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Mathematical Background

In this chapter, we briefly review some mathematical background needed in
this book, including linear algebra, mathematical analysis, and optimization
theory. Through this review, most notation to be used in subsequent chapters
is introduced. We then present the well-known least-squares method as an
application of linear algebra and optimization theory.

2.1 Linear Algebra

We start with a review of vectors, vector spaces and matrices, and then intro-
duce two powerful tools for matrix decomposition, namely eigendecomposition
and singular value decomposition. The usefulness of matrix decomposition will
become evident in the remaining parts of this book.

2.1.1 Vectors and Vector Spaces
Vectors

In this book, vectors are denoted by bold lowercase letters. For example, we
denote an N x 1 vector

Z1

€2

X = . = (.’1717.’172,...,33’N)T

TN

where x,, is a real or complex scalar representing the nth entry (component)
of x and the superscript ‘T’ represents vector transposition. The complex-
conjugate transposition, or Hermitian, of x is given by
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H

xH = (XT)*

= (x], 25, ..., xN)
where the superscript ‘A’ denotes the Hermitian operator and the superscript
‘«’ complex conjugation.

Let x = (21,72,...,2n)T and y = (y1,¥2,...,yn)T be two N x 1 vectors.
The inner product of x and y is defined as

N
(xy) =Yz, =y"x, (2.1)
n=1

which is also referred to as the Fuclidean inner product of x and y. The length,
or norm, of the vector x is defined as

N 1/2
x|l = (Z Iwnl2> = Vxiix, (2.2)
n=1

which is also referred to as the Fuclidean norm of x. Other types of norms will
be defined later and, for convenience, we will always use the definition (2.2)
for the norm of x unless specified otherwise. A vector whose norm equals unity
is called a unit vector. Furthermore, the geometrical relationship between two
vectors x and y is given as follows: [1, p. 15]

H
[yl y7x] . 0<6< /2 (complex)
B I (251 2 (R S 4
cos ¢ = T (2.3)
(x,y) y'x

el Iy~ Tl 05 @57 e

where ¢ is the angle between x and y. As depicted in Fig. 2.1, the relationship
can be interpreted by viewing the inner product (x,y/|ly||) as the projection
of x onto the unit vector y/||y||. With the geometrical interpretation, x and
y are said to be orthogonal if x”y = y"x = 0. Furthermore, if x and y are
orthogonal and have the unit norm, then they are said to be orthonormal.

The geometrical relationship given by (2.3) is closely related to the follow-
ing Cauchy—Schwartz inequality or Schwartz inequality.'

Theorem 2.1 (Cauchy—Schwartz Inequality). Let x = (z1,72,...,2n5)T
and y = (y1,%2,...,yn)T be real or complexr nonzero vectors. Then
[y x| < [|x[ - [ly] (2.4)

and the equality holds if and only if x = ay where « # 0 is an arbitrary real
or complex scalar.

The Cauchy—Schwartz inequality further leads to the following inequality:

! The Russians also refer to the Cauchy-Schwartz inequality as the Cauchy-
Schwartz—Buniakowsky inequality [2].
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T
-x=(x1, Xo, ooy Xy )

,_:
%—J

50)= b1

Fig. 2.1 The geometrical relationship between two vectors x and y

y=(ys, Uss - Uy )

Theorem 2.2 (Triangle Inequality). Let x = (21,72,...,2n5)" andy =
(y1,Y2, -, yn)T be real or complex nonzero vectors. Then

1%+ yll < [l + llyll- (2.5)

The proofs of the two theorems are left as exercises (Problems 2.1 and 2.2).

Vector Spaces

A wector space is a non-empty set of elements along with several rules for the
operations of addition and scalar multiplication of elements. The elements
can be vectors, sequences, functions, etc., and are also referred to as vectors
without confusion. Let V denote a vector space and the vectors (elements) in
V be also denoted by bold lowercase letters. Then for each pair of vectors x
and y in V there is a unique vector x +y in V (the operation of addition) and
for each scalar « there is a unique vector ax in V (the operation of scalar mul-
tiplication). Furthermore, the operations of addition and scalar multiplication
must satisfy the following axioms [3-5].

(VS1) Forallx,y eV, x+y=y +x

(VS2) Forallx,y,zeV, (x+y)+z=x+ (y +2).

(VS3) For all x € V, there exists a zero vector 0 € V such that x + 0 = x.
(VS4) For each x € V, there exists a vector y € V such that x +y = 0.
(VS5) For all x, y € V and for every scalar o, a(x +y) = ax + ay.
(VS6) For all x € V and for all scalars @ and 3, (o + 8)x = ax + Ox.
(VS7) For all x € V and for all scalars o and 3, (af)x = a(0x%).

(VS8) For all x € V, there exists a scalar 1 such that 1-x = x.

A subset of a vector space V, denoted by W, is called a subspace of V if W itself
is a vector space under the operations of addition and scalar multiplication
defined on V. An example is as follows.
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Example 2.3

Under the operations of componentwise addition and scalar multiplication,
the set of all real vectors x = (1, 22, ...,zy)? (whose entries are real) forms
a real vector space, commonly denoted by RY. In addition, the set of all real
x whose nth entry is zero (i.e. ¥, = 0) is an example of a subspace of RY.

A vector space V is called an inner product space if it has a legitimate
inner product (x,y) defined for all x, y € V. Note that an inner product is
said to be legitimate if it satisfies the following axioms [3,5].

(IPS1) For all x, y € V and for every scalar o, (ax,y) = a(x,y).
(IPS2) For allx, y,z€V, (x+y,z) = (x,2) + (y,z).

(IPS3) For all x € V, (x,x) > 0, and (x,x) = 0 if and only if x = 0.
(IPS4) For all x, y € V, (x,y) = ({y,x))*.

Similarly, a vector space V is called a normed vector space if it has a legitimate
norm ||x|| defined for all x € V. A norm is said to be legitimate if it satisfies
the following axioms [3, 5].

(NVS1) For all x € V and for every scalar a, ||ax| = |a] - [|x]].
(NVS2) For all x, y €V, [Ix +yl| < [[x/[ + [yl
(NVS3) For allx € V, ||x]| > 0, and ||x|| = 0 if and only if x = 0.

It is important to note [5, pp. 14-15] that a legitimate inner product for a
vector space V always induces a legitimate norm for V via the relation

x| = v/ (x,x) forall xe V.

Such a norm is referred to as an induced norm. An example is as follows.

Example 2.4 (Euclidean Space)

It can be easily shown that for the real vector space RV (see Example 2.3),
the Euclidean inner product defined as (2.1) is legitimate and induces the
Euclidean norm defined as (2.2). Accordingly, RY along with the Euclidean
inner product is an inner product space, while RY along with the Euclidean
norm is a normed vector space. The former is known as the Euclidean space [4].

O

Let qi1, 92, ..., gy be the vectors in a vector space V. Then they are said
to span the subspace W if W consists of all linear combinations of q1, qo, ...,
an - Specifically, every vector w in W can be expressed as

w =aai1q) + a2q2 + - -+ anan

where oy, are scalars. For vectors qi, qq, ..., qn in V, one can determine their
linear interdependence via the following equation:

c1qy +c2qe + - +cyqy =0
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where ¢, are scalars and 0 is a zero vector defined by (VS3). If this equation
holds true only when ¢; = ¢o = --- = ¢y = 0, then qi, qq, ..., qn are said
to be linearly independent; otherwise, they are linearly dependent. If qi1, qa,
..., qn are linearly independent and span the vector space V, they are called
a basis for V. A vector space V is said to be finite-dimensional if the number
of linearly independent vectors in its basis is finite; otherwise, it is said to be
infinite-dimensional.

A set S in an inner product space V is called an orthogonal set if every pair
of vectors qg, Qm € S is orthogonal, i.e. (qk,qn) = 0 for k # m. Furthermore,
if every vector qi € S has the unit norm, i.e. ||qg|| = 1, then the orthogonal
set S is said to be orthonormal. In other words, an orthonormal set does not
contain the zero vector 0. A basis for an inner product space V is said to be
an orthonormal basis if it is an orthonormal set. For example, the set

{n, =(1,0,0,...,007, n, =(0,1,0,..,007, ..., ny = (0,0,...,0,1)T} (2.6)

is an orthonormal basis, referred to as the standard basis, for the Euclidean

space RV (see Example 2.4) where n,, denotes a unit vector whose kth entry

equals unity and the remaining entries equal zero. Note that any basis can

be transformed into an orthonormal basis via the process of Gram-Schmidt

orthogonalization [1-3,5].

2.1.2 Matrices

In this book, matrices are denoted by bold uppercase letters. For example,
a1l a2 - Q1K

a1 Q22 - 2K
A= . . (2.7)

api apm2 - OMK

denotes an M x K matrix whose (m, k)th entry (component) is @i, a real
or complex scalar. We also use the shorthand representation

[A]m,k = Umk
to specify the matrix A. The transposition of A is
[AT]M,k = [A]k,m = Qkm (2.8)

and (AT)T = A where the superscript ‘7’ stands for matrix transposition.
The complex-conjugate transposition, or Hermitian, of A is

[AH]m,k = [A*]k,m = Qg (2~9)
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and (A)# = A where the superscript ‘a’ stands for the Hermitian operation.
The matrix A is said to be square if M = K. It is further said to be symmetric
if AT = A for A real, and Hermitian if Af = A for A complex. Note
that A = AT as A is real. For matrices A and B, (AB)T = BTAT,
(AB)? =B7AH (A+B)" = AT + B, and (A + B)# = AH + BY,

Let us further represent the M x K matrix A given in (2.7) by

b
b
A=(a17a2,...,aK): .

b

where aj, = (aix, ask, ...,amr)’, k= 1,2,..., K, are called the column vectors
of A and bL = (am1,am2, .., Gmr), m = 1,2,..., M, the row vectors of A.
The subspace spanned by the column vectors is called the column space of
A, while the subspace spanned by the row vectors is called the row space of
A. The number of linearly independent column vectors of A is equal to the
number of linearly independent row vectors of A, that is defined as the rank
of A, denoted by rank{A}. Note that rank{A} = rank{Af} < min{M, K}
and rank{A¥ A} = rank{AAH} = rank{A}. When rank{A} = min{M, K},
the matrix A is said to be of full rank; otherwise, it is rank deficient.

The inverse of an M x M square matrix A is also an M x M square matrix,
denoted by A~!, which satisfies

AA'=ATA=1 (2.10)
where
1 0
o1 --- 0
= . (2.11)
o0 --- 1

is the M x M identity matriz. If A is of full rank, then A~! exists and A is
said to be invertible or nonsingular. On the other hand, if A is rank deficient,
then it does not have an inverse and is accordingly said to be noninvertible or
singular. For nonsingular matrices A and B, (AT)~! = (A=1)T (AH)~! =
(A~H)H and (AB)"! =B 'A%

Consider an M x M square matrix A with [A],, x = amk. The determinant
of A is commonly denoted by det{A} or |A|. For M = 1, the matrix A reduces
to a scalar a;; and its determinant is defined as det{ai1} = a11. For M > 2
the determinant det{A} can be defined in terms of the determinants of the
associated (M — 1) x (M — 1) matrices as follows:
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det{A} (=1)™** a - det{A,,1} for any k € {1,2.., M}

1

(=)™ ** a - det{A,,x} for any m € {1,2.., M} (2.12)

MERIVE

b
Il
—

where A, is an (M — 1) x (M — 1) matrix obtained by deleting the mth row
and kth column of A. For example, if M = 2, det{A} is given by

det { <a11 (112) } = (—1)1+1 ca1l det{agg} + (—1)2+1 ag1 det{alg}

a1 a2

= a11a22 — a21012.

Note that det{AT} = det{A}, det{A?} = [det{A}]", and det{aA} =
aM . det{A} for a scalar a. For square matrices A and B, det{AB} =
det{A}det{B}. If A is nonsingular, then det{A} # 0 and det{A~!} =
1/det{A}. On the other hand, the trace of A, denoted by tr{A}, is defined as

M
tr{A} =Y amm, (2.13)
m=1

i.e. the sum of the diagonal elements of A. As M = 1, the matrix A reduces
to a scalar a1; and its trace tr{a11} = a1;. If A is an M x K matrix and B
is a K x M matrix, then tr{AB} = tr{BA}. As a special case, for column
vectors x and y, the trace tr{xy} = tr{y"x} = y7x.

Let A be an M x M Hermitian matrix and x be an M x 1 vector, then
the quadratic function

Q(x) £ xTAx (2.14)

is called the Hermitian form of A. The Hermitian matrix A is said to be
positive semidefinite or nonnegative definite if Q(x) > 0 for all x # 0, and is
said to be positive definite if Q(x) > 0 for all x # 0. In the same fashion, A
is negative semidefinite or nonpositive definite if Q(x) < 0 for all x # 0, and
negative definite if Q(x) < 0 for all x # 0.

An eigenvector of an M x M square matrix A is an M x 1 nonzero vector,
denoted by q, which satisfies

Aq=)q (2.15)

where ) is a scalar.? The scalar \ is an eigenvalue of A corresponding to
the eigenvector q. One can see from (2.15) that for any nonzero constant c,

2 More precisely, the vector q is a right eigenvector of A if Aq = Aq, and a left
eigenvector of A if 7 A = A\q*. In this book, “eigenvector” implies “right eigen-
vector” [6].
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A(aq) = Maq). This implies that any scaled version of q is also an eigen-
vector of A corresponding to the same eigenvalue A. Eigenvectors which are
orthogonal (i.e. qf g, = 0 for eigenvectors q,, and q,) and have the unit
norm are referred to as orthonormal eigenvectors.

Special Forms of Matrices
A complex square matrix U is called a unitary matriz if it satisfies
UUf =Uufu =1, (2.16)

ie. U =U~! and |det{U}| = 1. Similarly, a real square matrix V is called
an orthogonal matriz if it satisfies

vvT =vTv =1, (2.17)

ie. VI = V-1 and det{V} = 1. Obviously, the identity matrix I is an or-
thogonal matrix.
A diagonal matrizis an M x M square matrix defined as

dl 0o --- 0
0 d2 .. 0

D= diag{dl,dg, ...,d]w} = . .o . . (218)
o 0 --- dM

If the diagonal matrix D is nonsingular, i.e. det{D} = dydy - --dps # 0, then
its inverse

D! = di L] ! (2.19
= diag FRFRESI I & .19)

An upper triangular matriz is an M x M square matrix defined as

Urp U2 = Ui1m
0 wag -+ uaym

u=| . " (2.20)
0 0 --upmym

and a lower triangular matriz defined as

l117 O

l21 122"'
I I (2.21)

Iarn b2 - I
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From (212)7 it follows that det{U} = U11U22 * UMM and det{L} = 111122

N VIvE
A Toeplitz matriz is an M x M square matrix defined as

To 1 ot TM—2 TM—1
r_1 0 . TM—2
R=| .o (2.22)
T—M+2 T 7o 1
T—M+1T-M+2 " T-1 To

i.e. the entries on each of the diagonals are equal. Note that a Toeplitz matrix
can be completely specified by its first column and first row.
A matrix A is called a 2 x 2 partitioned matriz if it can be expressed as

A A
A= (2.23)
Asr Ay

where A1, A1z, A1, and Ags are the submatrices of A. Manipulations of
the submatrices for partitioned matrices are similar to those of the entries for
general matrices. In particular, the Hermitian of A can be written as

AL Al
Al = (A}; Ai}) . (2.24)
12 22

Furthermore, if B is also a 2 x 2 partitioned matrix given by
B,; B
B_ 11 12 ’
Bo1 B

AB — A1Bii +AByy AjiBio +A1Bo
A21Bi1 + ApBo AgiBio + AxnBo

then

(2.25)

where B11, B1s, Bo1, and By are the submatrices with suitable sizes for the
submatrix multiplications in AB.

Matrix Formulas and Properties

The following theorem provides a useful formula for the derivation of matrix
inverse [7,8].



22 2 Mathematical Background

Theorem 2.5 (Matrix Inversion Lemma). Let R be a nonsingular M x M
matriz given by

R=A+BCD (2.26)

where A is a nonsingular M x M matriz, B is an M x K matriz, C is a
nonsingular K x K matriz, and D is a K x M matriz. Then the inverse of
R can be expressed as

R'=A"'-A'B(C'+DA'B)'DA " (2.27)
A special case of the matrix inversion lemma is given as follows [7].3

Corollary 2.6 (Woodbury’s Identity). Let R be a nonsingular M x M
matriz given by

R = A + ouu” (2.28)

where A is a nonsingular M x M matriz, u is an M X 1 vector, and « is a
scalar. Then the inverse of R can be expressed as

aA " tuuf A1

Rl=At_ "~ - =
14+ oaufA-1u

(2.29)
The proof of Theorem 2.5 is left as an exercise (Problem 2.3), while Corollary
2.6 can be proved simply by substituting B = u, C = o« and D = u’’ into
(2.27).

Moreover, two theorems regarding partitioned matrices are stated as fol-

lows [7, p. 572], [9, pp. 166—-168], and the proofs are left as exercises (Problems
2.4 and 2.5).

Theorem 2.7. Let A be a square matrix given as the partitioned form of
(2.23). Then the determinant of A can be expressed as

det{A} = det{A;}-det{Az — Az; A’ A2} (2.30)
provided that A11 is a nonsingular square matriz, or equivalently

det{A} = det{Ag}-det{A;; — A12A5; Ay} (2.31)
provided that Ass is a nonsingular square matriz.

Theorem 2.8. Let A be a nonsingular square matrix given as the partitioned
form of (2.23) where A11 and Asy are also nonsingular square matrices. Then
the inverse of A can be expressed as

3 For ease of later use, we give a slightly generalized statement of Woodbury’s
identity by including a scalar a. As a = 1, it reduces to the normal statement of
Woodbury’s identity.



2.1 Linear Algebra 23

A-l— (Bu Bo (2.32)
B> B .

where

B = (A — ApAy Ayt
Bio = (A1 — ApAyAgy) TARAL
Boi = —(Agy — Ay AT A1) A ALY
B = (Aos — Ag AT A ) h

In the following, we summarize several matrix properties and leave the
proofs as exercises (Problems 2.6, 2.7 and 2.8).

Property 2.9. A positive definite matriz is nonsingular.
Property 2.10. The eigenvalues of a Hermitian matriz are all real.

Property 2.11. The eigenvalues of a positive definite (positive semidefinite)
matriz are all real positive (nonnegative).

Property 2.12. The inverse of a positive definite matriz is also positive def-
mite.

Property 2.13. For any matriz A, both AT A and AAH are positive semi-
definite.

Property 2.14. The eigenvectors of a Hermitian matriz corresponding to
distinct eigenvalues are orthogonal.

Although Property 2.14 is for the case of distinct eigenvalues, one can always
find a complete set of orthogonal eigenvectors, or equivalently, orthonormal
eigenvectors for any Hermitian matrix, no matter whether its eigenvalues are
distinct or not [2, p. 297].

As a consequence, if A is a positive definite matrix, then its inverse A~!
exists (by Property 2.9) and is also positive definite (by Property 2.12). Fur-
thermore, the eigenvalues of both matrices A and A~! are all real positive
(by Property 2.11).

2.1.3 Matrix Decomposition

Among the available tools of matrix decomposition, two representatives, eigen-
decomposition and singular value decomposition (SVD), to be presented are
of importance in the area of statistical signal processing. In particular, the
eigendecomposition is useful in developing subspace based algorithms, while
the SVD is powerful in solving least-squares problems as well as in determin-
ing the numerical rank of a real or complex matrix in the presence of roundoff
errors (due to finite precision of computing machines).
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Eigendecomposition

According to the foregoing discussion (the paragraph following Property 2.14),
we can always find a complete set of M orthonormal eigenvectors for an M x M

Hermitian matrix A. As such, let uj, us, ..., up be the M orthonormal
eigenvectors of A corresponding to the eigenvalues A1, A2, ..., Aps. Then, by
definition,

A(ul, ua, ..., qu) = ()\1111, /\2112, ceey )\MuM)
or
AU =UA (2.33)

where A = diag{\1, Ao, ..., Ay} is an M x M diagonal matrix and U = (uy,
ug, ..., uypr) is an M x M unitary matrix since uy, ug, ..., ups are orthonormal.
From (2.33), it follows that

M
A =UAU" = 3" Apuull. (2.34)
m=1

Equation (2.34) is called the eigendecomposition or the spectral decomposition
of A. Moreover, when A is nonsingular, (2.34) leads to

M
1
ATl =UfATUT =AU = ) )\—umufi. (2.35)
m=1"""

Singular Value Decomposition

The SVD is stated in the following theorem and, for clarity, is illustrated in
Fig. 2.2. The theorem is called the SVD theorem, or the Autonne—Eckart—
Young theorem in recognition of the originators [10].%

Theorem 2.15 (SVD Theorem). Let A be an M x K real or complex ma-
triz with rank{A} = r. Then there exist an M x M unitary matriz

U= (ul,u27...,uM) (236)
and a K x K unitary matrixc
V = (vy,va, ..., V) (2.37)

such that the matriz A can be decomposed as

4 The SVD was established for real square matrices by Beltrami and Jordan in
the 1870s, for complex square matrices by Autonne in 1902, and for general
rectangular matrices by Eckart and Young in 1939 [10].
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T
A=UsV7 ="\ u,v] (2.38)
m=1
where w; are M x 1 vectors, v; are K x 1 vectors, and

A O
2_<0 0) (2.39)

is an M x K matriz. The matriz A = diag{\1, \a, ..., \.} is an r X r diagonal
matriz where \; are real and \y > Ao > --- > X\ > 0.

- ‘ )
A i}r -
N VHE = ul K
wl| o 2| v (v2.v5)
(Ug,Up . Upy) 2_[A O]
lo o) |VY——"
L K
- ~ J — ~ _J ~ J
K M K

Fig. 2.2 Illustration of the SVD for an M x K matrix A with M > K > r =
rank{A} where A = diag{A1, A2, ..., A\r }

As shown in Appendix 2A, the SVD theorem can be proved by either of the
two approaches, Approach I and Approach II, where Approach I starts from
the matrix A¥ A and Approach II from the matrix AA¥. Some important
results regarding both approaches are summarized as follows.

e Results from Approach I. The nonnegative real numbers A1, Ao, ..., Ak are
identical to the positive square roots of the eigenvalues of the K x K matrix
AHA and the column vectors vy, va, ..., Vg of V are the corresponding
orthonormal eigenvectors. The positive real numbers A1, Ag, ..., A, together
with Apy1 = -+ = Ag = 0 (since rank{A} = r), are called the singular
values of A, while the vectors vy, va, ..., Vi are called the right singular
vectors of A. With \,, and v,, computed from A¥ A, the column vectors
up, Uy, ..., u, in U are accordingly determined via (see (2.204))

Av, A Av,
(u17u27"'7u7’) = V17 V2a"'7 A ) (240)
AL A

while the remaining column vectors u,41, Uy42, ..., upy (allowing some
choices) are chosen such that U is unitary. The vectors us, ua, ..., ups are
called the left singular vectors of A.
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e Results from Approach II. The singular values A1, Aa, ..., Ay of A are
identical to the positive square roots of the eigenvalues of the M x M matrix
AAH and the left singular vectors uj, ug, ..., up; are the corresponding
orthonormal eigenvectors. With \,, and u,, computed from AAH the right
singular vectors vi, va, ..., v, are accordingly determined via (see (2.213))

Afu, AH Afy,
oA W u), (2.41)

(Vl,VQ,...,VT)—< VIR

while the remaining right singular vectors v,41, v,+2, ..., Vi are chosen such
that V is unitary.

As a result, a matrix may have numerous forms of SVD [11, p. 309]. Moreover,
following the above-mentioned results, one can compute (by hand) the SVD
of an M x K matrix A through the eigenvalues and orthonormal eigenvectors
of AHA or AAH although it is generally not suggested for finite-precision
computation [10]. It is also important to note that the number of nonzero
singular values determines the rank of A, revealing that the SVD provides a
basis for practically determining the numerical rank of a matrix.
A special case of the SVD theorem is as follows.

Corollary 2.16 (Special Case of the SVD Theorem). Let A be an M x
M Hermitian matriz with rank{A} = r and A is nonnegative definite. Then
the matriz A can be decomposed as

A=UzU" =) \unull (2.42)
m=1

where 3 = diag{A1, ..., Ay Arg1, s Aar } is an M x M diagonal matriz and
U = (w1, ug,...,up) is an M x M unitary matriz. The singular values A1 >
e > A > A1 = oo = Ay = 0 are the eigenvalues of A and the singular
vectors uy, U, ..., Ups are the corresponding orthonormal eigenvectors.

The proof is left as an exercise (Problem 2.10). Comparing (2.42) with (2.34)
reveals that for a Hermitian matrix A, the SVD of A is equivalent to the
eigendecomposition of A.

2.2 Mathematical Analysis

This section briefly reviews the fundamentals of mathematical analysis, includ-
ing sequences, series, Hilbert spaces, vector spaces of sequences and functions,
and pays attention to the topic of Fourier series. Some of these topics need
the background of functions, provided in Appendix 2B.
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2.2.1 Sequences
A sequence is regarded as a list of real or complex numbers in a definite order:

Amyy am+17 ey p—1,0n

where ag, K = m,m + 1,...,n, are called the terms of the sequence. The
sequence is denoted by {ax}%_,, or, briefly, {a;}. One should not confuse a
sequence {ag}y_,, with a set {ax,k = m,m + 1,...,n}; the order of a; is
meaningless for the latter. Moreover, a sequence {ay} is said to be an infinite
sequence if it has infinitely many terms. A natural concern about a one-sided
infinite sequence, {ax}72,, is whether it converges or not, that is the topic to
be dealt with next.

Sequences of Numbers

A real or complex sequence {ay}72 ; is said to converge to a real or complex
number qa if

lim ar = a, (2.43)

k—o0

i.e. for every real number € > 0 there exists an integer N such that
lax —a| <e forall k>N (2.44)

where N is, in general, dependent on e. If {aj} does not converge, it is called
a divergent sequence [12]. A sequence {ay} is said to be bounded if |ai| < A
for all k& where A is a positive constant. A real sequence {ar}%2, is said to
be increasing (decreasing) or, briefly, monotonic if ar, < agy1 (ax > ag+1) for
all k, and is said to be strictly increasing (strictly decreasing) if ap, < ag41
(ar > ag41) for all k. A theorem regarding monotonic sequences is as follows
[13, p. 61].

Theorem 2.17. If {ar}72, is a monotonic and bounded real sequence, then
{ar}$2, converges.

The proof is left as an exercise (Problem 2.11).
From a sequence {ax}7°,, one can obtain another sequence, denoted by
{on}22, composed of the arithmetic mean

a;+ag+---+ay
Oy = . (2.45)

n

The arithmetic mean o, is also referred to as the nth Cesaro mean of the
sequence {a,} [14]. A related theorem is stated as follows [15, p. 138].

Theorem 2.18. If a real or complex sequence {a}7>, is bounded and con-
verges to a real or complexr number a, then the sequence of arithmetic mean
{on}52 also converges to the number a where oy, is defined as (2.45).
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The proof, again, is left as an exercise (Problem 2.12). When the sequence of
arithmetic means {0, } converges to a, we say that the original sequence {ay}
is Cesaro summable to a. Since the average operation in (2.45) may smooth
out occasional fluctuations in {ay}, it is expected that {0, }, in general, tends
to converge even if {ax} is divergent. An example is given as follows.

Example 2.19

Consider that ay = (—1)*. The sequence {ax}32, is bounded by 1, but it
diverges since ar = 1 for k even and a; = —1 for k odd. On the other hand,
the arithmetic mean o, = 0 for n even and o, = —1/n for n odd. This
indicates that lim,,_,o, 0, = 0, namely, {aj} is Cesaro summable to zero.

Sequences of Functions

Now consider a sequence of real or complex functions, {ay(x)}32 ;. Since ay(x)
is a function of z, the convergence of {a;(z)}%2,; may further depend on the
value of z.

The sequence {a(x)}72 , is said to converge pointwise to a real or complex
function a(x) on an interval [z, xy] if

klirn ar(z) = a(x) for every point x € [zy,, xy], (2.46)
ade ol
i.e. for every real number € > 0 and every point © € [z, zy] there exists an
integer N such that

lap(z) —a(x)| <e forallk > N (2.47)

where N may depend on ¢ and x. When the integer N is independent of =,
{ar(x)}32, is said to converge uniformly to a(x) on the interval [zr,, zy]. In
other words, a uniformly convergent sequence {ax(x)} exhibits similar local
behaviors of convergence for all z € [zy, zy], as illustrated in Fig. 2.3.

Fig. 2.3 A uniformly convergent sequence {ax(z)},2; on an interval [z1, zu]
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It is important to emphasize that even if every a(z) is a continuous func-
tion, a pointwise convergent sequence {ar ()}, may still converge to a dis-
continuous function a(z). The following example demonstrates this fact [13, p.
3201, [16, p. 171].

Example 2.20
As shown in Fig. 2.4, the sequence {2¥}2° | converges pointwise to the function
a(x) on [0,1] where

0, 0<z <1,

a(z) =

1, z=1.

That is, a(z) has a discontinuity at = = 1, although every function z* is

continuous on [0, 1].

O

0

Fig. 2.4 Pointwise convergence of the sequence {xk},;’o:l to a discontinuous func-
tion a(zx) on [0,1]

Unlike pointwise convergence, uniform convergence ensures continuity, as
the following theorem states [16, p. 174].

Theorem 2.21. If the sequence {ar(x)};2, converges uniformly to a function
a(x) on an interval [x1, xy] where every ax(x) is continuous on [z, xy], then
the function a(x) must be continuous on [xy,, xy].

We leave the proof as an exercise (Problem 2.13). Theorem 2.21 implies that
if every ay(z) is continuous but a(z) is discontinuous, then it is not possible
for the sequence {ar(z)} to converge uniformly to a(x).
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Example 2.22
Consider, again, the pointwise convergent sequence {z*}2°, in Example 2.20.
According to Theorem 2.21, it is clear that {z*}%° | is not uniformly conver-

gent on [0, 1] since a(z) has a discontinuity at x = 1.
0

2.2.2 Series

Closely related to a real or complex sequence {ay}}_,,, a series is defined as
> p, ak. The series "7 | ay is called a one-sided infinite sequence with the
nth partial sum defined as

Sp = Z ag, (2.48)
k=1

while the series Y ;- ay is called a two-sided infinite sequence with the nth
partial sum defined as

Sp = Z ag. (2.49)
k=—n

Without loss of generality, we will only deal with the convergence of one-sided
infinite series for brevity.

Series of Numbers

A series ) -, ay is said to be convergent if the sequence of its partial sums,
{80152, converges to

s£) a, (2.50)
k=1

i.e. lim,_ .o S, = s where s is called the sum or walue of the series. From
(2.48) and (2.50), it follows that if Y7~ aj is convergent, then the following
condition always holds:

lim a, = lim (sp, — sp—1) =5 —s=0. (2.51)

Moreover, a series > o ai is said to be absolutely convergent if the series
> rey lak| is convergent.
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Tests for Divergence and Convergence

In using a series Y ;- ; ay, it is important to know whether Y7 | aj, converges
or diverges. The condition given by (2.51) suggests a test as follows.

Theorem 2.23 (Divergence Test). Suppose Y .-, ai is a real or complex
series to be tested. If the condition given by (2.51) is not satisfied, then the
series E,;“;l ay, is divergent.

Since the condition given by (2.51) is only necessary, but not sufficient, for
convergence, it cannot be used for convergence testing. An example using the
divergence test is as follows.

Example 2.24 (Geometric Series)

The partial sum of the geometric series > - ; ar®

can be expressed as

n & 1—r"
sn:E ar® = ar .
1—7r
k=1

If || < 1, then the geometric series converges with

ar

lim s, = .
n—oo el
On the other hand, if |r| > 1, then lim, . ar™ # 0 which does not satisfy
the condition given by (2.51), and thus the geometric series diverges.

The following test is useful for testing the convergence of a real series.

Theorem 2.25 (Integral Test). Suppose Y ., ai is a real series to be
tested where ar > 0 for all k. Find a continuous, positive, and decreasing
function f(x) on [1,00) such that f(k) = ay.

o If [ f(zx)dx is finite, then the series Y p | ai is convergent.
o If [ f(x)dx is infinite, then the series > - ay is divergent.

The proof is left as an exercise (Problem 2.14). An example using the integral
test is as follows.

Example 2.26

To test the convergence of the real series Y- | 1/k? let f(z) = 1/2% Tt is clear
that f(z) is continuous, positive, and decreasing on [1,00) and f(k) = 1/k>.
By the integral test, [ f(z)dz =1 implies that .~ ; 1/k? converges.
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Series of Functions

Now consider a series > ,- | ax(z) whose nth partial sum is given by

sn() =Y ar(z) (2.52)

k=1

where ay(x) is a real or complex function of a real independent variable x. The
series >~ ai(z) is said to converge pointwise to a real or complex function
s(z) if the sequence of its partial sums, {s,(z)}>2,, converges pointwise to
s(z), and is said to converge uniformly to s(zx) if the sequence {s,(z)}52,
converges uniformly to s(z).

According to the above-mentioned definitions, the convergence theory for
sequences of functions can similarly apply to series of functions. In partic-
ular, uniform convergence of series also implies pointwise convergence of se-
ries, but the converse may not be true. Moreover, a pointwise convergent se-
ries Y po, ax(x) may converge to a discontinuous function s(z), even if every
function ax(z) is continuous. And the following theorem directly follows from
Theorem 2.21.

Theorem 2.27. If the series Y, ap(x) converges uniformly to a function
s(x) on an interval [x1,, zu] where every ar(x) is continuous on [z, zy], then
the function s(x) is also continuous on [xy,zy].

As a remark, let us emphasize that there is no connection between uniform
convergence and absolute convergence [4, p. 765].

Test for Uniform Convergence

The following test is most commonly used for testing the uniform convergence
of series.

Theorem 2.28 (Weierstrass M-Test). Suppose Y .-, ai(z) is a real or
complex series to be tested on an interval [z, zy]. If there exists a convergent
series Y pey My such that each term My > |ag(z)| for all x € [z1,zy], then
the series Y po , ar(x) is uniformly and absolutely convergent on [y, zy].

Since the proof is lengthy and can be found, for instance, in [13], it is omitted
here. An example using the Weierstrass M-test is provided as follows.

Example 2.29

Suppose Y52 | e7% /k? is the series to be tested on [—7, 7). Because |e/** /k?| <
1/k? for all z € [—m,7) and Y-, 1/k? converges (see Example 2.26), by the
Weierstrass M-test, the series > p- | €/ /k? is uniformly and absolutely con-

vergent on [—, ).
0
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2.2.3 Hilbert Spaces, Sequence Spaces and Function Spaces
Hilbert Spaces

Consider a sequence of real or complex vectors, denoted by {a,}52,, in a
normed vector space V. The sequence {a,, }22, is said to converge in the norm
or, briefly, converge to a real or complex vector a € V if

lim ||a—a,| =0. (2.53)

Convergence in the norm is also often referred to as convergence in the mean.
A sequence {a,}52; in V is called a Cauchy sequence if for every real number
€ > 0 there exists an integer NV such that

la, —an| <e foralln>m> N. (2.54)

Regarding Cauchy sequences, we have the following related theorem, whose
proof is left as an exercise (Problem 2.15).

Theorem 2.30. Every convergent sequence in a norm vector space V is a
Cauchy sequence.

The converse of Theorem 2.30, however, may be true for some norm vector
spaces. If every Cauchy sequence in a norm vector space V converges to a
vector in V), then the normed vector space V is said to be complete. A complete
normed vector space is also referred to as a Banach space [17].

Definition 2.31 (Hilbert Space). A vector space V along with a legitimate
norm and a legitimate inner product is said to be a Hilbert space if the normed
vector space (i.e. V along with the legitimate norm) is complete and the inner
product can induce the norm.

As an example, the vector space R (see Example 2.3) along with the
Euclidean norm and the Euclidean inner product is an N-dimensional Hilbert
space [5,14, 18], which we also refer to as the N-dimensional Euclidean space
RN for convenience.

Sequence Spaces

Consider a real or complex sequence {a, }>2 ; which is bounded and satisfies

[e'e) 1/17
(Z |an|p> < oo, forl<p< 0. (2.55)

n=1

Let V be the set composed of all such sequences. Then, under the operations
of componentwise addition and scalar multiplication of sequences, the set V
can easily be shown to be a vector space (satisfying the axioms (VS1) through
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(VS8)). The vector space V is a sequence space, commonly referred to as the
0P space or, briefly, /7 [5,13,17,18].

For notational simplicity, let a = (a1, az, ..., an, ...)T denote a vector cor-
responding to {a,}>2,; € ¢P. The inner product of sequences {a,}52 ; and
{bn}52L; € P is defined as

(a,b) = anb, (2.56)
n=1
while the ¢ norm of {a,}52; € ¢? is defined as

oo 1/p
<Z|an|p> , for1<p< oo
lall, = § \n=1

sup {lan|}, forp=oo
n=1,2,...

(2.57)

where the notation ‘sup’ stands for the least upper bound or the supremum
of a set of real numbers.® From (2.56) and (2.57), it follows that only the
¢? norm (i.e. p = 2) can be induced from (2.56). Furthermore, the ¢ space
along with the inner product defined as (2.56) and the £ norm is known as
an infinite-dimensional Hilbert space [14, p. 75]. As such, in what follows, the
£? space always refers to this Hilbert space for convenience.

Moreover, for ease of later use, we restate the Cauchy—Schwartz inequality
in terms of two-sided sequences as follows.

Theorem 2.32 (Cauchy—Schwartz Inequality). Suppose {a,}>2
{bn}52 _ o are real or complex nonzero sequences with >~
S |bn]? < co. Then

I 1/2 I 1/2
< < > |an|2> < > |bn|2> (2.58)

n=—oo n=—oo

oo and
lan|? < o0 and

i anby,

n=—oo

and the equality holds if and only if a, = ab, for all n where o # 0 is an
arbitrary real or complex scalar.

Also with regard to two-sided sequences, the following inequality is useful in
development of blind equalization algorithms [19,20].

Theorem 2.33. Suppose {an}2 . is a real or complex nonzero sequence
with Y07 |a,|* < oo where s is an integer and 1 < s < co. Then

5 One should not confuse “supremum” with “maximum.” A set which is bounded
above has a supremum, but may not have a maximum (the largest element of the
set) [12, p. 16]. For instance, the set {1 — (1/n),n = 1 ~ oo} has a supremum
equal to one, but does not have any maximum.
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50 1/1 0 1/s
< > |an|l> < ( > |an|5> (2.59)

n=—oo n=—oo

and the equality holds if and only if a, has only one nonzero term where [ is
an integer and [ > s.

See Appendix 2C for the proof.

Function Spaces

Consider a real or complex functions f(x) which is bounded and satisfies

Ty 1/p
(/ If(x)ldeC) , for1<p<oo. (2.60)

L

Then the set of all such functions forms a function space (a vector space) under
the operations of pointwise addition and scalar multiplication of functions.
The function space is commonly referred to as the L£P[zr,, zu] space or, briefly,
LP[zy, zu] [5,13,17,18].

Define the inner product of functions f(z) and g(x) € LP[z, zyu] as

o= [ " f@)g(a)de (2.61)

and the LP norm of f(x) € LP[z, zy] as

Tu 1/p
I fllp = </ |f(x)|pd:l:> , forl<p< oo (2.62)

L

Only the £2 norm (p = 2) can be induced from (2.61). More importantly,
due to the operation of integration in (2.62), || f|l2 = 0 merely implies that
f(z) = 0 almost everywhere on [z, xy], that is, f(x) may not be identically
zero on a set of points on which the integration is “negligible.” ¢ From this,
it follows that the inner product defined as (2.61) does not satisfy the axiom
(IPS3) and the £2? norm does not satisfy the axiom (NVS3). To get around
this difficulty, we adopt the following convention: ||f||2 = 0 implies that f(z)
is a zero function, i.e. f(z) = 0 for all € [z, zy]. With this convention,
the £2[xr, zy] space along with the inner product defined as (2.61) and the
£? norm is also known as an infinite-dimensional Hilbert space [18, p. 193].
In what follows, the £2[z1,,7y] space always refers to this Hilbert space for
convenience.

Moreover, the Cauchy—Schwartz inequality described in Theorem 2.1 is
applicable to the £2[z1,, zy] space, that is restated here in terms of functions
with the above convention.

5 The set of points on which integration is “negligible” is called a set of measure
zero [13,14].
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Theorem 2.34 (Cauchy—Schwartz Inequality). Suppose f(z) and g(x)
are real or complexr nonzero functions on [ry,xy] with f;LU |f(2)|?dr < oo

and [ |g(x)|Pdz < oo. Then

<{/ |f<z>|2dx}1/2 {/ |g<sc>|2dz}1/2 (2.63)

and the equality holds if and only if f(x) = ag(zx) for all x € [z, xy] where
a # 0 is an arbitrary real or complex scalar.

/ F(@)g(a)*do

Approximations in Function Spaces

Let us emphasize that any function in £2[xp,zy] is actually viewed as a
vector in the vector space. As such, convergence for a sequence of functions
in £2[x1,, ry] means convergence in the norm for a sequence of vectors, that
is closely related to the problem of minimum mean-square-error (MMSE)
approximation in £2[zy,, zy] as revealed below.

Let {¢1(x), p2(x), ..., pn(x)} be a set of real or complex orthogonal func-
tions in £?[zy,, xy] where

@y Eys, k=nm,
/ ¢k<w>¢:n<x>dx={0“’ o (2:64)

Given a real or complex function f(x) € £L2[xr,zy], let us consider the prob-
lem of approximating the nth partial sum

sn(z) = > Ordr(z) (2.65)

k=—n

to the function f(z) in the MMSE sense, i.e. finding the optimal parameters
0_pn,0_nt1,..., 0, such that the following mean-square-error (MSE) is mini-
mum:

Tusi(0) = [ 15(@) = sala)|* do (2.0

TL

By substituting (2.65) into (2.66) and using (2.64), we obtain
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Jumse(0r) :/IU |f(1:)|2dl‘—|-E¢ Z |9k|2

TL k=—n

- _Z o [ @i+, / " P @ontoi]

2
:/ 1£( |das+E¢Z

k=—n

o - — [ o

/fask

This implies that the optimal 6, denoted by §k, is given by
~ 1 Tu
O = —
E¢ zL

_.E%

k=—n

f(@)pi(x)dx for k=—n,—n+1,..,n, (2.67)

and the corresponding minimum value of Jysg () is given by

min{Jysn(0x)} = / Pde -y 3 (B (2.68)

k=—n
Since (2.68) holds for any n and Juse(fx) > 0 (see (2.66)), letting n — oo
leads to the following inequality.

Theorem 2.35 (Bessel’s Inequality). Suppose {¢1(x), d2(x), ..., dn(x)} is
a set of real or complex orthogonal functions in L2[xy,zv]. If f(z) is a real
or complex function in L2[xy,xy], then optimal approzimation of the series

S o Ot (z) to f(x) in the MMSE sense gives

Z 0|2 < —/ ?dz < 0o (2.69)

k=—o00
where O is the optimal 6}, and Ey = f;LU |k (z)|?dx.

From (2.66) and (2.62), it follows that when the sequence of functions
{sn(2)}52, converges in the norm to f(z) € L[z, zu],

nll_{%@ If = snll2 = nll_)H;o \/ JMSE(é\k) =0. (2.70)

Correspondingly, Bessel’s inequality (2.69) becomes the equality

U

> 16 = E%/ |f () da, (2.71)

L

which is known as Parseval’s equality or Parseval’s relation. Owing to (2.70),
convergence in the norm for the £2[x1,, 7] space is also referred to as conver-
gence in the mean-square (MS) sense.
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2.2.4 Fourier Series

Fourier series are of great importance in developing the theory of mathemat-
ical analysis, and have widespread applications in the areas of science and
engineering such as signal representation and analysis in signal processing.

Consider that f(x) is a periodic function with period 27. When f(x) is
real, the Fourier series of f(x) is given by

f(z) = % + Z(ak cos kx + by sin kx) (2.72)
k=1

where ay and by are given by

1 us

ar = — f(z)cos(kx)dx, k=0,1,2,.. (2.73)
™ —T
1 us

by, = — f(z)sin(kz)dz, k=1,2,.. (2.74)
™ —T

The real numbers ay and by, are called the Fourier coefficients of f(x). Note
that {1, coskx,sinkz,k = 1 ~ co} is a set of orthogonal functions satisfying
(2.64) (Ey = 7). From (2.73) and (2.74), one can see that if f(x) is odd, then
ar, = 0 for all k; whereas if f(z) is even, by = 0 for all k. On the other hand,
when f(x) is complex, the Fourier series of f(x) is given by

oo

flo)y= > cxe?® (2.75)

k=—o0

where ¢, a Fourier coefficient of f(z), is a complex number given by

1 /7 )
cr = — (z)e 7k dx. (2.76)
2 J_ .
Note that {e/** k = —o0o ~ oo} is also a set of orthogonal functions satisfying

(2.64) (Ey = 2m).

Next, let us discuss the existence of Fourier series. In particular, we are
concerned with the sufficient conditions under which the Fourier series given
by (2.75) converges.

Local Behavior of Convergence

With the nth partial sum defined as

n

sn(z) = Z cre?™e, (2.77)

k=—n

the convergence problem of the Fourier series given by (2.75) is the same as
that of the sequence {s,(z)}52

n=1-*
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Pointwise Convergence

It was believed, for a long time, that if the periodic function f(z) is continuous,
then the Fourier series would converge to f(z) for all z € [—m, 7) (i.e. pointwise
convergence). Actually, there do exist continuous periodic functions whose
Fourier series diverge at a given point or even everywhere; see [14, pp. 83—
87] for an example of such functions. This implies that pointwise convergence
requires some additional conditions on f(z) as follows [18].

Theorem 2.36 (Pointwise Convergence Theorem). Suppose f(x) is a
real or complex periodic function of period 2w. Then, under the conditions
that (i) f(x) is piecewise continuous on [—m,m) and (i) the derivative f'(z)
is piecewise continuous on [—m, ), the Fourier series of f(x) given by (2.75)
18 pointwise convergent and
x7) + flat

lim s,(z) = % for all x € [—m, ) (2.78)
where sy () is the corresponding nth partial sum given by (2.77), and f(z™)
and f(zT) are the left-hand limit and the right-hand limit of f(z), respectively.

See Appendix 2B for a review of terminologies of functions and see Appendix
2D for the proof of this theorem. From this theorem and (2.219), it follows that
the Fourier series converges to f(z) at the points of continuity and converges
to [f(z7)+ f(z1)]/2 at the points of discontinuity. Note that Theorem 2.36 is
only a special case of the Dirichlet Theorem, for which the required conditions
are known as the Dirichlet conditions [21,22].7

Uniform Convergence

By using the Weierstrass M-test, we have the following theorem for uniform
and absolute convergence of the Fourier series (Problem 2.17).

Theorem 2.37. Suppose {ci}3>_

Sne ekl < oo. Then the Fourier series Y o cpe?*® converges uni-

formly and absolutely to a continuous function of x on [—m, ).

is any absolutely summable sequence, i.e.

Moreover, by using the Weierstrass M-test and the pointwise convergence
theorem with more restrictive conditions on f(z), we have another theorem
regarding the uniform and absolute convergence [18, pp. 216-218].

Theorem 2.38. Suppose f(x) is a real or complex periodic function of period
27. Then, under the conditions that (i) f(x) is continuous on [—m,7) and (ii)
the derivative f'(x) is piecewise continuous on [—m, ), the Fourier series of
f(xz) given by (2.75) converges uniformly and absolutely to f(x) on [—m, 7).

See Appendix 2E for the proof.

" The Dirichlet theorem due to P. L. Dirichlet (1829) was the first substantial
progress on the convergence problem of Fourier series [13].
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Global Behavior of Convergence

The Fourier series given by (2.75) is said to converge in the mean-square (MS)
sense to f(x) if

T

Jim | () - sn(z)>dz =0 (2.79)

where s,(x) is the nth partial sum given by (2.77). Accordingly, with MS
convergence, we can only get an overall picture about the convergence behavior
over the entire interval. It reveals nothing about the detailed behavior of
convergence at any point.

Recall that if f(z) is in the £2[—7, 7) space, then MS convergence is equiv-
alent to convergence in the norm. Correspondingly, Parseval’s relation

>l =5 [ I@)Pdr < o (2.50)

holds and thus the sequence {ci}72 _  is square summable. The converse is
stated in the following theorem (Problem 2.18).

Theorem 2.39. Suppose {c;}7° . is any square summable sequence, i.e.
Z;O:—oo lex|? < oo. Then the Fourier series Z;O:—oo cxe?*® converges in the
MS sense to a function in the L?[—m, ) space.

Furthermore, a more generalized theorem regarding the MS convergence
is provided as follows. The proof is beyond the scope of this book; the reader
can find it in [13, pp. 411-414] for the real case and [14, pp. 76-80] for the
complex case.

Theorem 2.40. Suppose f(x) is a real or complex periodic function of period
27 If the function f(x) is bounded and integrable on [—m, ), then the Fourier
series of f(x) given by (2.75) converges in the MS sense to f(x) on [—m, ).

Compared with local convergence (pointwise convergence and uniform conver-
gence), global convergence (MS convergence) requires even weaker conditions
on the function f(x) or the sequence {cx}3 _ ., and so the existence of Fourier
series is almost not an issue in practice.

Fourier Series of Generalized Functions

In some cases, we may need to deal with functions which are outside the
ordinary scope of function theory. An important class of such functions is
the one of generalized functions introduced by G. Temple (1953) [23]. Among
this class, a representative is the so-called impulse or Dirac delta function,
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commonly denoted by §(x).8 It is mathematically defined by the following
relations

{ S(x) =0 forz #0, (2.81)

7 6(x)dz =1,

and possesses the following sifting property:

/_OO §(x —7)f(z)dx = f(7). (2.82)

Strictly speaking, a periodic function like

oo

flz) = Z 27 (x + 2mm) (2.83)

m=—0oo

does not have a Fourier series. But, using (2.76) and (2.82), we can still math-
ematically define the Fourier series of f(x) as

fx) = i ek (ie. ¢ =1 for all k) (2.84)

k=—o00

and make use of this in many applications. In other words, the theory of
Fourier series should be broadened for more extensive applications. The ex-
tended theory of Fourier series is, however, beyond the scope of this book;
refer to [23,24] for the details.

2.3 Optimization Theory

Consider that J(0) is a real function of the L x 1 vector
0= (01,0,...,00)" (2.85)

where 61, 0, ..., 01, are real or complex unknown parameters to be determined.
An optimization problem is to find (search for) a solution for 6 which min-
imizes or maximizes the function J(@), referred to as the objective function.
There are basically two types of optimization problems, constrained optimiza-
tion problems and unconstrained optimization problems [12,25,26]. As the
names indicate, the former type is subject to some constraints (e.g. equal-
ity constraints and inequality constraints), whereas the latter type does not
involve any constraint. In the scope of the book, we are interested in un-
constrained optimization problems, which along with the related theory are
introduced in this section.

8 The notation ‘§(x)’ for Dirac delta function was first used by G. Kirchhoff, and
then introduced into quantum mechanics by Dirac (1927) [23].
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2.3.1 Vector Derivatives

As we will see, finding the solutions to the minima or maxima of the objective
function J(@) often involves manipulations of the following first derivative
(with respect to )

(2.86)

o) (0r0) of0)  af(0)\
00"\ 007 " 005 " 005

where f(0) is an arbitrary real or complex function of @ and 9f(0)/905, is the
first partial derivative of f(0) with respect to the conjugate parameter 65.°
However, the first derivative 0f(6)/00", or equivalently the operator

T
o (0 0 0 (2.87)
00"\ 00y’ 003 "7 00% ) '
depends on whether @ is real or complex, as discussed below.

Derivatives with Respect to a Real Vector

When 8 is real, applying the operator 8/90 to 67 yields

001 00, 00y,
%, %, = o0
00 00 00
A R ) 58
a0 a0 | R |=L (2.88)
001 00, 09y,
20, 6, = 26,

which is useful to the derivation of 9f(6)/00. In particular, if f(8) = b?6 =
67b where the vector b is independent of 8, then

81;_? - (%) b=1Ib=hb. (2.89)

Moreover, if f(8) = 8”7 b(8) where the vector b(8) = A8, then

ofe) [o8" obT(e) (06" 00"\
06 _<W bO+—5 =13 |29 |50 )~ 0
=1A0 +IAT9 = (A + A7)0, (2.90)

which reduces to 9f(6)/90 = 2A0 when A is symmetric.

9 Although utilization of df(0)/8* and that of 9f(8)/6 both lead to the same
solutions for the optimization problems, Brandwood [27] has pointed out that
the former gives rise to a slightly neater expression and thus is more convenient.
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Derivatives with Respect to a Complex Vector
Now consider the case that 8 = (61, 60s,...,07)7 is complex, i.e.
Ok =z + jyr, k=1,2,.... L, (2.91)

where 2, = Re{6;} is the real part of 0, and yr = Im{f} is the imaginary
part of 8. Naturally, one can derive 9f(0)/905 in terms of zy and yy. Al-
ternatively, direct derivation of 0f(0)/00; (without involving zy and yx) is
more appealing, but special care should be taken for the following reason. In
conventional complex-variable theory, if f(6) cannot be expressed in terms of
only 0y, (i.e. it also consists of 0}), then it is nowhere differentiable by ), and
we say that f(0) is not analytic [28]. The analytic problem, however, can be
resolved by simply treating f(0) = f(0,0) as a function of 2L independent
variables 61,09, ..., 01, 07,05, ...,0% [27]; see the following illustration.

Example 2.41

Consider the function f(f) = 6* where § = z + jy, and x and y are real.
According to the conventional complex-variable theory, the first derivative of
f(6) with respect to ¢ is given by [28]

GO) SO+ f0) A

A6 Ab—o Af T A0S0 AG

As illustrated in Fig. 2.5, if Af approaches zero along the real axis, i.e. Af =
Axz — 0, then df (6)/d6 = 1. If A@ approaches zero along the imaginary axis,
i.e. A = jAy — 0, then df (0)/df = —1. As a result, there is no way to assign
a unique value to df (0)/d6, and thus f(0) is not differentiable. On the other
hand, by treating f(6) = (0, 6*) as a function of independent variables 6 and
0*, we obtain 9f(0,0*)/00 = 0 and 9f(0,0%)/06* = 1. That is, f(6,0%) is

differentiable with respect to # and #* independently. -

With the treatment of independent variables 0, and ¢}, we now proceed
to derive the partial derivative 0f(0)/06;. From (2.91), it follows that

1 1
xR = 5(9k +6;) and y = Z(Hk —05). (2.92)

Differentiating 3, and y, given by (2.92) with respect to 6, and 6} yields

0 1 0 1 0 1 0 1
ﬂ =, Tk = -, ﬁ = —, and Yk = —— (2.93)
00, 20 00y 20 00, 2j oo, 2j
This, together with the chain rule [29], leads to
01(6) _070)0m _05(©)0n _1[070)  04(0) 20
80k B 8zk 80k Byk 80k o 2 8zk J Byk ’
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Im
A
}Aﬁszy
y ..............
T
0=x+jy sA6?_Ax
: » Re
X

Fig. 2.5 Illustration of A# approaching zero along the real and imaginary axes

and
of(@) 0of()o af(0)0 1|ofe of(e
f(6) _ 0f(0)0xx  0f(6)0yr 1 f()+j o) (2.95)
89; 6:5;@ (99}2 6yk (99}2 2 8£Ck 8yk
From (2.91), (2.94) and (2.95), it is clear that
067 90y, 00, 005
By (2.96), we have
aGH*I d aGT*O 2.97
oo =1 ger =0 (290

which, again, are useful to the derivation of 3f(0)/90". In particular, if f(0) =
b7 @ where b is independent of @, then df(8)/6* = 0, and if f(6) = 8"b,

then
ofe) (oe"\
—5 = <—aa* b =b. (2.98)
If £(6) = 67 AB, then

H T
210 @%) AO+ (‘3‘;) (074)" = a0 (by 207).  (2.09)

Table 2.1 summarizes the vector derivatives for both real and complex cases.
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Table 2.1 Summary of vector derivatives

Real Case Complex Case
00" _ | 00" L L 00T _
90 0" " P07 T
f(® 6" 1bTe 0T A0 f(@ 6"b ble 67A6
of(6) - of(8)

2.3.2 Necessary and Sufficient Conditions for Solutions

From the foregoing discussions, we note that when the unknown parameter
vector @ = (01,0, ...,0r)T is complex, it is also more convenient to treat the
real objective function J(6) = J(0,6") as a function of independent variables
0, and 0%. As such, for notational convenience, let us reformulate the above-
mentioned optimization problem into the equivalent problem of minimizing
or maximizing the real objective function J(1#) where 9 is the real or complex
unknown parameter vector defined as

(2.100)

9= (01,92,...9.)T =6 for real 6,
9 = (91,0, ....920)T = (07,0)T  for complex 6.

Several terminologies regarding J(9) are introduced as follows.
The objective function J(¥#) is said to have a local minimum or a relative
minimum at the solution point ¥ if there exists a real number € > 0 such that

J(¥) < J(9) for all ¥ satisfying ||9 — 9| < e. (2.101)

The objective function J(9) is said to have a global minimum or an absolute
minimum at the solution point 9 if

J(¥) < J(9) for all ¥. (2.102)
Similarly, the objective function J(¥) is said to have a local mazimum or a

relative mazrimum at the solution point 9 if there exists a real number & > 0
such that

J(a) > J(9) for all ¥ satisfying || — 5|| <e, (2.103)

and have a global maximum or an absolute mazximum at the solution point 9
if

~

J(9) > J(9) for all 9. (2.104)
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4 Local minima
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minimum

Stationary points

Fig. 2.6 Illustration of the solution points for the problem of minimizing J(+)
where ¥ is real

In other words, a global minimum (maximum) of J(1) is also a local minimum
(maximum) of J(#). Figure 2.6 gives an illustration of these definitions.

Define the gradient vector, or simply the gradient, as'®
aJ(9)
P = —— 2.1
V() = 5o (2.105)
(the physical meaning will be discussed later), where
0J(0)
— for real 6,
aJ(w) | 00 . .
2o\ ([020)]" [0500) f o (2.106)
90" Sy or complex 6.

A necessary condition for the local extrema (local minima or maxima) of J(4#)
is as follows [26, p. 73].

Theorem 2.42 (Necessary Condition). If the objective function J(9¥) has

an extremum at ¥ =9 and if its first derivative 0J(9)/09" exists at 9 = 9,
then its gradient

19 The gradient V.J(19) defined as (2.105) is the same as that defined in [8, p. 894]
except for a scale factor.
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VJ(¥) £ V(W) =0. (2.107)

¥ =1
The proof is left as an exercise (Problem 2.19). When ¥ satisfies (2.107), it is
said to be a stationary point of J(1). Furthermore, a stationary point 9 is said
to be a saddle point of J(¥¥) if it corresponds to a local minimum of J(4) with
respect to one direction on the hypersurface of J(9) and a local maximum of
J(19) with respect to another direction [12,26,30]. In other words, a saddle
point of J() corresponds to an unstable equilibrium of J(), and thus it will
typically not be obtained by optimization methods.

Example 2.43 (Saddle Point)

Consider the objective function J(9) = J(91,92) = —9? + 93 where ¥ =
(91,92)T, and ¥; and ¥ are real. Taking the first derivative of J(19) with
respect to 9" (= 19)

aJ(W)  [(aJw)/00,\ [ —20
09 \0JW)/ovs ) \ 20,

and setting the result to zero, we obtain the stationary point 9 = (1/9\1, 1/9\2)T =
(0,0)T. Figure 2.7 depicts the objective function J(11,92) and the station-

ary point (U1,92) = (0,0). One can see from this figure that the function
J(ﬁl,ﬁg) = J(¥1,0) = —9? has a local maximum at ¥; = U1 = 0, and the
function J(@l, ) = J(0,92) = 93 has a local minimum at 95 = ¥y = 0. This
reveals that the stationary point (@17 52) = (0,0) is a saddle point. -

Let us emphasize that a stationary point may correspond to a local mini-
mum point, a local maximum point, a saddle point, or a point of some other
exotic category [12, pp. 217, 218]. Some categories of stationary points may
be recognized by inspecting the Hermitian matrix

T T
o [0J(W) o [0J(6)
A e N e
JQ(ﬁ)_aal 9 aa[ 00 (2.108)
for real @, or the Hermitian matrix
P laJ(a) "o Tase)N"
H an* * an* | T an
o Tos 6% | 00 00% | 08
Jo(9) £ —— (*) = (2.109)
09° | 99 H H
o [aJ(6) o [aJ(e)
06 | 00" 00| 00

for complex 0, where the matrix Jo(¥) is referred to as the Hessian matriz
of J(¥). In particular, the local minimum points and local maximum points
can be recognized by virtue of the Hessian matrix, as stated in the following
theorem.
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J (0, 05)=-02+03

J(8,,0,)=J (0,8, )= 02

Saddle point
(¥,9,)=(0,0)

ya
[

J(By,0,)=d (8;,0)=—07

Fig. 2.7 TIlustration of saddle point

Theorem 2.44 (Sufficient Conditions). Suppose 9 is a stationary point
of the objective function J(9). If the Hessian matriz

J5(9) £ 3,(9) (2.110)

9="1
is positive definite (negative definite), then 9 corresponds to a local minimum
(a local mazimum) of J().

This theorem can be proved by virtue of the following Taylor series for J(9)
at ¥ = U: (refer to [26, p. 71] for the real case)

J(®) = J(9) + (9 —9)TVI®) + %(«9 — NI (D) (9 —9) +--- (2.111)

We leave the proof of this theorem as an exercise (Problem 2.20).

2.3.3 Gradient-Type Optimization Methods

There are numerous types of optimization techniques available for solving
the unconstrained optimization problem, among which we are interested in
gradient-type methods for their efficiency as well as their wide scope of appli-
cations. Without loss of generality, we will introduce gradient-type methods
in terms of the minimization problem of J(1#) because maximization of J(1)
is equivalent to minimization of —.J(99).
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Iterative Procedure of Gradient-Type Methods

Let ¥ denote a (local) minimum point of J(9). Gradient-type methods are,
in general, based on the following iterative procedure for searching for .

(S1) Set the iteration number i = 0.

(S2) Choose an appropriate initial condition 9% for 9 and an appropriate
initial search direction d!%. R

(S3) Generate a new approximation to 9 via

9lit1l — glil _ plilald (2.112)

where pll > 0 is the step size which should be determined appropriately
to make sure of the movement along the direction of a (local) minimum
of J(9).

(S4) Check the convergence of the procedure. If the procedure has not yet
converged, then go to Step (S5); otherwise, obtain a (local) minimum
point as 9 =91 and stop the procedure.

(S5) Find a new search direction dl*+) which points towards a (local) mini-
mum of J(9) in general.

(S6) Update the iteration number ¢ by (i 4+ 1) and go to Step (S3).

This procedure is also depicted in Fig. 2.8 for clarity.

In Step (S3) of the iterative procedure, determination of the step size
pll can be formulated into the problem of finding the parameter p which
minimizes the objective function f(u) £ J(9 — pdll) (by (2.112)). Accord-
ingly, this problem can be solved by using the class of one-dimensional (1-D)
minimization methods such as the 1-D Newton method (also known as the
Newton—Raphson method), the 1-D quasi-Newton method, and so on [26]. Al-
ternatively, the step size ul!! can be simply chosen as the value of p /2F for a
preassigned positive real number 1 and a certain (positive or negative) inte-
ger k such that J(9 — (uo/2F)dl?) < J(91). In Step (S4), the convergence

criterion

J('ﬂm) _ J(,ﬂ[z-i-l])
J(91)

(2.113)

can be used for testing the convergence of the iterative procedure where ( is a
small positive constant. Of course, other types of convergence criteria can also
be applied. In Step (S5), the way of finding a new search direction dl*** de-
termines substantially the efficiency of gradient-type methods and thus leads
to the main differences between the existing gradient-type methods. As indi-
cated by the name “gradient-type method,” the update of A"+ involves the
gradient V.J(9'FY) and in some cases the Hessian matrix Jo(9+Y). Note
that the gradient-type methods that require only the gradient are referred
to as first-order methods, while those requiring both the gradient and the
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Set iteration number
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direction d[i+1]
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( Stop )

Fig. 2.8 Flow chart for the iterative procedure of gradient-type methods

Hessian matrix are referred to as second-order methods. As a final remark, all
gradient-type methods are only guaranteed to find local minimum solutions
due to the local property of the gradient nature.

Overview of Existing Gradient-Type Methods

Among the existing gradient-type methods for minimization of J(1), the sim-
plest is the so-called steepest descent method, which belongs to the category of
first-order methods and is extremely important from a theoretical viewpoint.
Convergence of the steepest descent method is more or less insensitive to the
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initial condition 19[01, but the convergence rate is excessively slow in the vicin-
ity of minimum solution points [31, p. 91], thereby limiting its application
scope. On the other hand, a well-known second-order method, the Newton
method, exhibits a rather fast convergence rate in the vicinity of minimum
solution points. The Newton method, however, requires the initial condition
9% to be sufficiently close to any one of the minimum solution points for con-
vergence, and also requires the inverse Hessian matrix J5 1(19), whose compu-
tational complexity is in general quite high. To overcome the initial-condition
problem of the Newton method, the Marquardt method, a combination of the
steepest descent method and the Newton method, tries to share the merits
of both methods. It performs as the steepest descent method at first and
then performs as the Newton method when a minimum solution point is ap-
proached. Obviously, like the Newton method, the Marquardt method is a
second-order method and also suffers from the problem of high computational
complexity.

The motivation for reducing the computational complexity of Newton
method further leads to the family of quasi- Newton methods. The idea behind
quasi-Newton methods is to approximate either the Hessian matrix J2(1) or
its inverse J;*(9) in terms of the gradient V.J(¥9). Clearly, quasi-Newton
methods also belong to the category of first-order methods. A representa-
tive which approximates Jo (1) iteratively is the Broyden—Fletcher—Goldfarb—
Shanno (BFGS) method, while a representative which approximates J, (1)
iteratively is the Davidon—Fletcher—Powell (DFP) method. Known as the best
quasi-Newton method, the BFGS method performs initially as the steepest
descent method and then (after a number of iterations) performs as the New-
ton method. Our experience of computer simulation shows that the BFGS
method is very efficient and numerically stable, and thus has been used for
the simulation examples in this book. Next, let us give the detailed descrip-
tions of some selected gradient-type methods, namely, the steepest descent
method, the Newton method and the BFGS method.

Steepest Descent Method

At iteration i, the steepest descent method!'! updates the parameter vector
via

YU — gl _ 1w g (9l (2.114)

i.e. the search direction d!) = V.J(9!") (see (2.112)). The operation of (2.114)
and the physical meaning of the gradient V.J(4) are interpreted as follows.

Let 9 + A9 be a neighboring point of ¢ and AJ(9) = J(¥ + AY) — J(9)
be the change in J(9¥) due to Ad9. Then, by (2.111), we have

1 The steepest descent method is also called the Cauchy method in recognition of
the originator A. L. Cauchy (1847) [26].
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AJ®) = (AT VI(W) as AY — 0 (2.115)

where we have ignored the second-order and other higher-order (> 3) terms.
From (2.115) and the Cauchy—Schwartz inequality (Theorem 2.1), it follows
that

IAT(9)] < |AY] - [VIW)|| as AD — 0 (2.116)

and the equality holds only when AY¥ = 'V J(9) where « is a real or complex
scalar. This reveals that the change rate of J(13) defined as

AT (D)

_ 2.117
ado0 [|AY) (2.117)

is upper bounded by |V J(49)||, and that the gradient V.J(¥?) represents the
direction giving the maximum change rate of J(1¥). Moreover, when Ad =
—pV J(9) for any real positive scalar u, (2.115) reduces to

AJ(@B) = —p|VI@)? <0 (2.118)
and thus
J(O —puVJI(9)) = J(O+ AY9) = J(9) + AJ(9) < J(9), (2.119)

which accounts for the operation of the update equation (2.114).
As a consequence of the preceding discussions, we come up with the fol-
lowing theorem to explain the physical meaning of the gradient VJ ().

Theorem 2.45. The negative of the gradient, —V J(9), represents the direc-
tion giving the maximum change rate in reducing J(9), i.e. the direction of
steepest descent.

Although the steepest descent method takes advantage of the gradient, the
direction of steepest descent is only a local property (since A¥ — 0) and
thereby may vary from point to point. In fact, the steepest descent method
quite often “zigzags” toward a local minimum, thereby requiring more and
more steps of a smaller and smaller size when the minimum is approached [31,
p. 91]. As such, it usually takes an enormous number of iterations to obtain
an accurate solution.

Regarding the implementation of the update equation (2.114), it follows,
from (2.105) and (2.106), that the update equation can be written as

8.(0)

gli+ll _gld _ ) 22\
Y

. (2.120)
6 =06

for real 6, and
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8.7(0)

oli+1] oli ) *
_ _ ol 00

00 / 1g = gl

for complex 0. One can easily see, from (2.121), that the update equation
for 811 is equivalent to that for 8+ since pl? is real, and thus only the
former is actually needed. Table 2.2 summarizes the steepest descent method.

Table 2.2 Steepest descent method

Update Equation

Generic At iteration i, update the parameter vector 9 via
form ) ) ) )
B+ — 9l lidyg (gl
where va > 0 is the step size and V.J(9[1) is the gradient
at 9 = 9l
Real At iteration i, update the real parameter vector 6 via
case
1) _ g, 9(6)
0 0 I .
Complex At iteration i, update the complex parameter vector 0 via
case
1) _ gt _ 1, 97(6)
0 0 I = .

Newton Method

Suppose that 9 is a guess for the parameter vector ¥ and the Hessian ma-
trix J2(9¥0) is nonsingular. Replacing 9 in (2.111) by ¥y and taking the first
derivative of (2.111) with respect to 9" yields

8.J(9)

o VJ(90) + aJz(99) (9 — Jo) (2.122)

where all the higher-order terms (order > 3) have been ignored and
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1 for real 6,
- (2.123)
1/2 for complex 6.
Setting (2.122) to zero, we obtain
1o
9 =19 — EJQ (90)VJ (D), (2.124)

which reveals that 19 can be obtained from . However, since the higher-order
terms that we have ignored may induce some errors in (2.124), it is suggested
that (2.124) be used iteratively as follows: [26, pp. 389-391]

YU = 9l _ 31 (9l w 7 (9l (2.125)

where 9% denotes the parameter vector 9 obtained at iteration i and pl? > 0
is the step size included to avoid divergence. As a result, the search direction
for the Newton method is dl) = J5*(9l)w.(9!)).

To further analyze the Newton method, let 9 =9, 9 = 9 + A9 and
plh = i in (2.125). Then we have

AY = —pJ; (9)VI(I), p>0. (2.126)

Once again, by using (2.111), we have

J(9+ AY) = J(9) + (A9 VI() + %(Aﬂ)H Jo(9)A9 4 -+ (2.127)

where the higher-order (> 3) terms can be neglected as AY¥ — 0; this, in turn,
requires that the step size p be sufficiently small according to (2.126). From
(2.126) and (2.127), it follows that the change AJ(9) £ J(9 + Ad) — J(I)
can be written as

AJ() = —p(l — g) (VIO I;1(0)VI(9) as A9 0.  (2.128)

Accordingly, if Jo(13) is positive definite and p < 2, then the change AJ () <
0 and

JOUTY) = J(9 + A9) = J(9) + AJ(W) < J(W) = J(OT).  (2.129)

That is, the search direction always points towards a (local) minimum of J(13)
when the Hessian matrix Jo(19) is positive definite, or equivalently J; () is
positive definite (by Property 2.12), and the step size p is chosen small enough.
However, due to utilization of only the lower-order terms of the Taylor series
in the derivation, the Newton method requires the initial condition 9 to be
sufficiently close to the solution point. Moreover, it is generally difficult and
sometimes almost impossible to compute J2(9) as well as J; *(9).
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Regarding the implementation of the update equation (2.125), we note,
from (2.105) and (2.106), that for real @ the update equation is given by

. . . . 0J(6
pli+11 _ gl _ i1 (glil) % (2.130)
6 =0l
where J5(87) = J,(¥9"), and for complex 8 it is given by
o, [0J(8)
plit1] ol (i All Bl 90"
glitl )~ \ g ) T\ miy (Al ) | a0
06 / lg =6l
(2.131)
where
a9 [ore]”
M (A1) =
A (A ) 00" [ 00* ] - (2.182)
6 = 0!
r o [ar0)]"
W () — g9
B (B ) ae*l ae ] - (2.133)
6 = ol

Similar to the complex case of the steepest descent method, by (2.131),
(2.132), (2.133) and Theorem 2.8, one can show that only the following update
equation is needed for complex 6:
(2.134)
6 =0l

clil = {A[ﬂ _ Bl {(A[ﬂ)*}_l (B[i])*}l, (2.135)

Dl = Bl [(AW)*} - (2.136)

8.7 (6)
00"

0.7 (0)
Y

_ Dl

glitl) — glil _ 1l
6 =06

where

Furthermore, one can simplify the update equation (2.134) by forcing
B[l = 0 for all iterations, and obtain the following “approximate” update
equation for complex 6:

-1 9J(6)

= 2.1

gli+1 — glil _ 10 ( Am)

66l

We refer to the Newton method based on (2.137) as the approzimate Newton
method. Note that for the approximate Newton method, if the matrix Al is
positive definite, then the corresponding Hessian matrix approximated as
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is positive definite, too. Accordingly, the above-mentioned interpretation for
the operation of Newton method (see explanation of (2.129)) also applies to
the approximate Newton method. Table 2.3 summarizes the Newton method
and the approximate Newton method. Note that the approximate Newton

; All 0
o= < 0 <Am>*>

method exists only for the complex case.

Table 2.3 Newton and approximate Newton methods

Update Equation for the Newton Method

Generic At iteration ¢, update the parameter vector ¢ via
form 1 ) G .
19[1+ 1 _ 19[1] _ :U'[Z]J; (19[2])VJ(19[’L])
where p!? > 0 is the step size, VJ(ﬂ[i]) is the gradient at 9 = 9l
and Jo(9") is the Hessian matrix at 9 = 917
Real At iteration ¢, update the real parameter vector 6 via
case
) . ) a. 0J(0)
oli+t1l _ glid _ [ y=1(glily,
6=20
where J2(81) = Jo(91).
Complex At iteration i, update the complex parameter vector 6 via
case
gli+1l _ glil _ gl { 0J(6) _pt . 9700) }
99" |g _ gi 99 g _ gl
where Cl and DI are given by (2.135) and (2.136), respectively.
Update Equation for the Approximate Newton Method
Complex At iteration i, update the complex parameter vector 6 via
case

-1 9J(6)
NPT

gty — glil _ 1 (Am)

6 =6l

where Al is given by (2.132).
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Broyden—Fletcher—Goldfarb—Shanno Method

Recall that the idea behind the BFGS method is to approximate the inverse
Hessian matrix J;1(97) in (2.125) by virtue of the gradient V.J(9"). Let
Q! be a Hermitian matrix, which will be obtained as an approximation to
J;l(ﬁm). Then, from (2.125), it follows that the update equation for the
BFGS method is given by

HTY — 9l _ il Qliy g9y, (2.139)

i.e. the search direction dl!) = QW J(9!). Next, let us present how to update
QU*Y from QU as well as how to choose an appropriate initial condition for

QLY.

Update Equation for QU+

Let Pl = (Q[i])_l7 that is, Pl (a Hermitian matrix) is an approximation to
J 2(19[i]). We will first derive the update equation for P+l and then convert
it to the one for QI*t1. By substituting ©¥ = 97 and 9y = 9 into (2.122),
we obtain

sit1 = aJa (W e, (2.140)
where « is given by (2.123) and

ri =9t — gl (2.141)
sip1 = VIO — v, (2.142)

It follows that P+ should also satisfy (2.140) as follows:
Sip1 = aPlitlr, . (2.143)

We note, from (2.100), (2.106), (2.141) and (2.142), that r;y; and s, are
both L x 1 vectors for real 8 and (2L) x 1 vectors for complex 8. Also note,
from (2.108) and (2.109), that P! is an L x L symmetric matrix for real
6 and a (2L) x (2L) Hermitian matrix for complex 0. Therefore, the number
of unknowns (to be determined) in Pl“*! is more than the number of linear
equations in (2.143), meaning that the solution satisfying (2.143) is not unique.
The general formula for updating Pl iteratively can be written as

plitll — plil 4 APl (2.144)

where, in theory, the matrix AP can have rank as high as L for real 8 and
2L for complex 6, but rank 1 or rank 2 are more suitable in practice. By
adopting the rank 2 update AP = ¢,212{ + cyz028! (see [26, p. 398] for the
real case), we have
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pli+tl — pli 4 clzlzfi + 02Z2z§ (2.145)

where ¢; and co are real or complex constants, and z; and zs are real or
complex vectors to be determined. Substituting (2.145) into (2.143) yields

Sit1 = Pl rig1 4+ ac(zfr 1)z + aca (2l i)z, (2.146)
Equation (2.146) can be satisfied by choosing
H. .. H.. _ [y
OéCl(Zl I'Z+1)Z1 = Sj+1 and CQ(Z2 I'Z+1)Z2 =-P rii1, (2147)

which further leads to the following choice:

Z1 = Si+1 (2148)
Zo = P[i]I‘H_l (2149)
1 1
“ CYZ{—II‘H_l aseri_H ( )
1 1
cy = — = —— . 2.151
2 z¥ri (Plilry1)Hr; ( )

Substituting (2.148) through (2.151) into (2.145) gives rise to the following
update equation for Pli+1]:

plitll — plil sipisfy  (PUri ) (PUriy )
— plil ¢ 2L e (2.152)
asfl Ty (Plilr; 1) ;14

which is called the Broyden—Fletcher—Goldfarb—Shanno (BFGS) formula (refer
to [26] for the real case).

To convert the update equation (2.152) into the one for QI+, let us
re-express (2.152) as

. Py, ) (PUr )"
li+1] _ _ ( i+1 i+1
P =R Pl 1), (2.153)
1+1 1+1
where
o sH
R = plil 4 200 (2.154)
81 Tit1

Applying Woodbury’s identity (Corollary 2.6) to (2.153) and (2.154) yields

Ril(P[l] I‘iJrl)(P[i] I‘iJrl)HRil

li+1] — g1
« - (Pllri ) ey — (Plr ) FR-1(PUr )

(2.155)

and
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Qlls;y1sH, QU

T T O )
asfi vt + s, Qlls;

R =Ql - (2.156)
respectively. By substituting (2.156) into (2.155) and after some algebraic
manipulations, we obtain

) . 1 . .
QM =Ql + ﬁ{m + B riparily —rsi QU - QMsz-Hrgl}
i415i+

(2.157)
where

H Qlig,
B = si1QUSi1 (2.158)

sﬁlrlﬂ
is a real number. In the derivation of (2.157), we have used the facts that Pl =
(PENYH and that v 5,11 = s 1,41 is real (by (2.141), (2.142), (2.100), and
(2.106)).
As a consequence, the BFGS method employs the update equation (2.139)
for 9lit!] along with the update equation (2.157) for QI“+!] to obtain the

(local) minimum solution ¥ without involving any second partial derivatives
of J(V9).

Suggestion for the Initial Condition QL%

Since J;l(ﬁ[iﬂ]) is required to be positive definite in the Newton method,
the Hermitian matrix Q"+, as an approximation to J 5 1(19[”1]), should also
maintain the positive definite property. The following theorem reveals the
conditions for maintaining the positive definite property of QU1 (refer to [32]
for the real case).

Theorem 2.46. If the matriz Q" is positive definite and the step size pll > 0
used in (2.139) is optimum, then the matriz QY generated from (2.157) is
also positive definite where v;y1 and s;+1 defined as (2.141) and (2.142) are
both nonzero vectors before convergence.

See Appendix 2F for the proof. Theorem 2.46 suggests that Q) be chosen as
a positive definite matrix, in addition to utilization of an appropriate step size
pll. Usually, QI% = I is used. As such, the BFGS method performs initially as
the steepest descent method because (2.139) reduces to (2.114) when QI =1,
After a number of iterations, it performs as the Newton method because QUi+1]
then appears as a good approximation to ng(ﬁ[i“}). On the other hand,
numerical experience indicates that the BFGS method is less influenced by
the error in determining ul? [26, p. 406]. Nevertheless, in case the positive
definite property of QU1 is violated due to this error, one may periodically
reset QU1 via QU1 = I. The corresponding BFGS method then reverts to
the steepest descent method at iteration (¢ + 1), but this time it has a much

better initial condition 9.
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Implementation of the BFGS Method

For the case of real 8, the update equation (2.139) can be written as

gli+1l _ glil _ il . 979 (2.159)
00 0 — ol
and the update equation (2.157) for QI**! reduces to
Qi+t — qlil + (1 + ) riparhy —ripash QY — QUlsipar] (2.160)
riT+1Si+1
(since a = 1) where the initial condition QI° =T is suggested and
T _Qlils;
B = S*}Qﬂ (2.161)
Sit1Ti+1
rip = 0l — glil, (2.162)
0J (6 0J (6
Si+1 = L ( ) . (2163)
06 0 = glitll 96 0 = ol

On the other hand, for the case of complex 8, the vectors r;1; and s;41
defined as (2.141) and (2.142) can be written as

~0 \T i \T
rig1 = (T, Trhy) and si1 = (5544,501) (2.164)
where
Tiy = 0l — gl (2.165)
0J (6 oJ
Sit1 = L 6) . (2.166)
06 0 — glitll 00" 0 — o
By (2.152), (2.164) and Theorem 2.8, one can show that if the initial condition
Q% = I is used, then the matrix QI obtained from the update equation

(2.157) will have the following form:

(4] (4]
QI = (Qg)* ((35)* (2.167)

. N H , T _

where QEZ] = (QEZ]) and Q[g = (Q%]) since QI is Hermitian. From
(2.139), (2.157), (2.164) and (2.167), it follows that we need only the following
update equation for complex ol+1;
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. 0J(0
i, 97(6) (2.168)
6 =0

B " 90

} 8.(0)
i+ _ glil _ ,
) ) {QA 5

6 = ol

and the following update equations for Q 6+ and Q%H}:

i+1 ~ ~ ~ o~ i
-l m{“ + B0 FnFlh RS Q)
i+1°?
QA S’L+1rz+1 - r1+1sz+1 (Q[é) QB H—er—I} (2169)
i+1 ~ ~ i\ "
B =qQlf + m{(wrﬁi)rm?fﬂ — T84 ( £4]>
i+1Si

QA Sz+1i'/zT+1 - rz+1sz+1Q5§ - ENQFH}JZTH} (2.170)

where QL?] =1, Q[g] =0, and

Re{ z+1QAS’L+1 +Sz+1QB z+1}

Re {5¢+1ri+1}

Bi = (2.171)
Furthermore, one can simplify the above update equations by forcing
@ _ 0 for all iterations. The corresponding update equation for complex
Qp p g up q p
o1 g given by

. . L 0J(0
gli+1 — glil _ 'u[l]QE;] . (*) (2.172)
00 0 — 0[1-]
and the corresponding update equation for QEZ;H] is given by
; ; 1
Q[Hl] = QM + = (e + 3)T; 1?{{
A 4" 9Re {rﬁlsi_ﬂ} ( )Tt +
52 Q- QL?sm?ﬁl} (2.173)
o _
where Q,' =T and
Re { S; lQA S'H‘l}
B; = - . (2.174)

Re {sfL T;11}

Similarly, we refer to the BFGS method that is based on (2.172), (2.173) and
(2.174) as the approzimate BFGS method. As a result of the aforementioned
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discussions, the approximate BFGS method also maintains the positive def-
inite property of the corresponding Q[%, provided that the step size pl? is
chosen appropriately. Table 2.4 summarizes the BFGS method and the ap-
proximate BFGS method where the latter is only for the complex case.

2.4 Least-Squares Method

Many science and engineering problems require solving the following set of M
linear equations in K unknowns:

A6 =Db (2.175)

where A is an M x K matrix, b = (by, by, ...,bar)T is an M x 1 vector, and
0 = (01,04, ...,05)7 is a K x 1 vector of unknown parameters to be solved.
Let A = (aj,a9,...,ax) where a, k = 1,2,..., K, are the column vectors of
A. Then the set of linear equations (2.175) can be written as

K
b=> Oay. (2.176)
k=1

Usually, (2.175) has no exact solution because b is not ordinarily located in
the column space of A [6, p. 221], i.e. b cannot be expressed as a linear
combination of ag, k = 1,2, ..., K, for any 6 (see (2.176)). The column space
of A is often referred to as the range space of A, whose dimension is equal to
rank{A}. On the other hand, when b = 0 (i.e. A@ = 0), the corresponding
set of solutions spans another subspace, referred to as the null space of A.
The dimension of the nullspace of A, called the nullity of A, is equal to
K —rank{A}.

In practical applications, however, an approximate solution to (2.175) is
still desired. Hence, let us change the original problem into the following
approximation problem:

AO=b—¢ (2.177)
where
K
e=b-A0=b-) 0Oa (2.178)
k=1

is the M x 1 vector of approximation errors (equation errors). For the approx-
imation problem, a widely used approach is to find 8 such that

K
b=A0=> fay (2.179)
k=1
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Table 2.4 BFGS and approximate BFGS methods

Update Equation for the BFGS Method

Generic At iteration i, update the parameter vector 9 via
form ) ) o )
QUi — gl _ MMQMVJ(’ﬂM)
and update the Hermitian matrix Q" via (2.157) where pll >0 is
the step size, VJ(ﬂm) is the gradient at ¥ = 914, and Q¥ =1 is
suggested. In the update equation (2.157), the parameters « and (;
are given by (2.123) and (2.158), respectively, and the vectors r;41
and s;41 are given by (2.141) and (2.142), respectively.
Real At iteration i, update the real parameter vector 6 via
case
gli+1l _ gl _ gl . 97(0)
and update the symmetric matrix Q[ via (2.160), in which i, riy1
and s;4+1 are given by (2.161), (2.162) and (2.163), respectively.
Complex At iteration i, update the complex parameter vector 0 via
case
, . , a 0J(0) g 0J(0)
plitt _ glil _ 11 J olil . [l |
6=06" 6=0"
and update the Hermitian matrix Q[j] and the matrix Q%] via (2.169)
and (2.170), in which QL?] =1, Q[g] =0, and f;, Ti+1 and S;41 are
given by (2.171), (2.165) and (2.166), respectively.
Update Equation for the Approximate BFGS Method
Complex At iteration ¢, update the complex parameter vector 6 via
case

_ N ()
gli+1l _ glil _ lilgld .
12 QA 00*

6 = ol

and update the matrix QZ] via (2.173), in which QL?] =TI and S,
Tiy1 and S;41 are given by (2.174), (2.165) and (2.166), respectively.
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approximates b in the sense of minimizing the objective function

M
Js(0) = [lel® = lewl (2.180)

m=1

where €, is the mth entry of €. The problem of minimizing the sum of squared
errors given by (2.180) is called the least-squares (LS) problem and the corre-
sponding solution is called the least-squares (LS) solution.

2.4.1 Full-Rank Overdetermined Least-Squares Problem

Consider that M > K and A is of full rank, i.e. rank{A} = K. The LS
solution is derived as follows. Taking the first derivative of Jys(0) given by
(2.180) with respect to 8" and setting the result to zero yields

wgfzie) =-Afl(b-Af)=-Afe=0, (2.181)
which gives rise to
ATAG = AlD. (2.182)
From (2.181), it follows that
ale=0 fork=1,2,..,K. (2.183)

That is, the error vector € is orthogonal to the column vectors aj, thereby
leading to the name “normal equations” for the set of equations (2.182) [2]. As
illustrated in Fig. 2.9 (by (2.178) and (2.179)), € has the minimum norm only
when it is orthogonal (perpendicular) to the range space of A (the plane). This
observation indicates that the solution obtained from (2.182) corresponds to
the global minimum of Jp,g(8).

Since A is of full rank, A¥ A is a nonsingular K x K matrix and thus
there is only a unique solution to (2.182) as follows:

OLs = (ATA)"'AD (2.184)

where Opg represents the LS solution for 6. Substituting (2.184) into (2.179)
gives

b=P4b (2.185)
where

Pys=AA7A)TAH (2.186)

is an M x M matrix. From Fig. 2.9, one can observe that b corresponds to
the projection of b onto the range space of A. For this reason, P4 is called
the projection matriz of A. It has the following properties.



2.4 Least-Squares Method 65

b N
A e=b-b

a,

Range space of A

Fig. 2.9 Geometrical explanation of the LS method for K = 2

e Idempotent property: P4P4 =P4.
e Hermitian property: PH =P 4.

The idempotent property implies that PAE = E, i.e. the projection of b onto
the range space is still b. This can also be observed from Fig. 2.9 where b is
already in the range space. When M = K, (2.184) reduces to

Os=A""b (2.187)

and the corresponding P4 = I. That is, there is no need for any projection
because b is already in the range space for this case.

2.4.2 Generic Least-Squares Problem

Now consider the general case that M can be less than K and rank{A} =
r <min{M, K}, i.e. A can be rank deficient. The SVD of A is given by

A O
A:UZJVH:U<O 0>VH (2.188)

where U = (ug,ug, ...,upy) and V = (v1,va,...,vg) are M x M and K x K
unitary matrices, respectively, and A = diag{A1, Aa, ..., A, }. The vectors uy
and vj are the left and right singular vectors of A, respectively, and A1, As,
..., Ar are the real positive singular values. By (2.178), (2.180) and (2.188),

Jis(6) = b — A8|> = |[U* (b — A)||?
= |[Ub — UPAVVH|? = |U"Db — 20| (2.189)
where

0 = (61,0,,....06)" 2 Vg (2.190)
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Equation (2.189) can be further expressed as follows:

r M
Jis(0) = |uffb— MOk + > [uffbf’. (2.191)
k=1 k=r+1
Clearly, the minimum value
min{ J.s(0 Z lufb|?
k=r+1
is attained when the first r entries of 6 satisfy
~ ukHb
0, = 3 fork=1,2,...,7, (2.192)
k

regardless of what the remaining entries §k, k=r+1r+2,.. K, are. This
indicates that there are infinitely many solutions to the generic LS problem.

Among these solutions, the LS solution OLS is always chosen as the one
with the minimum norm. It is therefore also referred to as the minimum-norm
solution. Because ||8]|2 = 0% VVH = ||6]|2, the minimum-norm solution Os
corresponds to letting 9k =0for k=r+1,r+2,..., K. This, together with
(2.190) and (2.192), therefore gives

R N K N r ukHb
Os=VO=> vibh=> vy - (2.193)
k=1 k=1
The solution given by (2.193) is also equivalent to the form

05 = A'b (2.194)

where

"1
At =3 )\—kvkukH =Vxtu# (2.195)
k=1

is a K x M matrix in which

Al 0
2+=< o 0) (2.196)

is also a K x M matrix. The matrix A™ is called the Moore—Penrose gener-
alized inverse or the pseudoinverse of A. By substituting (2.194) into (2.179),
we also obtain b as given by (2.185) with the generic form of projection matrix

Ps=AA". (2.197)
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Table 2.5 gives a summary of the LS method. When A is of full rank and
M > K (ie. the full-rank overdetermined LS problem), the pseudoinverse
At = (A7A)"TAH (Problem 2.21), and thus the LS solution given by (2.194)
reduces to the one given by (2.184). Nevertheless, if computational complexity
is not of major concern, it is preferred to use (2.194) to obtain the LS solution
due to the better numerical properties of SVD. On the other hand, for the
case of A having a special structure such as the Toeplitz structure, it may be
better to use other algorithms that take advantage of the special structure to
solve the LS problem.

Table 2.5 Least-squares (LS) method

Problem Find a K x 1 vector 6 to solve the set of linear
equations
A0 =D

by minimizing the sum of squared errors
2
Jus(0) = [le||

where A is an M x K matrix with the SVD A =
UXVH and € = b — A0 is the error vector.

Generic solution The (minimum-norm) LS solution
fus=A"b

where AT is the pseudoinverse of A given by

1
+ _ + H_}: H
AT=VX'U —k:l)\—kauk.

Special cases (i) M > K and rank{A} = K:

Ous = (ATA)'AD

(i) M = K and rank{A} = K:

/éLs —A"'b

2.5 Summary

We have reviewed the definitions of vectors, vector spaces, matrices, and some
special forms of matrices. Several useful formulas and properties of matrices as
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well as matrix decomposition including eigendecomposition and the SVD were
described. The SVD was then applied to the derivation of a minimum-norm
solution to the generic LS problem. Regarding the mathematical analysis, we
have dealt with the convergence of sequences and series including the Fourier
series, as well as sequence and function spaces. As for the optimization the-
ory, we have introduced the necessary and sufficient conditions for solutions,
carefully dealt with the first derivative of the objective function with respect
to a complex vector, and provided an overview of gradient-type optimization
methods. Three popular gradient-type methods were introduced in terms of a
complex-valued framework since they are often applied to blind equalization
problems. Vector differentiation was then applied to find the solution to the
full-rank overdetermined LS problem.

Appendix 2A
Proof of Theorem 2.15

The theorem can be proved by either of the following two approaches.

Approach I: Derivation from the Matrix AT A

According to Properties 2.13 and 2.11, the eigenvalues of the K x K matrix
AH A are all real nonnegative. Therefore, let A\, Az, ..., Ax be nonnegative
real numbers, and A2, A\, ..., A% be the eigenvalues of A# A. Furthermore,
let these eigenvalues be arranged in the following order:

MN>A2> > 0250

and
M=M= =2=0 (2.198)
where the second equation follows from the fact that rank{ A# A} = rank{A}
= r. Let vi, va, ..., Vi be the orthonormal eigenvectors of A¥ A corresponding
to the eigenvalues A%, A3, ..., A%, respectively. That is,
APAv; = \v;, i=1,2,.. K (2.199)
and
1, fori=j
vy, = 0 T (2.200)
0, for i # j.

Let V = (V1 V3) be a K x K matrix where Vi = (v1,va,...,v,)isa K xr
matrix and Vg = (vy41, Vrt2,..., V) is a K X (K — r) matrix. Then, from
(2.200), it follows that
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vl viv, viv, ’

i.e. V is a unitary matrix. By (2.198) and (2.199), we have

AHA.V2 = (AHAVT+1; AHAVT-‘,—Q) [RE) AHA-VK)

= ()‘%+1Vr+1a )‘%+2Vr+27 e A%(VK) =0,
implying that
(AV,)"(AV) = VI (AT AV,) = 0
or
AV, =0. (2.201)
In the same way, by (2.199), we have
AFAV] = (X2v, Ava, .., A2v,) = V A? (2.202)
where A% = diag{\?, \3, ..., \2}. Equation (2.202) gives rise to
VIATAV, = VIIVIA? = A%,
implying that
(AVIA T HH(AVIA™Y) =AY (VEATAV ) A =1 (2.203)

where we have used the fact that A= = A~! since the \; are real. Let the
M x r matrix AV{A™ =Uy, ie.

Av, A Av,
U = (w1, uz, ooy uy) = ( ;1'1, AZZ,..., AV ) . (2.204)

From (2.203), we obtain U¥U; = I which gives
U (AV,A ) =1
or
AV, = U A. (2.205)
Choose an M x (M — r) matrix Uy = (u,41,U,49,...,ups) such that U =

(U; Uy) is an M x M unitary matrix, i.e. U¥Uy = I, UFU; = 0, and
U{IUQ = 0. Then
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uH UHAV, UHAV
UFAV = 1 AV, V)= 177 “1702
uy UZAV, UHAV,

2
B <U{1’U1A 0

~\UfUA 0

A O
= <0 0) =3 (2.206)

This, together with the fact that both U and V are unitary, therefore proves
the theorem.

) (by (2.201) and (2.205))

Approach II: Derivation from the Matrix AAH

According to Properties 2.13 and 2.11, the eigenvalues of the M x M matrix
AAH are all real nonnegative. Therefore, let A1, Ao, ..., Ay be nonnegative
real numbers, and A%, A3, ..., A3, be the eigenvalues of AA. Furthermore,
let these eigenvalues be arranged in the following order:

MN>2A>>A>0

and
Mo =M ,==) =0. (2.207)
Let uy, us, ..., up; be the orthonormal eigenvectors of AAH corresponding
to the eigenvalues A7, A3, ..., A%,, respectively. That is,
AAfw; = N2, i=1,2,.., M (2.208)
and
1, fori=j
ufly, = (2.209)
0, for i # j.

Let U = (U; Usg) be an M x M matrix where U; = (uj,ug,...,u,) is an
M x r matrix and Us = (Wp41, Upt2, ..., upr) is an M X (M —r) matrix. Then,
from (2.209), it follows that

Ul Ufu, UfU
UfU=( ' U, U= 7" Tt

i.e. U is a unitary matrix. By (2.207) and (2.208), we have

H 2 2 2
AA U2 = (AT+1UT+1, AT+2UT+2, ceey /\]wllM) = 07
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implying that

(UFA)(UFA)Y = UY (AAPU,) = 0

or
UYA =o0. (2.210)
In the same way, by (2.208), we have
AAPU; = (Nup, Ny, ..., M2u,) = U A? (2.211)
or

UPAARU, = UFU A% = A2,
implying that
AFU ATHTATU A = A (UFAATU DA =1 (2.212)

Let the K x r matrix AHU; AT =V, ie.

Vi = (V1, V2, ey Vi) = (Af\llul, A;I;Z, Ai‘”) . (2.213)
From (2.212), we obtain V'V, =1, which gives
(AP AHEV, =1
or
UZA = AV (2.214)

Choose a K x (K —r) matrix Vo = (Vy41, Vyy2, ..., Vi) such that V = (V1 V3)
is a K x K unitary matrix, i.e. ViV, =1, VIV, =0, and VFV, = 0. Then

P AV — (Uf’)A(Vl V)= <U{1AV1 U{{AV2>

ul UZAV, UZAV,

H H
= (Avl Vi AV V2> (by (2.210) and (2.214))
0 0
A O
= ( ) > (2.215)
00

This, together with the fact that both U and V are unitary, proves this
theorem, too.
Q.E.D.



72 2 Mathematical Background

Appendix 2B
Some Terminologies of Functions

A function written as y = f(z) is a rule that assigns to each element z in a
set A one and only one element y in a set B. The set A is called the domain of
f(z), while the set B is called the range of f(x). The symbol x representing an
arbitrary element in A is called an independent variable. Some terminologies
for f(x) defined on an interval [zr, zy] (the domain of f(x)) are as follows.

e A function f(z) is said to be even (odd) if f(—z) = f(z) (f(—z) = —f(x))
for all z € [z, zy].

A function f(x) is said to be periodic with period T if f(xz +kT) = f(x) for
all z € [z1,zy] and any nonzero integer k.

A function f(z) is said to be bounded if |f(z)] < M for all z € [z1,zy]
where M is a positive constant.

A function f(z) is said to be increasing (decreasing) or, briefly, monotonic
if f(zo) < f(z1) (f(x0) > f(z1)) for all xg, 21 € [z1,xu] and zo < 1.

A function f(x) is said to be strictly increasing (strictly decreasing) if
f(zo) < f(z1) (f(mo) > f(x1)) for all zg, z1 € [z1,2u] and z¢ < ;.

Continuity of Functions

A function f(z) is said to be continuous at a point xo if lim,_., f(z) = f(x0),
i.e. for every real number € > 0 there exists a real number Az > 0 such that

|f(z) — f(zo)] <e whenever 0 < |z — x| < Az (2.216)

where Az is, in general, dependent on € and xy. Furthermore, define the left-
hand limit of f(zx) at a point xq as

fay) = lm f(x) = lim f(z) (2.217)
T—Ty T<T0

and the right-hand limit of f(z) at zg as

flzg) = lier flz) = mlirnmlof(x) (2.218)
r—xg PG

Then f(z) is continuous at ¢ if and only if [29,33]

flag) = f(@f) = f(=o). (2.219)

On the other hand, a function f(z) is said to be discontinuous at a point o
if it fails to be continuous at xg.

A function f(z) is said to be continuous on an open interval (zr,,xy) if
it is continuous at every point = € (zr,xy). A function f(z) is said to be
continuous on a closed interval [z, zy] if it is continuous on (zr,zy) and,
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meanwhile, f(z) = f(z1) and f(zy) = f(zy). Furthermore, as illustrated
in Fig. 2.10, a function f(z) is said to be piecewise continuous on an interval
[z, zy] if there are at most a finite number of points zf, = 1 < 22 < -+ <
x, = zy such that (i) f(z) is continuous on each subinterval (xj,zg41) for
k = 1,2,..,n — 1 and (ii) both f(z;) and f(z;) exist for k = 1,2,...,n
[13,18,34]. In a word, a piecewise continuous function has a finite number of
finite discontinuities. Moreover, a continuous function is merely a special case
of a piecewise continuous function.

f(x)

A

Fig. 2.10 A piecewise continuous function f(z) on an interval [z1, zy]

Continuity of Derivatives

The derivative of a function f(z) at a point x¢ is defined as

_df(x) . flwo+ Ax) — f(z0)
 dw _ _Aligo Az (2:220)

f'(20)

provided that the limit exists. Define the left-hand derivative of f(x) at xq as
fwo + Az) = flay)

/ -\ .
filwg) = Jim Ay (2.221)
and the right-hand derivative of f(x) at zo as
. flwo+ Az) — f(x)
1/ o4\ 0
fizg) = Ai%+ Ay . (2.222)

Then the derivative f’(z) is said to be piecewise continuous on an interval
[zL,zu] if f(z) is piecewise continuous on [z, xy]| and, meanwhile, there are
at most a finite number of points z;, = 71 < 2 < --- < z, = zy such
that (i) f/(z) exists and is continuous on each subinterval (xj, zg+1) for k =
1,2,...,n — 1 and (ii) both f'(z; ) and f'(z;") exist for k = 1,2,...,n [13,18].
Note that if f/(z) exists at a point xg, then f(x) is continuous at xo.
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Appendix 2C
Proof of Theorem 2.33

From the assumption that > - |a,|* < oo, it follows that |a,| is bounded
above. Let 8 = max{|a,|,n = =N ~ N}. Since max{|a,|/B,n = —-N ~ N} =
land [ > s > 1, one can easily infer that

1< Z <|anl> RZN_:N (%) (2.223)

which further leads to

N ] 1 1/1 N ] sy 1/s
3 (%) g{ > <7"> } : (2.224)
n=—N n=—N

Canceling the common term [ on both sides of (2.224) yields

N 1/ N 1/s
{ ) |an|l} S{ > IanIS} : (2.225)

=—N n=—N

Since (2.225) holds for any N and {> 07 |an|s}1/S < 00, letting N — oo
therefore gives (2.59). Thus, what remains to prove is the equality condition
of (2.59).

Suppose that there are M terms of the sequence {a,} corresponding to
la,| = B, and that |a,| < 8 for n € Q where  is a set of indices. It can be seen
that the equality of (2.59) requires the equality of (2.223) and the equality of
(2.224) for N — oo. From the equality of (2.223) for N — oo, we have

e () e ()

implying that |a,| = 0 for n € Q. From this result and the equality of (2.224)
for N — oo, we have

Ml/l Ml/s

implying that M = 1. This therefore completes the proof.
Q.E.D.
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Appendix 2D
Proof of Theorem 2.36

Since s, () is periodic with period 27, substituting (2.76) into (2.77) yields

sale) = 5= [ fa=0Du0dt = o [ sz + 00,0
= gn() + gn(x) (2.226)
where
- ke sin[(2n +1)¢/2]

D, (t) = k;ne = ey (2.227)

is the so-called nth Dirichlet kernel [14] and
gn( 27r/ flxz+1t)Dy(t)dt (2.228)
G =5 [ f( £)Da(#)dt. (2.229)

By expressing D,,(t) =1+ 2 }_, coskt, we obtain the integrations

1 /7 1 1 /0 1
_ / Do)t =~ and — [ Dy ()t = = (2.230)
; 2 2 2

™

Further express g,(x) given by (2.228) as

o) = 5= [ S@HDuO+ 5 [ ) - D

which, together with (2.227) and (2.230), gives

T ™ n
gn(x) — f(2 ) = %/_ h(t) sin Wdt

1 i ) 1 g
=2/ h1 (t) sin(nt)dt + o) ho(t) cos(nt)dt  (2.231)
where
t) — +
fatt) = fl@ )7 0<t<m
h(t) = sin(t/2)
0, -1 <t<0,

and hi(t) = h(t)cos(t/2), ha(t) = h(t)sin(t/2). By definition, the left-hand
limit A(07) = lim; .- h(t) = 0, and the right-hand limit
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flz+t) - flah) t )
t 1 . lsin(t/?)] =2f'(x")

exists since f’(zT) exists. From this and the condition that f(z) is piecewise
continuous on [—m, ), it follows that h(t) is piecewise continuous on [—, )
and, thus, square integrable on [—m, 7). In other words, h(t) is in £2[—m, )
and so are hy(t) and ha(t). Accordingly, the two terms in the second line of
(2.231) are identical to zero as n — oo (by Problem 2.16) and therefore

R(0T) = lim A(t) = lim

t—0+ t—0+

+
lim g () = f(:; ) (2.232)
In a similar way, by expressing g, (z) given by (2.229) as
1 /0 1 /0
(@) =5 [ F@)Da(O)dt+ o= [ [f@+) = f(@7)]Dn(t)dt
us 2

—T —T

and with the condition that f'(z~) exists and f(z) is piecewise continuous on
[—7, ), we also have

lim G (z) = 2 (z ) (2.233)
Equation (2.78) then follows from (2.226), (2.232) and (2.233).
Q.ED.

Appendix 2E
Proof of Theorem 2.38

Since f'(z) is piecewise continuous on [—m, ), it is integrable on [—m, 7) and
has the Fourier series

f'(z) ~ Z crel*
k=—oc0
where

17 -

=5 | f)de = W —0, (2.234)
1 T ) —jkx ™ k T )

Cp = — fl(x)e ke dy = 7f(:c)e + al (z)e % dx
27 J_ . m B 2 J_,

= jkeg, for |k| =1~ oc. (2.235)

By (2.235) and the Cauchy—Schwartz inequality (Theorem 2.32), we have
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n

o el =leol+ Y KT [

k=—n k=—n,k#0
1/2 1/2
Sleol+{ S K DORNCAE
k=—n,k#0 k=—n,k#0
n 12 ¢, 1/2
:|co|+\/§{2k2} { (|E;€|2+|E_;€|2)} . (2.236)
k=1 k=1

As shown in Example 2.26, the series >~ ; k2 converges, indicating that

> kT < o0, (2.237)
k=1

Moreover, since f'(z) is piecewise continuous on [—, ), it is square integrable
on [—m, ) and therefore is in £2[—n, 7). Accordingly, by Bessel’s inequality
(2.69) and (2.234),

i |ek|? < %/W |f/(2)]? dz < oo. (2.238)

k=—00,k7£0 -

As a consequence of (2.236), (2.237) and (2.238), >_-2— __ |cx| < oo and, by
Theorem 2.37, the Fourier series given by (2.75) is uniformly and absolutely
convergent on [—m, 7). From this and by the pointwise convergence theorem,
it then follows that the Fourier series given by (2.75) converges uniformly and
absolutely to f(x) since f(z) is continuous on [—, ).

Q.E.D.

Appendix 2F
Proof of Theorem 2.46

According to Property 2.12, the proof is equivalent to showing that P+ is

positive definite under the conditions that (i) both Pl and QU are positive

definite, (i) riy1 # 0, (iil) s;11 # 0, and (iv) ¥ is optimum for iteration i.
By (2.152), we can express the Hermitian form of Pl as follows:

|Sfilx|2 _ |r{i1me|2
asfliriy 2 Pl
(<7 P) (el Prs) — [ PO ot

= _ + 2.239
rﬁlp[l]riJrl as{ilriﬂ ( )

xHPplitly — xHplix 4

for any x # 0. Let the SVD of the Hermitian matrix P be written as
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Pl — Z)\kukukH (see (2.42)) (2.240)
k=1

where

(2.241)

i L for real 6,
2L for complex @

and uy, is the orthonormal eigenvector of Pl associated with the eigenvalue
k. Since Pl is positive definite, all the eigenvalues \j are (real) positive.
Then, by the Cauchy—Schwartz inequality (Theorem 2.1), we have

2

L2
rfilP[z]x‘

3 (V) (vl
{
i

= (xf Pl ) (x7Plx). (2.242)

IN

ol
Mhl I Mhl
,_. =

L
e e wg)? ZAk uf x|’

L
H H
ART upuy, T E Apx ukuk b

From (2.239), (2.242), and the fact that rfL Plr; ; > 0 (since Pl is positive
definite and r; 11 # 0), it follows that

o lstl
xplitilx > ;71 for any x # 0 (2.243)
asi+1ri+1

and the equality holds only when x = ¢ - r;1; for any nonzero scalar c.
On the other hand, since

ity — gl _ pligld (2.244)

where dll = QUIW J (9!, the necessary condition for the optimum pl! can
be derived by minimizing the objective function f(ull) 2 J( — plidld)y.
More specifically, by using the chain rule, we obtain

2J(9)]"
99

df (b

dyt
il ' -

dul?

- [VJ(W“])] T Z o,

] ,ﬂ:,ﬂ[Hl]
(2.245)

This result, together with (2.141), (2.142) and (2.244), therefore leads to
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sﬁ1ri+1 = HM {Vj(ﬂm)} d
— b [V J(ﬁm)} Qv >0 (2.246)

since pl! > 0, QY is positive definite and V.J (ﬁ[i]) # 0 before convergence.
As a consequence of (2.243) and (2.246),

gy s
xHplitily > ?71 >0 for any x # 0. (2.247)
asi+1ri+1

The first equality of (2.247) holds only when x = ¢ - r;4; for any ¢ # 0, while
the second equality of (2.247) holds only when sfilx = 0. In other words,
for any x # 0, x7Plitlx = 0 happens only when sfil(c -r;41) = 0, that
contradicts (2.246). As a result, the Hermitian form x”Pl+lx > 0 for any
x # 0 and accordingly PU+U is positive definite.

Q.E.D.

Problems

2.1. Prove Theorem 2.1.
2.2. Prove Theorem 2.2. (Hint: Use the Cauchy—Schwartz inequality.)
2.3. Prove Theorem 2.5.

2.4. Prove Theorem 2.7. (Hint: Express A as a multiplication of a lower
triangular matrix and an upper triangular matrix.)

2.5. Prove Theorem 2.8.

2.6. Prove Properties 2.9 to 2.12.

2.7. Prove Property 2.13.

2.8. Prove Property 2.14. (Hint: Use Property 2.10.)

2.9. (a) Find the eigenvalues and the normalized eigenvectors of the ma-

trix
3 1
A= .

(b) Use part (a) to find the eigendecomposition of the matrix A.

2.10. Prove Corollary 2.16.
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2.11.
2.12.
2.13.
2.14.
2.15.

2.16.

2.17.

2.18.

2.19.
2.20.

2.21.

2.22,

2.23.

Mathematical Background

Prove Theorem 2.17.
Prove Theorem 2.18.
Prove Theorem 2.21.
Prove Theorem 2.25.
Prove Theorem 2.30.

Suppose {¢,(z),n = —00 ~ oo} is a set of real or complex orthog-
onal functions in £2[x1,, 7y]. Show that if f(z) is a real or complex
function in £2[x1,, ry], then

| l‘im " f(z)gy (x)dx = 0.

(Hint: Use Bessel’s inequality.)

Prove Theorem 2.37. (Hint: Use the Weierstrass M-test and Theo-
rem 2.27.)

Prove Theorem 2.39. (Hint: Use Theorem 2.30 to show that the
sequence {>_,_  c,e?**}2 | is a Cauchy sequence in L£2[—m,).)

Prove Theorem 2.42.
Prove Theorem 2.44.

Show that if A is a full-rank M x K matrix and M > K, then its
pseudoinverse AT = (AHA)~1AH,

Find the LS solution to the set of linear equations A@ = b where

1 2 2

2 -1 —1
A= and b=

5 2 1

3 —4 3

Consider the set of linear equations A8 = b where

06 —-16 O —-0.5

0.8 1.2 O 2
A= and b=

0 0 0 0

0 0 0 0

(a) Find the SVD of A.
(b) Find the LS solution for 6.
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Computer Assignments

2.1. Suppose f(x) is a periodic function of period 27 and

f(a:)_{l’ o] < /2,

0, 7/2<|z| <.

(a) Let s,(x) denote the mth partial sum of the Fourier series
of f(z). Find the Fourier series of f(z) and the partial sum
limy, — 00 8 ().

(b) Plot the partial sums $1(z), s3(z) and sa3(x), and specify what
phenomenon you observe.
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