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Abstract

Matrix functions in general are an interesting area in matrix analysis and
are used in many areas of linear algebra and arise in numerous applications
in science and engineering. We consider how to define matrix functions and
how to compute matrix functions. To be concrete, we pay particular atten-
tion to the matrix exponential.

The matrix exponential is one of the most important functions of a ma-
trix. In this thesis, we discuss some of the more common matrix functions and
their general properties, and we specifically explore the matrix exponential.
In principle, there are many different methods to calculate the exponential
of a matrix. In practice, some of the methods are preferable to others, but
none of which is entirely satisfactory from either a theoretical or a computa-
tional point of view. Computations of the matrix exponential using Taylor
Series, Padé Approximation, Scaling and Squaring, Eigenvectors, and Schur
Decomposition methods are provided.

In this project we checked rate of convergence and accuracy of the matrix
exponential.

Keywords : Condition number, Functions of Matrices, Matrix Exponen-
tial, roundoff error.
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Chapter 1

Introduction

1.1 Overview

In this thesis we are concerned with the numerical computation of the
matrix exponential functions e, where A € M,,. The interest in numerical
computation of matrix exponential functions is because of its occurrence in
the solution of Ordinary Differential Equations. There are many different
methods for the computation of matrix exponential functions, like, series
method, differential equation methods, polynomial methods and matrix de-
composition methods, but none of which is entirely satisfactory from either
a theoretical or a computational point of view.

This thesis consists of five chapter.

Chapter 1: Introduction
In this chapter we define some useful definitions from linear alge-
bra, numerical linear algebra and matrix analysis.

Chapter 2: Norms for Vectors and Matrices
The main purpose of this chapter is to introduce norms of vectors
and matrices and condition numbers of a matrix and to study perturbation
in the linear system of equation Ax = b. This will allow us to assess the
accuracy of a method for the computation of a function of matrix and the
matrix exponential.

Chapter 3: Matrix Functions
In this chapter we discuss the method of how to compute functions
of matrices via Jordan Canonical Form, interpolating polynomial, Schur-



Parlett algorithm and the relationship between the different definitions of
matrix function.

Chapter 4: The Matrixz Exponential Theory
This chapter is devoted to matrix exponential functions and some
identities for the next final chapter.

Chapter 5: The Matrixz Exponential Functions: Algorithms
The main studies are on the different methods for the computation
of matrix exponential via series methods and Matrix Decomposition methods,
and their accuracy. We present different examples to that each method has
particular strengths and weaknesses. We feel this is more useful then choosing
a single example and testing each of the methods on it, since conclusion would
depend on the particular example chosen rather than the relative merits of
each method. The problem of computing e? accurately and fast methods is
relevant to many problems. We do not consider iterative methods, because
they are of a very different character, and in general do not yield the exact
exponential.
Chapter 6: Conclusion and Future work
Conclusion of the work and future work be presented in this chap-
ter.

1.2 Special Matrix Definitions

A matrix is an m-by-n array of scalars from a field F. If m = n, the
matrix is said is said to be square. The set of all m-by-n matrices over F
is denoted by M, ,(F) and M, ,(FF) is abbreviated to M, (F). In the most
common case in which F = C, the complex numbers, M, (C) is further abbre-
viated to M,,, and M, ,(C). Matrices are usually denoted by capital letters.
Throughout the thesis we will require the definition of the following types of
matrices.

C = the set of all complex numbers.
C™ = the set of all complex n-column vectors.
C™* "= the set of all complex mxn matrices

e A set of vectors {ay, ..., a,} in C™ is linearly independent if

n
E oa;, =0 & ag=ay=..=0«a, =0.
=0



Otherwise, a nontrivial combination of as, ..., a, is zero and {ay, ..., a,}
is said to be linearly dependent.

The range of A is defined by
R(A) ={y € C"|ly = Ax for somex € C"}
and the null space of A by
N(A) ={z € R"|Az = 0}.
If A={ay,...,a,} then
R(A) = span{ay, ..., a,}.
If A= la;;] € M,,,(F), then A" denotes the transpose of A in M, ,,,(F)

whose entries are aj;; that is, rows are exchanged for columns and vice
versa. For example,

(12 (13
3 5 2 5
The rank of a matrix A is defined by

rank(A) = dim[R(A)].

A very useful result is that "rank(AT) = rank(A)”, and thus the rank
of a matrix equals the maximal number of independent rows or columns,
i.e., "row rank = column rank.”

A € R™™ is symmetric if A = A' ie., a;; = aj;;. Symmetric matrices
have the following properties:

— The eigenvalues are real, not complex.
— Eigenvectors are orthogonal.

— Always diagonalizable.
A € R™" is said to be skew-symmetric if A = — AT

A € C™™ is Hermitian if A* = A where A* denotes the conjugate
transpose of A.

A € M" is said to be skew-Hermitian if A* = —A



A € C™" is diagonal if a;; = 0 for ¢ # j we use the notation

A =diag(z1, Ty oo Tp)

for a diagonal matrix with a;; = x; for i =1 : n.

A € C™™ is upper (lower) triangular if a;; = 0 for i > j(i < j). We
also say that A is strictly upper(lower) triangular if it is upper (lower)
triangular with a; = 0 for i =1 : n.

A e C™™ is upper (lower) bidiagonal if a;; = 0 for ¢ > j(j > i) and
i+1<j(+1<i).

A € C™™ is tridiagonal if a;; =0 fori+1 < jand 7+ 1 <.

A € C™" is upper (lower) Hessenberg if a;; = 0 for i > j + 1(i<j-1)
A matrix A € M,, is nilpotent if A¥ = 0 for some positive integer k.
A € C™™ is positive definite if *Ax > 0 for all x € C", x # 0.

A € M, (R) is orthogonal if ATA = I where I is the nxn identity
matrix. with ones on the diagonal and zeros elsewhere. We also say
that A € C™" is unitary if A*A = 1.

A matrix A € M, is defective if it has a defective eigenvalue, or, equiv-
alently, if it does not have a complete set of linearly independent eigen-
vectors. An example of a defective matrix is

(41)

Diagonalizable. If A € C™*™ is nondefective if and only if there exists
a nonsingular X € C™*" such that

X1AX = D =diag(\y, ..., \n).
A matrix B € M,, is said to be similar to a matrix A € M, if there
exists a nonsigular matrix S € M, such that
B=S"1AS

The transformation A — S™1AS is called a similarity transformation
by the similarity matriz S. The relation ” B is similar to A” is some-
times abbreviated B ~ A.



Schur Decomposition. If A € C"*™ then there exists a unitary U &€
C™™ such that
U'AU=T=D+ N

where D=diag(A1, Ao, ..., A\,) and N € C"*" is strictly upper triangular.
furthermore U can be chosen so that the eigenvalues \; appear in any
order along the diagonal.

Real Schur Decomposition. If A € R™" then there exists an orthogonal
U € R™™ such that

U'AU = R
where
Ry Ry -+ Rim
0 Ry -+ Ry
0 0 - R,

each R; is either 1 x 1 or 2 x 2 matrix having complex conjugate
eigenvalues.

Kronecker product. The Kronecker product of A = [a;;] € M,,, and
B = [b;;] € M, is denoted by A ® B and is defined to be the block

matrix
auB e alnB

AR B = : : € Mypng
(ZmlB A amnB

Notice that A® B # B ® A in general.



Chapter 2

Norms for vectors and matrices

In order to study the effects of perturbations or error analysis in vectors
and matrices, we need to measure the ’size’ of the errors in a vector or a
matrix. A norm can tell us which vector or matrix is 'smaller’ or ’larger’.
There are two common kinds of error analysis in numerical linear algebra:
componentwise and normwise. In general, normwise error analysis is easier
(but less precise). For this purpose we need to introduce vector and matrix
norms, which provide a way to measure the distance between vectors and
matrices. They also provide a measure of ”closeness” that is used to define
convergence.

Any norm can be used to measure the length or magnitude (in a gener-
alized sense) of vectors in R™ (or C™). In other words we think of ||z|| as the
(generalized) length of x. The (generalized) distance between two vectors x
and y is defined to be ||z — y||. Throughout this chapter we shall consider
real or complex vector space only. All of the major results hold for both
fields, but within each result one must be consistent as to which field is used.
Thus, we shall often state results in terms of a field F (with F = R or C at
the outset) and then refer to the same field F in the rest of the argument.

2.1 Vector Norms

Definition 1. A norm on C" is a nonnegative real-valued function,
| -] : C* — R satisfying

e Positive definite property:
|z 20 V2 € C" and |z|]|=0< =0,

e Absolute homogeneity:
|laz|| =|a| ||z|| ¥V, ae€C, zeC"



e triangle inequality:
lz+yll < flzll +llyll, V¥, 2,y €C",

The function value ||| is called the norm of z.
Note that ||0]|=0, since 0=||0 - 0||=]0|||0]|=0

Remarks 1.

The definition of a norm on C™ also defines a norm on R™ with C replaced
by R, but not vice versa.

Example 1. Let = [z;.....x,

o [,, for 1 <p<oo:

1
lzll, = (|z1 P + |22f? + |2sP + oo + |z, |P)>

lzll, = O leil?)?), for all x € C.
i=1
For p=1,2,00 we have;

e [{=the 1-norm
ol = |a;|  forallzeCr
i=1

o ly=the 2-norm (Euclidean norm):

lz]le =

Note. This is equal to VaTx whenever x € R™ and v/x*x whenever
x € C". The 2-norm is special because its value doesn’t change under
orthogonal(unitary) transformations.

For unitary @ we have Q*Q) = I and so

Q|3 = 2*Q*Qu = z*z = ||z]|3
hence
[Qz|2 = ||zl

we therefore say that the 2-norm is invariant under unitary transfor-
mations.



e |, (infinity norm or the mazx norm):

e = s o

o Weighted norm ||.|w,p : Given W = diag(wy, wa, ws, ......, wy,),

n

1

lellwsy = IWall, = 3 lwizil?)r
i=1

Another common norm is the A-norm, defined in terms of a positive
definite matrix A by )

lzlla = (2" Az)2
We also have a relationship that applies to products of norms, the
Holder inequality.

1 1
|2yl < lllllyllg, paal

A well-known corollary arises when p = q = 2, the Cauchy-Schwartz
mequality.
2"yl < [zl llyll-

A very important property of norms is that they are all continuous func-
tions of the entries of their arguments. It follows that a sequence of vectors

Zo, X1, Ta,.... in a C™ or R™ converges to a vector x if and only if
lim ||z —z|| =0
k—o0

for any norm on C" or R™. In this case we write lim; ..o x; = x or z; —
x as i — oo where i € P(apositiveinteger). For this reason, norms are very
useful to measure the error in an approximation.

We now highlight some additional, and useful, relationships involving
norms. First of all, the triangle inequality generalizes directly to sums of
more than two vectors:

[ +y + 2l < [l +yll + 20 < el + llyll + =]

and in general,
m

m
1wl <Y llall
i=1 i=1



What can we say about the norm of the difference of two vectors? While we
know that ||z — y|| < ||z|| + ||y||, we can obtain a more useful relationship as
follows: From

Izl = [[(z —y) +yll < ||z —yl| + ||yl
we obtain
|z =yl = [([=] = [lyl})] (2.1)

There are also interesting relationships among different norms. First and
foremost, all norms on C" or (R™), in some sense, are equivalent.

Definition 2. (Norm equivalence): If || - ||, and || - ||, are norms on
C™ or (R™) then there exist positive constants such that 0 < ¢;<cy < 00
with

allgle <zl < eofjzla Yoe " (2:2)

for all z € R".

For example, for any x € C" we have

[zl2 < |lzll < Vnllz|: 2.3
[7]l00 < llzll2 < VRll2[lo 2.4
[2]loo < l7]ls < nll2]l0o (2.5)
1
el < flzflee < llzfls (2.6)
Remarks 2.
e The same result holds for norms on R".

e A norm is absolute if
[|[| = (|||

where |z| is the vector with components given by the absolute values
of the components of z

e A norm is called monotone if
2] < |yl = lz]| < |yl

where |z| < |y| means a componentwise inequality i.e |x;| < |y;| V 4.

A vector norm || - || on F™ (C™ or R™) is monotone iff it is absolute.[8,
p. 285, Theorem 5.5.10]

10



It is a fact that for example a norm on R? that is not monotone is given by

N(z) = |21 + |22| + |21 — 22].

This is a norm that is not monotone and not absolute either.
Let us show this is a norm.

e For any z € R?

N(z) = |z1| + |z2| + |21 — 22| = 0.

if N(z) =0 then |z;| =0, |2z2| =0, |21 — 22| = 0 thus z = 0.

If z =0 then N(z) = 0.
e Forany r € R?, 0« € R
N(azx) = |axq| + |azs| + |a(z1 — x2)]

N(ax) = [a|(jes] + [wo] + |21 — 25])
N(ax) = [a|[N(z)]

e For any 7,y € R?

N(z +y) = o1 +y| + |22 + yo| + [(z1 +y1) — (22 + 32)|

N(z +y) < |za| + |yil + 22| + |y2| + |21 — 22| + Y1 — 32
N(x +y) < (|oo] + [z2] + |21 — 22]) + (2] + |y2| + [y1 — 2])

N(z+y) < N(z)+ N(y)

=) = (1)

and N(z) = 3.6 N(y) = 2 then N(z) £ N(y).

But, if

Vector Norm in Matlab
Quantity | Matlab syntax
Table 1. Il norm(z,1)
|2 norm(z,2)
1| so norm(z,inf)
[zllp norm(z,p)

11
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Let us consider the following example, that shows how to compute vector
norm.

Example 2. Let

Compute ||z]|1, [[2]|2, |7/ oo-
We know that

lzli = lei| ¥z eR”

i=1
[l = 1]+ =2[+ 3]+ = 4
=1+2+3+4=10

n
D laiP
i=1

lzlla = /(1) + (—=2)2 + (3)2 + (—4)?
= VI+4+9+16 =30 =54772

oo = mase )

]2 =

[2]loo = maz{|1],| —2[,[3[,] — 4[}
=maz{l,2,3,4} =4

So,
x|l =10, ||z]ls = 54772, ||z|le =4

Example 3. Let

T = 1—2

142

Compute ||z||2

lz||=Vots=vV1+4+2+0+2=3

12



2.2 Rounding Error

When calculations are performed on a computer, each arithmetic op-
eration is generally affected by roundoff error. This error arises because
the machine hardware can only represent a subset of the real numbers. For
example, if we divide 1 by 3 in the decimal system, we obtain the nontermi-
nating fraction 0.33333..... Since we can store only a finite number of these
3’'s, we must round or truncate the fraction to some fixed number of digits,
say 0.3333. The remaining 3's are lost, and forever after we have no way of
knowing whether we are working with the fraction 1/3 or some other number
like 0.33331415.... We will confine ourselves to sketching how rounding er-
ror affects our algorithms. To understand the sketches, we must be familiar
with the basic ideas- absolute and relative error, floating-point arithmetic,
forward and backward error analysis, and perturbation theory.

2.2.1 Absolute and Relative Error

Definition 3. Let x € R™ and € R™. Then the absolute error in x as an
approximation to Z is the number

e=|z—2z. (2.8)

Definition 4. Let x # 0 and & be scalars. Then the relative error in Z as
an approximation to x is the number

€= —A (2.9)

As above, if the relative error of 2 is, say 107°, then we say that & is accurate
to 5 decimal digits. The following example illustrates these ideas:

Example 4. Let

1
x= | 100
9
1.1
T=1 99
11

|z]ly = 110.0000, [|& — =||; = 3.1000

13



A

£ = [l

12 — 2|y
(&4

Wm

= 0.0282, =0.0279

|z]|2 = 100.4092, ||z — x||» = 2.2383
|2 — x| |2 — x|
2|2 2|2

[2]loo = 100, |2 — 2[loc =2
”i - 37”00

120

= 0.0223, = 0.0225

H‘%_x”oo

o0

= 0.0200, = 0.0202

Thus, we would say that T approrimates x to 2 decimal digits.

Definition 5. The component-wise relative error.

Eetem = [|Y||
T; — T
Yi =
T
From the above example (4)
0.1
1
Yy=1 100
2
9

2
[ylloe =5 =022 10~

2.3 Floating Point Arithmetic
The number —3.1416 may be expressed in scientific notation as follows:
—.31416 x 10"
e sign’—’
e mantissa=fraction= .31416

e base= 10

14



e exponent= 1

Computers use a similar representation called floating point, but generally
the base is 2 (with exceptions, such as 16 for IBM 370 and 10 for some
spreadsheets and most calculators). For example, .101015 x 23 = 5.25,.

A floating point number is called normalized if the leading digit of the frac-
tion is nonzero. For example, .101015 x 23 is normalized, but .0101015 x 24 is
not. Floating point numbers are usually normalized. The advantage of the
floating-point representation is that it allows very large and very small num-
bers to be represented accurately. For example the floating point numbers
are .6542 x 109, a large four-digit decimal number, and —.71236 x 10742, a
small five-digit decimal number.

Definition 6. A nonzero real number x can be represented using floating
point notation. Floating point is based on exponential or scientific notation.
In exponential notation, a nonzero real number z is expressed in decimal as

r=*tax [ (2.10)

where

o = .dldg...dn,

and
e = 1s an integer

The number «, n and e are called the nonnegative real number the mantissa,
the mantissa length and the exponent respectively. Most computers are de-
signed with binary arithmetic = 2 or hexadecimal arithmetic = 16, while
humans use decimal arithmetic § = 10.

e Floating point numbers with base 10
Tr = :l:(.dldg...dn)lo x 10° (211)

r=4(d 107 + dp1072 + ... +d,,107") x 10°

For example, with n =7
12.3456 = +(.1234560),9 x 10?

= +(1-1071+2-107243-10°+4-10™* +5-10°+6-107°4-0-10"7) x 10?

15



e Floating point numbers with base 2
z = +(.dydy...dy)y x 2° (2.12)
r=4(d27 +d27* + ...+ d,27") x 2°
For example, with n =7
—3.5 = —(0.111), x 2?
=(1-27'+1-27241-273) x 22

2.4 Matrix Norm

Just like the determinant, the norm of a matrix is a simple unique
scalar. It is a measure of the size or magnitude of the matrix. However, a
norm is always non-negative and is defined for all matrices-square or rectan-
gular, invertbile or non-invertbile square matrices.

Definition 7. Matrix norm on M,, is a non-negative real-valued function
||| : C™" — R, if for all A, B € M, it satisfies the following

Nonnegativity:
|Al| > 0 for all A e M,

Positive:

|A| = 0if and only if A=0

e Homogeneous:

leAll = a [ |A|V a e C", AeM,

Triangule inequality:
[A+ Bl <A+ 1Bl VA BeM™™

Submultiplicative property:
[AB|| < [[AllIBI, V¥ A,BeM™"

We note that the five properties of a matrix norm do not imply that it
is invariant under transposition, and in general, ||AT]| # ||A]|. Some matrix
norms are the same for the transpose of a matrix as for the original matrix.

For a square matrix A, the consistency property for a matrix norm yields

1A% < 1 All* (2.13)

for any positive integer k.
A matrix norm || - || is unitarily invariant if || A|| = ||[UAV*|| for all matrix
A and all unitary matrices U and V' of appropriate dimension.

16



Definition 8. A matriz norm || - || on C™*™ is said to be consistent with

respect to the vector norms || - ||, on C* and || - ||, on C™ if
Az, < ||All||z]le, V2 € C*, A€ C™™. (2.14)
Usually [| - [lo = [ - lls
Example 5. Suppose A € C"*" is a diagonal matriz with entries dy, ds, ...... ,dy,
1.€.,
dy
a|
dn
and define

|All2 = max [|Az|s = max
[[z]l2=1 l[zll2=1

Now

n n

]2 < 2 Z 12 — 12
2 |diz;|” < fg?gﬂdA - |24 fgfg;’cm
1= 1=

when ||z||s = 1. Therefore,

[All2 = max |d;| (2.15)

1<i<n

but same is true for ||All1, ||A|lw or any induced |||,

2.4.1 Induced Matrix Norm

Definition 9. Given a vector norm ||.|| on C", we define the induced matrix
norm ||.|| on C™" by

A
|Al| = max | Az] = max ||Az||, Vx € C", A € C™" (2.16)

a0 ||z [|z]|=1

Where ||z|| is any given vector norm. We say that the vector norm ||z in-
duces the matrix norm ||A]|.

Lemma 1. /21, p. 91, Theorem 2.2.16] For any x # 0, matriz A, and any
natural norm || - ||, we have

[ Az < [lAll]l] (2.17)

17



Proof. Consider x € C" and x = 0. Clearly the result is true trivially.
Otherwise, if x # 0. Then we have

A
41 = max 1221
=0 ||z
Thus for the given x
[Az]|
[A]l =
]l
[A[l ]| > [|Az]]
or
[Az[| < [[A[[fl=(]-

2.4.2 Matrix p-Norm

The matrix p-norm is the norm subordinate to the Holder p-norm. Hence,
for all A € C™*™ define

S X JAG I 1< p < oo
1Al =

,,,,,

2.4.3 Frobenius Matrix Norm

Definition 10. The Frobenius norm of A € C™*" is defined by the equation

1Allr = O lay )= (2.18)

0,]
It has the equivalent definition
Al = (trace(A*A))z = (trace(AA*))z (2.19)
e It is not a p — norm since ||, ||r = /n.
e It can be viewed as the 2—norm (Euclidean norm) of a vector in R™*™.
e Some useful properties:
IAB|r < [|All2[| Bl »

|ABlr < || AllF||B]|2
[A"|r < [JA[%
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Since the norm || - || is unitarily invariant, we have the important fact that
|UAV*||% = tr(VA*U*UAV*)
— tr(VATAVY)
=tr(V*(VATAV*)V)
= tr(ATAV*V)
=tr(A*A)
= || All%
Matrix norms examples.

In this section Matrix norms are commonly used in scientific computing.
The most familiar examples are the [, norms for p=1,2,00.

e The p-norm defined for A € C™*"

[Az]l,

]l

| All, = max L, AeC™™ 1< p< oo (2.20)
e The l; norm, defined for A € M, by
|A]l; = max Z |ai;| (2.21)

is a matrix norm because

IABIy = D 1) ambigl < Y laibu]

ij=1 k=1 3,5, k=1
n n n
< Y0 Haabmil = O laa) (D [bms) = IAILIBI
i,3,k,m=1 ik=1 jm=1

e The I, norm, defined for A € M, by

|Aljoo = max Z |ag;|. (2.22)

1<i<m

19



2.4.4 The Euclidean norm or 2-Norm

Definition 11. The [, norm defined for A € M, by

[ Az |l
Al = max ———= = max ||Ax 2.23
H H2 220 ||$||2 lzlla1 H ”2 ( )

Example 6. Let I,, denote the n X n identity matriz then,

[nll2 = v

]l =1
Since the ly norm i.e., ||-||2, is unitarily invariant, we have the important
fact that VAT AV
x x
|UAV*||3 = max
2270 rrr
VA AV x
= max ——————
[zl220  x*V*Va
*A*A
— max 2 Y where y=V"x
lyll2#0 Yy

= [|Al3

2.4.5 Spectral Norm

The matrix 2-norm is also known as the spectral norm. This
name is connected to the fact that the norm is given by the square root
of the largest eigenvalue of A*A.

Definition 12. The spectral norm || - ||z is defined on A € M, by

|All2 = maz{V'X : Xis an eigenvalue of A*A}

Note that if A*Az = Az and = # 0, then 2*A*Az = ||Az||5 = M|z|3,
so A > 0 and v/ is real and nonnegative.

Definition 13. The spectral radius p(A) of a matrix A € M, is

p(A) = max{|\| : Nisan eigenvalue of A}
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Theorem 1. [2, p. 22, Lemma 1.7.7] Let A € M,

||A||2 =V )‘maw(A*A)

where A, (A*A) is the maximum eigenvalue of A*A.

Proof.

Since A*A is Hermitian, there exists an eigendecomposition A*A =
UAU* with U a unitary matrix, and A is a diagonal matrix containing
the eigenvalues of A*A, which must all be non-negative. Let y = Q*z

Then )
L0 ]2
(@A)}
270 |Q |

Since A*A is positive definite, all the eigenvalues are positive.

s
HAszmaXM
vA0 |yl

which can be attained by choosing y to be the jth column vector of the
identity matrix if, say, A; is the largest eigenvalue. O

When A is non-singular, then

1 1
mion”2=1 HAx”Q B \% )\mzn

where A, is the smallest eigenvalue of (A*A).

1A=l = (2.24)
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Example 7. Determine the induced norm ||Alls and ||A7Y|o for the

nonsigular matrix
1 3 —1
A=—
V30 V8

The eigenvalues of (A*A) are A = 2 and A = 4, $0 A\pin, = 2 and
Amaz = 4. Consequently,

1
Al = VAmae =2 and  |A7 |z = vV Ain = —
V2
Earlier, we had shown that

1All2 = (p(A*A))2

if A is symmetric, then
1Al = p(A). (2.25)

Thus p(A) is a norm on the space of real symmetric matrices, but we
will see that it is not a norm on the set of general matrices M, :

Example 8. Let
10 0 2
A_(QO)andB_(Ol)

p(A) = maz{[1],[0]} = 1 and p(B) = max{|0], |1} =1

which gives

However,
1 2
oo (1?)
and
p(A+ B) = max{| — 1|, 3|} =3
hence

p(A+ B) £ p(A) + p(B).

So the spectral radius does not satisfy the properties of a norm i.e
triangular inequality.
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Properties of 2-Norm

L flAllz = [[A%]]2
2. A Al = (A3
3. |U*AV ||y = ||Allz,  where U*U =1 and V*V = I
4. ||T|| = max{||All2, || Bll2} where T is,
A0
(5 5)
D.
| Al = max max ||y*Az||2

zll2=1 [lyll2=1
6. [J[AU||2 = ||A]l2 |IUA||2 = ||A|l2 where U is a unitary matrix,
7. [|ABl2 < [[All2]Bll2
8. [|All2 < [|All#

Note that the equivalences (2.3), (2.4), (2.5), (2.6) between vector
norms on C" imply the corresponding equivalences between the sub-
ordinate matrix norms. Namely, for any matrix A € C"™*". Then the
following inequalities holds for A,

1
ﬁHAl\z <Al < VAl (2.26)
1
\/ﬁ” | Al < VnllA] (2.27)
1
5||A||1 < Al < 1|41 (2.28)
AN < 1Al 1Al (2.29)

We will prove these results.

1.
1
%”AHQ < JAlL < VnllAll2

Let x be such that ||z||; =1 and ||Az||s = ||A|]2. Then

[Allz = [[Az]l2 < [|Az[ly < ALzl < [[Allvallz]l: = Vol Al
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proving the left inequality:
[A]l2 < Vnll Al
Al < )14
\/ﬁ 2 X 1

For the right inequality, pick y such that ||y||; = 1 and ||Ay|; =
||All1. Then

Al = 1Ayl < Vol Ayl < Vol Allllyll: < Vel Allllyll: = VallAll
Al < vVl All2

Hence

1
%“AHQ < Al < VnllAll

1
— | Al oo A Al o
\/ﬁll oo < [A]l2 < v/nl|A]]
Applying the result in (1) to AT, we get

1A ]2 < vV/nll ATl < V| Al

and
[Allee = [IAT [l < VRl A2
But
[All2 = [[AT ]l

(if A=UXVT, then AT = VXUT, so A and AT have the same

singular values). So

[All2 < vl Al

and

[Allee < VnllAllz = [|Allz > —=[All

! |
NG
Hence

1
Al < 14112 < V[l A]
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3. From result (1) and (2), we get
1Al < VallAllz < nllAll
[Alle < VRl All2 < nl|Allx

combining them gives
1
"Il < 14l < A,

as required.

1A < 1Al | Allo
If z # 0 is such that with u = || A||2 satisfies

AT Az = i’z

p? is the largest eigenvalue of ATA and z is the corresponding
eigenvector. Take the 1-norm, we have

Pzl = AT Azlly < AT Al 2l = [FATso Al 121l
divide by ||z|x
1 < [ Al Al

hence
IAN13 < [[AlloollAllx

We can also follow like Since ||A|| > p(A) for any natural matrix
norm, we have

1A]I5 = p(ATA)
< [IAT Al

< A" || Al
[A]11[Alloo

hence

1412 < VAL 1A

Matriz Norm in Matlab
Quantity | Matlab syntax
| A1 norm(A,1)
| A||2 norm(A,2)
| Al o norm(A,inf)
| Al 7 norm(A,fro)

Table 2.
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2.5 Convergence of a Matrix Power Series

We say that a sequence of a matrices Ay, As, ...(of same order)
converges to the matrix A with respect to the norm || - || if the sequence
of real numbers ||A; — A||, ||As — A|l, ... converges to 0. So, {A;}2, €
F™™ converges to A € F™*" if

lim [|A4; — Al =0 (2.30)

where || - || is a norm on A € F™*™,

In this case, we write

lim A; = Aor A; — Aasi — oo, wherei € P.

11— 00

Because of the equivalence property of norms, the choice of the norm
is irrelevant. For a square matrix A, we have the important fact that

AF -0, & 4] <1, (2.31)

where 0 is the square zero matrix of the same order as A and || - || is any
matrix norm. This convergence follows from inequality (2.13) because
that yields

lim ||A%| < lim ||A]|%,

k—o0 k—o0

and so if ||A]| < 1, then

lim ||A*| = 0.
k—o00

2.6 Relation between Norms and the Spec-
tral Radius of a Matrix.

We next recall some results that relate the spectral radius of a matrix
to matrix norms.

Theorem 2. [8, p. 297, Theorem 5.6.9] For any induced matrix norm
||l.]| and for A € C™" we have

p(A) < || Al (2.32)
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Proof. Let A be the eigenvalue of A corresponding to the spectral radius
i.e p(A) = |\| and z be the corresponding eigenvector.
consider

Az = Az
|[Az[| = [|Az]]
= |A[l|=]]

= p(A)ll=]l
[Az]] _

< max 70— 4
el

hence
p(A) < || Al

O
The inequality (2.32) and the /; and [, norms yield useful bounds on
the eigenvalues and the maximum absolute row and column sums of

matrices. The modulus of any eigenvalue is no greater than the largest
sum of absolute values of the elements in any row or column.

The inequality (2.32) and equation (2.25) also yield a minimum
property of I3 norm of a symmetric matrix A:

[A[l2 = p(A) < [IA]l (2.33)
for any matrix norm || - ||.

Theorem 3. [8, p. 299] Let A € C™*" be a complex-valued matrix,
p(A) its spectral radius and || - || a consistent matrix norm; for each
k € N : then

p(A) < || A¥|V* VEeN (2.34)

Proof. Let (x,\) be an eigenvector-eigenvalue pair for a matrix A. As
a consequence, since || - || is consistent, we have

NIzl = I\l = [|A% ]| < A%l
and since x # 0 for each A we have
N < ]| AF]

and therefore
p(AF) < || AR
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(p(A))" < || A%|*
p(A) < || AFE

[l

Theorem 4. [18, p. 31, Theorem 2.8] Let A € C**" and € > 0. Then,
there exist a consistent matrix norm ||.| (depending on ¢) such that

IA]l < p(A) +¢ (2.35)

Proof. By Schur triangularization theorem, 3 a unitary matrix U and
an upper triangular matrix 7" such that U*AU =T = A + N in which
A is diagonal and N is strictly upper triangular.
For a > 0, let

Go = diag(1, a, ...,a" ")

Then for i < j the (4, j)-element of GT'NG is v;;07 . Since for i < j
we have o/~ — 0 as @ — 0, there is an a such that |GT!NG||; < e.
It follows that

|G-\ U*AUG, = |A + G-'NG|;

<Al + IGTINGl1 = p(A) + ¢
Define the matrix norm || - || on M, by
1Bl = (UG ' BUGH)|1, B €M,
Let us compute
1Al = (TG T AUGS YL
= [|GoUAUG |1 = |A + GaNG' |y
< max [\y| 4+ e = p(A) + ¢

1<j<n

This completes the proof. n
Theorem 5. [8, p. 298, Theorem 5.6.12] Let A € C™™™ then

lim AF=0 & pA)<1 (2.36)
Proof. Assume p(A) < 1. By theorem (4), there exists ¢ > 0 and a

consistent matrix norm ||.|| such that ||A]| < p(A) +e < 1.
Now

1AM < IAIF < (p(A) + ) < 1.
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Thus limy,_.. ||A¥|| = 0. and then || limy_, A*|| =0,

therefore
lim A% = 0.
k—oo
Conversely, assume that
Jim AF = 0.

Let Az = Az, x # 0, then A%z = N,
(klim AR p = klim MNA =\ <1
therefore
p(A) < 1.
]

Theorem 6. [8, p. 299, Corollary 2.6.14] Let || - || be a matrix norm
on Ml,,. Then
Jim [[ARE = p(A) (2.37)

for all A € M,,.
Proof. Since, from inequality (2.33) and the fact that p(A)* = p(A*),

we have p(A) < ||A¥||*/* for all k = 1,2.... Now for any ¢ > 0, the
matrix p(A/(p(A) +€)) < 1 and so

Jim (A/(p(A) +€)* =0
from equation (2.18); hence,
LA
k—oo (p(A) + €)
There is therefore a positive integer M, such that
JLA®]|
—— <1 for allk > M.,
(p(A) + )

and hence
IASE < (p(A) +€) for k> M.
We have therefore, for any € > 0,
p(A) < ||AF|V* < p(A) + € fork > M,

and thus
Tim |44 = p(A)
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2.7 Sensitivity of Linear Systems

2.7.1 Condition Numbers

In this section we introduce and discuss the condition number of
a matrix. The condition number of A € C"*™ is a simple but important
in the numerical analysis of a linear system Ax = b(x,b € C™). Assume
that detA # 0 so that x is the unique solution of the equation. The
condition number provides a measure of ill-posedness of the system,
which means how large the change in the solution can be relative to
the change in the determinant.

In general terms, a problem is said to be stable, or well condi-
tioned if ”small” causes (perturbations in A or b) give rise to ”small”
effects (perturbation in x).

Perturbation in b

Consider the linear system
Ar =1 (2.38)

where A € C™*" is nonsingular and b € C" is nonzero. The system has
a unique solution x. Now suppose that A (non-singular) is fixed and b
is perturbed to a new vector b+ db and consider the perturbed linear

system is
Az =b+0b

A(z + 62) = b+ db. (2.39)

This system also has a unique solution z, which is hoped to be not too
far from z, and 6b € C" represents the perturbations in b. Subtract
both the system to get,

Adx = 0b

dx = A"'6b
take the norms to get
[6]] = [|A7"0b]| < [|AT"]|[|a0]]
|12 — =[] < [[A7]]]|d0]| (2.40)

this gives an upper bound on the absolute error in x.
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1. small |A™!|| means that ||0z|| is small when ||db|| is small.

2. large ||A7!|| means that [|6x| can be large, even when ||db]| is
small.

To estimate the relative error, note that

Az =10
gives
6]l = [[Az]]
1ol < [l
1 1
— <Al (2.41)
[l ]
from equation (2.40) and equation (2.41) we get,
12— 1, 190]]
< [JA[A™ T
] 2]
19z _ 1 198]
< AT (2.42)
] 1]

The quantity x(A) = ||Al|||A~1]| is called the condition number of A.
This equation says
"relative change in x <Condition number times relative change in b”.

1. small k(A) means ”HM”H is small when is small

2. large £(A) means H”5 H” can be large when ”H H” is small

Lol
ol

Definition 14. The p-condition number r,(A) of a matrix (with re-
spect to inversion) is defined by

kp(A) = 1Al 1A,

We set k, = oo if A is not invertible.
If
Az =10

and
A(x 4 dx) = b+ 0b

then the relative error satisfies
[0z ||

]

0]
<A
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Perturbation in A

So far we have considered only the effect of perturbing b. We must
also consider perturbations of A while keeping b fixed, so that we are
interested in the exact solution of (A + §A)(x + dx) = b.

Now let us consider the relationship between the solution of

Ax =b (2.43)
and the perturbed linear system
(A+d5A)E =b.
Let 6z = = — x, so that & = = + dx then
(A+0A)(x + dx) =b. (2.44)
Subtraction and rearrange to get

Adx = 0A(x + o). (2.45)

Assume that A is small enough so that dz is small and that ||dz| =
O(][6A]|) then

1(0A) (02)I| < [l9A[l10z]] = O(I0A]1*)
so to first order in d A, we have
A(ox) + (6A)z = 0
dx ~ —A"10Ax.

Take norm we get
H&BH

to first order. Multiplying and dividing the right hand side by ||A|| we
obtain the bound in the following form

19=]] _
]

< JATIOA],

0A]
1Al

- |
< IATIAN (2.46)

to first order in [|0A[.

The quantity x(A) = ||[A7!||||A|| appears in both equation (2.42)
and equation (2.46) serves as a measure of how perturbation in the
data of the problem Ax = b affects the solution. An example of using
Norms to solve a linear system of equations.
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Example 9. We will consider an innocent looking set of equations that
results in a large condition number.

Consider the linear system Wx = b, where W is the Wilson Matriz[16].

10 7 8 7
7 5 6 5
W= 8 6 10 9
7 5 9 10
and the vector
1
11
T
1
so that
32
23
Wr=0= 23
31
Now suppose we actually solve
32.1
. 22.9
Wz=0b+6b= a3 1 |
30.9
1.€.,
+0.1
—0.1
Ll
—0.1

First, we must find the inverse of W:

25 —41 10 -6
—41 68 —17 10
10 =17 5 =3
-6 10 -3 2

W=
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Then from Wiz = b+ b, we find

8.2
—13.6
3.5
-2.1

=W b+ W1t =

—_ = = =

It is clear that the system is sensitive to changes, a small change
to b has had a very large effect on the solution. So the Wilson Matrix
1s an example of an ill-conditioned matrix and we would expect the con-
dition number to be very large.

To evaluate the condition number, K (W) for the Wilson Matrix
we need to select a particular norm. First, we select the 1-norm(mazimum
column sum of absolute values) and estimate the error

Wi, =33 and |[W =136
and hence,
Ki(W) = ||[W]ly x |[W™ Y|, = 33 x 136 = 4488

which of course is considerably bigger than 1.
Remember that

150]]
1[]1

& =[x

< K(W)
[ 2[1

such that the 0.4
nx < 44 — =1
error in T 88 x 119 5

So far, we have used the 1-norm but If one is interested in the
error in individual components of the solution then it is more natural
to look at the oo — norm.

Since W is symmetric, |[W/|i1 = [|[W|le and [WH|1 = [[W ™« so,

14 — |

[E410e

0.1
< 4488 x - ~ 13.6
33

This is exactly equal to the biggest error we found, so a very
realistic estimate. For this example, the bound provides a good estimate
of the scale of any change in the solution.
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Theorem 7. [?, p. 105, Theorem 2.3.18] If A is nonsingular, and

l‘fﬁ\” Az =0, and (A +0A)(x + dx) = b, then
(A 1AL
Pl < e (2.47)
|~ 1— I{(A)H

Proof. The equation
(A+0A)(z+dx) =D
can be rewritten as
Az + Adx + 6A(x + dx) = b
using the fact that Ax = b and rearranging the terms, we find that
dx = —A"16A(z + 0x)

using the various properties of the vector norm and its induced matrix
norm, we have that

_ 0A
o] < AT IS A[I((l]l + lloz]]) = K(A)H(Ilwll + [|6])
now rewrite the inequality as
16A] 9]

(1 = w(A) T T4 )oz]l < x(A )HAHH z|

The assumption H < (1A) guarantees that the factor that

multiplies ||0z| is positive, so we can divide by it without reversing the
inequality. If we also divide through by ||z||, we get

ool (A
<

Al
R llsAl
ol S 1 a(a)l
[
Theorem 8. [8, p. 301, Corollary 5.6.16] Let A € M, and assume
that p(A) < 1. Then there exists a submultiplicative norm || - || on M,

such that if ||A]] < 1 then I — A is invertible and

= i AF (2.48)
k=0

1 1
< =47 <
1+ [|All 1 — Al

(2.49)
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Proof. Since p(A) < 1, we deduce that I — A is nonsingular. Assume
I — A is singular. Take z # 0. Then

(I = A)z|| = ||z — Az|| = ||2|| = | Az]| = (1 = ||A])]||=|

follows for all z. From (1 — ||A]|) > 0 it follows that ||(I — A)z|| > 0
for z # 0; that is, (I — A)z = 0 has only the trivial solution x = 0, and
thus (I — A) is nonsigular. Note that

(I—A)iA’“—iA’“—iA’f_HiAk—iAk_I
k=0 k=0 k=1 k=1 k=1
Hence

(I+A)~ ZA’“

Since ||A|| < 1. For any submultiplicative norm. Then
T
k=0
SO
Iz =4 = ZA'“II oAk < ZIIAHk (=11~
k=0

Thus proving the right hand inequality of (2.49)
1

I =A< s (2.50)
(I =14l
Furthermore, the equality ||I|| = 1 holds, so that
L= ] = I(1 = AT = A7 < (I = AT = A7
< 7= Al =47
<+ 14D -4
1
o < 1= 114D (2.51)
(2 +[lA[D)
which yields the left-hand inequality in (2.49). Hence,
1 1
< -=A)7 <
1+ A 1—A]
[
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Lemma 2. [?, p.212, Lemma 4.4.14] Assume that A € C"*" satisfies
|A]| < 1 in some induced matriz norm. Then I + A is invertible and

1

I+ A7 < ——
10+ A7 < 7=

Proof. For all x € C*, x #£ 0

11+ A)z]| = ||z + Ax]]

2 ||zl = [|Az]] = [l=[| = [|Allll=]] = {l=[I(X = |A]l) = O

Thus I + A is invertible.
Moreover, the equality ||I|| = 1 holds, so that

L= |1l = (T + A (T + A)

= |(I+A)~"+ (I +AA|
L2 [(T+A)7H = (L + A7 A A
1> |(I+ A1 - Al

consequently,
1
17 +A4)71 < :
1—[|A]
O
Let us consider an example
Example 10. Consider the matrizx,
1 1/4 1/4
B=11/4 1 1/4
/4 1/4 1
then
0 1/4 1/4
A=B-I=1|1/4 0 1/4
1/4 1/4 0

Note: If | Al < 1 then || B~ = (I + A)|| < 1=z
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Using the infinity norm, ||Alje = 3 <1, s0
L =2
1-1/2

1B | <

and||B|| = 1.5. Hence,
Kao(B) = | Bllall B~ loo < 15 x 2
or Ko(B) < 3, which is quite modest.
Theorem 9. [?, p. 106, Theorem 2.3.20] If A is nonsingular,

[6A] _ 1
—— < ——, Az =0b and (A+ 6A)(x + 0x) = b+ 0b,
IAll K(A)
then 641, ot
ozl ACET + o)
el S 1 a(A) (252
— )W
Proof. Consider Az = b, and the perturbed linear system
(A+0A)(x + 6x) = b+ db. (2.53)
Note that SA
JA7t5] < A o] < w() PR <
Then due to Lemma 2, (I + A~'§A) is invertible and it follows that
1 1
11+ A710A| < < (2.54)
L—[JA=10A] ~ 1= [|A=H|[]oA]

on the other hand, solving for dz in equation (2.53) and recalling that
Ax = b one gets.

dx = (1+AT6A) A (0b — 0 Ax) (2.55)

from which, passing to the norm and using equation (2.54) it follows
that
1A~

L —[lA=t][joAll

finally dividing both sides by ||z|| (which is nonzero since ||b|| # 0 and

A is nonsingular) and noticing that [|z| > H%J'

follows % | 154l
ozl _ =) + g

[E4l 1— H(A)%

1] < (ool + la Al =)

and hence the result

38



Summary

1. k(A) is defined for non-singular matrix

k(A)>1 forall A
since 1 = [[7]] = [[AATH| < JA A7 = x(A)
A is a well-conditioned matrix if k(A) is small(close to 1), the

relative error in x is not much larger than the relative error in b.

A is badly condition or ill-condition if x(A) is large, the relative
error in x can be much larger than the relative error in b.

5. The matrix A is said to be perfectly conditioned if x(A) = 1.

6. The condition number depends on the matrix A and particular

operator norm being used.

7. it is usual to define k(A) = oo whenever A is not invertible.
8. k(AB) < k(A)k(B) for any pair of nxn matrices A and B.

9. some quick facts about x(A)

10.

(a) K(aA) = k(A) where « is a nonzero scalar.
(b) K(A™Y) = K(A)

(c) K(AT) = r(A)

(d) w(I) =1

) for any diagonal matrix D

K(D) =
(f) In the 2-norm, orthogonal matrices are perfectly conditioned
in that k2(Q) =1 if Q is orthogonal. i.e QTQ =T

Any two condition numbers k,(.) and kg(.) on R"*™ are equivalent
in that constants ¢; and ¢, can be found for which

mazx|d;|

min|d;|

c1ka(A) < kg(A) < cara(A) Ae RV (2.56)
For example, on R™*" we have
1
EHQ(A) < k1(A) < nka(A) (2.57)
Lo (A) < ka(A) < misac(A) (2.58)
n
1
ﬁﬁl(A) < Foo(A) < nPki(A) (2.59)

Thus, if a matrix is ill-conditioned in the a-norm, it is ill-conditioned
in the S-norm modulo the constants ¢; and ¢y above.
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2.8 Eigenvalues and Eigenvectors

Many practical problems in engineering and physics lead to eigen-
value problems. In this section, we present the basic facts about eigen-
values and eigenvectors. From a geometrical viewpoint, the eigenvector
indicate the directions of pure stretch and the eigenvalues the extent of
stretching. Most matrices are complete, meaning that their (complex)
eigenvectors form a basis of the underlying vector space. A particu-
larly important class are the symmetric matrices whose eigenvectors
form an orthogonal basis of C". A non-square matrix A does not have
eigenvalues. The numerical computation of eigenvalues and eigenvec-
tors is a challenging issue in numerical linear algebra. In other words,
to diagonalize a square matrix.

To find the root \;, we have to compute the characteristic poly-
nomial p(\) = det(A—\;I) and then (A—\;)x = 0 for the eigenvectors.
However, this procedure is not satisfactory. We discuss two methods.
The power method and the QR iteration will find only the eigenvalues
but for general matrices. For the eigenvectors we still have to solve the
equations (A — \;)x = 0 one by one.

We inaugurate our discussion of eigenvalues and eigenvectors
with the basic definition.

Definition 15. Let A € C™"(orR™") be a square matrix. A scalar A
is called an eigenvalue of A if there is a non-zero vector x # 0, called
an eigenvector, such that

Ar =Xz z#0 (2.60)

In other words, the matrix A stretches the eigenvector x by an
amount specified by the eigenvalue A. The requirement that the eigen-
vector x be nonzero is important, since x = 0 is a trivial solution to the
eigenvalue equation (2.60) for any scalar A. The eigenvalue equation
(2.60) is a system of linear equations for the entries of the eigenvector
x provided that the eigenvalue \ is specified in advance.

Let us begin by rewriting the equation in the form
(A=X)x =0 (2.61)

where [ is the identity matrix of the correct size. Now, for given A
equation (2.61) is a homogeneous linear system for z and always has
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the trivial zero solution = = 0. But we are specifically seeking a nonzero
solution.

A homogeneous linear system has a nonzero solution x if and
only if its coefficient matrix, which is in this case is A — A\, is singu-
lar. This observation is the key to resolving the eigenvector equation.
An eigenvector is a special vector that is mapped by A into a vector
parallel to itself. The length is increased if |A| > 1 and decreased if
|A| < 1. The set of distinct eigenvalues is called the spectrum of A and
is denoted by o(A).

Theorem 10. [?, p. 205, Theorem 4.2.3] For any A € C™" we have
A € 0(A), if and only if
det(A — M) = 0.

Proof. Suppose (A, z) is an eigenpair for A. The equation Ax = Az can
be written (A — AI)z = 0. Since z is nonzero the matrix A — AI must
be singular with a zero determinant.

Conversely, if det(A — A) = 0 then A — Al is singular and
(A— M)z = 0 for some nonzero x € C™". Thus Az = Az and (\, z) is
an eigenpair for A. O
2.8.1 The characteristic polynomial
The eigenvalue-eigenvector equation(2.60) can be rewritten as
(A=X)z =0, 2#0 (2.62)
Thus, A € 0(A) if and only if A — A\ is a singular matrix, that is
det(A— ) =0 (2.63)

equation (2.63) is called the characteristic equation of A and det(A—\I)
is called the characteristic polynomial of A, is defined by

pa(N) = det(A — \I) (2.64)
The fact that pa(\) is a polynomial of degree n whose leading
term is (—1)" A" comes from the diagonal product [[}_, (ax, —A). Since

pa(A) has degree n, it follows from (2.64) and Fundamental Theorem of
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Algebra that every n x n matriz A has exactly n (possibly repeated and
possibly complex) eigenvalues, namely the roots of pa(\). If we denote
them by A1, Aa, ..., A, then p4(A) can be factored as

n

paN) = (=1)"A = A)A = Xo) (A= X)) =[N = A (2.65)

=1
If we take A = 0 in (2.64) and (2.65) we see that
det(A) = MAa...\, = constant term of pa(A) (2.66)

So A s invertible if and only if all eigenvalues are nonzero, in which
case multiplying (2.60) by A™'A™! gives A~'z = (1/\)x. Thus

1
(A, ¥)is an eigenpair for A <= (~,x)isaneigenpair for A1 (2.67)

A’
To illustrate the concept of eigenvalues and eigenvectors let us
see the following examples.

Example 11. Consider the 3 x 3 matrix

3 -6 -7
A= 1 8 5
-1 -2 1

Then, expanding the determinant, we find
det(A—X) =0
AP — 12X — 44X + 48 =0
This can be factored as
N 1207 — 44N+ 48 = (A —2)(A—4) (A —6) =0

so the eigenvalues are 2, 4 and 6.

For each eigenvalue, the corresponding eigenvectors are found by solv-
ing the associated homogenous linear system equ(2.15). For the first
ergenvalue, the eigenvector equation is

1 -6 -7 7 0
(A—2Dz=| 1 6 5 z | =0
-1 -2 -1 B 0
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or
$1—6(L’2—7$3:0

$1+6SL’2+5$3:O
—1'1—2.1'2—33’3:()

The simplified form is

2331 — 21’3 =0
4(132 + 4[[’3 = O
SO
T3 1
X1 = —T3 = T3 —1
T3 1

and so as eigenvector for the eigenvalue A\ = 2 is

These steps can be done with MATLAB using poly and root. If A
is a square matriz, the command poly(A) computes the characteristic
polynomial, or rather, its coefficients.

>> A=[3 -6 -7; 1 8 5; -1 -2 1];
>> p=poly(A)

p=
1.0000 -12.0000  44.0000 -48.0000
Recall that the coefficient of the highest power comes first.
The function roots takes as input a vector representing
the coefficients of a polynomial and returns the roots.
>> roots(p)
ans =
6.0000
4.0000

2.0000
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To find the eigenvector(s) for eigenvalue 2, we must
solve the homogenous equation (A-2I)x=0.
Recall that eye(n) is the n x n identity matrix I

>> rref (A-2xeye(3))

ans =
1 0 -1

1 1

0 0 0

From this we can read off the solution

1
Xi=| -1
1

Stmilarly we find for Ay = 4 and A3 = 6 that the corresponding eigen-
vectors are

The three eigenvectors X1,Xs and X3 are lineraly independent and form
a basis for R3.

The MATLAB command for finding eigenvalues and eigenvectors is
eig. The command eig(A) lists the eigenvalues

>> eig(A)

ans =
4.0000
2.0000
6.0000
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while the variant [X, D] = eig(A) returns a matrizx X whose columns
are eigenvectors and a diagonal matrix D whose diagonal entries are
the eigenvalues.

>> [X,D]=eig(A)

X =
0.5774 0.5774 -0.8944
0.5774 -0.5774 0.4472

-0.5774 0.5774 0.0000

D =

4.0000 0 0
0 2.0000 0
0 0 6.0000

Notice that the eigenvalues have been mormalized to have length one.
Also, since they have been computed numerically, they are not exactly
correct.

2.9 The Multiplicities of an Eigenvalues

Let A € M, and the characteristic polynomial p4(\) is

pa(N) =[] =N (2.68)

j=1
where )‘j S O'(A) = {)\1,/\2, ;)\n}

Definition 16. For a given A € 0(A), the set {z # 0|z € N(A— \)}
of all vectors x € C" satisfying Ax = Ax is called the eigenspace of A
corresponding to the eigenvalue A\. Note that every nonzero element of
this eigenspace is an eigenvector of A corresponding to A.

Definition 17. The algebriac multiplicity of a A is the number of
times the factor (A\; — \) appears in equation (2.68). In other words,
algmults()\;) = a; if and only if (A — A)* (Aa — A)*2..(A, — A)* =0
is the characteristic equation of A.
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Definition 18. The geometric multiplicity of A is dimN(A — AI). In
other word, geo multa(\) is the maximal number of linearly indepen-
dent eigenvectors associated with .

Let us illustrate an example.

Example 12. Consider the matrix

(o)
we compute the characteristic polynomial ps(\) of A is
pa(\) = det(A — \I) = \?
has only one distinct eigenvalue, A\ = 0, that is repeated twice, so
alg multiplicity4(\) = alg multiplicity,(0) = 2.

But
dimN(A — \I) = dimN(A — 0I) = dimN(A) = 1
= geomult,(0) =1

Hence, in other words, there is only one linearly independent eigenvec-
tor associated with A = 0 even though A\ = 0 is repeated twice as an
ergenvalue.
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Chapter 3

Matrix Functions

The concept of a matrix function play a widespread role in many
areas of linear algebra and has numerous applications in science and en-
gineering, especially in control theory and, more generally, differential
equations where exp(At) play prominent role.

For example, Nuclear magnetic resonance: Solomon equations
dM/dt = —RM, M(0)=1

where M (t) =matrix of intensities and R =symmetric relaxation ma-
trix. In the case n = 1 the series is M = e % with M, R,I € M,.
Where e~ is suitably defined for R € M,,.

Matrix functions in general are an interesting area in matrix
analysis. A matrix function can have various meanings, but we will be
only concerned with a definition that is based on a scalar function, f.
Given a scalar function f of the scalar x defined in terms of +, —, X, +.
We define a matrix value function of A € M,,, by replacing each occur-
rence of x by A. The resulting function of A is a n x n matrix.

For example,

1. if f(z) = 22, we have f(A) = A%

2. if f(z) = Z5, x # 0 then we have f(A) = (A+I)(A—I)7if

r—17

where A(A) denotes the set of eigenvalues of A, which is called
the spectrum of A.
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Similarly scalar functions defined by a power series extend to
matrix functions, such as

2 3 4
]ff(:t):log(1+x):x—%+%—%+...,

Then 28 g
f(A):log(1+A):A—7+?—I+...,

One can show that this series converges < p(A4) < 1.

Many power series have an infinite radius of convergence such as

2?7t
cos(x) = —§+Z—
This generates
A2 oAt
COS(ZE):]—E—I—Z—

Again one can show that this converges for all A € Mi,.

This approach to defining a matrix function is sufficient for a
wide rage of functions, but it does not provide a definition for a general
matrix function, also it does not necessarily provide a good way to
numerically evaluate f(A). So will consider alternate definitions.

3.1 Definitions of f(A)

A function of a matrix can be defined in several ways, of which
the following three are the most generally useful.

3.1.1 Jordan Canonical Form

Most problems related to a matrix A can be easily solved if the matrix
is diagonalizable. But as we have seen with

01
(o)
not every square matrix is diagonalizable over C or (R). However by us-
ing similarity transformations every square matrix can be transformed
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to a matrix which is "nearly diagonal” in a certain sense. This nearly
diagonal matrix is known as the Jordan Canonical Form and is im-
portant both for theoretical purpose and practical applications. Let us
consider the following example.

Example 13. Consider the matrix

(1)

The eigenvalues are Ay = Ay = 2, but only one linearly independent

etgenvector.
2 3 T —9 T1
0 2 i) N )

3.232:0

and the corresponding eigenvector s

()

Definition 19. A Jordan block J(X) is a k x k upper triangular matrix
which has square matrices of various sizes placed across the diagonal
and every diagonal entry is A, for some A € C, and every entry just
above the main diagonal is 1. All other entries are 0.

The matrix

is called a Jordan block of size my, with eigenvalues A\ and n = > 7_ m,,
The scalar \ appears k times on the main diagonal and 41 appears
(k — 1) times on the superdiagonal. For example.

— a Jordan block of size 1 is simply the 1 x 1 matrix is

J(A) = ()
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— Jordan block of size 2 is simply the 2 x 2 matrix is

~(31)

— a Jordan block of size 3 is simply the 3 x 3 matrix is

J:

O O >
S >
> = O

Example 14. The following are in Jordan Canonical Form:

41 2 0 30
(o) e (Ge) 2= (0s)

2 1 0 10 0
L=(021], L=[01 0
00 2 0 0 10
7 0 0 51 0
=0 -8 0 |, =05 0
0 0 -8 00 -9

Definition 20. Any matrix A € C"*" (not necessarily diagonalizable)
can be expressed in the Jordan canonical form

XTAX = J = diag(Ji (M), Ja(A2), . p(Np) (3.2)

Ji
Jo

Ik

Where X is nonsingular and m; + mg + ... +m, = n. Where

A1

Je = Ju(\) = A 1 € CmExma (3.3)

Ak

and )\ are the eigenvalues of A. The Jordan matrix J is unique up to the
ordering of the blocks J, but the transforming matrix X is not unique.
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Observations and applications

8, p. 129 §3.2.1]

1. The number £ of Jordan blocks is the number of linearly indepen-
dent eigenvectors of .J.

\V)

. The matrix J is diagonalizble if and only if k = n.

w

. The number and dimensions of the Jordan matriz J € C™™ is a
direct sum of Jordan blocks.

4. A Jordan matrix is not completely determined in general by a
knowledge of the eigenvalues and the dimension of their general-
ized and standard eigenspaces. One must also know the sizes of
the Jordan blocks corresponding to each eigenvalue.

5. The size of the largest Jordan block corresponding to an eigenvalue
A is the multiplicity of A as a root of the minimal polynomial.

6. The size of the Jordan blocks corresponding to a given eigenvalue
are determined by a knowledge of the ranks of certain powers. For

example, if
210
0 21
0 0 2
2 1
S = 0 2
2 1
0 2
2
then
010
0 01
000
0 1
J—2I=J= 00
01
0 0
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o O O
S O O
O O =

(J —2I)* =

o O
o O
o O
o O

and (J — 2I)% = 0. Thus we know that
(J=20P=0  rank(J—-21)?*=1 rank(J —2I) =4

This list of numbers is sufficient to determine the block structure
of J. The fact that (J—2I)3 tells us that the largest block has order
3. The rank of (J—2I)? will be the number of blocks of order 3, so
there is only one. The rank of (J —2I) is the twice the number of
blocks of order 3 plus the number of blocks of order 2, so there are
two of them. The number of blocks of order 1 is 8-(2x2)-3=1. A
similar procedure can be applied to direct sums of Jordan blocks of
any size. if J is such a direct sum corresponding to the eigenvalue
), then the smallest integer k; such that (J — XI)¥ = 0 is the size
of the largest block. The rank of (J — AI)*~! is the number of
blocks of order ky, the rank of (J — AI)*~2 is twice the number of
blocks of order k; plus the number of blocks of size k; — 1, and so
forth.The sequence of ranks of (J —AI)*~1 i =10,1,2,...,k —1,
recursively determines the orders of all the blocks in J.

. The Jordan canonical form of a matrix can be used to compute
powers of a matrix, even if the matrix is not diagonalizable. For
example, if

A=XJX!
A2 =XJX ' XJX = XJ2Xx!

and, in general,

Am = XJm X!

It is easy to compute powers of a Jordan block J,. We have

Je(A) = (ML + N) € M,
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where

Since N =0 forall m>k

T = O+ 30" =3 AN
Which yields for m > ny.
Am o CpamTl L o A (D)
N = A :
\m
where Cf:#ir)!
For example
A1 0\’ 233X 3\
JBN=10 X 1] = 0 I 3)
00 X 0 0

. Using the Jordan Canonical Form to solve Linear systems of ODEs.
Let A € M, be given, and consider the system of first order dif-
ferential equations

y(t) = Ay(t),  y(0) =y (3.4)
Using the Jordan form, we can rewrite eq(2) as
y (1) = XIXy(1).
Multiplying through by X! yields
Xy (1) = JX Yy (o),

which can be rewritten as

/

Z(t) = Jz(t) (3.5)
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where z(t) = X 'y(t). The new initial condition is
2(0) = 2z = X .

If we assume that J is a diagonal matrix (because A has a full set
of linearly independent eigenvectors), then the system decouples
into scalar equations of the form

where A\ is an eigenvalue of A. This equation has the solution
2(t) = e 24,(0),

X y(t) = eM X 1y,.(0)
yr(t) = XeA’“tX’lyk(O)

If the eigenvalue ), is real, this is a simple exponential, if A\, =
ay, + iby is complex, it is an oscillatory term

yr(t) = Xe™ [cos(byt) + isin(bit)] Xy, (0) (3.7)

Definition 21. A nonzero vector x is said to be a generalized eigen-
vector of A of rank k associated with the eigenvalue \ if

(A= X))z =0 and(A — \I,)"'a #0.

Note that if £ = 1, this is the usual definition of an eigenvector. For a

generalized eigenvector x of rank k£ > 1 belonging to an eigenvalue A,
define

T = T,
Lh—1 — (A)\[).Tk = (A,\I)Qf,
Tp—2 — (A)\I)Jik_l = (AA])%T?,

Ty = (Ay)zs = (A )22,
z1 = (AyD)zy = (A 1z,
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This approach also work for when the Jordan canonical form of A is
not diagonalizable. Here is a simple example. Take

-(33)

Then J =A, X =1, and

y(t) = ( n(O) = el0) )

For the computation of Jordan Canonical Form, we illustrate an exam-
ple.

Example 15.

A=

o O =
O =N
— oW

The characteristic polynomial

det(A—X)=(1-X)?>*=0

Then the eigenvalues are \y = Ao = A3 = A =1
the eigenvector xy for Ay =1 1is

02 3 T 0
(A=X)x;=1 0 0 4 y |=10
000 z 0

1

xr1 = 0

0

Using the generalized eigenvectors formula
(A — )\ZI)$]C = Tk—1
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Find s,

(A — /\QI)IQ = I

02 3 x 1
0 0 4 Y =10
00O z 0
1
Ty =— 1/2
0
generate x3 from g,
0 2 3 T 1
0 0 4 Y = 1/2
0 00 z 0
1
rg= | 5/16
1/8
Thus
1 1 1
X=10 1/2 5/16
0 0 1/8
Hand calculation shows that
1 -2 =3
X't=10 2 =5
0 0 8

Thus we have

110
X 'AX=J=|0 11
00 1

which s the required Jordan Canonical Form.
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3.1.2 Definition of a Matrix Function via The Jor-
dan Canonical Form

Definition 22. Let f be defined on a neighborhood of the spectrum
of A € C™" and let A have the Jordan canonical form. Then

F(A) = X F(N)X = Xdiag(f(Je(M)) X, (3.8)
where
fOw) ) e Ll
£ = F(IOw) = Jw) e (3.9)
e ()
0 F()

The R.H.S of (3.8) is independent of the choice of X and J.

If A is not normal, its eigenvalues are not necessarily well condi-
tioned. It is also important to realize that the size of the Jordan blocks
may widely vary under infinitesimal perturbations in A. Therefore, if
A is not normal, then the definition does not provide a numerically
stable means for computing f(A).

A simple example illustrates the definition.

Example 16. Consider the matrix

6 2 2
A=\ -2 2 0
0 0 2

and f(x) = log(x),

Since

A= M| =(2-XN)(4—- N>
it follows that o(A) = {2,4}, the nonsingular matriz X is

0 2 0 0 01
X=-1-21], X'=|1/200
1 0 0 1 11

and the Jordan form is

2 00 log2 0 0
J=104 1|, f(J)= 0 log4 %
0 0 4 0 0 log4
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A=XJX!
f(A) = Xf()X™

Hence,
0 2 0 n2 0 0 0 01
fAy=1 -1 -2 1 0 Ind 3 1/2 0 0
1 0 0 0 0 4 1 11

1.8863  0.5000 0.5000
f(A)=1 —0.5000 0.8863 0.1931
0 0 0.6931

3.2 Polynomial Matrix Function

Two polynomials are associated with every square matrix: the
characteristic polynomial and the minimal polynomial. These poly-
nomials play an important role in various problems of the theory of
matrices.

Definition 23. A scalar polynomial 1/(\) is called an annihilating poly-
nomial of the square matrix A if

W(A) = 0. (3.10)

An annihilating polynomial ¥ () of least degree with highest
coefficient 1 is called a minimal polynomial of A. In fact it is unique.

Let 11 (X) and 12(A) be two minimal polynomials of one and the
same matrix. Then each is divisible without remainder by the other,
i.e., the polynomials differ by a constant factor. This constant factor
must be 1, because the highest coefficients in ¢;(\) and 5(\) are 1.
Thus we have proved the uniqueness of the minimal polynomial of a
given matrix A.

By the Hamilton-Cayley Theorem the characteristic polynomial
X(A) is an annihilating polynomial of A. However, as we shall show by
example below, it is not, in general, a minimal polynomial.

Lemma 3. [?, p. 22/, Theorem 1] FEvery annihilating polynomial of a
matriz 1s divisible without remainder by the minimal polynomaual.
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Proof. Let us divide an arbitrary annihilating polynomial f(\) by a
minimal polynomial

fF) = $(Nag(A) +7(A) (3.11)
where the degree of r()) is less than that of ¢)(A). Hence we have,
f(A) = ¢(A)q(A) +r(A) (3.12)

Since f(A) =0 and ¥(A) = 0, it follows that r(A) = 0. But the degree
of r(A) is less than that of the minimal polynomial ¥)(\). Therefore
r(\) = 0. 0

Lemma 4. [8, p. 144] The minimal polynomial of the Jordan block of
order m with eigenvalue X\ is (t — \)™.

Proof. Let A be the matrix then

N=A-)\

Then
(A=XD)" =0, (A=X)™1#£0,

so it follows that (¢ — A\)™ is an annihilating polynomial and none of its
divisor is such therefore (¢t — A)™ is the minimal polynomial. O

Lemma 5. Let A € C™*™ and suppose that \1, Aa, ..., \s are the distinct
eigenvalues of A. Then the minimal polynomial, the unique monic
polynomial p of lowest degree such that p(A) =0 is defined to be

() = =)™ (3.13)

=1

where n; is the size of the largest Jordan block in which \; appears.

The proof is similar to Lemma 4.
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Example 17. Find the minimal polynomial of the matriz A, where

o OO N
S O
SN OO
T O O O

A is an upper triangular matrix, so, the characteristic polynomial of
the given matriz A is,

pa(A) = det(A — N)
pa(A) = (2= 2)%(5 = ))
there are three possibilities for the minimal polynomial
P1(A) = (A =2)(A=5)
Ua(A) = (A =2)*(A = 5)
Us(A) = (A =2’ (A = 5)
Substituting A = A in the polynomial 11 (\) yields
V1(A) = (A—-2I)(A—5I) #0
Therefore, 11(\) can not be the minimum polynomial of A. Whereas
Us(\) = (A — 21)2(A — 51) = 0

Since (\) = 0, this shows that a(\) = (A\—2)*(A—5) is the minimum
polynomial of A.

Theorem 11. [8, p. 86, Theorem 2.4.2] Let A be a square nxn matrix
and let pa(A) be its characteristic polynomial i.e pa(\) = det(N — A)
then pa(A) = 0.

This theorem says essentially that ” A matriz satisfies its own
characteristic equation.” To illustrate the Theorem 11, we consider the

following example.
2 1
=(4)

p(A) = det(\] — A) = A2 —B5X+7

Example 18.
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p(A) =A% —5A+7
p(A)Z(_35 Z)—5(_21 é)+7(é (1))
p(A)Z(g 8):0

Now we have an alternate method to evaluate matrix polyno-
mials. Evaluating a matrix polynomial is a common task when work-
ing with matrix functions. Horner’s method(or synthetic division) is
almost always used when evaluating a scalar polynomial, but in the
matrix case we must also consider alternative methods.

In fact, any scalar polynomial

m

p(t) = ao + art + ... + Aoyt apt™ = at! (3.14)
=0

gives rise to a matrix polynomial with scalar coefficients by simply
substituting A for ¢ in (3.11)

P(A) = amA™ + @ A" 4t al =) a Al (3.15)

1=0

More generally, for functions f with a series representation on
an open disk containing the eigenvalues of A, we are able to define the
matrix function f(A) via the Taylor series for f.

Theorem 12. [5, p. 565, Theorem 11.2.3] If f(¢) has a power series

representation
oo

) =) at

=0

on an open disk containing A\(A), then
FA) =D A’
i=0

Proof. When A is diagonalizable. Suppose

XYAX = D = diag(\i, A, ..o \)
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we have

= Xdiag Zazxp - ,iai/\fm)

=0

o0

=X() aD)X ' = iaz XDX™!
=0

1=0 7
= Z CliAi
=0
[l

To evaluate a polynomial matrix function if A € M,, is diagonal-
izable with a diagonalization A = XAX ! with A = diag(\1, g, ..., \n)
is known, then (3.9) assumes the simple form

p(A) = p(XAXT") = Xp(A) X~
p(A1) 0
p(A) =X X! (3.16)
0 p(An)
In deriving this formula, we have used the important property
of polynomial functions p(t) that p(X AX ') = Xp(A)X . If A is not
necessarily diagonalizable and has Jordan canonical form A = X JX 1

with
A 1

A
Jr = Ji(Ap) = g
Ak
as in [8, (3.1.12), p. 126, Theorem 3.1.11] then
p(A) = p(XJX ™) = Xp(J)X ™
p(J1(A1)) 0
p(A) =X X! (3.17)

Now write

Je(A) =AM+ N where N = Ji(0).
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Then .
J
JA) =M+ Ny =Y CINTN
1=0

and all terms with i > k are zero because N* = 0. This gives

PO = Y a A = D03 ,(jj—i),AN
— S S Q. j‘ J—t ()
‘Z{Z e Y
(& 4! i A
;z"{;u—w' S

PN = 30 S ()N
= %pi()\)NZ, p=min{m,k— 1}
pO) PO ) e Bl
0 p) PO .
p(Jk> = p(JkO‘)) = 0 0 p()\) %p//()\) (3.18)
: : p’()\)
0 0 e p(N)

in which all entries in the ith superdiagonal are p((\)/i!, the normal-
ized ith derivative. Notice that only derivatives up to order k — 1 are
required.

Definition 24. The values
fj<)\i)7 jJ=0:n;,—1, 72=1:s

are called "the values of the function f and its derivatives on the spec-
trum of A”, and if they exist f is said to be defined on the spectrum
of A.

Note that the minimal polynomial v takes the values zero on the spec-
trum of A.
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Theorem 13. [7, p. 5, Theorem 1.3] For polynomials p and ¢ and
A e C™™ p(A) = q(A) if and only if p and ¢ take the same values on
the spectrum of A.

Proof. Suppose, we have two polynomials p and ¢ such that p(A) =
q(A) and let d(A) = p(A\) — q(A), then obviously d(A) = p(A) — q(A) =
0, so the values of d on spectrum of A are all 0, and hence d()\) is
an annihilating polynomial for A. Thus (3.11) d()) is divisible by
the minimal polynomial 1)(\) of A given by (3.13) and there exist a
polynomial g(\) such that

Computing the values of d(A) on the spectrum of A, then
dPN\)=0 fori=1,..5, j=0,..n;—1
where s is the number of distinct eigenvalues.
P(j)()\i) — gV (\) =0
p(j)()‘i) = q(j)()‘i)
fori=1,...s, 7=0,..n; — 1,

So,
p(A) =

(4) = p”
Thus, the two polynomials p(A) and g(A) have the same values on the
spectrum of A prov1ded p(A) =q(A).

Conversely, if p@)(\;) = ¢ ();) holds, then

) = (‘)()\.) :q(j)()\i)

d(J)()\z> = 07 L= 17 ey Sy j = 07 ey T = 1

Hence d(A) must be divisible by () in (3.13) and it follows that
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3.2.1 Matrix Function via Hermite interpolation

Definition 25. Let f be defined on the spectrum of A. Then f(A) =
r(A), where r is the unique Lagrange-Sylvester interpolating polynomial

of degree less than
Z n; = degy
i=1

that satisfies the interpolation conditions
rN)=f(N) j=0:n—1, i=1:s

Note that the polynomial r depends on A through the values the func-
tion f takes on the spectrum of A.

Let us consider the following example which is useful clarification.

Example 19. [7, p. 5] Consider f(t) = v/t and

2 2
=(13)
The eigenvalues are Ay =1, X =4, s=2 and ny =ngy =1 so

that the minimal polynomial ¥ (t) of A is (t — 1)(t —4). The Lagrange
interpolatory polynomial is

i=1 j=ls Ot 7Y
p(t) = F)T G+ fO) =t = 2t +2)

Hence,

o=l )

It is easily checked that f(A) = p(A) = VA = f(A)? = A, which is
true.

Let us consider another example, where the matrix has the same eigen-
values, but a different Jordan Canonical Form.
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Example 20. Consider f(t) =/t and

11
B=101
0 0

=

The eigenvalues are \y =1, ny = 2 and Ay = 4 ny = 1. B has Jordan
Canonical Form.

110
=1 010
0 0 4

Let p denote the unique Lagrange-Syvester interpolating polynomial of
degree< ny + ny = 3 Then, we have

ft)y=vt ft)= ;)"

1
2

\/_
mm=m=ﬁ:1

ORGES

N

B4) = f(4) = Vi =2
Let
p(t) = ag + art + ast®.

To solve for the values ag, a; and as we have,
ap+ay +ag =1

ay + 2ay = =

ao + 4aq + 16ay = 2.

After solving the system of equations, we have,

8 11 1
WM T 187 T g
X 8§ 11, 1,
e =g oy
P =5+ 1
Hence,
8 11 1
(B) = — 4+ —B— —B?
PB) =5+ 5P~ 13



B(B) = f(B) = %(8[ +11B — B?)

1 18 9 5
BT 0 18 6
0 0 36

Since p satisfies the same conditions as p, so with A as in Example 19.
We have

p(A) = A2,
But p satisfies two conditions not all three conditions that p satisfies.
So we can not expect that p(B) = p(B), and in fact, we have

. 1 1/3 1/3
p(By=-(B+2)=[ 0 1 1/3
3 0 0 2
1 2/3 10/9
p(B?=|(0 1 1 # B
0 0 4

SO

The eigenvalues are Ay =3, A =5, s=2 and ny =ngy =1 so
that the minimal polynomial ¥ (t) of A is (t —3)(t —5). The Lagrange
interpolating polynomial:

pt) =" f00) I +=%
i=1 j=lg#i Y
Pt = FB) =2+ f()—s
p(t) = (S0 + (0

Hence,

p(A) = f(A) = —%eﬁ(A —5I) + %elO(A —3I)

)
4 _ L[ 30— ¢S —el0 b
T2\ 3e!V —3eb —el0 4 3e6
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We now mention two important properties of matrix functions that are
discussed by [?, p. 310, Theorem 1, Theorem 2]

Lemma 6. [10, p. 310, Theorem 2] If A, B, X € C™", where B =
XAX™Y and f()) is defined on the spectrum of A, then

f(B)=Xf(AX (3.19)

Proof. Since A and B are similar, they have the same Jordan canon-
ical form. So the polynomial p that interpolate f on the spectrum of
A also interpolate f on the spectrum of B. Thus f(A) = p(A) and

f(B) = p(B).

Since B = X AX ™!, we have
BY = (XAX Y = xAFX !

Let p(A) = Y., a;A". Then

f(B)=p(B) = ZoziBi = Z  XA'X !
=0 i=0

= X()_aA)X T = Xp(A)X !
=0

f(B)=XfA)X
O

Lemma 7. [10, p. 310, Theorem 1] If A € C"*" is a block diagonal
matrix

A= diag(Al, A27 ceey AS)

where Ay, Ao, ...As are square matrices, then
f(A) = diag(f (A1), [(A2), ..., F(As)). (3.20)

Proof. 1f r(\) is the interpolating polynomial of minimal degree that
interpolates to f(\) on the spectrum of A then

f(A) =r(A) = diag(r(Ay),r(As),...,r(As)) (3.21)
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Since, on the other hand, the minimal polynomial 1)(\) of A is an an-
nihilating polynomial for each of the matrices A;, Ao, ..., A;. Therefore
it follows from the equation

f(Aa) =71(Aa)
that
f(AA1) = diag(r(Ax‘h)v T(AAz)a "'7T(AA5))

Therefore

f(A1) = r(Ay), f(A2) = r(A2), ..., f(Ar) = 1r(Ay),

and eq(3.18) can be written as follows:

f(A) = dzag(f<A1)a f(A2)7 cey f(As)

3.3 Matrix function via Cauchy Integral
Formula

The Cauchy integral formula is an elegant result from complex
analysis stating that the value of a function can be computed by an

integral. Given a function f(z) and a value z = a we can compute f(a)
by

fla) = % A %dz (3.22)

where I' is a contour in C such that I" encloses a and f(z) is analytic on
and inside I'. Generalizing this formula to the matrix case. We have

Definition 26. Let 2 C C be a domain, f : Q@ — C analytic function.
Let diagonalisable A € R™™ such that all the eigenvalues of A lie in (2.
Denote the boundary of ©Q by I'. Then we define f(A) € R™" as a
contour integral

F(A) = % /F F)(T — A)Yds, (3.23)

where (21 — A)™! is the resolvent of A at z and T is a closed contour
lying in the region of analyticity of f and winding once around the
spectrum A(A) in the contour-clockwise direction.(Here i = /—1 and
the contour integral of the matrix f(z)(2I — A)~! is the matrix of the
contour integrals of each entry of f(z)(zI — A)~1.)
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Let us illustrate the following example.

Example 22. Using the Cauchy integral formula to find f(A) for
(-1 1 9
A—( 3 1) and f(z) = z".

Solution. We calculate

F(2) (I — A7 = 22 ( z_+31 Z__ll )-1

B 22 z—1 1
T 22—4\ 3 z+1
The eigenvalues of A are \y = —2 and \; = 2. Since f(z) = 2% is

analytic on C,
we consider

Q={ze€C:|z| <2+¢€}

for some € > 0, so that \;, Ao € 2. Hence §) is the circle with center
the origin and radius 2 + €. we have to calculate the contour integral

1 22 z—1 1
f(A)_%/Fz?—zL( 3 z—i—l)d'z

22(2—1) 22
F(A) = ( o Jr rrdr g JpAade )

[ 322 I CE0))
d 5 Jr g 4%

2mi JT 22—a
for z = (2+€)e®. This implies dz = (2 + €)ie?’df and , calculating the
contour integrals and letting € — 0, we get

=(p 1)

The calculation of the integrals in f(A) is hard to evaluate especially
for n > 2.

Theorem 14. [9, p. 427, Theorem 6.2.28] Let A € R™" diagonal-
isable matrix and f analytic function on a domain that contains the
eigenvalues of A. Then

F(A) = X f(A)X

where A = XAX ™! is the eigenvalue decomposition of A, and f is
defined by the Cauchy integral formula.
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Proof. we have

(2I-A)'= (- XAX )= (X(I-MNX N =X(I-N)T X!

Hence,
1
F) =5 [ FEX G- a) e
271 T
L / F()X (2 = A) "X dz
271 r
_ x(-— / F(2) (2T — A) L) X!
271 r
fA) = X)X
Such results are often called spectral theorems. O

We, therefore, conclude that:

1. the theorem above says that f(A) is similar to the matrix f(A);

2. if we calculate f(A), the spectral theorem gives us a way of cal-
culating f(A)

But what is f(A) for A diagonal matrix.?

3.4 Functions of diagonal matrices

Definition 27. We denote a diagonal matrix D € M, with entries
d; i=1,2....,n by diag(dy,ds, ..., d,)

Lemma 8. [9, p. 407,(6.2.1)] Let A € R™" diagonal matriz with
A = diag(A, Az, ..., \n) and f analytic function on a domain containing
Ni,t=1,2,...,n. Then we have that

Proof. Since A and zI are diagonal, so is zI — A; hence,

1 1 )
2=\ 2=\,

(2] — N)™* = diag(
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Using the definition, we have

f(A) = %/Ff(z)(zl—/\)_ldz = L,/Fdiag( /(z) /(z) )dz

2mi 2=\ Tz=\,

. (2) 1 (2)
=d — | ———dz,....— | ———)d
mg(27ri rz—>M “ omi Fz—)\n) :

= di@g(f()‘l)a f()‘2)> ey f()‘n))

from Cauchy’s integral formula. O]

In view of the above lemma, we conclude the following:

1. since f(A) is diagonal, the eigenvalue decomposition of f(A) reads
fA) = XfFA)X

2. it is easy to calculate f(A); just apply f to the eigenvalues of A.
Let us consider the following example.
Example 23. Find f(A), using the Diagonalisation for matriz A.
= (13)
The diagonalisation form of A is A= XAX ™!,
The eigenvalues are Ay = 1, Ao = 4 where

SED e Galy
e 7)== [ FET = )7
F(A) = % /F F) (2 = XAX ) dz

F(A) = % /F FX (T — A X1

f(A) ZX[QLM./F ( Z_OM Z_OAQ )_1f(z)d(z)}X‘1

r=x (790 o)X

F(A) = X F(A)X

But not all matrices are diagonalisable, There are many other ways of
calculating f(A) without using the eigenvalue decomposition method.
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3.5 Power Series Expansions

Frequently there is a basic requirement of computing the power
of a matrix. We have to compute a sequence of successive powers
A2 A3, ... in the obvious way i.e by repeated multiplication by A.

Theorem 15. [5, p. 565, Theorem 11.2.3] If f has a power series

expansion
(e.)
flz) = Z 2"
k=0

on an open disc containing the eigenvalues of A, then

o0

FA) = A

k=0

Proof. First we consider the case when A is diagonalizable.
Suppose X 'AX = A = diag(\i, ..., \,) using theorem 14, we have

= deg(z Al Z A X!
k=0

k=0
=X aA)XT =) e (XAX T
k=0 k=0
FA) = oA
k=0

Next we consider the case where A is not diagonalizable. In this
case we can find a sequence of matrices A; — A, where each A; has
distinct eigenvalues. The A; therefore are diagonalizable.

Hence

1 1
— | 2] — A)7ldz = lim —_/zk(zf —A;) Mz
r

21 Jr j—00 271

= lim A? = A*

Jj—00
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Example 24. Find f(A) when
1. f(z) =e€*. We have

o
183
|
[~]e
==
N
ol

i
o

Hence

@

b

I
(]2
= -
s

e

B
Il
o

2. f(z) =sin(z). We have

sin(z) = i —(k_l)k '22’“rl
—~ (2k + 1)!
Hence N
S.H(A) . Z (_1)k A2k+1
T e

A way to approximate f(A) is truncate the power series expansions,
ie.,

FA) = e Ar,
k=0

This is possible to compute in practice, the bigger is m is the better
the approximation. Since f is analytic, the coefficients ¢, in the power
series expansion get smaller and smaller in absolute value.

3.6 The Relationship of the Definitions of
Matrix Function

If Ae C"™ and f is analytic function on a domain that contains
the spectrum of A, there are many ways to define f(A).

R.F.Rinehart [17] shows that all of our three definitions of a
matrix function are equivalent.

Theorem 16. Let A € M,,. Let f be an analytic function defined on
a domain containing the spectrum of A. Let

1. f;(A), denote the value of f(A) computed the Jordan canonical
form definition:
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2. f,(A), denote the value of f(A) computed the interpolating poly-
nomial definition:

3. f.(A), denote the value of f(A) computed the Cauchy integral
definition:

Then
f1(A) = fp(A) = fe(A) (3.24)

To prove this theorem we will need to prove some preliminary results.
First we consider the value of f on a diagonal matrix.

Lemma 9. [9, p. 385] Let A € C™"™ = diag(A, A2, ..., \n) and f be
an analytic function defined on a domain containing the spectrum of
A. Then

Proof. If A is diagonal then
A=
An

block diagonal matrix each block is 1 x 1, then

f()
fi(A) =
f(n)
but
Ji=[M] 1x1,
so then by definition
fCh) = [F(A)],
and hence
f(A)
fi(A) = " : (3.26)
f(An)

Now consider the polynomial definition.
pA,f()\Z) = f()\z)7 fO?”i = 1,2, ., n
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f(A)
fo(A) = - (3.27)
f(An)

Finally, consider the Cauchy Integral formula

FA) = 5 ST = 4)7ds

Z—/\l !
ﬁwﬁfm% S )
r z— A

5 $r F(2)(z = M)
fe(A) =
5 $p F(2) (2 = M)

f(A)
fe(A) = - (3.28)
f(An)

Hence from (3.26), (3.27), and (3.28), we have
fJ(A) = fp(A) - fc - dlag(f()‘l)v 7f<>‘n))7

as required. O
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Now we show that the three definitions interact with similarities in the
same way.

Lemma 10. /9, p. 412, Theorem 6.2.9(c)] Let A € M, and f be an
analytic function defined on a domain containing the spectrum of A.
Then

fr(XAX ™) = X f,(A)Xx ! (3.29)
fo(XAXTH) = X f,(A) X (3.30)
f(XAXTY) = X f(A)X! (3.31)

for any nonsingular matriz X € M,,.

Proof. Now, assume that B = XAX ! where X € C"™" is nonsingu-
lar, B € C™*"

1. If A= SJS™ ! is the Jordan canonical form of A, then
B=XAX"1'=XSJS'X = (XS)J(X9),
so by definition
fr(A) = f,(8TS7) = Sf,(1)S™

and
f1(B) = (XS) f5(J)(X8)™
fr(B) = X(Sfs(J)SHX !
f1(B) = X f,(A)X
FH(XAXT) = X f5(A) X (332
as required.

2. Now consider the power series definition Let

ft) =) ant*
k=0
folA) =) apA*
k=0
Since

B=XAX""!
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Then -
fo(B) =) aB*
k=0

fo(B) =) ap(XAX TN =) " (XAFXT)

£(B) =X AN X7 = X f(A)X!

fp(XAX_l) = Xfp(A)X_l (3.33)
as required.

3. Finally, consider the Cauchy Integral definition. Let

F) = 5 [ 1)1 =2y a:

Now again
B=XAX"!
Therefore )
1(B) = 5 [ £G)e1 = B) e
f(B) = %/Ff(z)(zl — XAX Nz
f(B) = QLM/Ff(z)X(zJ — A Xz
7(B) = X (5 [ £G) a1 = ) az) X
SO
Jo(XAXT) = X fo(A)X (3:34)
O

We can generalize the idea for evaluating matrix functions using the
relation f(XAX™!) = X f(A)X L.

Now we show f;(A) = f,(A) = f.(A) when A is diagonalizable.
Lemma 11. [9, p. 407, ] If A € M, is diagonalizable, then
f1(A) = fo(A) = [e(A)
holds.
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Proof. Since A € M, is diagonalizable and

A= SAS™!
, An), then

fi(A) = f,(SAS™)
= Sfs(N)S™?
f(A)

St (3.35)

f(An)

with A = diag(Aq, ...

fi(A)=S

Since f(A) and pa, () assume the same values on the spectrum of A,
they must also have the same values on the spectrum of A. Hence

pas(N) = f(N), i=1,2,...,n. Therefore

FA) = pap(A) =) Al
=0

(4) = pl4) = Y ai(5457)

=S50 NS
>ise M
fo(A) =S St
>ice Mot
P()\l)
=S St
P(An)
f(A)
fp(A) =S St (3.36)
f(An)

Now, consider



Since A = SAS~! then

fe(A) = f(A) = 2% 7§ f(2)(zI — SAS™H)dz

fe(A) = S(Qim. ]g f(2)(zI — A)7tdz)S™
fo(A) = SF(M)S™ (3.37)
Hence from equation(3.38), equation(3.39) and equation(3.40) we have
fi(A) = f,(A) = [e(A)
m

Lemma 12. /5, p. 816, Corollary 7.1.8] If A € M, has distinct eigen-
values then A is diagonalisable.

Proof. If A has n linearly independent eigenvectors 1, xa, ..., T,, form
a nonsingular matrix X with them as columns. Then

Ax; = Nz fori=1,2,....n

and \; are distinct eigenvalues.
Then
AX = [Azy|Axs]....|Ax,] = [z | Aaza.. | Anxy)]

A1
AX = [x1|m)... ) = XA = A=XAX"1
An

Note that not every matrix is diagonalizable. e.g.; Consider

01
=(00)
has eigenvalues {0,0}. Then,

XAX‘l—X(g 8))(‘1—0.
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Lemma 13. [9, p. 408] Let A € M,,, € > 0. Then 3 A, such that
[Ac— Al <€
and A, has distinct eigenvalues and hence is diagonalizable.

Proof. Let A = UTU* be the Schur form of A. If T has distinct
eigenvalues then A is diagonalizable. Take A, = A. If not let § =
min{[Ai — Al A # Aj}
Let n = min{d,€}/n > 0 Consider the upper triangular matrix 7" with
the diagonal entries t11,...,tn,. Let T. = T + diag(0,n,...,(n — 1)n)
Then T, has distinct eigenvalues.
Let

A.=UT.U".

|A— Al =(n—-1)n<e.
O
We will establish continuity properties of f, and f., so that we can use

a continuity argument to show f,(A4) = f.(A) in the non-diagonalizable
case.

Lemma 14. [9, p. 396, Theorem 6.1.28][9, p. 427, Theorem 6.2.28]
Let A € M,, and f be analytic function on a domain containing the
spectrum of A. Then f, and f. are continuous at A.

Proof. When A is not diagonalizable. We will use a continuity argu-
ment.

1. f,(A) is a continuous function of A.

Let t.;, = =1,...n be the spectrum of A.. Let r4_be the polynomial of
deg < n that interpolates f at the spectrum of A, then

j—1

ra.(t) = Z Flteas ot T8 = tes)

=1

Note that eigenvalues of a matrix are continuous functions of the ma-
trix. As e — 0,t.; — t;, also f[t1,...,t;] is a continuous function of
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t1,...,t; provided f is j — 1 terms continuously differentiable

coefficients of r4_(t) are continuous functions of A.. So

n

ra.(t) = Z acjt!

J=0

where a.; — a,; as € — 0 and

n
T’A(t) = Z CLOJ'tj
7=0

Thus
n
ra(A) =Y ac;Al
Jj=0
since
Qe,j — Q0,5
Al — A

ra(Ac) = ra(A)

as required. Thus f,(A) is continuous.
1. f.(A) is a continuous function of A.

To show that f.(A) is continuous. Consider

F(A) = 5 $ T - )

. Thus the

(3.38)

since (2I — A)~! is continuous for z not on eigenvalues of A, we might
expect that equation (3.28) is continuous in A since the boundary of T’
is disjoint from the spectrum of A and is of finite length. The details

are in [9, Theorem 6.2.28, p. 427].

[]

With these results we are in a position to prove Theorem 16.

Proof. First consider the case that A is diagonal. Then by Lemma 9,

we have that,

f1(A) = fp(A) = fe(A)
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Now consider the case that A is diagonalizable, i.e., A = XAX L.
Then by Lemma 10, we have the

fi(A) = fH(XAX ) = X f,(M) X!
folA) = f(XAXT) = X f,(A) X
fe(A) = fo(XAXTY) = X f(A) X!
Since, these equality yields the result,
f1(A) = [p(A) = fe(A)

as desired.

Finally consider the case where A € M, is not necessarily diag-
onalisable. We will show.

1. fJ(A) = fp(A)
2. fp(A) = fe(4)

Let
J1
A= e M,
Jr
then
f()
fi(A) =
f(Jk)
and
p(J1)
fp(A) =
p(Jk)

We must show for a Jordan block

f(Nh) =p()1)

where p is the polynomial that interpolates f on the spectrum of
JI DI D ... P J.
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Note that from [9, Theorem 6.1.26, p. 395 | we have: Let
t1,ta,...,t, € C" and let the polynomial r(¢) be defined by the Newton
formula

r(t) = flta]+flte, to](t—=t1)+fltr, ta, ts](E—t1) (t—t2)+...+ ft1, ... 1 1:[?5 tr)

(3.39)
interpolate f at tq,ts,...,t, and moreover t; = X fori =1,2,....k we

have
1

M A = e fETD (N 3.40
Let
A1
)\1
le :)\1]+N, ]{?1Xk’1
A1

Since A\; = Ay for i > 1. Now we will evaluate p(.J;). Let ty,ts,...,t, be
the eigenvalues of Jy, Js, ..., J.

We know t; =t = ... = ty, = A\; by the formula (3.18)
j—1
zf (AN | (S
=1
SO
n 7j—1
=3 fltr, sty [ (T = 1) (3.41)
j=1 i=1
For j =1,...,k +1,
j—1 j—1
[ —tD) = [T+ N = M\I) =N
=1 =1

Since N7~ =0 for j = k; + 1, so it must be zero for all j > k; + 1
so equation (3.41) is in fact

p(h) = .Zlf[tl’ NI
~ 77 ) i
p(Jl) - — (j—l) N
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£"() foD

p(J1) = f(A) + f/(A)N + TN2 T m]\ﬂclfl
Fu) PO £ £
0 fl) (M) :
p(Jr) = : 0 ) e fué?\l)
f1(A)
o0 0 F)
Hence

p(J1) = fr(h)
So we have shown

fi(A) = fp(A)

We know (see Lemma 10) for any A € M,,, 3 A, such that ||[A—A|| <€
and A, is diagonalizable.

Note that for e > 0, f,(A.) = f.(A.) since A, is diagonalizable. Then

fp(A) = 131%1 fp(Ae) (3~42)
= fe(Ad) (3.44)

The equality in (3.45) is because f,, is continuous, the equality in (3.46)
is because A, is diagonalizable and the equality in (3.47) is because f.
is continuous. Hence, we have proved that when A is not diagonalizable
then

fo(A) = fe(A)

Hence, the desired result is

f1(A) = fo(A) = [e(A)

This concludes the proof of the theorem. n
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3.7 A Schur-Parlett Algorithm for Com-
putation Matrix Functions

Many methods are based on the property f(XAX ') = X f(A)X L.
If X can be found such that

A=XBX!

then f(A) = X f(B)X~'. When for example, A is diagonalisable and
B = diag()\;), a simple calculation yields

F(A) = Xdiag(f0) X" (3.45)

Unfortunately, this approach is reliable only if X is well condi-
tioned, that is, if the condition number x(X) = || X||[|X || is not too
large. To overcome such complications the use of ill conditioned sim-
ilarity transformations must be avoided. Ideally if X will be unitary
then in the 2-norm ky(X) = 1. If for Hermitian A or more generally
normal A, we have the spectral decomposition A = QDQ*, where ()
is unitary and D diagonal. If we compute this decomposition then
f(A) = Qf(D)Q* gives an excellent way of computing f(A).

Another way to do this is to take A = X BX ! to be the Schur
decomposition. The Schur decompsoition of A € C™™ can be written
as

A=UTU", (3.46)

where U is unitary and T = (t;;) is upper triangular matrix (¢;; =
0, ¢«>j)and \;, =t; i =1,2,....,n appears on the diagonal of T'.
Since U* = U~! hence (U) = ||U|||[U|] =1 then

f(A) =Uf(T)U (3.47)

In this way the computation of f(A) is reduced to the computations of
F = f(T) for an upper triangular matrix 7.

Let T = (t;;) be an upper triangular matrix with \; = ¢; and
that f(7) is defined by equation (3.47), that f; = f(\;) for 1 <i < n
and f;; =0for 1 <j<i<nandforalll<<¢<j<n,wehave

fij = Z tno,mtm,nz-'-tnkq,nkf[)‘noa ) )‘nk] (3-48)

(mo,m1,e-Mk)ESij
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where S;; is the set of distinct sequences of integers such that ¢ = ny <
m<..<m =7 1<k<j—iand f[A\y, ..., \,] is the kth order
divided difference of f at {\,,, ..., Ay, }. Computing the function f(T)
using the above method requires O(2") arithmetic operations, which is
computationally infeasible even for matrices of moderate size.

For example, let A € C™*" for the case n = 2 and for \; # Ay
we have,

(Mt o fn) tm%fg/\l))
(0% o= (1

For Ay = Ay = X\ we have
At A fA) tiaf'(N)
3.7.1 Parlett’s Algorithm

A much more efficient and a faster algorithm for computing F' = f(7T')
was proposed by Parlett [7]. The recurrence formula for the Parlett’s
method is derived from the following commutativity relation

FT =TF. (3.49)

Because F'is a polynomial in 7" and we know that 7" and F' commute.
We write

tinr - i fir - fin
0 ton 0 fon
f(T)=rpr(T)

is a polynomial so it can be written like

F(T) =) a1
=0

n—1 tjil *
FT)=>a :
=0 0 t

nn



the k, k elements of this sum is

n—1
> it = rpaltir) = f(tx)
=0

SO

Jer = f(trx)

Jiu o fia tu -+t tin -+ tin Juu o fia
Where T' and diagonal of F' = f(T') is known and we want to
calculate the off-diagonal elements of F' = f(7T'). Now assume i < j

and equate (1, j) entries of the identity of equation(3.49). For example
we consider c; o element such that

firtiz + fiatoa = tinfiz + tiafoo
fi1 — fo2

t11 — too

fiz = (t12)

then compute fi3, consider the ¢; 3 we have

fi1 — fs3 n fiates — t1afos
t11 — 33 t11 —t33

fis = ti3

Now by comparing (i,7) entries in this way, generally, we obtain the

summation formula ‘ .
j j
E firtr; = E Lik frj
k=1 k=i

which gives
i—1
f = t,,<fii — fij) n — (firtrj — ticfe;)
Tt —ty) S, (t—ty)

=7

(3.50)

which requires that ¢; # t;; for all ¢+ # j. This recurrence can be
evaluated in % operations. From equation (3.50) we see that any

element of F' can be calculated as long as all the elements to the left
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and below it are known. Thus the recurrence allows us to compute F
a superdiagonal at a time, starting with the diagonal elements f;; =
f(ti). Once F' = f(T) is calculated, then f(A) is given by f(A) =
Qf(T)Q*. The complete procedure is as follows.

Algorithm 1. (Parlett recurrence)[7] Given an upper triangular 7' €
C™™ with distinct eigenvalues t1,t29, ..., tn, and a function f(x), the
following algorithm computes F' = f(7T') assuming that it is defined:

for i=1:n
f(i,i)=f(t(,1))
for j=2:n

for i=j-1:-1:1
f(i,j) = GG, *EGE, -G, i)/t E,1)-t(G,3));
for k=i+1:j-1
£(1,7)=f(1,j))+EG, k) *t(k,j)-t(d, k) *f(k,j))/(t(1,1)-t(5,7));
end
end
end

Consider the following example.

Example 25. [5, p. 560] If

and

then

is defined by

1+1
fllZT:2

1+3 4
fo=—37=3



1+5 6

fa3 = B
fo2 — fu 2
— 2 s 2
f12 12 P 3
f33 — fa2 4
A L
faz = ta3 P 5
1
Ji2 = [t13(fss — fi11) + (t1afoz — fiotes)|tss — t11 = 15
The recurrence (3.50) breaks down, when ¢; = t;; for some

i # j and leads to poor results when t;; ~ t;; for some i # j. In this
case Parlett [7] advises using T' = (T};) as a block matrix with square
diagonal blocks, possibly of different sizes. The first step is to choose
@ in the Schur decomposition such that close or multiple eigenvalues
are clustered together in blocks T}; along the diagonal of T". Then we
must compute a partitioning

Ty Ty - Ty Fy Fyp - Iy
T Toy -+ Ty, P Foy - Py,
0 Top 0 Fyy

Where A\(T;;) N A(T;;) =0, i # j. Next we compute the subma-
trices Fy; = f(Ty;) for i = 1,2, ..., p. Once the diagonal blocks of F are
known, the blocks in the strict upper triangle of F' can be found. To
derive the governing equations, we equate (i, 7) blocks in F'T' = TF for
1 < j. The required matrix is then computed one block superdiagonal
at a time from

j—1
FyTyy = TuFy = TyFyy— FaTy+ Y (TwFy — FaTy) i< j (3.51)
k=i+1

provided that it is possible to evaluate the blocks Fj; = f(¢;;) and solve
the Sylvester equations (3.51) for the Fj;. For the Sylvester equation
(3.51) to be nonsingular we need that 7}; and 7T}; have no eigenvalues in
common. Moreover, for the Sylvester equation to be well conditioned
the eigenvalues of the block Tj; must be well separated from those of T},
A reordering of the Schur decomposition A = UTU* is computed. We
compute Fj; by some other method.eg; Taylor series. Once Fj; known
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then compute Fj; for i # j one diagonal at a time using (3.51). To
obtain Fj; from (3.51) needs to solve a Sylvester equation.

This is easier that a general Sylvester, since T}; and 7Tj; are upper trian-
gular. The standard approach to this is the Bartels-Stewart algorithm/[5,
p. 367, Algorithm 7.6.2].

Here is a matlab implementation of Bartels-Stewart algorithm:

function [C] = bartels(F, G, C)

b

% solve the sylvester equation

% FZ-2G = C

% with F, G upper triangular

% C is overwritten by Z

[p r] = size(C);

b

for k=1:r
C(l:p,k) = C(1:p,k) + C(1:p,1:k-1)*G(1:k-1,k);
z = (F - G(k,k)*eye(size(F)))\C(1:p,k);
C(l:p,k) = z;

end

Using this, we can compute f(A) using the Block Parlett algo-
rithm. Here is an implementation in the case f = exp. By changing
the value of F(r,r) in the first loop we can compute f(A) for general
functions.

Here is the matlab implementation of Block Parlett algorithm:

function [F]= parlett_block_final(T, v)
pA

% v = vector of block sizes

A

n = max(size(T));

m = length(v);

s(1) = 1; % start of block i

e(m) = n; % end of block i

for i=1:m-1, e(i) = sum(v(1:i)); end
for i=2:m, s(i) = e(i-1)+1; end

% ith col of w contain first and last index in ith block
w = [s; el;

b
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% compute exp of diagonal blocks
)
for i=1:m,
r =w(l,i):w(2,1);
F(r,r) = expm(T(r, 1));
% One may use any method to compute the exponential of T(r, r)
end
% compute dth block diag of exp(A)
)

for d=1:m-1
for j = d+l:m
i= j-d;

% solve for F(i,j)
r =w(l,i):w(2,i); % rows in F(i,j)
c =w(l,j):w(2,j); % cols in F(i,])
rhs = T(r,c)*F(c,c) - F(r,r)*T(r,c);
for k = i+1:j-1
rc =w(l,k):w(2,k);
rhs = rhs + (T(r,rc)*F(rc,c) - F(r,rc)*T(rc,c));
end
F(r,c) = -bartels(T(r,r), T(c,c), rhs);
end
end

In section (5.2.2) we present examples to show the difference
in accuracy between the Parlett and Block Parlett methods when the
matrix has close eigenvalues. The examples also show the importance
of choosing the blocks well.
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Chapter 4

The Matrix Exponential
Theory

How to calculate the exponential of matrices in an explicit man-
ner is an important problem in many areas of science. There are many
different methods which have been proposed for computing e the ex-
ponential of a matrix. The following well known, see for example [7,
p. 234]:

A2
Power series I+ A+ o1 + ... (4.1)
. , A
Limit of Powers —lim (I +—)" (4.2)
n—oo n
Scaling and squaring (62%)23 (4.3)
1
Cauchy integral — / e (2l — A)ldz (4.4)
211 r
Jordan Form Xdiag(e’*)X (4.5)
n 1—1
Interpolation Z FlA1y o A H(A — N\ (4.6)
i=1 j=1
Schur form Qdiag(e’)Q* (4.7)
Pade approzimation Py (A)qmn(A) ™ (4.8)

None of these is entirely satisfactory from either a theoretical or a
computational point of view, as we shall see.
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4.1 Matrix exponential

The numerical evaluation of the exponential of a matrix is of some
importance because of its occurrence in many physical, engineering, and
economics applications. One of the reasons for the importance of the
matrix exponential is that it can be used to solve system of linear first
order constant coefficient ordinary differential equation,

(t) = Az(t), x(0)=z9p 0<t< o0 (4.9)

Where x and zy are n-dimensional column vectors functions with re-
spect to t and A € C™" is a given, fixed, real or complex n x n matrix.
It is well known that the theoretical solution to this equation is given
by

z(t) = e,

A

where e“* can be formally defined by the convergent power series.

Definition 28. For a square matrix A € M, we define the matrix
exponential as

P SN (7Y (tA)?
eM=>" =T tA (4.10)
k=0
where A° = I,,.
This converges for all A and uniformly in ¢, at t = 1, we have,
4~ (4)%
e _kz =l A St (4.11)
=0

where A° = I,

Note that this is the generalization of the Taylor series expan-
sion of the standard exponential function. The series (4.11) converges
absolutely for all A € C™" (has radius of convergence equal to +00),
so the exponential of A is well-defined. To prove the convergence of
the series, we have the following theorem.

Theorem 17. [1, p. 420 Prop. 11.1.2] The series (4.11) converges
absolutely for all A € M,,. Furthermore, let ||.|| be a normalized sub-
multiplicative norm on M,,. Then

||| < el (4.12)
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Proof. The nth partial sum is

AF
5 =34
k
k=
S0 k k k
A _ _
et =Sl =1 - =1 Y S @)
k=0 k=0 k=m+1
— 1A%
<>
k=m-+1
— Al
<>
k=m-+1

Since ||Al| is a real number, the right-hand side is a part of the conver-
gent series of real numbers

o0

1
Al = 37 =l (4.14)

k=0

Hence, since (4.14) is convergent, if € > 0, there is an N such that for

>N
o = Al
= <
k=m+1 ’

This is sufficient to prove that S,, is convergent.
Furthermore, note that

et =11 A< D 1400 < }:k—lAll’“ze“A”.
k=0 k=0 -0

O

In some cases, it is a simple matter to express the matrix ex-
ponential. For example, suppose when A is a nilpotent matrix, i.e.,
AP = ( for some natural number p, the exponential is given by a ma-
trix polynomial because some power of A vanishes.

—I+A+ A2+ |A3+ .+ APt

1
3! (p—1)!

Consider the following example.
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Example 26. When

01 3
A= 00 2
0 00
then
1 1 4
exp(A)=1 0 1 2
0 0 1
and A% =0

If Aisalx1matrix A = [t], then e? = €!, by the Maclaurin series
formula for the function y = e'. More generally [20], if A is a diagonal
matrix having diagonal entries (ay, as, ..., a,), then we have

ag 0 - 0
. () 61‘2 0
0 0 - a,

1
eA:I+A+§A2+...

and its exponential is

e 0 0
A 0 e® 0
e’ =exp(A) = :

0 0 - em

Example 27. Consider the matriz
2 0
= (05)
A_10+20+1220+1230+
<= 01 0 3 91 0 32 31 g 33 ) T

N 14+2+422 4 1234 0
et = 2! 3!
0 1+3+ 53+ 53 + ..



This also allows one to exponentiate a diaonalizable matrix. If
a matrix A is diagonalizable, then there exists an invertible S so that
A = SAS™! where A is a diagonal matrix of eigenvalues of A, and S is
a matrix having eigenvectors of A as its columns. then

k! k!
k=0 k=0
=S AMST = Sers!

k=0

where S = (s1, 82, ...,8,), A =diag(A, Az, ..., \n),
e = diag(e, e, ..., eMn)
Let us illustrate an example that compute e

)

The characteristic equation for eigenvalues is

Example 28.

p(A) =[A=A|=0

and it yields the eigenvalues \y = 4, Ay = 3, with corresponding eigen-

vectors
—( ! d s=( 1
S1 = 1 an So — _9 .

It follows that,
e (11 40\ [ 2 1
amsost= (4 4) (0 5) (4 4)
A (1 1 ¢t 0 2 1
<71 =2 0 ¢ -1 -1
A [ 2= et—¢?
© T\ 2e3 —2et 263 — et

B 89.1108  34.5126
| —69.0252 —14.4271

so that
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Generally a matrix A € M, has a decomposition known as SN-Decomposition
or Jordan-Chevalley decomposition which is similar to the canonical de-
composition, which can be written as

A=S+N
where
S is diagonalizable,
N is nilpotent, such that N* =0

S commutes with N i.e SN = NS

it means that the exponential of A can be written as
oA — oSTN _ SN

We will compute exp(A) using the SN-decomposition in the following
example.

Example 29. Consider the matrix
Al
=(03)

A=S+N
A0 01
S_(O)\> and N_(00>

exp(St):( 0 €2t> and ea:p(Nt):]+Nt:((1) i)

so that
e 0 1t eM e
exp(At) = < 0 eAt ) ( 0 1 ) = ( O e)\t )

When it is not possible to find n linearly independent eigenvectors of
A, the matrix A is not diagonalizable. In this case we can use a closely
related method based on the Jordan form of A. Suppose J is the Jordan
form of A, with X the transition matrix. Then

the SN-decomposition is

where

Now, we have

e = Xel X!
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Also, since
J = diag(Ji(M), J2(A2), -y Jp(Ap))

J - Jl(/\l) @ JQ()\Q) EB Jp(/\p)

SO

e’ = exp(Ji(M)) ® exp(Ja(X2))... B exp(Jp(Ap))

Therefore, we need only know how to compute the matrix exponential
of a Jordan block. But each Jordan block is of the form

where

where N is a special nilpotent matrix. Since (Ng)™ = 0 for all
m > k. The matrix exponential of this block is given by

1 1
MI+Ne — M N _ A 22
er ’“—e’“ek—e’“(1+N+2!N +"'+(k—1)!N’“*1)

Now consider the following example for computing the matrix expo-
nential via Jordan form.

Example 30. Compute e? for the matrix

7 —4 -3
A= 10 6 4
6 3 3

Then the eigenvalues are 0, 1, 1 We have A = XJX ', where

11 0 0 0
J:UU@(Ol)z 011
0 0 1
and
1 -1 -1
X=1 -1 2 0
-1 0 3



Hence, using the Jordan canonical form definition, we have

1 00
eAA=Xe!X'=X|10¢e e | X!
0 0 e
1 -1 -1 1 00 6 3 2
= -1 2 0 0 e 2 21
-1 0 3 00 2 1 1
6—Te 3 —4e 2 — 3e
e = —6+10e —3+6e —2-+4e

—6+6e —3+3 —2+4 3¢

4.2 The Matrix Exponential as a Limit of
Powers

From calculus we know that for any numbers a and ¢ the exponential

1S
at

e = lim (1+ —)" (4.15)

n—o00 n

from equation (4.16) one can define the matrix exponential as a limit
of powers as

At
e = lim (I +=)" (4.16)
n—oo n
or
A : A n
e’ = lim (I + —) (4.17)
n—oo n

This formula is the limit of the first order Taylor expansion of A/n
raised to the power n € Z.

Example 31. Consider the matrix,

(o)

I+ %)n B ( ! +0%>n (1 +0%)" >

and so apply eq(4.17)
lim (7 + 2ty — ( 11mn~oo(()1 +3)

n—oo n

0
limy, oo (1 + )™
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et 0
eAt = ( O €2t )

4.3 The Matrix Exponential via Interpo-
lation

This approach is well known. See for example [9, p. 391-92]

4.3.1 Lagrange Interpolation Formula

Let Ay, ..., \x be the distinct eigenvalues of a matrix A € M, and f(t)
is any function that is well defined at the eigenvalues of A, then the
Lagrange formula for f(A) is

k ko,
fo=>ro Il +—+
i=1 g=1,j#i " J
& AN
fay=> 1o 11 =+ (4.18)
i=1 j=1,5#i " J

4.3.2 Newton’s Divided Difference Interpolation

Let A € M, be a matrix with eigenvalues A\(A) = {A1, ..., \,}. Now we
define f(A) as follows:

n i—1

FA) =D I A A= NI, (4.19)

i=1 j=1

where f[\i...,\;] is the divided difference at A;...,\;. If Aj..., \; are

distinct we compute the divided difference recursively by

fIM] = f(A)
_ f(A) = f(M)
f[)‘lv )‘2] )\2 _ /\1
FIM Agy oo ] = f[Aa, ...,)\n)]\— f)[\>\17~-7)\n—1]’ 01
n — 1

101



Note that
fI) = fN)I fori=0,1,2,...,n

Otherwise we use the fact that the value of a divided difference is
independent of the order of the arguments, that is

f[/\l,/\g, ceey )\k] - f[)\il, ceey >\’Lk]

where {il, cees Zk} = {1, cees k} e.g., f[)\l, )\Q, )\3] = f[)\g, )\3, )\1] = f[/\g, /\2, /\1] =
... 50 we order Ay, ..., A\, so that the identical eigenvalues are together.
Then we may also use the identity

o fEDN
if \{ = Xy = ... = \p. So for example if Ay =1, Ay =2, A3 = 1. Then

f[)‘17)\27)\3] = f[lv 2, 1] = f[lv L, 2]
SIL =2 ) - (Fa) - f(2)/(1 -2))

1—-2 1-2
Let us illustrate the following examples.

—49 24
A= ( —64 31 )

Example 32.

and f(x) =e®
The eigenvalues are \(A) = {—1, —17}
f(=1)=et and f(—17) = '7.

Let (Mo, f(Xo)) = (=1,e7 1) and
(A1, f(A)) = (=17,e7')

Then by definition
f(A) = F(Qo)I + [[Ao, M](A = AoT)

a_ (et 0 +e_17—e_1{ —49 24\ (-1 0 )
= 0 e 1741 —64 31 0 —1



a [ —0.735759 0.551819
—1.471518 1.103638

a=(1 )

Example 33.

and f(z) = e€®

The repeated eigenvalues are AN(A) = {2,2}
f(2) =¢% and f'(2) = €.

Let (A, f(\) = (2,€?) and

Then by definition

F(A) = FOOT + A A(A = AT
f(A) = FT + f(2)(A=2I)

o=(3 2)-a(1 ) -(20)

4.4 Additional Theory

In this final part of this chapter we collect for reference additional
important properties of the matrix exponential that are not needed in
the development.

Theorem 18. [8, p. 435, Theorem 6.2.38] Let A, B € M, be given. If
AB = BA, then eAtB = e4eB = Be4

Proof. We use the power series for e! to compute

eAeB — (Zrl' r)(z %BS) _ Z T'1$|ATBS
r=0 s=0 r,s 20



Hence follows that e =eel =¢ = ePe. O

The conclusion fails for general A and B. Consider the following ex-
ample.

Example 34.

0 1 10
A_<0 0) and B_(O O)

We use Matlab to compute the relevant quantities.

>> expm(A)
ans =
1 1
1
>> expm(B)
ans =
2.7183 0
0 1.0000

>> expm(A)*expm(B)
ans =

2.7183 1.0000
0 1.0000

>> expm(A+B)

ans =
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2.7183 1.7183
0 1.0000

>> expm(B)*expm(A)
ans =

2.7183 2.7183
0 1.0000

Hence the above example shows that statement eeP # eBeA = eA+B

does not hold for general A and B

Theorem 19. [1, p. 421, Prop. 11.1.6] Let A, B € C"*". Then,
AB = BA if and only if, for all t € R,

€(A+B)t — eAteBt (420)

Proof. Suppose AB = BA. Then,

1
eAHB — T 1L t(A+ B) + th(A +B)*+ ...

1
At =T+tA+ 5152,42 + ..

1
Bt =T+tB+ 51&232 + ..

1 1
eMetB = (I +tA+ 5t?A2 +..)(I +tB + 515232 +..)

1
eMeP =T +t(A+ B) + 5752(142 +2BA+ B?*) + ...
since AB = BA,

1
eMePt =T+ t(A+B) + 5z&z(A + B)? + ...

it can be seen that the expansions are identical. Conversely, differ-
entiating (4.20) twice with respect to ¢ and setting ¢ = 0, we have,
AB = BA O
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Theorem 20. [1, p. 422, Prop. 11.1.8] Let I,,, A € C**™ and I,,,, B €

Cm>m_ then,
A% — A @ I, (4.21)
em®B = [ ® P (4.22)
P8 — A @ P (4.23)

where A B=A® I, + 1, ® B.

Proof. Since we have

1
eI — [+ AR I, + y(A® L)%+ ...

1
:]n®lm+A®]m+§(A2®lm)+...

1
= (In+A+§A2+...)®Im:6A®Im
and similarly we can prove (4.22). To prove (4.23), note that
(A®I,)I,® BJA® B=(1,® B)(A® I,,)

this shows that A ® I,,, and I, ® B commute. Thus, by Theorem(19),

A®B _ ,ABIn+In®B _ ,ABIn 1208

(& €

= (" ®1,)I,®eP) = @ el

Theorem 21. [11, p. 109, 11.1.1] Let A € M, be given. Then

1. A" = (eMT. Tt follows that if A is symmetric then e is also
symmetric.

2. Let A e C"" and s,t € C. Then
eA(s—‘rt) — eAseAt (424)
3. e is nonsingular, and (e?)~! = e~

4. If A € M, is skew-symmetric, then e” is orthogonal.i.e.,
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Proof. 1. We know that

k=0 k=0
A" ANT
= (2=
k0
2. From the definition (4.10) we have
2.2 2,42
eMet = (I + As + 5 + ) + At + 50 +...)

> 333 Aktk
Z )
=0 ! k=0
- ATtk gitk
DRI .29
=0 k
Let m = j + k, then j = m — k. This follows from (4.24) and the
binomial theorem that

© o0 Amg m—ktk

el =3 > (m — k)Ik!

m=0 k=0
A m! m—k 4k
=2 T CEDE
m=0 k=0

— i A™(s +0)™ At

3. setting s = —1 and t = —1 in (4.24), we have

Ao = A1) — 0 — 1

It proves that the exponential matrix e” is always invertible, and
has inverse e .
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4. If A is skew-symmetric we have AT = —A and hence by part 1
and 3

(eA)T _ 6AT —A (eA)—l
(GA)TBA — ]n — GA(GA)T

4 is orthogonal matrix.

Therefore, e
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Chapter 5

The Matrix Exponential
Functions: Algorithms

The focus of this chapter is to examine the accuracy and com-
putational cost of methods to compute e?. There are many models of
physical application which involve the calculation of the matrix expo-
nential. However, we are going to focus on the advantages and disad-
vantages of some truncated series methods.

In §5.1 we take a look at the Taylor series, Padé Approximation
and Scaling and Squaring techniques.

5.1 Series Methods

In this section we will describe the various series methods to
computing the matrix exponential which include; Taylors series, Padé
approximations and scaling and squaring.

By using properly the Taylor series and Padé approximation one
can develop efficient computational methods.[13]

5.1.1 Taylor Series

Let the exponential function f(z) in the scalar case can be defined
by its convergent infinite Taylor series

k I’k

x oo’r ]' 2
e zzgzl—i—x—i—ax ot g
k=0
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for x € C. In another analogy to the scalar case, let A € M,,. The
matrix exponential can be formally defined by its convergent infinite
Taylor series

= AF 1
A AT L p2
e _Zk! =T+ A+ A+ (5.1)
k=0
where A% = I, is the identity matrix. The above series always con-

verges, so the exponential is well-defined.

Here is the m-file for the Taylor series method:

function [e] = exp_taylor(A, m)

b

% compute exp using taylor series m terms
%(alternatively can stop when norm(term) < 10-15%norm(S))

b

n = max(size(A));

S = eye(n);

yA

term = S;

for k=1:m,
term = term * A/k;
S =S + term;

end

e = 8S;

To calculate the matrix exponential we would like to use com-
puters and we will only be able to approximate the exponential with
a truncated Taylor series of k terms. The truncated Taylor series is
denoted by Ty(A), where the subscript k represent the highest power
of the matrix A in the truncated series

k ok
et =Ti(A) =) %. (5.2)

=0

For the Taylor series, the order of the approximation is seen to be
the highest power of the truncated Taylor series which will be denoted
by k and can be find such that,

1A] 1

IT4) =l < (o) T AT 7 )
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We use this quantity £ to compare methods which are approximating
the same function, but for approximations of different functions this
comparison can not be made. There are many other factors that can
affect the accuracy of a solution technique. Since the order of the
approximation does not necessarily reflect the amount of work that
required to obtain the approximation.

For accuracy and time efficiency, the result for the matrix expo-
nential depends on the matrix norm, i.e., [|A||. The matrix exponential
calculation can have problems converging, i.e., the number of terms k&
in (5.2) may have to be very large, which in turn may cause inaccuracy
due to numerical roundoff. This situation occurs when the entries of A
are large, or equivalently the norm of A is large (>> 1), causing the
numerator of the summand in (5.2) to increase rapidly with increas-
ing powers n. On the other hand if ||A|| < 1, then all the terms of
the product (A) are < 1, and the number of terms required to achieve
reasonable accuracy is relatively small.

Let us examine the effect of rounding errors in evaluating
o
>
k!
k=0
Let fl(z) denote the value of z computed in floating point arithmetic.

It can be shown that

x* z*

fl(m) = H(l + €x)

where |ex| < (2k — 1)ep and €y is machine epsilon or unit round off.
Since k < m, we have
lex| < 2meyy.

Thus . .

J) l’

Q) - g
k=0

= |Zfl(g) _EE|
k=0 k=0

i xk .Tk

<> |fl(g) - y|
k=0

<Y 4 ea) - Zﬁ’ =2 [yl = > o el 2meprel”
k=0 k=0 k=0 k=0



Thus
A1 ) — Yoo 5
| S
2men Y o m"”k—l,g ~ 9me el!
[Siomi e

B 2mens ifr >0
T\ 2mepe?l ifz <0

rel err =

~

So if x > 0, we have shown that the relative error will be small.
However if x < 0, then the relative error can be large, especially if
|z| is large. For example, take z = —10. We compute e ' with
m = 100 and get 4.539992962303128e — 005 which has relative error of
9.703303908195806¢ — 006, even though we are using e, ~ 10716, This
agrees with the error bound 2meyze?®. The point of this example is
that if z € R is negative then |e”| < 1, but e” = > "2, "”k—'? has terms
that are larger then e®, so there is cancelation, which results in large
relative errors. Notice that this scalar example shows that cancela-
tion can cause a large relative error in the computation of the matrix
exponential even when n = 1.

For example, let A = [10] € M,,. Then [|A|| = 10. To compute
e” to an accuracy of 10719,

i A—k < 10710

need
m+1=43 = m =42

It means that Taylor need m = 42, to compute A, A% ..., A* ie., 41
matrix multiplications.

A table for the relative errors of the scalar exponential is given
below. There are two cases to be discussed; first, x = 0.1 < 1 and
second x = 10 > 1.
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Relative Error for e*
m | =01 \ z =10
| 1| 0.00467884016044 |  0.99950060077261 |
2 | 1.546530702647670e-004 0.99723060428449
3| 3.846833925/57031e-006 0.98966394932407
Table 3. | 4 | 7-067801704962426¢-008 0.9707473119230/
5 | 1.27898869421281e-009 0.93291403712097
10| 4.018285340183601e-016 0.41696024980701
15| 4.018285340183601e-016 0.04874040330398
20 | 4.018285340183601e-016 0.00158826066186
25 | 4.018285340183601e-016 | 1.768027241765956¢-005
30| 4.018285340183601e-016 | 7.983794668242912¢-008

The table shows that the truncated Taylor series gives an ac-
curate estimate for cases where the terms of x are small. The table
also shows that the truncated Taylor series may require a very large
amount of work and still not gives an acceptable accuracy. Where as in
the second case it shows clearly that the truncated series is an inefficient
method to compute the matrix exponential.

In the case of matrix where A is negative definite and large || A|
e.g A = [—100] 100 terms of Taylor series does not produce a good
estimate, need approximately 200 terms until relative error ~ 10716 a
lot of computation is required.

Here is a matlab code to approximate exp(A) based on the series
definition. We prescribe a tolerance, which determines the number of
terms retained in the partial sum approximating the series. We also
compare the results to those obtained using the matlab routine expm
by computing the difference in the [, norm; this error is displayed at
each iteration:

function X = exp_T_series(A,tol);
% Usage: X = exp_matrix_series(A,tol);

% Calculates the matrix exponential of A to required tolerance using the

% series definition.

% Input:

% A = matrix

% tol = absolute tolerance

% Output:

% X = approximate value of matrix exponential
[n,n]=size(4);
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P = eye(n,n);
X = eye(n,n);
diff = 1000;

exact = expm(A); J%Exact value for matrix exponential
i=0;
while diff > tol

1= 1i+1;
P = Px(A/1i);
X=X+ P;

diff = norm(P,inf)/norm(X, inf);

err = norm(exact-X,inf);

rel_err = err/norm(expm(A));

display([sprintf(’iteration = %2.0f, error = %e’,i,err)]);
display([sprintf(’iteration = %2.0f, rel_error = %e’,i,rel_err)]);
hi

X

end

Note: The code is not indented so that it fits on the page.

Consider the following test matrices:

2 -1 —49 24
Al:(—1 2)’A2:(—64 31)
The matrix X is the current approximation to the exponential.

>> Al = [2 -1; -1 2]

>> exp_T_series(Al,le-14)
iteration = 1, error = 1.608554e+001

iteration = 1, rel_error = 8.008517e-001
X =

3 -1

-1 3
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iteration
iteration

X:

5.5000
-3.0000

iteration

iteration

X =

7.8333
-5.1667

iteration
iteration

X:

9.5417
-6.8333

iteration
iteration

X =

10.5583
-7.8417

iteration
iteration

X =

11.0653
-8.3472

|
(00}

11.

error = 1.158554e+001
rel_error = 5.768099e-001
.0000

.5000

error = 7.085537e+000
rel_error = 3.527681e-001
.1667

.8333

error = 3.710537e+000
rel_error = 1.847368e-001
.8333

.5417

error = 1.685537e+000
rel_error = 8.391794e-002
.8417

.5583

error = 6.730369e-001

rel_error = 3.350854e-002

.3472

0653
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iteration
iteration

X

11.2823
-8.5641

iteration
iteration

X

11.3637
-8.6454

iteration
iteration

X

11.3908
-8.6726

iteration
iteration

X

11.3990
-8.6807

iteration =
iteration

X

11.4012
-8.6829

iteration

7,
7,

11

10,
10,

11

11,
11,

-8.
11.

12,

error = 2.391084e-001
rel_error = 1.190450e-002
.5641

.2823

error = 7.638514e-002
rel_error = 3.802992e-003
.6454

.3637

error = 2.214407e-002
rel_error = 1.102488e-003
.6726

.3908

error = 5.871745e-003
rel_error = 2.923370e-004
.6807

.3990

error = 1.433839e-003
rel_error = 7.138663e-005
6829

4012

error = 3.243623e-004
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iteration =

X =

11.4017
-8.6835

iteration
iteration

X =

11.4019
-8.6836

iteration
iteration

X =

11.4019
-8.6836

iteration
iteration

X =

11.4019
-8.6836

iteration
iteration

X =

11.4019
-8.6836

iteration
iteration

12,

11

13,
13,

11

14,
14,

11

15,
15,

11

16,
16,

11

17,
17,

rel_error

.6835
.4017
error = 6.
rel_error
.6836
.4019
error = 1
rel_error
.6836
.4019
error = 2.
rel_error
.6836
.4019
error = 4.
rel_error
.6836
.4019
error = 7
rel_error

= 1.614905e-005

832928e-005
= 3.401915e-006

.346506e-005

= 6.703859e-007

492217e-006
= 1.240802e-007

348086e-007
= 2.164784e-008

.173654e-008

= 3.571552e-009
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11.4019
-8.6836

iteration
iteration

X

11.4019
-8.6836

iteration

iteration

X

11.4019
-8.6836

iteration
iteration

X

11.4019
-8.6836

iteration

iteration

X

11.4019
-8.6836

iteration
iteration

-8.
11.

18,
18,

11

19,
19,

11

20,
20,

11

21,
21,

11

22,
22,

6836

4019

error = 1.122453e-008
rel_error = 5.588367e-010
.6836

.4019

error = 1.670008e-009
rel_error = 8.314481e-011
.6836

.4019

error = 2.368292e-010
rel_error = 1.179103e-011
.6836

.4019

error = 3.208989e-011
rel_error = 1.597661e-012
.6836

.4019

error = 4.169110e-012

rel_error
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11.4019 -8.6836
-8.6836 11.4019

iteration = 23, error = 5.275780e-013
iteration = 23, rel_error = 2.626656e-014
X =

11.4019 -8.6836
-8.6836  11.4019

iteration = 24, error = 7.283063e-014
iteration 24, rel_error = 3.626024e-015

X =

11.4019 -8.6836
-8.6836 11.4019

iteration = 25, error = 1.953993e-014
iteration = 25, rel_error = 9.728356e-016
X =

11.4019 -8.6836

-8.6836 11.4019

ans =

11.4019 .6836
-8.6836 11.4019

|
(0¢]

One can see that the convergence is very slow. We have obtained an
error of about 107 in 25 iterations.
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>>

A2

>>
it
it

X

it
it

X

it
it

X

it
it

Next, we apply exp_matrix_series to matrix

—49 24
A2= ( —64 31 )

A2=[-49 24; -64 31]
-49 24
-64 31

exp_T_series(A2,1e-14)

eration = 1, error = 9.342484e+001
eration = 1, rel_error = 4.542887e+001
-48 24

-64 32

eration = 2, error = 7.700752e+002
eration = 2, rel_error = 3.744576e+002

384.5000 -192.0000
512.0000 -255.5000

eration = 3, error = 4.141758e+003
eration = 3, rel_error = 2.013976e+003
1.0e+003 *

-2.0717 1.0360

-2.7627 1.3817

eration = 4, error = 1.673820e+004
eration = 4, rel_error = 8.139135e+003
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1.0e+004 *

0.8368
1.1157

iteration
iteration

X =

1.0e+004 *

-2.7128
-3.6171

iteration
iteration

X =

1.0e+004 *

7.3445
9.7926

iteration
iteration

X =

1.0e+005 *

-1.7080
-2.2774

iteration
iteration

-0.
-0.

1
1

-3.
.8963

-4

7,
7,

0.
1.

4184
5578

error = 5.425459e+004
rel_error = 2.638190e+004

.3564
.8086

error = 1.468918e+005
rel_error = 7.142777e+004

6722

error = 3.416066e+005
rel_error = 1.661100e+005

8540
1387

error = 6.964525e+005
rel_error = 3.386578e+005
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1.0e+005 *

3.4823
4.6430

iteration
iteration

X

1.0e+005 *

-6.3216
-8.4289
iteration =
iteration

X

1.0e+006 *

1.0345
1.3793

iteration =
iteration

X

1.0e+006 *

-1.5413
-2.0550

iteration
iteration

X

3.
4.

10,
10,

-0.
-0.

11,
11,

0.
1

12,
12,

L7411

.3215

error = 1.264326e+006
rel_error = 6.147925e+005
1608

2144

error = 2.068997e+006
rel_error = 1.006073e+006
5172

6897

error = 3.082502e+006
rel_error = 1.498901e+006
7706

.0275

error = 4.215456e+006
rel_error = 2.049812e+006
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1.0e+006 *

2.1077 -1.0539
2.8103 -1.4052

iteration = 13, error = 5.328028e+006
iteration = 13, rel_error = 2.590813e+006
X =

1.0e+006 *

-2.6640 1.3320
-3.5520 1.7760

iteration = 14, error = 6.260488e+006
iteration 14, rel_error = 3.044232e+006

X =

1.0e+006 *

3.1302 -1.5651
4.1737 -2.0868

iteration = 15, error = 6.873163e+006
iteration = 15, rel_error = 3.342152e+006
X =

1.0e+006 x*

-3.4366 1.7183
-4.5821 2.2911

iteration = 16, error = 7.081341e+006
iteration = 16, rel_error = 3.443381e+006
X =
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1.0e+006 *

3.5407 -1.7703
4.7209 -2.3604

iteration = 17, error = 6.873163e+006
iteration = 17, rel_error = 3.342152e+006
X =

1.0e+006 *

-3.4366 1.7183
-4.5821 2.2911

iteration = 18, error = 6.306091e+006
iteration 18, rel_error = 3.066406e+006

X =

1.0e+006 *

3.15630 -1.5765
4.2041 -2.1020

iteration = 19, error = 5.485873e+006
iteration = 19, rel_error = 2.667567e+006
X =

1.0e+006 *

-2.7429 1.3715
-3.6573 1.8286

iteration = 20, error = 4.537296e+006
iteration = 20, rel_error = 2.206311e+006
X =

1.0e+006 *
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2.2686
3.0249

-1.1343
-1.5124

iterations 21 to 56 are omitted.

iteration
iteration

X =

-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration
iteration

57, error = 4.679132e-007

57, rel_error = 2.275280e-007
0.5518
1.1036

58, error = 1.250355e-007

58, rel_error = 6.079988e-008
0.5518
1.1036

59, error = 4.581416e-008

59,

0.5518
1.1036
60, error = 1.048504e-008
60, rel_error = 5.098467e-009
0.5518
1.1036
61, error = 1.089735e-008
61, rel_error = 5.298959e-009

rel_error =
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-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration

iteration

X =

-0.7358
-1.4715

iteration
iteration

X:

-0.7358
-1.4715

iteration =

iteration

X =

-0.7358
-1.4715

iteration
iteration

0.5518
1.1036

62, error = 7.198322e-009

62, rel_error = 3.500264e-009
0.5518
1.1036

63, error = 8.196473e-009

63, rel_error = 3.985626e-009
0.5518
1.1036

64, error = 7.931339e-009

64, rel_error = 3.856702e-009
0.5518
1.1036

65, error = 8.000682e-009

65, rel_error = 3.890420e-009
0.5518
1.1036

66, error = 7.982821e-009

66, rel_error = 3.881735e-009

126



-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration =
iteration

X =

-0.7358
-1.4715

iteration
iteration

X =

-0.7358
-1.4715

iteration =
iteration

X =

-0.7358
-1.4715

iteration
iteration

X =

0.5518
1.1036

67, error = 7

67, rel_error
0.5518
1.1036

68, error =7

68, rel_error
0.5518
1.1036

69, error =7

69, rel_error
0.5518
1.1036

70, error =7

70, rel_error
0.5518
1.1036

71, error =7

71, rel_error

.987353e-009
= 3.883939e-009

.986220e-009
= 3.883388e-009

.986499e-009
= 3.883524e-009

.986431e-009
= 3.883491e-009

.986447e-009
= 3.883498e-009
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-0.7358 0.5518
-1.4715 1.1036

ans =

-0.7358 0.5518
-1.4715 1.1036

We can see that the error is growing at first. In fact the error
only starts to decrease after 16 iterations. After that point it decreases
steadily until iterations 62 where the relative error is 3.500264e — 009.
After this point the error stagnates, and we do not get close to the
ideal relative error of 10716, The reason for this is that the signs of the
clements of X* alternates, and so there is considerable cancellation.

The series method is unstable because of cancellation error. Here
both Al and A2 have negative entries. The (A1)* has sign pattern

+ —

- +
for all k. Thus there is no cancellation error in adding the individual
components of (A1) in the series. On the other hand (A2)* has sign

)
(+2)

for k even. Thus when adding powers, there is cancellation in every

component of the sum and explain why the series method results are
so much worse for A2 than for Al.

for all k£ odd, and

5.1.2 Padé Approximation

The Taylor series is the simplest algorithm for the exponential of
programme. It requires just one loop, containing one matrix multiplica-
tion, one scalar matrix multiplication and one matrix-matrix addition.
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But we have discussed that this approach can be inefficient and not
accurate. The purpose of a Taylor series is to expand a function as a
power series, whereas a Padé approximation expands a function as the
ratio of two polynomials.

Since the Padé approximation is defined as a rational function
and is expressed as ratio of polynomials, it can be calculated numer-
ically easily. A Padé approximation approximates a function in only
one variables, an approximation of a function in two variables is called
a Chisholm approzimation and in multiple variables is called a Canter-
bury approximation.

Assume that e* is to be approximated by

14+ pix
1+qx’

Finding p; and ¢; requires two equations, which will come from the
coefficients of z and 22, so the leading error term will be 23, hence

1
et = tp + asz® + agxt + .
1+ qx
Lo 13 3 4
(1+q1x)(l+x+§x —|—6x +..) =1+piz+ (1+qx)(aze’ +ogx™ +...)
Hence
1 s 1 1 -
(I+q —p1)x+ (5 +q1)z” + (6 + S0 —as)x” + higher order terms = 0
This is satisfied uniquely to terms of order three by
1 1 d o — 1
p1—2afh— 5 ana @z = 13
The rational approximation
(1+ iz)
1

(1—32)

is called the (1,1) Padé approximation of order 2 to exp(x) and has a
leading error term of order 3.

In general, it is possible to approximate e by

T m+4n—+1 m+n+2
€ = Tmn + Qmant1® + O(x )
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where
_ Pn(2)

Gmn ()

T ()

m
Prn(T) = Zpixi = po+ 017 + per® + o ppa™
=0

Gmn(T) = Z%ﬁi =qo+ q1x + qQa?2 + g™
i=0
pon(z) = PP P2t ™
" 14+ gz + goa? + ... + g™

(5.3)

We can assume ¢g = 1, because, gy # 0 in order to have a nonzero
denominator. The two polynomials py,,(z) and ¢, (z) are constructed
in such a way that f(z) and r,,,(x) agree at * = 0 and also their
derivatives up to m+n. In the case where go(z) = 1, the approximation
is just the Maclaurin expansion for f(z). It can be shown that for a
given value of m + n, the error is smallest when p,,,, (), gmn(z) have
the same degree or the degree of p,,,(x) is one higher than g¢,,,(z) for
the value of m + n[7]. The rational function r,,,(x) has m +n + 1
coefficients. We need to find these coefficients p; and ¢; such that the
derivatives of the function are approximated as

f®0) =r®0), k=0,1,2,....,m+n

The error of the approximation is

Now, let us replace the function f(z) = Y ;7 cxz” and the ap-
proximated rational function into the error formula gives

f(@) = () = ickwk — M

k=0 Zi:o inlfl
_ okt Yt — 3 pit
Gmn ()

By expanding the sums and taking the advantage of the assumed value
of go = 1 and reordering produces the coefficient of the z*, the numer-

ator term as
k

Z(Ci%ﬂ‘) — Dk

1=0
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We select the coefficients such that this expression is zero for
k < m +n. This assures that f(z) — r,,(z) has a zero of multiplicity
m+n+ 1 at £ = 0. This results in a set of m +n + 1 linear equations

of the form

ch-qk,i —p=0,k=0,1,....m+n

i=0
This is a homogeneous system of linear equations in m+n-+1 unknowns
pr, k=0,1,...,mand qx, k = 1,2, ...,n. The Padé approximant r,,,(x)
to the exponential function f(x) = e” is given by

“om! m—l—n—j) x?
Prn (2 jZ (m +n)!(m — j)! 5!
() " nlm+n—j ) (—x)
mn\L) = : -
! e m+n)ln—j) J
Moreover,
In
& — (@) = (—1)™ e FmHL L O(2™ ) (5 .4)

(m4+n)l(m+n+1)!

The following table gives the first eight Padé approximants to
exp(x) and their leading error terms.

Padé Approximant to e*
(m,n) Tmn () error term
(1,0) l+z 5°
?2,% 1+x1—|— %xQ élx32
0.1 T I
) - 2
1+lx 1.3
Table 4. | (11 1—;@ 12t
1+ 2o+ ta?
ey | TEE T
(02) | 7= %333
Itz 14
(1’2) 11—152:—?-%3722 ﬁx
+5r+5 1 .5
(22) | Tiite | @™

Let us consider the following enlightening example.
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Example 35. Consider the approximation of

fz) =e*

The Maclaurin series expansion is

1 1
e’ = 1—|—m+§x2+6m3+0(x4).

Consider the Padé approximation with m = 2 and n = 1.
Following the above theory we set up the equation

pm() = p2(2) = po + pr + paz’

qn(z) = (7)) =1+ qiz.

Form

f(@)gn(x) = pm(z) =0

1 1
(14+z+ =22+ Z2° + .)(1+ qz) — (po + pr& + pox®) = 0.

2 6
1 9 1 1 3
L=po+ (A +a—pet(5+a—p)+(c+ga)e” =0
sincem+n =2+ 1=3, we need four equations.
1—]90:0
l+¢—p1=0
1
- — =0
2+CI1 D2
and
1_{_1 _0
6 21T
Then we have the values of the coefficients are
_1 2 1 1
Po = ,p1—37p2—67(h— 3

The Padé approximation of e* is therefore of the form
2 1,2

ra(r) = 1- iz
3
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Let us compare the accuracy of the Maclaurin series approxima-
tion with that of the Padé approximation on the interval [0,1]. Using
Matlab we find

r?
maz{le® — (1 +z + 5 T E” sz €[0,1]} =0.05
and
max{|e® —ry| : x € [0,1]} = 0.03

Thus the Padé approzimation is slightly more accurate. But more

importantly, the highest power of x in the Padé approximation is x2,

but in the Maclaurin approzimation is x®. Where x is scalar.

The Padé approximation of matrix exponential can be extended
in the same way if x is a matrix A € M,,. A Taylor series approach
to matrix exponential approximation is generally slow and inaccurate.
Our goal is to make the maximum error as small as possible. The Padé
approximation to the matrix exponential can be defined as

A r _ pmn(A)
et = rmn(A) () (5.5)
= [an<A>]71pmn(A)
where . : )
B m+n—j)lml .
Pron(4) _;0 () j(m — 1 (5:6)
PN o G ) LY (5.7

In the case when n = 0, the approximation will take the form
of Taylor(Maclaurin) expansion for f(A). There are m + 1 unknown
coefficient in p,,,(A), and n unknown coefficients in ¢,,,(A), hence the
rational function 7,,,(A) has m + n + 1 unknown coefficients.

From [7] it was seen that the diagonal approximation (m = n)
are preferred over the off diagonal approximation (m # n) for stability
and economy of computation. The diagonal Padé approximation have
some advantages over the Taylor series i.e., the Padé approximation is

r22(A) = [g22(A)] " paa(A) (5.8)
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where p, ¢ are as in (5.6) and (5.7). Notice that since matrix multi-
plications for k x k matrix is O(k%) flops and matrix addition is O(k?)
flops, most of the work is evaluating equation (5.8) is in computing the
powers of the matrix A.

Let us take m = n. Then the error in r,, is O(z*"*). To
evaluate 7,,,(A) for A € M, requires that we compute A,, A% ..., A™
and p(A), g(A). This requires 2k* flops. To obtain an error of O(x?™*1!)
using the Taylor series would require the computation of A, A2, ..., A?™,
That is (2m—1)2k?* flops, which is almost twice as much of for the Padé
method.

Since most of work in computing the Padé and power series ap-
proximation is in computing the powers of A, for a given amount of
work. The Padé method has twice the order of the power series method.
The Padé is only accurate near the origin so that the approximation of
et is not valid, when || A]| is too large. Like Taylor series there is a ques-
tion that where the series in Padé approximation to terminate, what are
the appropriate values of m. In this case, suppose Padé with m = n i.e.,
the diagonal approximation. Then error is o(||A[*™*!) we need same
amount of work for (m — 1) matrix multiplication pp,(A), ¢mn(A). To
compute 7,,(A), 2n® flops are required, same as 1 matrix multiplica-
tion, so the total work need m matrix multiplication. Now consider the
Taylor series with m matrix multiplication. Then error is o(]|A|™2).
So if m > 2 Padé gives a smaller error.

The Taylor series and the Padé approximation are applicable to
certain cases, but they require a lot of computation when [|A| is large.
This problem will be solved when we introduce the so called Scaling
and Squaring method.

Here is the m-file for the Padé approimation:

function [r] = diag_pade(A, m)

% diag pade est of exp using formula
% from higham

b

p = zeros(size(A));
q=7p;
for j=0:m,

% this is inefficient and could overflow
% but is presented in this form to agree with theory
coef = factorial (2#m-j)*factorial(m);
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coef = coef/(factorial (2*m)*factorial(j)*factorial(m-j));

p = pt+ coefx(A)"j;
q = q+ coef*x(-A)"j;
end
r=inv(q)*p;

See section (5.1.3) for an example.

5.1.3 Scaling and Squaring

The main problem, i.e., roundoff error difficulties and the com-
puting costs of the Taylor Series and Padé approximation is that the
accuracy decreases and efficiency increases as || A|| increases. To over-
come these difficulties we use a fundamental property:

(ea/b)b — @

where a and b are scalars unique to any exponential function.

This property can be applied to matrices:
€A _ (eA/m)m

where A € M, and m is a positive integer. This idea will help to con-
trol the roundoff error and more importantly the computing costs it
would take to find either by Taylor series or Padé approximation. The
advantage of the scaling methods is that the scaled transition matrix
can be made to have a norm less than unity, so by reducing the norm
of the matrix. Scaling and Squaring improves the efficiency of the Tay-
lor series and Padé methods there is one commonly used criteria of
choosing m is to make it the smallest power of two, m = 27, such that
|A]|/m < 1. If m is too big then lose accuracy.(For example, taking
m = 1077 in matlab we have (e!°”")(197"" = 1 rather that 2.7183). If
too small, series takes too long to converge. So, with this restriction,
approximate e/™ = e4/? ~ r(A/27)¥, where r is either Taylor or
Padé approximant to the exponential and then take e/ =~ 7(A/27)%
where to form the matrix (e4/™)™ by j repeated squarings.

Now we define the scaled matrix exponential or base matrix

M = etm
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hence
ed =M™,

Using the Taylor series definition of the exponential function, we have

2 i
M:]+A/m+%+m+ (Aé:n) + ...

Again, the base matrix must be approximated by the truncated
series. The degree of Taylor approximation to the base matrix is de-
noted by M. We can also use the Padé approximation M,,, for the
determination of the base matrix and for the diagonal Padé approxi-
mation where m = n it is denoted by M,,,.

Since M™ depends on the integer m, as we said above that the
most effective method is to choose m = 27; we can square the base
matrix j times instead of multiplying m = 2times.

et = ([P )7
times

In this manner we need only m times matrix multiplications are
necessary instead of the k£ matrix multiplications necessary for direct
calculation. But we need to be careful not to scale too much. For
instance we try to approximate e' by (1 + %)", for n = 10'Y we get an
accuracy of 2 x 1077, but for n = 12, we get an accuracy of 2 x 1074,

Let us look at the error introduced in the squaring phase. To
compute e we can compute z = fl(e*/?) and [[[[M?]?]?]...]?
—

7 times

Consider _
z=fl (ex/ 2"

Then _
z=e""(14€) where |e| < ey

Even if make no more rounding errors, we will get

. . 2]' .
=" (1+e) =e"(14¢)?
~ e”(1+ 2¢)
SO L ,
(fl(e®/?))? —e= 2e%e

= |z|ex|<2jeM

relerr = |
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For example if A = [10] € M, then we want to compute e to accuracy

€
—16 : _ A _ 10
10 after scaling A = £=5

= Ay —16
2 G <1

Lﬂ < 10716

(m+1)!
need m+1=13 = m = 12 i.e., 11 matrix multiplication. In general,
the squaring method is more efficient.

Here is the m-file for Scaling and squaring of Taylor’s method:

function [e] = exp_taylor(A, tol, s)

b

% compute exp using taylor series with given tolerance
b and s scalings and squarings

b

n = max(size(A));

A0 = A;
for i=1:s,

A =A/2;
end

yA
e = exp_matrix_series(A,tol);
yA
% square
for i=1:s,
e = exe;
end

Here is the matlab implementation code to the scaling and squar-
ing of Padé method:

function [e] = exp_pade_sc_sq(A, m, s)

b

% compute exp usign taylor series with given tolerance
yA and s scalings and squarings

b
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n = max(size(d));

AO = A;
for i=1:s,

A = A/2;
end

yA
e = diag_pade(A, m);
yA
% square
for i=1:s,
e = exe;
end

Consider the following test matrix:
—49 24
A2 = ( —64 31 )
>> A2 = [-49 24; -64 31]

A2 =

-49 24
-64 31

>> norm(A2)/2°8
ans =
0.3501
>> et = exp_taylor_sc_sq(A2,10°-14, 8)

iteration = 1, error = 1.288799e-002
iteration = 1, rel_error = 1.121899e-002
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ans =

0.8086 0.0938
-0.2500 1.1211

iteration = 2, error = 2.879704e-004
iteration = 2, rel_error = 2.506781e-004
i =

2
ans =

0.8152 0.0905
-0.2412 1.1167

iteration = 3, error = 4.797634e-006
iteration 3, rel_error = 4.176339e-006

ans =

0.8150 0.0905
-0.2414 1.1168

iteration = 4, error = 6.385968e-008
4, rel_error = 5.558982e-008

iteration

ans =
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0.8150 0.0905
-0.2414 1.1168

iteration = 5, error = 7.078917e-010
iteration = 5, rel_error = 6.162195e-010
i =

5
ans =

0.8150 0.0905
-0.2414 1.1168

iteration = 6, error = 6.723871e-012
iteration = 6, rel_error = 5.853127e-012
i =

6
ans =

0.8150 0.0905
-0.2414 1.1168

iteration = 7, error = 5.540013e-014
iteration rel_error = 4.822579%e-014

I
\]

ans =

0.8150 0.0905
-0.2414 1.1168

140



iteration = 8, error = 7.771561e-016
iteration 8, rel_error = 6.765141e-016

ans =

0.8150 0.0905
-0.2414 1.1168

iteration = 9, error = 2.775558e-016
iteration = 9, rel_error = 2.416122e-016

i =
9
ans =
0.8150 0.0905
-0.2414 1.1168
et =

-0.7358 0.5518
-1.4715 1.1036

>> (norm(et-expm(A2)))
ans =
7.7242e-013

>> ep = exp_pade_sc_sq(A2,5, 8)
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ep =

-0.7358 0.5518
-1.4715 1.1036

>> (norm(ep-expm(A2)))
ans =
2.2308e-013

Notice that with m = 5 for the Padé method we obtain simi-
lar accuracy as with ¢ = 9 powers ofA for the Taylor series method.
This agrees with our theoretical observation in the discussion following
equation (5.8).

5.2 Matrix Decomposition Methods

As we know the matrix decomposition methods are based on the
similarity transformation of a matrix as

A=SBS™
From the definition of €4 implies that
etA — S@tBS_l

but if S is close to singular it means x(S) is large.

5.2.1 Eigenvalue-eigenvector method

Since A € C™" is a real symmetric matrix and 3 a real unitary V' and
A = diag();), with \; the eigenvalues of A which are real, such that

A=VAV* (5.9)
Then by JCF definition e? we have
er = Vet (5.10)

For A = diag(\1,...,\,), the e® = diag(e, e, ..., eM) is trivial to
compute.

142



But, a related difficulty with this approach occurs when A may
not be diagonalizable and thus is defective, because there is no invert-
ible matrix of eigenvectors V. These observations serve to highlight
the difficulties associated with ill-conditioned similarity transforma-
tions [5]. It can be shown that let X' Y € M, then

FUXY)=XY + E

where
|E| < 2ney| XY, hence ||Elly < 2nen|| X1 []Y [l
Thus
fVDV Y =V DV + B
=VDV '+ VE, + E;
IfI(VDV™) = VDV, = [[VE; + Eqx
< ||V Es|ly + [ Erlly

< VIR IE: [+ [[Ex ]l

where

|21l < 2nea|[VIL 1DV L
< 2nep VLDV
| Eally < 2nea| DIV
1ALV DV =VDV =y < 2nepm VLDV i+ 2nen VI DI IV L
< dney|| DL VIV
< dney|| D1 k(V)
[fIVDV™Y) = VDV |y < dnep||D]|#(V) (5.11)

If V is ill-condition the error will be large. even if we do not compute
eVPVT = VePVL just computing fI(VDV ™) gives the equation
(5.11) error. This method relies on diagonalizating the matrix. Thus
if for example a defective matrix is

(1)

Which is not diagonalizable. Thus we can not use the method.

However, the following example suggests that ill-conditioned sim-
ilarity transformations should be avoided when computing a function
of a matrix.
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Example 36. Let

then

and

If a = 10713 then

k(V) = 1.000244225956801¢ + 013

In Matlab:

_ 1+« 1
A= ( 0 11—« )

1 -1
V= (() 20 >

[ 1+« 0
D= ( 0 l—« )

>> A=[1+10"-13 1; 0 1-10"-13]

A:

1.00000000000010
0

>> [V,D]=eig(A)
V:

1.00000000000000
0

1.00000000000010
0

1.00000000000000
0.99999999999990

-1.00000000000000
0.00000000000020

0
0.99999999999990

>> eA=Vxexpm(D)*inv (V)

el =
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2.71828182845932  2.69921875000000
0 2.71828182845878

>> expm(A)
ans =

2.71828182845931  2.71828182845905
0 2.71828182845878

>> relerr=norm(eA-expm(A))/norm(expm(A))
relerr =

0.00433421961422=4.33421961422e-3

Note: 1073 a2 relerr ~ ey x k(V) &= 10716 x 1013 ~ 1073

Thus the error is large because V' is ill-conditioned.

Here is the matlab code based on the eigenpair decomposition:

function f = exp_eigenpair(A);

% usage: f = exp_eigenpair(A);
% calculate the matrix exponential of A using
% eigenpair decomposition.
% Input:
% A = matrix
% Output:
% f = approximate value of matrix exponential
[n,n]=size(A);
[U,Dl=eig(A);
for i=1:n
D(i,i)=exp(D(i,1));
end
f=U*xD*inv(U) ;
err = norm(expm(A)-f,inf);
rel_err = err/norm(expm(A))
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display([sprintf (’error=je\n’,err)]);
end

Let us consider the example to use the above matlab code:

>> A1=[2 -1; -1 2]

>> exp_eigenpair (A1)
rel_err =
2.6532e-016

error=5.329071e-015

ans =

11.4019 -8.6836
-8.6836 11.4019

>> A2=[-49 24; -64 31]
A2 =

-49 24
-64 31

>> exp_eigenpair (A2)

rel_err =
1.0948e-013

error=2.251532e-013
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ans =

-0.7358 0.5518
-1.4715 1.1036

5.2.2 Schur Parlett Method

We recall the Schur decomposition
A=UTU"

with unitary U and upper-triangular 7" exists if A is real and has real
eigenvalues. If A has complex eigenvalues, then it is necessary to allow
2 x 2 blocks on the diagonal of T or to make U and T complex (and
replace U' with U*). Once matrix A has been decomposed, the matrix
exponential is evaluated from

e =UetU (5.12)

Where T is a triangular or quasitriangular matrix. The com-
putation of the matrix exponential el of an upper triangular matrix
is performed by using an algorithm which was developed by Parlett
[14, 15]. If T is upper triangular matrix with Ay, ..., A, on the diagonal,
then e is upper triangular with e, ..., e* on the diagonal. Note that
there is no need of eigenvectors of A. Again, when the eigenvalues are
distinct almost equal, inaccuracy takes place in the computation of e”
Let us consider the following examples.

In the case, 2 x 2 and when \; # Ay, we have

At
T_( 0 )\2>

The exponential of this matrix is

A1 er2—ell
eT — € t12 No— 1
0 e

When A\ = Ay = A
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A
e’ 112
T )

For n = 3, case for 3 x 3 upper triangular matrix 7.

A1t tis
T = 0 )\2 tos
0 0 A

Then the exponential of this matrix is

A
e tipra tizrs + tiatagrios

€T = 0 6)‘2 t23(1/23
0 0 ehs
where
et — ehi fori
Oy = ori <]
A — N\
and
O — Q12 — (g3
123 = Vv
AL — A

Hence, from these examples we observed that e’ is an upper
triangular matrix whose entries involve divided differences of e’:.

Here is the m-file for the Schur decomposition method:

function [f] = parlett_exp(t)

b

% assume t is upper tri and has distinct diag elts
b

n=max (size(t))

% assign diag of f

for i=1:n
f(i,i) = exp(t(i,i));
end
yA
for d=2:n,
for i=1:n-d+1
j=i+d-1;

£(1,7) = (6@, P*EG, D=,/ CE,D-t(G,7));
for k=i+1:j-1
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£(i,j) = £(1,7) + (@, k) *t(k, -t (1, k) *f(k,j))/€CGE,1)-t(5,7));
end
end
end

Let us consider the following examples to find the exponential of
a matrix using Schur Decomposition for matrices.

Example 37. A =UTU*, where
1 1 1 1 1
T—(01+m5) and U—7§(1—1)
>> T=[1 1; 0 1+1le-5]
T =

1.00000000000000 1.00000000000000
0 1.00001000000000

>> U = 1/sqre(2)* [1 1; 1 -1]

U =
0.70710678118655 0.70710678118655
0.70710678118655 -0.70710678118655

>> A = UxT*U’

A =

1.50000500000000 -0.50000500000000
0.49999500000000  0.50000500000000

>> expmA=expm(A)
expmA =
4.07744312989289 -1.35916130143385

1.35913411847965 1.35914770997940
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>> [U1 T1]l=schur(A)

Ul =

0.70711385222309
0.70709971007930

-0.70709971007930
.70711385222309

o

1.00001000000578 -1.00000000000000
0  0.99999999999422

>> t11 = T1(1,1); t22 = T1(2,2); t12 =
>> £11 = exp(t11); £22=exp(t22); f12 =
>> F = [f11 £12 ; 0 £22]

F =

2.71830901142895 -2.71829541993511
0 2.71828182844334

>> Eschur=U1xFx*U1’

Eschur =

4.07744312990370
1.35913411849046

-1.35916130144465
1.35914770996859

>> norm(Eschur-expmA)
ans =
2.162126034736025e-011
>> norm(Eschur-expmA) /norm(expmA)
ans =

4.915828381315610e-012
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The reason for the error is that 17 & t95. If we redo the example with

1 1
T:(o 1+10—10)

the error will be larger~ 107°. So our approximation of the matrix
exponential using Schur Decomposition shows that roundoff error is
caused by nearly confluent eigenvalues \;.

Now we illustrate the behavior in the Block Parlett algorithm by
considering the following example. Notice that the 1,1 and 3,3 entries
of B are very close.

B =
0.4751 0.3810 0.3077 0.2029 0.0289

0 0.2282 0.3960 0.4677 0.1764

0 0 0.4609 0.4585 0.4066

0 0 0 0.2051 0.0049

0 0 0 0 0.0694

>> B(3,3)=B(1,1)+1e-8;
>> norm(parlett_exp(B)-expm(B))/norm(expm(B))

ans =
1.0814e-008

>> B(3,3)=B(1,1)+1e-12;
>> norm(parlett_exp(B)-expm(B))/norm(expm(B))

ans =
6.7441e-005

>> v=[3 2]

v =
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>> norm(parlett_block_final(B, v)-expm(B))/norm(expm(B))
ans =
3.0098e-015

>> v=[2 3];
>> norm(parlett_block_final(B, v)-expm(B))/norm(expm(B))

ans =

1.6032e-004

This shows that as two eigenvalues of B get closer the error in
the Parlett method increases. If we use the Block Parlett method with
the close eigenvalues in the same block there is no loss of accuracy.
This is the case when v = [3,2]. The first block is 3 x 3 and contains
the two close eigenvalues.

On the other hand, if we use block Parlett with v = [2,3]. Then
the first block is 2 x 2 and contains one of the close eigenvalues. The
other is in the second block. In this case the error is very large similarly
to the error in the non-block Parlett algorithm.

5.3 Cauchy’s integral formula

Recall from chapter 3 section 3.3,

F(A) = Qim./rf(z)(zf — A)ldz, (5.13)

where I is a closed contour lying in the region of analyticity of f and
winding once around the spectrum o(A) in the counterclockwise direc-
tion. The simplest choice of the contour I' is a circle with radius r
centered at some point zy, defined by

D= {2(0) =2 +7re?:0<0<2n}.

Then making the substitution dz = 2/(#)d6, the Cauchy integral (5.13)
of a function of the matrix A becomes

f(A) = QLm /027r f(2)(2I — A)trie?do,
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1
o

2
W) =5 [ CO=-fE-a7 0, G

The matlab programme below implements the mid-point rule to
approximate this integral. We will see that it requires a large number
of functions evaluations to obtain reasonable accuracy. Of course the
mid point rule is one of the simplest numerical quadrature rules. We
propose to study more sophisticated methods like those in [6] to make
this method more efficient. One important aspect of the approximate
the Cauchy Integral is that the matrix inversions can be computed in
parallel.

Here is a matlab code to implement the Cauchy Integral Method:

function [ea] = exp_c(a, m)

b

s = zeros(size(a))

theta = 2*pi*i/m;

id = eye(size(a));

b

for j=1:m,

exp((j+.5)*theta); % z at midpoint

s + inv(zxid - a) * exp(z)*(exp((j+1)*theta)-exp(j*theta));

V4

S
end
ea= s /(2*pix*i);

Example 38. Let us consider the test ezample:

>> a= triu(rand(5))

0.9501 0.7621 0.6154 0.4057 0.0579
0 0.4565 0.7919 0.9355 0.3529

0 0 0.9218 0.9169 0.8132
0 0 0 0.4103 0.0099
0 0 0 0 0.1389

>> norm(exp_cauchy_Int(a, 100)-expm(a))
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ans =
2.1561

>> norm(exp_cauchy_Int(a,
ans =

1.0058e-005
>> norm(exp_cauchy_Int(a,
ans =

2.5144e-006
>> norm(exp_cauchy_Int(a,
ans =

6.2860e-007
>> norm(exp_cauchy_Int(a,

ans =

1.5715e-007
>> A=a/2
A =
0.0967 0.3489 0

0 0.1892 0.
0 0 0
0 0
0 0

>> norm(exp_cauchy_Int (A,

ans =

1000) -expm(a))

2000) -expm(a))

4000) -expm(a))

8000) -expm(a))

. 2483 0.3301
4499 0.1710
.4108 0.1449
0 0.1706
0 0

1000) -expm(A))
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3.7095e-006
>> norm(exp_cauchy_Int (A, 2000)-expm(A))
ans =

9.2738e-007

The convergence is slow. It takes 1000 matrix inversions to attain
an accuracy of 107° in the first example. By contrast, using Padé with
scaling and squaring we would obtain relative accuracy of about 107
using m = 8 for the Padé approximation, and 4 scaling and squar-
ing. That is about 12 matrix multiplications to obtain much higher
accuracy.

Notice when the number of integration nodes is doubled, the
error is reduced by a factor of 4. Using this we extrapolate. Let £E1000
and F£2000 denote the approximate with 1000 and 2000 nodes. Then a

better approximation is
extrapolate = (4£2000 — £1000)/3.

Evaluating this for the matrix A gives

>> E2000=exp_cauchy_Int (A, 2000);
>> E1000=exp_cauchy_Int (A, 1000);
>> extrap =(4*E2000-E1000)/3

>> norm(extrap-expm(A))

ans =

5.1339e-013

Thus combing £1000 and E£2000 that have errors about 10~® and 1076
gives us an approximation with much smaller error 5.1339 x 10~%3.

Using even more sophisticated ideas perhaps we can make the
Cauchy Integral method competitive.
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Chapter 6

Conclusion and Future work

6.1 Conclusion

There are many ways to define e and they lead to many al-
gorithms to compute e4. In this part must we deal with the obvious
question: Which method is the best? To answer such a question is
very risky, because, we do not know enough about the sensitivity of
the original problem.

In summery, we have to look at the strengthen and weakness of
each method:

1. Taylor’s Series: This method always converges in theory. But
we have seen that there can be large cancellation errors, and the
convergence can be slow if ||A]| is large. These problems can be
avoided by careful Scaling and Squaring.

2. Padé approximation: This method does not always converges.
But with suitable Scaling and Squaring it dose always converges.

3. Schur-Parlett:

This is a finite algorithm in theory once Schur form is found, but
does not work if eigenvalues are equal and shows inaccuracy if the
eigenvalues are close.

4. Eigenvalue-Eigenvector method: This method is finite, once
eigenvalues and eigenvectors are found. It does not work if A is not
diagonalizable. It is inaccurate if A is close to a non-diagonalizable
matrix or if the eigenvectors are ill-conditioned
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5. Cauchy Integral formula method:

This method has good parallel computation properties but needs
eigenvalues to be inside a contour, and so we need to know some-
thing about eigenvalues. For larger spectral radii or more scat-
tered eigenvalues the convergence will be slower. The efficiency
depends also on a good quadrature rule and is helped by clus-
tered eigenvalues.

We have seen that there is no uniformly best method for the
computation matrix exponential. The choice of method depends on the
application and the particular matrix. Here are two common situations
where one would choose different methods. For example, if A has well
separated eigenvalues and we need e for many ¢, then

A=UTU"

€At _ UGtTU*,

using Schur-Parlett is simple, and efficient. If however A has repeated
eigenvalues or close eigenvalues the Schur-Parlett method does not
work well. Series, Padé and Scaling-squaring always work. Here good
method would be to use Scaling and Squaring with Padé approxima-
tion. Incidentally this is the default algorithm used by Matlab expm.

6.2 Future work

Our implementation of the Cauchy Integral method uses only
the simplest contour a circle centered at the origin, and the simplest
quadrature method, the mid point rule. We would like to investigate
higher order quadrature rules and extrapolation methods as well as
transformation of the problem as suggested in [6].

The reason for our interest in this apparently unpromising method
is that the most of the work is in computing (21 — A)~! for different
values of z. All these inversions can be carried out in parallel.

There is no good set of test matrices for the exponential. For
example N.Hale, N.J. Higham and L. Trefethen in their paper [6] use
2 x 2 matrices. We intend to find a set of matrices that arise in practice
whose exponential is necessary to compute. This will be useful to us in
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comparing methods, and will be useful resource for other researchers
also.

Finally we would like to investigate a new idea that has never
been considered before. Namely using a dynamic stopping criterion
based on ||A¥||; rather that using the inequality ||A*|| < ||A[|*.

The idea is that the accuracy of the Taylor and Padé methods
depends on [|A¥||o. The usual analysis replaces ||A*| s by the larger
quantity ||Al|% . This may result in computing more terms then neces-
sary. We intend to investigate the Taylor and Padé methods, when we
compute || A¥||, at a cost of O(n?) flops, once AF is formed. The cost
of computing an extra power of A is O(n?) while the cost of our check
is O(n?). We will decide whether to terminate or not, based on ||A*||
rather than the usual ||A|..

We hope to bring all these ideas together to produce improved
algorithms for the matrix exponential.
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