the omega expansion
O (Cokerm) + 2 (ke? 1)
ot 0& 0&2

Define the cumulative distribution

F(x,t) = waH(E, t)dg

6See also Exercise 4.17 in (Rawlings and Ekerdt, 2020).
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Figure 5.19: Molecular system of volume V containing molecules of
mass m 4 with velocity v,;.

(a) Derive the PDE governing F’s evolution. What are the corresponding boundary
conditions and initial condition?

(b) Solve this PDE numerically and compare to Figure 5.15 in the text. Increase Q
holding co = ng/Q fixed and describe the effect on F.

Exercise 5.23: Properties of the Maxwell-Boltzmann distribution

Consider the simple molecular system depicted in Figure 5.19 with a large number
of ideal gas molecules of species A with molecular weight m4. The system volume
is V. Molecule i has velocity v,j, i = 1,2,...n. A velocity vector is denoted v =

Vx Uy Uz]T with corresponding X, ), z components. These velocities are consid-

ered samples of a random variable with fixed and known distribution.
The Maxwell-Boltzmann distribution for the zero mean fluctuation velocity in an
ideal gas is
m >3/287%]<B£T(u)2(+u§,+u§)

21tk T
in which m is the molecule mass, T is absolute temperature, and kg is the Boltzmann
constant, kg = R/Nay. This distribution is a multivariate normal with zero mean and
variance matrix kBWTI, which we write as

Pu(Ux, Uy, Uz) = (

u~N(O,kB—TI)
m

Denote the A species mean velocity (drift term) as v4. The A molecule velocities are
then distributed as
kpT .
Vai ~N(va, —1 all i (5.86)
my
Starting from the distribution (5.86), derive the following expectations in terms of the
mean species velocity v4 and kg, T, m4.
1. E(vai)
2. f(vAivL)

3. £(v3;) inwhich v3; = va; - va; = V,va
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4. f(vf\ivAi)

Exercise 5.24: The normal’s properties for optimal linear estimation

Establish the three properties (5.64)—(5.66) used in deriving the optimal linear estima-
tor. Some hints follow.

(a) For (5.64), use the independence of y to establish that

Pxy,z(X,,2) = Px,z(X,2)py (¥)
and divide both sides by p(z).

(b) For (5.65), we are given that (x, z) is jointly distributed as

Pxz(X,2) = n( [’ZC] , [;’Z} ’ |:1£)z); l;xzz] )

Consider the linear transformation
y| (A Offx
z| o I||z

y N( Amy | [APxAT APy, )
z m; | | P.xAT P,

Now use the conditional density formula to obtain p,|.

and show that

(c) For (5.66), note that this property is derived in Example 4.20.

Exercise 5.25: Observability, controllability, and duality

Review the concept of controllability presented in Exercise 1.26. Show that (A, C) is
observable if and only if (AT, CT) is controllable. This result marks the beginning of
the interesting story of the duality between regulation and estimation.

Exercise 5.26: Observability with N measurements
Consider the linear system

xT=Ax y=Cx
Prove the statement made in the text that if x(0) € R™ cannot be uniquely determined
by n measurements (v (0),y(1),...,v(n — 1)), then it cannot be determined by N
measurements for any N.

Exercise 5.27: Mean and variance of a controller cost function

When controlling the state x of a system to the origin subject to random disturbances,
the best that a controller can do is usually obtain x ~ N(0,P) where the variance
P depends on the controller and the variance of the random disturbances. Given a
quadratic cost function for the controller, = XTQX, show that (Zagrobelny, Ji, and
Rawlings, 2013)

FEl) =tr(QP) var(¥) = 2tr(QPQP)

Note that £ is distributed as a generalized chi-squared distribution. Hint: the result
in Exericse 4.32 may prove useful.
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Mathematical Tables

A.1 Laplace Transform Table

The Laplace transform pairs used in the text are collected in Table A.1
with a reference to the page in the text where they are derived or first

stated.

f(t) fs) Page
1 | af(t)+Bg(t) of(s) + Bg(s) 106
2 % sf(s) - f(0) 107
s | 400 S2F(s) - sfO) - (0 | 107
4 dy;{ﬁ” sF(s) - és"-if“'” (©0) | 107
5 L[f(t’)dt’ %f(s) 107
6 tnf(t) (71)"% 107, 228
7 | ft-a)H(t-a) e f(s) 108
8 | ealf(t) fis—a) 108
9 Ll FtHgt—tHat f($)g(s) 108, 227
10 tlﬁir(')n+ f(t) initial value theorem SI'IQ, 5?(5) 108, 227
11 tILTo f(t) final value theorem Isil'r[}s?(s)'r 108, 227
12 | H(t) % 109
13 | S8(t) 1 115
14 | sW(@) n=o0 sn 115

continued on next page
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continued from previous page
£ £ page
15 |t = 109
S
16 | t" n>-1 In+1) 109
S1’l+1
1
17 | et 109
s—a
18 | eA AeRM™ (sI - A) 112
19 | tedt 1 109
(s —a)?
20 | sinwt SO 109
5+ w
21 cos wt > al 5 109
s+ W
. w
22 sinh wt 22 109
il ()
23 | coshwt S 109
5 — W
w
24 at sin wt —_— 109
e sinw (s—a)2+w2
s—a
25 at t —_— 109
e cosw ( 61)2 T w2
S Pn) ot p(s)
26 = nt q(sn) simple zero — 315
,Zl @ (sn) Ain) SITP as)
m ™m ?(S) *
27 Z esnt Z Apitt q(sy) zero of order vy, = 316
n=1 i-1 q(s)
k2
28 | K _o % e s kso 337
2V/mt3
1 k2 o kF .
29 | — T >0 337
VTt € NG
k e—kVvs
30 f <—) k>0 337
eric 2\/f 5
ext v k k e~ ks X
31 “kV&erf —Vat) - f +Vat >0 | 337
3 ¢ erte( g Vo) - et erte (5 e Vat )} | S
32 | 2 Jie 5t —ker ( k ) e s 551
F e — K erfrc Tﬁ NG >
e (& k Ky k e ks k
33 7{(& erfc(m -V t) +e erfc<2\/f + \/at)} G- >0 351
k2
34 % e 4t Ko(kv/s) k>0 | 338
k2
35 | Lear Kalkvs) k>0 | 338
NG
inh © —_1)n+l inh
36 sm_ (xVk) 2 Z (=" *nm sin(nTrx) o (n2m2 skt sin _ (xVs+k) a21
smhf o P2tk ssinh/s +k
n+1 i
37 | 1-2 Z 1) sin(nrrx) e Tt sinh(xJs) 342
xssinh /s
2.2 cosh(x./s)
1 2 —-nemet
38 + Z=: " cos(nmx) e Jssinh s 353
> )y , h(x/3)
39 +1/2 ((n+1/2)m)2t cosNIXVsS) 340
go n+1/2) cos((n [2)mx) e scosh /s

continued on next page
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continued from previous page

Mathematical Tables

f@) f(s) page
s 1 ot - Io(x/5)
40 | 1 zngl nTa (o Jotemx) e R Jo(an) =0 | "G 342
41 | 2 > (-1)"*tsin(nma) sin(ntb) cos(nt) w 322
n=1 sinh s
X (_ +1 i H
42 | 2 Z =" sin(nmra) sin(ntrb) sin(nt) 7smh(as)smh(bs) 348

=
Il
[

ssinhs

Table A.1: Larger table of Laplace transforms.

t Final value exists if and only if sf(s) is bounded for Re(s) > 0.

*

o d)(l’n*i)(s )
Ani = G —DIG-11

d(s) = (s —sp)p(s)/q(s).
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A.2 Statistical Distributions

Distribution Density Page
uniform p(x)=1/(b—a) xe<la,b] 393
)2
normal p(x) = \/2117? exp <7% (XUVZ”) ) 362
multivariate p(x) = W exp [ - %(x -m)Tp1(x - m)] 369
normal
exponential p(x)=Ae™ x>0, A>0 490
Poisson pn) = %e’“ n=0,12,..., a>0 493
1\n/2 1.2

chi px) = ax {2l D nzp-b 452

1 n/2
chi-squared p(x) = ﬁme"/z’le’x/Z x>0, n=1 452
generalized (no analytical expression) 537

chi-squared
(xn)"mm

(xn+m)nFm

F p(x):ﬁ x>0, nm=1 453
212

r(nsl) —"T*l

Student’s t p(x) = T 1+ 2 452
(%)
n+p

r(%ﬁ) 1+% (x-m)Ts=L(x-m)

multivariate t  p(x) = P2 T(E) A2 457
n-p-1 N
Wishart pX) = il e 2" RN x50 423
22 RIZ1p(%)
_1,2
Maxwell p(x) = x2e” 2% 536
32 _1m 2.2 2
-5 o (U +ug +us)
Maxwell- Pu(tx, Uy, Uz) = (%) e 2kpT "X 7Ty TRz 536
Boltzmann

Table A.2: Statistical distributions defined and used in the text and
exercises.

The different probability distributions that have been discussed in
the text are summarized in Table A.2.

A.3 Vector and Matrix Derivatives

Definition. First consider s(t), a real-valued, scalar function! of a real-
valued scalar, s : R — R. Assume the derivative, ds(t)/dt exists. We

1All of the formulas in this section are readily extended to complex-valued functions
of a complex variable.
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wish to extend the definition of the derivative to vector and matrix-
valued functions of vector and matrix-valued arguments. Many of the
derivative operations, such as derivative of scalar-valued functions with
respect to scalars, vectors, and matrices, can be conveniently expressed
using the rules of vector/matrix operations. Other derivative opera-
tions, such as the derivative of matrix-valued functions with respect to
vectors and matrices, produce tensors having more than two indices.
We summarize here the most important formulas that can be expressed
in matrix/vector calculus. To state how the derivatives are arranged
into vectors and matrices, we require a more precise notation than we
used in the text. Moreover, several different and conflicting conven-
tions are in use in different fields; these are briefly described in Section
A.3.1. So we state here the main results in a descriptive notation, and
expect the reader can translate these results into the conventions of
other fields.

We require a few preliminaries. Now let s(x) be a scalar-valued
function of vector x, s : R" — R. Assume that all partial derivatives,
0s/0x;,i = 1,2,...,n exist. The derivative ds/dx is then defined as
the column vector

R
aaygl
as _ | ox, ivati

= scalar-vector derivative

dx .
os
0xn |

The derivative ds/dx" is defined as the corresponding row vector

ds _[LS o LS}
dxT ~ |ox1 0x2 0Xn

and note that (ds/dx)T = dsT/dx"T = ds/dxT. Next let s(A) be a
scalar-valued function of matrix A, s : R"™*" — R. Again, assuming all
partial derivatives exist, the derivative ds/dA is then defined as

0s os o os
6A11 aAlz aAln
i 0s os os
s -

22— | 0An 0A22 0Azn scalar-matrix derivative
dA : : . :

0s os o os

| 0Am1  0Anm2 0Amn |




A.3 Vector and Matrix Derivatives 545

As in the vector case, we define ds/dAT as the transpose of this result,
or ds/dAT = (ds/dA)T. These more general matrix derivatives do
specialize to the two vector derivatives previously defined.

Next up is the vector-valued function of a vector, f(x). Let f : R" —
R™. The quantity of most interest is usually the Jacobian matrix, which
we denote by d f/dxT, defined by

[3f oA AT
0x1 0Xo2 0xn
of 0f2 of2
ﬂ . aTcl @ m vector-vector derivative
dxT — : : . : (Jacobian matrix)
Ofm  Ofm  Ofm
_aXl 6x2 axn_

The notation df/dx" serves as a convenient reminder that the col-
umn vector f is distributed down the column and the row vector xT
is distributed across the row in the entries in the Jacobian matrix. The
transpose of the Jacobian is simply dfT/dx = (df/dxT)T, which is
easy to remember. Note that d f/dx is a long column vector with mn
entries coming from stacking the columns of the Jacobian matrix. This
is the vec operator, so we have

The transpose, denoted dfT/dxT, is a long row vector. These vector
arrangements of the derivatives are not usually of much interest com-
pared to the Jacobian matrix, as we shall see when we discuss the chain
rule.

Inner product. The inner product of two vectors was defined in Chap-
ter 1

n
(a,b)=a"b = > ab; abeR"
i=1
We can extend this definition to linear spaces of matrices as follows
m n

(A,B) =tr(ATB) = > > Ay;B;j A,BeR™"
i=1j=1

Because tr(C) = tr(CT) for any square matrix C, the matrix inner prod-
uct can also be expressed as (A, B) = tr(BT A), which is valid also in the
vector case.
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Chain rules. One of the most important uses of these derivative for-
mulas is a convenient expression of the chain rule. For scalar-valued
functions we have two common forms.

ds ds

ds = (E’ dx) = IxT dx scalar-vector (A1)
ds ds .

ds = (dA dA) = (ﬁ dA) scalar-matrix (A.2)

Notice that when written with inner products, these two formulas are
identical. The vector chain rule can be considered a special case of
the matrix chain rule, but since the vector case arises frequently in
applications and doesn’t require the trace, we state it separately. For
vector-valued functions we have one additional form of the chain rule

f

af = dx vector-vector (A.3)
which is a matrix-vector multiplication of the Jacobian matrix of f with
respect to x with the column vector dx. Because df is a vector, this
chain rule is not expressible by an inner product as in the scalar case.
But notice the similarity of the vector chain rule with the second equal-
ities of the two scalar chain rules. Because of this similarity, all three
important versions of the chain rule are easy to remember using this
notation. There is no chain rule for matrix-valued functions that does
not involve tensors.

Finally, we collect here the different matrix and vector differentia-
tion formulas that have been used in the text and exercises. These are
summarized in Table A.3, with a reference to the page in the text where
they are first mentioned or derived.

Derivative Formula Page
1 ds= %dx (chain rule 1)
2 ds= tr(;ijr dA ) (chain rule 2)

continued on next page
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continued from previous page

Derivative Formula Page
3 df= ;dex (chain rule 3)
d o _dft  dg"
4 dxf 9="7x g+ ) f (product rule)
a
5 dxx Th=b
d T _1.T
6 —deb xX=b
a r T
7 —Xx' ' Ax =Ax+A'x
dx
d
i TpT _ pT
9 dxx B' =B
d d d
10 EP(A) —q(A)EA, a() = ac. )p( ) 335
11 i det A = det(A) tr( 14 A) detA+0 335
dat dat
12 d —tr(p(A)) = q(AT) (-) = d (+) 442
R TS L
13 [;iAdetA (A )T detA, detA=+0 442
14 %‘ In(detA) = (A™1)7, detA +0 442
d d
15 atr(AB) atr(BA)
16 L tr(aTB) - d S tr(BAT) =

dA
17 %t (ABAT) = ABT + B)
dA

d T _
18 dAtr(A BA) =

(B+BTA

continued on next page
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continued from previous page

Derivative Formula Page

19 %tr(A*lB)=—(A*1)TBT(A*1)T 422

A a1 “AINT oo T ( A-1\T
20 dAXA x=—-(A"")'xx"(A™)

Table A.3: Summary of vector and matrix derivatives defined and
used in the text and exercises; s,t € R, x,b € R™",
A e R™" B e R™™", f(.) and g(-) are any differen-
tiable functions, and p(-) is any matrix function defined
as a power series.

A.3.1 Derivatives: Other Conventions

Given the many scientific fields requiring vector/matrix derivatives,
chain rules, and so on, a correspondingly large number of different
and conflicting notations have also arisen. We point out here some of
the other popular conventions and show how to translate them into the
notation used in this section.

Optimization. The dominant convention in the optimization field is
to define the scalar-vector derivative ds/dx as a row vector instead of
a column vector. The nabla notation for gradient, Vs, is then used to
denote the corresponding column vector. The Jacobian matrix is then
denoted df/dx. So the vector chain rule reads in the optimization
literature

af

af = Ix dx optimization convention

Given that ds/dx is a row vector in the optimization notation, the first
scalar chain rule reads

T
ds = ((j—;) ,dx) = j—idx optimization convention
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The biggest problem with adopting the optimization field’s conventions
arises when considering the scalar-matrix derivative. The derivative
ds/dA has the same meaning in the optimization literature as that used
in this text. So the second scalar chain rule is also the same as in this
text

ds = (3—2, dA) = tr(% dA) optimization convention
Notice the inconsistency in the chain rules: the scalar-matrix version
directly above contains a transpose and the scalar-vector and vector-
vector versions do not. The burden rests on the reader to recall these
different forms of the chain rule and remember which ones require the
transpose. The advantage of the notation used in this section is that all
chain rules appear with a transpose, which is what one might anticipate
due to the chain rule’s required summation over an index. Also, in the
notation used in this section, the V operator is identical to d/dx and
neither implies a transpose should be taken. Finally, there is no hint
in the optimization field’s notation ds/dx and Vs as to which should
be a column vector and which a row vector. The notation used in this
section, ds/dx and ds/dxT, makes that distinction clear.

Field theories of physics (transport phenomena, electromagnetism)
As noted in Chapter 3, the literature in these areas primarily uses Gibbs
vector-tensor notation and index notation. For example, the derivative
of a scalar function s with regard to a vector argument x is

as
0x

() -2
ox/)i 0x;

The derivative of a scalar s with respect to a tensor argument is similar

(3a), =5
0A/ij  0Aj

The derivative of a vector function f with respect to a vector x is

Vs or

In Cartesian coordinates

Vf or g
where of of
—(9Ly _Yh
(VFij = (ax>ij X
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SO (%) is the transpose of the Jacobian. Therefore, the chain rule

becomes
df =dx -Vf= (VAT - dx

Consistent with this notation, one can write the Taylor-series expan-
sion of a vector field f around the origin as

f(x)=f(0)+x-Vf+%xx:VVf+...

where derivatives are evaluated at the origin and

0% fi

(va)Jkl = aXJan

One must beware, however, that this ordering of indices is not used
universally, primarily because some authors write the Taylor expansion
as

f(x):f(0)+J-x+%K:xx+...

where

_ofi g Ofi

Jij ox;

A.4 Exercises

Exercise A.1l: Simple and repeated zeros

Assume all the zeros of q(s) are first-order zeros, 1, =1, n=1,2,...,m,inentry 27
of Table A.1, and show that it reduces to entry 26.

Exercise A.2: Deriving the Heaviside expansion theorem for repeated roots

Establish the Heaviside expansion theorem for repeated roots, entry 27 in Table A.1.

Hints: Close the contour of the inverse transform Bromwich integral in (2.7) to the
left side of the complex plane. Show that the integral along the closed contour except
for the Bromwich line goes to zero, leaving only the residues at the singularities, i.e.,
the poles s = sy, n = 1,2,...,m. Since ¢(s) has no singularities, expand it in a
Taylor series about the root s = s,. Find the Laurent series for f(s) and show that
the residues are the coefficients a,; given in the expansion formula. Note that this
procedure remains valid if there are an infinite number of poles, such as the case with
a transcendental function for g(s).

Exercise A.3: Laplace transform relations
Take the limit k — 0 in entry 36 of Table A.1 and show that it produces entry 37.
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Exercise A.4: More connections of Laplace transforms
Check entry 32 in Table A.1 in two ways.
(a) Take the limit x — 0 in entry 31 and show that produces entry 32.

(b) Notice that
Sa2(t) = 2t f20(t) + kf30(t)
for entries 29, 30, and 32 in Table A.1. Using entry 6, that can be true if and only
if

faa(s) = —2%729(5) +kfao(s)

so check that this relationship holds for the transforms of these entries.

Exercise A.5: Some invalid derivative formulas

Notice that entry 5 in Table A.3 is a special case of entry 9 with BT = b. Also, entry 6
is a special case of entry 8 with B = bT. Consider the following derivatives that could
be included in Table A.3 in place of entries 5 and 6

d d

—b'x=b ——x"b=b"

dx dxT
These can be derived by transposing the scalar numerators in entries 5 and 6, respec-
tively. But notice that we do not find companion forms for these listed in Table A.3
with general matrix B replacing column vector b. Compute the following matrix deriva-
tives and show that simply replacing b with general matrix B above does not generate

correct formulas i

dx
Note that you may want to use the vec operator to express the correct formulas. Next
show that the correct matrix versions of these derivatives do reduce to the above for-
mulas for B = b, a column vector.

BTx =B d;LTxTB + BT

Exercise A.6: Companion trace derivatives
(a) Use the fact that tr(AB) = tr(BA) to establish that Formulas 15 and 16 in Table
A.3 are equivalent formulas, i.e., assuming one of them allows you to establish
the other one.

(b) On the other hand, show that Formulas 17 and 18 are equivalent by taking trans-
poses of one of them to produce the other one.

Exercise A.7: Derivative of matrix inverse
Derive Formula 19 in Table A.3.

Hint: First derive the following component formula for differentiating the inverse
of a matrix with respect to the matrix

d(A™1);

— _A-1lgp-1
dAs, Ai Ahl

a

This result can be derived by differentiating the product AA~1 = I which in component
form is Aij(Afl)jk = 0ik. Then differentiate the product to obtain 19.
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