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Chapter 9

Matrix Eigenvalue
Problems

9.1 Basic Properties
9.1.1 Introduction

Eigenvalues and eigenvectors are a standard tool in the mathematical sciences and
in scientific computing. Eigenvalues give information about the behavior of evolving
systems governed by a matrix or operator. The problem of computing eigenvalues
and eigenvectors of a matrix occurs in many settings in physics and engineering.
Eigenvalues are useful in analyzing resonance, instability, and rates of growth or
decay with applications to, e.g., vibrating systems, airplane wings, ships, buildings,
bridges and molecules. Eigenvalue decompositions also play an important part in
the analysis of many numerical methods. Further, singular values are closely related
to an eigenvalues a symmetric matrix.

In this chapter we treat numerical methods for computing eigenvalues and
eigenvectors of matrices. In the first three sections we briefly review the classical
theory needed for the proper understanding of the numerical methods treated in
the later sections. In particular Section9.1 gives a brief account of basic facts of
the matrix eigenvalue problem, Section 9.2 treats the classical theory of canonical
forms and matrix functions. Section 9.3 is devoted to the localization of eigenvalues
and perturbation results for eigenvalues and eigenvectors.

Section 9.5 treats the Jacobi methods for the real symmetric eigenvalue prob-
lem and the SVD. These methods have advantages for parallel implementation and
are potentially very accurate. The power method and its modifications are treated
in Section 9.4. Transformation to condensed form described in Section 9.4 often is a
preliminary step in solving the eigenvalue problem. Followed by the QR algorithm
this constitutes the current method of choice for computing eigenvalues and eigen-
vectors of small to medium size matrices, see Section 9.7. This method can also
be adopted to compute singular values and singular vectors although the numerical
implementation is often far from trivial, see Section9.7.

In Section 9.8 we briefly discuss some methods for solving the eigenvalue prob-
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lem for large sparse matrices. Finally, in Section 9.9 we consider the generalized
eigenvalue problem Ax = ABzx, and the generalized SVD.

9.1.2 Complex Matrices

In developing the theory for the matrix eigenvalue problem it often is more relevant
to work with complex vectors and matrices. This is so because a real unsymmetric
matrix can have complex eigenvalues and eigenvectors. We therefore introduce the
vector space C™*™ of all complex n x m matrices whose components are complex
numbers.

Most concepts and operations in Section 7.2 carry over from the real to the
complex case in a natural way. Addition and multiplication of vectors and matrices
follow the same rules as before. The Hermitian inner product of two vectors z and
y in C" is defined as

n
(z,y) =2y = kayk, (9.1.1)
k=1
where 27 = (Z1,...,Z,) and Z; denotes the complex conjugate of x;. Hence (z,y) =

(y,z), and x L y if 2y = 0. The Euclidean length of a vector z thus becomes
ol = (2,2)"/ = 3 Jau
k=1

The set of complex m x n matrices is denoted by C™*™. If A = (a;;) € C™*"
then by definition its adjoint matrix AX € C"*™ satisfies

(z, Ay) = (Az,y).

By using coordinate vectors for = and y it follows that A7 = AT that is, AY is the
conjugate transpose of A. It is easily verified that (AB)H = B¥ A In particular,
if o is a scalar ol = a.

A matrix A € C™*" is called self-adjoint or Hermitian if Af = A. A
Hermitian matrix has analogous properties to a real symmetric matrix. If A is
Hermitian, then (2 Az)¥ = 2 Ax is real, and A is called positive definite if

Az >0, YeeC", x+#0.

A square matrix U is unitary if UFU = I. From (9.1.1) we see that a unitary
matrix preserves the Hermitian inner product

(va Uy) = (xv UHUy) = (xvy)

In particular the 2-norm is invariant under unitary transformations, |Uz||3 = |z||3.
Hence, unitary matrices corresponds to real orthogonal matrices. Note that in every
case, the new definition coincides with the old when the vectors and matrices are
real.
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9.1.3 Theoretical Background

Of central importance in the study of matrices A € C™*™ are the special vectors
whose directions are not changed when multiplied by A. A complex scalar A such
that

Az = Az, x #0, (9.1.2)

is called an eigenvalue of A and z is an eigenvector of A. When an eiegnvalue is
known, the determination of the corresponding eigenvector(s) requires the solution
of a linear homogenous system (A — A\I)xz = 0. Clearly, if x is an eigenvector so is
ax for any scalar o # 0.

It follows that A is an eigenvalue of A if and only if the system (A — A)z =0
has a nontrivial solution x # 0, or equivalently if and only if the matrix A — Al is
singular. Hence the eigenvalues satisfy the characteristic equation

air — A a2 e a1n
as1 a2 — A --- a2n
pn(A) =det(A — M) = i ) ) =0 (9.1.3)
an1 an2 ot Qpp — A

The set A\(A) = {\;}7; of all eigenvalues of A is called the spectrum® of A.
The polynomial p,(A\) = det(A — AI) is called the characteristic polynomial of
the matrix A. Expanding the determinant in (9.1.3) it follows that p(\) has the
form

pn(A) = (a11 — A)(az2 = A) -+~ (ann — A) + q(N),
= (=1)"(N" = & A" = ).

where g(\) has degree at most n — 2. Thus, by the fundamental theorem of algebra
the matrix A has exactly n eigenvalues \;, ¢ = 1,2,...n, counting multiple roots
according to their multiplicities, and we can write

PA) = A1 = N)A2=A) - (A — N).
Using the relation between roots and coeflicients of an algebraic equation we obtain
p(0) = A A2 - A, = det(A), (9.1.6)

Further, using the relation between roots and coefficients of an algebraic equation
we obtain

A+ A2+ -+ A, = trace (4). (9.1.7)

where trace (A) = a11 + a2 + - - - + any, is the trace of the matrix A. This relation
is useful for checking the accuracy of a computed spectrum.

1From Latin verb specere meaning “to look”.



4 CHAPTER 9. MATRIX EIGENVALUE PROBLEMS

Theorem 9.1.1.
Let A € C*"*™. Then

MAT) = XA4), MAH) = \(A).

Proof. Since det(AT — AINT = det(A — AI)T = det(A — AI) it follows that AT
and A have the same characteristic polynomial and thus same set of eigenvalues.
For the second part note that det(AH — \I) = det(A — AI)¥ is zero if and only if
det(A — M) is zero. 0O

By the above theorem, if A is an eigenvalue of A then X is an eigenvalue of
A ie., AHy = My for some vector y # 0, or equivalently

yTA =yl y # 0. (9.1.8)

Here y is called a left eigenvector of A, and consequently if Az = Az, z is also
called a right eigenvector of A. For a Hermitian matrix A” = A and thus X = )\,
i.e., Ais real. In this case the left and right eigenvectors can be chosen to coincide.

Theorem 9.1.2.

Let A\; and A\j be two distinct eigenvalues of A € C™*™, and let y; and x; be
left and right eigenvectors corresponding to \; and \; respectively. Then yfz; =0,
i.e., y; and x; are orthogonal.

Proof. By definition we have
yit A=yl Awy = Ny

Multiplying the first equation with x; from the right and the second with y from
the left and subtracting we obtain (A; — A\;)yfz; = 0. Since \; # A; the theorem
follows. 0O

Definition 9.1.3.
Denote the eigenvalues of the matriv A € C™™™ by N, ¢t = 1 : n. The
spectral radius of A is is the mazimal absolute value of the eigenvalues of A

p(A) = max|\;|. (9.1.9)
The spectral abscissa is the mazximal real part of the eigenvalues of A

a(A) = max RA;. (9.1.10)

If X is any square nonsingular matrix and
A=X"1AX, (9.1.11)
then A is said to be similar to A and (9.1.11) is called a similarity transformation

of A. Similarity of matrices is an equivalence transformation, i.e., if A is similar to
B and B is similar to C then A is similar to C.
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Theorem 9.1.4.

If A and B are similar, then A and B have the same characteristic polynomial,
and hence the same eigenvalues. Further, if B = X 1AX and y is an eigenvector
of B corresponding to A then Xy is an eigenvector of A corresponding to A.

Proof. We have

det(B — M) = det(X tAX — XI) = det(X 1A - A)X)
= det (X ") det(A — AI) det(X) = det(A — AI).

Further, from AX = X B it follows that AXy = XBy =\Xy. O

Let Ax; = Njzy, i = 1,...,n. It is easily verified that these n equations are
equivalent to the single matrix equation

AX = XA, A =diag (A1,..., \n),

where X = (z1,...,z,) is a matrix of right eigenvectors of A If the eigenvectors are
linearly independent then X is nonsingular and we have

XTAX = A. (9.1.12)

This similarity transformation by X transforms A to diagonal form and A is said
to be diagonalizable.

From (9.1.12) it follows that X ~'4 = AX ! which shows that the rows of
X1 are left eigenvectors yH. We can also write A = XAX ! = XAYH or

A=>"\P, Pi=axy/. (9.1.13)
i=1

Since YHX = T it follows that the left and right eigenvectors are biorthogonal,
yHr; =0, +# j, and yf2; = 1. Hence P, is a projection (P? = P;) and (9.1.13) is
called the spectral decomposition of A. The decomposition (9.1.13) is essentially
unique. If );, is an eigenvalue of multiplicity m and A\;, = A\, = --- = \;,,, then the
vectors z;, , Ti,, ..., Z;,, can be chosen as any basis for the null space of A — \;, I.

9.1.4 Invariant Subspaces
Suppose that for a matrix X € C"** rank (X) = k < n, it holds that

AX = XB, B e CFxk,

Any vector # € R(X) can be written # = Xz for some vector = € C*. Thus
Ax = AXz = XBz € R(X) and R(X) is called a right invariant subspace. If
By = My, it follows that

AXy = XBy =Xy,

and so any eigenvalue A\ of B is also an eigenvalue of A and Xy a corresponding
eigenvector. Note that any set of right eigenvectors spans a right invariant subspace.
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Similarly, if Y# A = BY# where Y € C"** rank (V) = k < n, then R(Y) is
a left invariant subspace. If v B = v’ it follows that

vIYHA =" BYH = MY H,
and so A is an eigenvalue of A and Yv is a left eigenvector.

Definition 9.1.5.
A matrix A € R™*"™, is said to be reducible if for some permutation matriz

P, PT AP has the form
PTAP = (jg g) (9.1.14)

where B and C, are square submatrices, or if n = 1 and A = 0. Otherwise A is
called irreducible.

The concept of a reducible matrix can be illustrated using some elementary
notions from the theory of graphs. The directed graph of a matrix A is constructed
as follows: Let Py,..., P, be n distinct points in the plane called nodes. For each
ai; # 0 in A we connect node P; to node P; by means of directed edge from node i
to node j. (Compare the definition of an undirected graph of a matrix in Def. 6.5.2.)
It can be shown that a matrix A is irreducible if and only if its graph is connected
in the following sense. Given any two distinct nodes P; and P; there exists a path
P; =P, P,,..., P, = P; along directed edges from P; to P;. Note that the graph
of a matrix A is the same as the graph of PT AP, where P is a permutation matrix;
only the labeling of the node changes.

Assume that a matrix A is reducible to the form (9.1.14), where B € R™*",
B e R**® (r +s =n). Then we have

AG)T):(%)B’ (0 I,)A=D(0 I,),

that is, the first r unit vectors span a right invariant subspace, and the s last unit
vectors span a left invariant subspace of A. It follows that the spectrum of A equals
the union of the spectra of B and D.

If B and D are reducible they can be reduced in the same way. Continuing in
this way until the diagonal blocks are irreducible we obtain a block upper triangular
matrix

A A - A

A= . F . (9.1.15)

0 0 0 Ann
where each diagonal block A;; is square.

Theorem 9.1.6.
Assume that the matriz A can be reduced by a permutation to the block up-
per triangular form (9.1.15). Then A(A) = vazl AAii), where M(A) denotes the
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spectrum of A. In particular the eigenvalues of a triangular matrix are its diagonal
elements.

Many important numerical methods for computing eigenvalues and eigenvec-
tors of a matrix A perform a sequence of similarity transformations to transform A
into a matrix of simpler form. With Ay = A one computes

Ay =P APy, k=1,2,....

The matrix Ay is similar to A and the eigenvectors x of A and y of Ay are related
by © = P1P--- P,y. The eigenvalues of a triangular matrix equal its diagonal
elements. Hence if the matrix A can be transformed by successive similarities to
triangular form, then its eigenvalues are trivial to determine.

Let AX; = X3 B, for some X; € R"*? of rank p, and B € RP*P, Then R(X7)
is a right invariant subspace of A. Let X, € R™*("~P) be such that X = (X1,X2)
is invertible. Then we have

XTAX = XHAX,,AXy) = (X' X 1B, X TAX,) = (jg ?}2> (9.1.16)
22

that is, X 'AX is reducible. Hence, if a set of eigenvalues of A and a basis X
for a corresponding right invariant are known, then we can find the remaining
eigenvalues of A from T55. This process is called deflation and is a powerful tool for
computation of eigenvalues and eigenvectors. Note that if X; = ) has orthonormal
columns, then X = (Q1,Q2) in (9.1.16) can be chosen as an orthogonal matrix.

A matrix A may not have a full set of n linearly independent eigenvectors.
However, it holds:

Theorem 9.1.7.

Let z1,...,x be eigenvectors of A € C™*™ corresponding to distinct eigenval-
ues A1, ..., \g. Then the vectors x1,...,xx are linearly independent. In particular
if all the eigenvalues of a matriz A are distinct then A has a complete set of linearly
independent eigenvectors and hence A is diagonalizable.

Proof. Assume that only the vectors x1...,2,, p < k, are linearly independent
and that z,1 =21 + - +pxp. Then Az, =v1 Az + - + Az, or

Ap+1Tpt1 = VIAMITL + - + VpApTp.

It follows that > -5, i (A; — Ap41)x; = 0. Since ; # 0 for some ¢ and \; — Apy1 # 0
for all ¢, this contradicts the assumption of linear independence. Hence we must
have p = k linearly independent vectors. 0

Let A1, -+, A be the distinct zeros of p(A) and let o; be the multiplicity of A;,
i =1,...,k. The integer o; is called the algebraic multiplicity of the eigenvalue
)\1‘ and
o1 +o02+--+o0=n.
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To every distinct eigenvalue corresponds at least one eigenvector. All the eigen-
vectors corresponding to the eigenvalue \; form a linear subspace L(}\;) of C™ of
dimension

pi =n —rank(A — \;I). (9.1.17)

The integer p; is called the geometric multiplicity of )\;, and specifies the max-
imum number of linearly independent eigenvectors associated with A\;. The eigen-
vectors are not in general uniquely determined.

Theorem 9.1.8.
For the geometric and algebraic multiplicity the inequality p(A) < o(X\) holds.

Proof. Let A be an eigenvalue with geometric multiplicity p = p(A) and let

Z1,...,%, be linearly independent eigenvectors associated with . If we put X; =

(x1,...,2z,) then we have AX; = AX;. We now let Xy = (Xpg1,- -+, xy) consist

of n — p more vectors such that the matrix X = (X7, X3) is nonsingular. Then it
follows that the matrix X ~!AX must have the form

1 M B

= (U 8)

and hence the characteristic polynomial of 4, or X "'AX is
p(A) = (A = \)P det(C — ).
Thus the algebraic multiplicity of X is at least equal to p. 0

If p(A) < o()\) then X is said to be a defective eigenvalue. A matrix
with at least one defective eigenvalue is defective, otherwise it is nondefective.
The eigenvectors of a nondefective matrix A span the space C" and A is said to
have a complete set of eigenvectors. A matrix is nondefective if and only if it is
diagonalizable.

Example 9.1.1.

The matrix A, where I is a unit matrix of dimension n has the characteristic
polynomial p(A) = (A—A)" and hence A = ) is an eigenvalue of algebraic multiplicity
equal to n. Since rank (A\I — X\-T) = 0, there are n linearly independent eigenvectors
associated with this eigenvalue. Clearly any vector z € C™ is an eigenvector.

Now consider the nth order matrix

Ja(N) = . (9.1.18)
A

Also this matrix has the characteristic polynomial p(A) = (A — A)". However, since
rank (J,(A\) — A-I) = n — 1, J,()\) has only one right eigenvector = = (1,0, ...,0)%.
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Similarly it has only one left eigenvector y = (0,...,0,1)T and the eigenvalue A = X
is defective. A matrix of this form is called a Jordan block, see Theorem 9.2.8.

For any nonzero vector v; = v, define a sequence of vectors by
Ve = Ay, = ARy, (9.1.19)

Let vy,41 be the first of these vectors that can be expressed as a linear combination
of the preceding ones. (Note that we must have m < n.) Then for some polynomial
p of degree m
p(A) =co+ A4+ A"

we have p(A)v = 0, i.e., p annihilates v. Since p is the polynomial of minimal degree
that annihilates v it is called the minimal polynomial and m the grade of v with
respect to A.

Of all vectors v there is at least one for which the degree is maximal, since for
any vector m < n. If v is such a vector and ¢ its minimal polynomial, then it can
be shown that ¢(A)z = 0 for any vector z, and hence

q(A) =~ +mA+---+ ’75_1148_1 + A% =0.

This polynomial p is the minimal polynomial for the matrix A, see Section 9.2.2.

Consider the Kronecker product C = A® B of A € R"*™ and B € R™*™

as defined in Sec. 7.5.5 The eigenvalues and eigenvectors of C' can be expressed in

terms of the eigenvalues and eigenvectors of A and B. Assume that Ax; = A\,

i=1,...,n, and By; = pjyj, 5 = 1,...,m. Then, using equation (7.5.26), we
obtain

(A® B)(w; @) = (Azs) ® (Byy) = Aty (2 @ ;). (9.1.20)

This shows that the nm eigenvalues of A ® B are A\;juj, ¢ =1,...,n,5=1,...,m,

and z; @ y; are the corresponding eigenvectors. If A and B are diagonalizable,
A= XﬁlAlX, B = YﬁlAQY, then

(A9B)=(X'oY H(A @A) (X®Y),

and thus A ® B is also diagonalizable.
The matrix
(I, ® A) + (B® I,,) € R"™*™™ (9.1.21)

is the Kronecker sum of A and B. Since
(I ® A) + (B® 1) (y; ® x;) = y; ® (Az;) + (By;) @ x; (9.1.22)
= (N + p5)(yj ® @5).

the nm eigenvalues of the Kronecker sum equal the sum of all pairs of eigenvalues
of Aand B

Review Questions

1. How are the eigenvalues and eigenvectors of A affected by a similarity transforma-
tion?
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2. What is meant by a (right) invariant subspace of A? Describe how a basis for an
invariant subspace can be used to construct a similarity transformation of A to block
triangular form. How does such a transformation simplify the computation of the
eigenvalues of A?

3. What is meant by the algebraic multiplicity and the geometric multiplicity of an
eigenvalue of A7 When is a matrix said to be defective?

Problems

1. A matrix A € R™*" is called nilpotent if A¥ = 0 for some k& > 0. Show that a
nilpotent matrix can only have 0 as an eigenvalue.

2. Show that if A is an eigenvalue of a unitary matrix U then |A| = 1.

3. Let A€ R™*™ and B € R"™*™. Show that

1 (AB 0 0 O I A
1 — p—
(% ) =5 ) ¥=(7)
Conclude that the nonzero eigenvalues of AB € R™*™ and BA € R™*" are the
same.

4. (a) Let A = xy”, where z and y are vectors in R™, n > 2. Show that 0 is an
eigenvalue of A with multiplicity at least n — 1, and that the remaining eigenvalue
is A=y .

(b) What are the eigenvalues of a Householder reflector P = I — 2uu”, ||Jul|2 = 17

5. What are the eigenvalues of a Givens’ rotation

cosf sinf
— ?
R(0) (—sinH cos@)’
When are the eigenvalues real?

6. An upper Hessenberg matrix is called unreduced if all its subdiagonal elements
are nonzero. Show that if H € R™*™ is an unreduced Hessenberg matrix, then
rank (H) > n — 1, and that therefore if H has a multiple eigenvalue it must be
defective.

7. Let A € C™*" be an Hermitian matrix, A an eigenvalue of A, and z the corresponding
eigenvector. Let A =S+ iK, z = x + iy, where S, K, x, y are real. Show that A is
a double eigenvalue of the real symmetric matrix

S —-K 2nx2n
(5 &) erm
and determine two corresponding eigenvectors.
8. Show that the matrix
—ai1 —a2 —Qn—-1 —0an
1 0 0 0
K, = 0 1 0 0
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has the characteristic polynomial
) = (=D)" (A" + @ X" T + A+ an).

K, is called the companion matrix of p(\). Determine the eigenvectors of K,
corresponding to an eigenvalue A\, and show that there is only one eigenvector even
when A is a multiple eigenvalue.

Remark: The term companion matrix is sometimes used for slightly different matri-
ces, where the coefficients of the polynomial appear, e.g., in the last row or in the
last column.

9. Draw the graphs G(A), G(B) and G(C), where

101 0 101 0

01 1
01 11 00 01
A_igg’B_IOIO’C_Ol()O
11 01 10 0 1

Show that A and C are irreducible but B is reducible.

9.2 Canonical Forms and Matrix Functions

Using similarity transformations it is possible to transform a matrix into one of
several canonical forms, which reveal its eigenvalues and gives information about
the eigenvectors. These canonical forms are useful also for extending analytical
functions of one variable to matrix arguments.

9.2.1 The Schur Normal Form

The computationally most useful of the canonical forms is the triangular, or Schur
normal form.

Theorem 9.2.1. Schur Normal Form.
Given A € C™*" there exists a unitary matriz U € C™*™ such that

UHAU =T =D + N, (9.2.1)

where T is upper triangular, N strictly upper triangular, D = diag (A1,---, \,), and
Ai,i = 1,....,n are the eigenvalues of A. Furthermore, U can be chosen so that the
etgenvalues appear in arbitrary order in D.

Proof. The proof is by induction on the order n of the matrix A. For n = 1 the
theorem is trivially true. Assume the theorem holds for all matrices of order n — 1.
We will show that it holds for any matrix A € C™*™.

Let A be an arbitrary eigenvalue of A. Then, Ax = Az , for some x # 0 and
we let u1 = z/||z||2. Then we can always find Uy € C"*"~! such that U = (u1, Uz)
is a unitary matrix. Since AU = A(uy,Us) = (Auy, AUs) we have

H H H H
"o [ W _Aufuwn uwAU (A w
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Here B is of order n — 1 and by the induction hypothesis there exists a unitary
matrix U such that U7 BU = T. Then

—H — A wHU — 1 0
UAU_T_(O 7 y U_U<OU>,

where U is unitary. From the above it is obvious that we can choose U to get the
eigenvalues of A arbitrarily ordered on the diagonal of T. O

The advantage of the Schur normal form is that it can be obtained using a
numerically stable unitary transformation. The eigenvalues of A are displayed on
the diagonal. The columns in U = (u1, us, ..., u,) are called Schur vectors. It is
easy to verify that the nested sequence of subspaces

Sk = spanfug, ..., ug], k=1,...,n,

are invariant subspaces. However, of the Schur vectors in general only u; is an
eigenvector.

If the matrix A is real, we would like to restrict ourselves to real similarity
transformations, since otherwise we introduce complex elements in U 'AU. If A
has complex eigenvalues, then A obviously cannot be reduced to triangular form
by a real orthogonal transformation. For a real matrix A the eigenvalues occur in
complex conjugate pairs, and it is possible to reduce A to block triangular form 7',
with 1 x 1 and 2 x 2 diagonal blocks, in which the 2 x 2 blocks correspond to pairs
of complex conjugate eigenvalues. T is then said to be in quasi-triangular form.

Theorem 9.2.2. The Real Schur Form.
Given A € R™™ "™ there exists a real orthogonal matriz Q € R™*"™ such that

QTAQ=T=D+N, (9.2.2)

where T is real block upper triangular, D is block diagonal with 1 x 1 and 2 x 2
blocks, and where all the 2 x 2 blocks have complex conjugate eigenvalues.

Proof. Let A have the complex eigenvalue A # A corresponding to the eigenvector
2. Then, since AT = A\Z, also ) is an eigenvalue with eigenvector T # x, and R(x, T)
is an invariant subspace of dimension 2. Let

X1 =(21,22), 1 =24+, xz3=1i(x—7)

be a real basis for this invariant subspace. Then AX; = XM where M € R?*2

has eigenvalues A and A\. Let X; = Q (g) = @1 R be the QR decomposition of

X;. Then AQ:R = Q:RM or AQ, = Q1 P, where P = RMR~! € R?>*? is similar
to M. Using (9.1.16) with X = @, we find that

H
QTAQ = (ﬁ " )
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where P has eigenvalues A and X\. An induction argument completes the proof. O

We now introduce a class of matrices for which the Schur normal form is
diagonal.

Definition 9.2.3.
A matric A € C**"™ s said to be normal if

AP A = AAT, (9.2.3)

If A is normal then for unitary U so is U AU, since
(U ADAUR AU = UH (AR AU = UH (AATYU = UP AU(UH AU

It follows that the upper triangular matrix 7" in the Schur normal form is normal,

Al t12 . tln
A2 ... toy
THT = TTH, T = . e
An
Equating the (1,1)-element on both sides of the equation THT = TTH we get
M2 = [M]? 4+ 20, [ty)%, and so t1; = 0, j = 2,...,n. In the same way it can be

shown that all the other nondiagonal elements in 7' vanishes, and so T is diagonal.

Important classes of normal matrices are Hermitian (A = Af), skew-Hermitian
(A7 = —A), unitary (A~! = AH) and circulant matrices (see Problem 9.1.10).
Hermitian matrices have real eigenvalues, skew-Hermitian matrices have imaginary
eigenvalues, and unitary matrices have eigenvalues on the unit circle.

Theorem 9.2.4.
A matriz A € C™" is normal, AT A = AAY | if and only if A can be unitarily
diagonalized, i.e., there exists a unitary matrix U € C™*™ such that

UPAU = D = diag (A1, -+, \n).

Proof. If A is normal, then it follows from the above that the matrix T in the
Schur normal form is diagonal. If on the other hand A is unitarily diagonalizable
then we immediately have that

AP A=UDHRDUY =UDDHUY = AA".

It follows in particular that any Hermitian matrix may be decomposed into

A=UAU" = Nuul’. (9.2.4)
=1
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with \; real. In the special case that A is real and symmetric we can take U to be
real and orthogonal, U = @ = (¢1,...,qs) , where g; are orthonormal eigenvectors.
Note that in (9.2.4) w;ul! is the unitary projection matrix that projects unitarily
onto the eigenvector u;. We can also write A = 3 ; AP;, where the sum is taken
over the distinct eigenvalues of A, and P; projects C™ unitarily onto the eigenspace
belonging to A;. (This comes closer to the formulation given in functional analysis.)

Note that although U in the Schur normal form (9.2.1) is not unique, |N||r
is independent of the choice of U, and

n

AL(A) = N[5 = IAlF =D [xl*

i=1

The quantity Ap(A) is called the departure from normality of A.

9.2.2 Sylvester’'s Equation and Jordan’s Canonical Form

Let the matrix A have the block triangular form

A= (zg g) , (9.2.5)

where B and D are square. Suppose that we wish to reduce A to block diagonal
form by a similarity transformation of the form

p_ I Q 1 (I -Q
n (O I) ’ P= <O 1 > '
This gives the result

1 (I —-Q B C I Q\ (B C-Q@D+DBQ
PAP = (0 1 0 D 0 I) \0 D '
The result is a block diagonal matrix if and only if BQ — QD = —C'. This equation,
which is a linear equation in the elements of @, is called Sylvester’s equation?
We will investigate the existence and uniqueness of solutions to the general

Sylvester equation
AX-XB=C, XeR"™, (9.2.6)

where A € R"*"™, B € R™*™. We prove the following result.
Theorem 9.2.5.

The matriz equation (9.2.6) has a unique solution if and only if

A(A) N A(B) = 0.

Proof. From Theorem 9.2.1 follows the existence of the Schur decompositions
UF AU, = S, UFBU, =T,

2James Joseph Sylvester English mathematician (1814-1893) considered the homogenous case
in 1884.
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where S and T are upper triangular and U; and Us are unitary matrices. Using
these decompositions (9.2.6) can be reduced to

SY -YT=F, Y=U!XU, F=UCU..
Expanding this equation by columns gives

tin tiz tig---
0 too t33---
Slyr vz ys)=(yn w2 ys )| 0 0 tg--- | =0 f2 fsooo).

(9.2.7)
The first column of the system (9.2.7) has the form

Sy1 —tuyr = (S —tul)y1 = di.

Here ¢1; is an eigenvalue of T and hence is not an eigenvalue of S. Therefore the
triangular matrix S — ¢117 is not singular and we can solve for y;. Now suppose
that we have found y1,...,yx—1. From the kth column of the system

k
(S = tixD)ys = di + Y _ tirys.
i=1
Here the right hand side is known and, by the argument above, the triangular
matrix S — tg,] nonsingular. Hence it can be solved for y;. The proof now follows
by induction. 0O

If we have an algorithm for computing the Schur decompositions this proof
gives an algorithm for solving the Sylvester equation. It involves solving m trian-
gular equations and requires O(mn?) operations.

An important special case of (9.2.6) is the Lyapunov equation

AX + XAH = C. (9.2.8)

Here B = —A* and hence by Theorem 9.2.5 this equation has a unique solution
if and only if the eigenvalues of A satisfy A; + A; # 0 for all i and j. Further, if
CH = C the solution X is Hermitian. In particular, if all eigenvalues of A have
negative real part, then all eigenvalues of —A¥ have positive real part, and the
assumption is satisfied.

We have seen that a given block triangular matrix (9.2.5) can be transformed
by a similarity transformation to block diagonal form provided that B and C' have
disjoint spectra. The importance of this contruction is that it cann be applied
recursively.

If A is not normal, then the matrix 7' in its Schur normal form cannot be
diagonal. To transform 7" to a form closer to a diagonal matrix we have to use
non-unitary similarities. By Theorem 9.2.1 we can order the eigenvalues so that in
the Schur normal form

D:diag()\l,...,)\n), )\12)\222)\71

We now show how to obtain the following block diagonal form:
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Theorem 9.2.6. Block Diagonal Decomposition.

Let the distinct eigenvalues of A be \1,---, A, and in the Schur normal form
let D = diag(D1,...,Dy), D;=XNI, i=1,...,k. Then there exists a nonsin-
gular matriz Z such that

ZWHAUZ = Z7'TZ = diag (M I + Ny, -+, \I + Ny,

where Ny, i = 1,...,k are strictly upper triangular. In particular, if the matriz A
has n distinct eigenvalues the matrix D diagonal.

Aot

Proof. Consider first the matrix T = ( 0 A
2

) € C?%2 where \; # \y. Perform

the similarity transformation

—1 . 1 —m )\1 t 1 m o )\1 m()\l — AQ) +t
v (5 ) (0 n) (0 1) = (5 ).

where M is an upper triangular elementary elimination matrix, see Section7.3.5.
By taking m = /(A2 — A1), we can annihilate the off-diagonal element in 7.

In the general case let ¢;; be an element in T outside the block diagonal. Let
M;; be a matrix which differs from the unit matrix only in the (4, j)th element,
which is equal to m;;. Then as above we can choose m;; so that the element (3, ) is
annihilated by the similarity transformation MingMij. Since T is upper triangular
this transformation will not affect any already annihilated off-diagonal elements in
T with indices (i',j") if 5/ — i’ < j —i. Hence, we can annihilate all elements ¢;;
outside the block diagonal in this way, starting with the elements on the diagonal
closest to the main diagonal and working outwards. For example, in a case with 3
blocks of orders 2,2, 1 the elements are eliminated in the order

X x 2 3 4
x 1 2 3
X X 2

x 1

X

Further details of the proof is left to the reader. 0O

A matrix which does not have n linearly independent eigenvectors is defective
and cannot be similar to a diagonal matrix. We now state without proof the follow-
ing fundamental Jordan Canonical Form?® For a proof based on the block diagonal
decomposition in Theorem 9.2.6, see Fletcher and Sorensen [12, 1983].

Theorem 9.2.7. Jordan Canonical Form.
If A € C"™™ then there is a nonsingular matriz X € C™*™  such that

-1 .
XVAX = J = diag (Jo, (A1), T, (A0, (9.2.9)
3Marie Ennemond Camille Jordan (1838-1922), French mathematician, professor at Ecole Poly-

technique and Collége de France. Jordan made important contributions to finte group theory, linear
and multilinear algebra as well as differential equations.
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where
Ao 1
)\i . m; Xm;
Jmi(/\i): =N+ SeCm™” ™ m; >1,
1
Ai
The numbers myq,...,my are unique and 22:1 m; = n. To each Jordan block

JIm; (Ai) there corresponds exactly one eigenvector. Hence the number of Jordan
blocks corresponding to a multiple eigenvalue \ equals the geometric multiplicity of
A

The form (9.2.9) is called the Jordan canonical form of A, and is unique up
to the ordering of the Jordan blocks. Note that the same eigenvalue may appear in
several different Jordan blocks. A matrix for which this occurs is called derogatory.
The Jordan canonical form has the advantage that it displays all eigenvalues and
eigenvectors of A explicitly. A serious disadvantage is that the Jordan canonical
form is not in general a continuous function of the elements of A. For this reason
the Jordan canonical form of a nondiagonalizable matrix may be very difficult to
determine numerically.

Example 9.2.1.
Consider the matrices of the form

Al

T\ €) = e gmxm,
€ A

The matrix J,, (A, 0) has an eigenvalue equal to A of multiplicity m, and is in Jordan
canonical form. For any € > 0 the matrix J,,,(), €) has m distinct eigenvalues pu;,
i =1,...,m, which are the roots of the equation (A — u)™ — (—=1)"e = 0. Hence
Jm(\, €) is diagonalizable for any € # 0, and its eigenvalues \; satisfy|\;—A\| = |e|*/™.
For example, if m = 10 and € = 10719, then the perturbation is of size 0.1.

If X = (x1,22,...,2,) is the matrix in (9.2.9), then
Axy = My, A$i+1 =\NTip1+x, t=1,...,m —1.

The vectors x3,...,xm,, are called principal vectors of the matrix A. Similar
relations holds for the other Jordan blocks.

The minimal polynomial of A can be read off from its Jordan canonical form.
Consider a Jordan block J,,(A) = A + N of order m and put ¢(z) = (z —\)?. Then
we have q(J,,(\)) = N7 = 0 for j > m. The minimal polynomial of a matrix A
with the distinct eigenvalues A1, ..., A\r then has the form

q(z) = (2= A1) (2 = X2)™2 - (2 = M), (9.2.10)
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where m; is the highest dimension of any Jordan box corresponding to the eigenvalue
A, j=1,... k.

As a corollary we obtain Cayley—Hamilton theorem, which states that the
characteristic polynomial p(z) of a matrix A satisfies p(4) = 0. The polynomials

mi(2) = det (21 — Jm,(N)) = (2 = A)™

are called elementary divisors of A. They divide the characteristic polynomial of
A. The elementary divisors of the matrix A are all linear if and only if the Jordan
canonical form is diagonal.

We end with an approximation theorem due to Bellman, which sometimes
makes it possible to avoid the complication of the Jordan canonical form.

Theorem 9.2.8.

Let A € C™ ™ be a given matriz. Then for any € > 0 there exists a matriz
B with ||A — Bl|2 < €, such that B has n distinct eigenvalues. Hence, the class of
diagonalizable matrices is dense in C"*™.

Proof. Let X 'AX = J be the Jordan canonical form of A. Then, by a slight
extension of Example 9.2.1 it follows that there is a matrix J(4) with distinct
eigenvalues such that ||J — J(6)||2 = §. (Show this!) Take B = XJ(6)X 1. Then

|A=Bl2<e, e=d]X][l2] X2

9.2.3 Convergence of Matrix Power Series

We start with a definition of the limit of a sequence of matrices:

Definition 9.2.9.
An infinite sequence of matrices A1, Aa, ... is said to converge to a matrix A,
lim A, = A, if

n—oo

lim ||A, — Al =0.

From the equivalence of norms in a finite dimensional vector space it follows
that convergence is independent of the choice of norm. The particular choice || - ||
shows that convergence of vectors in R”™ is equivalent to convergence of the n
sequences of scalars formed by the components of the vectors. By considering
matrices in R™*™ as vectors in R™” the same conclusion holds for matrices.

An infinite sum of matrices is defined by:

in: lim Sn, SnZin.
k=0 e k=0

In a similar manner we can define lim,_, ., A(z), A’(z), etc., for matrix-valued
functions of a complex variable z € C.
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Theorem 9.2.10.
If || - || is any matriz norm, and Y ;- | Be|| is convergent, then Yy o By is
convergent.

Proof. The proof follows from the triangle inequality || >"}_, Bell < Y r_o | Bkl
and the Cauchy condition for convergence. (Note that the converse of this theorem
is not necessarily true.) O

A power series Y2 Brz",z € C, has a circle of convergence in the z-plane
which is equivalent to the smallest of the circles of convergence corresponding to
the series for the matrix elements. In the interior of the convergence circle, formal
operations such as term-wise differentiation and integration with respect to z are
valid for the element series and therefore also for matrix series.

We now investigate the convergence of matrix power series. First we prove a
theorem which is also of fundamental importance for the theory of convergence of
iterative methods studied in Chapter 10. We first recall the the following result:

Lemma 9.2.11. For any consistent matrix norm
p(4) < |IA, (9.2.11)
where p(A) = max; |\;(A)| is the spectral radius of A.

Proof. If \is an eigenvalue of A then there is a nonzero vector x such that Az = Ax.
Taking norms we get |A|||z|| < ||A||||=|. Dividing with ||z|| the result follows. O

We now return to the question of convergence of matrix series.

Theorem 9.2.12.

If the infinite series f(z) = Y po,arz® has radius of convergence r, then
the matriz series f(A) = > poar A" converges if p < r, where p = p(A) is the
spectral radius of A. If p > r, then the matriz series diverges; the case p =1 is a
“questionable case”.

Proof. By Theorem 9.2.10 the matrix series Y ;- apA* converges if the series
Yo lak]||A¥|| converges. By Theorem 9.2.13 for any € > 0 there is a matrix norm
such that |A|lr = p + €. If p < r then we can choose 1 such that p(A) < ry <,
and we have

1Al < A7 < (p+€)F = O(r7).
Here > 72 |ax|rt converges, and hence > 7o |ax|||A¥| converges. If p > r, let

Az = Az with [\| = p. Then A%z = Az, and since Y o apA\¥ diverges > o ) ap A*
cannot converge. [

Theorem 9.2.13.
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Given a matriz A € R™™ with spectral radius p = p(A). Denote by || - || any
l,-norm, 1 < p < oo, and set ||Al|r = |T"YAT|. Then the following holds:

(a) If A has no defective eigenvalues with absolute value p then there exists a
nonsingular matriz T such that

[Allz = p.

(b) If A has a defective eigenvalue with absolute value p then for every e > 0 there
exists a nonsingular matriz T (€) such that

A7) < p+e

In this case, the condition number (T (€)) — oo like €' =™ as € — 0, where

m* > 1 is the largest order of a Jordan block belonging to an eigenvalue A
with |A| = p.

Proof. If A is diagonalizable, we can simply take T as the diagonalizing trans-
formation. Then clearly ||A|lr = ||D| = p, where D = diag (A1,...,An). In the
general case, we first bring A to Jordan canonical form, X "'AX = J, where

J =diag (Ji(M), -, Je(Ae)),  Ji(Ni) = NI+ N; € C™X™ 0 m; > 1,

and J;();) is a Jordan block. We shall find a diagonal matrix D = diag (D1,..., Dy),
such that a similarity transformation with T = XD, K = T~'AT = D~'JD makes
K close to the diagonal of J. Note that ||A|r = || K|, and

K = diag (K1, K»,...,K;), K;=D;'Ji(\)D;.
If m; = 1, we set D; = 1, hence || K;|| = |A\;|. Otherwise we choose
D; = diag (1,0;,07,...,6"7 "), & >0. (9.2.12)

Then K; = I + §;N;, and || K| = max; (|| K;||). (Verify this!) We have ||N;|| < 1,
because N;z = (2,73, ..., Tm,,0)T, so | N;z| < ||z for all vectors x. Hence,

1G]] < [l + 6 (9.2.13)
If m; > 1 and |\;| < p, we choose §; = p — |\;|, hence || K;|| < p. This proves case

().

In case (b), m; > 1 for at least one eigenvalue with |A\;| = p. Let M = {i :
|Xi| = p}, and choose §; = ¢, for i € M. Then by (9.2.13) || K;|| < p+e¢, for i € M,
while || K;|| < p, for i ¢ M. Hence || K|| = max; | K;|| = p + €, and the first part of
statement (b) now follows.

With T'(e) = X D(e), we have that

k(D(€))/k(X) < k(T(€)) < w(D(e))r(X).
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When |\;| = p we have §; = ¢, and it follows from (9.2.12) that x(D;) grows like
e!=mi. Since k(D) = max; x(D;), and for |\;| < p the condition numbers of D; are
bounded, this proves the second part of statement (b). O

Note that 1/x(T") < [|A|lz/||All < (T'). For every natural number n, we have,
in case (a), ||[A"||r < ||A|l+ = p(A)™. Hence

1A%, < &(T)[A™|7 < w(T)p".

In case (b), the same holds, if p, T are replaced by, respectively, p+¢,T(¢). See also
Problem 9.

If only statement (b) is needed, a more elementary proof can be found by a
similar argument applied to the Schur canonical form instead of the Jordan canon-
ical form. Since X is unitary in this case, one has a better control of the condition
numbers, which is of particular importance in some applications to partial differen-
tial equations, where one needs to apply this kind of theorem to a family of matrices
instead of just one individual matrix. This leads to the famous matriz theorems of
Kreiss, see Theorems 13.8.6-13.8.7.

For some classes of matrices, an efficient (or rather efficient) norm can be
found more easily than by the construction used in the proof of Theorem 9.2.13
This may have other advantages as well, e.g., a better conditioned T'. Consider, for
example, the weighted max-norm

| All = 1T AT oo = max Y~ Jai;w; fw.
J

where T' = diag (wy,...,wy) > 0, and x(T) = maxw;/ minw;. We then note that
if we can find a positive vector w such that |Ajw < aw, then ||A/, < a.

9.2.4 Matrix Functions

The matrix exponential e4!, where A is a constant matrix, can be defined by the
series expansion

1 1
eAt:I+At+§A2t2+§A3t3+-~-.

This series converges for all A and t since the radius of convergence of the power
series Y 7o | A[|*t*/k! is infinite. The series can thus be differentiated everywhere

and
d

1
Aty _ 2, L o432 g A
E(e )_A+At+2!At+ = Ae™.
Hence y(t) = e*c € R™ solves the initial value problem for the linear system of
ordinary differential equations with constant coefficients

dy(t)/dt = Ay(t), y(0)=c. (9.2.14)

Such systems occurs in many physical, biological, and economic processes.
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Other functions, for example, sin(z), cos(z), log(z), can be similarly defined
for matrix arguments from their Taylor series representation. In general, if f(z) is
an analytic function with Taylor expansion f(z) =Y /2, arpz®, then we define

f(A) =" apAr.
k=0

We now turn to the question of how to define analytic functions of matrices
in general. If the matrix A is diagonalizable, A = XAX !, we define

f(A) = Xdiag (f(M),.... f)) X ' =X fF(A)X L (9.2.15)

This expresses the matrix function f(A) in terms of the function f evaluated at the
spectrum of A and is often the most convenient way to compute f(A).

For the case when A is not diagonalizable we first give an explicit form for the
kth power of a Jordan block J,,(A) = Al + N. Since N7 = 0 for j > m we get using
the binomial theorem

min(m—1,k) k
TEN) =T+ N)F=X14 ) (
(A) = ( ) »

p=1

))\’“‘pN”, k> 1.

Since an analytic function can be represented by its Taylor series we are led to the
following definition:

Definition 9.2.14.
Suppose that the analytic function f(z) is reqular for z € D C C, where D is
a simply connected region, which contains the spectrum of A in its interior. Let

A=XJX""=Xdiag (Jm, (M), I, (M) X1

be the Jordan canonical form of A. We then define

F(A) = X diag (£ (s (\)) (T, (0)) ) X1 (9.2.16)

where the analytic function f of a Jordan block is

m—1
FCm) = T+ Y %f@m)m 9.2.17)

If A is diagonalizable, A = X ~'AX, then for the exponential function we
have,
e ]2 = r(X)e ™,

where a(A) = max; R\; is the spectral abscissa of A and x(X) denotes the
condition number of the eigenvector matrix. If A is normal, then V is orthogonal
and (V) = 1.
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One can show that for every non-singular matrix 7' it holds

F(T7YAT) =T f(A)T. (9.2.18)

With this definition, the theory of analytic functions of a matrix variable closely
follows the theory of a complex variable. If lim f,(z) = f(z) for z € D, then

lim f,(J(\;)) = f(J(N;)). Hence if the spectrum of A lies in the interior of D

then lim f,(A) = f(A). This allows us to deal with operations involving limit
Processes.

The following important theorem can be obtained, which shows that Defini-
tion 9.2.14 is consistent with the more restricted definition (by a power series) given
in Theorem 9.2.12.

Theorem 9.2.15.

All identities which hold for analytic functions of one complex variable z for
z € D C C, where D is a simply connected region, also hold for analytic functions
of one matriz variable A if the spectrum of A is contained in the interior of D. The
identities also hold if A has eigenvalues on the boundary of D, provided these are
not defective.

Example 9.2.2.
We have, for example,

cos? A +sin? A =1, VA,
= 1
n
n=1
/ e stetdt = (sI — A)71, Re();) < Re(s);
0
Further, if f(z) is analytic inside C, and if the whole spectrum of A is inside C, we

have (cf. Problem 9)

1

(21 — )71 f(z)dz = f(A).

Observe also that, for two arbitrary analytic functions f and g, which satisfy
the condition of the definition, f(A)g(A) = g(A)f(A). However, when several non-
commutative matrices are involved, one can no longer use the usual formulas for
analytic functions.

Example 9.2.3.
e(A+B)t — oALeBt for all ¢ if and only if BA = AB. We have

n

APtP & BItd t —
At Bt ZO ZO Z;Z()APB P,
p= q = =
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This is in general not equivalent to
o0 tn N
o =3 U py)
n=0
The difference between the coefficients of t2/2 in the two expressions is
(A+B)> — (A’ +2AB + B>) = BA—- AB#0, if BA+ AB.

Conversely, if BA = AB, then it follows by induction that the binomial theorem
holds for (A 4+ B)™, and the two expressions are equal.

Because of its key role in the solution of differential equations methods for
computing the matrix exponential and investigation of its qualitative behavior has
been studied extensively. A wide variety of methods for computing e have been
proposed; see Moler and Van Loan [35]. Counsider the 2 by 2 upper triangular matrix

()

The exponential of this matrix is

\ eAt _ eut
e oa— .
A — 12 ’ if A 7& s
et = 0 ekt . (9.2.19)
At At
e ate .
( 0 e,ut ) ’ if A= 1%

When |A—p| is small, but not negligible neither of these two expressions are suitable,
since severe cancellation will occur in computing the divided difference in the (1,2)-
element in (9.2.19). When the same type of difficulty occurs in non-triangular
problems of larger size the cure is by no means easy!

Another property of et* that does not occur in the scalar case is illustrated
next.

Example 9.2.4. Consider the matrix

A:(ﬁ 3).

Since max{—1,—2} = —1 < 0 it follows that lim;_ e/4 = 0. In Figure 9.2.1 we
have plotted ||e!”||2 as a function of ¢. The curve has a hump illustrating that as
t increases some of the elements in ef4 first increase before they start to decay.

One of the best methods to compute e, the method of scaling and squaring,
uses the fundamental relation
eA — (eA/m)m

, m=2°
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Figure 9.2.1. ||e!?| as a function of t for the matriz in Example 9.2.4.

A/m can be

28

of the exponential function. Here the exponent s is chosen so that e
reliably computed, e.g. from a Taylor or Padé approximation. Then e? = (e4/™)
can be formed by squaring the result s times.

Instead of the Taylor series it is advantageous to use the diagonal Padé ap-
proximation of e®.

Pm,m(z) _ Z;’n:opjzj

Tm,m (%) = === -, (9.2.20)
Qm,m(z) ijo quj
which are known explicitly for all m. We have
(2m — 5)!m! _ .
T om) (1 — 14l = (—1)p; =0:m. 9.2.91
P Gy @ (CWURe G=0im (9.2.21)
with the error
P, (2) k (m!)? 2m+1 2

Etro P il StV v 7 e s A RS 9.2.22
T Qum(2) - Cm)l2m+ 1)1~ +0(z"") ( )

Note that P, m(2) = Qmm(—2), which reflects the property that e=* = 1/e?*. The
coeflicients satisfy the recursion

m—j .
=1 i1 = D =0:m-—1. 9.2.23

To evaluate a digonal Padé approximant of even degree m we can write

Porom(A) = pamn A¥™ + -+ pa A% + pol
+ Apam—1A2""2 + - 4 p3 A2+ p ) =U + V.

This can be evaluated with m+1 matrix multiplications by forming A2, A4, ... 6 A?™.
Then Q2 (A) = U—V needs no extra matrix multiplications. For an approximation
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of odd degree 2m + 1 we write

Poi12m41(A) = Apam1 A*™ + -+ p3 A% + 1)
+ pom AP 4 4 pp AP pl =U 4 V.

This can be evalauted with the same number of matrix multiplications and Qg,,+1(4) =
—U + V. The final division Py (A4)/Qm,m(A) is performed by solving

Qm,m (A)rm,m(A) =Pnm (A)

for ry, m(A) using Gaussian elimination.
The function expm in MATLAB uses a scaling such that 27%||A|| < 1/2 and a
diagonal Padé approximant of degree 2m = 6

1 6

1 5 1 1 1
Poo(2) =1+ -2+ —22+ —23+ —24+ V+%w%z.

2T a1” T 66 T 792° T 188407

function E = expmv(A);

% EXPMV computes the exponential
% of the matrix A

% Compute scaling parameter
[f,e] = log2(norm(A,’inf’));

s = max(0,e+1);

A= A/2"s;

X =A;

d=2; c=1/4d;
E = eye(size(A)) + cxA;
D = eye(size(A)) - cxA;
m

=8, p=1;
for k = 2:m
d = d*(k*(2*xm-k+1))/(m-k+1)
c = 1/d;
X = AxX;
cX = cxX;
E=E + cX;

if p, D = D + c*X;
else, D = D - c*xX; end
p="p;

end

E = D\E;

for k = 1:s, E = ExE; end

It can be shown ([35, Appendix A]) that then 7,,,(27°A4)%" = AP where

m! 2
A< 23(2_S|A|)2m(2m)§(2;7)1+ ik

For s and m chosen as in MATLAB this gives ||E|/||A|| < 3.4 - 1076, which is
close to the unit roundoff in IEEE double precision 2753 = 1.11 - 10716, Note that
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this backward error result does not guarantee an accurate result. If the problem is
inherently sensitive to perturbations the error can be large.

The analysis does not take roundoff errors in the squaring phase into consid-
eration. This is the weak point of this approach. We have

nu

2 2 2
147 = FUAD < Bl AR, 0 = T
but since possibly ||A?|| < ||A||? this is not satisfactory and shows the danger in
matrix squaring. If a higher degree Padé approximation is chosen then the number
of squarings can be reduced. Choices suggested in the literature (N. J. Higham [25])
are m = 8, with 27%||A|| < 1.5 and m = 13, with 27°|| 4] < 5.4.
Given a square matrix A € C™*™ a matrix X such that

X2 =A, (9.2.24)

is called a square root of A and denoted by X = A'/2. Unlike a square root of a
scalar, the square root of a matrix may not exist. For example, it is easy to verify

that the matrix
0 1
1= (6 o)

has no square root. A sufficient condition for A to have a square root is that
it has at least n — 1 nonzero eigenvalues. We assume in the following that this
condition is satisfied. If A is nonsingular and has s distinct eigenvalues then it has
precisely 2% square roots that are expressible as polynomials in the matrix A. If
some eigenvalues appear in more than one Jordan block then there are infinitely
many additional square roots, none of which can be expressed as a polynomial in
A. For example, any Householder matrix is a square root of the identity matrix.

There is a principal square root of particular interest, namely the one
whose eigenvalues lie in the right half plane. To make this uniquely defined we
map any eigenvalue on the negative real axis to the positive imaginary axis. The
principal square root, when it exists, is a polynomial in the original matrix. When
A is symmetric positive definite the principal square root is the unique symmetric
positive definite square root.

To compute the principal square root we first determine the Schur decompo-
sition

A=QsQM,

where @) is unitary and S upper triangular. If U is an upper triangular square
root of S, then X = QUQ¥ is a square root of A. If A is a normal matrix then
S = diag (\;) and we can just take U = diag (/\3/2). Otherwise, from the relation
S =U? we get

J
Sij = Zuikukj, t<j. (9.2.25)
k=i

This gives a recurrence relation for determining the elements in U. For the diagonal

elements in U we have
wy = s i=1:n, (9.2.26)
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Further .
j—
Ui = <5ij — Z ulkukj>/(u“ + Ujj). 1< . (9.2.27)
k=i+1

Hence, the elements in U can be determined computed from (9.2.27), for example,
one diagonal at a time. Since whenever s; = s;; we take u;; = u;; this recursion
does not break down. (Recall we assumed that at most one diagonal element of S
is zero.)

If we let U be the computed square root of S then it can be shown that

U*=S5+E, |B|<cmulS]+IUl),
where u is the unit roundoff and ¢(n) a small constant epending on n. If we define
a= | AY|1/]All

then we have
|E] < c(n)u(l +a)||S].

To study the conditioning of the square root we let X be an approximation to
the square root of A and look for a correction E such that X = X + F. Expanding
(X 4+ E)? = A and neglecting the term E? we get

XE+EX =A- X2

We remark that for real matrices an analogue algorithm can be developed,
which uses the real Schur decomposition and only exploys real arithmetic.

9.2.5 Non-Negative Matrices

Non-negative matrices arise in many applications and play an important role in,
e.g., queuing theory, stochastic processes, and input-output analysis.

Definition 9.2.16. A matriz A € R"*" is called non-negative if a;; > 0 for each
i and j and positive if a;; > 0 fori,j =1:n. Similarly, a vector v € R" is called
non-negative if x; > 04 =1:n and positive if z; >0:i=1:n.

Theorem 9.2.17. Let A € R™™™ be a square nonnegative matriz and let s = Ae,
e= (11 --- 1)T be the vector of row sums of A. Then

min s; < p(4) < maxs; = || A|1. (9.2.28)

For the class of nonnegative and irreducible matrices (see (Def.9.1.5)) the
following classical theorem holds.

Theorem 9.2.18. (Perron-Frobenius Theorem)
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If A > 0 thenr = p(A) is a simple eigenvalue and there are no other eigenvalue
of modulus p(A).
If A >0 is irreducible then p(A) is a simple eigenvalue and

(i) A has a positive eigenvector x corresponding to the eigenvalue p(A) and any
nonnegative eigenvector of A is a multiple of x;

(ii) The eigenvalues of modulus p(A) are all simple. If there are m eigenvalues of
modulus p, they must be of the form

(iii) p(A) increases when any entry of A increases.

Proof. See, e.g., Gantmacher [15, 1959], Vol.II or [4, pp.27,32]. A simpler proof
of some of these results is found in Strang [46, 1988, [p.271]. O

Perron* (1907) proved the first part of this theorem for A > 0. Later Frobe-
nius (1912) extended most of Perron’s result to the class of nonnegative irreducible
matrices.

9.2.6 Finite Markov Chains

A Markov chain® is a probabilistic process in which the future development is
completely determined by the present state and not at all in the way it arose.
Markov chains serve as models for describing systems that can be in a number of
different states si, $2, s3,.... At each time step the system moves from state s; to
state s; with probability ¢;;. Such processes have many applications in the physical,
biological and social sciences. The Markov chain is finite if the number of states is
finite.

Definition 9.2.19. A matriz @ € R"*"™ is called row stochastic matrix if it
satisfies

gij >0, Y oay=1, ij=1:n (9.2.29)

1<j<n
It is called doubly stochastic if in addition

> aii=1, (9.2.30)

1<i<n

4German mathematician (1880-1975).
5Named after Russian mathematician Andrej Andreevic Markov (1856-1922), who introduced
them in 1908,
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In a finite Markov chain there are a finite number of states s;, ¢ = 1 : n. The
nonnegative matrix () with elements equal to the transition probabilities g;; is a
row stochastic matrix. From (9.2.29) it follows that

Qe=e¢, e=(1 1 ... 1", (9.2.31)

i.e. e is a right eigenvector of @ corresponding to the eigenvalue A\ = 1. From
Theorem 9.2.17 it follows that p(Q) = 1.

The vector p=(p1 p2 ... pn )T, where p; > 0, eT'p = 1 is the probability
that the system is at state 4, is called the state vector of the Markov chain. Let
p* denote the state vector at time step k. Then p*+t1) = QTp¥, and

pk:(Qk)Tpo, k:]"27""

An important problem is to find the stationary distribution p of a Markov
chain. A state vector p of a Markov chain is said to be stationary if

Qp=p, e'p=1 (9.2.32)

Hence p is a left eigenvector of @) corresponding to the eigenvalue A = 1 = p(Q). It
follows that p solves the singular homogeneous linear system

(I-QMp=o. (9.2.33)

From the Perron—Frobenius Theorem it follows that if @ is irreducible then
A = 1 is a simple eigenvalue of Q and there is a unique eigenvector p satisfying
(9.2.32). If @ > 0, then there is no other eigenvalue with modulus p(Q) and we
have the following result:

Theorem 9.2.20. Assume that a Markov chain has a positive transition matriz.
Then, independent of the initial state vector,

lim p* =p,

k—o0
where p satisfies (9.2.32).

If @ is not positive then the Markov chain may not converge to a stationary
state.

Example 9.2.5. Consider a Markov chain with two states for which state 2 is al-
ways transformed into state 1 and state 2 into state 1. The corresponding transition

matrix
0 1

with two eigenvalues of modolus p(Q), A1 = 1 and Ay = —1. Here @ is symmetric
and its left eigenvalue equals p = (0.5 0.5)7. However, for any initial state different
from p the state will oscillate and not converge.
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This example can be generalized by considering a Markov chain with m states
and taking @ equal to the permutation matrix corresponding to a cyclic shift. Then
Q@ has m eigenvalues on the unit circle in the complex plane.

The theory of Markov chains for general reducible nonnegative transition ma-
trices @ is much more complicated. It is then neccessary to classify the states. We
say that a state s; has access to a state s; if it is possible to move from state s;
to s; in a finite number of steps. If also s; has access to s; s; and s; are said to
communicate. This is an equivalence relation on the set of states and partitions the
states into classes. If a class of states has access to no other class it is called final.
If a final class contains a single state then the state is called absorbing.

Suppose that @) has been permuted to its block triangular form

Q11 o ... 0
... 0
Q= Q:ﬂ Q:QQ : (9.2.34)
Qsl Q82 oo st

where the diagonal blocks @;; are square and irreducible. Then these blocks cor-
respond to the classes associated with the corresponding Markov chain. The class
associated with @Q; is final if and only if Q;; =0, j =1 : 4 — 1. If the matrix @ is
irreducible then the corresponding matrix chain contains a single class of states.

Example 9.2.6. Suppose there is an epidemic in which every month 10% of those
who are well become sick and of those who are sick 20% dies, and the rest become
well. This can be modeled by the Markov process with three states dead, sick,well,
and transition matrix

1 0 0
Q=|(01 0 o009
0 02 08

Then the left eigenvectorisp=e; = (1 0 0)" ,i.c. in the stationary distribution
all are dead. Clearly the class dead is absorbing!

We now describe a way to force a Markov chain to become irreducible.

Example 9.2.7 (Eldén).
Let @ € R™™ ™ be a row stohastic matrix and set

1
P=aQ+ (1—a)—eel, a>0,
n

where e is a vector of all ones. Then P > 0 and since e’e = n we have Pe =
(1 —a)e+ ae =1, so P is row stochastic. From the Perron-Frobenius Theorem it
follows that there is no other eigenvalue of P with modulus 1

We now show that if the eigenvalues of Q) equal 1, Az, A3,..., A\, then the
eigenvalues of P are 1,als, a3, ..., a\,.
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Proceeding as in the proof of the Schur normal form (Theorem 9.2.1) we define
the orthogonal matrix U = (uy Uz), where u; = e/y/n. Then

UTQU =UT (QTuy QTUy) =UT (w1 QTU,)
(uFu WFQTUL\ (1 W7
o U2Tu1 UQTQTUQ B 0 T '

This is a similarity transformation so 7" has eigenvalues Ao, A3, ..., A,. Further
UTe = \/ne; so that UTee? U = nejel, and we obtain

1
utpu =0T (aQ +(1— a)—eeT) U
n

:a((l) zg)+(l_a)((1) 8)=<é Oé:;)

The result now follows.

Review Questions

1. What is the Schur normal form of a matrix A € C**"?

(b)What is meant by a normal matrix? How does the Schur form simplify for
a normal matrix?

2. How can the class of matrices which are diagonalizable by unitary transfor-
mations be characterized?

3. What is meant by a defective eigenvalue? Give a simple example of a matrix
with a defective eigenvalue.

4. Define the matrix function e”. Show how this can be used to express the
solution to the initial value problem y’'(t) = Ay(t), y(0) = ¢?

5. What can be said about the behavior of || A¥||, k > 1, in terms of the spectral
radius and the order of the Jordan blocks of A? (See Problem 8.)

6. (a) Given a square matrix A. Under what condition does there exist a vector
norm, such that the corresponding operator norm || A|| equals the spectral
radius? If A is diagonalizable, mention a norm that has this property.

(b) What can you say about norms that come close to the spectral radius, when
the above condition is not satisfied? What sets the limit to their usefulness?

7. Show that

1 1
Jim o e = max Re(r).  lim < In e’ = ().

8. Prove the Cayley-Hamilton theorem for a diagonalizable matrix. Then gen-
eralize to an arbitrary matrix, either as in the text or by using Bellman’s
approximation theorem, (Theorem 9.2.5).
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9.

10.

11.

12.

Give an example of a matrix, for which the minimal polynomial has a lower
degree than the characteristic polynomial. Is the characteristic polynomial
always divisible by the minimal polynomial?

Under what conditions can identities which hold for analytic functions of com-
plex variable(s) be generalized to analytic functions of matrices?

(a) Show that any permutation matrix is doubly stochastic.

(b) What are the eigenvalues of matrix

= || ©

OO =

O = O
~

Suppose that P and @) are row stochastic matrices.
(a) Show that aP + (1 — aQ) is a row stochastic matrix.
(b) Show that PQ is a row stochastic matrix.

Problems and Computer Exercises

1.

Find a similarity transformation X 1 AX that diagonalizes the matrix

1 1
A_<O 1+6), € > 0.

How does the transformation X behave as ¢ tends to zero?

. Show that the Sylvester equation (9.2.6) can be written as the linear system

(Im ® A — BT @ I,)vec(X) = vec(C), (9.2.35)

where ® denotes the Kronecker product and vec(X) is the column vector
obtained by stacking the column of X on top of each other.

. (a) Let A € R™*" and consider the matrix polynomial

p(A) = apA™ + a A"+t a, ] € R

Show that if Az = Az then p(A) is an eigenvalue and x an associated eigen-
vector of p(A).

(b) Show that the same is true in general for an analytic function f(A). Ver-

ify (9.2.18). Also construct an example, where p(A) has other eigenvectors in
addition to those of A.

. Show that the series expansion

(IT—A)'=T+A+A*+ A%+ ..

converges if p(A) < 1.
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. (a) Show that if A = (

. (a) Let || - || be a consistent matrix norm, and p denote the spectral radius.

Show that
Tim [|A¥[ 5 = p(A)

(b) Show that

AtH

lim ——— = max R(N).
tooo ¢ AEA(A)

In |le

Hint: Assume, without loss of generality, that A is in its Jordan canonical
form.

. Show that the eigenvalues A; of a matrix A satisfy the inequalities

Umin(A) < m.in|)\i| < m.ax|/\i|amaX(A)'

Hint: Use the fact that the singular values of A and its Schur decomposition
QT AQ = diag (\;) + N are the same.

. Show that Sylvester’s equation (9.2.6) can be written as an equation in stan-

dard matrix-vector form,

(I®A)+(-B"®I)z=c,

where the vectors x,c € R™ are obtained from X = (z1,...,2,,) and C =
(c1,-..,¢m) by
Z1 C1
T = , c=
Tm Cm

Then use (9.1.19) to give an independent proof that Sylvester’s equation has
a unique solution if and only if A; — p; #0,i=1,...,n,7=1,...,m.

. Show that

A @B = (BOA

)

where @ denotes the Kronecker sum.

A1
0 )\2> and \; # Az then

fa) = f(A2) )

Comment on the numerical use of this expression when Ay — ;.

05 1 —0.6931 1.8232
(b) For A = ( 0 0.6)’ show that In(A4) = ( 0 0.5108)'
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10.

11.

12.

13.

(a) Compute e, where
—49 24
A= (—64 31) ’

using the method of scaling and squaring. Scale the matrix so that [|4/2%||« <
1/2 and approximate the exponential of the scaled matrix by a Padé approx-
imation of order (4,4).

(b) Compute the eigendecomposition A = XAX ! and obtain e = Xer X1,
Compare the result with that obtained in (a).

Show that an analytic function of the matrix A can be computed by Newton’s
interpolation formula, i.e.,

FA) = FODT+ Y F A A (A= M) - (A= N

Jj=1

where Aj, j =1,2,...,n" are the distinct eigenvalues of A, each counted with
the same multiplicity as in the minimal polynomial. Thus, n* is the degree of
the minimal polynomial of A.

We use the notation of Theorem 9.2.13. For a given n, show by an appropriate
choice of e that || A", < Cn™ ~1p", where C is independent of n. Then derive
the same result from the Jordan Canonical form.

Hint: See the comment after Theorem 9.2.13.

Let C be a closed curve in the complex plane, and consider the function,
so) = o [ (1= )
© o 271 C z %

If the whole spectrum of A is inside C then, by Example 9.2.2, ¢c(A4) = I.
What is ¢c(A), when only part of the spectrum (or none of it) is inside C?7
Is it generally true that ¢c(A)? = ¢ (A)?

Hint: First consider the case, when A is a Jordan block.

9.3 Perturbation Theory and Eigenvalue Bounds

Methods for computing eigenvalues and eigenvectors are subject to roundoff errors.
The best we can demand of an algorithm in general is that it yields approximate
eigenvalues of a matrix A that are the exact eigenvalues of a slightly perturbed
matrix A + E. In order to estimate the error in the computed result we need to
know the effects of the perturbation F on the eigenvalues and eigenvectors of A.
Such results are derived in this section.

9.3.1 Gerschgorin’s Theorems

In 1931 the Russian mathematician published a seminal paper [17] on how to obtain
estimates of all eigenvalues of a complex matrix. His results can be used both to
locate eigenvalues and to derive perturbation results.
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Theorem 9.3.1.
All the eigenvalues of the matriz A € C™ ™ lie in the union of the Ger-
schgorin disks in the complex plane

n

Di:{z | |z—aii| ST‘Z'}, T, = Z |aij|, i=1,2,...,n. (931)
J=1,57#

Proof. If A is an eigenvalue there is an eigenvector x # 0 such that Az = Az, or

n
()\—aii)xi = E AijTj, = 1,...,TL.

=15
Choose 7 so that |z;| = ||#|/cc. Then
~  Jaijla]
N—ai| < Y =L < (9.3.2)
w1l

The Gerschgorin theorem is very useful for getting crude estimates for eigen-
values of matrices, and can also be used to get accurate estimates for the eigenvalues
of a nearly diagonal matrix. Since A and A’ have the same eigenvalues we can, in
the non-Hermitian case, obtain more information about the location of the eigen-
values simply by applying the theorem also to AT .

From (9.3.2) it follows that if the ith component of the eigenvector is maximal,
then A lies in the ith disk. Otherwise the Gerschgorin theorem does not say in which
disks the eigenvalues lie. Sometimes it is possible to decide this as the following
theorem shows.

Theorem 9.3.2.
If the union M of k Gerschgorin disks D; is disjoint from the remaining disks,
then M contains precisely k eigenvalues of A.

Proof. Consider for ¢ € [0, 1] the family of matrices
A(t) =tA+ (1 —t)Da, Da = diag(as).

The coefficients in the characteristic polynomial are continuous functions of ¢, and
hence also the eigenvalues A(t) of A(t) are continuous functions of ¢. Since A(0) =
D4 and A(1) = A we have \;(0) = a;; and A\;(1) = A;. For ¢ = 0 there are exactly
k eigenvalues in M. For reasons of continuity an eigenvalue \;(t) cannot jump to
a subset that does not have a continuous connection with a;; for ¢ = 1. Therefore
also k eigenvalues of A = A(1) liein M. O
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Example 9.3.1.
The matrix
2 —=0.1 0.05

A=|o01 1 -02],
0.05 —0.1 1

with eigenvalues \; = 0.8634, \o = 1.1438, A3 = 1.9928, has the Gerschgorin disks
D1={z]12—2|<015}; Da={z]||z—1/<03}; D3s={z||z—1] <0.15}.

Since the disk D; is disjoint from the rest of the disks, it must contain precisely one
eigenvalue of A. The remaining two eigenvalues must lie in Dy U D3 = Ds.

There is another useful sharpening of Gerschgorin’s Theorem in case the ma-
trix A is irreducible, cf. Def.9.1.5.

Theorem 9.3.3.
If A is irreducible then each eigenvalue A lies in the interior of the union of
the Gerschgorin disks, unless it lies on the boundary of all Gerschgorin disks.

Proof. If X\ lies on the boundary of the union of the Gerschgorin disks, then we
have

Let = be a corresponding eigenvector and assume that |z;,| = ||#]cc. Then from
the proof of Theorem 9.3.1 and (9.3.3) it follows that |A — ai,4, | = 74, . But (9.3.2)
implies that equality can only hold here if for any a;, ; # 0 it holds that |z;| = ||| -
If we assume that a;, ;, # 0 then it follows that |\ — @iy, | = r4,. But since A is
irreducible for any j # 4 there is a path ¢ = i1,42,...,7, = j. It follows that A must
lie on the boundary of all Gerschgorin disks. 0

Example 9.3.2. Consider the real, symmetric matrix

2 -1
-1 2 -1
A= e R™"
-1 2 -1
-1 2
Its Gerschgorin disks are
[z—2]<2, i=2,...,n—1, [z —2] <1, i=1,n,

and it follows that all eigenvalues of A satisfy A > 0. Since zero is on the boundary
of the union of these disks, but not on the boundary of all disks, zero cannot be an
eigenvalue of A. Hence all eigenvalues are strictly positive and A is positive definite.
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9.3.2 Perturbation Theorems

In the rest of this section we consider the sensitivity of eigenvalue and eigenvectors
to perturbations.

Theorem 9.3.4. (Bauer—Fike.)
Let the matriz A € C™ ™ be diagonalizable, X "'AX = D = diag(\1,- -+, \n),
and let u be an eigenvalue to A+ E. Then for any p-norm

i —Ai| < . 3.
1%?71 I =il < K5p(X)Elp (9.3.4)
where k,(X) = || X 7|, | X||p is the condition number of the eigenvector matriz.

Proof. We can assume that p is not an eigenvalue of A, since otherwise (9.3.4)
holds trivially. Since p is an eigenvalue of A 4+ E the matrix A+ E — ul is singular
and so is also

X YA+ E—pul)X = (D —pul)+ X 'EX.

Then there is a vector z # 0 such that
(D—pl)z=—-X"'EXz.
Solving for z and taking norms we obtain
2llp < £pCOND = 1) Bl

The theorem follows by dividing by ||z||, and using the fact that for any p-norm
(D = D)~ lp =1/ min |\ —pl. O

The Bauer-Fike theorem shows that x,(X) is an upper bound for the condition
number of the eigenvalues of a diagonalizable matriz A. In particular if A is normal
we know from the Schur Canonical Form (Theorem 9.2.1) that we can take X = U
to be a unitary matrix. Then we have k(X ) = 1, which shows the important result
that the eigenvalues of a normal matrixz are perfectly conditioned, also if they have
multiplicity greater than one. On the other hand, for a matrix A which is close to
a defective matrix the eigenvalues can be very ill-conditioned, see Example 9.2.1,
and the following example.

Example 9.3.3.

Consider the matrix A = <1 1

1
sl ) ()

_ 1
Foo(X) = [ X oo I X |oo = 7 1> 1.

>, 0 < e with eigenvector matrix

If e < 1 then
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Note that in the limit when € — 0 the matrix A is not diagonalizable.

In general a matrix may have a mixture of well-conditioned and ill-conditioned
eigenvalues. Therefore it is useful to have perturbation estimates for the individual
eigenvalues of a matrix A. We now derive first order estimates for simple eigenvalues
and corresponding eigenvectors.

Theorem 9.3.5.
Let A\j be a simple eigenvalue of A and let x; and y; be the corresponding right
and left eigenvector of A,

A{Ej = AjIj, y]HA = AijH

Then for sufficiently small € the matriz A+ €E has a simple eigenvalue Aj(€) such
that,
HEg,
A(€) = A+ e 4 O(e). (9.3.5)
Yy Ty

Proof. Since \; is a simple eigenvalue there is a § > 0 such that the disk D =
{plllee — Aj| < 6} does not contain any eigenvalues of A other than A;. Then using
Theorem 9.3.2 it follows that for sufficiently small values of € the matrix A 4+ eE
has a simple eigenvalue Aj(e) in D. If we denote a corresponding eigenvector z; ()
then

(A+ eE)x;j(e) = Aj(e)z;(e).

Using results from function theory, it can be shown that \;(€) and z(€) are analytic
functions of € for € < ¢y. Differentiating with respect to € and putting e = 0 we get

Since y]H(A — AjI) = 0 we can eliminate z;(0) by multiplying this equation with
yf and solve for \’;(0) = nya:J/yf:cJ O

If [|Ell = 1 we have |y Ex;| < ||z;]l2]|ly;|l2 and E can always be chosen so
that equality holds. If we also normalize so that ||x;]|2 = ||y,||2 = 1, then 1/s(};),
where

s(Aj) = lyj a1 (9.3.7)

can be taken as the condition number of the simple eigenvalue A;. Note that s(\;) =
cosO(x;,y,), where 6(z;,y;) is the acute angle between the left and right eigenvector
corresponding to A;. If A is a normal matrix we get s(};) = 1.

The above theorem shows that for perturbations in A of order €, a simple
eigenvalue A of A will be perturbed by an amount approximately equal to €/s(X).
If A is a defective eigenvalue, then there is no similar result. Indeed, if the largest
Jordan block corresponding to X is of order k, then perturbations to \ of order e'/*
can be expected. Note that for a Jordan box we have x = e; and y = e,, and so
s(A) =01in (9.3.7).
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Example 9.3.4.
Consider the perturbed diagonal matrix

1 e 2e
A+eE=1€¢ 2 ¢
€ 2 2

Here A is diagonal with left and right eigenvector equal to z; = y; = e;. Thus
yH Ex; = e;; = 0 and the first order term in the perturbation of the simple eigen-
values are zero. For € = 1072 the eigenvalues of A + F are

0.999997, 1.998586, 2.001417.

Hence the perturbation in the simple eigenvalue \; is of order 1076, Note that
the Bauer-Fike theorem would predict perturbations of order 1073 for all three
eigenvalues.

We now consider the perturbation of an eigenvector x; corresponding to a sim-
ple eigenvalue A;. Assume that the matrix A is diagonalizable and that z1,...,z,
are linearly independent eigenvectors. Then we can write

25() = w5 + e (0)+ 0(2),  250) =3 ey,
k#35

where we have normalized z;(€) to have unit component along x;. Substituting the
expansion of z’;(0) into (9.3.6) we get

chj ()\k — )\j)xk + Bz = )\;- (O)l'j.
k#j

Multiplying by v/ and using y”z; = 0, i # j, we obtain

y! B,

ST 4 9.3.8
O — oo i #j (9.3.8)

Cij =
Hence, the sensitivity of the eigenvectors also depend on the separation ¢, =
min;«; |A; — Aj| between A; and the rest of the eigenvalues of A. If several eigen-
vectors corresponds to a multiple eigenvalue these are not uniquely determined,
which is consistent with this result. Note that even if the individual eigenvectors
are sensitive to perturbations it may be that an invariant subspace containing these
eigenvectors is well determined.
To measure the accuracy of computed invariant subspaces we need to introduce
the largest angle between two subspaces.

Definition 9.3.6. Let X and Y = R(Y) be two subspaces of C™ of dimension k.
Define the largest angle between these subspaces to be

Omax(X,Y) = max min 6(z,y). (9.3.9)

zEX yeY
llzll2=1lyll2=1
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where 0(x,y) is the acute angle between x and y.

The quantity sinfpax(X,)) defines a distance between the two subspaces X
and Y. If X and Y are orthonormal matrices such that X = R(X) and Y = R(Y),
then it can be shown (see Golub and Van Loan [21]) that

O(X,Y) = arccos opin (X 2Y). (9.3.10)

9.3.3 Hermitian Matrices

We have seen that the eigenvalues of Hermitian, and real symmetric matrices are all
real, and from Theorem 9.3.5 it follows that these eigenvalues are perfectly condi-
tioned. For this class of matrices it is possible to get more informative perturbation
bounds, than those given above. In this section we give several classical theorems.
They are all related to each other, and the interlace theorem dates back to Cauchy,
1829. We assume in the following that the eigenvalues of A have been ordered in
decreasing order Ay > Ao > -+ > A,

In the particular case of a Hermitian matrix the extreme eigenvalues A; and
An can be characterized by

At = max p(z), A, = min p(z).

zeC™
240 240

The following theorem gives an important extremal characterization also of
the intermediate eigenvalues of a Hermitian matrix.

Theorem 9.3.7. Fischer’s Theorem.
Let the Hermitian matriz A have eigenvalues A1, Az, ..., A\, ordered so that
)\1 Z)\Q Z Z)\n Then

7 Ax

i = i 9.3.11
S T (9.3.11)
x#0
|
= min max -~ (9.3.12)

dim (8)=n—i+1 *€3 xHy

where S denotes a subspace of C™.
Proof. See Stewart [43, 1973, p.314]. O

The formulas (9.3.11) and (9.3.12) are called the max-min and the min-max
characterization, respectively. They can be used to establish an important relation

between the eigenvalues of two Hermitian matrices A and B, and their sum C =
A+ B.

Theorem 9.3.8.
Letar > ag > - > an, b1 =2 P2 > = Pp, andy1 2 72 > -+ > 7 be the
eigenvalues of the Hermitian matrices A, B, and C = A+ B. Then

az+612712a1+ﬁn7 221,2,,71 (9313)
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Proof. Let x1,x2,...,x, be an orthonormal system of eigenvectors of A corre-
sponding to a3 > ag > -+ > an, and let S be the subspace of C" spanned by
Z1,...,2;. Then by Fischer’s theorem

> i 22 Cx > i 7 Ax i x Bz i 22 Bz > a4

i min min min = Q4 min (67} .

Vi = z€S xHx — =zeS xHx z€S .IHZZ? v zES .IHZZ? =t n
240 240 240 z#£0

This is the last inequality of (9.3.12). The first equality follows by applying this
result to A=C+ (—B). O

The theorem implies that when B is added to A all of its eigenvalues are
changed by an amount which lies between the smallest and greatest eigenvalues
of B. If the matrix rank (B) < n, the result can be sharpened, see Parlett [38,
Section 10-3]. An important case is when B = 4227 is a rank one matrix. Then
B has only one nonzero eigenvalue equal to p = %||z||3. In this case the perturbed
eigenvalues will satisfy the relations

X=X =mip, 0<m; > m;=1. (9.3.14)

Hence all eigenvalues are shifted by an amount which lies between zero and p.

An important application is to get bounds for the eigenvalues \; of A + E,
where A and E are Hermitian matrices. Usually the eigenvalues of E are not known,
but from

max{|AL(E)|, [A(E)[} = p(E) = [ Ell2
it follows that
[Ai = Xl < [ E]|2- (9-3.15)

Note that this result also holds for large perturbations.
A related result is the Wielandt—Hoffman theorem which states that

Vs = NP < B (9.3.16)

An elementary proof of this result is given by Wilkinson [52, Section 2.48].

Another important result that follows from Fischer’s Theorem is the following
theorem, due to Cauchy, which relates the eigenvalues of a principal submatrix to
the eigenvalues of the original matrix.

Theorem 9.3.9. Interlacing Property.

Let A,_1 be a principal submatriz of order n — 1 of a Hermitian matriz
A, € C" " Then, the eigenvalues of Ap_1, w1 > pe > -+ > ln,_1 interlace
the eigenvalues A\1 > Ag > -+ > X\, of Ay, that is

Aiz,uiz)\lﬁrl; i:l,...,n—l. (9317)

Proof. Without loss of generality we assume that A,_; is the leading principal

submatrix of A,
A, = (A”—l “H) .
a !
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Consider the subspace of vectors &' = {z € C",z L e, }. Then with z € S’ we have
2 A,z = (2 YH A, _12', where 21 = ((2/)H,0). Using the minimax characteriza-
tion (9.3.11) of the eigenvalue ); it follows that

oAz AL
A; = max min > max min = ;.
dim (S)=i =€5  xH g dim(S)=i zes gpHgy
240 Slen  a#0

The proof of the second inequality p; > A;i41 is obtained by a similar argument
applied to —A4,,. 0O

Since any principal submatrix of a Hermitian matrix also is Hermitian, this
theorem can be used recursively to get relations between the eigenvalues of A, _1
and A,_o, A,_o and A, _3, etc.

9.3.4 Rayleigh quotient and residual bounds

We make the following definition.

Definition 9.3.10.
The Rayleigh quotient of a nonzero vector x € C" is the (complex) scalar

2 Ax

plx) = p(A,x) = “Hy (9.3.18)

The Rayleigh quotient plays an important role in the computation of eigen-
values and eigenvectors. The Rayleigh quotient is a homogeneous function of x,
plaz) = p(z) for all scalar « # 0.

Definition 9.3.11.
The field of values of a matriz A is the set of all possible Rayleigh quotients

F(A) ={p(A,z) [z € C"}.

For any unitary matrix U we have F(UXAU) = F(A). From the Schur
canonical form it follows that there is no restriction in assuming A to be upper
triangular, and, if normal, then diagonal. Hence for a normal matrix A

pla) =Ml /3 lal,
=1 =1

that is any point in F(A) is a weighted mean of the eigenvalues of A. Thus for a
normal matrix the field of values coincides with the convex hull of the eigenvalues.
In the special case of a Hermitian matrix the field of values equals the segment
[A1, An] of the real axis.
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In general the field of values of a matrix A may contain complex values even if
its eigenvalues are real. However, the field of values will always contain the convex
hull of the eigenvalues.

Let = and A be given and consider the problem

min || Az — pzl|3.
m

This is a linear least squares problem for the unknown p. The normal equations
are v xy = 2 Ax. Hence the minimum is attained for p(z), the Rayleigh quotient
of x.

When A is Hermitian the gradient of $p(x) is

1 Az o Ax 1
EVp(x) TopHy (a:Hx)Qx N a:Ha:(Ax —PT);

and hence the Rayleigh quotient p(z) is stationary if and only if z is an eigenvector
of A.
Suppose we have computed by some method an approximate eigenvalue/eigenvector
pair (o,v) to a matrix A. In the following we derive some error bounds depending
on the residual vector
r= Av — ov.

Since r = 0 if (o, v) are an exact eigenpair it is reasonable to assume that the size
of the residual r measures the accuracy of v and o. We show a simple backward
error bound:

Theorem 9.3.12.

Let A and 7, ||Z||2 = 1, be a given approzimate eigenpair of A € C™"  and
r = AZ—\T be the corresponding residual vector. Then \ and T is an exact eigenpair
of the matriz A+ E, where

E=—rzf, IE|l2 = |72 (9.3.19)

Proof. We have (A+ E)z = (A —rafl jzHz)z = Az —r=Xz. O

It follows that given an approximate eigenvector T a good eigenvalue approx-
imation is the Rayleigh quotient p(Z), since this choice minimizes the error bound
in Theorem 9.3.12.

By combining Theorems 9.3.4 and 9.3.12 we obtain for a Hermitian matrix A
the very useful a posteriori error bound

Corollary 9.3.13. Let A be a Hermitian matriz. For any X and any unit vector T
there is an eigenvalue of A of A such that

A=A < |lrll2, 7 =AT -z (9.3.20)

For a fized T, the error bound is minimized by taking A = z7 Az.
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This shows that (A, Z) (||Z||2 = 1) is a numerically acceptable eigenpair of the
Hermitian matrix A if ||AZ — AZ||2 is of order machine precision.

For a Hermitian matrix A, the Rayleigh quotient p(z) may be a far more ac-
curate approximate eigenvalue than x is an approximate eigenvector. The following
theorem shows that if an eigenvector is known to precision €, the Rayleigh quotient

approximates the corresponding eigenvalue to precision €.

Theorem 9.3.14.

Let the Hermitian matrix A have eigenvalues Ay, ..., A\, and orthonormal
eigenvectors 1, ..., xy. If the vector x =Y. | &x;, satisfies
||$—§1$1||2 < €||$H2 (9321)
then
lp(2) = M| < 2] Al|2¢*. (9-3.22)

Proof. Writing Az = "' | &\ix;, the Rayleigh quotient becomes

pl@) = 316N/ D16 =+ D160 = a) /D Il
=1 =1 =2 =1

Using (9.3.21) we get |p(z) — A1 | < max; |\; — A1 |€2. Since the matrix A is Hermitian
we have |\;| < 01(A4) = ||4||2, i =1,...,n, and the theorem follows. 0O

Stronger error bounds can be obtained if ¢ = p(v) is known to be well sepa-
rated from all eigenvalues except A.

Theorem 9.3.15.

Let A be a Hermitian matriz with eigenvalues AN(A) = {A\1,..., \n}, T a unit
vector and p(x) its Rayleigh quotient. Let Az = X,z, where A\, is the eigenvalue of
A closest to p(x). Define

gab (o) = min A= pl. A2, (9.3.23)
Then it holds that
Ao = p(@)| < || Az — zpll3/gap (p), (9.3.24)
sinb(z, ) < || Az — zpll2/gap (p). (9.3.25)

Proof. See Parlett [38, Section11.7]. 0O

Example 9.3.5.
With z = (1, 0)7 and

1 € 0
A—(6 O),Wegetp—l, A;v—xp—<6>.
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From Corollary 9.3.13 we get [A—1| < €, whereas Theorem 9.3.15 gives the improved
bound |\ — 1| < €2/(1 — €?).

Often gap(o) is not known and the bounds in Theorem 9.3.15 are only the-
oretical. In some methods, e.g., the method of spectrum slicing (see Section 9.4.4)
an interval around o can be determined which contain no eigenvalues of A.

9.3.5 Residual bounds for SVD

The singular values of a matrix A € R™*" equal the positive square roots of the
eigenvalues of the symmetric matrix AT A and AAT. Another very useful relation-
ship between the SVD of A = UXV7T and a symmetric eigenvalue was given in
Theorem 7.3.2. If A is square, then®

0 A 1 (U UN(S o0\ 1 /U U\
c=( 0)-m( L)E B)El L) e
Using these relationships the theory developed for the symmetric (Hermitian) eigen-
value problem in Secs. 9.3.3-9.3.4 applies also to the singular value decomposi-
tion. For example, Theorems 8.3.3-8.3.5 are straightforward applications of Theo-
rems 9.3.7-9.3.9.

We now consider applications of the Rayleigh quotient and residual error
bounds given in Section 9.3.4. If w,v are unit vectors the Rayleigh quotient of

From Corollary 9.3.13 we obtain the following error bound.

Theorem 9.3.16. For any scalar o and unit vectors u,v there is a singular value
o of A such that

Av —ua ) (9.3.28)

1
|U_Q|SEH<ATu—va

For fized u,v this error bound is minimized by taking o = u” Av.

2

The following theorem is an application to Theorem 9.3.15.

Theorem 9.3.17.
Let A have singular values o;, i = 1,...,n. Let u and v be unit vectors,
p = ul Av the corresponding Rayleigh quotient, and

5= 1 Av —up
T V2 [\ ATu—vp
6This assumption is no restriction since we can always adjoin zero rows (columns) to make A
square.

2
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the residual norm. If o is the closest singular value to p and Aus = osvs, then

o5 — pl)| < 6% /gap (p), (9-3.29)
max{sin (us,u),sin 0(vs,v)} < d/gap (p). (9.3.30)

where
gap (p) = min [oi — pl. (9.3.31)

Review Questions

1. State Gerschgorin’s Theorem, and discuss how it can be sharpened.

2. Discuss the sensitivity to perturbations of eigenvalues and eigenvectors of a
Hermitian matrix A.

3. Suppose that (A, Z) is an approximate eigenpair of A. Give a backward error
bound. What can you say of the error in A if A is Hermitian?

4. (a) Tell the minimax and maximin properties of the eigenvalues (of what kind
of matrices?), and the related properties of the singular values (of what kind
of matrices?).

(b) Show how the theorems in (a) can be used for deriving an interlacing

property for the eigenvalues of a matrix in R™*" (of what kind?) and the

eigenvalues of its principal submatrix in R~ x*(n—1),

Problems

1. An important problem is to decide if all the eigenvalues of a matrix A have
negative real part. Such a matrix is called stable. Show that if

Re(aii) +7r; S O, \V/Z,

and Re(as;) + 1 < 0 for at least one 4, then the matrix A is stable if A is
irreducible.

2. Suppose that the matrix A is real, and all Gerschgorin discs of A are distinct.
Show that from Theorem 9.3.2 it follows that all eigenvalues of A are real.

3. Show that all eigenvalues to a matrix A lie in the union of the disks

1 n
|z—aii|§E E dj|aij|, i=1,2,...,n,
b =L
where d;, i = 1,2,...,n are given positive scale factors.

Hint: Use the fact that the eigenvalues are invariant under similarity trans-
formations.
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. Let A € C™*", and assume that € = max;.; |a;;| is small. Choose the diagonal

matrix D = diag (u, 1,...,1) so that the first Gerschgorin disk of DAD~? is
as small as possible, without overlapping the other disks. Show that if the
diagonal elements of A are distinct then

€ .
p=—=+0(?), §=minlay; — a1,
i#1

1)
and hence the first Gerschgorin disk is given by

IN—an| <r, r<(n—1)/5+0().

. Compute the eigenvalues of B and A, where

0 e 0 € O
B_< 0>’ A=1e 0 1
€ 01 0

Show that they interlace.

. Use a suitable diagonal similarity and Gerschgorin’s theorem to show that the

eigenvalues of the tridiagonal matrix

a bQ

satisfy the inequality

A —a] < 2, /max |b;| max |¢;].
K2 K2

. Let A and B be square Hermitian matrices and

A C
(S
Show that for every eigenvalue A(B) of B there is an eigenvalue \(H) of H

such that
IA(H) = \(B)| < ([[C7Cl2)">.

Hint: Use the estimate (9.3.20).

. (a) Let D = diag (d;) and z = (z1,...,2,)7. Show that if A\ # d;, i =1,...,n,

then
det(D + pzz" — M) = det ((D — M)(I + (D — )~ uzz")).

Using the identity det(I + zy?) = 1+ y?x conclude that the eigenvalues A of
D + pzz" are the roots of the secular equation

<N

n 52
F)=1+pd> =0.
o di—A
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(b) Show by means of Fischer’s Theorem 9.3.8 that the eigenvalues ); interlace
the elements d; so that if , for example, u > 0 then

di <A <dpg <A < <dyy S A

9.4 The Power Method
9.4.1 The Simple Power Method

One of the oldest methods for computing eigenvalues and eigenvectors of a matrix
is the power method. For a long time the power method was the only alternative
for finding the eigenvalues of a general non-Hermitian matrix. It is still one of the
few practical methods when the matrix A is very large and sparse. Although it
is otherwise no longer much used in its basic form for computing eigenvalues it is
central to the convergence analysis of many currently used algorithms. A variant of
the power method is also a standard method for computing eigenvectors when an
accurate approximation to the corresponding eigenvalue is known.

Let A € R™™ and g9 # 0 be a given starting vector. In the power method
the sequence of vectors ¢1, qo, . .. is formed, where

qr = Aqr—1, k=1,2,....

It follows that ¢, = A¥qo, which explains the name of the method. Note that in
general it would be much more costly to form the matrix A*, than to perform the
above sequence of matrix vector multiplications.

We assume in the following that the eigenvalues are ordered so that

M| > A2 = > Al

To simplify the analysis of the power method assume that the matrix A is diago-
nalizable. Then the initial vector gy can be expanded along the eigenvectors z; of
A, g0 = Y05, ajxj, and we have

n n i\ K
o = 3 Moy = (o + 30 () agry). k=12,
j=1 =2

If A\; is a unique eigenvalue of maximum magnitude, |A1] > |Az2|, we say that A; is
a dominant eigenvalue. If oy # 0, then

1 Ao [k
— g = o) ]—‘ , 9.4.1
/\]qu Q1T + ( " ) ( )

and up to a factor A\¥ the vector gx will converge to a limit vector which is an
eigenvector associated with the dominating eigenvalue A;. The rate of convergence
is linear and equals |A2]/|A1]. One can show that this result holds also when A is
not diagonalizable by writing ¢o as a linear combination of the vectors associated
with the Jordan (or Schur) canonical form of A, see Theorem 9.2.7 (9.2.1).
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In practice the vectors g have to be normalized in order to avoid overflow or
underflow. Hence we modify the initial recursion as follows. Assume that ||qo||=1,
and compute

Q= Age—1,  pe = Narll, @ =ar/p, k=1,2,... (9.4.2)

Then we have

1
ar=—A q, =1,
Yk

and under the assumptions above g converges to a normalized eigenvector z;. From
equations (9.4.1) and (9.4.2) it follows that

Gr = Mar—1 + O([ha/ M%), Jim g = A, (9.4.3)

An approximation to A; can also be obtained from the ratio of elements in
the two vectors ¢ and gi—1. The convergence, which is slow when |A2| &~ |A1|, can
be accelerated by Aitken extrapolation.

If the matrix A is real symmetric (or Hermitian) its eigenvalues are real and
the eigenvectors can be chosen so that X = (z1,...,x,) is real and orthogonal.
Using (9.4.1) one can show that the Rayleigh quotient converges twice as fast as

Mk,

A= p(qe—1) + O(IAz/MI%), p(qe-1) = ai—1 Aqu—1 = @} _1 G- (9.4.4)

Example 9.4.1.
The eigenvalues of the matrix

A:

S =N
— W =
> —= O

are (4.732051, 3, 1.267949), correct to 6 decimals. If we take go = (1,1,1)7 then we
obtain the Rayleigh quotients pi and errors e = A1 — pg given in the table below:

k  px ex er/er—1
1 4.333333 0.398718

2 4.627119 0.104932 0.263

3 4.694118 0.037933 0.361

4 4.717023 0.015027 0.396

5 4.729620 0.006041 0.402

The ratios of successive errors converge to (Aa/A1)? = 0.4019.

The convergence of the power method depends on the assumption that a1 # 0,
and hence we only can prove convergence for almost all starting vectors. Even when
a1 = 0, rounding errors will tend to introduce a small component along x; in Aqy,
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and therefore the method converges in practice also in this case. Convergence of
the power method can also be shown under the weaker assumption that \;y = Ay =
<=\, and

|)‘r| > |)‘r+1| Z 2 |/\n|

However, an inherent weakness in this case is that the limit vector will depend on the
expansion of gy along x1, -+, x,, and g will converge to one particular vector in the
invariant subspace span[xi,...,2,]. To determine the whole dominating invariant
subspace we will have to perform the power method with p > r linearly independent
starting vectors, see Section 9.4.6.

An attractive feature of the power method is that the matrix A is not explicitly
needed. It suffices to be able to form the matrix times vector product Ay for any
given vector y. If the matrix A is sparse the cost of one iteration step is proportional
to the number of nonzero elements in A.

9.4.2 Deflation

The simple power method can be used for computing several eigenvalues and the
associated eigenvectors by combining it with deflation. By that we mean a method
that given an eigenvector x; and the corresponding eigenvalue A\; computes a matrix
Ajp such that A\(A) = A{UA(A1). A way to construct such a matrix A; in a stable way
was indicated in Section 9.1, see (9.1.16). However, this method has the drawback
that even if A is sparse the matrix A; will in general be dense.

The following simple method for deflation is due to Hotelling. Suppose an
eigenpair (A1, 1), ||z1]]2 = 1, of a symmetric matrix A is known. If we define
A =A— Alxlx{{, then from the orthogonality of the eigenvectors x; we have

o o T..\ _ O, lf’L = 1,
Avx; = Az — Mg (a] ;) = {/\i!Ez‘, it
Hence the eigenvalues of A; are 0, A, ..., A\, with corresponding eigenvectors equal
to x1,%2,...,%,. The power method can now be applied to A; to determine the

dominating eigenvalue of A;. Note that A; = A — \ym2] = (I — x27)A = P A,
where P; is an orthogonal projection.

When A is unsymmetric there is a corresponding deflation technique. Here
it is necessary to have the left eigenvector y7 as well as the right x;. If these are
normalized so that lexl =1, then we define Ay by 43 = A — /\1x1y1T. From the
biorthogonality of the x; and y; we have

0 ifi =1;
J— L T\ — ’ )
A = Ars = Jn (g @2) { Nz, ifi# 1
In practice an important advantage of this scheme is that it is not necessary to
form the matrix A; explicitly. The power method, as well as many other methods,
only requires that an operation of the form y = A;x can be performed. This
operation can be performed as

Avx = Az — My (yl ) = Az — 7oy, 7= A(yf v).
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Hence it suffices to have the vectors x1,y; available as well as a procedure for
computing Az for a given vector z. Obviously this deflation procedure can be
performed repeatedly, to obtain As, As, .. ..

This deflation procedure has to be used with caution, since errors will accu-
mulate. This can be disastrous in the nonsymmetric case, when the eigenvalues
may be badly conditioned.

9.4.3 Spectral Transformation and Inverse lIteration

The simple power method has the drawback that convergence may be arbitrarily
slow or may not happen at all. To overcome this difficulty we can use a spectral
transformation, which we now describe. Let p(x) and ¢(x) be two polynomials
such that q(A) is nonsingular and define 7(A) = (¢(A))"'p(A). Then if A has an
eigenvalue A with corresponding eigenvector x it follows that () is an eigenvalue
of r(A) with the same eigenvector z.

As a simple application of this assume that A is nonsingular and take r(x) =
1/x. Then the matrix r(A) = A~! has eigenvalues equal to 1/)\;. Hence from (9.4.3)
it follows that if the eigenvalues of A satisfy

A = 2 [Anea] > A

and the power method is applied to A~!, then g, will converge to the eigenvector
Ty, of A corresponding to \,. This is called inverse iteration , and was introduced
by H. Wielandt in 1944.

Inverse iteration can also be applied to the matrix A — ul, where u is a chosen
shift of the spectrum. The eigenvalues of (A — puI)~! equal

pi = = (9.4.5)

and the iteration can be written
(A—pD)gr = ar-1,  ax = dx/lldrll2, k=1,2,.... (9.4.6)

Note that there is no need to explicitly invert A — pl. Instead we compute a
triangular factorization of A — ul, and in each step of (9.4.6) solve two triangular

systems
L(Uqr) = Pqx—1, P(A—pul)=LU.

For a dense matrix A one step of the iteration (9.4.5) is therefore no more costly
than one step of the simple power method. However, if the matrix is sparse the
total number of nonzero elements in L and U may be much larger than in A. Note
that if A is positive definite (or diagonally dominant) this property is in general not
shared by the shifted matrix (A — pJ). Hence in general partial pivoting must be
employed.

If 1 is chosen sufficiently close to an eigenvalue \;, so that |\; — u| < |\ — ul,
Ai # Aj then (\; — )™t is a dominating eigenvalue of B,

M=l > T N #EN (9.4.7)
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Then ¢, will converge fast to the eigenvector x;, and an approximation \; to the
eigenvalue \; of A is obtained from the Rayleigh quotient

1

T —1 T A
R Q1 (A= pd)” "qr—1 = g1 Gk,
N (A—pl)"q Q—14

where g, satisfies (A — uI)gr = qx—1. Thus
N = p 1/ (Ge—1Gr)- (9.4.8)

An a posteriori bound for the error in the approximate eigenvalue \; of A can

be obtained from the residual corresponding to (A;, g ), which equals

e = Adr — (M + 1/(qkT—1(ik))fik = Qu—1 — G/ (a1 dr)-

Then, by Theorem 9.3.12, (\;, gx) is an exact eigenpair of a matrix A + F, where
IEll2 < |lrkll2/|ldkll2- If A is real symmetric then the error in the approximative
eigenvalue A; of A is bounded by ||« ||2/|dx]|2-

9.4.4 Eigenvectors by Inverse Iteration

After extensive developments by Wilkinson and others inverse iteration has become
the method of choice for computing the associated eigenvector to an eigenvalue
i, for which an accurate approximation already is known. Often just one step of
inverse iteration suffices.

Inverse iteration will in general converge faster the closer p is to A;. However,
if p equals \; up to machine precision then A — u1 in (9.4.6) is numerically singular.
It was long believed that inverse iteration was doomed to failure when p was chosen
too close to an eigenvalue. Fortunately this is not the case!

If Gaussian elimination with partial pivoting is used the computed factoriza-
tion of (A — pl) will satisfy

P(A+ E —pul) = LU,

where [|Ell2/||All2 = f(n)O(u), and u is the unit roundoff and f(n) a modest
function of n (see Theorem 6.6.5). Since the rounding errors in the solution of the
triangular systems usually are negligible the computed g will nearly satisfy

(A+E — pl)gr = qr—1-

This shows that the inverse power method will give an approximation to an eigen-
vector of a slightly perturbed matrix A + E, independent of the ill-conditioning of
(A — pl).

To decide when a computed vector is a numerically acceptable eigenvector
corresponding to an approximate eigenvalue we can apply the simple a posteriori
error bound in Theorem 9.3.12 to inverse iteration. By (9.4.6) g—1 is the residual
vector corresponding to the approximate eigenpair (u, gx). Hence, where u is the
unit roundoff, gx is a numerically acceptable eigenvector if

lar—1ll2/llgxll2 < ullAll2. (9.4.9)
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Example 9.4.2.

The matrix A = < 1 1

0.1 1.1
corresponding normalized eigenvector is z1 = (0.9653911, —0.2608064)”. We take
1= 0.7298 to be an approximation to A1, and perform one step of inverse iteration,
starting with go = (1,0)7 we get

1 0Y (0.2702 1
A-pl=LU= (0.37009623 1) ( 0 0.0001038)

and §; = 10%(1.3202568, —0.3566334)7, q; = (0.9653989, —0.2607777)7, which agrees
with the correct eigenvector to more than four decimals. From the backward error

bound it follows that 0.7298 and ¢; is an exact eigenpair to a matrix A + E, where

|Ell2 < 1/||¢1]2 = 0.73122- 10~

) has a simple eigenvalue A; = 0.7298438 and the

Inverse iteration is a useful algorithm for calculation of specified eigenvectors
corresponding to well separated eigenvalues for dense matrices. In order to save work
in the triangular factorizations the matrix is usually first reduced to Hessenberg or
real tridiagonal form, by the methods described in Section 9.6.

It is quite tricky to develop inverse iteration into a reliable algorithm in case
the eigenvalues are not well separated. When A is symmetric and eigenvectors
corresponding to multiple or very close eigenvalues are required, special steps have
to be taken to ensure orthogonality of the eigenvectors. In the nonsymmetric case
the situation can be worse in particular if the eigenvalue is defective or very ill-
conditioned. Then, unless a suitable initial vector is used inverse iteration may not
produce a numerically acceptable eigenvector. Often a random vector with elements
from a uniform distribution in [—1, 1] will work.

Example 9.4.3.
The matrix

[ 1+4e€ 1
A= < e 1+ e>
has eigenvalues A = (1 +¢€) & \/e. Assume that |e| &~ u, where u is the machine pre-

cision. Then the eigenpair A = 1, z = (1,0)T is a numerically acceptable eigenpair
of A, since it is exact for the matrix A + F, where

Be— (6 2) . B < V3u

€

If we perform one step of inverse iteration starting from the acceptable eigenvector
go = (1,0) then we get

.1 -1

q1 = 1—. 1 /-
No growth occurred and it can be shown that (1, ¢1) is not an acceptable eigenpair of

A. If we carry out one more step of inverse iteration we will again get an acceptable
eigenvector!
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Equation (9.3.19) gives an expression for the backward error E of the com-
puted eigenpair. An error bound can then be obtained by applying the perturbation
analysis of Section9.3. In the Hermitian case the eigenvalues are perfectly condi-
tioned, and the error bound equals || E||2. In general the sensitivity of an eigenvalue
A is determined by 1/s(\) = 1/|yf x|, where z and y are right and left unit eigen-
vector corresponding to A, see Section 9.3.2. If the power method is applied also to
A (or in inverse iteration to (A — uI)~!) we can generate an approximation to
y and hence estimate s()) .

9.4.5 Rayleigh Quotient lteration

A natural variation of the inverse power method is to vary the shift u in each
iteration. The previous analysis suggests choosing a shift equal to the Rayleigh
quotient of the current eigenvector approximation. This leads to the Rayleigh
Quotient Iteration (RQI):

Let qgo, ||go]l2 = 1, be a given starting vector, and for k = 1,2, ... compute

(A= p(ge-1)D)ds = ar—1, plar-1) = G—1Agqr—1, (9.4.10)

and set qr = §x/||Gx|l2- Here p(gp—1) is the Rayleigh quotient of gj_1.

RQI can be used to improve a given approximate eigenvector. It can also
be used to find an eigenvector of A starting from any unit vector qg, but then we
cannot say to which eigenvector {g} will converge. There is also a possibility that
some unfortunate choice of starting vector will lead to endless cycling. However,
it can be shown that such cycles are unstable under perturbations so this will not
occur in practice.

In the RQI a new triangular factorization must be computed of the matrix
A — p(qx—1)I for each iteration step, which makes this algorithm much more ex-
pensive than ordinary inverse iteration. However, if the matrix A is, for example,
of Hessenberg (or tridiagonal) form the extra cost is small. If the RQI converges
towards an eigenvector corresponding to a simple eigenvalue then it can be shown
that convergence is quadratic. More precisely, it can be shown that

M < ere—rs Mk = || Agk — p(qr) k|2,

where ¢, changes only slowly, see Stewart [43, 1973, Section 7.2].

If the matrix A is real and symmetric (or Hermitian), then the situation is
even more satisfactory because of the result in Theorem 9.3.14. This theorem says
that if an eigenvector is known to precision €, the Rayleigh quotient approximates
the corresponding eigenvalue to precision €2. This leads to cubic convergence for the
RQI for real symmetric (or Hermitian) matrices. Also, in this case it is no longer
necessary to assume that the iteration converges to an eigenvector corresponding to
a simple eigenvalue. Indeed, it can be shown that the for Hermitian matrices RQI
has global convergence, i.e., it converges from any starting vector qp. A key fact in
the proof is that the norm of the residuals always decrease, ng+1 < ny, for all k, see
Parlett [38, Section4.8].
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9.4.6 Subspace lteration

A natural generalization of the power method is to iterate simultaneously with
several vectors. Let Zg = S = (s1,...,5p) € R™ P, be an initial matrix of rank
p > 1. If we compute a sequence of matrices {Z}, from

Zn=AZ_1, k=1,2,..., (9.4.11)

then it holds
Z), = AFS = (AFsy, ... AFs). (9.4.12)

In applications A is often a very large sparse matrix and p < n.

At first it is not clear that we gain much by iterating with several vectors.
If A has a dominant eigenvalue A; all the columns of Zy will converge to a scalar
multiple of the dominant eigenvector x;. Hence Zj will be close to a matrix of
numerical rank one.

We first note that we are really computing a sequence of subspaces. If § =
span (S) the iteration produces the subspaces A*¥S = span (A*S). Hence the prob-
lem is that the basis A¥sq,..., A¥s, of this subspace becomes more and more ill-
conditioned. This can be avoided by be maintaining orthogonality between the
columns as follows: Starting with a matrix )¢ with orthogonal columns we com-
pute

Z = AQk—1 = Qr Ry, k=1,2,..., (9.4.13)

where QrRjy is the QR decomposition of Z;. Here @k can be computed, e.g.,
by Gram-Schmidt orthogonalization of Z;. The iteration (9.4.13) is also called
orthogonal iteration. Note that Ry plays the rule of a normalizing matrix. We
have Q1 = ZlRl_1 = AQORl_l. Similarly it can be shown by induction that

Qr = A*Qo(Ry.--- Ry) L. (9.4.14)

It is important to note that if Zy = Qo, then both iterations (9.4.11) and (9.4.13)
will generate the same sequence of subspaces. R(A*Qq) = R(Q). However, in
orthogonal iteration an orthogonal bases for the subspace is calculated at each
iteration. (Since the iteration (9.4.11) is less costly it is sometimes preferable to
perform the orthogonalization in (9.4.13) only occasionally when needed.)

The method of orthogonal iteration overcomes several of the disadvantages of
the power method. In particular it allows us to determine a dominant invariant
subspace of a multiple eigenvalue.

Assume that the eigenvalues of A satisfy

Al = > Al > g =0 > A (9.4.15)
and let -
Uj (T Tio
(5w v = (B 22), o110
be a Schur decomposition of A, where

dlag (Tll) = ()\1, tey AP)H
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Then the subspace U3 = R(U;) is a dominant invariant subspace of A. It can
be shown that almost always the subspaces R(Qy) in orthogonal iteration (9.4.13)
converge to U; when k — oo.

Theorem 9.4.1.

Let Uy = R(Uy) be a dominant invariant subspace of A defined in (9.4.16).
Let S be a p-dimensional subspace of C™ such that SNUT- = {0}. Then there exists
a constant C' such that

Omax (AFS,UL) < CAps1/Np|F

where Omax(X,Y) denotes the largest angle between the two subspaces (see Defini-
tion 9.3.6).

Proof. See Golub and Van Loan [21, pp.333]. O

If we perform subspace iteration on p vectors, we are simultaneously perform-
ing subspace iteration on a nested sequence of subspaces

span(s1), span(si,s2),..., span(si,Sa,...,Sp).

This is also true for orthogonal iteration since this property is not changed by the
orthogonalization procedure. Hence Theorem 9.4.1 shows that whenever |Ag11/Aq]
is small for some ¢ < p, the convergence to the corresponding dominant invariant
subspace of dimension ¢ will be fast.

We now show that there is a duality between direct and inverse subspace
iteration.

Lemma 9.4.2. (Watkins [1982])
Let S and S+ be orthogonal complementary subspaces of C™. Then for all
integers k the spaces AFS and (A")*S+ are also orthogonal.

Proof. Let x L y € C* Then (A*z)H(AH)"ky = xHy = 0 and thus A%z L
(A")"ky. O

This duality property means that the two sequences
S, AS, A%S, ..., St (Af)yTlgt (aH)T2st .

are equivalent in that they yield orthogonal complements! This result will be im-
portant in Section 9.7.1 for the understanding of the QR algorithm.

Approximations to eigenvalues of A can be obtained from eigenvalues of the
sequence of matrices

Bi, = Q} AQk = Qf Z41 € RPP, (9.4.17)

Note that By is a generalized Rayleigh quotient, see Section 9.8.1— 9.8.2. Finally,
both direct and inverse orthogonal iteration can be performed using a sequence of
shifted matrices A — upl, k=0,1,2,....
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Review Questions

1. Describe the power method and its variants. Name at least one important application
of the shifted inverse power method.

2. If the Rayleigh Quotient Iteration converges to a simple eigenvalue of a general
matrix A, what is the asymptotic rate of convergence? If A is Hermitian, what can
you say then?

3. Describe how the power method can be generalized to simultaneously iterating with
several starting vector.

Problems

1. Let A € R™™"™ be a symmetric matrix with eigenvalues satisfying Ay > A2 > -+ >
An—1 > An. Show that the choice p = (A2 + \yn)/2 gives fastest convergence towards
the eigenvector corresponding to A; in the power method applied to A — pI. What
is this rate of convergence?

2. The matrix A has one real eigenvalue A = A1 and another A = —\;. All remaining
eigenvalues satisfy |A| < |A1]. Generalize the simple power method so that it can be
used for this case.

3. (a) Compute the residual vector corresponding to the last eigenpair obtained in Ex-
ample 9.4.1, and give the corresponding backward error estimate.

(b) Perform Aitken extrapolation on the Rayleigh quotient approximations in Ex-
ample 9.4.1 to compute an improved estimate of \;.

4. The symmetric matrix

14 7 6 9
7 9 4 6
A= 6 4 9 7
9 6 7 15
has an eigenvalue A ~ 4. Compute an improved estimate of A with one step of
inverse iteration using the factorization A — 41 = LDLT.

5. For a symmetric matrix A € R"*" it holds that o; = |\;|, ¢ = 1,...,n. Compute
with inverse iteration using the starting vector = = (1, —2, 1)T the smallest singular
value of the matrix

1/5 1/6 1/7
A=|1/6 1/7 1/8
1/7 1/8 1/9
with at least two significant digits.
6. The matrix

1 1
Ai(e 1+e)

has two simple eigenvalues close to 1 if ¢ > 0. For ¢ = 1072 and ¢ = 107 first
compute the smallest eigenvalue to six decimals, and then perform inverse iteration
to determine the corresponding eigenvectors. Try as starting vectors both z = (1,0)7
and z = (0,1)T.
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9.5 Jacobi Methods
9.5.1 Jacobi Methods for Real Symmetric Matrices

Jacobi’s” method is one of the oldest methods for solving the eigenvalue problem
for real symmetric (or Hermitian) matrices. It is at least three times slower than
the QR algorithm, to be described in the next section. However, Jacobi’s method
is easily parallelized and there are problems, for which it should be prefered.

Jacobi’s method is an efficient method when one has to solve eigenvalue prob-
lems for a sequence of matrices, differing only slightly from each other, or, equiv-
alently, for computing eigenvalues of a nearly diagonal matrix. Jacobi’s method,
with a proper stopping criterion, can be shown to compute all eigenvalues of sym-
metric positive definite matrices with uniformly better relative accuracy, than any
algorithms which first reduces the matrix to tridiagonal form. Note that, although
the QR algorithm is backward stable (see Section 9.7), high relative accuracy can
only be guaranteed for the larger eigenvalues (those near ||A|| in magnitude).

The Jacobi method solves the eigenvalue problem for A € R™*" by employing
a sequence of similarity transformations

Ay = A, Apyr = JF Ay (9.5.1)

such that the sequence of matrices Ay, k = 1,2, ... tends to a diagonal form. For each
k, Jy is chosen as a plane rotations Ji = Gp4(0), defined by a pair of indices (p, ¢),
p < g, called the pivot pair. The angle 6 is chosen so that the off-diagonal elements
apq = Qqp are reduced to zero, i.e. by solving a 2 x 2 subproblems. We note that
only the entries in rows and columns p and g of A will change, and since symmetry
is preserved only the upper triangular part of each A needs to be computed.

To construct the Jacobi transformation J; we consider the symmetric 2 x 2
eigenvalue problem for the principal submatrix A,, formed by rows and columns p
and ¢. For simplicity of notation we rename Ap.; = A" and Ay = A. Hence we
want to determine ¢ = cosf, s = sin € so that

l 0 c s r a a c s
p _ pp  Opq
(0 lq> - (—s c) (aqp aqq) (—s c)' (9.5.2)

Equating the off-diagonal elements we obtain (as apq = agp)

0= (app — agq)cs + apy(c? — %), (9.5.3)
which shows that the angle 0 satisfies
T = cot 20 = (agg — app)/(2apq), apg # 0. (9.5.4)
The two diagonal elements ap, and a4, are transformed as follows,
ahy, = Capp — 28apg + 5% aqq = app — tap,
hy = 8 App + 2080pq + Cagq = agq + tapg.

7Carl Gustf Jacob Jacobi (1805-1851), German mathematician. Jacobi joined the faculty of
Berlin university in 1825. Like Euler, he was a profilic calculator, who drew a great deal of insight
from immense algorithmical work. His method for computing eigenvalues was publsihed in 1846;
see [27].
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where ¢t = tanf. We call this a Jacobi transformation. The following stopping
criterion should be used:

if |aij| S tol (aiiajj)l/Q,set Qi = O, (955)

where tol is the relative accuracy desired.

A stable way to perform a Jacobi transformation is to first compute ¢t = tan 6
as the root of smallest modulus to the quadratic equation t?+27t—1 = 0. This choice
ensures that |#| < /4 , and can be shown to minimize the difference ||A’ — Al p.
In particular this will prevent the exchange of the two diagonal elements a,, and
Qqq, When apq is small, which is critical for the convergence of the Jacobi method.
The transformation (9.5.2) is best computed by the following algorithm.

Algorithm 9.5.1
Jacobi transformation matrix (a,q # 0):

[, s,1p, 1] = jacobi(app, Gpg, agq)
T = (aqq — app)/ (2apq);
t =sign (7)/(|7| + V14 72);
c:l/\/l—l——tQ; s=t-c
lp = app — tapg;
lg = aqq + tapg;

end

The computed transformation is applied also to the remaining elements in
rows and columns p and ¢ of the full matrix A. These are transformed for j # p, ¢
according to

ro_
Gjp = Opj

o
Qjq = Qg5

= Capj — Saq; = apj — s(aqj + ray;),

= sap; + cagj = aqj + s(ap; — rag).

where r = s/(1 4+ ¢) = tan(6/2). (The formulas are written in a form, due to
Rutishauser [40, 1971], which reduces roundoff errors.)

If symmetry is exploited, then one Jacobi transformation takes about 4n flops.
Note that an off-diagonal element made zero at one step will in general become
nonzero at some later stage. The Jacobi method will also destroy the band structure
if A is a banded matrix.

The convergence of the Jacobi method depends on the fact that in each step
the quantity

S(A) =Y aj; = |A-Dl%,
i#£]

i.e., the Frobenius norm of the off-diagonal elements is reduced. To see this, we
note that the Frobenius norm of a matrix is invariant under multiplication from left
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!/

pq = 0 we have

or right with an orthogonal matrix. Therefore, since a

(a;p)2 + (a;q)2 = aip + agq + 2a12n1'

We also have that ||A'||% = ||A||%, and it follows that

n

S(A) = | ANF =D (al;)? = S(A) — 245,

=1

There are various strategies for choosing the order in which the off-diagonal
elements are annihilated. Since S(A’) is reduced by 2a7,, the optimal choice is
to annihilate the off-diagonal element of largest magnitude. This is done in the
classical Jacobi method. Then since

2a2, > S(Ax)/N, N =n(n-1)/2,

we have S(Ag4+1) < (1—1/N)S(Ay). This shows that for the classical Jacobi method
Ap41 converges at least linearly with rate (1 —1/N) to a diagonal matrix. In fact it
has been shown that ultimately the rate of convergence is quadratic, so that for k
large enough, we have S(A41) < ¢S(Ag)? for some constant ¢. The iterations are
repeated until S(Ax) < 0||Al|F, where ¢ is a tolerance, which can be chosen equal
to the unit roundoff u. From the Bauer-Fike Theorem 9.3.4 it then follows that the
diagonal elements of Ay then approximate the eigenvalues of A with an error less
than 6|/ A r.

In the Classical Jacobi method a large amount of effort must be spent on
searching for the largest off-diagonal element. Even though it is possible to reduce
this time by taking advantage of the fact that only two rows and columns are
changed at each step, the Classical Jacobi method is almost never used. In a
cyclic Jacobi method, the N = in(n — 1) off-diagonal elements are instead
annihilated in some predetermined order, each element being rotated exactly once
in any sequence of N rotations called a sweep. Convergence of any cyclic Jacobi
method can be guaranteed if any rotation (p, ¢) is omitted for which |a,g| is smaller
than some threshold; see Forsythe and Henrici [13, 1960]. To ensure a good rate
of convergence this threshold tolerance should be successively decreased after each
sweep.

For sequential computers the most popular cyclic ordering is the row-wise
scheme, i.e., the rotations are performed in the order

(1,2), (1,3), ... )
(2,3), ... (2,n) (9.5.6)

which is cyclically repeated. About 2n3 flops per sweep is required. In practice,
with the cyclic Jacobi method not more than about 5 sweeps are needed to obtain
eigenvalues of more than single precision accuracy even when n is large. The number
of sweeps grows approximately as O(logn), and about 10n® flops are needed to
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compute all the eigenvalues of A. This is about 3-5 times more than for the QR
algorithm.

An orthogonal system of eigenvectors of A can easily be obtained in the Jacobi
method by computing the product of all the transformations

X =iy T
Then limy ..o Xz = X. If we put Xg = I, then we recursively compute
Xy =Xp_1Jk, k=1,2,... (9.5.7)

In each transformation the two columns (p,q) of Xj;_1is rotated, which requires
4n flop. Hence in each sweep an additional 2n flops is needed, which doubles the
operation count for the method.

The Jacobi method is very suitable for parallel computation since several
noninteracting rotations, (p;,q;) and (pj, g;), where p;,q; are distinct from p;, g,
can be performed simultaneously. If n is even the n/2 Jacobi transformations can be
performed simultaneously. A sweep needs at least n — 1 such parallel steps. Several
parallel schemes which uses this minimum number of steps have been constructed.
These can be illustrated in the n = 8 case by

(1,2), (3,4), (5,6), (7,8)
(1,4), (2,6), (3,8), (57)
(1,6), (4,8), (2,7, (3,5)
(pyq) = (1,8), (6,7), (4,5), (2,3).
(1,7, (85), (6,3), (42)
(1,5), (7,3), (8,2), (6,4)
(1,3), (5,2), (7,4), (8,6)

The rotations associated with each row of the above can be calculated simul-
taneously. First the transformations are constructed in parallel; then the transfor-
mations from the left are applied in parallel, and finally the transformations from
the right.

9.5.2 Jacobi Methods for Computing the SVD.

Several Jacobi-type methods for computing the SVD A = ULVT of a matrix were
developed in the 1950’s. The shortcomings of some of these algorithms have been
removed, and as for the real symmetric eigenproblem, there are cases for which
Jacobi’s method is to be preferred over the QR~algorithm for the SVD. In particular,
it computes the smaller singular values more accurately than any algorithm based
on a preliminary bidiagonal reduction.

There are two different ways to generalize the Jacobi method for the SVD
problem. We assume that A € R™*™ is a square nonsymmetric matrix. This is no
restriction, sincer we can first compute QR factorization

1=a(y)
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and then apply the Jacobi-SVD method to R. In the two-sided Jacobi-SVD
algorithm for the SVD of A (Kogbetliantz [29]) the elementary step consists of
two-sided Givens transformations

A = JIpq ((ZS)AJ;?;(?/’% (9-5'8)

where Jpq(¢) and Jp(¢)) are determined so that a;,, = aj, = 0. Note that only
rows and columns p and ¢ in A are affected by the transformation. The rotations

JIpq(@) and Jpe(10) are determined by computing the SVD of a 2 x 2 submatrix

a a
A= (7P "P1) app >0, agq > 0.
Qgp  Qqq

The assumption of nonnegative diagonal elements is no restriction, since we can
change the sign of these by premultiplication with an orthogonal matrix diag (+1, +1).

Since the Frobenius norm is invariant under orthogonal transformations it
follows that

S(A) = S(A) - (ap, +ag,),  S(A) = | A-D]|3.

This relation is the basis for a proof that the matrices generated by Kogbetliantz’s
method converge to a diagonal matrix containing the singular values of A. Orthog-
onal systems of left and right singular vectors can be obtained by accumulating the
product of all the transformations.

The rotation angles can be determined as follows: First a Givens transforma-
tion is applied to the left to transform it into an upper triangular 2 x 2 matrix. If
r12 # 0, then we set

cos¢p sing r 11 T12 cosyp sinyy\ (o1 O 95.9
—sing cos¢ 0 7o —siny cos® ) \ 0 o9 (9-5.9)

where the rotation angles are determined by the formula

2r11712

tan2y = ——————, (9.5.10)
7"%2 - 7”%1 + 7"%2
tan ¢ — ri2 + 711 tany _ T2 tan (9.5.11)
T22 T11 — riz tany’ o

For stability reasons, in the latter formula, the quotients of absolutely larger num-
bers are always taken An alternative algorithm for the SVD of 2 x 2 upper triangular
matrix, which always gives high relative accuracy in the singular values and vectors,
has been developed by Demmel and Kahan; see Problem 5.

At first a drawback of the above algorithm seems to be that it works all the
time on a full m X nm unsymmetric matrix. However, if a proper cyclig rotation
strategy is used, then at each step the matrix will be essentially triangular. If the
column cyclic strategy

(1,2),(1,3),(2,3),...,(1,n),...,(n—1,n)



64 CHAPTER 9. MATRIX EIGENVALUE PROBLEMS

is used an upper triangular matrix will be successievly transformed into a lower
triangular matrix. The next sweep will transform it back to an upper triangular
matrix. During the whole process the matrix can be stored in an upper triangular
array. The initial QR factorization also cures some global convergence problems
present in the twosided Jacobi-SVD method.

In the one-sided Jacobi-SVD algorithm Givens transformations are used to
find an orthogonal matrix V' such that the matrix AV has orthogonal columns. Then
AV = UX and the SVD of A is readily obtained. The columns can be explicitly
interchanged so that the final columns of AV appear in order of decreasing norm.
The basic step rotates two columns:

(ap, @) = (ap, ag) (_CS i) p<aq. (9.5.12)

The parameters c, s are determined so that the rotated columns are orthogonal, or
equivalently so that

e s\* a3 agaq c s\ _ (M O r
-5 ¢ aqTap llagll3 —s ¢c¢) L0 X

is diagonal. This 2 x 2 symmetric eigenproblem can be solved by a Jacobi transfor-
mation. To determine the rotation it is better to first compute the QR factorization

(ap;aq) = (Q17 q2) (Tgp :pq> = QR

qaq

If now the 2 x 2 SVD R = UXV7” is computed, using one of the algorithm given
below, then since RV = UX

(ap,aq)V = (q1, 2)UX

will have orthogonal columns. It follows that V' is the desired rotation in (9.5.12).

Clearly, the one-sided algorithm is mathematically equivalent to applying Ja-
cobi’s method to diagonalize C' = AT A, and hence its convergence properties are
the same. Convergence of Jacobi’s method is related to the fact that in each step
the sum of squares of the off-diagonal elements

S(C)=> ¢, C=ATA
7]

is reduced. Hence the rate of convergence is ultimately quadratic, also for multiple
singular values. Note that the one-sided Jacobi SVD will by construction have U
orthogonal to working accuracy, but loss of orthogonality in V' may occur. Therefore
the columns of V' should be reorthogonalized using a Gram—Schmidt process at the
end.

The one-sided method can be applied to a general real (or complex) matrix
A € R™™ m > n, but an intial QR factorization should performed to speed
up convergence. If this is performed with row and column pivoting, then high
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relative accuracy can be achieved for matrices A that are diagonal scalings of a
well-conditioned matriz, that is which can be decomposed as

A= D\BD»,

where Dy, D, are diagonal and B well-conditioned. It has been domonstrated that
if presorting the rows after decreasing norm ||a; .|| and then using column pivoting
only gives equally good results. By a careful choice of the rotation sequence the
esential triangularity of the matrix can be preserved during the Jacobi iterations.
In a cyclic Jacobi method, the off-diagonal elements are annihilated in some
predetermined order, each element being rotated exactly once in any sequence of
N = n(n — 1)/2 rotations called a sweep. Parallel implementations can take ad-
vantage of the fact that noninteracting rotations, (p;, ¢;) and (pj, g;), where p;, g;
and pj;,q; are distinct, can be performed simultaneously. If n is even n/2 transfor-
mations can be performed simultaneously, and a sweep needs at least n — 1 such
parallel steps. In practice, with the cyclic Jacobi method not more than about five
sweeps are needed to obtain singular values of more than single precision accuracy
even when n is large. The number of sweeps grows approximately as O(logn).
The alternative algorithm for the SVD of 2 x 2 upper triangular matrix below
always gives high relative accuracy in the singular values and vectors, has been
developed by Demmel and Kahan, and is based on the relations in Problem 5.

Review Questions

1. What is the asymptotic speed of convergence for the classical Jacobi method?
Discuss the advantages and drawbacks of Jacobi methods compared to the
QR algorithm.

2. There are two different Jacobi-type methods for computing the SVD were
developed. What are they called? What 2 x 2 subproblems are they based
on?

Problems
1. Implement Jacobi’s algorithm, using the stopping criterion (9.5.5) with tol =

102, Use it to compute the eigenvalues of

—-0.442 -0.607 —1.075
A= —-0.607 0806 0455 |,
—-1.075 0.455 —1.069

How many Jacobi steps are used?
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. Suppose the matrix

) 11072 107
A=(102 2 1072
107* 1072 4

has been obtained at a certain step of the Jacobi algorithm. Estimate the
eigenvalues of A as accurately as possible using the Gerschgorin circles with a
suitable diagonal transformation, see Problem 9.3.3.

. Jacobi-type methods can also be constructed for Hermitian matrices using

elementary unitary rotations of the form

U:( cos 0451n6‘>7 o] = 1.

—asinf  cosf

Show that if we take a = apq/|ape| then equation (9.5.4) for the angle
becomes

7 = cot 20 = (app — agq)/(2]apg|), |apq| # 0.

(Note that the diagonal elements a,, and a4, of a Hermitian matrix are real.)

. Let A € C?X2 be a given matrix, and U a unitary matrix of the form in

Problem 3. Determine U so that the matrix B = U~ 'AU becomes upper
triangular, that is, the Schur Canonical Form of A. Use this result to compute

the eigenvalues of
9 10
A= (_ , ) |

Outline a Jacobi-type method to compute the Schur Canonical form of a
general matrix A.

. Consider the SVD of an upper triangular 2 X 2 matrix (9.5.9). where o1 > o5.

(a) Show that the singular values satisfy
o102 = |riires|, 0% 4+ 05 =13 + 15y + 71

Deduce that

1
01,2 = 5}\/(7‘11 + ’I”22)2 + T%Q + \/(Tll — ’1”22)2 + T%Q y (9513)

of which the larger is o1 and the smaller o9 = |ri1792|/01.

(b) Show that for the right singular vector (s,, ¢, ) is parallel to (r3; —o%,r11712).
The left singular vectors then are obtained from

(Cu7 Su) = (7“1101; - T12Sv,7”228v)/01-
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SVD of 2 x 2 upper triangular matrix (9.5.9) with |ri1| > |ra2]:

[Cu» Sus Cos S, 01, 02] = svd(ri1,712,722)
U= (Iria| = |r22])/Ir1al;

m=ria/ri; t=2-1

= VBT = P
a=0.5(s+r);

o1 = |rila; o2 = |raal/a;
t=(1+a)(m/(s+t)+m/(r+1));

Il =/t2 + 4
cy =2/1; sy = —t/l;
cu = (Co — 8ym)/a; sy = 5y(22/711)/0;

end

6. Show that if Kogbetliantz’s method is applied to a triangular matrix then
after one sweep of the row cyclic algorithm (9.5.6) an upper (lower) triangular
matrix becomes lower (upper) triangular.

0.6 Transformation to Condensed Form
9.6.1 Introduction

By Theorem 9.2.1 any matrix can be reduced to upper triangular form, the Schur
canonical form, by a unitary similarity transformation. For a normal matrix this
triangular form must necessarily be diagonal. In both cases we can read off the
eigenvalues from the diagonal. The construction of the similarity transformation
depended on the knowledge of successive eigenpairs, and this transformation can
therefore in general not be realized by a finite process.

It is, however, possible to reduce a matrix to upper Hessenberg form, which is
close to triangular, by a finite number of elementary similarity transformations. In
the symmetric case, a symmetric tridiagonal form is obtained. In several algorithms
for finding the eigenvalues and eigenvectors of a matrix the work is greatly reduced
if this transformation is first carried out.

9.6.2 Unitary Elementary Transformations

For transformation of complex matrices to condensed form we need to consider
unitary Givens and Householder transformations. To generalize Givens rotations
to the complex case, we consider matrices of the form

c S ; i5
G—( >, c=¢e"cos, s = e sin 6.
c

—S

It is easily verified that the matrix G = G, i.e., G is unitary, and that G=! = G¥
is itself a plane rotation Given a complex vector (z1 22)7 € C? we now want to
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determine ¢ and s so that

G (2) = (g) ;o 0? =z )+ |e)?, (9.6.1)

Further, (9.6.1) holds provided that

c=x1/0, s =xy/0.
The following algorithm generalizes Algorithm 7.4.2 to the complex case:
Algorithm 9.6.1

Given z = (z1,22)T # 0 construct c, s, and real ¢ in a complex Givens rotation
such that Go = o(1,0)7:

[e, s,0] = givrot(z, x2)
if |I1| > |I2|
t=uxo/x1; u=+/14|t]%

c=(x1/]x1])/u; s=te; o=mx1/c

else
= V1+[t?
s = (xa/|x2])/u; c=ts; o=uxa/s;

end

t=x1/x2; u

Householder transformations can also be generalized to the complex case. We
consider unitary Householder transformations of the form

1 1
P=1—->uwl, ~= iuHu, u e C". (9.6.2)
v

It is easy to check that P is Hermitian, P¥ = P, and unitary, P~' = P. Given a
vector © € C™ we want to determine u such that Pz = ke, |k| = 0 = ||z|]2. It is
easily verified that if x; = e'*|z1| then u and v are given by

u=2x+key, k=oe™, (9.6.3)
and

1
y= 5(02+2|k||x1|+|/€|2) = oo+ |x1]). (9.6.4)

Note that u differs from z only in its first component.
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9.6.3 Reduction to Hessenberg Form

We now show how to reduce a matrix A € R"*" to Hessenberg form by an
orthogonal similarity,

hit hiz2 -+ hin-1 hin
hai hoa -+ haopn_1 hon

QTAQ=H = hss ; ;
hn,n—l hnn

The orthogonal matrix @ will be constructed as a product of n — 2 Householder
transformations Q = Py P, - - - P,_o, where

1 1
Po=T——uguf, = 5lull’ (9.6.5)
Yk 2
(cf. the Householder QR decomposition in Section 8.4.3). Note that Py, is completely
specified by uy and ~, and that products of the form PA and AP, can each be
computed in 2n? flops by

PA=A— uk(ATuk)T/%, AP = A — (Auk)u;‘g/%.

We compute A = A, AR A=Y = H where A*TD = p,A® P, In
the first step, k =1,

hit hi2 a3 ... aGin
hoi haa G23 ... a2n

A(Q) — PlAPI — 0 az2 as3 ... Qa3p ,
0 Gpa Gp3 ... Gpn

where P is chosen so that Py A has zeros in the first column in the positions shown
above. These zeros are not destroyed by the post-multiplication (P;A)P;, which
only affects the n — 1 last columns. All later steps are similar. After (k — 1) steps

we have computed R
k) _ (Hin hiz Ag
A ( o an ). (9.6.6)

where (Hy;  hiz) € R¥** is part of the final Hessenberg matrix. P, is chosen to
zero all elements but the first in ass. After n — 2 steps we have the required form

QTAQ = A"V = H, Q=P Py---P,_s. (9.6.7)

A simple operation count shows that this reduction requires 5n3/3 flops. Note that
the transformation matrix @ is not explicitly computed, only the vectors defining
the Householder transformations Py, Ps,..., P,_s are saved. These vectors can
conveniently overwrite the corresponding elements in the matrix A using also two
extra rows appended to A.
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The Hessenberg decomposition QT AQ = H is not unique. The following
important theorem states that it is uniquely determined once the first column in
Q is specified, provided that H has no zero subdiagonal element. A Hessenberg
matrix with this property is said to be unreduced.

Theorem 9.6.1. Implicit QQ Theorem.

Given A, H,Q € R™" where Q = (q1,...,qn) is orthogonal and H = QT AQ
is upper Hessenberg with positive subdiagonal elements. Then H and Q are uniquely
determined by the first column ¢ in Q.

Proof. Assume we have already computed q1,...,qr and the first £k — 1 columns
in H. (Since ¢ is known this assumption is valid for k& = 1.) Equating the kth
columns in (q1,q2,...,qn)H = A(q1, 92, - .., qn) We obtain

hakqr + - + he k@ + hk1 kGr1 = Agg.
Multiplying this by ¢! and using the orthogonality of @, we obtain
hie =gl Aqr,  i=1,..., k.

Since H is unreduced hyy1 5 # 0, and therefore gr11 and hy41 1, are determined (up
to a factor of +1) by

k

Qhi1 = Myl (AQk - Z hiqu‘)7
=1

and the condition that ||grt1llz =1. O

The reduction by Householder transformations is stable in the sense that the
computed H can be shown to be the exact result of an orthogonal similarity trans-
formation of a matrix A + E, where

1Bl r < en®ull A r, (9.6.8)

and c is a constant of order unity. Moreover if we use the information stored
to generate the product U = P; Py - P,_5 then the computed result is close to
the matrix U that reduces A + E. This will guarantee that the eigenvalues and
transformed eigenvectors of H are accurate approximations to those of a matrix
close to A. However, it should be noted that this does not imply that the computed
H will be close to the matriz H corresponding to the exact reduction of A. Even
the same algorithm run on two computers with different floating point arithmetic
may produce very different matrices H. Behavior of this kind, named irrelevant
instability by B. N. Parlett, unfortunately continue to cause much unnecessary
concern! The backward stability of the reduction ensures that each matrix will be
similar to A to working precision and will yield approximate eigenvalues to as much
absolute accuracy as is warranted.
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The reduction to Hessenberg form can also be achieved by using elementary
elimination matrices as introduced in Section 7.3.5. These are lower triangular ma-
trices of the form

— T _ T
Lj—I+mjej, mj—(O,...,O,ijrlyj,...,mn,j)

Only the elements below the main diagonal in the jth column differ from the unit
matrix. If a matrix A is premultiplied by L; we get

LA = (I+mje] )A=A+mj(e] A) = A+ mja]
T
] ~
similarity transformation LjAL;l = AL;1 by postmultiplying

i.e., multiples of the row a; are added to the last n — j rows of A. We complete the

/~1Lj_1 = A(I - mjejT) =A- (/imj)ejT.

In this operation a linear combination Amj of the last n — j columns is subtracted
from the jth column of A.

If the pivot element as; # 0, then we can eliminate the last n — 2 elements in
the first column of A by the transformation Lo A, where
mo = —(0, 0, a31/a21, ey anl/agl)T.

These zeros are not affected by the postmultiplication (LsA)Ly ! which only affects
the elements in the last n—1 columns. Hence, if all pivot elements are nonzero we can
complete the transformation to Hessenberg form. The vectors mj, j =2,...,n—1
can overwrite the corresponding elements of A. The reduction may be unstable
if some pivot elements are small. Therefore, in practice this algorithm has to be
modified by the introduction of partial pivoting, in obvious analogy to Gaussian
elimination. With this modification the stability of the reduction is usually as good
as for the one using Householder reflections. The backward error bound will contain
a growth ratio g,, see Section 7.6.6, but a big growth rarely occurs in practice. The
operation count for this reduction can be shown to be n®/3 + n3/2 = 5n%/6 flops,
or half that for the orthogonal reduction. Because of this reduction by elementary
elimination matrices is often the preferred method.

The similarity reduction of a nonsymmetric matrix to tridiagonal form has also
been considered. This reduction is of interest also because of its relation to Lanczos
bi-orthogonalization and the bi-conjugate gradient method; see Secs. 10.5.2-10.5.3.
As shown by Wilkinson [52, pp. 388-405], this reduction can be performed in two
steps: first an orthogonal similarity is used to reduce A to lower Hessenberg form:;
second the appropriate elements in the lower triangular half are zeroed column by
column using a sequence of similarity transformations by elementary elimination
matrices of the form in (6.3.15).

H:= (I—mje;‘-r)H(I—i—mje;‘-F), j=1,...,n—1.
In this step row pivoting can not be used, since this would destroy the lower Hes-
senberg structure. As a consequence, the reduction will fail if a zero pivot element
is encountered. In this case one must restart the reduction from the beginning.
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By (9.6.8) computed eigenvalues will usually have errors at least of order
u||Al|p. Therefore it is desirable to precede the eigenvalue calculation by a diagonal
similarity transformation A = D~'AD which reduces the Frobenius norm. (Note
that only the off-diagonal elements are effected by such a transformation.) This can
be achieved by balancing the matrix A. We say that a matrix A is balanced for
some norm l,-norm if ||a;||, = ||a‘||,, i = 1,...,n where @; and a’ denote respectively
the ith column and ith row of A. There are classes of matrices which do not need
balancing; for example normal matrices are already balanced for p = 2.

An iterative algorithm has been given by Osborne that for any (real or com-
plex) irreducible matrix A and p = 2 converges to a balanced matrix A. For a
discussion and an implementation see Contribution II/11 in [53].

9.6.4 Reduction to Symmetric Tridiagonal Form

If we carry out the orthogonal reduction to Hessenberg form for a real symmetric
matrix A, then

H' = (Q"AQ)" =Q"ATQ=H.
It follows that H is a real symmetric tridiagonal matriz, which we write

ar B
52 Q2 53

QTAQ=T= (9.6.9)

anl Qp—1 ﬂn

Bn  an
If elementary elimination matrices are used for the reduction symmetry is not pre-
served. Hence in this case the orthogonal reduction is clearly superior. A similar
remark applies to the case of the unitary reduction of a Hermitian matrix to Her-
mitian tridiagonal form.

In the kth step of the orthogonal reduction of a real symmetric matrix we
compute AlR+1) — PkA(k)Pk, where Py is again chosen to zero the last n — k — 1
elements in the kth column. By symmetry the corresponding elements in the kth
row will be zeroed by the post-multiplication P.

It is important to take advantage of symmetry to save storage and operations.
Since the intermediate matrix P, A®) is not symmetric, this means that we must
compute P, A®) P, directly. Dropping the subscripts k we can write

_ 1 T 1 T

PAP = (1 ~ )A(I ~ S ) (9.6.10)
= A—up” — pu” +uTpuu® /vy (9.6.11)
=A—uq" —qu”,

where

p=Au/y, q=p-Pu, B=u"p/(27). (9.6.12)
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If the transformations are carried out in this fashion the operation count for the
reduction to tridiagonal form is reduced to about 2n?/3 flops,and we only need to
store, say, the lower halves of the matrices.

The orthogonal reduction to tridiagonal form has the same stability property
as the corresponding algorithm for the unsymmetric case, i.e., the computed tridi-
agonal matrix is the exact result for a matrix A+ E, where E satisfies (9.6.8). Hence
the eigenvalues of T will differ from the eigenvalues of A by at most cn?ul|A|| .

There is a class of symmetric matrices for which small eigenvalues are de-
termined with a very small error compared to ||A||p. This is the class of scaled
diagonally dominant matrices, see Barlow and Demmel [3, 1990]. A symmetric
scaled diagonally dominant (s.d.d) matrix is a matrix of the form DAD, where
A is symmetric and diagonally dominant in the usual sense, and D is an arbitrary
diagonal matrix. An example of a s.d.d. matrix is the graded matrix

1 1074
Ao = [ 1074 107* 108
108 10-8

whose elements decrease progressively in size as one proceeds diagonally from top
to bottom. However, the matrix

1076 1072
A= [ 1072 1 1072
1072 10°¢

is neither diagonally dominant or graded in the usual sense.

The matrix Ay has an eigenvalue A of magnitude 10~8, which is quite insensi-
tive to small relative perturbations in the elements of the matrix. If the Householder
reduction is performed starting from the top row of A as described here it is im-
portant that the matrix is presented so that the larger elements of A occur in the
top left-hand corner. Then the errors in the orthogonal reduction will correspond
to small relative errors in the elements of A, and the small eigenvalues of A will not
be destroyed.®

A similar algorithm can be used to transform a Hermitian matrix into a tridi-
agonal Hermitian matrix using the complex Householder transformation introduced
in Section9.6.2. With U = P, P5--- P,_o we obtain T = U7 AU, where T is Her-
mitian and therefore has positive real diagonal elements. By a diagonal similarity
DTD~! D = diag (e, ez, ... ,ei‘z’”) it is possible to further transform 7" so that
the off-diagonal elements are real and nonnegative.

If the orthogonal reduction to tridiagonal form is carried out for a symmetric
banded matrix A, then the banded structure will be destroyed. By annihilating
pairs of elements using Givens rotations in an ingenious order it is possible to
perform the reduction without increasing the bandwidth. However, it will then take
several rotation to eliminate a single element. This algorithm is described in Parlett
[38, Section 10.5.1], see also Contribution 11/8 in Wilkinson and Reinsch [53]. An

8Note that in the Householder tridiagonalization described in [53], Contribution IT/2 the re-
duction is performed instead from the bottom up.
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operation count shows that the standard reduction is slower if the bandwidth is less
than n/6. Note that the reduction of storage is often equally important!

9.6.5 A Divide and Conquer Algorithm

The basic idea in the divide and conquer algorithm for the symmetric tridiagonal
eigenproblem is to divide the tridiagonal matrix (9.7.30) into two smaller symmetric
tridiagonal matrices S and T3 as follows.

T Br+1€k 0 k1 Bri1€et Brre2el .
T = | Br+1et  agy1 Brroel | = P | Brrien T 0 P
0 Br+2€1 Ty Br+2€1 0 Ty

(9.6.13)
Here e; is the jth unit vector of appropriate dimension and P is a permutation
matrix permuting block rows and columns 1 and 2. 77 and 715 are k X k and

(n—k—1)x (n—k—1) symmetric tridiagonal matrices and are principle submatrices
of T

Suppose now that the eigendecompositions of T; = Q;D;QF, i = 1,2 are
known. Substituting into (9.6.13) we get
k1 Brier  Brroel
T =P Brrier Q1D1QT 0 PT =QHQT, (9.6.14)
Br+2€1 0 Q2D2Q7
where
apy1 Brenll Breafd 1 0 0
H=1 Bri1lh Dy 0 , Q=P|0 @ 0 ],
Brt2fo 0 Dy 0 0 @

and [; = QlTek, fo= Q2Tel. Hence the matrix T is reduced to H by an orthogonal
similarity transformation . The matrix H has the form

a 2T .
H_<z D>’ D = diag (da, . .., dy).

where z = (22,...,2,)7 is a vector. Such a matrix is called a symmetric arrow-
head matrix. We assume that do > d3 > --- > d,, which can be achieved by a
symmetric permutation.

The eigenvalue problem for symmetric arrowhead matrices has been discussed
in detail in Wilkinson [52, pp. 95-96]. In particular, if we assume that the elements
d; are distinct, dy > d3 > --- > d,, and that z; > 0, ¢ = 2,...,n, then the
eigenvalues and eigenvectors of H are characterized by the following lemma (cf.
Problem 9.3.8).

Lemma 9.6.2.
The eigenvalues {\;}7_, of H satisfy the secular equation

) =A-a+) =0 (9.6.15)
j=2 "
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and the interlacing property Ay > do > Ao > -+ > d,, > \,,. For each eigenvalue \;
of H, a corresponding (unnormalized) eigenvector is given by

Zn

T
z2
= (-1, . 9.6.16
“ ( do — \; dn—)\i> (9:6.16)

Hence simple roots of the secular equation are isolated in an interval (d;, d;+1)
where f(A) is monotonic and smooth. A zerofinder based on rational interpolation
can be constructed which gets guaranteed quadratic convergence.

We make the following observations:

o Ifd; =d;4; for some i, 2 < i < n—1, then it can be shown that one eigenvalue
of H equals d;, and the degree of the secular equation may be reduced by one.

e If z; = 0, then one eigenvalue equals d;, and again the degree of the secular
equation is decreased by one.

The splitting in (9.6.13) can be applied recursively to 77 and 75, i.e., we can
repeat the splitting on each 77 and T3, etc., until the original tridiagonal matrix T’
has been reduced to a desired number of small subproblems. Then the relations in
Lemma 9.6.2 may be applied from the bottom up to glue the eigensystems together.

In practice the formula for the eigenvectors in Lemma 9.6.2 cannot be used
directly. The reason for this is that we can only compute an approximation A to
Xi. Even if ); is very close to );, the approximate ratio zi/(d; — ;\Z) can be very
different from the corresponding exact ratio. These errors may lead to computed
eigenvectors of T which are numerically not orthogonal. Fortunately an ingenious
solution to this problem has been found, which involves modifying the vector z
rather than increasing the accuracy of the ;\i, see Gu and Eisenstat [22, 1975]. The
resulting algorithm seems to outperform the QR algorithm even on single processor
computers.

9.6.6 Spectrum Slicing

Sylvester’s law of inertia (see Theorem 7.3.8) leads to a simple and important
method called spectrum slicing for counting the eigenvalues greater than a given
real number 7 of a Hermitian matrix A. In the following we treat the real sym-
metric case, but everything goes through also for general Hermitian matrices. The
following theorem is a direct consequence of Sylvester’s Law of Inertia.

Theorem 9.6.3.
Assume that symmetric Gaussian elimination can be carried through for A—7I
yielding the factorization (cf. (6.4.5))

A—7I=LDLT, D =diag(dy,...,d,), (9.6.17)

where L is a unit lower triangular matriz. Then A — 71 is congruent to D, and
hence the number of eigenvalues of A greater than T equals the number of positive
elements w(D) in the sequence dy, ..., d,.
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Example 9.6.1.
The LDLT factorization

1 2 1 1 1 2
A-1-I=[2 2 —4|=]21 -2 1 2
-4 —6 2 1 2 1

shows that the matrix A has two eigenvalues greater than 1.

The LDLT factorization may fail to exist if A—71 is not positive definite. This
will happen for example if we choose the shift 7 = 2 for the matrix in Example 9.6.1.
Then a;; — 7 = 0, and the first step in the factorization cannot be carried out. A
closer analysis shows that the factorization will fail if, and only if, 7 equals an
eigenvalue to one or more of the n — 1 leading principal submatrices of A. If 7 is
chosen in a small interval around each of these values, big growth of elements occurs
and the factorization may give the wrong count. In such cases one should perturb
7 by a small amount and restart the factorization from the beginning.

For the special case when A is a symmetric tridiagonal matrix the procedure
outlined above becomes particularly efficient and reliable. Here the factorization is
T — 71 = LDLYT, where L is unit lower bidiagonal and D = diag (dy, .. .,d,). The
remarkable fact is that if we only take care to avoid over/underflow then element
growth will not affect the accuracy of the slice.

Algorithm 9.6.2

Tridiagonal Spectrum Slicing Let T' be the tridiagonal matrix (9.6.9). Then the
number 7 of eigenvalues greater than a given number 7 is generated by the following
algorithm:

di =01 —T;

m:=1if d; > 0 then 1 else 0;

fork=2:n
di == (o — Br(Br/dr-1)) — 73
if |dk| < \/& then d; := \/E;
if d, > 0 then 7 :=7 + 1;

end

Here, to prevent breakdown of the recursion, a small |dj| is replaced by /w
where w is the underflow threshold. The recursion uses only 2n flops, and it is not
necessary to store the elements di. The number of multiplications can be halved
by computing initially ﬁ,%, which however may cause unnecessary over/underflow.
Assuming that no over/underflow occurs Algorithm 9.6.6 is backward stable. A
round-off error analysis shows that the computed values dy, satisfy exactly (let 3; =
0)

di = fl((ar — Bre(Be/dr—1)) — T)
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:(( o 1+elk)(1+62k))(1+63k)_T)(1+e4k) (9.6.18)

— (B )/dk 1, k=1,...,n,

where |e;x| < u. Hence, the computed number 7 is the exact number of eigenvalues
greater than 7 of a matrix A’, where A’ has elements satisfying

o — ol S u@lak|+170), (B — Brl < 2ulBil- (9.6.19)

This is a very satisfactory backward error bound. It has been improved even further
by Kahan [28, 1966], who shows that the term 2u|ay| in the bound can be dropped,
see also Problem 1. Hence it follows that eigenvalues found by bisection differ by
a factor at most (1 £ u) from the exact eigenvalues of a matrix where only the
off-diagonal elements are subject to a relative perturbed of at most 2u. This is
obviously a very satisfactory result.

The above technique can be used to locate any individual eigenvalue Ay of
A. Assume we have two values 7; and 7, such that for the corresponding diagonal
factors we have

m(D;) > k, m(Dy) <k

so that A\x lies in the interval [7,7,). We can then using p steps of the bisec-
tion (or multisection) method (see Section6.1.1) locate A in an interval of length
(tu — m1)/2P. From Gerschgorin’s theorem it follows that all the eigenvalues of a
tridiagonal matrix are contained in the union of the intervals a; £ (|8;| + |Bit1]),
i:l,...,n (61 :6n+1 :O)

Using the bound (9.3.20) it follows that the bisection error in each computed
eigenvalue is bounded by |\; — ;| < ||A’ — Al|2, where from (9.4.11), using the
improved bound by Kahan, and the inequalities |7] < ||All2, |ax| < |42 it follows
that

A = Al < 5ul| Al (9.6.20)

This shows that the absolute error in the computed eigenvalues is always small. If
some |Ag| is small it may be computed with poor relative precision. In some special
cases (for example, tridiagonal, graded matrices see Section 9.6.4) even very small
eigenvalues are determined to high relative precision by the elements in the matrix.
If many eigenvalues of a general real symmetric matrix A are to be deter-
mined by spectrum slicing, then A should initially be reduced to tridiagonal form.
However, if A is a banded matrix and only few eigenvalues are to be determined
then the Band Cholesky Algorithm 6.4.6 can be used to slice the spectrum. It is
then necessary to monitor the element growth in the factorization. We finally men-
tion that the technique of spectrum slicing is also applicable to the computation of
selected singular values of a matrix and to the generalized eigenvalue problem

Ax = A\Bux,

where A and B are symmetric and B or A positive definite, see Section 9.9.
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Review Questions

1. Describe how an arbitrary square matrix can be reduced to Hessenberg form by a
sequence of orthogonal similarity transformations. If this reduction is applied to a
real symmetric matrix what condensed form is obtained?

2. Describe the method of spectrum slicing for determining selected eigenvalues of a
real symmetric matrix A.

Problems

1. Reduce to tridiagonal form, using an exact orthogonal similarity, the real symmetric

matrix
1L V2 V2 V2
g V2 V2 -1 V2
vz -1 V2 V2
2 V2 V2 -3

2. Show that if a real skew symmetric matrix A, AT = —A, is reduced to Hessenberg
form H by an orthogonal similarity, then H is a real skew symmetric tridiagonal
matrix. Perform the reduction of the circulant matrix A (see Problem 9.1.9) with
first row equal to

(0,1,1,0,—1,-1).

3. To compute the eigenvalues of the following pentadiagonal matrix

4 2 1 0 0 O
2 4 2 1 00
1 2 4 2 10
A7012421’
001 2 4 2
00 01 2 4

we first reduce A to tridiagonal form.

(a) Determine a Givens rotation G23 which zeros the element in position (3,1) in
Ga2sA. Compute the the transformed matrix A®Y = Go3 AGE;.

(b) In the matrix A" a new nonzero element has been introduced. Show how this
can be zeroed by a new rotation without introducing any new nonzero elements.

(c) Device a “zero chasing” algorithm to reduce a general real symmetric pentadi-
agonal matrix A € R™*" to symmetric tridiagonal form. How many rotations are
needed? How many flops?

4. (a) Use one Givens rotation to transform to tridiagonal form the matrix
1 2 2
A=(2 1 2
2 21

(b) Compute the largest eigenvalue of A, using spectrum slicing on the tridiagonal
form derived in (a). Then compute the corresponding eigenvector.
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5. Show that (9.6.17) can be written

5 2 1 1
dk:ozk— Aﬁk ( +Elk)( +62k) — T 5 k:17..‘,n,
dipy T+ ep-1)(1+ep—1) (1+e3)

where we have put d, = dk(l + e3k)(1 + €ar), and |eik| < u. Conclude that since
sign(dy) = sign(dy) the computed number 7 is the exact number of eigenvalues a
tridiagonal matrix A" whose elements satisfy

lo, — ol < ulr],  [Br — Brl < 2ulBkl.

9.7 The LR and QR Algorithms

When combined with a preliminary reduction to Hessenberg or symmetric tridi-
agonal form (see Section9.6) the QR algorithm yields a very efficient method for
finding all eigenvalues and eigenvectors of small to medium size matrices. Then
the necessary modifications to make it into a practical method are described. The
general nonsymmetric case is treated in Section 9.7.3 and the real symmetric case
in Section9.7.4.

9.7.1 The Basic LR and QR Algorithms

The LR algorithm, developed by Rutishauser in [39, 1958], is an iterative method
of reducing a matrix to triangular form by a sequence of similarity transformations.
Rutishauser observed that if A = LR then a similarity transformation of A is

L 'AL = L Y(LR)L = RL.

Hence the matrix obtained by multiplying the factors in reverse order gives a matrix
similar to A. The LR algorithm is obtained by repeating this process.
Setting A1 = A we compute Ax41 = L,;lAkLk from

Ay = LyRe,  Api1 = RpLy, k=1,2,... (9.7.1)
Repeated application of (9.7.1) gives
Ay =L Ly'Li'AiL Loy -+ Ly—1. (9.7.2)

or

L1L2 s Lk—lAk = A1L1L2 s Lk—l' (973)
The two matrices defined by
Tw =1Ly Lyp_1Lg, Ug=RipRp—1--- Ry, (9.7.4)

are lower and upper triangular respectively. Forming the product T;U) and using
(9.7.3) we have

TwUp = L1 Ly (LpRi)Rp—1--- Ra
=L Ly 1ArRy—1--- Ry
=A1L;-- Ly 1Rp—1-- Ry.
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Repeating this we obtain the basic relation
T.U, = A¥. (9.7.5)

This shows that the close relation between the LR algorithm and the power method.

It is possible to show that under certain restrictions the matrix Ay converges
to an upper triangular matrix Ro,. The eigenvalues are then equal to the diagonal
elements of R... In establishing the convergence result several assumptions need to
be made. for example, that the LR factorization exists at every stage. This is not
be true for the simple matrix

0 1
=% 3)

with eigenvalues 1 and 3. Although we could equally well work with the shifted
matrix A + I, which has a triangular factorization, there are other problems with
the LR algorithm, which makes a robust implementation difficult.

In order to avoid the problems with the LR algorithm it seems natural to
devise a similar algorithm using orthogonal similarity transformations. This leads
to the QR algorithm, developed independently by Francis [14, 1961] and Kublanov-
skaya [31, 1961].% It then represented a significant and genuinely new contribution
to eigensystems computation.

In the QR algorithm applied to A; = A the matrix Agy1 = QF ApQy, is
computed from

A = Qr Ry, A1 = ReQp, k=1,2,..., (9.7.6)

where Q) is orthogonal and Ry is upper triangular, i.e., in the kth step we first
compute the QR decomposition of the matrix Ay and then multiply the factors in
reverse order to get Agy1.

The successive iterates of the QR algorithm satisfy relations similar to those
derived for the LR algorithm. We define

P =Q1Q2---Qy, Up = Ry - Ro Ry,

where Py is orthogonal and Uy, is upper triangular. Then by repeated applications
of (9.7.6) it follows that

Apy1 = PLAP,. (9.7.7)
Further we have
PpU = Q1+ Q1 (QrRi)Ri—1 - Ba (9.7.8)
=Q1 Qr—1AkRp—1 - Ry (9.7.9)
=A1Q1 - Qr—1Rpk—1-+ R1. (9.7.10)
Repeating this gives
P.U, = A¥. (9.7.11)

9The QR algorithm was chosen as one of the 10 algorithms with most influence on scientific
computing in the 20th century by the editors of the journal Computing in Science and Engineering.
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When A is real symmetric and positive definite we can modify the LR algo-
rithm and use the Cholesky factorization A = LLT instead. The algorithm then
takes the form

Ap=LyLE, Ay =LFLy, k=1,2,.... (9.7.12)
and we have
Apyr = L "AgLy = L{AGLT (9.7.13)

Clearly all matrices Ay are symmetric and positive definite and the algorithm is
well defined. Repeated application of (9.7.13) gives

Ay =T, N ATy = T AT )T (9.7.14)
where Ty, = L1Ls - - - Lj. Further we have
Af = (LiLy-- L) (L} -+ L3 LT) = T, T} (9.7.15)

When A is real symmetric and positive definite there is a close relationship
between the LR and QR algorithms. For the QR algorithm we have AT = A; =
RTQT and hence

AT Ay = A2 = RFQT Qi Ry, = RL Ry, (9.7.16)

which shows that RY is the lower triangular Cholesky factor of A2.
For the Cholesky LR algorithm we have from (9.7.4) and (9.7.5)

A? = L Ly (LiLgia)? . (9.7.17)

These two Cholesky factorizations (9.7.16) and (9.7.16) of the matrix A2 must be
the same and therefore R{ = LgLgy1. Thus

Ap1 = RiQr = R AR = Ly LY Ap(Li L)1

Comparing this with (9.7.14) we deduce that one step of the QR algorithm is equiva-
lent to two steps in the Cholesky LR algorithm. Hence the matrix A1) obtained
by the Cholesky LR algorithm equals the matrix A1) obtained using the QR
algorithm.

We now show that in general the QR iteration is related to orthogonal iter-
ation. Given an orthogonal matrix Qo € R™ "™ orthogonal iteration computes a
sequence Q1, Qa, ..., where

Zr = AQu, Zp=Qui1Re.  k=0,1,... (9.7.18)

The related sequence of matrices By = Q;{AQk = Q;{Zk similar to A can be
computed directly. Using (9.7.18) we have By = (Q% Qx+1)Rk, which is the QR
decomposition of By, and

Bis1 = (Qh114)Qrs1 = (QF 1 AQk)QF Qi1 = Ri(QF Qrr)-

Hence, Bj+1 is obtained by multiplying the QR factors of By, in reverse order, which
is just one step of QR iteration! If; in particular we take Qo = I then By = Ay, and
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it follows that By = A, k= 0,1,2,..., where A is generated by the QR iteration
(9.7.6). From the definition of By, and (9.7.6) we have Q; = Py_1, and (compare
(9.4.4))

A¥ = QuRp, Ry =Ry - RoR;. (9.7.19)

From this we can conclude that the first p columns of Qk form an orthogonal basis
for the space spanned by the first p columns of A*, ie., A*(ey,...,¢e,).

In the QR algorithm subspace iteration takes place on the subspaces spanned
by the unit vectors (e1,...,ep), p=1,...,n. It is important for the understanding
of the QR algorithm to recall that therefore, according to Theorem 9.4.1, also
inverse iteration by (Af)~! takes place on the orthogonal complements, i.e., the
subspaces spanned by (ep+1,...,€,), p =0,...,n — 1. Note that this means that
in the QR algorithm direct iteration is taking place in the top left corner of A, and
inverse iteration in the lower right corner. (For the QL algorithm this is reversed,
see below.)

9.7.2 Convergence of the Basic QR Algorithm

Assume that the eigenvalues of A satisfy |A,| > [Ap+1], and let (9.4.16) be a corre-
sponding Schur decomposition. Let Py, = (Py1, Pi2), Pr1 € R™*P be defined by
(9.7.6). Then by Theorem 9.4.1 with linear rate of convergence equal to [Ap+1/Ap]

where U; spans the dominant invariant subspace of dimension p of A. It follows
that A will tend to reducible form

A A
)

This result can be used to show that under rather general conditions A; will tend

to an upper triangular matrix R whose diagonal elements then are the eigenvalues
of A.

Theorem 9.7.1.
If the eigenvalues of A satisfy |A1| > A2 > -+ > |\,|, then the matrices
Ay generated by the QR algorithm will tend to upper triangular form. The lower

triangular elements al®

ij » ©> ], converge to zero with linear rate equal to |A;/A;].

Proof. See Watkins [50]. O

If the product Py, £ = 1,2,... of the transformations are accumulated the
eigenvectors may then be found by calculating the eigenvectors of the final triangular
matrix and then transforming them back.

To speed up convergence the QR algorithm can be applied to the matrix
A = A — 71, where 7 is a shift. If 7 approximates a simple eigenvalue Aj of A,
then in general |[X\; — 7| > |A\; — 7| for ¢ # j. By the result above the off-diagonal
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elements in the last row of A, will approach zero very fast. Usually a different shift
in used in each step. If further the shift is restored at the end of the step the QR
iteration can be written

A — il = Qr Rk, RiQi + 11 = Ak+l7 k=0,1,2,..., (9.7.20)

It is easily verified that with this shifted QR iteration we have Ay1 = QF ArQx,
and the relation to the power method is now expressed by the following result.

Theorem 9.7.2.
Let Qr, and Ry, be computed by the QR algorithm (9.7.20). Then

(A=) (A=) (A= 70l) = PUy, (9.7.21)
Py =QoQ1 - Qk, Us = RRe—1 - Ry.

Proof. For k = 0 the relation (9.7.21) is just the defining equation of Q¢ and Ry.
Assume now that the relation is true for £ — 1. From Apy 1 = Q{Aka and using
the orthogonality of P

A1 — il = PL(A — 7.1) Py (9.7.22)

Hence, Ry, = (Apt1 — 71)QF = PY(A— 7 1) P,QF = PI(A — 741) P,—1. Postmul-
tiplying this equation by Ux_1 we get

RiUp—1 = Uy, = PL(A — 7. D) Py Up—1,

and thus P,U, = (A — 74 1)Pr—1Ui—1. Using the inductive hypothesis the theorem
follows. 0O

A variant called the QL algorithm is based on the iteration
A = Qi Ly, LiQy = Agya, k=0,1,2,..., (9.7.23)

where Ly is lower triangular, and is merely a reorganization of the QR algorithm.
Let J be a permutation matrix such that JA reverses the rows of A. Then AJ
reverses the columns of A and hence JAJ reverses both rows and columns. If R
is upper triangular then JRJ is lower triangular. It follows that if A = QR is
the QR decomposition then JAJ = (JQJ)(JRJ) is the QL decomposition of JA.J.
It follows that the QR algorithm applied to A is the same as the QL algorithm
applied to JAJ. The convergence theory is therefore the same for both algorithms.
However, in the QL algorithm inverse iteration is taking place in the top left corner
of A, and direct iteration in the lower right corner.

An important case where the choice of either the OR, or QL algorithm should
be preferred is when the matrix A is graded, see Section 9.6.4. If the large elements
occur in the lower right corner then the QL algorithm is more stable. (Note that
then the reduction to tridiagonal form should be done from bottom up; see the
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remark in Section9.6.4.) Of course, the same effect can be achieved by explicitly
reversing the ordering of the rows and columns.

For a dense matrix the cost for one QR iteration is 4n3/3 flops, which is too
much to make it a practical algorithm. However, if the matrix A is initially reduced,
as described in Section 9.6, to upper Hessenberg form, or in the real symmetric case
to tridiagonal form, this form is preserved by the QR iteration. The cost is then
reduced to only 4n? flops per iteration, or about 12n flops per iteration in the
real symmetric case. The QR algorithm in practice also depends on several other
factors to achieve full accuracy and efficiency. Some of these will be discussed in
the following sections.

9.7.3 QR Algorithm for Hessenberg Matrices

We first show that Hessenberg form is preserved by the QR iteration. Let Hj be
upper Hessenberg and for £ =0,1,2,...

Hyi — 1.l = Qi Ry, RipQr + 1l = Hiy. (9.7.24)

First note that the addition or subtraction of 7,1 does not affect the Hes-
senberg form. If Ry is nonsingular then Qr = (Hy — TkI)Rlzl is a product of an
upper Hessenberg matrix and an upper triangular matrix, and therefore again a
Hessenberg matrix (cf. Problem 6.2.5). Hence R;Qy and Hyi1 are again of upper
Hessenberg form.

In the explicit-shift QR algorithm we first form the matrix Hy — 731, and
then apply a sequence of Givens rotations, G, j+1, j =1,...,n—1 (see (7.4.14)) so
that

Gnoin -+ Go3Gra(Hy — 1) = QF (Hy — 7.1) = Ry,

becomes upper triangular. At a typical step (n = 5, j = 3) the partially reduced
matrix has the form

P11 X X X X
p22 X X X

vz X X

h43 X X

X X

The rotation G'3 4 is now chosen so that the element hy3 is annihilated, which carries
the reduction one step further. To form Hj; we must now compute

RiQk + il = RG{3G3 -~ GE_ 1 + 7l

The product RyGY, will affect only the first two columns of Ry, which are replaced
by linear combinations of one another. This will add a nonzero element in the
(2,1) position. The rotation GZ; will similarly affect the second and third columns
in R,GT,, and adds a nonzero element in the (3,2) position. The final result is
obviously a Hessenberg matrix.

If an upper Hessenberg matrix H has a zero subdiagonal entry, then we can

write
_(Hy1 Hia
m=(fo ).
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The eigenvalues of H are then the sum of the eigenvalues of the two Hessenberg
matrices H11 and Hss, and the eigenvalue problem decouples into two problems
of smaller dimensions. In particular, if Hsy is a scalar, then we have found an
eigenvalue and the problem deflates.

If the shift 7 is chosen as an exact eigenvalue of H, then H — 71 = QR has
a zero eigenvalue and thus is singular. Since @ is orthogonal R must be singular.
Moreover, if H is unreduced then the first n — 1 columns of H — 71 are independent
and therefore the last diagonal element r,,,, must vanish. Hence the last row in RQ
is zero, and the elements in the last row of H' = RQ + 71 are hy,,, ; = 0 and
h’;l’n, = T,

The above result shows that if the shift is equal to an eigenvalue 7 then the
QR algorithm converges in one step to this eigenvalue. This indicates that 7 should
be chosen as an approximation to an eigenvalue A. Then h, ,—1 will converge to
zero at least with linear rate equal to |\ — 7|/ miny 5 [N — 7|. The choice

T=hpn = eZHen

is called the Rayleigh quotient shift, since it can be shown to produce the same
sequence of shifts as the RQI starting with the vector ¢y = e,. With this shift
convergence is therefore asymptotically quadratic.

If H is real with complex eigenvalues, then we obviously cannot converge to
a complex eigenvalue using only real shifts. We could shift by the eigenvalue of

_ hn—l,n—l hn—l,n
C_< A ) (9.7.25)

closest to hy, n, although this has the disadvantage of introducing complex arithmetic
even when A is real. A way to avoid this will be described later.

A important question is when to stop the iterations and accept an eigenvalue
approximation. We set hy n,—1 = 0 and accept h,, as an eigenvalue if

|hn,n71| S 6(|hn71.,nfl| + |h/n,n|)7

where € is a small constant times the unit roundoff. This criterion can be justified
since it corresponds to a small backward error. In practice the size of all subdiagonal
elements should be monitored. Whenever

[hiio1] < €(Jhic1i—1| + |Riil),

for some i < n, we set |h;;—1| and continue to work on smaller subproblems. This
is important for the efficiency of the algorithm, since the work is proportional to
the square of the dimension of the Hessenberg matrix. An empirical observation is
that on the average less than two QR iterations per eigenvalue are required.
When the shift is explicitly subtracted from the diagonal elements this may
introduce large relative errors in any eigenvalue much smaller than the shift. We now
describe an implicit-shift Q R-algorithm, which avoids this type of error. This is
based on Theorem9.6.1, which says that the matrix Hy; in a QR iteration (9.7.24)
is essentially uniquely defined by the first column in Qy, provided it is unreduced.
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In the following, for simplicity, we drop the iteration index and write (9.7.24)
as

H-7I=QR, H =RQ+rl. (9.7.26)

To apply Theorem 9.6.1 to the QR algorithm we must find the first column ¢; in
Q. From H — 71 = QR with R upper triangular it follows that r11¢q; equals the
first column in H — 71, which is

hi = (h11 —7,h21,0,- - 70)T'

If we choose a Givens rotation Gia so that GT,h; = %[ hill2e1, then Gigep is
proportional to h1, and (take n = 6)

X X X X X X X X X X X X

X X X X X X X X X X X X

GTQH _ X X X X X GTQHGlQ _ + X X X X X
X X X X X X X X

X X X X X X

X X X X

)

To preserve the Hessenberg form a rotation GGa3 is chosen to zero the element 4+,

X
X

X X X X

G33G 1 HG12Gas =

+ X X X

X X X X X
X X X X X X
X X X X X X

We continue to chase the element + down the diagonal, with rotations G4, ..., Gp—1
until it disappears. We have then obtained a Hessenberg matrix Q7 HQ, where the
first column in Q is G12Ga23 - - - Gr—1,ne1 = Gi2e1. From Theorem 9.6.1 it follows
that the computed Hessenberg matrix is indeed H’. Note that the information of
the shift 7 is contained in (G12, and the shift is not explicitly subtracted from the
other diagonal elements. The cost of one QR iteration is 4n? flops.

To avoid complex arithmetic when H is real one can adopt the implicit-shift
QR algorithm to compute the real Schur form in Theorem 9.2.2, where R is quasi-
triangular with 1 x 1 and 2 x 2 diagonal blocks. For real matrices this will save a
factor of 2—4 over using complex arithmetic. Let 7 and 75 be the eigenvalues of the
matrix C in (9.7.25), and consider two QR iterations with these shifts,

H—-nl=QR,, H =RQ+nl,
H' — 10 = Q2Ry, H" = RyQ2+ 121.

We now show how to compute H” directly from H using real arithmetic. We have
H" = (Q1Q2)"HQ1Q2 and from Theorem 9.7.2

(QlQQ)(RQRl) = (H — 7’1[)(H - 7'2[)
= H2 — (7’1 +7’2)H+7’17'2I = G,
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where (71 + 72) and 77 are real. By the uniqueness theorem ((Q1Q2) is de-
termined from its first column, which is proportional to the first column g; =
Gey = (u,v,w,0,...,0)T of G. Taking out a factor hg; # 0 this can be written
g1 = h21(p,q,7,0,...,0)7, where

p = (hi; — (11 + 2)h11 + 7172) /ha1 + o, (9.7.27)
q:h11+h22—(7'1—|—7'2>, r = hzs.

Note that we do not even have to compute 7 and 7o, since we have 71 + 7 =
hn—1,n-1 4 hnn, and 7172 = det(C). Substituting this into (9.7.27), and grouping
terms to reduce roundoff errors, we get

P = [(hnn — h11)(hn—1,n—1 — h11) — hpn—1hn—1n]/h21 + h12
g = (h22 — h11) — (hnn — R11) — (hn—1,n—1 — h11), r = h3a.
The double QR step iteration can now be implemented by a chasing algorithm. We

first choose rotations Gag and G2 so that G¥ g1 = G1,G191 = %||g1/|2€1, and carry
out a similarity transformation

+ X

X X
X X X X
+ + x X
4+ X X X
X X X X

Gt = . GTHG, =

X X X X X
X X X X X X
X X X X X X

X X X X X
X X X X X X
X X X X X X

To preserve the Hessenberg form we then choose the transformation Gy = G34Go3
to zero out the two elements + in the first column. Then

X
X

GYGTHG.G, =

+ 4+ X X X
+ X X X X
X X X X X
X X X X X
X X X X X

X X

Note that this step is similar to the first step. The “bulge” of + elements has now
shifted one step down along the diagonal, and we continue to chase these elements
until they disappear below the last row. We have then completed one double step
of the implicit QR algorithm.

Suppose the QR algorithm has converged to the final upper triangular ma-
trix T'. Then we have

PTHP =T, P=QohQ2--,
where @Qf is a product of Givens rotations, and P is the product of all the transfor-

mations used. The eigenvectors z;, i = 1,2,...,n of T satisfy Tz; = \;z;, z1 = e,
and z; is a linear combination of eq,...,e;. The nonzero components of z; can then
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be computed by back-substitution

%

si=1, 2= —( 3 tjkz,”»)/(/\j “N), j=i—1,...,L (9.7.28)

k=j+1

The eigenvectors of H are then given by Pz;, i = 1,2,...,n. Finally if H has been
obtained by reducing a matrix A to Hessenberg form as described in Section 9.6.3,
then the eigenvectors of A can be computed from

z;=UPz, i=12,...,n, U” AU = H. (9.7.29)

When only a few selected eigenvectors are wanted, then a more efficient way is to
compute these by using inverse iteration. However, if more than a quarter of the
eigenvectors are required, it is better to use the procedure outlined above.

It must be remembered that the matrix A may be defective, in which case
there is no complete set of eigenvectors. In practice it is very difficult to take this
into account, since with any procedure that involves rounding errors one cannot
demonstrate that a matrix is defective. Usually one therefore should attempt to
find a complete set of eigenvectors. If the matrix is nearly defective this will often
be evident, in that corresponding computed eigenvectors will be almost parallel.

If we do not want the eigenvectors, then it is not necessary to save the se-
quence of orthogonal transformations. It is even possible to avoid storing the
rotations by performing the postmultiplications simultaneously with the premul-
tiplications. For example, once we have formed Go3G12H), the first two columns do
not enter in the remaining steps and we can perform the postmultiplication with
G7T,. Hence we can alternately pre- and postmultiply; in the next step we compute
(G34((G23G12H}€)GT2))G,£3, and so on.

From the real Schur form Q7 AQ = T computed by the QR algorithm, we get
information about some of the invariant subspaces of A. If

T_<T11 ;12)5 Q:(Ql Q2)7
22

and A\(T11) N A(Te2) = 0, then @; is an orthogonal basis for the unique invariant
subspace associated with A(T11). However, this observation is useful only if we want
the invariant subspace corresponding to a set of eigenvalues appearing at the top
of the diagonal in T'. Fortunately, it is easy to modify the real Schur decomposition
so that an arbitrary set of eigenvalues are permuted to the top position. Clearly we
can achieve this by performing a sequence of transformations, where in each step
we interchange two nearby eigenvalues in the Schur form. Thus we only need to
consider the 2 x 2 case,

Ah
QTAQ = T: ( 01 )\122) 5 )\1 75 )\2.

To reverse the order of the eigenvalues we note that Tt = Az where

_ hio
x—<A2_)\l>.
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Let G” be a Givens rotation such that G"x = ve,. Then GTTG(G"x) = MGz,
i.e. GTz is an eigenvector of T' = GTGT. It follows that Te; = Aze; and T' must

have the form
AT A [ A2 Ehio
Q AQ_T_ < O Al )
where Q = QG.

9.7.4 QR Algorithm for Symmetric Tridiagonal Matrices

By the methods described in Section 9.6 any Hermitian (real symmetric) matrix can
by a unitary (orthogonal) similarity transformation be reduced into real, symmetric
tridiagonal form

o1 fo
B2 s B3
T = B3 T (9.7.30)
Qp—1 Bn
ﬂn (077

A tridiagonal matrix T is called unreduced if all off-diagonal elements are
nonzero, 3; # 0,7 =2,...,n. Let T be unreduced and A an eigenvalue of T'. Then
rank (T — AI) = n — 1 (the submatrix obtained by crossing out the first row and
last column of T'— AI has nonzero determinant, (-3, # 0). Hence there is
only one eigenvector corresponding to A and since T is diagonalizable A must have
multiplicity one. Thus all eigenvalues of an unreduced symmetric tridiagonal matriz
are distinct. In the following we can assume that 7' is unreduced, since otherwise
it can be split up in smaller unreduced tridiagonal matrices.

The QR algorithm also preserves symmetry. Hence it follows that if T is
symmetric tridiagonal, and

T-r1=QR, T =RQ+7I, (9.7.31)

then also T/ = QTTQ is symmetric tridiagonal.
From the Implicit ) Theorem (Theorem 9.6.1) we have the following result,
which can be used to develop an implicit QR algorithm.

Theorem 9.7.3.

Let A be real symmetric, Q = (q1,...,qn) orthogonal, and T = QTAQ an
unreduced symmetric tridiagonal matriz. Then Q and T are essentially uniquely
determined by the first column ¢ of Q.

Suppose we can find an orthogonal matrix Q with the same first column
q1 as in (9.7.31) such that QT AQ is an unreduced tridiagonal matrix. Then by
Theorem 9.7.3 it must be the result of one step of the QR algorithm with shift .
Equating the first columns in T'— 71 = QR it follows that r11¢g1 equals the first
column ¢1 in T'— 7. In the implicit shift algorithm a Givens rotation G5 is chosen
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so that
G,{;tl :th1H2817 t1 = (011 _7-762507"'50)T'

We now perform the similarity transformation G¥,TG12, which results in fill-in in
positions (1,3) and (3,1), pictured below for n = 5:

X X 4+ X X 4+
X X X X X X
T X X X T + X X X
G1.T = Gi12TG12 =
12 % % x ) 12 12 % % %
X X X X X X
X X X X

To preserve the tridiagonal form a rotation Gas can be used to zero out the fill-in
elements.

X X
X X X —+
X X X
GELGE, T G12Gas =
2312 1223 + % % %
X X X
X X

We continue to “chase the bulge” of + elements down the diagonal, with trans-
formations Gaa, ..., Gp—1,, after which it disappears. We have then obtained a sym-
metric tridiagonal matrix Q7 TQ, where the first column in @ is G12Gas - - - Grn-1ne1 =
G12¢e1. By Theorem 9.6.1 it follows that the result must be the matrix 7" in (9.7.31).

There are several possible ways to choose the shift. Suppose that we are
working with the submatrix ending with row r, and that the current elements of
the two by two trailing matrix is

Qo — 67‘
( 5 ! QT) : (9.7.32)

The Rayleigh quotient shift 7 = «,., gives the same result as Rayleigh Quotient
Iteration starting with e,. This leads to generic cubic convergence, but not guaran-
teed. In practice the Wilkinson shift has proved more efficient. This shift equals
the eigenvalue of the submatrix (9.7.32), which is closest to «,.. A suitable formula
for computing this shift is

r=an - 5,%/ (|d| + sign (d) /& + 5,%) . d= (a1 —ay)/2 (9.7.33)
(cf. Algorithm (9.5.1)). A great advantage of the Wilkinson shift is that it gives
guaranteed global convergence.!® It can also be shown to give almost always local

cubic convergence, although quadratic convergence might be possible.

10A proof is given in Parlett [38, Chapter 8].
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Example 9.7.1. Consider an unreduced tridiagonal matrix of the form

x x 0
T=| x x €
0 € t33

Show, that with the shift 7 = ¢33, the first step in the reduction to upper triangular
form gives a matrix of the form

X X  S1€
Gi2(T—sI)=10 a ce
0 € 0

If we complete this step of the QR algorithm, QR = T'—71, the matrix T = RQ+7I,
has elements f55 = f93 = —c1€/(e? + a?). This shows that if € < the QR method
tends to converge cubically.

As for the QR algorithm for unsymmetric matrices it is important to check
for negligible subdiagonal elements using the criterion

1Bi] < e(Jaii1] +]ai]).

When this criterion is satisfied for some i < n, we set §; equal to zero and the
problem decouples. At any step we can partition the current matrix so that

D3

where D3 is diagonal and T3 is unreduced. The QR algorithm is then applied
to TQQ.

We will not give more details of the algorithm here. If full account of symmetry
is taken then one QR iteration can be implemented in only 9n multiplications, 2n
divisions, n — 1 square roots and 6n additions. By reorganizing the inner loop of
the QR algorithm, it is possible to eliminate square roots and lower the operation
count to about 4n multiplications, 3n divisions and 5n additions. This rational
QR algorithm is the fastest way to get the eigenvalues alone, but does not directly
yield the eigenvectors.

The Wilkinson shift may not give the eigenvalues in monotonic order. If some
of the smallest or largest eigenvalues are wanted, then it is usually recommended to
use Wilkinson shifts anyway and risk finding a few extra eigenvalues. To check if all
wanted eigenvalues have been found one can use spectrum slicing, see Section 9.6.5.
For a detailed discussion of variants of the symmetric tridiagonal QR algorithm, see
Parlett [38].

If T has been obtained by reducing a Hermitian matrix to real symmetric
tridiagonal form, U® AU = T, then the eigenvectors are given by

z; =UPe;, i=1,2,...,n, (9.7.34)
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where P = QgQ1Q> - - - is the product of all transformations in the QR algorithm.
Note that the eigenvector matrix X = UP will by definition be orthogonal.

If eigenvectors are to be computed, the cost of a QR iteration goes up to
4n? flops and the overall cost to O(n3). To reduce the number of QR iterations
where we accumulate transformations, we can first compute the eigenvalues with-
out accumulating the product of the transformations. We then perform the QR
algorithm again, now shifting with the computed eigenvalues, the perfect shifts,
convergence occurs in one iteration. This may reduce the cost of computing eigen-
vectors by about 40%. As in the unsymmetric case, if fewer than a quarter of the
eigenvectors are wanted, then inverse iteration should be used instead. The draw-
back of this approach, however, is the difficulty of getting orthogonal eigenvectors
to clustered eigenvalues.

For symmetric tridiagonal matrices one often uses the QL algorithm instead
of the QR algorithm. We showed in Section9.7.1 that the QL algorithm is just
the QR algorithm on JAJ, where J is the permutation matrix that reverses the
elements in a vector. If A is tridiagonal then JAJ is tridiagonal with the diagonal
elements in reverse order.

In the implicit QL algorithm one chooses the shift from the top of A and chases
the bulge from bottom to top. The reason for preferring the QL algorithm is simply
that in practice it is often the case that the tridiagonal matrix is graded with the
large elements at the bottom. Since for reasons of stability the small eigenvalues
should be determined first the QL algorithm is preferable in this case. For matrices
graded in the other direction the QR algorithm should be used, or rows and columns
reversed before the QL algorithm is applied.

9.7.5 QR-SVD algorithms for Bidiagonal Matrices

For the computation of the SVD of a matrix A € R™*™ it is usually advisable to
first perform a QR decomposition with column pivoting of A

m1=@(§>. (9.7.35)

(We assume in the following that m > n. This is no restriction since otherwise we
can consider AT.) Let let R = UrX V7 be the SVD of R. Then it follows that

AzUﬂ”,UzQ(%ﬁ. (9.7.36)

Clearly the singular values and the right singular vectors of AIl and R are the same
and the first n left singular vectors of A are easily obtained from those of R.

Starting with R; = R, a sequence of upper triangular matrices Ry, k =
1,2,.... In step k the QR factorization of a the lower triangular matrix is computed
R} = Qrt1Ri41, (9.7.37)

In the next step Ry41 is transposed and the process repeated. As we now show
This iteration is related to the basic unshifted QR algorithm for RT R and RT R.
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Using (9.7.37) we observe that
R Ry, = Qir1(Rys1 Ry)

is the QR factorization of R Ry. Forming the product in reverse order gives

(Ris1Ri) Qi1 = Rey1 R Qi Qrsr = R RE

T T T
= RpyoQiy0Qri2Rky2 = Ry o Rpio.

Hence two successive iterations of (9.7.37) are equivalent to one iteration of the
basic QR algorithm for RTR. Moreover this is achieved without forming RT R,
which is essential to avoid loss of accuracy.
Using the orthogonality of Q1 it follows from (9.7.37) that Ri41 = Q{,, R},
and hence
R£+1Rk+1 = Rk(QkJrlQ;{H)Rg = RkRz-

Further we have

RyoRf, 5 = RitoRies1Qri2 = Q1o (ReRE) Qrya. (9.7.38)

which shows that we are simultaneously performing an iteration on RkRg, again
without explicitly forming this matrix.

One iteration of (9.7.37) is equivalent to one iteration of the Cholesky LR
algorithm applied to By = RkRg. This follows since By has the Cholesky factor-
ization By = R£+1Rk+1 and multiplication of these factors in reverse order gives
Biy = Rk+1R£+1- (Recall that for a symmetric, positive definite matrix two steps
of the LR algorithm is equivalent to one step of the QR algorithm.)

The convergence of this algorithm is enhanced provided the QR factorization
of A in the first step is performed using column pivoting. It has been shown that
then already the diagonal elements of Ry often are surprisingly good approximations
to the singular values of A.

For the QR-SVD algorithm to be efficient it is necessary to initially reduce
A to a compact form that is preserved during the QR iterations and to introduce
shifts. The proper compact form here is a bidiagonal form B. It was described in
Section 8.6.6 how any matrix A € R™*" can be reduced to upper bidiagonal form.
Performing this reduction on R we have

q1 €2
q2 €3
QLRP; = B = . (9.7.39)
dn

with orthogonal transformations from left and right. Using a sequence of House-
holder transformations

Qp=Q1 - Qn e R™", Pg=P P, 5 € R
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the reduction can be carried out in %n3 flops. Note that also a complex matrix A

can be reduced to real bidiagonal form using complex Householder transformations,
see Section9.1.2. The singular values of B equal those of A and the left and right
singular vectors can be constructed from those of B.

We first notice that if in (9.7.39) e; = 0, then the matrix B breaks into two
upper bidiagonal matrices, for which the singular values can be computed indepen-
dently. If ¢; = 0, then B has a singular value equal to zero. Applying a sequence of

Givens rotations from the left, G; ;41, Gi it2, ..., G;n the ith row be zeroed out, and
again the matrix breaks up into two parts. Hence we may without loss of generality
assume that none of the elements g1, ¢;,e;, ¢ = 2,...,n are zero. This assumption

implies that the matrix BT B has nondiagonal elements ;11 = ¢;e;41 # 0, and
hence is unreduced. It follows that all eigenvalues of BT B are positive and distinct,
and we have o9 > -+ > g, > 0.

Since shifts are essential for achieving rapid convergence and deflation we now
look into alternative ways of implementing the QR-SVD algorithm.

We first proceed by forming the symmetric matrix

o 0 B 2nxX2n
C= (BT 0) cR . (9.7.40)
whose eigenvalues are +0;, i = 1,...,n. After reordering rows and columns by an

odd/even permutation C' becomes symmetric tridiagonal matrix with zeros on the
main diagonal. Hence

0 @
g 0 e
. e 0 @
T=P' CP= . 9.7.41
u 0 (9.7.41)
qn
gn O

where P is the permutation matrix whose columns are those of the identity in the
order (n+1,1,n+2,2,...,2n,n). Hence the QR algorithm, the divide and conquer
algorithm, and spectrum slicing (see Problem 6) are all applicable to this special
tridiagonal matrix to compute the singular values of B. A disadvantage of this
approach is that the dimension is essentially doubled.

A closer inspection of the QR algorithm applied to T reveals it to be equiv-
alent to an algorithm where the iterations are carried out directly on B. It is also
equivalent to an implicit version of the QR algorithm applied to the symmetric
tridiagonal matrix T = BT B.

We now consider the application of the implicit shift QR algorithm to BT B.
Since forming BT B would lead to a severe loss of accuracy in the small singular
values it is essential to work directly with the matrix B. The Wilkinson shift 7
can be determined as the smallest eigenvalue of the lower right 2 x 2 submatrix in
BBT or equivalently as the square of the smallest singular value of the 2 x 2 upper
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triangular submatrix in (9.7.39)

gn—1 €En
0 /)’
In the implicit shift QR algorithm for BT B we first determine a Givens rota-
tion Tl = G12 so that

Gr‘lgtl = :|:Ht1H2€1, tl = (q% -7, qleg,O, .. .,O)T, (9742)

where t; is the first column in BT B — 71 and 7 is the shift. Suppose we next apply
a sequence of Givens transformations such that

T TETIBTBT Ty - Ty

is tridiagonal, but we wish to avoid doing this explicitly. Let us start by applying
the transformation T; to B. Then we get (take n = 5),

If we now premultiply by a Givens rotation ST = Rja to zero out the + element,
this creates a new nonzero element in the (1, 3) position; To preserve the bidiagonal
form we then choose the transformation 75 = Rg3 to zero out the element +:

—
—

STBT, =

X X
& X

X X 4+
+ X X
X X @ «—

X s STBT:[TQ =

We can now continue to chase the element + down, with transformations alternately
from the right and left until we get a new bidiagonal matrix

B = (ST STYB(Ty---T,_1)=UTBP.

T ..
But then the matrix
T=8BTB=pP'BTUUTBP = PT'TP

is tridiagonal, where the first column of P equals the first column of T7. Hence if
T is unreduced it must be the result of one QR iteration on T = BT B with shift
equal to 7.
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The subdiagonal entries of T' equal g;e;41, i = 1,...,n — 1. If some element
ei+1 is zero, then the bidiagonal matrix splits into two smaller bidiagonal matrices

Ne:
p=(% 5)

If ¢; = 0, then we can zero the i¢th row by premultiplication by a sequence Givens
transformations R;;11,..., R, and the matrix then splits as above. In practice
two convergence criteria are used. After each QR step if

leir1| < 0.5u(|gs| + |git1]),

where u is the unit roundoff, we set e;41 = 0. We then find the smallest p and the
largest ¢ such that B splits into quadratic subblocks

B 0 0
0 B, 0 |,
0 0 Bs

of dimensions p,n — p — ¢ and, g where Bs is diagonal and By has a nonzero
subdiagonal. Second, if diagonal elements in By satisfy

lgi] < 0.5u(|e;] + |eis1]),

set ¢; = 0, zero the superdiagonal element in the same row, and repartition B.
Otherwise continue the QR algorithm on Bs.

A justification for these tests is that roundoff in a rotation could make the
matrix indistinguishable from one with a ¢; or e;11 equal to zero. Also, the error
introduced by the tests is not larger than some constant times u||B||2.

The implicit QR-SVD algorithm can be shown to be backward stable. This
essentially follows from the fact that we have only applied a sequence of orthogo-
nal transformations to A. Hence the computed singular values ¥ = diag (7) are
the exact singular values of a nearby matrix A + E, where |E||2 < ¢(m,n) - uo;.
Here ¢(m,n) is a constant depending on m and n and u the unit roundoff. From
Theorem 7.3.4

ok — o] < e(m,n) - uoy.

Thus, if A is nearly rank deficient, this will always be revealed by the computed sin-
gular values. Note, however, that the smaller singular values may not be computed
with high relative accuracy.

When all the superdiagonal elements in B have converged to zero we have
Q:SFBTS =¥ =diag(o1,...,0,). Hence

utav = (%) . U=Qpdiag(Qs, I;mn_n), V =TgTs (9.7.43)

is the singular value decomposition of A. Usually less than 2n iterations are needed
in the second phase. One QR iteration requires 14n multiplications and 2n calls to
givrot. Accumulating the rotations into U requires 6mn flops. Accumulating the



9.7. The LR and QR Algorithms 97

Table 9.7.1. Comparison of multiplications for SVD algorithms.

Required | Golub—Reinsch SVD  Chan SVD
5,0,V | 3+ C)mn*+ Hn®  3mn?+2(C + 1)n?

DI (3+ C)mn? —n? 3mn? + (C +4/3)n3
5V 2mn? + Cn3 mn? + (C +5/3)n>
b)) 2mn? — 2n3/3 mn? +n3

rotations into V requires 6n? flops. If singular vectors are desired, the cost of a QR
iteration goes up to 4n? flops and the overall cost to O(n?). See Table 9.7.5 for a
comparison of flop counts for different variants.

To reduce the number of QR iterations where we accumulate transformations
we can first compute the singular values without accumulating vectors. If we then
choose shifts based on the computed singular values, the perfect shifts, convergence
occurs in one iteration. This may reduce the cost about 40%. If fewer than 25% of
the singular vectors are wanted, then inverse iteration should be used instead. The
drawback of this approach is the difficulty of getting orthogonal singular vectors to
clustered singular values.

An important implementation issue is that the bidiagonal matrix is often
graded, i.e., the elements may be large at one end and small at the other. For ex-
ample, if in the Chan-SVD column pivoting is used in the initial QR decomposition,
then the matrix is usually graded from large at upper left to small at lower right as

illustrated below
1 107!

1072 1073
107* 107°
1076
From the following perturbation result it follows that it should be possible to com-
pute all singular values of a bidiagonal matrix to full relative precision independent
of their magnitudes.

(9.7.44)

Theorem 9.7.4. (Demmel and Kahan [9, 1990])

Let B € R™™ be a bidiagonal matrix with singular values o1 > -+ > oy,. Let
|6B| < w|B|, and let &1 > --- > &, be the singular values of B = B + §B. Then if
n=_2n-1lw<1,

|o; — 0i] < |oil s (9.7.45)
2n(1
max{sin (u;, @;),sin O(v;, v;)} < w, (9.7.46)
relgap;, — 7
i =1,...,n, where the relative gap between singular values is
relgap, = min lo: = o] (9.7.47)

j#i O —|—O'j
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The QR algorithm as described above tries to converge to the singular values
from smallest to largest, and “chases the bulge” from top to bottom. Convergence
will then be fast. However, if B is graded the opposite way then the QR algorithm
may require many more steps. To avoid this the rows and columns of B could
in this case be reversed before the QR algorithm is applied. Alternatively many
algorithms check for the direction of grading. Note that the matrix may break up
into diagonal blocks which are graded in different ways.

To compute small singular values of a bidiagonal matrix accurately one can
use the unshifted QR-SVD algorithm given by (9.7.37). which uses the iteration

Bl = Qui1Biy1, k=0,1,2,.... (9.7.48)

In each step the lower bidiagonal matrix BZ is transformed into an upper bidiagonal
matrix Bjyi.

— X  +
— ® X —
QiB= x X , @QiB=—
X X X

X X X X

® X X
X X 4+

etc. Each iteration in (9.7.48) can be performed with a sequence of n — 1 Givens
rotations at a cost of only 2n multplications and n — 1 calls to givrot. Two steps of
the iteration is equivalent to one step of the zero shift QR algorithm. (Recall that
one step of the QR algorithm with nonzero shifts, requires 12n multiplications and
4n additions.) The zero shift algorithm is very simple and uses no subtractions,
Hence each entry of the transformed matrix is computed to high relative accuracy.

Algorithm 9.7.1 THE ZERO SHIFT QR ALGORITHM
The algorithm performs p steps of the zero shift QR algorithm on the bidiagonal
matrix B in (9.7.39):

for k=1:2p
fori=1:n-1
[c, s,7] = givrot(q;, €i11);
4 =T gqi+1 = Qi1 * G
€i+1 = ¢i41 * S;
end

end

If two successive steps of (9.7.48) are interleaved we get the zero shift QR
algorithm, the implementation of which has been studied in depth by Demmel and
Kahan [9]. To give full accuracy for the smaller sigingular values the convergence
tests used for standard shifted QR-SVD algorithm must be modified. This is a
non-trivial task, for which we refer to the original paper.
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9.7.6 Singular Values by Spectrum Slicing

An algorithm for computing singular values can be developed by applying Algorithm
9.6.6 for spectrum slicing to the special symmetric tridiagonal matrix T in (9.7.41).
Taking advantage of the zero diagonal this algorithm simplifies and one slice requires
only of the order 2n flops. Given the elements ¢1,...,q, and es,...,e, of T in
(9.7.41), the following algorithm generates the number 7 of singular values of T'
greater than a given value o > 0.

Algorithm 9.7.2

Singular Values by Spectrum Slicing Let T be the tridiagonal matrix (9.6.9). Then
the number 7 of eigenvalues greater than a given number ¢ is generated by the
following algorithm:

d = —o;

flip:=—1;

m:=1if d; > 0 then 1 else 0;
for k=2:2n

Jlip := —flip;

if flip=1 then 3 = q;/2
else 8 = €(k+1)/25
end
k= —B(B/dk 1) — 7
if |di| < Vw then dj, := /w;
if dip > 0 then 7 :=7+ 1;

end

Spectrum slicing algorithm for computing singular values has been analyzed
by Fernando [11]. and shown to provide high relative accuracy also for tiny singular
values.

Review Questions

1. What is meant by a graded matrix, and what precautions need to be taken when
transforming such a matrix to condensed form?

2. For a certain class of symmetric matrices small eigenvalues are determined with a
very small error compared to ||A||r. Which?

3. If one step of the QR algorithm is performed on A with a shift 7 equal to an eigenvalue
of A, what can you say about the result? Describe how the shift usually is chosen
in the QR algorithm applied to a real symmetric tridiagonal matrix.

4. What are the advantages of the implicit shift version of the QR algorithm for a real
Hessenberg matrix H?
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5. Suppose the eigenvalues to a Hessenberg matrix have been computed using the QR
algorithm. How are the eigenvectors best computed (a) if all eigenvectors are needed;
(b) if only a few eigenvectors are needed.

6. (a) Show that the symmetry of a matrix is preserved during the QR algorithm. What
about normality?

(b) Show that the Hessenberg form is preserved during the QR algorithm.

7. What condensed form is usually chosen for the singular value decomposition? What
kind of transformations are used for bringing the matrix to condensed form? How
are the singular values computed for the condensed form?

Problems
1. Perform a QR step without shift on the matrix

cosf sin@
A= <sin 0 0 )
and show that the nondiagonal elements are reduced to — sin® 6.

2. Let T be the tridiagonal matrix in (9.7.30), and suppose a QR step using the shift
T = au, is carried out,

T — anl = QR, T=RQ+ anl.

Genera}lize the result from Problem 2, and show that if v = min; |\ (Th-1) —an| > 0,
then [3,] < Bal*/7*.

3. Show that a complex matrix A can be reduced to real bidiagonal form using a
sequence of unitary Householder transformations, see (9.6.2)—(9.6.3)

4. Let C be the matrix in (9.7.40) and P the permutation matrix whose columns are
those of the identity matrix in the order (n+1,1,n+2,2,...,2n,n). Show that the
matrix PTCP becomes a tridiagonal matrix T of the form in (9.7.41).

5. To compute the SVD of a matrix A € R™*2 we can first reduce A to upper triangular
form by a QR decomposition

R
A = (a1,a2) = (q1, QZ)<0>7 R:<r(1)1 :Z)

Then, as outlined in Golub and Van Loan [21, Problem 8.5.1], a Givens rotation G can
be determined such that B = GRGT is symmetric. Finally, B can be diagonalized
by a Jacobi transformation. Derive the details of this algorithm!

6. (a) Let o; be the singular values of the matrix
22 d2 nxn
M=1 . . eR"",
Zn dn
where the elements d; are distinct. Show the interlacing property

0<o1<de <+ <dn<opn<dn+|z2-



9.8. Subspace Methods for Large Eigenvalue Problems 101

(b) Show that o; satisfies the secular equation
fo) =1+ 2 _ —.
Pt d? —o?

Give expressions for the right and left singular vectors of M.
Hint: See Lemma 9.6.2.

7. Modify Algorithm 9.7.1 for the zero shift QR-SVD algorithm so that the two loops
are merged into one.

9.8 Subspace Methods for Large Eigenvalue
Problems

In many applications eigenvalue problems arise involving matrices so large that they
cannot be conveniently treated by the methods described so far. For such problems,
it is not reasonable to ask for a complete set of eigenvalues and eigenvectors, and
usually only some extreme eigenvalues (often at one end of the spectrum) are re-
quired. In the 1980’s typical values could be to compute 10 eigenpairs of a matrix
of order 10,000. In the late 1990’s problems are solved where 1,000 eigenpairs are
computed for matrices of order 1,000,000!

We concentrate on the symmetric eigenvalue problem since fortunately many
of the very large eigenvalue problems that arise are symmetric. We first consider
the general problem of obtaining approximations from a subspace of R"™. We then
survey the two main classes of methods developed for large or very large eigenvalue
problems.

9.8.1 The Rayleigh—Ritz Procedure

Let S be the subspace of R™ spanned by the columns of a given matrix § =
(s1,.--,8m) € R™™ (usually m < n). We consider here the problem of finding
the best set of approximate eigenvectors in S to eigenvectors of a Hermitian matrix
A. The following generalization of the Rayleigh quotient is the essential tool needed.

Theorem 9.8.1.
Let A be Hermitian and Q € R"™ P be orthonormal, Q”Q = I,. Then the
residual norm ||AQ — QCl|2 is minimized for C = M where

M =p(Q) = Q" AQ (9.8.1)

is the corresponding Rayleigh quotient matriz. Further, if 61,...,60, are the eigen-
values of M, there are p eigenvalues A1, ..., \ip of A, such that

Aij —0; < [[AQ —Q@Ml2, j=1,....p. (9-8.2)

Proof. See Parlett [38, Section11-5]. 0O
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We can now outline the complete procedure:

Algorithm 9.8.1
The Rayleigh—Ritz procedure

1. Determine an orthonormal matrix @ = (q1, ..., ¢m) such that R(Q) = S.

2. Form the matrix B = AQ = (4qi,...,Aqy,) and the generalized Rayleigh
quotient matrix

M = Q"(AQ) e R™ ™. (9.8.3)
3. Compute the p < m eigenpairs of the Hermitian matrix M which are of
interest
Mzi:9lzi, 1= 1,...,]9. (984)
The eigenvectors can be chosen such that Z = (z1,. .., zy,) is a unitary matrix.
The eigenvalues 6; are the Ritz values, and the vectors y; = @z; the Ritz
vectors.
4. Compute the residual matrix R = (rq,...,7p), where
Then each interval
[91'— ||T‘iH279i+||T‘iH2}7 i= 17-"7197 (986)

contains an eigenvalue \; of A.

The pairs (0;,y;), i = 1,...,p are the best approximate eigenpairs of A which
can be derived from the space S. If some of the intervals in (9.8.6) overlap, we
cannot be sure to have approximations to p eigenvalues of A. However, there are
always p eigenvalues in the intervals defined by (9.8.2).

We can get error bounds for the approximate eigenspaces from an elegant
generalization of Theorem 9.3.15. We first need to define the gap of the spectrum
of A with respect to a given set of approximate eigenvalues.

Definition 9.8.2.

Let A(A) = {\1,...,  \n} be eigenvalues of a Hermitian matriz A. For the set
p=A01,...,0p}, let s, = {Xi;,..., N, } be a subset of AN(A) minimizing max; |0; —
Ai;|. Then we define

gap (p) = Agi&) IN=0il, Aésp 0 €p. (9.8.7)
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Theorem 9.8.3.

Let Q € R"*P be orthonormal and A a Hermitian matriz. Let {61,...,0,}
be the eigenvalues of H = p(Q) = QP AQ, and let s, = {\i,,..., \i,} be a subset
of eigenvalues of A such that max;|0; — X\;;| is minimized. If Z is the invariant
subspace of A corresponding to s, then

0(2,2) < [IAQ — QH]|2/gap (p). (9.8.8)

where sin 0(Q, Z) is the largest angle between the subspaces Q and Z.

9.8.2 Subspace Iteration for Hermitian Matrices

In Section 9.4.4 subspace iteration, or orthogonal iteration, was introduced as a
block version of the power method. Subspace iteration has long been one of the
most important methods for solving large sparse eigenvalue problems. In particular
it has been used much in structural engineering, and developed to a high standard
of refinement.

In simple subspace iteration we start with an initial matrix Qo € R™*? (1 <
p < n) with orthogonal columns. From this a sequence of matrices {Qr} are
computed from

Zrn = AQi—1,  QwRp=2r, k=12,..., (9.8.9)

where Q Ry is the QR decomposition of the matrix Zj. There is no need for the
matrix A to be known explicitly; only an algorithm (subroutine) for computing
the matrix-vector product Aq for an arbitrary vector ¢ is required. This iteration
(9.8.9) generates a sequence of subspaces Sy = R(A*Qo) = R(Qk), and we seck
approximate eigenvectors of A in these subspaces. It can be shown (see Section 9.4.4)
that if A has p dominant eigenvalues Ay, -+, Ap, i.e.,

Ml 22 A > [Apa] 2 - 2 (A

then the subspaces Si, k= 0,1,2,... converge almost always to the corresponding
dominating invariant subspace.The convergence is linear with rate |Ap1/Ap|.
For the individual eigenvalues \; > A;11, ¢ < p, it holds that
k .
|7°( )—)\Z|=O(|/\l+1//\l|k), 221,...7]?.

i
where rflk ) are the diagonal elements in Rj. This rate of convergence is often
unacceptably slow. We can improve this by including the Rayleigh—Ritz procedure
in orthogonal iteration. For the real symmetric (Hermitian) case this leads to the
improved algorithm below.

Algorithm 9.8.2
Orthogonal Iteration, Hermitian Case.
With Qg € R™*P compute for k = 1,2, ... a sequence of matrices Qj, as follows:
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1.  Compute Z, = AQp_1;
Compute the QR decomposition Z;, = QnRy;
Form the (matrix) Rayleigh quotient By = QT (AQy);

Compute eigenvalue decomposition By = UpO,U]!’;

oo s 0 b

Compute the matrix of Ritz vectors Qi = QkUk.

It can be shown that

0 = Nl = 0ot /NlY). Ok = diag (6" ,....00),

»Up
which is a much more favorable rate of convergence than without the Rayleigh—Ritz

procedure. The columns of Q) are the Ritz vectors, and they will converge to the
corresponding eigenvectors of A.

Example 9.8.1.

Let A have the eigenvalues Ay = 100, Ao = 99, A3 =98 A4 = 10, and A5 = 5.
With p = 3 the asymptotic convergence ratios for the jth eigenvalue with and
without Rayleigh—Ritz acceleration are:

j  without R-R  with R-R
1 099 0.1

2 099 0.101

3 0.102 0.102

The work in step 1 of Algorithm 9.8.2 consists of p matrix times vector op-
erations with the matrix A. If the modified Gram-Schmidt method is used step 2
requires p(p + 1)n flops. To form the Rayleigh quotient matrix requires a further p
matrix times vector multiplications and p(p + 1)n/2 flops, taking the symmetry of
By, into account. Finally steps 4 and 5 take about 5p3 and p?n flops, respectively.

Note that the same subspace Sy is generated by k consecutive steps of 1, as
with the complete Algorithm 9.8.2. Therefore the rather costly orthogonalization
and Rayleigh—Ritz acceleration need not be carried out at every step. However, to
be able to check convergence to the individual eigenvalues we need the Rayleigh—
Ritz approximations. If we then form the residual vectors

r; = qu(k) - qgk)@- = (AQk)ugk) - qgk)t?i. (9.8.10)

and compute ||7;||2 each interval [0; — ||7;||2, 0; + ||r:]|2] will contain an eigenvalue of
A. Sophisticated versions of subspace iteration have been developed. A highlight is
the Contribution II/9 by Rutishauser in [40].

Algorithm 9.8.2 can be generalized to nonsymmetric matrices, by substituting
in step 4 the Schur decomposition

By, = UpSyUL,
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where Sy is upper triangular. The vectors ¢g; then converge to the Schur vector u;
of A.

If interior eigenvalues are wanted then we can consider the spectral trans-
formation (see Section 9.4.2)

A=(A—pul)™.

The eigenvalues of A and A are related through A; = 1/()\; — ). Hence, the eigen-
values A in a neighborhood of p will correspond to outer eigenvalues of A, and can
be determined by applying subspace iteration to A. To perform the multiplication
flq we need to be able to solve systems of equations of the form

(A—pulp=q. (9.8.11)

This can be done, e.g., by first computing an LU factorization of A — ul or by an
iterative method.

9.8.3 Krylov Subspaces
Of great importance for iterative methods are the subspaces of the form
K (v, A) = span(v, Av, ..., Am_lv), (9.8.12)

generated by a matrix A and a single vector v. These are called Krylov sub-
spaces'! and the corresponding matrix

K, = (v, Av, ... ,Amflv)

is called a Krylov matrix. If m < n the dimension of C,,, usually equals m unless v
is specially related to A.

Many methods for the solving the eigenvalue problem developed by Krylov
and others in the 1930’s and 40’s aimed at bringing the characteristic equation
into polynomial form. Although this in general is a bad idea, we will consider
one approach, which is of interest because of its connection with Krylov subspace
methods and the Lanczos process.

Throughout this section we assume that A € R"*™ is a real symmetric matrix.
Associated with A is the characteristic polynomial (9.1.5)

P = (1) (A" = & A" =2 &) = 0.
The Cayley—Hamilton theorem states that p(A) = 0, that is
A" =& AV 4G A & (9.8.13)
In particular we have
A" =& A" o 4 G Av + Egu
= [v, Av, ..., A" Mz,
" Named after Aleksei Nikolaevich Krylov (1877-1945) Russian mathematcian. Krylov worked

at the Naval Academy in Saint-Petersburg and in 1931 published a paper [30] on what is now
called “Krylov subspaces”.
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where x = (£0,&1,. .., &n-1)T.
Consider the Krylov sequence of vectors, vy = v,

Viy1 = Av;, j=0:n—-1 (9.8.14)

We assume in the following that v is chosen so that v; # 0, i =0 :n — 1, Then we
may write (9.8.14) as

xBxr =v,, B=[v0,V1,...,Unt1] (9.8.15)

which is a linear equations in n unknowns.
Multiplying (9.8.15) on the left with B” we obtain a symmetric linear system,
the normal equations

Mz=z M=BTB, z=BTv,.

3

The elements m;; of the matrix M are
Mis1 11 = v v; = (Al)T Ay = T ATy,
They only depend on the sum of the indices and we write
Mit1,j+1 = fits, @+ =0;2n—1.

Unfortunately this system tends to be very ill-conditioned. For larger values of
n the Krylov vectors soon become parallel to the eigenvector associated with the
dominant eigenvalue.

The Krylov subspace K,,(v,A) depends on both A and v. However, it is
important to note the following simply verified invariance properties:

e Scaling: K,,(av, BA) = Kpn(v,A), a #0, 8 # 0.
e Translation: KCp, (v, A — pl) = Ky (v, A).
e Similarity: K,,(QTv, QTAQ) = QT (v, A), QTQ = 1.

These invariance can be used to deduce some important properties of methods using
Krylov subspaces. Since A and —A generate the same subspaces the left and right
part of the spectrum of A are equally approximated. The invariance with respect
to shifting shows, e.g, that it does not matter if A is positive definite or not.

We note that the Krylov subspace K (v, A) is spanned by the vectors generated
by performing k — 1 steps of the power method starting with v. However, in the
power method we throw away previous vectors and just use the last vector A*v to
get an approximate eigenvector. It turns out that this is wasteful and that much
more powerful methods can be developed which work with the complete Krylov
subspace.

Any vector x € K, (v) can be written in the form

m—1
T = Z c; Aty = P —1(A)v,
i=0
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where P,,_1 is a polynomial of degree less than m. This provides a link between
polynomial approximation and Krylov type methods, the importance of which will
become clear in the following.

A fundamental question is: How well can an eigenvector of A be approximated
by a vector in (v, A)? Let II; denote the orthogonal projector onto the Krylov
subspace K(v, A). The following lemma bounds the distance ||u; — ITju;||2, where
u; is a particular eigenvector of A.

Theorem 9.8.4.
Assume that A is diagonalizable and let the initial vector v have the expansion

n
V=Y agu (9.8.16)
k=1
in terms of the normalized eigenvectors uy,...,un. Let Px_1 be the set of polyno-

mials of degree at most k — 1 such that p(A\;) = 1. Then, if a; # 0 the following
inequality holds:

i — T2 < el & = /|, (9-8.17)
Jj#i
where
egk): min  max [p(A)]. (9.8.18)

PEPR_1 AEX(A)—);

Proof. We note that any vector in Ky, can be written ¢(A)v, where ¢ is a polynomial
q € Px_1. Since IIj is the orthogonal projector onto K, we have

(1 = Hp)uill2 < flui — g(A)v].

Using the expansion (9.8.16) of v it follows that for any polynomial p € P,_; with
p(A;) = 1 we have

107 = M)z < |

n
oty — Z ijp()\j)ujHQ < max |p()\j)‘ Z |O‘j‘-
j=1 : i#i

The last inequality follows noticing that the component in the eigenvector u; is zero
and using the triangle inequality. Finally dividing by |o;| establishes the result.
d

To obtain error bounds we use the properties of the Chebyshev polynomials.
We now consider the Hermitian case and assume that the eigenvalues of A are simple
and ordered so that Ay > Ay > --- > \,. Let Ti(z) be the Chebyshev polynomial
of the first kind of degree k. Then |Tj(x)| < 1 for || < 1, and for |z| > 1 we have

[(:v Va2 D)4 (p— /22— 1)’“} . (9.8.19)

Tk(.’t) = %
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Now if we take

Ai = Aig1

=L\ =1+22— 2 LN =142 . 9.8.20
=) =142 TR g S 122 gsan)
the interval A = [Aj+1, An] is mapped onto x = [—-1,1], and 77 > 1. In particular,
for i = 1, we take
Tr—1(li (A
p() = Lk 1(L(N)

Tr—1(m)

Then p(A;) =1 as required by Theorem 9.8.4. When k is large we have

k—1
(k)< by <#%2 2 _q 98921
QTS x| Ip(A)] < Tea o) / Y1+ 1/ , (9.8.21)

The steep climb of the Chebyshev polynomials outside the interval [—1, 1] explains
the powerful approximation properties of the Krylov subspaces. The approximation
error tends to zero with a rate depending on the gap A\; — Ay normalized by the
spread of the rest of the eigenvalues Ao — \,,. Note that this has the correct form
with respect to the invariance properties of the Krylov subspaces.

By considering the matrix —A we get analogous convergence results for the
rightmost eigenvalue A\, of A. In general, for i > 1, similar but weaker results can
be proved using polynomials of the form

i—1 A=A
N = A

Tp—i(li(\)

p()\) =qi—1(N) Tr_i(7) )

gi-1(\) =

Jj=1

Notice that g;—1(A) is a polynomial of degree i —1 with ¢;—1(A\;) = 0,5 =1,...,i—1,
and ¢;—1(A;) = 1. Further

i1 A < |giz1(An)| = Cs. 9.8.22
remnax 1A < lgia ()l ( )

Thus when k is large we have
B < Oy Thi(7i). (9.8.23)

This indicates that we can expect interior eigenvalues and eigenvectors to be less
well approximated by Krylov-type methods.

9.8.4 The Lanczos Process

We will now show that the Rayleigh—Ritz procedure can be applied to the sequence
of Krylov subspaces K, (v), m = 1,2,3,..., in a very efficient way using the Lanc-
zos process. The Lanczos process, developed by Lanczos [33, 1950], can be viewed
as a way for reducing a symmetric matrix A to tridiagonal form T = QT AQ. Here
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Q = (q1,42,--.,qn) is orthogonal, where ¢; can be chosen arbitrarily, and
ar B2
B2 az B3
T=T,= Bs (9.8.24)
Qn—1 Bn
Bn (&%)

is symmetric tridiagonal.
Equating the first n — 1 columns in A(q1,q2,..-,qn) = (¢1,92, - - ., qn)T gives

Agj = Bjgj—1 + 45 + Bjr1giv1, j=1,....,n—1L
where we have put $1go = 0. The requirement that g;+1 L g; gives

a; = q; (Agj — Bigi-1),

(Note that since g; L g;—1 the last term could in theory be dropped; however, since a

loss of orthogonality occurs in practice it should be kept. This corresponds to using

the modified rather than the classical Gram-Schmidt orthogonalization process.)
Further solving for ¢;1,

Bi+19j+1 = Tj+1, rit1 = Ag; — 0595 — g1,

so if rj41 # 0, then B;41 and g;41 is obtained by normalizing 7;11. Given ¢; these
equations can be used recursively to compute the elements in the tridiagonal matrix
T and the orthogonal matrix Q).

Algorithm 9.8.3

The Lanczos Process.

Let A be a symmetric matrix and ¢; # 0 a given vector. The following algorithm
computes in exact arithmetic after k steps a symmetric tridiagonal matrix Ty =
trid (85, o, Bj+1) and a matrix Qr = (q1, . - ., ¢x) with orthogonal columns spanning
the Krylov subspace Ky (g1, A):

0o =q1; qo = 0;

Br = |roll2 = 1;

for j=1,2,3...
4 =rj-1/Bj;
Ty = Agj — Biqj-1;
a; = qurj;

Tj =T g5
Bir1 = lIrsllz;
if 3,41 = 0 then exit;

end
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Note that A only occurs in the matrix-vector operation Ag;. Hence, the matrix
A need not be explicitly available, and can be represented by a subroutine. Only
three n-vectors are needed in storage.

It is easy to see that if the Lanczos algorithm can be carried out for k steps
then it holds

AQr = QiTy + Pri1ari1€f - (9.8.25)

The Lanczos process stops if G;4+1 = 0 since then g1 is not defined. However, then
by (9.8.25) it holds that AQr = QxTk, and thus Q) spans an invariant subspace of
A. This means that the eigenvalues of T}, also are eigenvalues of A. (For example,
if g1 happens to be an eigenvector of A, the process stops after one step.) Further
eigenvalues of A can the be determined by restarting the Lanczos process with a
vector orthogonal to q1, ..., k.

By construction it follows that span(Qr) = Ki(A4,b). Multiplying (9.8.25)
by Qg and using ngkJrl = 0 it follows that Ty = QgAQk, and hence T} is the
generalized Rayleigh quotient matrix corresponding to Kx(A,b). The Ritz values
are the eigenvalues 0; of Ty, and the Ritz vectors are y; = Qxz;, where z; are the
eigenvectors of T} corresponding to 6;.

In principle we could at each step compute the Ritz values 6; and Ritz vectors
yi, © = 1,...,k. Then the accuracy of the eigenvalue approximations could be
assessed from the residual norms ||Ay; — 60;y;]|2, and used to decide if the process
should be stopped. However, this is not necessary since using (9.8.25) we have

Ay; — yi; = AQrzi — Qrzit = (AQk, — QiTk) % = Brt1qk+1€t %i-

Taking norms we get
| Ayi — yibill2 = Br1ler 2il- (9.8.26)

i.e., we can compute the residual norm just from the bottom element of the normal-
ized eigenvectors of T}. This is fortunate since then we need to access the @) matrix
only after the process has converged. The vectors can be stored on secondary stor-
age, or often better, regenerated at the end. The result (9.8.26) also explains why
some Ritz values can be very accurate approximations even when 41 is not small.

So far we have discussed the Lanczos process in exact arithmetic. In practice,
roundoff will cause the generated vectors to lose orthogonality. A possible remedy
is to reorthogonalize each generated vector gi41 to all previous vectors gk, ..., q1.
This is however very costly both in terms of storage and operations.

A satisfactory analysis of the numerical properties of the Lanczos process was
first given by C. C. Paige [36, 1971]. He showed that it could be very effective
in computing accurate approximations to a few of the extreme eigenvalues of A
even in the face of total loss of orthogonality! The key to the behaviour is, that
at the same time as orthogonality is lost, a Ritz pair converges to an eigenpair of
A. As the algorithm proceeds it will soon start to converge to a second copy of the
already converged eigenvalue, and so on. The effect of finite precision is to slow
down convergence, but does not prevent accurate approximations to be found!
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The Lanczos process is also the basis for several methods for solving large
scale symmetric linear systems, and least squares problems, see Section 10.4.

9.8.5 Golub—Kahan Bidiagonalization.

A Lanczos process can also be developed for computing singular values and sin-
gular vectors to a rectangular matrix A. For this purpose we consider here the
Golub-Kahan bidiagonalization (GKBD) of a matrix A € R™*™, m > n. This has
important applications for computing approximations to the large singular values
and corresponding singular vectors, as well as for solving large scale least squares
problems.

In Section 8.4.8 we gave an algorithm for computing the decomposition

A:U(ﬁ)VT, Ut =I,, V'V =1,, (9.8.27)
where U = (uq,...,up) and V = (v1,...,v,) are chosen as products of Householder
transformations and B is upper bidiagonal. If we set Uy = (u1,...,uy) then from
(9.8.27) we have

AV = U, B, ATU, = VBT, (9.8.28)

In an alternative approach, given by Golub and Kahan [19, 1965], the columns of
U and V are generated sequentially, as in the Lanczos process.

A more useful variant of this bidiagonalization algorithm is obtained by instead
taking transforming A into lower bidiagonal form

a
B2 o
B, = By - e RnHOxn, (9.8.29)

O

ﬁn-l—l

(Note that B, is not square.) Equating columns in (9.8.28) we obtain, setting
B1vg = 0, apt19n+1 = 0, the recurrence relations

ATuj = Bjvj 1 + ajuj,
Avj = ojuy + Biujp, j=1,...,n (9.8.30)

Starting with a given vector u; € R™, [lu1]l2 = 1, we can now recursively generate
the vectors vy, us,vs,...,um4+1 and corresponding elements in B,, using, for j =
1,2,..., the formulas

rj=ATu; = Bujor, g = rjlla, vy =1j/ay, (9.8.31)
pj = Avj —ojuj,  Biv1 = pjllz, witr = pj/Biv (9.8.32)
For this bidiagonalization scheme we have

uj € K;j(AAT wi), vy € Kj(ATA, ATuy).
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There is a close relationship between the above bidiagonalization process and
the Lanczos process applied to the two matrices AAT and AT A. Note that these
matrices have the same nonzero eigenvalues o2, i = 1,...,n, and that the corre-
sponding eigenvectors equal the left and right singular vectors of A, respectively.

The GKBD process (9.8.31)—(9.8.32) generates in exact arithmetic the same
sequences of vectors ui,us,... and vy,vs,... as are obtained by simultaneously
applying the Lanczos process to AAT with starting vector u; = b/||b||2, and to
AT A with starting vector v; = ATb/|| ATb],.

In floating point arithmetic the computed Lanczos vectors will lose orthog-
onality. In spite of this the extreme (largest and smallest) singular values of the
truncated bidiagonal matrix By, € R*+t1D*F tend to be quite good approximations
to the corresponding singular values of A, even for k < n. Let the singular value
decomposition of By be By = Pi11Q:QF. Then approximations to the singular
vectors of A are

Uy, = UpPys1, Vio = ViQx.

This is a simple way of realizing the Ritz—Galerkin projection process on the sub-
spaces K;(ATA,v1) and K;(AAT, Avi). The corresponding approximations are
called Ritz values and Ritz vectors.

Lanczos algorithms for computing selected singular values and vectors have
been developed, which have been used, e.g., in information retrieval problems and
in seismic tomography. In these applications typically, the 100-200 largest singular
values and vectors for matrices having up to 30,000 rows and 20,000 columns are
required.

9.8.6 Arnoldi’'s Method.

Arnoldi’s method is an orthogonal projection method onto Krylov subspace K, for
general non Hermitian matrices. The procedure starts by building an orthogonal
basis for IC,,

Algorithm 9.8.4

The Arnoldi process.

Let A be a matrix and vy, |lvi]]2 = 1, a given vector. The following algorithm
computes in exact arithmetic after k steps a Hessenberg matrix Hy = (h;;) and a

matrix Vi = (v1,...,v;) with orthogonal columns spanning the Krylov subspace
K:k (Ul, A):
for j=1:k
fori=1:j
hij = v} (Avj);
end

i
ry = Av; =Y hijvi;
i=1

hjv1,; = |\7"j|\2;
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if hj11,; = 0 then exit;
Vi1 =75/t
end

The Hessenberg matrix Hy € CF** and the unitary matrix V; computed in
the Arnoldi process satisfy the relations

AVy, = Vi Hy + hi1 popa el (9.8.33)

VAV, = Hy. (9.8.34)

The process will break down at step j if and only if the vector r; vanishes. When
this happens we have AV}, = V. Hy, and so R(V}) is an invariant subspace of A. By
(9.8.33) Hy = V;H AV}, and thus the Ritz values and Ritz vectors are obtained from

the eigenvalues and eigenvectors of Hy. The residual norms can be inexpensively
obtained as follows (cf. (9.8.26))

(A = 6:D)yill2 = hont1,mlef zil. (9.8.35)

The proof of this relation is left as an exercise.

Review Questions

1. Tell the names of two algorithms for (sparse) symmetric eigenvalue problems,
where the matrix A need not to be explicitly available but only as a subrou-
tine for the calculation of Aq for an arbitrary vector g. Describe one of the
algorithms.

2. Tell the names of two algorithms for (sparse) symmetric eigenvalue problems,
where the matrix A need not to be explicitly available but only as a subrou-
tine for the calculation of Aq for an arbitrary vector ¢q. Describe one of the
algorithms.

Problems
1. (To be added.)

9.9 Generalized Eigenvalue Problems
9.9.1 Introduction

In this section we consider the generalized eigenvalue problem of computing
nontrivial solutions (A, z) of
Az = \Brz, (9.9.1)
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where A and B are square matrices of order n. The family of matrices A — AB is
called a matrix pencil.'? It is called a regular pencil if det(A — AB) # 0, else it
is a singular pencil. A simple example of a singular pencil is

10 2 0
=(o0) 2= (0)

where A and B have a null vector e; in common.
If A — AB is a regular pencil, then the eigenvalues A\ are the zeros of the

characteristic equation
det(A — AB) =0. (9.9.2)

If the degree of the characteristic polynomial is n — p, then we say that A — AB has
p eigenvalues at oo.

Example 9.9.1.
The characteristic equation of the pencil

1 0 0 0
A_AB_<0 1>‘A<o 1)

is det(A — AB) = 1 — A and has degree one. There is one eigenvalue A = oo
corresponding to the eigenvector e;.

Note that infinite eigenvalues of A — AB simply correspond to the zero eigen-
values of the pencil B — \A.
If S and T are nonsingular matrices then (9.9.2) is equivalent to

det S(A — AB)T = det(SAT — ASBT) = 0.

The two pencils A — AB and SAT — ASBT are said to be equivalent. They have
the same eigenvalues and the eigenvectors are simply related.

If A and B are symmetric, then symmetry is preserved under congruence
transformations in which 7= S”. The two pencils are then said to be congruent.
Of particular interest are orthogonal congruence transformations, S = Q7 and
T = @, where @ is orthogonal. Such transformations are stable since they preserve
the 2-norm,

QT AQ|l2 = [|A]2, 1QTBQ||2 = ||B]2-

9.9.2 Canonical Forms

The algebraic and analytic theory of the generalized eigenvalue problem is much
more complicated than for the standard problem, and a complete treatment is
outside the scoop of this book. There is a canonical form for regular matrix pencils
corresponding to the Jordan canonical form, Theorem 9.2.7, which we state without
proof.

12The word “pencil” comes from optics and geometry, and is used for any one parameter family
of curves, matrices, etc.
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Theorem 9.9.1. Kronecker’s Canonical Form.
Let A—AB € C"*" be a regular matriz pencil. Then there are nonsingular
matrices X, Z € C™ " such that X (A — AB)Z = A — \B, where

A = diag (Jomy (M1)s s Jie Ns)s Ty -+ 5 I ), (9.9.3)
B= diag (Imu s 7Imsa‘]ms+1(0)7 oo Iy (O))a

and where Jp,, (A;) are Jordan blocks and the blocks s+1,...,t correspond to infinite
etgenvalues. The numbers mq, ..., m; are unique and 25:1 m; =n.

The disadvantage with the Kronecker Canonical Form is that it depends dis-
continuously on A and B and is unstable. There is also a generalization of the
Schur Canonical Form (Theorem 9.2.1), which can be computed stably and more
efficiently.

Theorem 9.9.2. Generalized Schur Canonical Form.
Let A — AB € C™*" be a regular matriz pencil. Then there exist unitary
matrices U and V' so that

UAV =Ts, UBV =Tg,

where both Ta and Tp are upper triangular. The eigenvalues of the pencil are the
ratios of the diagonal elements of Ta and Tg.

Proof. See Stewart [1973, Ch. 7.6]. O

As for the standard case, when A and B are real, then U and V can be
chosen real and orthogonal if T4 and T are allowed to have 2 x 2 diagonal blocks
corresponding to complex conjugate eigenvalues.

9.9.3 Reduction to Standard Form

When B is nonsingular the eigenvalue problem (9.9.1) is formally equivalent to the
standard eigenvalue problem B~'Axz = Az. However, when B is singular such a
reduction is not possible. Also, if B is close to a singular matrix, then we can expect
to lose accuracy in forming B~1A.

Of particular interest is the case when the problem can be reduced to a sym-
metric eigenvalue problem of standard form. A surprising fact is that any real square
matrix F' can be written as F = AB~! or F = B~!A where A and B are suitable
symmetric matrices. For a proof see Parlett [38, Section 15-2] (cf. also Problem 1).
Hence, even if A and B are symmetric the generalized eigenvalue problems embod-
ies all the difficulties of the unsymmetric standard eigenvalue problem. However, if
B is also positive definite, then the problem (9.9.1) can be reduced to a standard
symmetric eigenvalue problem. This reduction is equivalent to the simultaneous
transformation of the two quadratic forms 7 Az and z¥ Bz to diagonal form.
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Theorem 9.9.3.
Let A and B be real symmetric square matrices and B also positive definite.
Then there exists a nonsingular matrix X such that

XTAX = Dy, XTBX = Dp (9.9.4)
are real and diagonal. The eigenvalues of A — AB are given by

A =diag (A\1,...,\,) = DaDZ"

Proof. Let B = LL™ be the Cholesky factorization of B. Then
LY A-MBLT=A-)I, A=A=L1ALT, (9.9.5)

where A is real and symmetric. Let A =QTD4Q be the eigendecomposition of A.
Then we have

XT(A—=AB)X = D4 — \Dp, X =(QL™HT,
and the theorem follows. 0

Given the pencil A—AB the pencil A—AB = yA+ 0B — A(—cA+~B), where
~% 4+ 02 =1 has the same eigenvectors and the eigenvalues are related through

A= (YA +0)/(—oA+7). (9.9.6)

Hence, for the above reduction to be applicable, it suffices that some linear combi-
nation —og A + vB is positive definite. It can be shown that if

inf ((xTAx)2 + (xTBx)2)l/2 >0
z#0

then there exist such v and o.
Under the assumptions in Theorem 9.9.3 the symmetric pencil A — AB has n
real roots. Moreover, the eigenvectors can be chosen to be B-orthogonal, i.e.,

x;TFij =0, i#j.

This generalizes the standard symmetric case for which B = I.
Numerical methods can be based on the explicit reduction to standard form
in (9.9.5). Az = ABuz is then equivalent to Cy = Ay, where

C=L1AL"T, y=LTx. (9.9.7)

Computing the Cholesky decomposition B = LLT and forming C = (L~1A)L~7T
takes about 5n3/12 flops if symmetry is used, see Wilkinson and Reinsch, Contribu-
tion I1/10, [53]. If eigenvectors are not wanted, then the transform matrix L need
not be saved.
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If A and B are symmetric band matrices and B = LL”T positive definite,
then although L inherits the bandwidth of A the matrix C = (L7'A)L~T will
in general be a full matrix. Hence in this case it may not be practical to form
C. Crawford [7] has devised an algorithm for reduction to standard form which
interleaves orthogonal transformations in such way that the matrix C' retains the
bandwidth of A, see Problem 2.

The round-off errors made in the reduction to standard form are in general
such that they could be produced by small perturbations in A and B. When
B is ill-conditioned then the eigenvalues A may vary widely in magnitude, and a
small perturbation in B can correspond to large perturbations in the eigenvalues.
Surprisingly, well-conditioned eigenvalues are often given accurately in spite of the
ill-conditioning of B. Typically L will have elements in its lower part. This will
produce a matrix (L"'A)L~T which is graded so that the large elements appear
in the lower right corner. Hence, a reduction to tridiagonal form should work from
bottom to top and the QL-algorithm should be used.

Example 9.9.2. Wilkinson and Reinsch [53, p. 310].
The matrix pencil A — AB, where

2 2 12
A‘(2 1)’ B_<2 4.0001)’

has one eigenvalue ~ —2 and one O(10%). The true matrix

2 —200 >

-1 -T _
(L AL _<—2OO 10000

is graded, and the small eigenvalue is insensitive to relative perturbation in its
elements.

9.9.4 Methods for Generalized Eigenvalue Problems

We first note that the power method and inverse iteration can both be extended to
the generalized eigenvalue problems. Starting with some ¢o with ||gol|2 = 1, these
iterations now become

Bk = Aqi—1, a1 = d/l| Gkl
(A_UB)(jk:qu—lu Qk:Cjk/”‘ija k:1727
respectively. Note that B = I gives the iterations in equations (9.5.4) and (9.5.7).

The Rayleigh Quotient Iteration also extends to the generalized eigenvalue problem:
For £ =0,1,2,... compute

(A= p(gr—1)B)ix = Bax—1, a1 = @/ llaxll2, (9.9.8)
where the (generalized) Rayleigh quotient of x is
o Az
plx) =

xHBx’
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In the symmetric definite case the Rayleigh Quotient Iteration has asymptotically
cubic convergence and the residuals || (A — ux B)xg| -1 decrease monotonically.

The Rayleigh Quotient method is advantageous to use when A and B have
band structure, since it does not require an explicit reduction to standard form.
The method of spectrum slicing can be used to count eigenvalues of A — AB in an
interval.

Theorem 9.9.4.
Let A — 0B have the Cholesky factorization

A—oB=LDLT, D = diag (di, ..., dy,),

where L is unit lower triangular. If B is positive definite then the number of eigen-
values of A greater than o equals the number of positive elements (D) in the
sequence di, ..., dy,.

Proof. The proof follows from Sylvester’s Law of Inertia (Theorem 7.3.8) and the
fact that by Theorem 9.9.1 A and B are congruent to D4 and Dg with A = DADE}l.
d

For a nearly singular pencil (A, B) it may be preferable to use the QZ algo-
rithm of Moler and Stewart which is a generalization of the implicit QR algorithm.
Here the matrix A is first reduced to upper Hessenberg form H, and simultane-
ously B to upper triangular form Rp using standard Householder transformations
and Givens rotations. Infinite eigenvalues, which correspond to zero diagonal ele-
ments of Rp are then eliminated. Finally the implicit shift QR algorithm is applied
to H ARgl, without explicitly forming this product. This is achieved by comput-
ing unitary matrices @ and Z such that QAZ is upper Hessenberg, QBZ upper
triangular and choosing the first column of @) proportional to the first column of
H ARgl — ol. A double shift technique can also be used if A and B are real. The
matrix H 4 will converge to upper triangular form and the eigenvalues of A — AB
will be obtained as ratios of diagonal elements of the transformed H4 and Rp. For
a more detailed description of the algorithm see Stewart [43, Chapter 7.6].

The total work in the QZ algorithm is about 15n3 flops for eigenvalues alone,
8n3 more for Q and 10n3 for Z (assuming 2 QZ iterations per eigenvalue). It avoids
the loss of accuracy related to explicitly inverting B. Although the algorithm is
applicable to the case when A is symmetric and B positive definite, the transfor-
mations do not preserve symmetry and the method is just as expensive as for the
general problem.

9.9.5 The Generalized SVD.

We now introduce the generalized singular value decomposition (GSVD) of
two matrices A € R™*" and B € RP*™ with the same number of columns. The
GSVD has applications to, e.g., constrained least squares problems. The GSVD is
related to the generalized eigenvalue problem A” Az = ABT Bz, but as in the case
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of the SVD the formation of AT A and BT B should be avoided. In the theorems
below we assume for notational convenience that m > n.

Theorem 9.9.5. The Generalized Singular Value Decomposition (GSVD). Let
AeR™*" m >mn, and B € RP*"™ be given matrices. Assume that

rank (M) = k <mn, Mz(g)

Then there exist orthogonal matrices Us € R™*™ and Ug € RP*P and a matrix
Z € RFX™ of rank k such that

UYA= <%‘) Z, ULB= (DOB 8> Z, (9.9.9)

where
Dy = diag(ay,. .., ak), Dp = diag(f1,...,08y), g = min(p, k).
Further, we have

0<a; < <o <1, 1>p1 2> 8420,
L,

A+p=1, i=1,....q, o= i=q+1,...k,

@

and the singular values of Z equal the nonzero singular values of M.

Proof. We now give a constructive proof of Theorem 9.9.5 using the CS decompo-
sition, Let the SVD of M be

(AN 1 0\ 57
w=(a)=e (% 0)»
where @ and P are orthogonal matrices of order (m + p) and n, respectively, and

lediag(al,...,ak), 0’12"'20'k>0.

Set t = m 4+ p — k and partition @ and P as follows:

Q:(Qu Q12>}m P=(P, P).
—~

Q21 Qa2 }p ’
N~~~ \t/ k n—k
k
Then the SVD of M can be written
A _ (AP 0\ _ (Qn
(A)p= (2 )= (2)s 0. wom

Now let

C S 0
Q11=UA(O)VT, Q21=UB(O O>VT
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be the CS decomposition of Q11 and Q2;. Substituting this into (9.9.10) we obtain

AP =Uy, <§>VT(21 0),

BP:UB(‘g 8>VT(21 0),

and (9.9.9) follows with
Dy=C, Dp=S, z=VT(x, 0)PT.

Here 01 > -+ - > g, > 0 are the singular values of Z. O

When B € R™*"™ is square and nonsingular the GSVD of A and B corresponds
to the SVD of AB~!. However, when A or B is ill-conditioned, then computing
AB~! would usually lead to unnecessarily large errors, so this approach is to be
avoided. It is important to note that when B is not square, or is singular, then the
SVD of AB' does not in general correspond to the GSVD.

9.9.6 The CS Decomposition.

The CS decomposition is a special case of the generalized SVD (GSVD) which is of
interest in its own right.

Theorem 9.9.6. CS Decomposition. Let @ € R"P)X" have orthonormal columns,
and be partitioned as

_ Ql }m (m+p)xn
Q_<Q2>}p SRTT, =,

ie., QTQ = QT Q1 +Q¥Q2 = I,. Then there are orthogonal matrices Uy € R™*™,
Uy € RP*P, and V € R™™™, and square nonnegative diagonal matrices

(9.9.11)

C = diag(c1,...,cq), S =diag(s1,...,sq), ¢ = min(n, p), (9.9.12)

satisfying C* + S* = I, such that

(5 o) (@) r=(otaw)=(2) 4y wow
has one of the following forms:
C\ In C 0\ Jp
p=n: g {;n_n, p<n: 8 é {Zf—pn
0/ }p—n \i,’/ :q; p

The diagonal elements c; and s; are

C; = COS(@Z'), S; — sin(@i), 1= 1, ..o q,
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where without loss of generality, we may assume that

0<6; <O <--- <0, <m/2

Proof. To construct Uy, V, and C, note that since U; and V are orthogonal and
C is a nonnegative diagonal matrix, (9.9.13) is the SVD of Q1. Hence the elements
¢; are the singular values of Q1. If we put Q2 = @2V, then the matrix

C
ARGIBIAE
Q2 P ?

has orthonormal columns. Thus C2? + QQTQQ = I,, which implies that QQTQQ =
I, — C? is diagonal and hence the matrix Q, = (q~§2), . ,qN,(f)) has orthogonal
columns.

We assume that the singular values ¢; = cos(;) of Q1 have been ordered
according to (9.9.6) and that ¢, < ¢,41 = 1. Then the matrix U; = (u§2), ce ug))
is constructed as follows. Since ||q~J(2)H§ =1-¢#0, j<r wetake

<

(2 _ =2) /152 -
U‘J _qJ /qu ||27 j_luaa
and fill the possibly remaining columns of Uz with orthonormal vectors in the or-
thogonal complement of R(Q2). From the construction it follows that Uy € RP*P
is orthogonal and that

= S 0 .
U2TQ2—U2Q2V—<O 0>, S = diag(s1,...,5q)

Withsj:(l—c§)1/2>O,ifj:1,...,r, and s; =0,if j=r+1,...,¢q. O

In the theorem above we assumed that m > n. The general case gives rise to
four different forms corresponding to cases where )1 and/or Q3 have too few rows
to accommodate a full diagonal matrix of order n.

The proof of the CS decomposition is constructive. In particular Uy, V', and
C can be computed by a standard SVD algorithm. However, the above algorithm
for computing U, is unstable when some singular values ¢; are close to 1.

Review Questions

1. What is meant by a regular matrix pencil? Give examples of a singular pencil, and
a regular pencil that has an infinite eigenvalue.

2. Formulate a generalized Schur Canonical Form. Show that the eigenvalues of the
pencil are easily obtained from the canonical form.
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3. Let A and B be real symmetric matrices, and B also positive definite. Show that
there is a congruence transformation that diagonalizes the two matrices simultane-
ously. How is the Rayleigh Quotient iteration generalized to this type of eigenvalue
problems, and what is its order of convergence?

Problems
1. Show that the matrix pencil A — AB where

(o) 2G4

has complex eigenvalues, even though A and B are both real and symmetric.

2. Let A and B be symmetric tridiagonal matrices. Assume that B is positive definite
and let B = LLT, where the Cholesky factor L is lower bidiagonal.
(a) Show that L can be factored as L = L1Lz - - - Ly, where L;, differs from the unit
matrix only in the kth column.

(b) Consider the recursion
Av=A, Appr = QL ALTQr, k=1,...,n.

Show that if @ are orthogonal, then the eigenvalues of A,+1 are the same as those
for the generalized eigenvalue problem Az = ABz.

(c¢) Show how to construct Qj as a sequence of Givens rotations so that the matrices
Ay, are all tridiagonal. (The general case, when A and B have symmetric bandwidth
m > 1, can be treated by considering A and B as block-tridiagonal.)

Notes

Complex Givens rotations and complex Householder transformations are treated in
detail by Wilkinson [52, pp. 47-50]. For implementation details of complex House-
holder transformations, see the survey by R. B. Lehoucq [34, 1996].

For a more complete treatment of matrix functions see Chapter V in Gant-
macher [15, 1959] and Lancaster [32, 1985]. Stewart and Sun [45] is a lucid treatise
of matrix perturbation theory, with many historical comments and a very useful
bibliography. Ward 1977 analyzed the method based on scaling and squaring for
computing the exponential of a matrix and gave an a posteriori error bound. Moler
and Van Loan 1978 gave a backward error analysis covering truncation error in the
Padé approximation.

An analysis and a survey of inverse iteration for a single eigenvector is given
by Ipsen [26]. The relation between simultaneous iteration and the QR algorithm
and is explained in Watkins [50].

A still unsurpassed text on computational methods for the eigenvalue problem
is Wilkinson [52, 1965]. Also the Algol subroutines and discussions in Wilkinson and
Reinsch [53, 1971] are very instructive. An excellent discussion of the symmetric
eigenvalue problem is given in Parlett [38, 1980]. Methods for solving large scale
eigenvalue problems are treated by Saad [41, 1992].
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The monograph by Bhatia [5] on perturbation theory for eigenspaces of Her-
mitian matrices is a valuable source of reference.

A stable algorithm for computing the SVD based on an initial reduction to
bidiagonal form was first sketched by Golub and Kahan in [19]. The adaption of
the QR algorithm, using a simplified process due to Wilkinson, for computing the
SVD of the bidiagonal matrix was described by Golub [18]. The “final” form of the
QR algorithm for computing the SVD was given by Golub and Reinsch [20]. The
GSVD was first studied by Van Loan [21, 1996]. Paige and Saunders [37, 1981]
extended the GSVD to handle all possible cases, and gave a computationally more
amenable form.

For a survey of cases when it is possible to compute singular values and singular
vectors with high relative accuracy; see [8].

Many important practical details on implementation of eigenvalue algorithms
can be found in the documentation of the EISPACK and LAPACK software; see
Smith et al. [42, 1976], B. S. Garbow et al. [16, 1977], and E. Anderson et al. [1,

1999).
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72

functions

gap

matrix-valued, 21-29
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of spectrum, 102 product, 9
generalized eigenvalue problem, 113— sum, 9
118 Kronecker’s canonical form, 115
generalized SVD, 118-120 Krylov

Gerschgorin disks, 36
Gerschgorin’s theorem, 36, 37
Givens rotation
unitary, 67
GKBD, see Golub-Kahan bidiagonal-
ization
Golub—Kahan bidiagonalization, 111-
112
in finite precision, 112
grade
of vector, 9
graded matrix, 73
graph
connected, 6
directed, 6
growth ratio, 71

Hermitian matrix, 2
Hessenberg form
reduction to, 69-72
Hessenberg matrix
unreduced, 10, 70
Hotelling, 51
Householder reflection
unitary, 67, 68

instability
irrelevant, 70
invariant subspace, 5
inverse iteration, 52—-55
shift, 52

Jacobi transformation, 60
Jacobi’s method
classical, 61
cyclic, 61
for SVD, 62
sweep, 61
threshold, 61
Jordan block, 9
Jordan canonical form, 15-18

Kronecker

subspaces, 105-108

Lanczos bidiagonalization, see Golub—
Kahan bidiagonalization, 112

Lanczos process, 108-111

Lyapunov’s equation, 15

Markov chain, 29

matrix
adjoint, 2
defective, 8
derogatory, 17
diagonalizable, 5
eigenvalue of, 3
eigenvector of, 3
elementary divisors, 18
exponential, 21
functions, 21-29
graded, 73
Hermitian, 2
irreducible, 6
non-negative irreducible, 28
normal, 13
quasi-triangular, 12
reducible, 6
row stochastic, 29
scaled diagonally dominant, 73
square root, 27
trace, 3
unitary, 2

matrix exponential
hump, 24

matrix pencil, 114
congruent, 114
equivalent, 114
regular, 114
singular, 114

minimal polynomial, 17
of vector, 9

minimax characterization
of eigenvalues, 41

Newton’s interpolation formula
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for matrix functions, 35
Non-negative matrices, 28—29

one-sided Jacobi SVD, 64-65
orthogonal iteration, 56, 103

Padé approximant, 25
Perron—Frobenius theorem, 28
perturbation

of eigenvalue, 38-46

of eigenvector, 38-46
power method, 49-57
principal vector, 17

QR algorithm, 79-92, 98
explicit-shift, 84
for SVD, 92-96
Hessenberg matrix, 84—88
implicit shift, 85
perfect shifts, 92
rational, 91
Rayleigh quotient shift, 85
symmetric tridiagonal matrix, 89—

92

Wilkinson shift, 90

QZ algorithm, 118

radius of convergence, 19
Rayleigh quotient, 43
iteration, 55, 117
matrix, 102, 110
Rayleigh—Ritz procedure, 101-103
reduction
to standard form, 115-117
reduction to
Hessenberg form, 69-72
symmetric tridiagonal form, 72—
74
residual vector, 44
Ritz values, 102
Ritz vectors, 102
row stochastic matrix, 29
RQI, see Rayleigh quotient iteration

scaled diagonally dominant, 73
Schur
canonical form, 11-14

generalized, 115

vectors, 12
Schur decomposition, 27
secular equation, 48, 74
similarity transformation, 4
singular values

by spectrum slicing, 99

relative gap, 97
spectral abscissa, 4, 22
spectral radius, 4, 19
spectral transformation, 52, 105
spectrum of matrix, 3
spectrum slicing, 7577
square root of matrix, 27
subspace

invariant, 5
subspace iteration, 103—105
SVD

generalized, 118-120
Sylvester’s

equation, 14

law of inertia, 118
symmetric tridiagonal form

reduction to, 72-74

theorem
Cayley-Hamilton, 18
implicit @, 70, 89
transformation
similarity, 4
tridiagonal matrix, 48
unreduced, 89
two-side Jacobi-SVD, 63
two-sided Jacobi-SVD, 65

unreduced
Hessenberg matrix, 10

vector
principal, 17

Wielandt—Hoffman theorem, 42

zero shift QR algorithm, 98



