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Series Preface

Mathematics is playing an ever more important role in the physical and biolog-
ical sciences, provoking a blurring of boundaries between scientific disciplines
and a resurgence of interest in the modern as well as the classical techniques
of applied mathematics. This renewal of interest, both in research and teach-
ing, has led to the establishment of the series Texts in Applied Mathematics
(TAM).

The development of new courses is a natural consequence of a high level
of excitement on the research frontier as newer techniques, such as numerical
and symbolic computer systems, dynamical systems, and chaos, mix with and
reinforce the traditional methods of applied mathematics. Thus, the purpose
of this textbook series is to meet the current and future needs of these advances
and to encourage the teaching of new courses.

TAM will publish textbooks suitable for use in advanced undergraduate
and beginning graduate courses, and will complement the Applied Mathe-
matical Sciences (AMS) series, which will focus on advanced textbooks and
research-level monographs.

Pasadena, California J.E. Marsden
Providence, Rhode Island L. Sirovich
College Park, Maryland S.S. Antman



Preface

The origin of this textbook is a course on numerical linear algebra that we
taught to third-year undergraduate students at Université Pierre et Marie
Curie (Paris 6 University). Numerical linear algebra is the intersection of
numerical analysis and linear algebra and, more precisely, focuses on practical
algorithms for solving on a computer problems of linear algebra.

Indeed, most numerical computations in all fields of applications, such as
physics, mechanics, chemistry, and finance. involve numerical linear algebra.
All in all, these numerical simulations boil down to a series of matrix com-
putations. There are mainly two types of matrix computations: solving linear
systems of equations and computing eigenvalues and eigenvectors of matrices.
Of course, there are other important problems in linear algebra, but these two
are predominant and will be studied in great detail in this book.

From a theoretical point of view, these two questions are by now com-
pletely understood and solved. Necessary and sufficient conditions for the
existence and/or uniqueness of solutions to linear systems are well known, as
well as criteria for diagonalizing matrices. However, the steady and impres-
sive progress of computer power has changed those theoretical questions into
practical issues. An applied mathematician cannot be satisfied by a mere exis-
tence theorem and rather asks for an algorithm, i.e., a method for computing
unknown solutions. Such an algorithm must be efficient: it must not take too
long to run and too much memory on a computer. It must also be stable,
that is, small errors in the data should produce similarly small errors in the
output. Recall that errors cannot be avoided, because of rounding off in the
computer. These two requirements, efficiency and stability, are key issues in
numerical analysis. Many apparently simple algorithms are rejected because
of them.

This book is intended for advanced undergraduate students who have al-
ready been exposed to linear algebra (for instance, [9], [10], [16]). Nevertheless,
to be as self-contained as possible, its second chapter recalls the necessary de-
finitions and results of linear algebra that will be used in the sequel. On the
other hand, our purpose is to be introductory concerning numerical analysis,
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for which we do not ask for any prerequisite. Therefore, we do not pretend to
be exhaustive nor to systematically give the most efficient or recent algorithms
if they are too complicated. We leave this task to other books at the graduate
level, such as [2], [7], [11], [12], [14], [17], [18]. For pedagogical reasons we
satisfy ourselves in giving the simplest and most illustrative algorithms.
Since the inception of computers and, all the more, the development
of simple and user-friendly software such as Maple, Mathematica, Matlab,
Octave, and Scilab, mathematics has become a truly experimental science like
physics or mechanics. It is now possible and very easy to perform numerical
experiments on a computer that help in increasing intuition, checking conjec-
tures or theorems, and quantifying the effectiveness of a method. One original
feature of this book is to follow an experimental approach in all exercises. The
reader should use Matlab for solving these exercises, which are given at the
end of each chapter. For some of them, marked by a (x), complete solutions,
including Matlab scripts, are given in the last chapter. The solutions of the
other exercises are available in a solution manual available for teachers and
professors on request to Springer. The original french version of this book (see
our web page http://www.ann. jussieu.fr/numalgebra) used Scilab, which
is probably less popular than Matlab but has the advantage of being free
software (see http://www.scilab.org). Finally we thank Karim Trabelsi for
translating a large part of this book from a French previous version of it.
We hope the reader will enjoy more mathematics by seeing it “in practice.”

G.A., SM.K.
Paris
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1

Introduction

As we said in the preface, linear algebra is everywhere in numerical simu-
lations, often well hidden for the average user, but always crucial in terms
of performance and efficiency. Almost all numerical computations in physics,
mechanics, chemistry, engineering, economics, finance, etc., involve numerical
linear algebra, i.e., computations involving matrices. The purpose of this in-
troduction is to give a few examples of applications of the two main types
of matrix computations: solving linear systems of equations on the one hand,
and computing eigenvalues and eigenvectors on the other hand. The following
examples serve as a motivation for the main notions, methods, and algorithms
discussed in this book.

1.1 Discretization of a Differential Equation

We first give a typical example of a mathematical problem whose solution is
determined by solving a linear system of large size. This example (which can
be generalized to many problems all of which have extremely important appli-
cations) is linked to the approximate numerical solution of partial differential
equations. A partial differential equation is a differential equation in several
variables (hence the use of partial derivatives). However, for simplicity, we
shall confine our exposition to the case of a single space variable x, and to
real-valued functions.

A great number of physical phenomena are modeled by the following equa-
tion, the so-called Laplace, Poisson, or conduction equation (it is also a time-
independent version of the heat or wave equation; for more details, see [3]):

—u"(z) + e(x)u(z) = f(x) for all z € (0,1),
{U(O) =a, u(l)=4, (1.1)

where o, 3 are two real numbers, ¢(z) is a nonnegative and continuous func-
tion on [0,1], and f(z) is a continuous function on [0, 1]. This second-order
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differential equation with its boundary conditions “at both ends” is called a
boundary value problem. We shall admit the existence and uniqueness of a
solution u(z) of class C2 on [0, 1] of the boundary value problem (1.1). If ¢(x)
is constant, one can find an explicit formula for the solution of (1.1). However,
in higher spatial dimensions or for more complex boundary value problems
(varying c(z), nonlinear equations, system of equations, etc.), there is usually
no explicit solution. Therefore, the only possibility is to approximate the so-
lution numerically. The aim of example (1.1) is precisely to show a method
of discretization and computation of approximate solutions that is called the
method of finite difference. We call discretization of a differential equation the
formulation of an approximate problem for which the unknown is no longer a
function but a finite (discrete) collection of approximate values of this func-
tion. The finite difference method, which is very simple in dimension 1, can
easily be generalized, at least in principle, to a wide class of boundary value
problems.

In order to compute numerically an approximation of the solution of (1.1),
we divide the interval [0, 1] into n equal subintervals (i.e., of size 1/n), where n
is an integer chosen according to the required accuracy (the larger the value of
n, the “closer” the approximate solution will be to the exact one). We denote
by z; the (n + 1) endpoints of these intervals:

r,=—, 0<i1<n
n
We call ¢; the value of ¢(z;), f; the value of f(z;), and u; the approximate
value of the solution u(z;). To compute these approximate values (u;)o<i<n,
we substitute the differential equation (1.1) with a system of (n — 1) algebraic
equations. The main idea is to write the differential equation at each point z;
and to replace the second derivative by an appropriate linear combination of
the unknowns wu;. To do so, we use Taylor’s formula by assuming that u(z) is
four times continuously differentiable:

33

i n
z) _ u’(mi) + ﬁlzuﬂ(xi) _ %uw(mi) + WUH”(xi _ %

where 07,07 € (0,1). Adding these two equations, we get

)

u(@ipr) = u(@) + 20/ (1) + g’ (@) + g (2:) + giau (2 + L),
u(zi—1) = u(x L

() = 2u(z;) — u(xi—1) — u(wiyr) +On-?).

n—2

Neglecting the lowest-order term n~2 yields a “finite difference” formula, or

discrete derivative

2u(x;) — u(xi—y) — u(xie)
n—2

_u”(.ri) ~

Substituting —u" (x;) with its discrete approximation in the partial differential
equation (1.1), we get (n — 1) algebraic equations
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2U; — Uj—1 — Ujs1 .
L H o cui=f;, 1<i<n-—1,

n—2
completed by the two boundary conditions
UO = a7 un = ﬁ

Since the dependence in u; is linear in these equations, we obtain a so-called
linear system (see Chapter 5) of size (n — 1):

where u(™ is the vector of entries (uy,...,u,_1), while b is a vector and
A, a matrix defined by
2+ 5 —1 ..
T | 0 f1+an?
-1 2+ % . - . f
En— fn—2
; —124 55 -1 ,
0 0 _1n 2+C:li;1 fn—l + fn

The matrix A, is said to be tridiagonal, since it has nonzero entries only on
its main diagonal and on its two closest diagonals (the subdiagonal and the
superdiagonal).

One can prove (see Lemma 5.3.2) that the matrix A,, is invertible, so that
there exists a unique solution u(™ of the linear system (1.2). Even more, it
is possible to prove that the solution of the linear system (1.2) is a correct
approximation of the exact solution of the boundary value problem (1.1).
We said that the previous finite difference method converges as the number
of intervals n increases. This is actually a delicate result (see, e.g., [3] for a
proof), and we content ourselves in stating it without proof.

Theorem 1.1.1. Assume that the solution u(x) of (1.1) is of class C* on
[0,1]. Then the finite difference method converges in the sense that

(n) ) "
gmax fu; " —ulzi)| < geos S [u™ (x)].

Figure 1.1 shows the exact and approximate (n = 20) solutions of equation
(1.1) on ]0, 1], where the functions ¢ and f are chosen so that the exact solution
is u(z) = xsin(27x):

c(x) =4, f(zx)=4(r*+ Du(z) — 4rcos(2rz), a=p3=0.

The problem of solving the differential equation (1.1) has thus been reduced
to solving a linear system. In practice, these linear systems are very large.
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0.6

0.2]

-0.2}

0O 04 08 12 16 2

Fig. 1.1. Computation of an approximate solution of (1.1) and comparison with
the exact solution.

Indeed, most physical phenomena are three-dimensional (unlike our simpli-
fied example in one spatial dimension). A numerical simulation requires the
discretization of a three-dimensional domain. For instance, if we decide to
place 100 discretization points in each spatial direction, the total number of
points, or unknowns, is 1 million (100%), and hence the linear system to be
solved is of size 1 million. This is a typical size for such a system even if some
are smaller. . . or larger. In practice, one needs to have at one’s disposal high-
performance algorithms for solving such linear systems, that is, fast algorithms
that require little memory storage and feature the highest accuracy possible.
This last point is a delicate challenge because of the inevitable rounding er-
rors (an issue that will be discussed in Section 5.3.1). Solving linear systems
efficiently is the topic of Chapters 5 to 9.

1.2 Least Squares Fitting

We now consider a data analysis problem. Assume that during a physical
experiment, we measure a magnitude or quantity y that depends on a real
parameter t. We carry out m experiments and different measurements by
varying the parameter ¢. The problem is to find a way of deducing from
these m measurements a very simple experimental law that enables one to
approximate as well as possible the studied quantity as an (n — 1)th-degree
polynomial (at most) of the parameter. Let us remark that the form of the
experimental law is imposed (it is polynomial); but the coefficients of this
polynomial are unknown. In general, the number of measurements m is very
large with respect to the degree n of the sought-after polynomial. In other
words, given m values of the parameter (¢;)7; and m corresponding values of
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the measures (y;), we look for a polynomial p € P,,_1, the set of polynomials
of one variable t of degree less than or equal to n — 1, that minimizes the error
between the experimental value y; and the predicted theoretical value p(t;).
Here, the error is measured in the sense of “least squares fitting,” that is, we
minimize the sum of the squares of the individual errors, namely

E=> |y —p(t:)|*. (1.3)
i=1

We write p in a basis (goj)?:_ol of Pp_1:

= ni%%‘(t)- (1.4)
j=0

The quantity E defined by (1.3) is a quadratic function of the n coefficients
a;, since p(t;) depends linearly on these coefficients. In conclusion, we have to
minimize the function E with respect to the n variables (ag,a1,...,a,—1).

Linear regression. Let us first study the case n = 2, which comes down to
looking for a straight line to approximate the experimental values. This line is
called the “least squares fitting” line, or linear regression line. In this case, we
choose a basis ¢ (t) = 1,p1(t) = t, and we set p(t) = ag + at. The quantity
to minimize is reduced to

ao, a1 Z ‘yz (10 + alti)|2
= Aa1 + BaO + 2Cagpay + 2Day + 2Fag + F

with

A= Zt B:’ITL7 C= Ztu
Ztlylv E - Zy’b? F Zyz'

Noting that A > 0, we can factor E(ag,a1) as

c D\ % CD D?
E(ao,al) = A <CL1 + Zao + A) +<B — A) a%+2 (E — A) a0+F_I

The coefficient of a2 is also positive if the values of the parameter ¢; are not
all equal, which is assumed henceforth:

2

m m 2 m m
AB_02:m<Zt§>_<Zti> :mz ti—%zt]‘
i=1 ; =1

=1
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We can thus rewrite E(ag, a;) as follows:

_¢D

2
C D\? E
E(ag,a1) = A (al + Zao + A) +Alao+ AA> +G, (1.5)

_cDy2
where A = B — %2 and G =F — %2 — %. The function E has then a
unique minimum point given by
E-SP ¢ D

ap=———"—, a1 =——00— —

A A A’

Ezample 1.2.1. Table 1.1 (source LN.S.E.E.) gives data on the evolution of
the cost construction index taken in the first trimester of every year, from
1990 to 2000.

1990{1991{1992(1993|1994|1995|1996|1997|1998|1999|2000
939 | 972 |1006/1022|1016{1011|1038{1047{1058/1071{1083

Table 1.1. Evolution of the cost construction index.

Figure 1.2 displays the least squares fitting line of best approximation for
Table 1.1, that is, a line “deviating the least” from the cloud of given points.
This example (n = 2) is simple enough that we can solve it exactly “by hand.”

1100

1050;

1000;

950,
g

99890 1992 1994 1996 1998 2000

Fig. 1.2. Approximation of the data of Table 1.1 by a line.

Polynomial regression. We return now to the general case n > 2. We denote
by b € R™ the vector of measurements, by ¢ € R™ that of parameters, by
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z € R™ that of unknowns, and by ¢(t) € R™ that of the predictions by the
polynomial p:

Y1 t ag p(t1)

Y2 12 ax p(t2)
b= . , €= . y L= . ) (J(t) = .

Ym tm an—1 p(tm)

As already observed, the polynomial p, and accordingly the vector ¢(t), depend
linearly on z (its coefficients in the basis of ¢;(t)). Namely ¢(t) = Az and
E = || Az — b||? with

wo(t) wr(ts) ... pn-a(tr)
polt2) wr(t2) ... pn-a(ta)
A= , ) . € Mumn(R),
eotm) @1(tm) .. @n—1(tm)
where ||.|| denotes here the Euclidean norm of R™. The least squares fitting
problem reads then, find = € R™ such that
||[Az —b|| = uleann [|Au — b]|. (1.6)

We shall prove (see Chapter 7) that z € R™ is a solution of the minimization
problem (1.6) if and only if x is solution of the so-called normal equations

AtAz = A'b. (1.7)

The solutions of the least squares fitting problem are therefore given by solving
either the linear system (1.7) or the minimization problem (1.6). Figure 1.3
shows the solution of this equation for m = 11, n = 5, and the data y; of
Table 1.1.

1100

1050¢

1000¢

950,
f

90890 1992 1994 1996 1998 2000

Fig. 1.3. Approximation of the data of Table 1.1 by a fourth-degree polynomial.
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Multiple variables regression. So far we have assumed that the measured
physical quantity y depended on a single real parameter . We now consider
the case that the experiments and the measured quantity depends on n pa-
rameters. We still have m experiments and each of them yields a possibly
different measure. The goal is to deduce from these m measurements a very
simple experimental law that approximates the physical quantity as a linear
combination of the n parameters. Note that the form of this experimental
law is imposed (it is linear), whereas the coefficients of this linear form are
unknown.

In other words, let a; € R™ be a vector, the entries of which are the
values of the parameters for the ith experiment, and let f(a) be the unknown
function from R”™ into R that gives the measured quantity in terms of the
parameters. The linear regression problem consists in finding a vector x € R"
(the entries of which are the coefficients of this experimental law or linear
regression) satisfying

m
Z az aza = IHIHZU az auy> |

where (.,.),, denotes the scalar product in R™. Hence, we attempt to best
approximate the unknown function f by a linear form. Here “best” means “in
the least squares sense,” that is, we minimize the error in the Euclidean norm
of R™. Once again this problem is equivalent to solving the so-called normal
equations (1.7), where b is the vector of R” whose entries are the f(a;) and
A is the matrix of M,, ,(R) whose m rows are the vectors a,;. The solution
x € R™ of (1.7) is the coefficients of the experimental law.

Least squares problems are discussed at length in Chapter 7.

1.3 Vibrations of a Mechanical System

The computation of the eigenvalues and eigenvectors of a matrix is a fun-
damental mathematical tool for the study of the vibrations of mechanical
structures. In this context, the eigenvalues are the squares of the frequencies,
and the eigenvectors are the modes of vibration of the studied system. Con-
sider, for instance, the computation of the vibration frequencies of a building,
which is an important problem in order to determine its strength, for example,
against earthquakes. To simplify the exposition we focus on a toy model, but
the main ideas are the same for more complex and more realistic models.
We consider a two-story building whose sufficiently rigid ceilings are as-
sumed to be point masses mq,mo, m3. The walls are of negligible mass but
their elasticity is modeled, as that of a spring, by stiffness coefficients k1, ko, k3
(the larger is k;, the more rigid or “stiff” is the wall). The horizontal displace-
ments of the ceilings are denoted by y1, yo, y3, whereas the base of the building
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Fig. 1.4. A two-story building model.

is clamped on the ground; see Figure 1.4. In other words, this two-story build-
ing is represented as a system of three masses linked by springs to a fixed
support; see Figure 1.5. We write the fundamental equation of mechanics,

Fig. 1.5. System of three masses linked by springs to a support.

which asserts that mass multiplied by acceleration is equal to the sum of the
applied forces. The only forces here are return forces exerted by the springs.
They are equal to the product of stiffness and elongation of the spring. The
displacements y1, Y2, y3 (with respect to the equilibrium) are functions of time
t. Their first derivatives, denoted by w1, ¥2, ¥3, are velocities, and their second
derivatives 41, 92, 93 are accelerations of the masses my, mgy, m3, respectively.
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Thus, we deduce the following three equations:

madr + k1yr + ke (y1 — y2) =0,
mafje + k2(y2 — y1) + k3(y2 — y3) =0, (1.8)
m3ijz + k3(ys —y2) = 0,

which read, in matrix form,

Miy+ Ky =0, (1.9)
where
Y1 m; 0 0 ki+ky —ky O
Yy = Y2 ) M = 0 ma 0 ) K= _k2 k? + k3 _k3
Y3 0 0 mg 0 —ks k3

The matrix M is called the mass matrix, while K is called the stiffness matrix.
They are both symmetric. We look for particular solutions of equations (1.8)
that are periodic (or harmonic) in time in order to represent the vibrations of
the system. Accordingly, we set

y(t) =y e,

where 7 is the basis of imaginary numbers, and w is the vibration frequency of
the solution. A simple computation shows that in this case, the acceleration
is §j(t) = —w?y(t), and that (1.9) simplifies to

Ky® = w?My°. (1.10)

If all masses are equal to 1, then M is the identity matrix, and (1.10) is a
standard eigenvalue problem for the matrix K, that is, y° is an eigenvector of
K corresponding to the eigenvalue w?. If the masses take any values, (1.10)
is a “generalized” eigenvalue problem, that is, w? is an eigenvalue of the ma-
trix M~Y2KM~"/? (on this topic, see Theorem 2.5.3 on the simultaneous
reduction of a scalar product and a quadratic form).

Of course, had we considered a building with n floors, we would have
obtained a similar matrix problem of size n + 1, the matrix M being always
diagonal, and K tridiagonal. In Chapter 10, several algorithms for the efficient
computation of eigenvalues and eigenvectors will be discussed.

1.4 The Vibrating String

We generalize the example of Section 1.3 to the case of an infinite number of
masses and springs. More precisely, we pass from a discrete model to a contin-
uous one. We consider the vibrating string equation that is the generalization
of (1.8) to an infinite number of masses; for more details, see [3]. This equa-
tion is again a partial differential equation, very similar to that introduced in
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Section 1.1. Upon discretization by finite differences, an approximate solution
of the vibrating string equation is obtained by solving an eigenvalue problem
for a large matrix.

The curvilinear abscissa along the string is denoted by x, and time is ¢.
The deflection of the string with respect to its horizontal equilibrium position
is therefore a real-valued function u(¢, x). We call i(¢, x) its second derivative
with respect to time ¢, and u” (¢, x) its second derivative with respect to z.
With no exterior forces, the vibrating string equation reads

u(t,0) =0, u(t,1) =0, (1.11)

{mu(m) — ku"(t,z) =0, forallz e (0,1), ¢t >0,
where m and k are the mass and stiffness per unit length of the string. The
boundary conditions “at both ends” u(t,0) = u(¢,1) = 0 specify that at any
time ¢, the string is fixed at its endpoints; see Figure 1.6. We look for special

Fig. 1.6. Vibrating string problem.

“vibrating” solutions of (1.11) that are periodic in time and of the form

u(t, ) = v(z)e™?,
where w is the vibration frequency of the string. A simple computation shows
that v(z) is a solution to

—"(x) = m;:2v(x), for all z € (0,1),
v(0) =0, wv(1)=0.

(1.12)

We say that mw?/k is an eigenvalue, and v(x) is an eigenfunction of problem
(1.12). In the particular case studied here, solutions of (1.12) can be computed
explicitly; they are sine functions of period linked to the eigenvalue. However,
in higher space dimensions, or if the linear mass or the stiffness varies with
the point z, there is in general no explicit solution of this boundary value
problem, in which case solutions (w, v(z)) must be determined numerically.
As in Section 1.1, we compute approximate solutions by a finite difference
method. Let us recall that this method consists in dividing the interval [0, 1]
into n subintervals of equal size 1/n, where n is an integer chosen according to
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the desired accuracy (the larger n is, the closer the approximate solution will
be to the exact solution). We denote by x; = i/n, 0 < < n, the n + 1 limit
points of the intervals. We call v; the approximated value of the solution v(z)
at point z;, and A an approximation of mw?/k. The idea is to write equation
(1.12) at each point z;, and substitute the second derivative by an appropriate
linear combination of the unknowns v; using Taylor’s formula:

20(xi) —v(wi—1) — v(@it1)

—v"(x;) = " +0(n™?).

Hence, we obtain a system of (n — 1) equations

20, — Vi1 — Viq1
2

=, 1<i<n-—1,
n

supplemented by the two boundary conditions vy = v, = 0. We can rewrite
the system in matrix form:

Anv = v, (1.13)
where v is the vector whose entries are (vy,...,v,-1), and
2 -10...0
-1 2
. —1 2 -1
0 ... 0 —-12

In other words, the pair (A, v) are an eigenvalue and eigenvector of the tridiag-
onal symmetric matrix A,,. Since A,, is real symmetric, it is diagonalizable (see
Theorem 2.5.2), so (1.13) admits n — 1 linearly independent solutions. There-
fore, it is possible to approximately compute the vibrating motion of a string
by solving a matrix eigenvalue problem. In the case at hand, we can compute
explicitly the eigenvalues and eigenvectors of matrix A, ; see Exercise 5.16.
More generally, one has to resort to numerical algorithms for approximating
eigenvalues and eigenvectors of a matrix; see Chapter 10.

1.5 Image Compression by the SVD Factorization

A black-and-white image can be identified with a rectangular matrix A the
size of which is equal to the number of pixels of the image and with entries a; ;
belonging to the range [0, 1], where 0 corresponds to a white pixel and 1 to a
black pixel. Intermediate values 0 < a; ; < 1 correspond to different levels of
gray. We assume that the size of the image is very large, so it cannot reasonably
be stored on a computer (not enough disk space) or sent by email (network
saturation risk). Let us show how the SVD (singular value decomposition) is
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useful for the compression of images, i.e., for minimizing the storage size of
an image by replacing it by an approximation that is visually equivalent.

As we shall see in Section 2.7 the SVD factorization of a matrix A €
M n(C) of rank r is

A=VXU* and ¥ = (Z 0),
0 O
where U € M,,(C) and V € M,,(C) are two unitary matrices and X is the
diagonal matrix equal to diag (p1,..., i), where g3 > pg > -+ > pp > 0
are the positive square roots of the eigenvalues of A*A (where A* denotes the
adjoint matrix of A), called the “singular values” of A. Therefore, computing
the SVD factorization is a type of eigenvalue problem. Denoting by u; and v;
the columns of U and V, the SVD factorization of A can also be written

A=VEU* :Z,uiviuf. (1.14)
i=1

Since the singular values g1 > --- > p, > 0 are arranged in decreasing order,
an approximation of A can easily be obtained by keeping only the k < r first
terms in (1.14),

k
Ak: E ,uwiuf.
i=1

Actually, Proposition 3.2.1 will prove that Ay is the best approximation (in
some sense) of A among matrices of rank k. Of course, if &k is much smaller
than r (which is less than n and m), approximating A by Ay yields a big
saving in terms of memory requirement.

Indeed, the storage of the whole matrix A € M,, ,(R) requires a priori m x
n scalars. To store the approximation Ay, it suffices, after having performed
the SVD factorization of A, to store k vectors p;v; € C™ and k vectors
u; € C", ie., a total of k(m + n) scalars. This is worthwhile if & is small
and if we are satisfied with such an approximation of A. In Figure 1.7, the
original image is a grid of 500 x 752 pixels, the corresponding matrix A is
thus of size 500 x 752. We display the original image as well as three images
corresponding to three approximations Ay of A. For k = 10, the image is very
blurred, but for k = 20, the subject is recognizable. There does not seem to
be any differences between the image obtained with & = 60 and the original
image, even though the storage space is divided by 5:

k(m+mn)  60(500 + 752)

= ~ 20%.
mn 500 x 752 0%

The main computational cost of this method of image compression is the SVD
factorization of the matrix A. Recall that the singular values of A are the
positive square roots of the eigenvalues of A*A. Thus, the SVD factorization
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Original image

Fig. 1.7. An application of the SVD factorization: image compression.

is a variant of the problem of determining the eigenvalues and eigenvectors of
a matrix which, we shall study in Chapter 10.

Finally, let us mention that there exist other algorithms that are more
efficient and cheaper than the SVD factorization for image processing. Their
analysis is beyond the scope of this course.
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Definition and Properties of Matrices

Throughout this book we consider matrices with real or complex entries. Most
of the results are valid for real and complex matrices (but not all of them!).
That is, in order to avoid tedious repetition, we denote by K a field that is
either the field of all real numbers R or the field of all complex numbers C,
ie, K=R,C.

The goal of this chapter is to recall basic results and definitions that are
useful in the sequel. Therefore, many statements are given without proofs. We
refer to classical courses on linear algebra for further details (see, e.g., [10],
[16]).

2.1 Gram—Schmidt Orthonormalization Process

We consider the vector space K¢ with the scalar product (z,y) = Y| z;y;
if K = R, or the Hermitian product (z,y) = Y ., z;7; if K = C. We describe
a constructive process for building an orthonormal family out of a family of
linearly independent vectors in K¢, known as the Gram-Schmidt orthonor-
malization process. This algorithm is often used in numerical linear algebra.
In the sequel, the notation span {...} is used for the subspace spanned by the
vectors between parentheses.

Theorem 2.1.1 (Gram—Schmidt). Let (x1,...,2,) be a linearly indepen-
dent family in K¢. There exists an orthonormal family (y1,...,yn) such that

span{yi,...,yp} = span{x1,...,zp}, for any index p in the range 1 < p < n.
If K = R, this family is unique up to a change of sign of each vector y,. If
K = C, this family is unique up to a multiplicative factor of unit modulus for

each vector yp,.

Proof. We proceed by induction on n. For n = 1, we define
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unit circle

Fig. 2.1. Gram—Schmidt orthonormalization: z; and zy are linearly independent
vectors, y1 and y2 are orthonormal.

T

Y1 = 57—
[l

which is the unique vector (up to a change of sign in the real case, and to
multiplication by a complex number of unit modulus in the complex case) to
satisfy the desired property. Assume that the result holds up to order n — 1.
Let (y1,...,Yn—1) be the unique orthonormal family such that

span {yla v 7yp} = span {Ila v axp}a

for each index p in the range 1 < p < n — 1. If y,, together with the previous
(Y1, ..., Yn—1) satisfy the recurrence property, then, since span {y1,...,yn} =
span{x1,...,x,}, we necessarily have

n
Yn = E QG4
i=1

where the «; coefficients belong to K. By assumption at order n — 1, we
have span{yi1,...,yn—1} = span{x1,...,Tn_1}, so the linear combination of
(z1,...,2n—1) can be replaced by that of (y1,...,yn—1) to yield

n—1
=1

with some other coefficients ;. Since y,, must be orthogonal to all previous
y; for 1 <i < n—1, we deduce

<yn7yz> =0= an<$n7 yl> + ﬁia

which implies
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n—1
Yn = Qpln With g, =z, — Z<$nayl>yz

i=1
Since the family (z1, ..., z,) is linearly independent and span {y1,...,yn—1} =
span{x1,...,Tn_1}, Jn cannot vanish; see Figure 2.1. Now, y, must have a
unit norm, it yields

1
lan| = —.
" [|Fn |

In the real case, we deduce «,, = £1/||7,||. In the complex case, a, is equal to
1/||gn]| up to a multiplicative factor that is a complex number of modulus 1.
Such a choice of y,, clearly satisfies the recurrence property which concludes
the proof. |

Remark 2.1.1. If the family (z1,...,2z,) is not linearly independent, and
rather generates a linear subspace of dimension r < n, then the Gram—Schmidt
orthonormalization process yields an orthonormal family (y1,...,y.) of only
T vectors.

2.2 Matrices
Definitions

Definition 2.2.1. A matriz A is a rectangular array (a; ;) where

a;; € K is the entry in row ¢ and column j, i.e.,

1<i<n, 1<5<p’

ail ---Q1p

A:

Gp1 ---0np

The set of all matrices of size n X p (n rows and p columns) is denoted by

M, »(K).
Definition 2.2.2. Let A and B be two matrices in M,, ,(K) defined by
A= (aijh<icni<j<p and B = (bij)ici<n1<j<p-
The sum A+ B is the matriz in M,, ,(K) defined by
A+ B = (a;; +bij)i<i<n,1<j<p-
Let A € K. The scalar multiplication of A by X\ is defined by

A = (A j)1<i<n, 1< <p-
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Definition 2.2.3. The product of two matrices A € M, ,(K) and B €
M, o(K), defined by

A= (aijh<i<ni<i<p and B = (bij)i<i<p 1<i<q

is a matriz C = AB in M, 4(K) defined by

p
C= (Ci,j = Zai’kka)
k=1

Remark 2.2.1. The number of columns of A and that of rows of B must be
equal in order to define their product AB. Otherwise, they need not have the
same dimensions and belong to the same matrix space. It is an easy exercise to
check that the matrix multiplication is associative, i.e., (MN)P = M(NP).
However, even for n = p = ¢, the multiplication is usually not commutative,

i.e., AB # BA.

1<i<n, 1<j<q

Definition 2.2.4. For any matric A = (a; j)1<i<n,1<j<p € M p(K), its
transpose matriz A* € M, ,,(K) is defined by

A* = (aji)1<j<p 1<i<n

In other words, the rows of At are the columns of A, and the columns of At
are the rows of A:

a11 ... 01p aii ... Qn,1
A= : : , Al =

an,1 --- Anp Q1p --- Qn,p

If A = A (which can happen only if A is a square matriz, i.e., if n = p), then
A is said to be symmetric.

The notation A? for the transpose matrix of A is not universal. Some authors
prefer to denote it by AT, or put the exponent ¢ before the matrix, as in *A.

When the number of rows is equal to the number of columns, the matrix is
said to be a square matrix, the set of which is denoted by M,,(K) = M,, ,(K),
where n is the size of the matrix. The set M,,(K) is thus a noncommutative
algebra for the multiplication. Its neutral element is the identity matrix, de-
noted by I (or I, if one wants to give a precise indication of the dimension)
and defined by its entries (0; ;)1<i j<n, Where J; ; is the Kronecker symbol
taking the values 0; ; = 1 and d; ; = 0 if ¢ # j.

Definition 2.2.5. A matriz A € M, (K) is said to be invertible (or nonsin-
gular) if there exists a matric B € M, (K) such that AB = BA = I,,. This
matriz B is denoted by A~' and is called the inverse matriz of A.
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A noninvertible matrix is said to be singular. The kernel, or null space, of a
matrix A € M, ,(K) is the set of vectors x € KP such that Az = 0; it is
denoted by Ker A. The image, or range, of A is the set of vectors y € K" such
that y = Az, with z € KP; it is denoted by Im A. The dimension of the linear
space Im A is called the rank of A; it is denoted by rk A.

Lemma 2.2.1. For any A € M, (K) the following statements are equivalent:

1. A is invertible;

2. Ker A = {0};

8. ImA=K";

4. there exists B € M, (K) such that AB = I,,;
5. there exists B € M, (K) such that BA = I,,.

In the last two cases, the matriz B is precisely equal to the inverse A~!L.
Lemma 2.2.2. Let A and B be two invertible matrices in M,,(K). Then

(AB)™' =B~tA™%

2.2.1 Trace and Determinant
In this section we consider only square matrices in M,,(K).

Definition 2.2.6. The trace of a matriz A = (a; j)1<i j<n S the sum of its

diagonal elements
n
trA= Z Qi -
i=1

Lemma 2.2.3. If A and B are two matrices in M,,(K), then
tr (AB) = tr (BA).

Definition 2.2.7. A permutation of order n is a one-to-one mapping from
the set {1,2,..., n} into itself. We denote by S, the set of all permutations
of order n. The signature of a permutation o is the number £(o), equal to +1
or —1, defined by

e(o) = (—1)”(") with  p(o) = Z Inv, (i, 7),

1<i<j<n

where the number Inv,(i,7) indicates whether the order between i and j is
inverted or not by the permutation o, and is defined, for i < j, by

Inv, (i,5) = {1 if o(i) > a(j).
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Definition 2.2.8. The determinant of a square matriz A = (a; ;j)i<ij<n €

M (K) is
det A = Z (o) Haw(,;).
i=1

oES,
Lemma 2.2.4. Let A and B be two square matrices in M, (K). Then

1. det (AB) = (det A)(det B) = det (BA);
2. det (A") = det (4);
3. A is invertible if and only if det A # 0.

2.2.2 Special Matrices

Definition 2.2.9. A matriz A = (a; j)1<i j<n € Mn(K) is said to be diagonal
if its entries satisfy a; ; = 0 for i # j. A diagonal matriz is often denoted by
A = dlag (aLl, e ,a717n).

Definition 2.2.10. Let T = (t; j)1<i<n, 1<j<p De a matriz in M, ,(K). It is
said to be an upper triangular matriz if t; ; = 0 for all indices (i, j) such that
i > j. It is said to be a lower triangular matriz if t; ; = 0 for all indices (i, j)
such that i < j.

Lemma 2.2.5. Let T be a lower triangular matriz (respectively, upper tri-
angular) in M, (K). Its inverse (when it exists) is also a lower triangular
matriz (respectively, upper triangular) with diagonal entries equal to the in-
verse of the diagonal entries of T. Let T be another lower triangular matriz
(respectively, upper triangular) in M, (K). The product TT' is also a lower
triangular matriz (respectively, upper triangular) with diagonal entries equal
to the product of the diagonal entries of T and T".

Definition 2.2.11. Let A = (a;;)i<ij<n be @ complex square matriz in
M, (C). The matrizx A* € M, (C), defined by A* = A= (@ji)1<ij<n, 8
the adjoint matriz of A.

Definition 2.2.12. Let A be a complex square matriz in M, (C).

1. A is self-adjoint or Hermitian if A = A*;
2. A is unitary if A”1 = A*;
3. A is normal if AA* = A*A.

Definition 2.2.13. Let A be a real square matriz in M, (R).

1. A is symmetric or self-adjoint if A= At (or equivalently A = A*);
2. A is orthogonal or unitary if A=t = At (or equivalently A= = A*);
3. A is normal if AA = A*A (or equivalently AA* = A*A).
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2.2.3 Rows and Columns

Matrices 21

A matrix A € M, ,(C) may be defined by its columns ¢; € C™ as

A=lc1]...|ep]
or by its rows £; € My ,(C) as

b

ln

Recalling that ¢; € M ,(C) (the adjoint of ¢;) is a row vector and £; € C?

(the adjoint of ¢;) is a column vector, we have

&

At = =[alG],
%

and for any = € CP,

6158
— P

Az = = lecl
- i=1
bz

For X € M, »(C), we have
XA=Xcr|...lep) = [Xea]... | Xep).

Similarly for X € M, ,,(C), we have

12 0L X
AX =] | X=
Ly, L, X
By the same token, given uq, ..., u,,, vectors in C", and v,

in CP, one can define a product matrix in M,, ,(C) by

.., U, vectors
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> wivf = [ua] . fu]

2.2.4 Row and Column Permutation

Let A be a matrix in M,, ,(K). We interpret some usual operations on A as
multiplying A by some other matrices.

X Multiplying each row i of A by a scalar «; € K is done by left-multiplying
the matrix A by a diagonal matrix, diag(aq,...,an)A.

X Multiplying each column j of A by 3; € K is done by right-multiplying
the matrix A by a diagonal matrix, Adiag (51, .., 5p).

X To exchange rows l; and ls # [y, we multiply A on the left by an ele-
mentary permutation matrix P(l1,ls), which is a square matrix of size n
defined by its entries:

Pii = {0 if i € {ll,l2},

1 otherwise;

and for ¢ # j,
pii = {1 if (i, 7) € {(l1,12), (I2, 1) },
ij =

0 otherwise.

The matrix P(ly,l3) is nothing but the identity matrix whose rows l; and
Iy are permuted. The resulting matrix P(l1,l2)A has exchanged rows Iy
and [y of the initial matrix A.

X To exchange columns ¢; and ¢z, we multiply A on the right by an elemen-
tary permutation matrix P(cy, ca) of size p.

X A general permutation matrix is any matrix obtained from the identity
matrix by permuting its rows (not necessarily only two). Such a permu-
tation matrix is actually a product of elementary permutation matrices,
and its inverse is just its transpose. Therefore its determinant is equal to
+1.

2.2.5 Block Matrices

So far, we have discussed matrices with entries belonging to a field K equal to
R or C. Actually, one can define matrices with entries in a noncommutative
ring and still keep the same matrix addition and multiplication as introduced
in Definitions 2.2.2 and 2.2.3. This is of particular interest for the so-called
“block matrices” that we now describe.
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Let A be a square matrix in M,,(C). Let (ns)1<r<p be a family of positive
integers such that Y ¥_ n; = n. Let (e1,...,e,) be the canonical basis of
C™. We call V7 the subspace of C" spanned by the first n; basis vectors, V5
the subspace of C" spanned by the next ny basis vectors, and so on up to V,
spanned by the last n,, basis vectors. The dimension of each V; is n;. Let Ay ;
be the submatrix (or block) of size n; x n; defined as the restriction of A on
the domain space V; into the target space V;. We write

A171 . Al,p
e
Ap1 ... Apyp

In other words, A has been partitioned into p horizontal and vertical strips

of unequal sizes (ns)1<r<p. The diagonal blocks Aj ; are square matrices, but
usually not the off-diagonal blocks Ay s, I # J.

Lemma 2.2.6. Let A = (AI7J)1§[7JSP and B = (BI,J)lgl,JSp be two block
matrices with entries Ay, y and By j belonging to My, »,(K). Let C = AB be
the usual matriz product of A and B. Then C can also be written as a block
matriz with entries C = (Cr.y)1<1,0<p given by the following block multipli-
cation rule:

P
Cry= Z ArxBr,y, foralll <I,J<p,
K=1

where Cr.; has the same size as Ay y and By ;.

It is essential that A and B share the same block partitioning, i.e., A7 ;j and
B; ; have equal sizes, in order to correctly define the product A; i times
B,y in the above lemma. One must also keep in mind that the matrix multi-
plication is not commutative, so the order of multiplication in the above block
multiplication rule is important. Although block matrices are very handy (and
we shall use them frequently in the sequel), not all matrix operations can be
generalized to block matrices. In particular, there is no block determinant
rule.

2.3 Spectral Theory of Matrices

In the sequel and unless mentioned otherwise, we assume that all matrices are
square and complex (which encompasses the real case as well).

Definition 2.3.1. Let A € M,,(C). The characteristic polynomial of A is the
polynomial Pa(\) defined on C by

Pa(N) = det (A — D).
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It is a polynomial of degree equal to n. It has thus n roots in C (for a proof,
see for instance [10]), which we call the eigenvalues of A. The algebraic mul-
tiplicity of an eigenvalue is its multiplicity as a oot of Pa(\). An eigenvalue
whose algebraic multiplicity is equal to one is said to be a simple eigenvalue,
otherwise, it is called a multiple eigenvalue.

We call a nonzero vector x € C™ such that Ax = A\x the eigenvector of A
associated with the eigenvalue .

We shall sometimes denote by A(A) an eigenvalue of A. The set of eigenvalues
of a matrix A is called spectrum of A and is denoted by o(A4).

Definition 2.3.2. We call the mazimum of the moduli of the eigenvalues of
a matriz A € M,,(C) the spectral radius of A, and we denote it by o(A).

Let us make some remarks.

1. If X is an eigenvalue of A, then there always exists a corresponding eigen-
vector x, namely a vector z # 0 in C™ such that Az = Az (z is not
unique). Indeed, P4(A) = 0 implies that the matrix (A — AI) is singular.
In particular, its kernel is not reduced to the zero vector. Conversely, if
there exists  # 0 such that Az = Az, then A is an eigenvalue of A.

If A is real, there may exist complex eigenvalues of A.

3. The characteristic polynomial (and accordingly the eigenvalues) is invari-

ant under basis change, since

N

det (Q7'AQ — AI) = det (A — AI),

for any invertible matrix Q.

4. There exist two distinct ways of enumerating the eigenvalues of a matrix
of size n. Either they are denoted by (A1,...,A,) (i.e., we list the roots
of the characteristic polynomial repeating a root as many times as its
multiplicity) and we say “eigenvalues repeated with multiplicity,” or we
denote them by (Aq,...,Ap) with 1 < p < n keeping only the distinct
roots of the characteristic polynomial (i.e., an eigenvalue appears only
once in this list no matter its algebraic multiplicity) and we say “distinct
eigenvalues.”

Remark 2.3.1. The eigenvalues of a Hermitian matrix are real. Actually, if A is
an eigenvalue of a Hermitian matrix A, and v # 0 a corresponding eigenvector,
we have

Mlull? = A, u) = (Au,u) = (u, A*u) = (u, Au) = (u, \u) = \||u||?,
which shows that A = ), i.e., A € R.

Definition 2.3.3. Let A be an eigenvalue of A. We call the vector subspace
defined by
E) = Ker(A—\)
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the eigensubspace associated with the eigenvalue . We call the vector subspace
defined by
Fy= | J Ker(A-AD*
E>1

the generalized eigenspace associated with \.

Remark 2.3.2. In the definition of the generalized eigenspace F, the union of
the kernels of (A — \I)* is finite, i.e., there exists an integer kg such that

Fyx= |J Ker(4-AD"

1<k<ko

Indeed, the sequence of vector subspaces Ker (A—\I)¥ is an increasing nested
sequence in a space of finite dimension. For k larger than an integer kg the
sequence of dimensions is stationary; otherwise, this would contradict the
finiteness of the dimension of the space C™. Consequently, for k& > kg, all
spaces Ker (A — A\I)* are equal to Ker (A — AI)ko.

Definition 2.3.4. Let P(X) = ijo a; X" be a polynomial on C and A a
matriz of My (C). The corresponding matriz polynomial P(A) is defined as

P(A) =Y ;A

Lemma 2.3.1. If Az = A\x with x # 0, then P(A)x = P(A)x for all poly-
nomials P(X). In other words, if X is an eigenvalue of A, then P(\) is an
eigenvalue of P(A).

Theorem 2.3.1 (Cayley—Hamilton). Let Psa(\) = det (A — AI) be the
characteristic polynomial of A. We have

Pa(A) = 0.

Remark 2.8.83. The Cayley—Hamilton theorem shows that the smallest-degree
possible for a polynomial that vanishes at A is less than or equal to n. This
smallest degree may be strictly less than n. We call the smallest-degree poly-
nomial that vanishes at A and whose highest-degree term has coefficient 1 the
minimal polynomial of A

Theorem 2.3.2 (Spectral decomposition). Consider amatric A € M,,(C)
that has p distinct eigenvalues (A1,...,Ap), with 1 < p < n, of algebraic
multiplicity nq, . .., n, with 1 <n; <n and Y "_, n; = n. Then its generalized
eigenspaces satisfy

C'=a@? | F,, F\,=Ker(A-XNI)", and dimF), =n;.

We recall that ® denotes the direct sum of subspaces. More precisely,
C™ = @¥_, F\, means that any vector z € C" can be uniquely decomposed as

z=>" 2" with 2" € F),.
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Remark 2.3.4. Theorem 2.3.2 can be interpreted as follows. Let B; be a basis
of the generalized eigenspace F),. The union of all (B;)1<;<, form a basis B
of C™. Let P be the change of basis matrix from the canonical basis to B.
Since each F), is stable by A, we obtain a new matrix that is diagonal by
blocks in the basis B, that is,

A0
P'AP = ,
0 4,

where each A; is a square matrix of size n;. We shall see in the next section
that by a suitable choice of the basis B;, each block A; can be written as an
upper triangular matrix with the eigenvalue A; on its diagonal. The Jordan
form (cf. [9], [10]) allows us to simplify further the structure of this triangular
matrix.

2.4 Matrix Triangularization

There exist classes of particularly simple matrices. For instance, diagonal ma-
trices are matrices A = (a; ;)1<s j<n such that a; ; = 0 if ¢ # j, and upper
(respectively, lower) triangular matrices are matrices such that a;; = 0 if
i > j (respectively, if i < j). Reducing a matrix is the process of transforming
it by a change of basis into one of these particular forms.

Definition 2.4.1. 4 matric A € M,,(C) can be reduced to triangular form
(respectively, to diagonal form) if there exists a nonsingular matriz P and a
triangular matriz T (respectively, diagonal matriz D) such that

A=PTP™' (respectively, A= PDP™1).

Remark 2.4.1. The matrices A and T (or D) are similar: they correspond to
the same linear transformation expressed in two different bases, and P is the
matrix of this change of basis. More precisely, if this linear transformation
has A for its matrix in the basis B = (e;)1<i<n, and T (or D) in the basis
B’ = (fi)i<i<n, then P is the matrix for passing from B to B’, and we have
pP= (piwj)lgi,jgn with p; j = fre;. Furthermore, when A can be diagonalized,
the column vectors of P are eigenvectors of A.

If A can be reduced to diagonal or triangular form, then the eigenvalues
of A, repeated with their algebraic multiplicities (A1,...,\,), appear on the
diagonal of D, or of T'. In other words, we have

)\1 0 /\1.’L‘
D = or T = :
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In all cases, the characteristic polynomial of A is

P()) = det (A — \) = ﬁ(xi — .

i=1

Proposition 2.4.1. Any matric A € M, (C) can be reduced to triangular
form.

Proof. We proceed by induction on the dimension n. The proposition is
obviously true for n = 1. We assume that it holds up to order n — 1. For
A € M, (C), its characteristic polynomial det (A — AI) has at least one root
A1 € C with a corresponding eigenvector e; # 0 such that Ae; = Aje;. We
complement e; with other vectors (es,...,e,) to obtain a basis of C". For
2 < j < n, there exist coefficients a; and b; ; such that

n
Aej = Q e + Zb@j@p (21)
=2

We denote by B the matrix of size n — 1 defined by its entries (b; j)2<i j<n-
Introducing the change of basis matrix P; for passing from the canonical basis
to (e1,...,en), identity (2.1) is equivalent to

)\1 Qg ... 0p
0

PIrAP = 5
0

Applying the induction assumption, there exists a nonsingular matrix P, of
size n — 1 such that P; 'BP, = Ty, where T, is an upper triangular matrix of
order n — 1. From P, we create a matrix Pj of size n defined by

10...0
0
Py=1 .
. PQ
0
Then, setting P = P P53 yields
A B2 o B A1 B2 ... By
0 0
P lAap=1 . =1 . =T,
. Py'BR R 1)
0 0

where T is an upper triangular matrix and (83z,...,0,) = (@2,...,a,)Ps. O
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Remark 2.4.2. If A is real, the result still applies, but 7" and P may be com-
plex! For instance, the matrix
0-1
(1)

has complex eigenvalues and eigenvectors.

We already know that all matrices can be reduced to triangular form.
The purpose of the next theorem is to prove furthermore that this may be
performed through a change of orthonormal basis.

Theorem 2.4.1 (Schur Factorization). For any matriz A € M,,(C) there
exists a unitary matriz U (i.e., U=t = U*) such that UL AU is triangular.

Proof. Let (e;)!_; be the canonical basis and let (f;)?_; be the basis in which
A is triangular. We call P the corresponding change of basis matrix, that is,
the matrix whose columns are the vectors (f;)7_,. Proposition 2.4.1 tells us
that A = PTP~!. We apply the Gram-Schmidt orthonormalization process
(see Theorem 2.1.1) to the basis (f;)"_;, which yields an orthonormal basis
(g:)_; such that for any 1 < i < n,

span{gi,...,g;} = span{fi,..., fi}.

Since AP = PT with T upper triangular, keeping only the first ¢ columns of
this equality gives

span{Afi,..., Afi;} Cspan{fi,..., f;}, foralll<i<n. (2.2)
Thus, we deduce that
span{Agi,...,Agi} C span{gi,...,gi}. (2.3)

Conversely, (2.3) implies that there exists an upper triangular matrix R such
that AU = UR, where U is the unitary matrix whose columns are the ortho-
normal vectors (g;)?_;. O

2.5 Matrix Diagonalization

Proposition 2.5.1. Let A € M, (C) with distinct eigenvalues (A1,...,Ap),
1 < p <n. The matriz A is diagonalizable if and only if

p
Cc" = 6_91 E)\i,

3

or, equivalently, if and only if F\, = E\, for any 1 <i <p.
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Proof. If C™ = @®Y_, E),, then A is diagonal in a basis obtained as the union
of bases for the subspaces E,. Conversely, if there exists a nonsingular matrix
P such that P~'AP is diagonal, it is clear that C" = ®_, E},.

What is more, we always have E,, C F\, and C" = @_, F, by virtue of
Theorem 2.3.2. Hence, the identities F), = Ej, for all 1 <14 < p are equivalent
to requiring that A be diagonalizable. O

In general, not every matrix is diagonalizable. Moreover, there is no simple
characterization of the set of diagonalizable matrices. However, if we restrict
ourselves to matrices that are diagonalizable in an orthonormal basis of eigen-
vectors, then such matrices have an elementary characterization. Namely, the
set of diagonalizable matrices in an orthonormal basis coincides with the set
of normal matrices, i.e., satisfying AA* = A*A.

Theorem 2.5.1 (Diagonalization). A matriz A € M, (C) is normal (i.e.,
AA* = A*A) if and only if there exists a unitary matriz U such that

A=Udiag(\,..., \)U L,
where (A1,...,An) are the eigenvalues of A.

Remark 2.5.1. There are diagonalizable matrices in a nonorthonormal basis
that are not normal. For instance, the matrix

-1 2
=0 )
is not normal, because

AA = <g f) £ AA = (12 _52>

Nevertheless A is diagonalizable in a basis of eigenvectors, but these vectors
are not orthogonal:

B (1 1/V2\ (-1 0 1 -1

o= (Y 6 )
Proof of Theorem 2.5.1.  Clearly, a matrix A = UDU*, with U unitary and
D diagonal, is normal. Conversely, we already know by Theorem 2.4.1 that
any matrix A can be reduced to triangular form in an orthonormal basis. In
other words, there exists a unitary matrix U and an upper triangular matrix
T such that A = UTU*. Now, AA* = A* A implies that TT* = T*T, i.e., the
matrix T is normal. Let us show that a matrix that is both triangular and
normal is diagonal. By definition we have T' = (¢; ;)1<i j<n With t; ; = 0 if
i > j. Identifying the entry in the first row and first column of the product
T*T =TT*, we deduce that
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n
[t = [tl,
k=1

which yields ¢, = 0 for all 2 < k < n, i.e., the first row of T" has only zero
entries, except for the diagonal entry. By induction, we assume that the first
(i — 1) rows of T have only zeros, except for the diagonal entries. Identifying
the entry in the ith row and ¢th column of the product T*T = TT* yields

n
ltaal* = [tikl,
k=i

so that t; ; = 0 for all i + 1 < k < n, which means that the ith row of T" also
has only zeros off the diagonal. Hence T is diagonal. O

Remark 2.5.2. Take a matrix A € M,,(C) that is diagonalizable in an ortho-
normal basis, i.e., A = Udiag (Ay,...,A\,)U* with U unitary. Another way
of writing A is to introduce the columns (u;)1<i<n, of U (which are also the
eigenvectors of A), and to decompose A = Y | Nuul.

Theorem 2.5.2. A matriz A € M, (C) is self-adjoint (or Hermitian, i.e.,
A = A*) if and only if it is diagonalizable in an orthonormal basis with real
eigenvalues, in other words, if there exists a unitary matriz U such that

A=Udiag(\1,..., \)U™' with X\ € R.

Proof. If A= Udiag(\1,..., \,)U"}, then

A* = (U Y diag (N1, ..., \) U™,

and since U is unitary and the eigenvalues are real, we have A = A*. Recipro-
cally, we assume that A = A*. In particular, A is normal, hence diagonalizable
in an orthonormal basis of eigenvectors. Then, according to Remark 2.3.1, its
eigenvalues are real. O

We can improve the previous theorem in the case of a real symmetric
matrix A (which is a special case of a self-adjoint matrix) by asserting that
the unitary matrix U is also real.

Corollary 2.5.1. A matrizc A € M, (R) is real symmetric if and only if there
exist a real unitary matriz Q (also called orthogonal, Q= = Q') and real
etgenvalues A1, ..., A, € R such that

A=Qdiag(\,..., \)Q "

A self-adjoint matrix A € M, (C) (i.e., A* = A) is said to be positive
definite if all of its eigenvalues are strictly positive. It is said to be nonnegative
definite (or positive semidefinite) if all of its eigenvalues are nonnegative.



2.6 Min—Max Principle 31

Theorem 2.5.3. Let A be a self-adjoint matriz and B a positive definite self-
adjoint matriz in My (C). There exists a basis of C™ that is both orthonormal
for the Hermitian product 7t Bx and orthogonal for the Hermitian form Tt Ax.
In other words, there exists a nonsingular matrix M such that

B=M*'M and A= M*"diag(pu1,...,pu)M

with p; € R.

2.6 Min—Max Principle

We establish a variational principle, known as the min—max principle, or the
Courant—Fisher principle, which gives the eigenvalues of a Hermitian matrix
as the result of a simple optimization process.

Definition 2.6.1. Let A be a self-adjoint or Hermitian matriz in M, (C),
i.e., A* = A. The function from C™\ {0} into R defined by

(A
Ra(z) (x,x)

is called the Rayleigh quotient of A.

By virtue of Remark 2.3.1, the Rayleigh quotient of a Hermitian matrix
is always real. Indeed, for any vector € C", we have (Az,x) = (x, A*x) =
(x, Az) = (Az,x), which thus belongs to R.

Theorem 2.6.1. Let A be a Hermitian matriz of M, (C). Its smallest eigen-
value, denoted by A1, satisfies

A= min Ra(x)= min Ax. x
! zeC™,2#0 A( ) zeCm, ||»LH:1< ’ >7

and both minima are attained for at least one eigenvector e; # 0 satisfying
A€1 = )\161.

Remark 2.6.1. The same kind of result is true for the largest eigenvalue A, of
A, namely,
A= max Ru(zr)= max (Az, z),
z€Cn 2#£0 zeCn, ||z||=1
and both maxima are attained for at least one eigenvector e, # 0 satisfying
Ae, = \nen.

Proof of Theorem 2.6.1. Since A is Hermitian, it is diagonalizable in an
orthonormal basis of eigenvectors (e1,...,e,). We call \y < --- < A, its real
eigenvalues (see Remark 2.3.1) sorted in increasing order. Let (z1,...,z,) be
the coordinates of the vector z in this basis. We have
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(Az, x) Z)\ |lz]% > )\12|x1|2 Az, ).
As a consequence, both minima are larger than \;. Moreover, we have Ae; =
Arer and |ler|| = 1, by definition. Therefore, we get
(Aer, e1) = Aifer, e1),

so both minima are attained at this vector e;. O

Theorem 2.6.1 and Remark 2.6.1 can be generalized to all other interme-
diate eigenvalues as follows.

Proposition 2.6.1. Let A be a Hermitian matriz with eigenvalues Ay < --- <

An. For each index i € {1,...,n}, we have
A = min Ra(z) = max Ra(x), (2.4)
zlspan{ei,...,.e;_1} zlspan{e;y1,....en}
where (e1,...,en) are the eigenvectors of A associated with (A1, ..., A\n).

Remark 2.6.2. In formula (2.4), it should be understood that for i = 1, the
minimization is carried without any orthogonality constraint on the vector x,
so we recover the statement of Theorem 2.6.1. Similarly, it should be under-
stood that for ¢ = n, the maximization is carried without any orthogonality
constraint on the vector x.

Proof of Proposition 2.6.1.  With the previous notation, we have z =

>oi, wie;. Consequently, xLspan{eq,...,e;_1} implies that z = ZJ L Tj€),
hence 4 A
x, T €;,¢;
< > > )\Z and u = )\Z‘,
(z,z) (€i,eq)
which completes the proof for the minimization (same argument for the max-
imum). O

Now we can prove the main result of this section, namely the “min-max”
principle, also called Courant—Fisher theorem.

Theorem 2.6.2 (Courant—Fisher or min-max). Let A be a Hermitian

matriz with eigenvalues Ay < -+ < \,. For each indexi € {1,...,n}, we have
N = min max Ra(x 2.5

(at,..,an—;)€EC™ zlspan{ay,...,an—;} A( ) ( )

= max min Ra(x). (2.6)

(a1,...,a;—1)€C™  xlspan{ai,...,a;j—1}

Remark 2.6.3. In the “min-max” formula of (2.5), we first start by carrying
out, for some fixed family of vectors (ay, ..., a,—;) of C", the maximization of
the Rayleigh quotient on the subspace orthogonal to span {ai,...,a,—;}. The
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next stage consists in minimizing the latter result as the family (a1, ..., an—;)
varies in C™. The “max—min” formula is interpreted in a similar fashion. As
already mentioned in Remark 2.6.2, in the “max—min” formula, for i = 1,
minimization in z is done all over C™ \ {0}, and there is no maximization on
the (empty) family (aq,...,a;—1). Hence we retrieve Theorem 2.6.1. The same
remark applies to the “min-max” formula for i = n too.

Proof of the Courant—Fisher theorem. We prove only the max—min formula
(the min—max formula is proved in the same way). First of all, for the partic-
ular choice of the family (eq,...,e;—1), we have

min Ra(z) > min Ry(x) = A

(@100 eCr 2L span{orai 1) e Lspanier,....ei_1}
Furthermore, for all choices of (a1, ...,a;—1), we have
dim span {ay, . .. ,ai,l}J‘ >n—i+1.
On the other hand, dim span{es,...,e;} =i, so the subspace
span{ay,..., ai_l}L Nspan{ei,...,e;}

is nonempty since its dimension is necessarily larger than 1. Therefore, we can
restrict the minimization space to obtain an upper bound:

min Ra(z) < min Ra(x)
zlspan{ar,...,a;—1} z€span{ai,...,a;—1}*Nspanfes,....e; }
< max Ra(x)

z€span{a,...,a;—1} - Nspan{ei,...,e;}

< max Ra(z) = A,
wespanier,....e;}
where the last inequality is a consequence of the fact that enlarging the max-
imization space does not decrease the value of the maximum. Taking the
maximum with respect to all families (ay, ..., a;—1) in the above equation, we
conclude that
min Ra(z) < N,

max =~
(a1,...,a;—1)€EC™ zLspan{ai,...,ai—1}

which ends the proof. O

2.7 Singular Values of a Matrix

Throughout this section, we consider matrices in M,, ,,(C) that are not nec-
essarily square. To define the singular values of a matrix, we first need a
technical lemma.
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Lemma 2.7.1. For any A € My, ,(C), the matriz A* A is Hermitian and has
real, nonnegative eigenvalues.

Proof. Obviously A*A is a square Hermitian matrix of size n. We deduce
from Remark 2.3.1 that its eigenvalues are real. It remains to show that they
are nonnegative. Let \ be an eigenvalue of A*A, and let x # 0 be a corre-
sponding eigenvector such that A* Az = Ax. Taking the Hermitian product of
this equality with z, we obtain

(A"Av,z)  (Aw, Az)  |Aa)?

A P S P M P

eRT,
and the result is proved. O

Definition 2.7.1. The singular values of a matrix A € M, ,(C) are the
nonnegative square roots of the n eigenvalues of A*A.

This definition makes sense thanks to Lemma 2.7.1, which proves that the
eigenvalues of A*A are real nonnegative, so their square roots are real. The
next lemma shows that the singular values of A could equally be defined as
the nonnegative square roots of the m eigenvalues of AA*, since both matrices
A*A and AA* share the same nonzero eigenvalues.

Lemma 2.7.2. Let A € M,, ,(C) and B € M,, ,,(C). The nonzero eigenval-
ues of the matrices AB and BA are the same.

Proof. Take A an eigenvalue of AB, and u € C™ a corresponding nonzero
eigenvector such that ABu = Au. If u € Ker (B), we deduce that Au = 0, and
since u # 0, A = 0. Consequently, if A # 0, u does not belong to Ker (B).
Multiplying the equality by B, we obtain BA(Bu) = A\(Bu), where Bu # 0,
which proves that A is also an eigenvalue of BA. O

Remark 2.7.1. A square matrix is nonsingular if and only if its singular values
are positive. Clearly, if A is nonsingular, so is A*A, and thus its eigenvalues
(the squared singular values of A) are nonzero. Reciprocally, if A is singular,
there exists a nonzero vector u such that Au = 0. For this same vector, we
have A* Au = 0, and therefore A*A is singular too.

Owing to Theorem 2.5.1, we can characterize the singular values of a nor-
mal matrix.

Proposition 2.7.1. The singular values of a normal matriz are the moduli
of its eigenvalues.

Proof. Indeed, if a matrix A is normal, there exists a unitary matrix U such
that A = U*DU with D = diag();), and so A*A = (U*DU)*(U*DU) =
U*(D*D)U. We deduce that the matrices A*A and D*D = diag (|\;|?) are
similar, and have accordingly the same eigenvalues. ]
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Remark 2.7.2. As a consequence of Proposition 2.7.1, the spectral radius of a
normal matrix is equal to its largest singular value.

We finish this chapter by introducing the “singular value decomposition”
of a matrix, in short the SVD factorization.

Theorem 2.7.1 (SVD factorization). Let A € M, ,(C) be a matriz hav-
g r positive singular values. There exist two unitary matrices U e M, (C),
Ve M,,,(C), and a diagonal matriz X € My, n(R) such that

A=VXU* and 2(§ 8> (2.7)
where X = diag (pu1, ..., fr), and gy > g > -+ > p. > 0 are the positive
singular values of A.

Before proving this result, let us make some remarks. Without loss of gener-
ality we shall assume that m > n, since for m < n we can apply the SVD
factorization to the matrix A* and deduce the result for A by taking the
adjoint of (2.7).

Remark 2.7.8. For n = m, the SVD factorization of Theorem 2.7.1 has nothing
to do with the usual diagonalization of a matrix because, in general, V is
different from U so U* is different from V! (see Definition 2.4.1). In other
words, Theorem 2.7.1 involves two unitary changes of basis (associated with
U and V) while Definition 2.4.1 relies on a single change of basis.

Remark 2.7.4. As a byproduct of Theorem 2.7.1, we obtain that the rank of
A is equal to r, i.e., the number of nonzero singular values of A. In particular,
it satisfies < min(m,n).

Remark 2.7.5. We have A*A = UX'XU*. The columns of matrix U are thus
the eigenvectors of the Hermitian matrix A*A, and the diagonal entries of
Ity e M, (R) are the eigenvalues of A*A, i.e., the squares of the singular
values of A. On the other hand, AA* = VX X'V* so the columns of V are
the eigenvectors of the other Hermitian matrix AA* and the diagonal entries
of X5t € M,,(R) are the eigenvalues of AA* too.

Remark 2.7.6. Theorem 2.7.1 can be refined in the case of a real matrix A, by
showing that both matrices U and V are real too.

Proof of Theorem 2.7.1. We denote by u; the eigenvectors of A*A corre-
sponding to the eigenvalues u? (see Lemma 2.7.1), A*Au; = piu;, and U is
the unitary matrix defined by U = [uy]...|u,]. We have

A*AU = [A*Auy|. . |A" Auy) = [Gua] . [p2u,] = U diag (u3,. .., pu2),

so U*A*AU = X'5, setting
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w0 ... 0
0 pe :
: 0
y= | € Mmn(R).
0
0 ... ... 0
We arrange in decreasing order the singular values p; > -+ > pp > pfyy1 =

-+« = pp = 0, of which only the first r are nonzero. We also notice that
(Aui, Aug) = (A" Augyug) = pif (uiyug) = pidi g,

and in particular, Au; = 0ifr <i <mn.For 1 <1i <r, u; # 0, so we can define
unit vectors v; € C™ by v; = Au;/p;. These vectors, complemented in order to
obtain an orthonormal basis vy, . .., vy, of C™, yield a matrix V' = [v1] ... |vpm].
Let us check equality (2.7):

VIU* = [v1]... [om)ZU* = [p1v1] . .. |ppnva)U* = [Aug]. .. |Au,|0] ... [0]U*.
Since Au; = 0 for r < i < n, we deduce VIU* = AUU* = A. O

Geometrical interpretation. The SVD factorization shows that the image
of the unit sphere S”~! by a nonsingular matrix A is an ellipsoid. For instance,
Figure 2.2 displays the image of the unit circle of R? by the 2 x 2 matrix of
Exercise 2.25. We recall that S"~! = {(21,...,2,)" € R", Y}, 2? = 1}
Let A be a nonsingular matrix of M,,(R) whose SVD factorization is A =
VXU!. We wish to characterize the set VXU!S"~!. Since the matrix U’
is orthogonal, it transforms any orthonormal basis into another orthonormal
basis. Hence U'S"~! = §"~!. Then we clearly have XS"~1 = {(2,...,2/)t €
R™, Y .(x;/p;)* = 1}, which is precisely the definition of an ellipsoid E"*
of semiaxes p;e;. Finally, since V is still a matrix of change of orthonormal
basis, AS"1 = VE" ! is just a rotation of E"~!. To sum up, AS™ ! is an
ellipsoid, of semiaxes u;v;, where v; is the ith column of V.

Pseudoinverse. The SVD factorization allows us to introduce the so-called

pseudoinverse of a matrix, which generalizes the notion of inverse for rectan-
gular matrices or square matrices that are singular.

Definition 2.7.2. Let A = VXU* be the SVD factorization of some matriz
A € Myy,.n(C) having v nonzero singular values. We call the matriz AT €
M. (C) defined by AT = UXTV* with

~ —1
St (20 8) € Mym(R)

the pseudoinverse matriz of A.
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-2

-2 -1 0 1 2
Fig. 2.2. Image of the unit circle of the plane by the matrix defined in Exercise

2.25.

The reader will easily check the following relations:

-t I. 0 g
TA = T o— T * Lk
ATA=UX"XU —U<O O)U —_gluzui, (2.8)
AT =vESy =y (I )y f 0] (2.9)
0 0 — s
1=
T T 1
A= E piviuf, and AT = E —uv;. (2.10)

i=1 i=1""
In addition, if A has maximal rank (r = n < m), its pseudoinverse is given by
Al = (A*A)71A*.

In particular, if A is a nonsingular square matrix (r = n = m), we obtain
ATA = AA" = I,. Thus AT = A=, In this sense, the pseudoinverse is indeed
the generalization of the inverse.

Remark 2.7.7. It can be shown that the pseudoinverse matrix is the only ma-
trix X satisfying the following conditions (known as the Moore-Penrose con-
ditions):

AXA=A, XAX =X, XA=(XA)*, AX =(AX)".
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2.8 Exercises

2.1 (x). We fix the dimension n > 2.

1.

2.

What is the vector u in terms of the matrix a defined by the instructions
a=eye(n,n);u=a(:,i) for an integer ¢ between 1 and n?

We recall that the Matlab instruction rand(m,n) returns a matrix of size
m x n whose entries are random real numbers in the range [0,1]. For
n fixed, we define two vectors u=rand(n,1) and v=rand(n,1). Compute

using Matlab the vector w =v — Tr;“z)u and the scalar product (w,u).
2

. Let A be areal square matrix (initialized by rand), and define two matrices

B and C by B=0.5%(A+A’) and C=0.5%(A-A’)

(a) Compute the scalar product (Cz,z) for various vectors x. Justify the
observed result.

(b) Compute the scalar product (Bz, ) for various vectors x. Check that
it is equal to (Az, z) and explain why.

2.2 (x). The goal of this exercise is to define Matlab functions returning ma-
trices having special properties that we shall exploit in the upcoming exercises.
All variables will be initialized by rand. Note that there are several possible
answers, as it is often the case for computer programs.

1.

Write a function (called SymmetricMat(n)) returning a real symmetric
matrix of size n x n.

. Write a function (called NonsingularMat (n) ) returning a real nonsingular

matrix of size n X n.

. Write a function (called LowNonsingularMat (n)) returning a real nonsin-

gular lower triangular matrix of size n x n.

. Write a function (called UpNonsingularMat (n)) returning a real nonsin-

gular upper triangular matrix of size n X n.

. Write a function (called ChanceMat (m,n,p)) returning a real matrix of

size m X n whose entries are chosen randomly between the values —p and
p.

. Write a function (called BinChanceMat (m,n)) returning a real matrix of

size m x n whose entries are chosen randomly equal to 0 or 1.

. Write a function (called HilbertMat (m,n)) returning the so-called Hilbert

matrix H € M., »(R) defined by its entries:

1
Hij=—"—.
i1

2.3. Define a matrix A by the Matlab instructions

p=NonsingularMat (n) ;A=p*diag([ones(n-1,1); e])*inv(p),

where e is a real number. What is the determinant of A? (Do not use Matlab
to answer.) Take e = 1072°, n = 5, and compute by Matlab the determinant
of A. What do you notice?
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2.4. Set A=[1:3; 4:6; 7:9; 10:12; 13:15]. What is the rank of A? (use
the function rank). Let B and C be two nonsingular matrices respectively
of size 3 x 3 and 5 x 5 given by the function NonsingularMat defined in
Exercise 2.2. Compare the ranks of the products CA and AB. Justify your
experimental results.

2.5. Vary n from 1 to 10 and

1. determine the rank of a matrix A defined by A=rand(8,n)*rand(n,6).
What is going on?

2. Same question for A=BinChanceMat (8,n)*BinChanceMat (n,6).

3. Justify your observations.

2.6. We fix the dimension n = 5.

1. For any integer r between 1 and 5, initialize (with rand) r vectors u; and
define a square matrix A = Y|, u;uf. Compare the rank of A with r.

2. Same question for vectors generated by BinChanceMat.

3. Justify your observations.

2.7 (x). Write a function (called MatRank (m,n,r)) returning a real matrix of
size m x n and of fixed rank r.

2.8. Define rectangular matrices
A=[1:3;4:6;7:9;10:12] and B=[-1 2 3;4:6;7:9;10:12].

1. Are the square matrices A*A and B!B nonsingular?
2. Determine the rank of each of the two matrices.

3. Justify the answers to the first question.

4. Same questions for A and B?.

2.9. Let A be a matrix defined by A=MatRank(n,n,r) with r < n and @Q a
matrix defined by Q=null(A’), that is, a matrix whose columns form a basis
of the null space of A’. Let u be a column of @, compute the rank of A 4 vut.
Prove the observed result.

2.10 (). Let a1, ..., ay be a family of n vectors of R™, and A € M,,, ,,(R) the
matrix whose columns are the vectors (a;)1<j<n. We denote by r the rank of A.
The goal is to write a program that delivers an orthonormal family of r vectors
Uy, ..., u. of R™ by applying the Gram—Schmidt orthogonalization procedure
to A. We consider the following algorithm, written here in pseudolanguage
(see Chapter 4):
For p=1/n
s=0
For k=1/"p—-1
s=35 + {(ap, ug)uk
End
s=ap—s
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If ||s|| #0 then
up = /|5l
Else
up, =0
End
End
Gram-Schmidt Algorithm.

1. Determine the computational complexity (number of multiplications and
divisions for n large) of this algorithm.

2. Write a program GramSchmidt whose input argument is A and whose
output argument is a matrix the pth column of which is the vector w,,
if it exists, and zero otherwise. Test this program with A € M 5(R)
defined by
n=5;u=1:n; u=u’; c2=cos(2*u); c=cos(u); s=sin(u);

A=[u c2 ones(n,1) rand(*c.*c exp(u) s.*s];

We denote by U the matrix obtained by applying the orthonormalization
procedure to A.

(a) Compute UU* and U'U. Comment.

(b) Apply the GramSchmidt algorithm to U. What do you notice?

3. Change the program GramSchmidt into a program GramSchmidtl that
returns a matrix whose first r columns are the r vectors uy, and whose
last n — r columns are zero.

2.11 (x). The goal of this exercise is to study a modified Gram-Schmidt
algorithm. With the notation of the previous exercise, each time a new vector
u, is found, we may subtract from each ay (k > p) its component along u,.
Assume now that the vectors a; are linearly independent in R™.

e Set u; = ai/||a1|| and replace each ay with ay — (u1,ag)uy for all k > 1.
o If the first p — 1 vectors uq,...,u,—1 are known, set u, = a,/||a,|| and
replace each ay with ay — (up, ax)u, for all k > p.

1. Write a function MGramSchmidt coding this algorithm.

2. Fix m = n = 10. Compare both the Gram—-Schmidt and modified Gram—
Schmidt algorithms (by checking the orthonormality of the vectors) for a
matrix whose entries are chosen by the function rand, then for a Hilbert
matrix H € M, ,(R).

3. If we have at our disposal only the Gram—Schmidt algorithm, explain how
to improve the computation of w,,.

2.12 (*). The goal of the following exercises is to compare different definitions
of matrices. We use the Matlab functions tic and toc to estimate the running
time of Matlab. The function toc returns the time elapsed since the last call
tic. Run the following instructions plus2pt
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n=400;tic;
for j=1:n for i=1:n,a(i,j)=cos(i)*sin(j);end;end;tl=toc;clear a;

tic;a=zeros(n,n);
for~j=1:n"fori=1:n,~a(i,j)=cos(i)*sin(j);end;end;t2=toc;clear”a;

tic;a=zeros(n,n);
for“i=1:n"for j=1:n,%a(i,j)=cos(i)*sin(j);end;end;t3=toc;clear a;

tica=zeros(n,n);a=cos(1:n)’*sin(1:n) ;td4=toc;
Display the variables t1, t2, t3, and t4. Explain.

2.13. Define a matrix A of size n x n (vary n) by the instructions
A=rand(n,n) ;A=triu(A)-diag(diag(A)). What is the purpose of triu?
Compute the powers of A. Justify the observed result.

2.14. Let H be the Hilbert matrix of size 6 x 6.

1. Compute the eigenvalues A of H (use the function eig).
2. Compute the eigenvectors u of H.
3. Verify the relations Hu = Au.

2.15. Define a matrix A by the instructions
P=[1221; 2332; -112-2;1321];
D=[2100; 0210; 0030; 000 4];
A=P*D*inv(P) ;

1. Without using Matlab, give the eigenvalues of A.

2. Compute the eigenvalues by Matlab. What do you notice?

3. For n = 3 and n = 10, compute the eigenvalues of A™ with Matlab, and
compare with their exact values. What do you observe?

4. Diagonalize A using the function eig. Comment.

2.16. For various values of n, compare the spectra of the matrices A and A’
with A=rand(n,n). Justify the answer.

2.17. Fix the dimension n. For v and v two vectors of R™ chosen randomly
by rand, determine the spectrum of I,, + uvt. What are your experimental
observations? Rigorously prove the observed result.

2.18 (x). Define a matrix A=[10 2;2 4]. Plot the curve of the Rayleigh quo-
tient  + z'Ax, where = spans the unit circle of the plane. What are the
maximal and minimal attained values? Compare with the eigenvalues of the
matrix A. Explain.

Hint: use the Matlab function plot3.

2.19. For various values of the integers m and n, compare the spectra of AA?
and A'A, where A=rand (n,m). Justify the observations.
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2.20 (x). Show that the following function PdSMat returns a positive definite
symmetric matrix of size n X n

function A=PdSMat(n)

A=SymmetricMat (n) ; // defined in Exercise 2.2
[P,D]l=eig(A) ;D=abs(D);

D=D+norm (D) *eye (size(D));

A=P*D*inv(P) ;

1. For different values of n, compute the determinant of A=PdSMat (n). What
do you observe? Justify.

2. Fix n = 10. For k varying from 1 to n, define a matrix Ay of size k x k
by Ak = A(1:k,1:k). Check that the determinants of all the matrices Ay
are positive. Prove this result.

3. Are the eigenvalues of Ay eigenvalues of A?

2.21.

1. Let A=SymmetricMat (n). Compute the eigenvectors u; and the eigenvalues
A; of A. Compute 22:1 Aiu;ul and compare this matrix with A. What
do you observe?

2. Denote by D and P the matrices defined by [P,D]=eig(A). We modify
an entry of the diagonal matrix D by setting D(1,2) = 1, and we define a
matrix B by B=P*D*inv(P). Compute the eigenvectors v; and eigenvalues
i of B. Compute >_;_; piv;vl and compare this matrix with B. What
do you observe?

3. Justify.

2.22. For various values of n, compute the rank of the matrix defined by the
instruction rank(rand(n,1)*rand(1,n)). What do you notice? The goal is
to prove the observed result.

1. Let v and v be two nonzero vectors of R™. What is the rank of the matrix
A = vut?

2. Let A € M, (R) be a rank-one matrix. Show that there exist two vectors
u and v of R” such that 4 = vul.

2.23 (x). Define a square matrix by A=rand(n,n).

1. Compute the spectrum of A.
2. For 1 <i < mn, define ; = Z;ﬁ? j=1laij| and denote by D; the (so-called
Gershgorin) disk of radius 7; and center a; ;:

D; = {Z €C, |z—ai4i < ’Yi}~
(a) Compute the v;’s with the Matlab function sum.

(b) Let A be an eigenvalue of A. Check with Matlab that there exists (at
least) one index 4 such that A € D;.
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(c) Rigorously prove this result.
3. A matrix A is said to be strictly diagonally dominant if

laiil > lai;l (1 <i<n).
J#i
(a) Write a function DiagDomMat (n) returning an n x n diagonally dom-
inant matrix.
(b) For various values of n, compute the determinant of A=DiagDomMat (n).
What do you notice?
(c) Justify your answer.
4. Write a program PlotGersh that plots the Gershgorin disks for a given

matrix.
Application:
1 0 1
A=| -2 6 1
1 -1 -3
2.24. For each of the matrices
1 2 3 75 0. .25
Ai=13 2 1],A4A =0 1. 0. ],
4 2 1 25 0. .75
375 0 —.125 —-25 0. —-.75
Az = 0 b 0 , Ay = 0. 1. o ,
—-.125 0 .375 75 0. —.25
compute A7 for n = 1,2,3,... In your opinion, what is the limit of A} as n

goes to infinity? Justify the observed results.

2.25. Plot the image of the unit circle of R? by the matrix

—-1.25  0.75
A= ( 0.75 —1.25) (2.11)

to reproduce Figure 2.2. Use the Matlab function svd.

2.26. For different choices of m and n, compare the singular values of a matrix
A=rand(m,n) and the eigenvalues of the block matrix B = (ﬁt ‘3). Justify.

2.27. Compute the pseudoinverse AT (function pinv) of the matrix

1 -1 4
2 -2 0
A= 3 -3 5
-1 -1 0

Compute ATA, AAT, AATA and ATAAT. What do you observe? Justify.
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2.28. Fix n = 100. For different values of r < mn, compare the rank of
A=MatRank(n,n,r) and the trace of AAT. Justify.

2.29 (x). The goal of this exercise is to investigate another definition of
the pseudoinverse matrix. Fix m = 10,n = 7. Let A be a matrix de-
fined by A=MatRank (m,n,5). We denote by P the orthogonal projection onto
(Ker A)*, and by @ the orthogonal projection onto Im A.

1. Compute a basis of (Ker A)%, then the matrix P.

2. Compute a basis of Im A, then the matrix Q.

3. Compare on the one hand AfA with P, and on the other hand, AAT with
@. What do you notice? Justify your answer.

4. Let y € C™ and define 1 = Pz, where x € C" is such that Az = Qy.
Prove (without using Matlab) that there exists a unique such z;. Consider
the linear map ¢ : C™ — C” by ¢(y) = 1. Show (without using Matlab)
that the matrix corresponding to this map (in the canonical basis) is Af.



3

Matrix Norms, Sequences, and Series

3.1 Matrix Norms and Subordinate Norms

We recall the definition of a norm on the vector space K™ (with K =R or C.)

Definition 3.1.1. We call a mapping denoted by || - ||, from K" into R* sat-
isfying the following properties a norm on K"

1.Vz e K", |z||=0=2=0;
2.V e K" VA e K, || =IN|zl;
3.Vz e K" Vy e K", lz +yll < [lz] + llyll -

If K" is endowed with a scalar (or Hermitian) product (-, -), then the mapping
x — (z,z)"/? defines a norm on K”. The converse is not true in general: we
cannot deduce from any norm a scalar product. The most common norms on
K™ are (x; denotes the coordinates of a vector x in the canonical basis of K"):

e the Euclidean norm, [z, = (31, \mi|2)1/2;

e the (P-norm, ||z|, = (>, 2:|P) /P for p > 1;
e the (*®-norm, ||z]|c = maxi<;<n || -

Figure 3.1 shows the unit circles of R? defined by each of these norms !, [2,
and [°°. We recall the following important result.

Theorem 3.1.1. If E is a vector space of finite dimension, then all norms
are equivalent on E. That is, for all pairs of norms || - ||,|| - || there exist two
constants ¢ and C' such that 0 < ¢ < C, and for all x € E, we have

cllzll < flz]" < Cll.

Let us recall the equivalence constants between some vector norms £, (here
x € K" and p > 1 is an integer):

Izlloo < ll2llp < 7Pl lo,

3.1
lellz < izl < valzls. (3-1)
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goo

»

-1

Fig. 3.1. Unit circles of R? for the norms ¢, ¢%, and ¢*°.

In this section, we confine ourselves to the case of square matrices. Since the

space M,,(K) of square matrices of size n with entries in K is a vector space
. . 2 .

on K, isomorphic to K™ | we can define the following norms:

1/2
e Frobenius (or Schur or Euclidean) norm, | A||r = (Z?:l > i1 \ai7j|2) ;

1/q
e [2norm, ||4] = (Z:;l > i |01¢,j|q) for ¢ > 1

o [ norm, ||A|| = MaXj1<i<n,1<j<n |ai7j| .

There are particular norms on M, (K) that satisfy an additional inequality
on the product of two matrices.

Definition 3.1.2. A norm || -|| defined on M,,(K) is a matriz norm if for all
matrices A, B € M,,(K),

[AB| < [[A[IBI]-

Ezxample 3.1.1. The Frobenius norm is a matrix norm. Indeed, for any matrices
A and B the Cauchy—Schwarz inequality yields

n n n 2 n n n n
SIS AB <3S (zAi,kF) (Zwkﬁ),
=1 k=1

i=1j=1 k=1 j=1 \k=1

which is the desired inequality.

Ezample 3.1.2. Not all norms defined on M,,(K) are matrix norms. For in-
stance, the norm defined by
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[All = max |a; ;| (3.2)
1<i,j<n
is not a matrix norm when n > 1, because for the matrix A whose entries are

all equal to 1, we have
1=A]* < 4% = n.

We shall consider norms on M,,(K) that are yet more particular and that
are said to be subordinate to a vector norm on K".

Definition 3.1.3. Let ||-|| be a vector norm on K™. It induces a matriz norm
defined by

A= sup A2l

: (3.3)
zeK” x#£0 HxH

which is said to be subordinate to this vector norm.

The reader can easily check that indeed, (3.3) is a matrix norm on M,,(K).
For convenience, the vector and matrix norms are denoted in the same way.

Remark 3.1.1. Let us recall briefly the difference between a maximum and a
supremum. The supremum, sup;c; «;, of a family (z;),er of real numbers is
the smallest constant C that bounds from above all the x;:

supz; = minC with C = {C € R such that x; < C, Vi € I}.
i€l

(This smallest constant exists, possibly equal to +oco, since C is a closed set
of R as the intersection of the closed sets {C' € R such that C' > z;}.) If there
exists x;, such that sup,c; z; = x;,, then the supremum is said to be attained
and, by convention, we denote it by max;c; x;. Of course, this last notation,
which specifies to the reader that the supremum is attained, coincides with
the usual maximal value for a finite family (x;);e;.

Proposition 3.1.1. Let || - | be a subordinate matriz norm on M, (K).

1. For all matrices A, the norm ||A|| is also defined by

[Al = sup [lAz|= sup [Az].
2K, ||z||=1 zeKn =) <1

2. There exists x4 € K", x4 # 0, such that

_ [[Aaal
foal

and sup can be replaced by max in the definitions of || A|l.
8. The identity matriz satisfies

1Al

]| = 1. (3-4)
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4. A subordinate norm is indeed a matriz norm: for all matrices A and B,

we have
[AB[| < [IA[]B].

Proof. The first point is obvious. The second point is proved by observ-
ing that the function 2 — || Az|| is continuous on the bounded, closed, and

therefore compact set {x € K", ||| = 1}. Thus it attains its maximum. The
third point is obvious, whereas the fourth is a consequence of the inequality
[ABz| < || Al [[Bz]. 0

Remark 3.1.2. There are matrix norms that are not subordinate to any vector
norm. A well-known example is the Frobenius norm, for which the norm of
the identity matrix is ||I,||r = y/n. This is not possible for a subordinate
norm according to (3.4).

Note that the equivalences (3.1) between vector norms on K™ imply the
corresponding equivalences between the subordinate matrix norms. Namely,
for any matrix A € M,,(K),

nP[ Al < Al < 0P Ao,

3.5
w12 Al < Al < 072 Al (3:3)

The computation of matrix norms by Definition 3.1.3 may be quite difficult.
However, the usual norms || .||, and ||.||s can be computed explicitly.

Proposition 3.1.2. We consider matrices in M, (K).

1. The matriz norm ||A||1, subordinate to the I*-norm on K", satisfies

A = masx (Z ai1)-

2. The matriz norm ||A||s, subordinate to the 1°°-norm on K", satisfies

n
4l = o (3 o)

j=

Proof. We write

Al = 33| < Z 2 Z as5] < ey (jmax Z ais

i=1 j=1

)

from which we deduce the inequality

[A]lx < max Z|aw

1<j<n

(3.6)
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Let jo be the index satisfying

1%32‘{“2 |ai ;| = Z |ai,jo -

=1

Let 2° be defined by x? =0if j # jo, and :r?o = 1. We have
2%y =1 and |[A2°|; = max Z|aw|

which implies that inequality (3.6) is actually an equality. Next, we write

n n
Azl = lglggn‘zlai,jxj‘ < ol (a3 o).
Jj= Jj=

from which we infer the inequality

< .
[l < max Z ai 1 (37)

Let ig be the index satisfying

1121?<an |ai ;| = Z |-

Let 20 be defined by x? =0 if a;y; = 0, and x? = % if a;; # 0. If A#0,
i0d

then 2° # 0, and therefore ||2°]|oc = 1 (if A = 0, then there is nothing to
prove). Furthermore,

n n n
142 oo = |3 asgjal| = D laios] = max 3 Jaiyl,
j=1 Jj=1 - =1

which proves that inequality (3.6) is actually an equality. O
We now proceed to the matrix norm subordinate to the Euclidean norm:

Proposition 3.1.3. Let ||Alls be the matriz norm subordinate to the Fuclid-
ean norm on K. We have

lAll2 = ||A*||2 = largest singular value of A.

Proof. First of all, we have

| Az]3 (A" Az, x)

= sup
z€K™,x#0 ||J)H% z€K™,xz#0 <.13,J?>

1AII3 =
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By Lemma 2.7.1, A*A is self-adjoint and positive. Hence it is diagonalizable
and its eigenvalues (A;(A*A))1<i<n are nonnegative real numbers. In the or-
thonormal basis of its eigenvectors, we easily check that
A*A
sup A Az, 7) = max \;(A%A).

zekn,z£0 (T, ) 1<i<n

Since the singular values of A are the positive square roots of the eigenvalues
of A* A, we infer the desired result. Moreover, the Cauchy—Schwarz inequality
yields

(A" Az, 2) _ A" Azo]lxlls _ [|A*All2]lz]3
(x,z) — (x, z) - (z, )

< (|42l All2-

We deduce that || Alls < ||A*||2- Applying this inequality to A*, we obtain the
desired inequality, which is to say ||All2 = ||A*||2- O

Remark 3.1.3. A real matrix may be seen either as a matrix of M, (R) or as
a matrix of M,,(C), since R C C. If || - ||c is a vector norm in C", we can
define its restriction || - ||z to R™, which is also a vector norm in R™. For a real
matrix A € M, (R), we can thus define two subordinate matrix norms ||A||c
and ||A||r by

A A
Al = sp 1l ang = sup 1Al
secnaz0 ||Zlc zekn a0 [|7]r

At first glance, these two definitions seem to be distinct. Thanks to the explicit
formulas of Proposition 3.1.2, we know that they coincide for the norms ||z||1,
|z|l2, or ||z||eo. However, for other vector norms we may have || Alc > || A4||r.
Since some fundamental results, like the Schur factorization theorem (Theo-
rem 2.4.1), hold only for complex matrices, we shall assume henceforth that
all subordinate matrix norms are valued in C", even for real matrices (this is
essential, in particular, for Proposition 3.1.4).

Remark 3.1.4. The spectral radius o(A) is not a norm on M, (C). Indeed, we
may have g9(A4) = 0 with A # 0, for instance,

01
a=(00):
Nonetheless, the lemma below shows that ¢(A) is a norm on the set of normal
matrices.
Lemma 3.1.1. Let U be a unitary matriz (U* = U~t). We have

[UA[l2 = |AU]|2 = [|All2-

Consequently, if A is a normal matriz, then ||All2 = o(A).
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Proof. Since U*U = I, we have

|UAz||3 (U*U Ax, Azx)
IUAlZ = sup = = " = ||Al3.
zeC™,x£0 llzll5 z€Cn,2#£0 (r,7)
Moreover, the change of variable y = Uz satisfies ||z||2 = ||y||2, hence
AUz Ayl|3 Ayl?
|AU|2 = sup w = sup % = sup I !2 = ||A]|3.
secraz0 |23 yecy#0 | 3 yecryzo 93

If A is normal, it is diagonalizable in an orthonormal basis of eigenvectors
A =Udiag (A1,..., ,)U*, and we have ||A|2 = || diag (A\;) |2 = o(A). O

Lemma 3.1.1 shows that p(A) and ||A|2 are equal for normal matrices.
Actually, any matrix norm ||A] is larger than o(A), which is, in turn, always
close to some subordinate matrix norm, as shown by the next proposition.

Proposition 3.1.4. Let || - || be a matriz norm defined on M, (C). It satisfies

o(A) < [|A].
Conversely, for any matrix A and for any real number € > 0, there exists a
subordinate norm || - || (which depends on A and €) such that
IA[l < o(A) +&.
Proof. Let A € C be an eigenvalue of A such that go(A) = ||, and z # 0 a
corresponding eigenvector. If the norm ||.|| is subordinate to a vector norm,
we write [|[Az| = o(A)||z|| = ||[Az| < ||A||l||z]] and therefore o(A) < ||A]|. If

||.|] is some matrix norm (not necessarily subordinate), we denote by y € C™ a
nonzero vector, so the matrix zy* is nonzero, and we have Axy* = Axy*. Then,
taking the norm of this last equality yields |A| ||zy*|| = ||Azy*| < [ A|| |lzy*|,
which implies p(A) < ||4]|.

To prove the second inequality, we use the Schur factorization theorem
(Theorem 2.4.1) which states that for any A, there exists a unitary matrix U
such that T'= U~ AU is triangular:

t11t12 ... t1n
|0 : 7
0 0ty
and the diagonal entries ¢;; are the eigenvalues of A. For any 6 > 0 we

introduce the diagonal matrix Ds = diag (1,4,62,...,6"!), and we define a
matrix T5 = (UD;) Y A(UDs) = D5 'T D; that satisfies
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t1,1 5t172 - (5n_1t17n
Ts = 0
. B 5tn—1,n
0 ... 0 thn

Given € > 0, we can choose § sufficiently small that the off-diagonal entries of
Ty are also very small. Namely, they satisfy for all 1 <i<n —1,

n
V| <

j=it1

Since the t; ; are the eigenvalues of Ts, which is similar to A, we infer that
|Ts|lec < 0(A) + &. Then, the mapping B — ||B|| = |[(UDs) " *B(UDs) || is
a subordinate norm (that depends on A and ¢) satisfying

1Al < o(4) +e¢,

thereby yelding the result. O

Remark 3.1.5. The second part of Proposition 3.1.4 may be false if the norm
is not a matrix norm. For instance, the norm defined by (3.2) is not a matrix
norm, and we have the counterexample

o(A)=2> [|A] =1 for A= (_11 ‘11).

In Exercise 3.8, we dwell on the link between the matrix norm and its spectral
radius by showing that
) 1/k
o(4) = lim (Jla%)) "
Remark 3.1.6. Propositions 3.1.2 and 3.1.4 provide an immediate upper bound
for the spectral radius of a matrix:

n n

o(A) < min(lgljagnz lai ;| fg%xnz |a,-7j|>.

=i=1 j=1

3.2 Subordinate Norms for Rectangular Matrices

Similar norms can be defined on the space M,, ,(K) of rectangular (or non-
square) matrices of size m x n with entries in K. For instance,
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e the Frobenius (or Schur, or Euclidean) norm

1/2
m n
[Alp = | D il ;
i=1 j=1
e the l%-norm, ||A| = (Zz’:l > e |ai’j|q) for ¢ > 1;
e the [*°-norm, HAH = Maxi<;<m,1<j<n |ai,j| .
We may, of course, define a subordinate matrix norm in M,, ,(K) by

Ax
[All = sup ” ”’",
z€K™, 0 ||

where || - || (respectively || - ||mm) is a vector norm on K" (respectively K™).
We conclude this section by defining the best approximation of a given (not

necessarily square) matrix by matrices of fixed rank. Recall that this property

is important for the example of image compression described in Section 1.5.

Proposition 3.2.1. Let A = VXU* be the SVD factorization of some matriz

A € My, n(C) having r nonzero singular values arranged in decreasing order.
For 1 <k <r, the matriz A, = Zle Hiv;ul is the best approzimation of A
by matrices of rank k, in the following sense: for all matrices X € My, ,,(C)

of rank k, we have
A= Agllz < [|A = X[|2. (3.8)

Moreover, the error made in substituting A with Ay is ||A — Agll2 = prs1-

Proof. According to (2.10), we have

*
Uk41

s
A— A= Z piviv; = [kt ... o] diag (k41 - - -5 pir)
i=k-+1

*

uy

Denoting by D € M, »(R) the matrix diag(0,...,0, ftkt1, ..., ir,0,...,0),
we have A — A = VDU*, and since the Euclidean norm is invariant under
unitary transformation, we have ||A—Ay|l2 = [|D||2 = pix+1. Let us now prove
the approximation property. For all x € C", we have

1Az]l2 = [VEU 2|2 = | ZU*]l2. (3.9)

Let E be the subspace of C", of dimension k + 1, generated by the vectors
Uy, ..., Uupy1- If x € E, we have x = Zfill r;u; and
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k+1 k+1 k+1

Utz =U* Zmiui = inU*ui = inei,
i=1 i=1 i=1
where e; is the ith vector of the canonical basis of C™. Thus we have
LUz = (an, ... pe12k41,0, . .., ).
So by (3.9) and the decreasing order of the singular values p;,
lAz|l2 > prsallz|2, Vo € E. (3.10)

If the matrix X € M,,,(C) is of rank k < r, its kernel is of dimension
n—k>r—k>1,and for all z € Ker (X), we have

[Az]j2 = [[(A = X)zlls < [|A = Xll2 [[z]l2.
Assume that X contradicts (3.8):
A = Xllo < [lA = Agll2-
Hence for all z € Ker (X),
[Az]lz < |A = Agll2 |2ll2 = prrallzll2;

and therefore if x € EN Ker (X) with  # 0, we end up with a contradiction
to (3.10). Indeed, the two spaces have a nonempty intersection since dim E +
dim Ker (X) > n, so that (3.8) is finally satisfied. O

3.3 Matrix Sequences and Series

In the sequel, we consider only square matrices.

Definition 3.3.1. A sequence of matrices (A;);>1 converges to a limit A if

for a matriz norm || - ||, we have
lim ||A; — Al =0,
1——400

and we write A = lim;_, o A;.

The definition of convergence does not depend on the chosen norm, since
M,,(C) is a vector space of finite dimension. Therefore Theorem 3.1.1, which
asserts that all norms are equivalent, is applicable, and thus if a sequence
converges for one norm, it converges for all norms.

Remark 3.3.1. Let us recall that M,,(C), having finite dimension, is a com-
plete space, that is, every Cauchy sequence of elements of M,,(C) is a con-
vergent sequence in M, (C):

lim lim ||4; — 4;| = 0= 34 € M,(C) such that

lim
1—+00 j—+00 i——+00

JA; — Al =o.
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A matrix series is a sequence (.S;);>¢ defined by partial sums of another se-
quence of matrices (A;);>0: S = Z;:O A;j. A series is said to be convergent if
the sequence of partial sums is convergent. Among all series, we shall be more
particularly concerned with matrix power series defined by (a;A%);>0, where
each a; is a scalar in C and A° is the ith power of the matrix A. A necessary
but not sufficient condition for the convergence of a power series is that the
sequence a; A’ converge to 0. The following result provides a necessary and
sufficient condition for the sequence of iterated powers of a matrix to converge
to 0.

Lemma 3.3.1. Let A be a matriz in M, (C). The following four conditions
are equivalent:

1. llmrLHJ’»oo Ai = 0,’

2. lim;_, oo A’z = 0 for all vectors x € C";

3. 0(A4) < 1;

4. there exists at least one subordinate matriz norm such that | A| < 1.

Proof. Let us first show that (1) = (2). The inequality
A% < [|A"[]|]

implies lim; ;. A’z = 0. Next, (2) = (3); otherwise, there would exist A
and z # 0 satisfying Az = Az and |A| = 9(A), which would entail that the
sequence A’z = Az cannot converge to 0. Since (3) = (4) is an immediate
consequence of Proposition 3.1.4, it remains only to show that (4) = (1). To
this end, we consider the subordinate matrix norm such that ||A] < 1, and
accordingly,
| A | < ||A|l* — 0 when i — o0,

which proves that A’ tends to 0. (]

We now study some properties of matrix power series.

Theorem 3.3.1. Consider a power series on C of positive radius of conver-

gence R:
+oo
> o
i=0

For any matrit A € My(C) such that o(A) < R, the series (a;A%);>0 is
convergent, i.e., Zj:g a; A* is well defined in M,,(C).

< 400,Vz € C such that |z| < R.

Proof. Since p(A) < R, thanks to Lemma 3.3.1, there exists a subordinate
matrix norm for which we also have ||A|| < R. We check the Cauchy criterion
for the sequence of partial sums:

i %

> apAF| < > Janl Al (3.11)

k=j+1 k=j+1
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Now, a power series on C is absolutely convergent inside its disk of conver-
gence. Hence ||A|| < R implies that the right-hand term in (3.11) tends to 0
as j and 7 tend to +00. The convergence of the series is therefore established.
O

The previous notion of matrix power series generalizes, of course, the def-
inition of matrix polynomial and may be extended to analytic functions.

Definition 3.3.2. Let f(z) : C — C be an analytic function defined in the
disk of radius R > 0 written as a power series:

+oo
f(z) = Zaizi Vz € C such that |z| < R.
=0

By a slight abuse of notation, for any A € M, (C) with o(A) < R, we define
the matriz f(A) by

+oo
FA) =" a;A"
i=0

Let us give some useful examples of matrix functions. The exponential function
is analytic in C. Accordingly, for all matrices A (without restriction on their
spectral radii), we can define its exponential by the formula

+o00 AZ

eA:Z,—.
7!

=0

Similarly, the function 1/(1 — z) is analytic in the unit disk and thus equal to
:;Og 2* for z € C such that |z| < 1. We therefore deduce an expression for
(I-A)~%

Proposition 3.3.1. Let A be a matriz with spectral radius o(A) < 1. The
matriz (I — A) is nonsingular and its inverse is given by

(I-A)~'= ioAi.
=0

Proof. We already know that the series (A%);>¢ is convergent. We compute

P P

(I-A)Y A= AT —A)=1-A4""

=0 =0

Since APt converges to 0 as p tends to infinity, we deduce that the sum of
the series (A%);>¢ is equal to (I — A)~L. O
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Remark 3.3.2. Proposition 3.3.1 shows in particular that the set of nonsingular
matrices is an open set in M,,(C). Indeed, consider a subordinate norm || - ||.
Given a nonsingular matrix M, any matrix N such that [|[M — N|| < ||[M~Y]|~!
is nonsingular as the product of two nonsingular matrices:

N=M(I-M"*M-N)),

since |M~Y(M — N)| < 1. Hence for any nonsingular matrix M, there exists
a neighborhood of M that also consists of nonsingular matrices. This proves
that the set of nonsingular matrices is open.

3.4 Exercises

3.1. Let A be the matrix defined by A=rand(n,n), where n is a fixed integer.
Define M = max; ; |A; ;| (M may be computed by the Matlab function max).
Compare M with the norms || 4|1, ||4]|2, ||A]lc, and ||A||F (use the function
norm). Justify.

3.2. Let T be a nonsingular triangular matrix defined by one of the in-
structions T=LNonsingularMat (n) and T=UNonsingularMat(n) (these func-
tions have been defined in Exercise 2.2), where n is a fixed integer. Define
m = (min; |T;;])~" (m may be computed by the Matlab function min). Com-
pare m with the norms ||[T7Y|1, [T} |2, |77 oo, and || T~ 5.

3.3 (x). Define a diagonal matrix A by
u=rand(n,1); A=diag(u);.
Compute the norm ||A]|, for p = 1,2, co. Comment on the observed results.

3.4. For various values of n, define two vectors u=rand (n, 1) and v=rand(n,1).
Compare the matrix norm |uvt||s with the vector norms |lul|2 and |v]|2. Jus-
tify your observation. Same questions for the Frobenius norm as well as the
norms ||.|l; and ||.||c-

3.5. For different values of n, define a nonsingular square matrix A by
A=NonsingularMat (n); (see Exercise 2.2). Let P and v be the matrix and
the vector defined by

[P,Dl=eig(A*A’); [d kl=min(abs(diag(D))); v=P(:,k);
Compare ||A7 |2 and ||A71]|2. Justify.

3.6. Let A be a real matrix of size m x n.

1. What condition should A meet for the function z — | Az||, where ||.||
denotes some norm on R™, to be a norm on R™? Write a function NormA
that computes ||Ax||2 for z € R™.

2. Assume A is a square matrix. Write a function NormAs that computes
V/ (Az, z) for x € R™. Does this function define a norm on R™?
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3.7 (x). Define a matrix A by A=PdSMat (n) (see Exercise 2.20) and denote by
||.||.4 the norm defined on R™ by ||x||4a = /(Az, z) (see the previous exercise).
Let S4 be the unit sphere of R™ for this norm:

Sa={zeR", |z|la=1}).

1. Prove (do not use Matlab) that S4 lies between two spheres (for the
Euclidean norm) centered at the origin, and of respective radii —— and

1 \ )\min
ot that is,

1 1
Vv )\max Vv )\min 7

where A\pin (respectively A\pax) denotes the smallest (respectively largest)
eigenvalue of A.
2. Plotting S4 for n = 2.

(a) Let I}, be the line 2o = pz1, p € R. Compute (Az,x) for x € I}, (do
not use Matlab). Compute the intersection of I, and Sa.

(b) Write a function function [x,y]l=UnitCircle(A,n) whose input ar-
guments are a 2 X 2 matrix A, and an integer n and that returns two
vectors x and y, of size n, containing respectively the abscissas and
the ordinates of n points of the curve S4.

(c) Plot on the same graph the unit circle for the Euclidean norm and
Sy for A= [7 5; 5 7]. Prove rigorously that the curve obtained is
an ellipse.

(d) Plot on the same graph the unit circles for the norms defined by the
matrices

75 6.5 5.5 2 1
A<5 7>’ B<5.5 6.5)’ 0(1 5)' (3.12)

Comment on the results.

T € SHy— < lzfl2 <

3.8 (*). Define a matrix A by A=rand(n,n). Compare the spectral radius
of A and |\Ak||§/k for k£ = 10,20, 30,...,100. What do you notice? Does the

result depend on the the chosen matrix norm? (Try the norms || .1, - |lco;
and ||.[|F.)
Explanation.

1. Prove that o(A) < || A¥||'/*, Vk € N*.

2. For € > 0, define A, = m/l. Prove that p(A.) < 1. Deduce that there

exists ko € N such that k > ko implies o(A) < ||A¥||V/F < o(A) + .
3. Conclude.

3.9. Define a matrix A=MatRank(m,n,r) and let [V S U] = svd(A) be the
SVD factorization of A (for example, take m = 10, n = 7, r = 5). For
k=1,...,7—1, we compute the approximated SVD factorization of A by the
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instruction [v,s,u] = svds(A,k). We have seen in Proposition 3.2.1 that
the best approximation (in ||.||2-norm) of matrix A by m X n matrices of rank
k is the matrix Ay = usv’, and that the approximation error is ||A — Al =
Sk+1,k+1- We set out to compute the same error, but in the Frobenius norm.

1. For k = r — 1\, 1, display |4 — Ax||% and the square of the singular
values of A. What relation do you observe between these two quantities?
2. Justify this relation rigorously.

3.10. We revisit the spring system in Section 1.3, assuming in addition that
each mass is subjected to a damping, proportional to the velocity, with a given
coefficient ¢; > 0; the zero right-hand sides of (1.8) have to be replaced by
—¢;y; (damping or breaking term).

1. Show that the vector y = (y1, y2,y3)® is a solution of
Mij+Cy+ Ky =0, (3.13)

where C is a matrix to be specified.
2. Define a vector z(t) = (y',3')" € R®. Prove that z is a solution of

A(t) = Az(t), (3.14)

for some matrix A to be specified. For a given initial datum z(0), i.e., for
prescribed initial positions and speeds of the three masses, (3.14) admits
a unique solution, which is precisely z(¢) = e4*2(0). (For the definition of
the matrix exponential, see Section 3.3.)

3. Assume that the stiffness constants are equal (k1 = ko = k3 = 1), as well
as the damping coefficients (¢; = ¢3 = ¢3 = 1/2), and that the masses
are m; = m3 = 1 and mgo = 2. The equilibrium positions of the masses
are supposed to be ;1 = —1, 9 = 0, and z3 = 1. At the initial time,
the masses m; and mg3 are moved away from their equilibrium position
by y1(0) = —0.1, y3(0) = 0.1, with initial speeds g;(0) = —1, y5(0) = 1,
while the other mass mo is at rest, y2(0) = 0, y2(0) = 0. Plot on the same
graph the time evolutions of the positions z;(t) = z; + y;(t) of the three
masses. Vary the time ¢ from 0 to 30, by a step of 1/10. Plot the speeds
on another graph. Comment.

Hint: use the Matlab function expm to compute et
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Introduction to Algorithmics

This chapter is somewhat unusual in comparison to the other chapters of this
course. Indeed, it contains no theorems, but rather notions that are at the
crossroads of mathematics and computer science. However, the reader should
note that this chapter is essential from the standpoint of applications, and for
the understanding of the methods introduced in this course. For more details
on the fundamental notions of algorithmics, the reader can consult [1].

4.1 Algorithms and pseudolanguage

In order to fully grasp the notion of a mathematical algorithm, we shall illus-
trate our purpose by the very simple, yet instructive, example of the multipli-
cation of two matrices. We recall that the operation of matrix multiplication
is defined by

My p(K) X My o (K) — My, 4(K)

(A,B) — C = AB,

where the matrix C' is defined by its entries, which are given by the simple
formula

P

Cij = aigbpj, 1<i<n 1<j<q (4.1)

k=1
Formula (4.1) can be interpreted in various ways as vector operations. The
most “natural” way is to see (4.1) as the scalar product of the ith row of A
with the jth column of B. Introducing (a;)1<i<n, the rows of A (with a; € RP),
and (b;)1<j<gq, the columns of B (with b; € R?), we successively compute the
entries of C' as
Cij = Qg * bj .

However, there is a “dual” way of computing the product C' in which the
prominent role of the rows of A and columns of B is inverted by focusing
rather on the columns of A and the rows of B.
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Let (a®)1<k<p be the columns of A (with a® € R™), and let (b¥)1<x<, be
the rows of B (with b* € R7). We note that C is also defined by the formula

P

c=>d" ("), (4.2)
=1

where we recall that the tensor product of a column vector by a row vector is

defined by

xy' = (xiyj)1gz‘gn,1§qu € My 4(K),

where the (x;)1<i<n are the entries of z € R™, and (y,)1<,<, the entries of
y € R?. Formula (4.2) is no longer based the scalar product, but rather on
the tensor product of vectors, which numerically amounts to multiplying each
column of A by scalars that are the entries of each row of B.

Of course, in both computations of the product matrix C, the same mul-
tiplications of scalars are performed; what differentiates them is the order of
the operations. In theory, this is irrelevant, however in computing, these two
procedures are quite different! Depending on the way the matrices A, B,C
are stored in the computer memory, access to their rows and columns can be
more or less fast (this depends on a certain number of factors such as the
memory, the cache, and the processor, none of which we shall consider here).
In full generality, there are several ways of performing the same mathematical
operation.

Definition 4.1.1. We call the precise ordered sequence of elementary opera-
tions for carrying out a given mathematical operation an algorithm.

This definition calls immediately for a number of comments.

v' One has to distinguish between the mathematical operation, which is the
goal or the task to be done, and the algorithm, which is the means to that
end. In particular, there can be several different algorithms that perform
the same operation.

v Two algorithms may carry out the same elementary operations and differ
only in the order of the sequence (that is the case of the two algorithms
above for matrix multiplication). All the same, two algorithms may also
differ by the very nature of their elementary operations, while producing
the same result (see below the Strassen algorithm).

v The notion of elementary operation is necessarily fuzzy. We can agree
(as here and in the whole course) that it is an algebraic operation on
a scalar. But after all, a computer knowns only binary numbers, and a
product of real numbers or the extraction of a square root already requires
algorithms! Nevertheless, we shall never go this far into details. By the
same token, if a product of block matrices has to be computed, we can
consider the multiplication of blocks as an elementary operation and not
the scalar multiplication.



4.1 Algorithms and pseudolanguage 63

The script of an algorithm is an essential step, not only for writing a com-
puter program out of a mathematical method, but also for the assessment
of its performance and its efficiency, that is, for counting the number of el-
ementary operations that are necessary to its realization (see Section 4.2).
Of course, as soon as a rigorous measure of the efficiency of an algorithm is
available, a key issue is to find the best possible algorithm for a given mathe-
matical operation. This is a difficult problem, which we shall barely illustrate
by the case of the Strassen algorithm for matrix multiplication (see Section
4.3).

Although the above definition stipulates that an algorithm is characterized
by an “ordered” sequence of elementary operations, we have been up to now
relatively vague in the description of the two algorithms proposed for matrix
multiplication. More precisely, we need a notion of language, not so much for
writing programs, but for arranging operations. We call it pseudolanguage.
It allows one to accurately write the algorithm without going through purely
computational details such as the syntax rules (which vary with languages),
the declaration of arrays, and the passing of arguments. It is easy to transcribe
(except for these details) into a computing language dedicated to numerical
calculations (for instance, Fortran, Pascal, C, C++).

The reader will soon find out that the pseudolanguage is a description
tool for algorithms that for the sake of convenience obeys no rigorous syntax.
Even so, let us insist on the fact that although this pseudolanguage is not
accurately defined, it complies with some basic rules:

1. The symbol = is no longer the mathematical symbol of equality but the
computer science symbol of allocation. When we write a = b we allocate
the value of b to the variable a by deleting the previous value of a. When
we write a = a + b we add to the value of a that of b, but by no means
shall we infer that b is zero.

2. The elementary operations are performed on scalars. When vectors or ma-
trices are handled, loops of elementary operations on their entries should
be written. Note in passing that Matlab is able to perform elementary
operations directly on matrices (this is actually much better, in terms of
computing time, than writing loops on the matrix entries).

3. At the beginning of the algorithm, the data (entries) and the results (out-
puts) should be specified. In the course of an algorithm, intermediate
computational variables may be used.

4. Redundant or useless operations should be avoided for the algorithm to
be executed in a minimum number of operations.

As an example, we consider the two matrix multiplication algorithms that we
have just presented.

Let us remark that these two algorithms differ only in the order of their
loops (we have intentionally kept the same names for the indices in both
algorithms). If this makes no difference from a mathematical viewpoint, it is
not quite the same from the computer science viewpoint: the entries of A and
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Data: A and B. Output: C' = AB.

Fori=1"n
Forj=174¢q
Ci’j =0
Fork=1p
Ci; =Cij+ AixBy,j
End k
End j
End en ¢

Algorithm 4.1: Product of two matrices: “scalar product” algorithm.

Data: A and B. Output: C = AB.

Fori=1/n
Forj=174¢q
Cz‘yj:()

End j
End ¢
For k=1 Tp
Fori=1/n
Forj=174¢q
Ci; =Cij+ AixBy,j
End j
End ¢
End &

Algorithm 4.2: Product of two matrices: “tensor product” algorithm.

B are accessed either along their rows or columns, which is not executed with
the same speed depending on the way they are stored in the memory of the
computer. In both algorithms, the order of the loops in 7 and j can be changed.
Actually, we obtain as many algorithms as there are possible arrangements of
the three loops in 4, j, k (check it as an exercise).

Obviously, the matrix product is a too simple operation to convince the
reader of the usefulness of writing an algorithm in pseudolanguage. Never-
theless, one should be reassured: more difficult operations will soon arrive!
Let us emphasize again the essential contributions of the script in pseudolan-
guage: on the one hand, it provides a good understanding of the sequencing
of the algorithm, and on the other hand, it enables one to accurately count
the number of operations necessary to its execution.

4.2 Operation Count and Complexity

The performance or the cost of an algorithm is mainly appraised by the num-
ber of operations that are required to execute it. This cost also depends on
other factors such as the necessary number of registers of memory and the
number of memory accesses to look for new data, but we neglect them in
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the sequel. An algorithm will be the more efficient, the fewer operations it
requiers.

Definition 4.2.1. We call the number of multiplications and divisions re-
quired to execute an algorithm its complexity.

We neglect all other operations such as additions (much quicker than mul-
tiplications on a computer) or square roots (much scarcer than multiplications
in general), which makes simpler the counting of operations. If the algorithm
is carried out on a problem of size n (for instance, the order of the matrix or
the number of entries of a vector), we denote by N,,(n) its complexity, or its
number of operations. The exact computation of N,y,(n) is often complex or
delicate (because of boundary effects in the writing of loops). We thus con-
tent ourselves in finding an equivalent of N,,(n) when the dimension n of the
problem is very large (we talk then about asymptotic complexity). In other
words, we only look for the first term of the Taylor expansion of N,,(n) as n
tends to infinity.

Thanks to the transcription of the algorithm into pseudolanguage, it is easy
to count its operations. At this stage we understand why a pseudolanguage
script should avoid redundant or useless computations; otherwise, we may
obtain a bad operation count that overestimates the actual number of opera-
tions. In both examples above (matrix product algorithms), the determination
of Nyp(n) is easy: for each i, 7, k, we execute a multiplication. Consequently,
the number of operations is npq. If all matrices are square, n = p = ¢, we get

the classical result N,,(n) =~ n>.

4.3 The Strassen Algorithm

It was believed for a long time that the multiplication of matrices of order
n could not be carried out in fewer than n® operations. So the discovery of
a faster algorithm by Strassen in 1969 came as a surprise. Strassen devised
a very clever algorithm for matrix multiplication that requires many fewer
operations, on the order of

Nop(n) = O(n'°827) with log, 7 ~ 2.81.

It may seem pointless to seek the optimal algorithm for the multiplication of
matrices. However, beyond the time that can be saved for large matrices (the
Strassen algorithm has indeed been used on supercomputers), we shall see
in the next section that the asymptotic complexity of matrix multiplication
is equivalent to that of other operations clearly less trivial, such as matrix
inversion. The Strassen algorithm relies on the following result.

Lemma 4.3.1. The product of two matrices of order 2 may be done with 7
multiplications and 18 additions (instead of 8 multiplications and 4 additions
by the usual rule).
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Proof. A simple computation shows that

ab af\ _ [mi+mg—my+mg my + ms
cd xya mg + my me —mg +ms —my )’

with
—(b—d)(y+0), ms=a(F-0),
=(a+d)(a+90), me=d(y—a),
=(a—c)(a+p), mr;=(c+d)e,
myg = (a + b)0.
We count indeed 7 multiplications and 18 additions. O

Remark 4.3.1. We note that the multiplication rule of Strassen in the above
lemma is also valid if the entries of the matrices are not scalars but instead
belong to a noncommutative ring. In particular, the rule holds for matrices
defined by blocks.

Consider then a matrix of size n = 2¥. We split this matrix into 4 blocks
of size 2871, and we apply Strassen’s rule. If we count not only multiplications
but additions too, the number of operations N,,(n) to determine the product
of two matrices satisfies

Nop(2F) = TN, (2F71) 4 18(2F1)2,

since the addition of two matrices of size n requires n? additions. A simple
induction yields

k—1
Nop(2¥) = TENop (1) + 18 Y 74R 17 < 7% (N, (1) + 6) .
=0

We easily deduce that the optimal number of operations N,,(n) satisfies for
all n,
Nop(n) < Cnlo%27  with  log, 7 ~ 2.81.

Since Strassen’s original idea, other increasingly complex algorithms have been
devised, whose number of operations increases more slowly for n large. How-
ever, the best algorithm (in terms of complexity) has not yet been found. As
of today, the best algorithm such that N,,(n) < Cn® has an exponent « close
t0 2.37 (it is due to Coppersmith and Winograd). It has even been proved that
if there exists an algorithm such that P(n) < Cn®, then there exists another
algorithm such that P(n) < C'n® with o/ < . Unfortunately, these “fast”
algorithms are tricky to program, numerically less stable, and the constant
C' in N,p(n) is so large that no gains can be expected before a value of, say,
n = 100.
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4.4 Equivalence of Operations

We have just seen that for an operation as simple as the multiplication of
matrices, there exist algorithms whose asymptotic complexities are quite dif-
ferent (n? for the standard algorithm, n'°827 for Strassen’s algorithm). On the
other hand, in most cases the best algorithm possible, in terms of complex-
ity, is not known for mathematical operations such as matrix multiplication.
Therefore, we cannot talk about the complexity of an operation in the sense
of the complexity of its best algorithm. At most, we shall usually determine
an upper bound for the number of operations (possibly improvable). Hence,
we introduce the following definition.

Definition 4.4.1. Let N,,(n) be the (possibly unknown) complezity of the best
algorithm performing a matriz operation. We call the following bound

Nep(n) < Cn® ¥n >0,

where C' and « are positive constants independent of n, the asymptotic com-
plexity of this operation, and we denote it by O(n®).

An amagzing result is that many of matrix operations are equivalent in
the sense that they have the same asymptotic complexity. For instance, al-
though, at first glance, matrix inversion seems to be much more complex, it
is equivalent to matrix multiplication.

Theorem 4.4.1. The following operations have the same asymptotic complex-
ity in the sense that if there exists an algorithm executing one of them with a
complezity O(n®) where o > 2, then it automatically yields an algorithm for
every other operation with the same complexity O(n%):

(i) product of two matrices: (A, B) — AB,

(ii) inversion of a matriz: A — A71,
(#ii) computation of the determinant: A —— det A,
(iv) solving a linear system: (A,b) —s x = A~'b.

Proof. The difficulty is that Theorem 4.4.1 should be proved without know-
ing the algorithms, or the exact exponent . We prove only the equivalence
between (i) and (é¢) (the other equivalences are much harder to prove). Let
I(n) be the number of operations required to compute A~! by a given algo-
rithm. We assume that there exist C' and « such that I(n) < Cn®. Let us
show that there exists an algorithm that computes the product AB whose
number of operations P(n) satisfies P(n) < C'n® with the same exponent «
and C’ > 0. First of all, we note that

TA0\ " (I
0IB =|0 I -B
001 00
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Consequently, the product AB is obtained by inverting a matrix that is 3
times larger. Hence
P(n) < I(3n) < C3%n®.

Now let P(n) be the number of operations needed to compute AB by a given
algorithm. We assume that there exist C' and « such that P(n) < Cn®. Let
us show that there exists an algorithm that computes A~! whose number of
operations I(n) satisfies I(n) < C'n® with the same exponent o and C’ > 0.
In this case, we notice that

<A B>1 _ (A—l + A 1BA-1CAT —A—lBA—1>

CD _A-loA- A-l (4.3)

with A = D — CA~!B an invertible matrix (sometimes the called Schur
complement). Therefore, to evaluate the inverse matrix on the left-hand side
of (4.3), we can successively compute

the inverse of A;

the matrix X; = A~!B;

the Schur complement A = D — CXjy;

the inverse of A;
the matrices Xy = XlA_l, X3 = CA_I, Xy = A_l)(?,7 and X5 = X5 X3.

The left-hand side of (4.3) is then equal to

A_l —+ X5 XQ
X4 AL

Since this method requires 2 inversions and 6 multiplications, we deduce that
I(2n) < 2I(n) 4+ 6P(n),

if we neglect additions (for simplicity). By iterating this formula for n = 2,
we get

k-1 k-1
12F) <2"I(1)+ 6> 2" 7'p(2) < C (2’“ +) 2“1+M> .

i=0 i=0
Since a > 2, we infer
I(2F) < 2%,
If n # 2F for all k, then there exists k such that 2¥ < n < 2¥*1, We inscribe
the matrix A in a larger matrix of size 2F+1:

~ (A0 . 1 (AP0
A_<OI> with A —< 0 I)’
where I is the identity of order 251 — n. Applying the previous result to A
yields
I(n) < C/(2k+1)0¢ < Clzana’
which is the desired result. |
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4.5 Exercises

Warning: for the following exercises do not use Matlab except where explicitly
requested.

4.1 (). Let u and v be two vectors of R™, and let A and B be two square
matrices of M,,(R).

1

. Find the numbers of operations required to compute the scalar product

{u,v), the Euclidean norm |Ju||2, and the rank-one matrix uv’.

. Find the numbers of operations required to compute the matrix-vector

product Au, and the matrix product AB.

. For n = 100k, with £k = 1,...,5, estimate the running time of Matlab

(use the functions tic and toc) for computing the product of two matrices
A=rand(n,n) and B=rand(n,n). Plot this running time in terms of n.

. Assume that this running time is a polynomial function of n, so that for

n large enough, T'(n) ~ Cn®. In order to find a numerical approximation
of the exponent s, plot the logarithm of T" in terms of the logarithm of n.
Deduce an approximate value of s.

4.2 (%). In order to compute the product C = AB of two real square matrices
A and B, we use the usual algorithm

n
Cij = E a;rbrj, 1<1,5<n,
k=1

with the notation A = (ai,j)lgi)jgn, B = (bi,j)lgi,jgna and C = (Ci,j)lgi,jgn-

1.

Prove that if A is lower triangular, then the computational complexity for
the product C = AB is equivalent to n3/2 for n large (recall that only
multiplications and divisions are counted).

. Write, in pseudolanguage, an algorithm that makes it possible to compute

the product C' = AB of a lower triangular matrix A with any matrix B
that has the computational complexity n®/2.

. We assume henceforth that both matrices A and B are lower triangular.

Taking into account their special structure, prove that the computational
complexity for the product C' = AB is equivalent to n?/6.

. Write a function LowTriMatMult that performs the product of two lower

triangular matrices, exploiting the sparse structure of these matrices.
Compare the results obtained with those of Matlab.

. Write a function MatMult that executes the product of two matrices (with-

out any special structure). Compare the computational time of this func-
tion with that of LowTriMatMult for computing the product of two lower
triangular matrices.

. Fix n = 300. Define a=triu(rand(n,n)) and b=triu(rand(n,n)). Find

the running time t¢; for computing the product a*b. In order to ex-
ploit the sparse structure of the matrices, we define sa=sparse(a),
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sb=sparse(b). Find the running time ¢2 for the command sa*sb. Com-
pare t1; and t,.

4.3. Let A and B be square matrices of M,,(R), and u a vector of R™.

1. If A is a band matrix (see Definition 6.2.1), compute the computational
complexity for computing Au (assuming n large) in terms of the half-
bandwidth p and of n.

2. If A and B are two band matrices, of equal half-bandwidths p, prove that
the product AB is a band matrix. Find the computational complexity for
computing AB.

4.4. Write a function Strassen that computes the product of two matrices
of size n x n, with n = 2*, by the Strassen algorithm. It is advised to use the
recursiveness in Matlab, that is, the possibility of calling a function within
its own definition. Check the algorithm by comparing its results with those
provided by Matlab. Compare with the results obtained with the function
MatMult.

4.5. Let A, B, C, and D be matrices of size n x n. Define a matrix X of size

2n x 2n by
A B
X_<C D)'

We assume that A is nonsingular as well as the matrix A= D — CA~'B (A
is called the Schur complement of X). Under these two assumptions, check
that the matrix X is nonsingular, and that its inverse is

_A—lch—l A_l (44)

Y-1_ <A1 + A7 'BATICAT! —AlBAl)
Compute the inverse of a 2n x 2n matrix by implementing (4.4) in Matlab.
Use the command inv to compute the inverses of the blocks of size n x n, then
try to minimize the number of block products. Compare your results with the
standard command inv(X).
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Linear Systems

We call the problem that consists in finding the (possibly multiple) solution
x € KP, if any, of the following algebraic equation

Az =b (5.1)

a linear system. The matrix A € M,, ,(K), called the “system matrix,” and
the vector b € K", called the “right-hand side,” are the data of the problem;
the vector x € KP? is the unknown. As usual, K denotes the field R or C.
The matrix A has n rows and p columns: n is the number of equations (the
dimension of b) and p is the number of unknowns (the dimension of z).

In this chapter, we study existence and uniqueness of solutions for the lin-
ear system (5.1) and we discuss some issues concerning stability and precision
for any practical method to be used on a computer for solving it.

5.1 Square Linear Systems

In this section, we consider only linear systems with the same number of
equations and unknowns: n = p. Such a linear system is said to be square
(like the matrix A). This particular case, n = p, is very important, because
it is the most frequent in numerical practice. Furthermore, the invertibility of
A provides an easy criterion for the existence and uniqueness of the solution.
Note that it is only in the case n = p that the inverse of a matrix can be
defined.

Theorem 5.1.1. If the matrixz A is nonsingular, then there exists a unique
solution of the linear system Ax = b. If A is singular, then one of the following
alternatives holds: either the right-hand side b belongs to the range of A and
there exists an infinity of solutions that differ one from the other by addition
of an element of the kernel of A, or the right-hand side b does not belong to
the range of A and there are no solutions.
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The proof of this theorem is obvious (see [10] if necessary), but it does not
supply a formula to compute the solution when it exists. The next proposition
gives such a formula, the so-called Cramer formulas.

Proposition 5.1.1 (Cramer formulas). Let A = (ay|...|a,) be a nonsin-
gular matriz with columns a; € R™. The solution of the linear system Ax =b
18 given by its entries:

_ det (CL1| NN |ai_1|b|ai+1| N |an)
’ det A ’

1<e<n.

Proof. Since the determinant is an alternate multilinear form, we have for
all j # 1,
det (a1]...|a;j—1|Aa; + pajlaiyi| ... |an) = Adet A

for all A and v in K. The equality Az = b is equivalent to b = ;" | x;a;, that
is, the z; are the entries of b in the basis formed by the columns a; of the
matrix A. We deduce that

det (Cl1| . |a,‘_1‘ b \ai+1| . |Cln) = T; det A,

which is the aforementioned formula. O

Let us claim right away that the Cramer formulas are not of much help
in computing the solution of a linear system. Indeed, they are very expensive
in terms of CPU time on a computer. To give an idea of the prohibitive
cost of the Cramer formulas, we give a lower bound ¢, for the number of
multiplications required to compute the determinant (by the classical row
(or column) development method) of a square matrix of order n. We have
en =n(l4c¢n-1) > ne,—1 and thus ¢, > n! =n(n—1)(n—2)--- 1. Therefore,
more than (n 4 1)! multiplications are needed to compute the solution of
problem (5.1) by the Cramer method, which is huge. For n = 50, and if the
computations are carried out on a computer working at 1 gigaflop (i.e., one
billion operations per second), the determination of the solution of (6.1) by
the Cramer method requires at least

51!
(365 - 24 - 60 - 60) - (109)

~ 4.8 x 10% years!!!

Even if we use a clever way of computing determinants, requiring say the
order of n® operations, the Cramer formulas would yield a total cost of order
n®*t!, which is still prohibitive, since Theorem 4.4.1 claims that computing
a determinant or solving a linear system should have the same asymptotic
complexity. We shall study in Chapter 6 methods that require a number of
operations on the order of n?, which is much less than n!; the same computer
would take 10™* seconds to execute the n® operations for n = 50. Let us check
that Matlab actually solves linear systems of size n in O(n3) operations. In
Figure 5.1 we display the computational time required by the command A\b,
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where the entries of A, an n X n matrix, are chosen randomly. The results are
displayed with a log-log scale (i.e., In(time) in terms of In(n)) in Figure 5.1
for 10 values of n in the range (100, 1000). If the dependence is of the form
time(n) = an? + O(nP~ 1), a >0,
taking the logarithms yields
In(time(n)) = pln(n) + In(a) + O(1/n).

The plotted curve is indeed close to a line of slope 3; hence the approximation
p ~ 3. In practice, the slope p is larger than 3 (especially for large values of
n) because in addition to the execution time of operations, one should take
into account the time needed to access the data in the computer memory.

-1t
log(CPU)
-3
—5r
=7 x":— straight line with slope 3
o log(n) |

45 5 55 6 65 7
Fig. 5.1. Running time for solving Az = b (command A\b of Matlab) in terms of n.

To conclude, the Cramer formulas are never used, because they are too
expensive in terms of computational time. It is an example, among many
others, that an elegant concept from a theoretical viewpoint is not necessarily
practical and efficient from a numerical viewpoint.

The next chapters are devoted to various methods for solving linear sys-
tems like (5.1). Before studying the general case, corresponding to any non-
singular matrix, let us review some simple particular cases:

X If Ais a diagonal matrix, it is clear that the computation of the solution x
of (5.1) is performed in just n operations. Recall that we take into account
only multiplications and divisions and not additions and subtractions.

X If A is a unitary matrix, the solution is given by x = A~'b = A*b. Since
transposition and complex conjugation require no operations, such a com-
putation boils down to a matrix multiplied by a vector, which is performed
in n? operations.
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X If Ais a triangular matrix (lower for instance), then (5.1) reads

a1,1 0 N ce 0 2 bl
as1 Q2.2 Z2 b
Ty by —
(p-1,1 Qp_1,2 p—1n—1 O n—l ’b’ 1
T
an, 1 ap, 2 cee Gn,n—1 An.on n n

The solution can be computed by the so-called forward substitution al-
gorithm (Algorithm 5.1). We first compute 1 = b1/a1,1; then, using this
value of 1, we obtain xs = (ba — ag,121)/as,2; and so on up to z,. For an
upper triangular matrix, we use a “back substitution algorithm,” i.e., we
compute the entries of x in reverse order, starting from x,, up to .

Data: A,b. Output: = A~1b.
Fori=1,/n
s=0
Forj=1i-1
s =5+ Ai,jitj
End j
Tr; = (bz — S)/AWL
End i

Algorithm 5.1: Forward substitution algorithm.

To compute the n entries of x, we thus perform

e 14+2+---+n—1=n(n—1)/2 multiplications

e n divisions
This is a total number of order n?/2 operations. Note that this algorithm
gives the solution x without having to compute the inverse matrix A~!:
this will always be the case for any efficient algorithm for solving linear
Systems.

Since it is very easy to solve a linear system whose matrix is triangular,
many solution methods consist in reducing the problem to solving a triangular
system. Examples of such methods are given in the next chapters. We shall
remember at this stage that solving a triangular linear system requires (on
the order of ) n?/2 operations.

Remark 5.1.1. To solve a linear system, it is not necessary to compute A~".
We have just seen this with the Cramer formulas and the case of a triangular
matrix. In general, solving a linear system does not require that one compute
the inverse matrix A~! because it is too expensive.

Conversely, if we have at our disposal an algorithm to solve the linear
system Az = b, then we easily infer a method for determining the inverse
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matrix A~!. Indeed, if we denote by (e;)1<i<n the canonical basis of K™ and
x; the solution of the system with e; as right-hand side (i.e., Az; = e;), then
the matrix with columns (z;)1<;<y, is nothing but A=

Remark 5.1.2. When solving a linear system, we use neither the diagonaliza-
tion nor the triangularization properties of the matrix A. Obviously, if we
explicitly knew such a factorization A = PTP~!, solving the linear system
would be easy. However, the trouble is that computing the diagonal or trian-
gular form of a matrix comes down to determining its eigenvalues, which is
much harder and much more costly than solving a linear system by classical
methods.

Remark 5.1.3. If one wants to minimize the storage size of a triangular (or
symmetric) matrix, it is not a good idea to represent such matrices A €
M, (R) by a square array of dimension n x n. Actually, half the memory space
would suffice to store the n(n + 1)/2 nonzero entries of A. It is thus enough
to declare a vector array STOREA of dimension n(n + 1)/2 and to manage
the correspondence between indices (¢,7) and index k such that A(i,j) =
STOREA (k). We easily check that k(i,j) = j+i(¢—1)/2 if the upper triangular
matrix A is stored row by row; see Exercise 5.3.

5.2 Over- and Underdetermined Linear Systems

In this section we consider linear systems of the form (5.1) with different
numbers of equations and unknowns, n # p. When n < p, we say that the
system is underdetermined: there are more unknowns than equations (which
allows more “freedom” for the existence of solutions). When n > p, we say
that the system is overdetermined: there are fewer unknowns than equations
(which restricts the possibility of existence of solutions). In both cases, let us
recall a very simple but fundamental result [10].

Theorem 5.2.1. There exists at least one solution of linear system (5.1) if
and only if the right-hand side b belongs to the range of A. The solution is
unique if and only if the kernel of A is reduced to the zero vector. Two solutions
differ by an element of the kernel of A.

When n # p, there is no simpler criterion for the existence of solutions to a
linear system. We can only indicate, in a heuristic fashion, that it is more likely
for these to be solutions to an underdetermined system than to an overdeter-
mined one. Let us recall in any case the following obvious consequence of the
rank theorem.

Lemma 5.2.1. If n < p, then dim Ker A > p —n > 1, and if there exists a
solution of the linear system (5.1), there exists an infinity of them.
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To avoid this delicate existence issue of the solution to a nonsquare linear
system, there is another way of looking at it by considering it as a “least
squares problem,” in other words, a “generalized” or approximate solution, in
the sense of least squares fitting, is called for. Chapter 7 is dedicated to this
topic.

5.3 Numerical Solution

We now focus on the practical aspects for solving numerically a linear system
on a computer. We have already seen that solution algorithms have to be very
efficient, that is, fast (by minimizing the number of performed operations),
and sparing memory storage. Furthermore, there is another practical requisite
for numerical algorithms: their accuracy. Indeed, in scientific computing there
are no exact computations! As we shall see below in Section 5.3.1, a computer’s
accuracy is limited due to the number of bits used to represent real numbers:
usually 32 or 64 bits (which makes about 8 or 16 significant digits). Therefore,
utmost attention has to be paid to the inevitable rounding errors and to their
propagation during the course of a computation. The example below is a
particularly striking illustration of this issue.

Example 5.3.1. Consider the following linear system:

8 6 4 1 19 1
1 4 5 1 11 1
8 4 1 1| {ua|~7" |1
1 4 3 6 14 1

If we slightly modify the right-hand side, we obtain a very different solution:

8 6 4 1 19.01 —9.34
14 5 1 11.05 9.745
8 4 1 1|77 {1407 7% | —as85
1 4 3 6 14.05 —1.34

This example shows that small errors in the data or in intermediate results
may lead to unacceptable errors in the solution. Actually, the relative error
in the solution, computed in the ||.||s norm, is about 2373 times larger than
the relative error on the right-hand side of the equation. This amplification of
errors depends on the considered matrix (for instance for the identity matrix
there are no amplifications of errors). One has therefore to make sure that
numerical algorithms do not favor such an amplification. Such a property is
called stability.

Remark 5.3.1. Numerical methods (or algorithms) for solving linear systems
have to be at the same time efficient and stable. This is really a crucial issue,
especially for so-called iterative methods (see Chapter 8). Their name is in
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opposition to direct methods (see Chapter 6), which would compute the exact
solution if there were no rounding errors (perfect or exact arithmetic). On the
other hand, iterative methods compute a sequence of approximate solutions
that converges to the exact solution: in such a case, stability is a necessary
condition.

5.3.1 Floating-Point System

We briefly discuss the representation of numbers in digital computers and its
associated arithmetic, which is not exact and is of limited accuracy, as we
anticipated. Since digital computers have a finite memory, integers and real
numbers can be (approximately) represented by only a finite number of bits.
Let us describe a first naive representation system.

Fixed-Point Representation. Suppose that p bits are available to code
an integer. Here is a simple way to do it. The first bit is used to indicate
the sign of the integer (0 for a positive integer and 1 for a negative one),
the p — 1 other bits contain the base-2 representation of the integer. For
example, for p = 8, the positive integers 11 = 1 x 23 +1 x 2! +1 x 2° and
43 =1x2°4+1x2341x2' +1 x 2% are encoded as

o[ofo[o[t]o[1[1]  and [o[o]]0[t[0[1[1]

For negatives integers, the complement representation can be used: it consists
in reversing the bits (0 becomes 1 and 1 becomes 0). For example, —11 and
—43 are encoded as

[[1[1]t[o[t[o[o] and [1]1]o[1[0[1]0[0
Integers outside the interval [-2P~1 2P~ —1] cannot be encoded in the fixed-
point representation, which is a severe limitation! The same difficulty arises
for real numbers too. Therefore, there is a need for another representation.
We now describe a more elaborate representation system, which is used by all
computers dedicated to scientific computing.

Floating-Point Representation. For given integers b, p, Nmin, and Nmax,
we define the floating-point numbers as real numbers of the form

+(0.dy ...dy) x b,

with dl 7é 07 0 S dz S b— 17 and —TNmin S n S Tmax- We denote by F the
(finite) set of all floating-point numbers. In this notation,

1. b is the base. The most common bases are b = 2 (binary base), b = 10
(decimal base), and b = 16 (hexadecimal base).

2. N € [~Nmin, Nmax) is the exponent that defines the order of magnitude of
the numbers to be encoded.
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3. The integers d; € [0,b— 1] are called the digits and p is the number of
significant digits. The mantissa or significand is the integer m = d; ... d,,.
Note that

p
mx b = (O.dy .. dy) X BT =b"Ydibh
k=1

The following bounds hold for floating-point numbers

Gmin S |a| S Gmax Va € -7:7
where ap, = b~ (Pmint1) corresponds to the case dy = 1, dy = --- = d, = 0,
and n = —Nmin, Gmax = 0™ (1 — b~P) corresponds to the case n = nyax and
dy = ...dy, = (b—1). In other words, amin is the smallest positive real number,

and amax the largest one, that can be represented in the set of floating-point
numbers. Smaller numbers produce an underflow and larger ones an overflow.
Computers usually support simple precision (i.e., representation with 32 bits)
and double precision (i.e., representation with 64 bits). In the single-precision
representation, 1 bit is used to code the sign, 8 bits for the exponent, and 23
bits for the mantissa (for a total of 32 bits). In the double-precision represen-
tation, 1 bit is used to code the sign, 11 bits for the exponent, and 52 bits for
the mantissa (for a total of 64 bits). The precise encoding is system dependent.
For example, in a single precision representation, 356.728 is encoded

[o][o[ofo[o[ofofo[3][3[5[6]7[2[8[0[o[ofo[o[o[o[o[oo]o[o]o[o[o[o]o]

in the decimal base and 81.625 = 26 + 2% +20 + 271 4 273 = (271 4+ 273 4
277+ 278 + 2719)27 is encoded

[ol[o[o[o[ojoft]1]1[[1]ox[o[o[o[1]1]o[1[o[o[ofo[o[o[o[ofojo[o[o[o]

in the binary base. In practice, the floating-point representation is more elabo-
rate than these simple examples. For example, in the binary base, the first digit
of the mantissa is always 1, hence it is not necessary to store it. By the same
token, the exponent is encoded as an unsigned number by adding to it a fixed
“bias” (127 is the usual bias in single precision). Let us consider again the real
number 81.625 written this time as 81.625 = (2° +272 42764277 4 279)26,
The biased exponent to be stored is 127 + 6 = 27 + 22 + 29, and the complete
encoding is (compare with the previous encoding)

[o]2[o[o[o[o[t[o[t][o[2]ofo[o[1]1]o[1]o[o[o[o[o[oo]o[o]o[o[o[o]o]

The mapping from real number to floating-point numbers is called the
floating-point representation or the rounding. Let fi(z) be the floating-point
number associated to the real number x. The following equality holds for all
real numbers & € [amin, Gmax] U {0}:

fl(z) =z(1+¢),
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with |e| < €machines and Emachine = %blfp, a number called the machine
precision. Typically, for a computer with binary 32-bit single precision (b = 2,
p = 23), the machine precision is €machine = 272° ~ 11.9 x 1078, while for
a binary 64-bit double precision computer €machine = 27 °% ~ 2.2 x 10716
(the exponents in €,,4chine €xplain the 8 or 16 significant digits for single or
double-precision arithmetic). Concerning other properties of the floating-point
numbers (for example their distribution and the effect of rounding), we refer
the reader to the sections in [6], [13], and [15] devoted to the floating-point
system.

Floating-Point Arithmetic. A key issue is to quantify the precision of the
computer realization of an elementary arithmetic operation. Let us consider
the case of the operation +. The same holds true for the other operations —,
x, and +. Of course, the sum of two floating-point numbers is usually not
a floating-point number. We denotes by + the computer realization of the
addition: for real numbers x and vy,

oty = fL(fU(z) + fly)).

Unlike the operation -+, this operation is not associative: (z4+y)+z # z+(y+2).
Overflow occurs if the addition produces a too-large number, |zFy| > amax,
and underflow occurs if it produces a too-small number, |x—T—y| < Qmin. Most
computer implementations of addition (including the widely used IEEE arith-
metic) satisfy the property that the relative error is less than the machine
precision: B

(z+y) — (z +y)

Tty

S Emachine;

assuming z+y # 0 and amin < |2, |y| < @max. Hence the relative error on one
single operation is very small, but this is not always the case when a sequence
of many operations is performed.

We will not study the precise roundoff, or error propagation, of vectorial
operations (such as scalar product and matrix-vector product) or numerical
algorithms presented in this book, and we refer the reader to [7] for more
details.

Let us conclude this section by saying that underflow and overflow are
not the only warning or error messages produced by a floating-point represen-
tation. Forbidden operations (like dividing by zero) or unresolved operations
(like 0+0) produce, as an output, NaN (which means not a number) or Inf (in-
finity). In practice, obtaining a NaN or Inf is a clear indication that something
is going wrong in the algorithm!

5.3.2 Matrix Conditioning

To quantify the rounding error phenomenon, we introduce the notion of matrix
conditioning. It helps to measure the sensitivity of the solution x of the linear
system Az = b to perturbations of the data A and b (we assume that A is
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a nonsingular square matrix and that b is nonzero). Let € > 0 be a small
parameter of data perturbation. We define A, and b., perturbations of A and
b, by

A. = A+¢eB, Be M,(K), b: =b+ey, ve K™ (5.2)
Since A is nonsingular, A, is also nonsingular for € small enough (see Remark
3.3.2), and we denote by z. the solution of the system

A.x. = b,. (5.3)

We remark that A-! = (I +eA71B)"1A~! and using Proposition 3.3.1 for €
small, we have (I + A7 1B)™! =T — A~ B + O(¢?). Consequently, we can
write an asymptotic expansion of x. in terms of e:

r.=(IT+eA'B)Y P A7 b+ ev)
=[I-cA"'B+0()]|(xz+eA'y)
=x+eA ! (y - Bx) + O(c?),
where O(e?) denotes a vector y € K™ such that |ly|| = O(e?) in a given vector

norm. Noting that ||b]] < ||A]| ||z||, we have the following upper bounds for a
vector norm and its corresponding matrix norm:

_ Bl
e — x| <e|z|||A7 || A {||’V+|| }—i—O e2). 5.4
e =l < el 1A 14D { i + 7 | +OED (65

Definition 5.3.1. The condition number of a matriz A € M,,(K), relative to
a subordinate matriz norm |||, is the quantity defined by

cond(A) = [[A][[|A7"].

Note that we always have cond(A4) > 1, since 1 = ||I|| = ||AA7}Y| <
| A]| |A~Y]|. Inequality (5.4) reads then as

[Ac — Af [l — b
1Al 6]l

e T < cond(A) { } +O(2). (5.5)
This upper bound shows that the relative error (to first-order in ) in « is
bounded from above by cond(A) times the relative error in A and b. The
condition number cond(A) thus measures the conditioning or the sensitivity
of the problem Ax = b to perturbations in the data A or b. Even if the
relative error in data A and b is small, the relative error in the solution x
may be large if the quantity cond(A) is large. In other words, the condition
number measures the amplification of errors in the data (right-hand side b or
matrix A). We can establish a more accurate upper bound than (5.5) if we
perturb only one datum, b or A.

Proposition 5.3.1. Let A be a nonsingular matriz and b # 0 a vector.
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1. If x and x + dx are respectively the solutions of the systems

Az =b and A(x + dz) = b+ b,

et 621 |6t
Tl < Cond(A)W. (5.6)
2. If x and x + dx are respectively the solutions of the systems
Az =0b and (A+0A)(x + dx) = b, (5.7)
e o] Jod|
To+ 0a] = ond(A)W.

Furthermore, these inequalities are optimal.

Proof. To prove the first result, we observe that Adx = &b implies that
6] < ||A7Y| - ||6b]|. However, we also have ||b|| < ||Al|||z||, which yields

[[6z| 150]]
— < cond(A)—-.
] Il

This inequality is optimal in the following sense: for every matrix A, there
exists db and = (which depend on A) such that

loall _
El

[150]]

ond(A) ol

(5.8)

In fact, according to a property of subordinate matrix norms (cf. Proposition
3.1.1 in Chapter 3) there exist xg # 0 such that || Azg|| = || A|| ||zo| and 21 # 0
such that ||A~ || = ||A7Y|| ||z1]|. For b = Azg and §b = 21, we have x = x
and dx = A~ 'z;, and equality (5.8) holds.

To obtain the second result, we observe that

Abz + 6A(x + 0x) = 0 = ||6z|| < |A7Y| + ||6A]|||z + 6],

from which we deduce

162

[6A]
|z + dz|| —

cond(A) Al

To prove the optimality, we show that for any matrix A, there exist a per-
turbation 0A and a right-hand side b that satisfy the equality. Thanks to
Proposition 3.1.1 there exists y # 0 such that ||A~1y| = ||[A7Y|||y||- Let € be
a nonzero scalar. We set A = eI and b = (A + 6A)y. We then check that
y = y+ 0z and dz = —eA~1y, and since ||§A| = |e|, we infer the desired
equality. a
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In practice, the most frequently used conditionings are
cond,(A) = [|A[|,[|[ A7, for p = 1,2, 400,

where the matrix norms are subordinate to the vector norms ||.||,. For in-
stance, for the matrix in Example 5.3.1, we have cond..(A) ~ 5367, which
accounts for the strong amplification of small perturbations of the right-hand
side on the solution. Let us note at once that the upper bound (5.6), while
optimal, is in general very pessimistic; see Remark 5.3.3.

We now establish some properties of the condition number.

Proposition 5.3.2. Consider a matriz A € M, (C).

1. cond(A) = cond(A™1), cond(ad) = cond(A) Va # 0.
2. For any matriz A,
A
conds(4) = i (4)

fin(A)’
where p,(A) and pi(A) are respectively the smallest and the largest sin-
gular values of A.

3. For a normal matriz A,

(5.9)

| Amax (4)]
|>‘min(A)|

where |Amin(A4)| and | Amax(A)| are respectively the modulus of the smallest
and largest eigenvalues of A.

4. For any unitary matriz U, conds(U) = 1.

5. For any unitary matriz U, conds(AU) = condy(UA) = conds(A).

condy(A) = = o(A)o(A™Y), (5.10)

The proof of this proposition follows directly from the properties of the sub-
ordinate norm || - [|o.

Remark 5.3.2. Equality (5.10) is optimal, in the sense that for any matrix
norm, we have

cond(A4) = [A][|[ATH] > o(A)o(A™).

In particular, for a normal matrix A, we always have cond(A) > condy(A4).

A matrix A is said to be “well conditioned” if for a given norm, cond(A) =
1; it is said to be “ill conditioned” if cond(A) > 1. Unitary matrices are
very well conditioned, which explains why one has to manipulate, whenever
possible, these matrices rather than others.

Since all norms are equivalent in a vector space of finite dimension, the
condition numbers of matrices in M,, (K) are equivalent in the following sense.

Proposition 5.3.3. Conditionings cond;, conds, and cond., are equivalent:

n~!conda(A) < cond;(A) < ncondy(A),
n~tcondy (A) < conda(A) < ncondy(A),
n~2cond; (A)

<
< condy (A) < n?cond; (A).
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Proof. The inequalities follow from the equivalences between the matrix
norms || - ||1, || - |l2, and || - ||oo, Which in turn follow from the equivalences
between the corresponding vector norms. O

Remark 5.5.53. The upper bound (5.6), while optimal, is in general very pes-
simistic, as is shown by the following argument, based on the SVD decompo-
sition. Let A = VX U* be the SVD decomposition of the nonsingular square
matrix A with X' = diag (u;) and g3 > -+ > pp, > 0. We expand b (respec-
tively ) in the basis of columns v; of V' (respectively wu; of U)

n n
b= E bivi, == E TiU;.
i=1 i=1

We consider a perturbation b that we write in the form 6b = el|b|l2 >, d;v;,
with ¢ > 0 and Y_;,|6;|*> = 1, so that ||0b]ls = ¢]|b]|2. Let us show that
equality in (5.6) may occur only exceptionally if we use the Euclidean norm.
Observing that Au; = u;v;, we have

S5
r;=— and dx; = ¢||blla—,
i i

and since the columns of U and V are orthonormal, the equality in (5.6) occurs
if and only if

n di |2
i pi 2 17

=3

Setting ¢; = b;/||b||2, this equality becomes

n 2 n
Y = =
i=1 i=

(&5
11

e?blI3

2

)

di
Hi
that is,

-1

512 K N%52_ 2 = N% 2

622+ 37 B2 = feaP + 37 El el
=1 i i—o Mi

And since Y |62 = 31 |ei|* = 1, we have

— H2 2 - H:f 2
7”*1 51 = 771 Ci| -
Z(/ﬁ >| | Z<M2 )' |

i=1 L i=2 v

Since the left sum is nonpositive and the right sum is nonnegative, both sums
are zero. Now, all the terms of these two sums have the same sign; hence every
term of these sums is zero:

T (3
(g—l) |6;]% = 0 and (;—1) lci?=0for 1 <i<n.
7 7

i %
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We deduce that if p; # p, then §; = 0, and if p; # 1 then ¢; = 0. In other
words, the equality in (5.6) may occur only if the right-hand side b belongs to
the first eigenspace (corresponding to u1) of A*A and if the perturbation §b
belongs to the last eigenspace (corresponding to p,,) of A*A. This coincidence
seldom takes place in practice, which accounts for the fact that in general,
HH(ZEHH is much smaller than its upper bound cond(A)%. See on this topic an

example in Section 5.3.3 below.

Geometric interpretation of conds(A). We have seen (see Figure 2.2) that
the range, by the matrix A, of the unit sphere of R™ is an ellipsoid, whose
semiaxes are the singular values y;. Proposition 5.3.2 shows that the (2-norm)
conditioning of a matrix measures the flattening of the ellipsoid. A matrix is
therefore well conditioned when this ellipsoid is close to a sphere.

Another interpretation of conds(A4). The condition number conds(A) of
a nonsingular matrix A turns out to be equal to the inverse of the relative
distance from A to the subset of singular matrices in M,,(C). Put differently,
the more a matrix is ill conditioned, the closer it is to being singular (and
thus difficult to invert numerically).

Lemma 5.3.1. The condition number conds(A) of a nonsingular matriz A
1s equivalently defined as

L (1A= Bl
conda(A)  BeS, | A2 ’

where Sy, is the set of singular matrices of M, (C).
Proof. Multiplying the above equality by ||A||2 we have to prove that

1

o = Aot {[lA - B2} (5.11)
|A=1]s  Bes

If there were B € S, such that ||A — Blj2 < 1/||A7!||2, we would have
AT (A= B)|z < A7 |2 [A - BJl2 < 1,

and by Proposition 3.3.1 (and Lemma 3.3.1) the matrix I — A=}(A — B) =
A1 B would be nonsingular, whereas by assumption, B € S,,. Hence, we have

1
inf {||A— B >
é28{|‘ ||2} et ||A71H2

Now we show that the infimum in (5.11) is attained by a matrix By € Sy,

satisfying
1

A= 2

By virtue of Proposition 3.1.1 there exists a unit vector u € C", |julls = 1,
such that [[A7!|| = [|A~ u||2. Let us check that the matrix

|A = Bol2 =
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w(A~tu)*
By=A— — 2~
1A=13
satisfies the condition. We have
1 1 lu(A= u)* 2|2

1A = Bollz = =gz (A7 ) [l = s X
[A=H13 [A=H3 =20 ]2

Since u(A~tu)*z = (x, A" u)u and ||Atul|s = ||A71 |2, we deduce

[ (@, A7) [ AT ulla 1

1
||A— BO||2 = — max = — = — .
[A=H3 w20 a2 IA=YE A2

The matrix By indeed belongs to S, i.e., is singular because A~ 'u # 0 and

w(A 7 u)* A"y (A7 u, A~ Yu)u

BoA 'y =u — =u—
[A=H13 A=

=0.

O

Remark 5.3.4 (Generalization of the conditioning). If a nonzero matrix A is
not square or singular, we define its condition number relative to a given norm
by

cond(A) = || A|| |AT]],

where A" is the pseudoinverse of the matrix A. By Definition 2.7.2 we have

~ 1
ATl = [|ZF]l2 = —,
Hp
where p, is the smallest nonzero singular value of the matrix A. Denoting by
11 (A) the largest singular value of A, we obtain the following generalization
of (5.9):
A
condz(A) = i )
1p(A)

5.3.3 Conditioning of a Finite Difference Matrix

We return to the differential equation (1.1) and its discretization by finite
differences (see Section 1.1). When the coefficient c¢(x) is identically zero on
the interval [0,1], (1.1) is called the “Laplacian.” In this case, the matrix
A, resulting from the discretization by finite difference of the Laplacian, and
defined by (1.2), reads

2 -10...0

ATL:?’L2 0 -10 . (5.12)
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Lemma 5.3.2. For any n > 2, the linear system Ap,u™ = b™ has a unique
solution.

Proof. It suffices to show that A,, is nonsingular. An easy calculation shows

that
Apv,v) chv +n? <v1+vn1+z Vi — Vi_1) >,

which proves that the matrix A,, is positive definite, since ¢; > 0. Hence this
matrix is nonsingular. O

Its particularly simple form allows us to explicitly determine its 2-norm
conditioning. Recall that the reliability of the linear system solution associated
with A,, and thus of the approximation of the solution of the Laplacian, is
linked to the condition number of A,,. Being symmetric and positive definite
(see the proof of Lemma 5.3.2), its 2-norm conditioning is given by (5.10), so
it is equal to the quotient of its extreme eigenvalues.

We thus compute the eigenvalues and secondarily the eigenvectors of A,,.
Let p = (p1,...,pn_1)! be an eigenvector of A,, corresponding to an eigenvalue
A. Equation A, p = Ap reads, setting h = 1/n,

—pr_1+ (2= Ah2)pr — pry1 =0, 1<k<n-—1, (5.13)

with pg = p, = 0. We look for special solutions of (5.13) in the form p; =
sin(ka), 0 < k < n, where « is a real number to be determined. Relation
(5.13) implies that

{2 — 2cosa — Ah?} sin(ka) = 0.
In particular, for £k =1,
{2 — 2cos o — Ah?} sin(a) = 0.

Since « is not a multiple of 7, i.e., sin(a)) # 0 (otherwise p would be zero), we
infer that

2(1 —cosa)  4sin®(a/2)

h? B h? '
Moreover, the boundary conditions, pg = 0 and p,, = 0 imply that sin(na) = 0.
Therefore we find (n — 1) different possible values of «, which we denote by
ay =LUr/n for 1 < ¢ <n—1, and which yield (n — 1) distinct eigenvalues of
A, (i.e., all the eigenvalues of A, since it is of order n — 1):

A=

Ae = %sm (f%) (5.14)

Each eigenvalue A\, is associated with an eigenvector p, whose entries are

(sin[ﬁlmr/n])k . The n — 1 eigenvalues of A, are positive (and distinct),
=1
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0< A1 <-+- < Ap_1, which is consistent with the fact that the matrix A, is
positive definite. The condition number of the symmetric matrix A,, is thus

sin? (5252 )
conds(4,) = ——————=.
sin? (%)

When n tends to 400 (or h tends to 0), we have

condg(Ay) &~ — = ——

We deduce that lim,,_,; conds(A,) = 400, so A4, is ill conditioned for n
large. We come to a dilemma: when n is large, the vector u,, (discrete solution
of the linear system) is close to the exact solution of the Laplacian (see The-
orem 1.1.1). However, the larger n is, the harder it is to accurately determine
Uy, because of rounding errors, the computer provides an approximate solu-
tion 1, that may be very different from u(™ if we are to believe Proposition
5.6, which states that the relative error on the solution is bounded from above
as follows:

@t — ut ], 146y 4 o AL

< cond(A, N —nf———-,
@) e, ~ =" o,

[0 PR

where Ab("™) measures the variation of the right-hand side due to rounding
errors. This upper bound is however (and fortunately) very pessimistic! Ac-
tually, we shall show for this precise problem, when the boundary conditions
are u(0) = u(1) = 0, that we have

1Au™ > _ A" ]2
a2 = o]z

(5.15)

with a constant C independent of n. This outstanding improvement of the
bound on the relative error is due to the particular form of the right-hand
side b of the linear system A,u(™ = b . Let us recall that b is obtained

by discretization of the right-hand side f(z) of (1.1), that is, bl(-") = f(x;).
We have h|jb™)||3 = hZ;:ll f2(ih), and we recognize here a Riemann sum

discretizing the integral fol f?(x)dx. Since the function f is continuous, we
know that

1
lim h||b<">||§=/ 2(2)da.
n—-+00 0
Similarly,
1
lim hHu(")ng/ 2(2)dz.
n—-+4oo 0

Recall that Au(™ = A-TAb™  and hence || Au™ || < [|A; " ||2]] Ab"™||2. Thus
we deduce the following upper bound for the relative error on the solution
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146"z 1 (bl AL [
a2 Ax flu™]lz o]l 7

| Aut™ ]l 1
— T2 < ||A
||u(n)||2 = ” n HQ

since |4, 2 = 1/A1 &~ 72, according to (5.14). Using the above convergence
of Riemann sums we claim that

1/2
L™y o [ fy FP@)de
N, ST ’
At [lut™]l2 Jo w*(x)dx

which yields the announced upper bound (5.15) with a constant C independent
of n.

5.3.4 Approximation of the Condition Number

In general, it is too difficult to compute the condition number of a matrix A
exactly. For the conditioning in the 1- or oco-norm, we have simple formulas
at our disposal for the norm of A (see Proposition 3.1.2), but it requires the
explicit computation of A~! to find its norm, which is far too expensive for
large matrices. Computing the 2-norm conditioning, given by formula (5.9) or
(5.10), is also very costly because it requires the extreme singular values or
eigenvalues of A, which is neither easy nor cheap, as we shall see in Chapter
10.

Fortunately, in most cases we do not need an exact value of a matrix
condition number, but only an approximation that will allow us to predict
beforehand the quality of the expected results (what really matters is the
order of magnitude of the conditioning more than its precise value). We look
therefore for an approximation of cond,(A) = ||A7!||, || A]|,- The case p = 1
is handled, in Exercise 5.13, as a maximization of a convex function on a
convex set. The case p = oo is an easy consequence of the case p = 1 since
condy, (A) = condi(A?). In both cases (p = 1 and p = oo) the main difficulty
is the computation of ||A7[,.

We now focus on the case p = 2. Consider the SVD decomposition of
the nonsingular matrix A € M, (R), A = VXU?, where X = diag (u;) with
1 > -0 >y > 0, the singular values of A. It furnishes two orthonormal
bases of R™: one made up of the columns w; of the orthogonal matrix U,
the other of the columns v; of the orthogonal matrix V. We expand a vector
x € R™ in the v; basis, x = ), x;v;. Since Au; = p;v;, we have the following
relations:

| Az|]
[Allz = max =—= = 1 = || Au | (5.16)
2#0 ||z
and -t
- 1
A7, = max A2 L A 0, . (5.17)
a0 |zl P

We can thus easily determine the norm of A by computing the product Au,
and the norm of A~! by solving a linear system Az = v,,. The trouble is that
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in practice, computing u; and v, is a very costly problem, similar to finding
the SVD decomposition of A.

We propose a heuristic evaluation of ||A||o and ||[A=!||2 by restricting the
maximum in (5.16) and (5.17) to the subset {z € R™,z; = £1}. The scheme
is the following: we compute an approximation « of ||Al|2, an approximation
3 of ||[A71|2, and deduce an approximation a3 of conds(A). Note that these
approximations are actually lower bound for we make a restriction on the
maximization set. Hence, we always get a lower bound for the conditioning

condy(A) = [All2 A2 > ap.

In practice, we can restrict our attention to triangular matrices. Indeed, we
shall see in the next chapter that most (if not all) efficient algorithms for
solving linear systems rely on the factorization of a matrix A as a product of
two simple matrices (triangular or orthogonal) A = BC. The point in such a
manipulation is that solving a linear system Ax = b is reduced to two easy
solutions of triangular or orthogonal systems By = b and Cz = y (see Section
5.1). The following upper bound on conditioning holds:

cond(A) < cond(B) cond(C).

The condition number conds of an orthogonal matrix being equal to 1, if we
content ourselves with an upper bound, it is enough to compute condition
numbers for triangular matrices only. We shall therefore assume in the sequel
of this section that the matrix A is (for instance, lower) triangular.

Data: A. Output: r = || A||2
z1 =Ly =a11
Fori=2 /"n
s=0
Forj=1i-1
S=S+a;;x;
End j
If |ai,i + S‘ > |ai,i — S|
then
T, = 1
otherwise
xTr; = —1
End If
Yi = QiiTi + 8
End 1
r = llyll2/vn

Algorithm 5.2: Approximation of ||A]z.

Approximation of |A||z. When A is lower triangular, the entries of y = Az
are deduced (from i = 1 to n) from those of by the formulas
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i—1
Yi = QqiTi + E A ;5.
j=1

A popular computing heuristic runs as follows. We fix z; = 1 and accordingly
y1 = a1,1. At each next step ¢ > 2, we choose z; equal to either 1 or —1, in
order to maximize the modulus of y;; see Algorithm 5.2. Observe that we do
not maximize among all vectors x whose entries are equal to £1, since at each
step 7 we do not change the previous choices xj with k < ¢ (this is typical of
so-called greedy algorithms). Since the norm of z is equal to /n, we obtain
the approximation ||A||2 = [ly|l2/v/n.

Approximation of |A7!||5. Similarly, we seek a vector x whose entries x;
are all equal to &1 and that heuristically maximizes the norm of y = A= !z.
Since A is lower triangular, y will be computed by the forward substitution
algorithm previously studied (see Algorithm 5.1). The proposed computing
heuristic consists in fixing x1 = 1 and choosing each entry z; for i > 2 equal
to 1 or —1 so that the modulus of the corresponding entry y; is maximal. It
yields the approximation |A=Y||s ~ ||y|l2/+/7; see Algorithm 5.3.

Data: A. Output: r = ||A™" |2
Y1 = 1/£11,1
Fori=2 /"n
s=0
Forj=1/i-1
8§ =8+ ai;Y;

End j

yi = —(sign(s) + s)/ai
End ¢
r = llyllz/vn

Algorithm 5.3: Computation of |A7},.

Finally, Algorithm 5.4 computes an approximation, at low cost, of the 2-
norm condition number of a matrix. We can arguably criticize Algorithm 5.4
(see the numerical tests in Exercise 5.12) for being based on a local criterion:
each entry y; is maximized without taking into account the other ones. There
exist less local variants of Algorithm 5.4 in the sense that they simultaneously
take into account several entries.

Data: A. Output: ¢ &= conda(A).
e compute r; by Algorithm 5.2
e compute r2 by Algorithm 5.3
e set c=1rira.

Algorithm 5.4: Approximation of conds(A).
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5.3.5 Preconditioning

Instead of solving a linear system Ax = b with an ill-conditioned matrix A,
it may be more efficient to solve the equivalent linear system C~ 1Az = C~'b
with a nonsingular matrix C that is easily invertible and such that C~'A4 is
better conditioned than A. All the trouble is to find such a matrix C, called
a preconditioner. The best choice would be such that C~'A is close to the
identity (whose conditioning is minimal, equal to 1), that is, C is close to A,
but computing A~! is at least as difficult as solving the linear system!

We already know that conditioning is important for the stability and sensi-
tivity to rounding errors in solving linear systems. We shall see later, in Chap-
ter 9, that conditioning is also crucial for the convergence of iterative methods
for solving linear systems (especially the conjugate gradient method). Thus
it is very important to find good preconditioners. However it is a difficult
problem for which there is no universal solution. Here are some examples.

X Diagonal preconditioning. The simplest example of a preconditioner
is given by the diagonal matrix whose diagonal entries are the inverses
of the diagonal entries of A. For example, we numerically compare the
conditionings of matrices

A= (_82 _§> and B = D' A, where D = diag (8,50),

for which Matlab gives the approximate values
condy(A) = 6.3371498 and  condz(B) = 1.3370144.

Thus, the diagonal preconditioning allows us to reduce the condition num-
ber, at least for some problems, but certainly not for all of them (think
about matrices having a constant diagonal entry)!

X Polynomial preconditioning. The idea is to define C~1 = p(A), where
p is a polynomial such that cond(C~'A) <« cond(A). A good choice of
C~1 = p(A) is to truncate the expansion in power series of A~

Al = (I—(I*A))_1 =1+ (1- A,

k>1

which converges if ||[I — Al < 1. In other words, we choose the polyno-
mial p(x) =1+ 2221(1 — x)*. We suggest that the reader program this
preconditioner in Exercise 5.15.

X Right preconditioning. Replacing the system Az = b by C 1Az =
C~1b is called left preconditioning since we multiply the system on its
left by C~!. A symmetric idea is to replace Az = b by the so-called
right preconditioned system AD™'y = b with x = D7ly and D (eas-
ily) invertible. Of course, we can mix these two kinds of precondition-
ing, and solve C~'AD~'y = C~'b, then compute = by D~y = z.
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This is interesting if A is symmetric and if we choose C = D! because
C~1AD™! is still symmetric. Of course, this preconditioning is efficient
when cond(C~'AD™1) < cond(A) and solving Dz = y is easy.

We shall return to preconditioning in Chapter 9, which features more efficient
preconditioners.

5.4 Exercises

5.1. Floating-point representation, floating-point arithmetic.
Run the following instructions and comment the results.

1. Floating-point accuracy (machine precision).

a=eps;b=0.5%eps;X=[2, 1;2, 1];
A=[2, 1;2, 1+a];norm(A-X)
B=[2, 1;2, 1+b];norm(X-B)

2. Floating-point numbers bounds.

rM=realmax, 1.0001*%rM, rm=realmin, .0001*rm
3. Infinity and “Not a number.”

A=[1 2 0 3]; B=1./A, isinf(B), C=A.*B
4. Singular or not?

A=[1 1; 1 1+eps];inv(A), rank(A)
B=[1 1; 1 1+.5%eps];inv(B), rank(B)

5.2 (x). How to solve a triangular system.

1. Write a function whose heading is function x=ForwSub(A,b) computing
by forward substitution (Algorithm 5.1) the solution, if it exists, of the
system Ax = b, where A is a lower triangular square matrix.

2. Write similarly a function BackSub(A,b) computing the solution of a sys-
tem whose matrix is upper triangular.

5.3 (*). How to store a lower triangular matrix.

1. Write a program StorelL for storing a lower triangular square matrix.

2. Write a program StoreLpv for computing the product of a lower triangular
square matrix and a vector. The matrix is given in the form StoreL.

3. Write a forward substitution program ForwSubL for computing the solu-
tion of a lower triangular system with matrix given by StoreL.

5.4. How to store an upper triangular matrix. In the spirit of the previous
exercise, write programs StoreU, StoreUpv, and ForwSubU for an upper tri-
angular matrix.
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5.5. Write a program StoreLpU computing the product of two matrices, the
first one being lower triangular and the second upper triangular. The matrices
are given by the programs StoreL and StoreU.

5.6. We define a matrix A=[1:5;5:9;10:14].

1. Compute a matrix QQ whose columns form a basis of the null space of A’.
2. (a) Consider b=[5; 9; 4] and the vector z € R® defined by the instruc-
tion x=A\b. Compute x, Az — b, and Q*b.
(b) Same question for b=[1; 1; 1]. Compare both cases.
(c) Justification. Let A be a real matrix of size m x n. Let b € R™. Prove
the equivalence

be Im(A) <= Q'b=0.

(d) Write a function InTheImage (A,b) whose input arguments are a ma-
trix A and a vector b and whose output argument is “yes” if b € Im A
and “no” otherwise. Application:

A=[1 2 3; 4 5 6; 7 8 9], b=[1;1;1], then b=[1 ;2;1].

5.7. The goal of this exercise is to show that using the Cramer formulas is a
bad idea for solving the linear system Ax = b, where A is a nonsingular n x n
matrix and b € R™. Denoting by a1, ..., a, the columns of A, Cramer’s formula
for the entry z; of the solution z is z; = det (a1]...|a;—1|b|ai+1] - .- |an)/ det A
(see Proposition 5.1.1). Write a function Cramer computing the solution x by
means of Cramer’s formulas and compare the resulting solution with that
obtained by the instruction A\b.

Hint. Use the Matlab function det for computing the determinant of a matrix.
Application: for n = 20,40,60, 80, ... consider the matrix A and vector b
defined by the instructions

b=ones(n,1);c=1:n; A=c’*ones(size(c));A=A+A’;
s=norm(A,’inf’); for i=1:n, A(i,i)=s;end;

Conclude about the efficiency of this method.

5.8. Let A and B be two matrices defined by the instructions
n=10;B=rand(n,n) ;A=[eye(size(B)) B; zeros(size(B)) eye(size(B))];

Compute the Frobenius norm of B as well as the condition number of A
(in the Frobenius norm). Compare the two quantities for various values of n.
Justify the observations.

5.9. The goal of this exercise is to empirically determine the asymptotic be-
havior of conds(H,,) as n goes to oo, where H,, € M,,(R) is the Hilbert matrix
of order n, defined by its entries (H,,); ; = 1/(i+j—1). Compute conds(Hs),
conds(Hig). What do you notice? For n varying from 2 to 10, plot the curve
n — In(conds(H,)). Draw conclusions about the experimental asymptotic
behavior.
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5.10. Write a function Lnorm that computes the approximate 2-norm of a
lower triangular matrix by Algorithm 5.2. Compare its result with the norm
computed by Matlab.

5.11. Write a function LnormAm1 that computes the approximate 2-norm of
the inverse of a lower triangular matrix by Algorithm 5.3. Compare its result
with the norm computed by Matlab.

5.12. Write a function Lcond that computes an approximate 2-norm condi-
tioning of a lower triangular matrix by Algorithm 5.4. Compare its result with
the conditioning computed by Matlab.

5.13 (x). The goal of this exercise is to implement Hager’s algorithm for
computing an approximate value of cond;(A4). We denote by S = {z €
R™, ||z|ly = 1} the unit sphere of R™ for the l-norm, and for z € R",
we set f(z) = [|[A712]; with A € M,,(R) a nonsingular square matrix. The
1-norm conditioning is thus given by

cond (4) = |||y max f(z).

1. Explain how to determine || A|;.

2. Prove that f attains its maximum value at one of the vectors e; of the
canonical basis of R™.

3. From now on, for a given z € R", we denote by Z the solution of AZ =z
and by Z the solution of A'Z = s, where s is the “sign” vector of Z, defined
by s;, = —-1if £; <0, s;, =0if £; =0, and s; = 1 if ; > 0. Prove that
f(x) = (Z,5).

4. Prove that for any a € R™, we have f(z) + z'(a — z) < f(a).

. Show that if Z; > (z,Z) for some index j, then f(e;) > f(x).

6. Assume that Z; # 0 for all j.

(a) Show that for y close enough to x, we have f(y) = f(z)+s' A~ (y—2).
(b) Show that if ||Z]lec < (x,Z), then z is a local maximum of f on the
unit sphere S.

7. Deduce from the previous questions an algorithm for computing the 1-
norm conditioning of a matrix.

8. Program this algorithm (function Cond1). Compare its result with the
conditioning computed by Matlab.

ot

5.14. We define n x n matrices C, D, and E by
C=NonsingularMat (n) ;D=rand(m,n) ; E=D*inv(C)*D’;
We also define (n 4+ m) x (n 4+ m) block matrices A and M
A=[C D’;D zeros(m,m)];M=[C zeros(n,m);zeros(m,n) E];

1. For different values of n, compute the spectrum of M ~'A. What do you
notice?

2. What is the point in replacing system Axz = b by the equivalent system
M~1Ax = M~1p?
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3. We now want to give a rigorous explanation of the numerical results of
the first question. We assume that A € M, (R) is a nonsingular matrix

that admits the block structure a = (g %t>, where C' € M,(R) and

D € M, »(R) are such that C and DC~ D" are nonsingular too.
(a) Show that the assumption “A is nonsingular” implies m < n.
(b) Show that for m = n, the matrix D is invertible.

4. From now on, we assume m < n. Let & = (21, x2)? be the solution of the
system Az = b = (b1, b2)’. The matrix D is not assumed to be invertible,
so that we cannot first compute x; by relation Dx; = by, then z5 by
Cz; + D'xy = by. Therefore, the relation Dz; = by has to be considered
as a constraint to be satisfied by the solutions z1, z2 of the system Czq +
Dtzy = by. We study the preconditioning of the system Ax = b by the

. —1 .. _(C 0
matrix M~ with M = (0 pe-1pt )

(a) Let X be an eigenvalue of M 1A and (u,v)! € R"™™ a corresponding
eigenvector. Prove that (\> — X — 1)Du = 0.

(b) Deduce the spectrum of the matrix M1 A.

(c) Compute the 2-norm conditioning of M~!A, assuming that it is a
symmetric matrix.

5.15 (). Program the polynomial preconditioning algorithm presented in
Section 5.3.5 on page 91 (function PrecondP).

5.16 (x). The goal of this exercise is to study the numerical solution of the lin-
ear system that stems from the finite difference approximation of the Laplace
equation. According to Section 1.1, the Laplace equation is the following
second-order differential equation:

—u"(x) + e(x)u(z) = f(x),
{U<0) =0, wu(l)=0, (5.18)

where u : [0,1] — R denotes the solution (which is assumed to exist and be
unique) and f and ¢ are given functions. We first study the case ¢ = 0. We
recall that a finite difference discretization at points z, = k/n, k=1,...,n—1,
leads to the linear system

Apu™ =p™) (5.19)

where A,, € M,,_1(R) is the matrix defined by (5.12), (™ € R*~! is the right-
hand side with entries (f(z;))1<i<n—1, and u(™ e R"1 is the discrete solution
approximating the exact solution at the points z, i.e., u(™ = (uy,..., up_1)*
with ug &~ u(xy). We also recall that the n — 1 eigenvalues of A,, are given by

Ay = 4n? sin? (kl) k=1,....n—1. (5.20)
2n
1. Computation of the matrix and right-hand side of (5.19).

(a) Write a function Laplacian1dD(n) with input argument n and output
argument A,,.
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(b) Write a function InitRHS(n) with input argument n and output ar-

gument b(™)
2. Validation.

(a) Give the exact solution 4¢(x) of problem (5.18) when the function f
is constant, equal to 1. Write a function constructing the vector uf, =
(a®(z1), ..., u(xn—1))". Solve system (5.19) by Matlab. Compare the
vectors u(™ and u¢. Explain.

(b) Convergence of the method. We choose

4°(z) = (z—1)sin(10z) and f(z) =—20cos(10x)+100(x—1) sin(10 x).

Plot the norm of the error u(™ —u¢ in terms of n. What do you notice?
3. Eigenvalues and eigenvectors of the matrix A,.

(a) Compare the eigenvalues of A,, with those of the operator u — —u”
endowed with the boundary conditions defined by (5.18). These are
real numbers A for which we can find nonzero functions ¢ satisfying
the boundary conditions and such that —¢” = Ap.

(b) Numerically compute the eigenvalues of A,, with Matlab and check
that the results are close to the values given by formula (5.20).

(c) Plot the 2-norm conditioning of A,, in terms of n. Comment.

4. We now assume that the function c is constant but nonzero.

(a) Give a formula for the new finite difference matrix A,,. How do its
eigenvalues depend on the constant c?

(b) From now on we fix n = 100, and c¢ is chosen equal to the negative
of the first eigenvalue of A,. Solve the linear system associated to
the matrix A4, and a right-hand side with constant entries equal to 1.
Check the result. Explain.

5.17. Reproduce Figures 1.2 and 1.3 of Chapter 1. Recall that these figures
display the approximation in the least squares sense of the values specified in
Table 1.1 by a first-degree polynomial and a fourth-degree one respectively.

5.18. Define f(z) = sin(xz) — sin(2z) and let X be an array of 100 entries
(;)7, chosen randomly between 0 and 4 by the function rand. Sort this
array in increasing order using the function sort.

1. Find an approximation of f in the least squares sense by a second-degree
polynomial p. Compute the discrete error /> ., | f(x;) — p(z:)]2.

2. Find another approximation of f in the least squares sense by a trigono-
metric function ¢(z) = a + beos(x) 4 ¢sin(x). Compare ¢ and p.
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Direct Methods for Linear Systems

This chapter is devoted to the solution of systems of linear equations of the
form

Az = b, (6.1)

where A is a nonsingular square matrix with real entries, b is a vector called
the “right-hand side,” and x is the unknown vector. For simplicity, we invari-
ably assume that A € M,,(R) and b € R™. We call a method that allows for
computing the solution x within a finite number of operations (in exact arith-
metic) a direct method for solving the linear system Az = b. In this chapter,
we shall study some direct methods that are much more efficient than the
Cramer formulas in Chapter 5. The first method is the celebrated Gaussian
elimination method, which reduces any linear system to a triangular one. The
other methods rely on the factorization of the matrix A as a product of two
matrices A = BC'. The solution of the system Az = b is then replaced by the
solution of two easily invertible systems (the matrices B and C' are triangular
or orthogonal) By = b, and Cx = y.

6.1 Gaussian Elimination Method

The main idea behind this method is to reduce the solution of a general
linear system to one whose matrix is triangular. As a matter of fact, we have
seen in Chapter 5 that in the case of an upper triangular system (respectively,
lower), the solution is straightforward by mere back substitution (respectively,
forward substitution) in the equations.

Let us recall the Gaussian elimination method through an example.

Ezxample 6.1.1. Consider the following 4 x 4 system to be solved:

2 +4y -4z 4+t = 0,
3 +6y +z =2t = -7,
- 4y 42z 43t = 4, (6.2)

z 4y -4z +t = 2



98 6 Direct Methods for Linear Systems

which can also be written in matrix form as

2 4 —4 1 x 0
36 1 —=2)(y] (-7
-1 1 2 3 27| 4
1 1 -4 1 t 2

The Gaussian elimination method consists in first, removing = from the sec-
ond, third, and fourth equations, then y from the third, and fourth equations,
and finally, z from the fourth equation. Hence, we compute ¢ with the fourth
equation, then z with the third equation, y with the second equation, and
lastly, « with the first equation.

Step 1. We denote by p = 2 the entry 1,1 of the system matrix, we shall call
it the pivot (of the first step). Substituting

¢ the second equation by itself “minus” the first equation multiplied by %7
e the third equation by itself “minus” the first equation multiplied by _717
e the third equation by itself “minus” the first equation multiplied by ]%,

we get the following system:

2r 44y —4z +t = 0,
Tz —Tt)2 = -7,

\
o

—y =2z +4t/2

Step 2. This time around, the pivot (entry 2,2 of the new matrix) is zero. We
swap the second row and the third one in order to get a nonzero pivot:

2 44y -4z +t = 0,
3y +7t/2 = 4,

Tz =Tt/2 = =T,

-y =2z +t/2 = 2

The new pivot is p = 3:

e the third equation is unchanged,
e substituting the fourth equation by itself “minus” the second equation
multiplied by _?1, we obtain the system

2v 44y —4z +t = 0,
3y +7t/2 = 4,

Tz =Tt)2 = T,

-2z +5t/3 = L.

Step 3. Entry 3,3 of the matrix is nonzero, we set p = 7, and we substitute
the fourth equation by itself “minus” the third equation multiplied by ’72:
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2z +4y -4z +t = 0,
Tz =Tt)2 = -7, (6.3)
2/3 = 3.

The last system is triangular. It is easily solved through back substitution; we
obtaint =2, 2=0,y=—1, and x = 1.

We now present a matrix formalism allowing to convert any matrix (or system
such as (6.2)) into a triangular matrix (or system such as (6.3)). The idea is to
find a nonsingular matrix M such that the product M A is upper triangular,
then to solve through back substitution the triangular system M Az = Mb.
To implement this idea, the Gaussian elimination method is broken into three
steps:

e eclimination: computation of a nonsingular matrix M such that MA =T
is upper triangular;
right-hand-side update: simultaneous computation of Mb;
substitution: solving the triangular system Tx = Mb by mere back sub-
stitution.

The existence of such a matrix M is ensured by the following result to
which we shall give a constructive proof that is nothing but the Gaussian
elimination method itself.

Theorem 6.1.1 (Gaussian elimination theorem). Let A be a square ma-
triz (invertible or not). There exists at least one nonsingular matriz M such
that the matriz T = M A is upper triangular.

Proof. The outline of the method is as follows: we build a sequence of ma-
trices A*, for 1 < k < n, in such a way that we go from A! = A to A" =T,
by successive alterations. The entries of the matrix A* are denoted by
AF = (aﬁj)lgi,jgn’

and the entry aj , is called the pivot of A¥ . To pass from A* to AF*!, we
shall first make sure that the pivot a’,:’ « is nonzero. If it is not so, we permute
the kth row with another row in order to bring a nonzero element into the
pivot position. The corresponding permutation matrix is denoted by P* (see
Section 2.2.4 on row permutations). Then, we proceed to the elimination of
all entries of the kth column below the kth row by linear combinations of the

current row with the kth row. Namely, we perform the following steps.
Step 1: We start off with A’ = A. We build a matrix A' of the form

Al =ptal

where P! is a permutation matrix such that the new pivot af ; is nonzero. If
the pivot aj ; is nonzero, we do not permute, i.e., we take P! = I. If aj ; = 0
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and if there exists an entry in the first column a}; # 0 (with 2 < i < n),
then we swap the first row with the ith and P! is equal to the elementary
permutation matrix P(1,4) (we recall that the elementary permutation matrix
P(i,7) is equal to the identity matrix whose rows ¢ and j have been swapped).
Next, we multiply A® by the matrix E! defined by

~1 ~1
a1 ain
0
A2 =Fl1A = ’ a?j
0

-1
with af ; = a; ; — ;i—‘i&%j for 2 <, j < n. The matrix A? has therefore a first
column with only zeros below its diagonal.

During the permutation step, it may happen that all the elements of the
first column a}; vanish in which case it is not possible to find a nonzero
pivot. This is not a problem, since this first column has already the desired
properties of having zeros below its diagonall We merely carry on with the
next step by setting A2 = A and E' = P! = I. Such an instance occurs only
if A is singular; otherwise, its first column is inevitably nonzero.

Step K: We assume that A* has its (k — 1) first columns with zeros below
its diagonal. We multiply A* by a permutation matrix P* to obtain

Ak — pk gk

such that its pivot d’,g,k is nonzero. If a’,;k # 0, then we take P* = I. Otherwise,
there exists aﬁk # 0 with i > k4 1, so we swap the kth row with the ith by
taking P*¥ = P(i, k). Next, we multiply A* by a matrix E* defined by
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1

0 .
1

. ak

k_ | : ——EfLE
EY = a:,k ’

~k
a‘n,k

0 ~E, 1

~1 ~1
IRETT cee e Gy,
0 .
osk sk ~
AR+ — gk jk — “Qpk Ok k41 -+ Okn
k+1 k+1
0 apiyprr - Gpiin
k+1 k+1
0 ... 0 a1 -+ Gl

~k
with afij-l = d,ﬁj — Z:’;d’g] for k+1 <i,5 < n. The matrix AF*1 has its first
k columns with only zeros below the diagonal. During the permutation step,
it may happen that all elements of the kth column below the diagonal, af’k
with ¢ > k, are zeros. Then, this kth column has already the desired form
and there is nothing to be done! We carry on with the next step by setting
Akl = Ak and E* = P¥ = I. Such an instance occurs only if A is singular.
Indeed, if A is nonsingular, then so is, A*, and its kth column cannot have
zeros from the kth line to the last one, since its determinant would then be
Zero.
After (n — 1) steps, the matrix A™ is upper triangular:

A" = (En—lpn—l . ElPl)A
We set M = Er~1pn=l... F1Pl Tt is indeed a nonsingular matrix, since

n—1
det M = [ det E det P,
i=1

with det P* = 1 and det E* = 1.

We can refresh the right-hand side (that is, compute Mb) sequentially
while computing the matrices P* and E*. We build a sequence of right-hand
sides (bk)lgkgn defined by
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bl =b, b =FEFP*BF, for1<k<n-1,

which satisfies ™ = Mb in the end.

To solve the linear system Az = b, it suffices now to solve the system
A"x = Mb, where A™ is an upper triangular matrix. If A is singular, we can
still perform the elimination step, that is, compute A™. However, there is no
guarantee that we can solve the system A™x = Mb, since one of the diagonal
entries of A™ is zero.

Remark 6.1.1. The proof of Theorem 6.1.1 is indeed exactly the Gaussian elim-
ination method that is used in practice. It is therefore important to emphasize
some practical details.

1. We never compute M! We need not multiply matrices E* and P’ to de-
termine Mb and A™.

2. If A is singular, one of the diagonal entries of A” = T is zero. As a result,
we cannot always solve Tx = Mb. Even so, elimination is still possible.

3. At step k, we only modify rows from k4 1 to n between columns k + 1 to
n.

4. A byproduct of Gaussian elimination is the easy computation of the deter-
minant of A. Actually, we have det A = + det T depending on the number
of performed permutations.

5. In order to obtain better numerical stability in computer calculations,
we may choose the pivot ak  in a clever way. To avoid the spreading of
rounding errors, the largest p0551ble pivot (in absolute Value) is preferred.
The same selection can be done when the usual pivot ak7 & is nonzero, i.e.,
we swap rows and/or columns to substitute it with a larger pivot &l,; 5 We
call the process of choosing the largest possible pivot in the kth column
under the diagonal (as we did in the above proof) partial pivoting. We
call the process of choosing the largest possible pivot in the lower diagonal
submatrix of size (n — k + 1) x (n — k 4+ 1) formed by the intersection of
the last (n — k 4+ 1) rows and the last (n — k + 1) columns (in such a
case, we swap rows and columns) complete pivoting. These two variants
of Gaussian elimination are studied in Exercise 6.3.

Let us go back to Example 6.1.1 and describe the different steps with the
matrix formalism. The initial system reads as Az = b with

2 4 —4 1 0
3 6 1 =2 -7
A= -1 1 2 3|’ b= 4
1 1 -4 1 2

Set A1 = A and b; = b. In the first step, the pivot is nonzero so we take
P =1,
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1 0O 0 O 2 4 -4 1
-3 100 o o 7 -I
By = 12 , As=EPA = 2 |,
! 8 (1) (1) 8 31 02 i
-2 - - 2
and
0
by = E1Piby = -7
4
2
In the second step, the pivot is zero, so we take
1 0 0 O 1 0 0 O
0 0 1 0 0 1 0 O
P=lo 1 00| ®=loo1 0]
0001 0 5 01
and
2 4 —4 1 0
03 0 I 4
Az = E2 P Ay = 00 7 2|, by =ExPrby = _7
2
00 -2 32 1

In the third step, the pivot is nonzero, so we take Py = I,

1 00 0 2 4 —4 1
(o1 00 B (o3 o I
00 21 o0 0 2
and

0
4
b4:E3P3b3: _7
4

3

The solution x is computed by solving the upper triangular system Az = by,
and we obtain z = (1,—1,0,2).

6.2 LU Decomposition Method

The LU decomposition method consists in factorizing A into a product of two

triangular matrices
A=1LU,

where L is lower triangular and U is upper triangular. This decomposition
allows us to reduce the solution of the system Ax = b to solving two triangular
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systems Ly = b and Uz = y. It turns out to be nothing else than Gaussian
elimination in the case without pivoting.
The matrices defined by

AF =

are called the diagonal submatrices of order k of A € M,,. The next result
gives a sufficient condition on the matrix A to have no permutation during
Gaussian elimination.

Theorem 6.2.1 (LU factorization). Let A = (a;)1<i j<n be a matriz of
order n all of whose diagonal submatrices of order k are nonsingular. There
exists a unique pair of matrices (L,U), with U upper triangular and L lower
triangular with a unit diagonal (i.e., l;; = 1), such that A = LU.

Remark 6.2.1. The condition stipulated by the theorem is often satisfied in
practice. For example, it holds true if A is positive definite, i.e.,

' Az >0, VYV #0.

Indeed, if A* were singular, then there would exist a vector

T T
#0 such that A* .| =0.
Tk Tk
Now let 2 be the vector whose k first entries are (z1,. .., 2x), and whose last

n — k entries are zero. We have
rhArg =0 and g # 0,

which contradicts the assumption that A is positive definite. Consequently, A*
is nonsingular. Note that the converse is not true: namely, a matrix A, such
that all its diagonal submatrices are nonsingular is not necessarily positive
definite, as in the following instance:

=(4)

Hence the assumption of Theorem 6.2.1 is more general than positive defi-
niteness.

Proof of Theorem 6.2.1.  Assume that during Gaussian elimination, there is
no need to permute in order to change the pivot, that is, all natural pivots
aﬁ} . are nonzero. Then we have
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A" =E"' . E'A,

with
1
0"
1
k _
E" = —lpy1p 1 ’
0 ln k 1
and for k+1 < i <n,
ak
i,k
lig = ——.
Ay k

Set U= A" and L = (EY)~!-.- (E"1)71 so that we have A = LU. We need
to check that L is indeed lower triangular. A simple computation shows that
(E*)~1 is easily deduced from E* by changing the sign of the entries below
the diagonal:

1
0
1
Ey—1 _
(B")" = Flpgrr 1
0 “V‘ln}k 1

Another computation shows that L is lower triangular and that its kth column
is the kth column of (E*)~!:

0
Int o by 1

It remains to prove that the pivots do not vanish under the assumption made
on the submatrices A¥. We do so by induction. The first pivot a; ; is nonzero,
since it is equal to A!, which is nonsingular. We assume the first k — 1 pivots
to be nonzero. We have to show that the next pivot a’]; & s nonzero too. Since
the first £ — 1 pivots are nonzero, we have computed without permutation
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the matrix A¥, which is given by (E1)~!... (E*~1)=1A* = A. We write this
equality with block matrices:

<L]f,1 0) <U{c,1 Alf,2> _ ( AF A1,2)
L, T)\A5, A5, ) \Ag1 Asp )’

where Uf |, L’fyl, and AF are square blocks of size k, and A% ,, I, and Ay,
square blocks of size n — k. Applying the block matrix product rule yields

k g7k _ Ak
Ly Ui, = A%,

where U f 1 Is an upper triangular matrix, and L’f_yl is a lower triangular matrix
with 1 on the diagonal. We deduce that U, = (L§ ;)"*A* is nonsingular as
a product of two nonsingular matrices. Its determinant is therefore nonzero,

k
det Uﬁl == Haﬁz # O,
i=1

which implies that the pivot a¥ , at the kth step is nonzero.
Finally, let us check the uniciueness of the decomposition. Let there be two
LU factorizations of A:
A= 11Uy = LyUs.

We infer that
Ly'Ly = UUTH,

where L5 'L, is lower triangular, and U, U, 1is upper triangular. By virtue
of Lemma 2.2.5, the inverse and product of two upper (respectively, lower)
triangular matrices are upper (respectively, lower) triangular too. Hence, both
matrices are diagonal, and since the diagonal of L 1L, consists of 1’s, we have

Ly'Ly = UsU =1,

which proves the uniqueness. O

Determinant of a matrix. As for Gaussian elimination, a byproduct of the
LU factorization is the computation of the determinant of the matrix A, since
det A = det U. As we shall check in Section 6.2.3, it is a much more efficient
method than the usual determinant formula (cf. Definition 2.2.8).

Conditioning of a matrix. Knowing the LU decomposition of A yields an
easy upper bound on its conditioning, cond(A) < cond(L) cond(U), where
the conditionings of triangular matrices are computed by Algorithm 5.4.

Incomplete LU preconditioning. Since the LU factorization provides a
way of computing A~!, an approximate LU factorization yields an approxi-
mation of A~! that can be used as a preconditioner. A common approximation
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is the so-called incomplete LU factorization, which computes triangular matri-
ces L and U such that LU is an approximation of A that is cheap to compute.
To have a fast algorithm for obtaining L and U we modify the standard LU
algorithm as follows: the entries L; ; and U, ; are computed only if the element
A; j is nonzero (or larger than a certain threshold). The sparse structure of A
is thus conserved; see Exercise 6.10.

6.2.1 Practical Computation of the LU Factorization

A practical way of computing the LU factorization (if it exists) of a matrix A
is to set

1 0 0 U,y -ov --- UL n
I — l271 7 U— 0 u2,2 7
: 0 :
ln71 e ln,nfl 1 0 ... 0 Un,n

and then identify the product LU with A. Since L is lower triangular and U
upper triangular, for 1 < 1i,j < n, it entails

min(%,5)

n
aij = E liwuk,j = E li k.-
k=1

k=1

A simple algorithm is thus to read in increasing order the columns of A and
to deduce the entries of the columns of L and U.
Column 1. We fix j = 1 and vary i:

a1 =liuin = u = ay;

_ _ a21,
ag1 = laauiy = lon = rp

— __ Qn1
On1 = lpauiy = lp1 = a1l

We have thereby computed all the entries of the first column of L and of the
first column of U.

Column j. We assume that we have computed the first (j — 1) columns of L
and U. Then we read the jth column of A:

ar; =l = U1, = G155
Agj = 12,1U1,j + 12,2U2,j = Uz = Q2,5 — l2,1al,j;
— T Y e .
ajj = ljaui; + -+l u = Ujj = j,j Zk:_l llj,k?uk,jy
1
i1 =) i et

a1y = gy + oo gy = g = o ;

j-1
an.jfg ln, kUL, j
’ k=1 i

Uj,j

nj = lnatng + -+ lnju g = lnj =
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We compute in this way the first j entries of the jth column of U and the last
n — j entries of the jth column of L in terms of the first (5 — 1) columns. Note
the division by the pivot w; j, which should not be zero.

Ezxample 6.2.1. The LU factorization of the matrix in Example 6.1.1, by swap-
ping its second and third rows, is

1 0 0 0 2 4 —4 1 2 4 —4 1
-1 9 0 o0 03 0 z -1 1 2 3
2 2 — —
£ 0 1 0 oo 7 —I]=ls3 6 1 —of=PEIA
: -1 %1 oo o 2 11 -4 1

6.2.2 Numerical Algorithm

We now write in pseudolanguage the algorithm corresponding to the LU fac-
torization. We have just seen that the matrix A is scanned column by column.
At the kth step we change its kth column so that the entries below the diag-
onal vanish by performing linear combinations of the kth row with every row
from the (k + 1)th to the nth. At the kth step, the first k rows and the first
k — 1 columns of the matrix are no longer modified. We exploit this property
in order to store in the same array, which initially contains the matrix A, the
matrices A* and L* = (E')~t... (E*~1)~1. More precisely, the zeros of A* in
its first (k — 1) columns below the diagonal are replaced by the corresponding
nontrivial entries of L*, which all lie below the diagonal in the first (k — 1)
columns. At the end of the process, the array will contain the two triangular
matrices L and U (i.e., the lower part of L without the diagonal of 1’s and
the upper part of U). We implement this idea in Algorithm 6.1, where the
columns of L are also precomputed before the linear combinations of rows,
which saves some operations.

Data: A. Output: A containing U and L (but its diagonal)

For k=1/"n-1 step k
Fori=k+1,/"n TOW 1
Qi = ik new column of L

For j :kkk—i— 1 /n
a;,j = Qij — G;,kAk; combination of rows ¢ and k
End j
End ¢
End k

Algorithm 6.1: LU factorization algorithm.

6.2.3 Operation Count

To assess the efficiency of the LU factorization algorithm, we count the number
of operations N,,(n) its execution requires (which will be proportional to the
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running time on a computer). We do not accurately determine the number of
operations, and we content ourselves with the first-order term of its asymptotic
expansion when the dimension n is large. Moreover, for simplicity, we count
only multiplications and divisions, but not additions, as usual (see Section
4.2).

X LU factorization: the number of operations is

n—1 n n
Nopm) =3 > |1+ X
k=1i=k+1 j=k+1
which, to first order yields
3
n
Nop(n) = 3

X Back substitution (on the triangular system): the number of operations is
n
Nop(n) =3 _i ~

X Solution of a linear system Az = b: an LU factorization of A is followed by
two substitutions, Ly = b, then Uz = y. Since n? is negligible compared
to n? when n is large, the number of operations is

w‘3

Nop(n) =~ 3
The LU method (or Gaussian elimination) is therefore much more efficient
than Cramer’s formulas for solving a linear system. Once the LU factorization
of the matrix is performed, we can easily compute its determinant, as well as
its inverse matrix.

X Computing det A: we compute the determinant of U (that of L is equal
to 1), which requires only the product of the diagonal entries of U (n — 1
multiplications). As a consequence, the number of operations is again

n3

Nop(n) ~ g.

X Computing A~!: the columns of A~!, denoted by z;, are the solutions
of the n systems Az; = e;, where (e;)1<i<p is the canonical basis of R™.
A naive count of operations for computing A~! is 4n®/3, which is the
sum of n3/3 for a single LU factorization and n3 for solving 2n triangular
systems. We can improve this number by taking into account the fact that
the basis vectors e; have many zero entries, which decreases the cost of
the forward substitution step with L, because the solution of Ly; = e; has
its first (i — 1) entries equal to zero. The number of operations becomes

Nop +Z+n( >%n3.
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6.2.4 The Case of Band Matrices

Band matrices appear in many applications (such as the discretization of
partial differential equations, see Section 1.1) and their special structure allows
us to spare memory and computational cost during the LU factorization.

Definition 6.2.1. A matric A € M, (R) satisfying a;; = 0 for |i — j| > p
with p € N is said to be a band matriz of bandwidth 2p + 1.

For instance, a tridiagonal matrix has half-bandwidth p = 1.

Proposition 6.2.1. The LU factorization preserves the band structure of ma-
trices.

Proof. Let A be a band matrix of bandwidth 2p + 1 and let A = LU be
its LU decomposition. We want to prove that L and U are band matrices of
bandwidth 2p + 1 too. By definition we have

min(z,j

7)
aij= Y lipun;.
k=1

We proceed by induction on ¢ = 1,...,n. For ¢ = 1, we have

® a1 =li1u1; = w1 ; we infer that uy ; =0 forall j > p+1;
® a;1 = lj1uy,1; in particular, ay; = ly,1u1,1, which entails that u;; =
ai1 # 0,50 lj1 = aj1/a1,1, which shows that [;; =0 for all j > p+ 1.

Assume now that for alli=1,...,I — 1, we have
j>itp=u;=1;;=0,
and let us prove that this property holds for ¢ = I.
e For j > I + p, we have

I I—1
ar; = E lrpuk,; = lrrur; + E lr k.
k=1 k=1

Observing that forallk =1,...,I—1, we have j > I+p > k+1+4+p > k+p,
we deduce, by application of the induction hypothesis, that ux; = 0,
j > k + p. This implies that ar; = uy,;, hence proving that u;; = 0 for
all j > I +0p.

e Similarly, for j > I + p, we have

-1
ajr=liurr+ Y lxukr =g
k=1
The proof of Theorem 6.2.1 has shown that ur ; # 0. Thus ;1 = a; 1/urs 1,
which implies that [; ; = 0 for j > I + p.
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So the matrices L and U have the same band structure as the matrix A. O

Remark 6.2.2. Proposition 6.2.1 does not state that the matrices A, on the
one hand, and L and U, on the other, have the same “sparse” structure. It
may happen that the band of A is sparse (contains a lot of zeros), whereas
the bands of L and U are full. We say that the LU decomposition has filled
the matrix’s band; see Exercise 6.8. Reducing the bandwidth of a matrix is a
good way of minimizing the computational and the memory requirements of
its LU factorization; see Exercise 6.9.

Ezxample 6.2.2. To compute the LU factorization of the matrix

12 0 0 O
2 6 1 0 0
A=]o0 2 -2 -1 o],
0 0 -9 1 2
00 0 -4 3
we look for the matrices L and U:
10 0 00 e f 0 0 O
a 1 0 0 0 0 g h 0 O
L=]1045b4 100}, U=]020 4 5 0
0 0 ¢c 10 00 0 k 1
0 0 0 d 1 00 0 0 m
By identification of the entries of the product A = LU, we obtain
100 0 O 12 0 0 0
21 0 0 O 02 1 0 O
A= 0 1 1 0 ©0 00 -3 -1 0
00 3 1 0 00 0 4 2
000 -1 1 00 0 0 5

Storage of a band matrix. To store a band matrix A of half-bandwidth p,
we use a vector array STOREA of dimension (2p + 1)n. The matrix A is stored
row by row, starting with the first. Let k& be the index such that A(i,j) =
STOREA (k). To determine k, we notice that the first entry of row i of A
(i.e., a;i—p) has to be placed in position (i — 1)(2p + 1) + 1, from which we
deduce that the element a; ; has to be stored in STOREA in position k(4, j) =
(i—1)2p+1)+j—i+p+1=(2i—1)p+j. Be aware that some entries of the
vector STOREA are not allocated; however, their number is equal to p(p + 1),
which is negligible; see Exercise 6.5.
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6.3 Cholesky Method

The Cholesky method applies only to positive definite real symmetric matri-
ces. Recall that a real symmetric matrix A is positive definite if all its eigen-
values are positive. The Cholesky method amounts to factorizing A = BB!
with B a lower triangular matrix, so that solving the linear system Az = b
boils down to two triangular systems By = b and Bz = y.

Theorem 6.3.1 (Cholesky factorization). Let A be a real symmetric pos-
itive definite matriz. There exists a unique real lower triangular matriz B,
having positive diagonal entries, such that

A= BB".

Proof. By the LU factorization theorem, there exists a unique pair of matri-
ces (L, U) satisfying A = LU with

1 Uy X ... X
x .

L= and U =
. .. ><
X ... x 1 Unn

We introduce the diagonal matrix D = diag (\/m) The square root of the
diagonal entries of U are well defined, since u; ; is positive, as we now show.
By the same argument concerning the product of block matrices as in the
proof of Theorem 6.2.1, we have

k
Hum- = det Ak > 0,

i=1

with AF the diagonal submatrix of order k of A. Therefore, by induction, each
u; 4 is positive. Next, we set B = LD and C = D~'U, so that A = BC. Since
A = A*, we deduce

c(B*)' =B (CY).

By virtue of Lemma 2.2.5, C(B*)~! is upper triangular, while B~*C* is lower
triangular. Both of them are thus diagonal. Furthermore, the diagonal entries
of B and C are the same. Therefore, all diagonal entries of B~1C* are equal
to 1. We infer C(B*)~! = B=1C* = I, which implies that C = B*.

To prove the uniqueness of the Cholesky factorization, we assume that
there exist two such factorizations:

A= BB} = B,B}.

Then
By 'B; = B3(By)™!,
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and Lemma 2.2.5 implies again that there exists a diagonal matrix D =
diag (di,...,d,) such that B{lBl = D. We deduce that B; = By D and

A = ByBj = By(DD*)B; = BoD?Bj.

Since By is nonsingular, it yields D? = I, so d; = +1. However, all the diagonal
entries of a Cholesky factorization are positive by definition. Therefore d; = 1,
and B]_ = BQ. U

6.3.1 Practical Computation of the Cholesky Factorization

We now give a practical algorithm for computing the Cholesky factor B for a
positive definite symmetric matrix A. This algorithm is different from that of
LU factorization. Take A = (am)lgi,jgn and B = (bi,j)lfi,jgn with bi,j =0
if i < j. We identify the entries on both sides of the equality A = BB*. For
1<i4,5 <n, we get

mini,j)

n
a;j = § bikbjk = § bikbj k-
k=1 k=1

By reading, in increasing order, the columns of A (or equivalently its rows,
since A is symmetric) we derive the entries of the columns of B.
Column 1. Fix j =1 and vary :

ap1 = (51,1)2 = b1 = /a1,

a2 1
azy =biiba1 = bay = 377,

QAn 1
an1 =b11bpr = by = T

We have thus determined the entries of the first column of B.
Column j. We assume that we have computed the first (j — 1) columns of
B. Then, we read the jth column of A below the diagonal:

ajj = (bj1)* + (bj2)* + -+ + (bj5)? = bj ;= \/aj,j =103

j—1
aji1=p y_y bikbitie,
)

aj+1, =0j,10541,1 05205412 + -+ bj 3011, = bj1,5=

bj,j

j—1
an,jfzkzl bj kbn,k
G .

)

n,j = bj1bn 1 +bj2bn o+ -+ bj ;bn = bn; =

We have thus obtained the jth column of B in terms of its first (j—1) columns.
Theorem 6.3.1 ensures that when A is symmetric positive definite, the terms
underneath the square roots are positive and the algorithm does not break
down.
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Remark 6.3.1. In practice, we don’t need to check whether A is positive def-
inite before starting the algorithm (we merely verify that it is symmetric).
Actually, if at step j of the Cholesky algorithm we cannot compute a square
root because we find that b3 ; = a; ; — S (bjx)? < 0, this proves that A
is not nonnegative. If we find that bij = 0, which prevents us from com-
puting the entries b; ; for ¢ > j, then A is not positive definite. However, if
the Cholesky algorithm terminates “without trouble,” we deduce that A is

positive definite.

Determinant of a matrix. The Cholesky factorization is also used for com-
puting the determinant of a matrix A, since det A = (det B)?.

Conditioning of a matrix. Knowing the Cholesky decomposition of A al-
lows us to easily compute the 2-norm conditioning of A, which is cond(A), =
cond(BB*) = condz(B)?, since for any square matrix, || X X*[|z = || X*X |2 =
| X ||3. The conditioning of the triangular matrix B is computed by Algorithm
54.

Incomplete Cholesky preconditioning. By extending the idea of the in-
complete LU factorization, we obtain an incomplete Cholesky factorization
that can be used as a preconditioner.

6.3.2 Numerical Algorithm

The Cholesky algorithm is written in a compact form using the array that
initially contained A and is progressively filled by B. At each step j, only
the jth column of this array is modified: it contains initially the jth column,
which is overridden by the jth column of B. Note that it suffices to store the
lower half of A, since A is symmetric.

Data: A. Output: A containing B in its lower triangular part
For j=1/"n
Fork=1,/j—-1
aj; = aj; — (ajx)?
End &
a5, = /45,5
Fori=j5+1,/n
Fork=1,/j-1
Qij = Qij — G kQik
End &
Q4,5 =
End ¢
End j

@ing

5,3

Algorithm 6.2: Cholesky Algorithm.
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6.3.3 Operation Count

To assess the efficiency of the Cholesky method, we count the number of oper-
ations its execution requires (which will be proportional to its running time on
a computer). Once again, we content ourselves with the asymptotic first-order
term when the dimension n is large. We take into account only multiplications
and divisions. Although taking a square root is a more expensive operation
than a multiplication, we neglect them because their number is n, which is
negligible in comparison to n3.

e Cholesky factorization: The number of operations is

n n 3
. . n
Nopn) =3 | G=D+ > j |~
j=1 i=j+1

e Substitution: a forward and a back substitution are performed on the tri-
angular systems associated with B and B*. The number of operations is
N,p(n) ~ n?, which is thus negligible compared to the n®/6 of the factor-
ization.

The Cholesky method is thus approximately twice as fast as the Gauss method
for a positive definite symmetric matrix.

Ezxample 6.5.1. Let us compute the Cholesky factorization of

1 2 1 2
2 13 2 4
A= 1 2 2 3
2 4 39
We look for a lower triangular matrix B of the form

by 0 0 0
boi b2 O 0
b1 b3z b33z O
bagi bao bas baa

B =

The algorithm of Section 6.3.1 yields

X computing the first column of B:
L4 b%,l =1= bl,l =1,
® b 1by1 =2 = by =2,
®by1b31 =1=>b3;1 =1,
@by 1by1 =2=>by1 = 2;
X computing the second column of B:
© b3, +b3, =13 =>byo =3,
® b3.1b2,1 +b32ba 0 =2 = b3 =0,
® by1bo 1 +byobro =4 = by =0;
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X computing the third column of B:

° b3+ b3, +033=2=bs3=1,

® by 1031 +baobs o +bisbszs =3= bs3=1,
X computing the fourth column of B:

° b+ bl +bis+bi, =9 = bis=2

Eventually we obtain

10 0 0
23 00
Bil()l()
2 01 2

We solve the linear system Az = b with b = (4,8,5,17)" by the Cholesky
method. We first determine the solution y of By = b, next the solution x of
Btz = y. We obtain y = (4,0,1,4)! and z = (1,0, —1,2)".

By a simple adaptation of the proof of Proposition 6.2.1 we can prove the
following result.

Proposition 6.3.1. The Cholesky factorization preserves the band structure
of matrices.

Remark 6.3.2. Computing the inverse A~! of a symmetric matrix A by the
Cholesky method costs n3/2 operations (which improves by a factor of 2 the
previous result in Section 6.2.3). We first pay n3/6 for the Cholesky factor-
ization, then compute the columns z; of A~! by solving Az; = e;. This is
done in two steps: first solve By; = e;, then solve B*x; = y;. Because of the
zeros in e;, solving By; = e; costs (n — i)?/2, while because of the symmetry
of A=, we need to compute only the (n —i+ 1) last components of x;, which
costs again of the order of (n —i)?/2. The total cost of solving the triangular
linear systems is thus of order n3/3. The addition of n3/6 and n3/3 yields the
result N,,(n) ~ n3/2.

6.4 QR Factorization Method

The main idea of the QR factorization is again to reduce a linear system to
a triangular one. However, the matrix is not factorized as the product of two
triangular matrices (as previously), but as the product of an upper triangular
matrix R and an orthogonal (unitary) matrix @), which, by definition, is easy
to invert, since Q™! = Q*.

In order to solve the linear system Ax = b we proceed in three steps.

(i) Factorization: finding an orthogonal matrix @ such that Q*A = R is
upper triangular.
(ii) Updating the right-hand side: computing Q*b.
(iii) Back substitution: solving the triangular system Rz = Q*b.
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If A is nonsingular, the existence of such an orthogonal matrix @ is guar-
anteed by the following result, for which we give a constructive proof by the
Gram—Schmidt orthonormalization process.

Theorem 6.4.1 (QR factorization). Let A be a real nonsingular matriz.
There exists a unique pair (Q, R), where Q is an orthogonal matriz and R is
an upper triangular matriz, whose diagonal entries are positive, satisfying

A=QR.

Remark 6.4.1. This factorization will be generalized to rectangular and sin-
gular square matrices in Section 7.3.3.

Proof of Theorem 6.4.1. Let aq,...,a, be the column vectors of A. Since
they form a basis of R™ (because A is nonsingular), we apply to them the
Gram—Schmidt orthonormalization process, which produces an orthonormal
basis q1, ..., q, defined by

i—1
4 = a; ?_:11<QkaaZ>Qk 7 <i<n
lai = > 51 (ak, ai) i
We deduce
i
a; = Zrkiqk, with rg; = (g, ai), for 1 <k <i—1, (6.4)
k=1
and
i1
Tii = ||ai — Z(%ﬂﬁ% > 0.
k=1

We set r; = 0 if k > 4, and we denote by R the upper triangular matrix with
entries (r1;). We denote by @ the matrix with columns ¢y, ..., ¢g,, which is
precisely an orthogonal matrix. With this notation, (6.4) is equivalent to

A=QR.

To prove the uniqueness of this factorization, we assume that there exist two
factorizations

A= QlRl = Q2R2~

Then Q50 = R2R1_1 is upper triangular with positive diagonal entries as a
product of two upper triangular matrices (see Lemma 2.2.5). Let T' = RgRl_l.
We have

7° = (Q;Ql)(@;@l)* =1

Hence T is a Cholesky factorization of the identity, and since it is unique, we
necessarily have T' = 1. O
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Remark 6.4.2. The above proof of uniqueness of the QR factorization relies
crucially on the positivity assumption of the diagonal entries of R. Let us
investigate the case that the diagonal entries of R have no specific sign (this
turns out to be useful in the proof of Theorem 10.6.1). Consider two QR
factorizations of the same nonsingular matrix

A=0Q1R1 = Q2Ro.

The upper triangular matrix Ro R !is thus equal to the orthogonal one QLQ1,
hence it is diagonal (see the proof of Theorem 2.5.1): there exists a diagonal
matrix D such that Rngl = Q5Q1 = D. That is to say, Ry = DRy and Q1 =
Q2D. The last equality implies | D; ;| = 1. In other words, the QR factorization
of a real nonsingular matrix is always unique up to the multiplication of each
column k of @) and each row k of R by the factor r, = £1. In the complex case,
the multiplication factor is a complex number of unit modulus, e**, where s
is a real number.

Example 6.4.1. The QR factorization of the matrix
2
A= -1 1 0
1

. VE 0 13 N A
Q=|-1/v2 0o 1/vV2|, R=| 0 2 -1
0 -1 0 0 0 V2

To determine the solution of Az = (—3,1,5)!, we first compute y = Qb =

%(—4, —5v/2,—2)*, then solve Rz = y to obtain x = (—4, —3, —1)*.

6.4.1 Operation Count

We assess the efficiency of the Gram—Schmidt algorithm for the QR method
by counting the number of multiplications that are necessary to its execution.
The number of square roots is n, which is negligible in this operation count.

e Gram—Schmidt factorization: the number of operations is

n
Nop(n) =Y ((i = 1)(2n) + (n + 1)) ~ n®.
i=1
e Updating the right-hand side: to compute the matrix-vector product Q*b
requires Nop(n) ~ n?.
e Back substitution: to solve the triangular system associated with R re-
quires N,, ~ n?/2.
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The Gram—Schmidt algorithm for the QR method is thus three times slower
than Gaussian elimination. It is therefore not used in practice to solve linear
systems. Nonetheless, the QR method may be generalized, and it is useful for
solving least squares fitting problems (see Chapter 7).

Remark 6.4.3. In numerical practice the Gram—Schmidt procedure is not used
to find the QR factorization of a matrix because it is an unstable algorithm
(rounding errors prevent the matrix ) from being exactly orthogonal). We
shall see in the next chapter a better algorithm, known as the Householder
algorithm, to compute the QR factorization of a matrix.

Conditioning of a matrix. If one knows the QR factorization of a matrix A,
its 2-norm conditioning is easy to compute, since conds(A) = conda(QR) =
conds(R) because @ is unitary.

6.5 Exercises

6.1. We define a matrix A=[1 2 3; 4 5 6; 7 8 9]. Compute its determi-
nant using the Matlab function det. Explain why the result is not an integer.

6.2. The goal of this exercise is to compare the performances of the LU and
Cholesky methods.

1. Write a function LUfacto returning the matrices L and U determined via
Algorithm 6.1. If the algorithm cannot be executed (division by 0), return
an error message.

2. Write a function Cholesky returning the matrix B computed by Algo-
rithm 6.2. If the algorithm cannot be executed (nonsymmetric matrix,
division by 0, negative square root), return an error message. Compare
with the Matlab function chol.

3. For n = 10,20,...,100, we define a matrix A=MatSdp(n) (see Exercise
2.20) and a vector b=ones(n,1). Compare:

e On the one hand, the running time for computing the matrices L and
U given by the function LUFacto, then the solution x of the system
Az = b. Use the functions BackSub and ForwSub defined in Exercise
5.2.

e On the other hand, the running time for computing the matrix B given
by the function Cholesky, then the solution x of the system Ax = b.
Use the functions BackSub and ForwSub.

Plot on the same graph the curves representing the running times in terms

of n. Comment.

6.3 (*). The goal of this exercise is to program the following variants of the
Gauss algorithm:
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e the Gauss algorithm with partial pivoting (by row), which consists, at each
step k of the Gauss elimination, in determining an index iy (k < ip < n)
such that

= . 6.5
|@io k| k%agxn |as k], (6.5)
then swapping rows k and i,

e the Gauss algorithm with complete pivoting, which consists in determining

indices ig and jo (k < ip,jo < n), such that

|ai07jo‘ = kg,%én |ai1j |7 (6'6)

then swapping rows k and ¢y, and columns k and jg.

Let Aj be the matrix obtained at the end of step k of the Gauss elimination.
In the first £ — 1 columns of Ay, all the entries below the diagonal are zero.

1. Write a function x=Gauss(A,b) solving the linear system Ax = b by the

Gauss method outlined in Section 6.1. Recall that if the pivot A,(f,)C is zero,
(k)

this method permutes row k& with the next row i (i > k) such that A} is
nonzero.

2. Write a function x=GaussWithoutPivot (A,b) solving the system Az =b
by the Gauss method without any pivoting strategy. If the algorithm can-
not proceed (because of a too-small pivot A,(lel), return an error message.

3. Write a function x=GaussPartialPivot (A,B) solving the linear system
Axz = b by the Gauss method with partial pivoting by row.

4. Write a function x=GaussCompletePivot (A,b) solving the linear system
Az = b by the Gauss method with complete pivoting.

5. Comparison of the algorithms.

(a) Check on the following example that it is sometimes necessary to use

a pivoting strategy. Define the matrix A, and the vectors b and x by

e 1 1 1
A=[1 1 -1}, z=[|-1], and b= Azx.
11 2 1

For ¢ = 10715, compare the solutions obtained by Gauss(A,b) and
GaussPartialPivot (A,b). Comment.
(b) In order to compare the Gauss pivoting algorithms, we define the
following ratio g, which we shall call growth rate:
n—1)|
J
max; ; |A; ;|

maxi,j ‘Av(
Q =

where A("~1 denotes the upper triangular matrix generated by Gauss-
ian elimination. The growth rate measures the amplification of the ma-
trix entries during Gauss elimination. For numerical stability reasons,
the ratio p should not be too large.
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i. Modify the programs GaussWithoutPivot, GaussPartialPivot,
GaussCompletePivot, and Gauss to compute respectively the
rates Oqwe, Qacps Oerp aNd Q-

ii. For different values of n, compute the growth rates for the matrices
A, B, and C defined by
A=DiagDomMat (n); B=SpdMat(n); C=rand(n,n);

Conclude.
iii. Comparison of ¢, and g,qp-

A. For each n = 10k (1 < k < 10), compute 9 pp and ggqp for
three (or more) matrices randomly generated A=rand(n,n).
Plot these values on the same graph in terms of the matrix
dimension n. What do you notice?

B. For each n =2k (1 < k <5), compute g, and g, for the
matrix defined by
A=-tril(ones(n,n))+2*diag(ones(n,1));
A=A+[zeros(n,n-1) [ones(n-1,1);0]]1;

What do you notice?

6.4. The goal of this exercise is to evaluate the influence of row permutation
in Gaussian elimination. Let A and b be defined by
e=1.E-15;A=[e 1 1;1 -1 1; 1 0 11;b=[2 0 1]°;

1. Compute the matrices L and U given by the function LUFacto of Exercise
6.2.

2. We define two matrices [ and u by [1 ul=LUFacto(p*A), where p is the
permutation matrix defined by the instruction [w z p]=1lu(A). Display
the matrices [ and u. What do you observe?

3. Determine the solution of the system Ax = b computed by the instruc-
tion BackSub (U,ForwdSub(L,b)), then the solution computed by the
instruction BackSub (u,ForwSub(1l,p*b)). Compare with the exact solu-
tion x = (0, 1,1)%. Conclude.

6.5 (x).

1. Write a program StoreB to store a band matrix.
2. Write a program StoreBpv to compute the product of a band matrix with
a vector. The matrix is given in the form StoreB.

6.6 (). Write a program LUBand that computes the LU factorization of a
band matrix given in the form StoreB. The resulting matrices L and U have
to be returned in the form StoreB.

6.7. The goal of this exercise is to study the resolution of the finite difference
discretization of the 2D Laplace equation. For given smooth functions f and
g we seek a solution u(z,y) of the following partial differential equation:

—Au(z,y) = f(z,y), for (z,y) € 2=]0,1[x]0,1], (6.7)
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together with the boundary condition
u(z,y) = g(x,y), for (x,y) € 02 = boundary of {2, (6.8)

where Au = 0%u/0x? + 0?u/dy? is the Laplacian of u. As for the one-
dimensional problem, we discretize the domain (2: given the space step
h =1/(N+1) (respectively, k = 1/(M +1)) in the direction of  (respectively,
y), we define the points

zi=ih, i=0,...,N+1, y;=jk j=0,....M+1.

The goal is to compute an approximation (u; ;) of w at the points in (2,
(2i,9;), 1<i<N,and 1 <j <M.

1. Finite difference approximation of the Laplacian.
(a) Combining the Taylor expansions of u(z; — h,y;) and u(z; + h,y;),

show that
9*u w(@i—1,Y5) — 2u(zi, y;) + w(@iz1,y5)
@(%7%’): : % : T2 4 O(h?).

We say that (u(mi_l,yj) — 2u(x;,y;) + u(xi+1,yj))/h2 is a second-

order approximation of 9*u/dx? at point (z;,y;).
(b) Same question for

u w(xi, yj—1) — 2u(xi, y;) + w(xs, yje1)

ain(zhyj) = 2 + O(k?).

(c) Justify the finite difference method for solving the Laplace equation
(6.7):

Uity 20y T iy W1 2 T i

h2 k_2 f’i,j? (69)

where u; ; denotes the approximation of u(z;,y;), and f; ; = f(xs,y;).
Formula (6.9) is called the 5-point discretization of the Laplacian,
because it couples 5 values of u at 5 neighboring points.

2. Taking into account the boundary condition (6.8), formula (6.9) has to be
modified for the points (z;,y;) close to the boundary 942, that is, for i = 1
and N, or j = 1 and M. For instance, for j = 1, the term u; ;1 appearing
in (6.9) is known and equal to g; o, according to (6.8). Therefore, this term
moves to the right-hand side of the equality:

2U,’71 — Uy
k2

—Ui—1,1 + 2Us 1 — Uig1 1
2

2 9i,0
+ = fi1 + ];2 ) (6.10)
For ¢ =1 or i = N, there is yet another term of (6.10) that is known:

g1,0
k2

go,1
h?’

2uq,1 — U2 n 2ui1 —u

1,2
2 12 =fi1+

_|_
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—un-1,1+2un1 | 2un1—u gN,O . gN+1,1
h2 - k2 e TR
Write the corresponding equations for the other points close to the bound-
ary.

3. We now solve the linear system corresponding to (6.9) and (6.10) and
assume, for simplicity, that h = k. Let @; be the vector whose entries
are the n unknowns located on row j, u; = (u1,j,u2j,...,un; )", and
fi = (fij, f2,---» fn )t Determine the matrix B such that the vectors
uy for j =1,..., M satisfy the equations

N,2
= fn1+

—Uj—1 + Bﬂj — Ujt1 7
72 =i

Forj=1orj=M, fj must be modified in order to take into account the
boundary values u; ¢ and u; pr41, which are known. For simplicity again,
we assume g = 0. Prove that the complete system reads

Au = §, (6.11)

where the unknown is @ = (@y,..., %), the right-hand side is f =

(fi,..., far)t, and the matrix A is to be determined. Exhibit the band

structure of this matrix.

(a) Write a function Laplacian2dD(n) returning the matrix A (of order
n?, where n = N = M). Use the Matlab function spy to visualize the
matrix A. Hint: we do not request at this stage of the problem to use
the Matlab instruction sparse.

(b) Write a function Laplacian2dDRHS(n,f) returning the right-hand
side f of equation (6.11), given n and the function f defined as a
Matlab function.

4. Validation. Set f(z,y) = 22(1 — x) 4+ 2y(1 — y), so that the solution of
(6.7) is u(x,y) = (1 —x)y(1 —y). For N = 10, compute the approximate
solution and compare it with the exact solution, plotting them on the
same graph using the function plot3.

5. Convergence. We now choose f such that the solution u is not a polyno-
mial.

(a) How should one choose f so that the solution is

u(z,y) = (x — 1)(y — 1) sin(7rz) sin(7ry)?

(b) What is the maximal value Ny for which Matlab can carry out the
computations (before a memory size problem occurs)?

(c) Taking into account the sparse nature of the matrix A, we define a
function Laplacian2dDSparse. The command sparse should be used
to define and store the matrix A in sparse form: larger problems (i.e.,
with N larger than Ny) can be solved accordingly. Let N, be the total
number of nonzero entries of A. Define three vectors of size N,:

e a vector ii of integers containing the indices of the rows of the
nonzero entries of A;
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e avector jj of integers containing the indices of the columns of the
nonzero entries of A;

e a vector u containing the nonzero entries of A.

For any k = 1,..., N, they satisfy u(k) = Aj;x),j;(r)- Next, define a
matrix spA=sparse(ii,jj,u). For every value N = 5,10,15,...,50,
compute the error between the numerical solution and the exact so-
lution. Plot the error in terms of N on a log-log scale. The error is
computed in the oco-norm, i.e., is equal to the maximum of the er-
ror between the exact and approximate solutions at the N x N mesh
points. Comment on the results.

6. Spectrum of A. We fix N = 20.

(a) Compute (using eig) the eigenvalues and the eigenvectors of A.

(b) Use the instruction sort to find the four smallest eigenvalues. Plot
the corresponding eigenvectors (using surfc). Hint: The eigenvectors
computed by Matlab are vectors of size N x NN, which have to be
represented as a function of (z,y) given on an N x N regular grid.

(c) The eigenvalue A and eigenfunction ¢ of the Laplacian on the unit
square with homogeneous Dirichlet boundary conditionsare are de-
fined by a nonidentically zero function ¢ such that

—Ap=Ap in 2

and ¢(x,y) = 0 for (x,y) € 0. For which values a and (3 is
o(x,y) = sin(ax) sin(By) an eigenfunction? What is the corresponding
eigenvalue? Plot on the unit square the first four eigenfunctions of the
Laplacian, that is, the eigenfunctions corresponding to the smallest
eigenvalues. Interpret the curves of the previous question.

6.8. Let A be the matrix defined by A=Laplacian2dD(5), and A = LU its LU
factorization given by LUFacto. Use the function spy to display the matrices
L and U. Explain.

6.9. Let A be a band matrix of order n and half bandwidth p. For n > p > 1
compute the number of operations N,,(n, p) required for the LU factorization
(having in mind Proposition 6.2.1).

6.10. The goal of this exercise is to program the so-called incomplete LU
factorization of a matrix A, which is defined as the approximate factorization
A~ LU, where L and U are computed by the program LUFacto modified as
follows: the entries L; ; and U; j are computed if and only if the entry A, ; is
not zero. If this entry is zero, we set Ll 4 =0and Ul 4 =0.

1. Write a program ILUfacto computing the incomplete LU factorization of
a matrix. Because of rounding errors, the condition A; ; = 0 has to be
replaced by |4, ;| < e, where ¢ > 0 is a prescribed small threshold

2. For A=Laplacian2dD(10), compute condy(A) and condy(U 'L~ A). Ex-
plain.
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Least Squares Problems

7.1 Motivation

The origin of the least squares data-fitting problem is the need of a notion
of “generalized solutions” for a linear system Az = b that has no solution in
the classical sense (that is, b does not belong to the range of A). The idea
is then to look for a vector x such that Az is “the closest possible” to b.
Several norms are at hand to measure the distance between Ax and b, but the
simplest choice (which corresponds to the denomination “least squares”) is the
Euclidean vector norm. In other words, a least squares problem amounts to
finding the solution (possibly nonunique) x € RP to the following minimization
problem:

Ib = Az]l, = min [|b - Ay]., (7.1)

where A € M, ,(R) is a matrix with n rows and p columns, b is a vector of
R™ and || - ||, denotes the Euclidean norm in R™.

In the square case p = n, if the matrix A is nonsingular, then there exists
a unique minimizer x = A1, and the minimum is equal to zero. In such a
case, a least squares problem is equivalent to solving a linear system. If A is
singular or if p # n, the notion of least squares yields a generalization of a
linear system solving to nonsquare or singular matrices. If a solution of the
linear system Az = b exists, then it is also a solution of the least squares
problem. The converse is not true, as we shall see in the following geometrical
argument.

The least squares problem (7.1) has a geometrical interpretation as finding
the orthogonal projection of b on the range of A. Indeed, Ax is the closest
vector in Im (A) to b. A well-known property of the orthogonal projection
is that b — Az is actually orthogonal to Im (A). We display in Figure 7.1 a
vector b and its orthogonal projection Az onto the vector subspace Im (A). It
is therefore clear that (7.1) always admits at least one solution = (such that
Az is the orthogonal projection of b,) although the linear system Ay = b may
have no solution if b does not belong to Im (A).
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Im (A) O

Fig. 7.1. Least squares problem: projection of b onto Im (A).

Finally, let us recall that one of the main motivations of least squares
problems is data-fitting (see Section 1.2).

7.2 Main Results

We consider the least squares problem (7.1): find # € RP that minimizes
|b — Ayl|,, over RP, where A € M,, ,(R) is a matrix with n rows and p
columns, b € R", and || - ||, denotes the Euclidean norm in R™.

Lemma 7.2.1. A vector x € RP is a solution to the least squares problem
(7.1) if and only if it satisfies the so-called normal equation

A*Ax = A*b. (7.2)
(Observe that A* A is a square matriz of size p.)
Proof. Let x € RP be a solution of (7.1), i.e.,
Ib— Az||2 < |6~ Ay|l7, Vy e RP.
For any z € RP and any t € R, set y = x + tz. Then
|b— Az|? < ||b— Ax|? + 2t(Ax — b, A2) + 1*||Az|2.
We infer
0 < 2sign (t)(Az — b, Az) + |t]||Az|?,
which implies that as ¢t tends to 0 (from above and then from below),
(Ax —b,Az) =0, VzeRP.

Thus we deduce that A*Ax — A*b = 0. Conversely, if x is a solution of the
normal equation (7.2), then

(Az —b,Az) =0, Vz€RP.

Thus
b= Acl2 < b— Ayl2, Y=o+t cRP.
That is, = is also a solution of (7.1). O
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Theorem 7.2.1. For any matric A € M, ,(R), there always exists at least
one solution of the normal equation (7.2). Furthermore, this solution is unique
if and only if Ker A = {0}.

Proof. 1If A*A is nonsingular, there exists, of course, a unique solution to the
normal equation. If it is singular, we now show that there still exists a solution
that is not unique. Let us prove that A*b € Im A* A, or more generally, that
Im A* € Im A*A. The opposite inclusion, Im A*A C Im A*, is obvious, as
well as Ker A C Ker A*A. On the other hand, the relation Im A* = (Ker A)+
implies that

RP = Ker A Im A", (7.3)

Moreover, A* A is real symmetric, so is diagonalizable in an orthonormal basis
of eigenvectors. Since the range and the kernel of a diagonalizable matrix are
in direct sum, we deduce

RP = Ker A*A® Im A*A. (7.4)

If we can show that Ker A*A C Ker A (and thereby that Ker A = Ker A*A),
then (7.3) and (7.4), together with the relation Im A*A C Im A*, imply that
Im A* = Im A* A, which is the desired result. Let us prove that Ker A*A C
Ker A. If x € Ker A*A, then

A*Az =0= (A"Az,2) =0 & ||Az|| = 0 & Az =0,

and thus z € Ker A. This proves the existence of at least one solution. Clearly
two solutions of the normal equation differ by a vector in Ker A* A, which is
precisely equal to Ker A. O

A particular solution of the normal equation can be expressed in terms of
the pseudoinverse AT of A (see Definition 2.7.2).

Proposition 7.2.1. The vector x, = A'b is a solution of the least squares
problem (7.1). When (7.1) has several solutions, xy is the unique solution
with minimal norm, i.e., for all x # x such that ||Azy — b||a = || Ax — bl|2, we
have

zollz < ll2[l2-

Proof. For any = € RP, we decompose Az — b as follows:
Az —b= A(x —x3) — (I — AATb.

This decomposition is orthogonal since A(z — x3) € Im A and (I — AATb €
(Im A)*, because AAT is the orthogonal projection matrix of C™ onto Im A;
see Exercise 2.29. We deduce from this decomposition that

[Az = blI3 = | Az — Awy|[3 + | Azy — b]13 > || Azs, — b3, (7.5)

which proves that z; is a solution of (7.1). In addition, if [|Ax, — b2 =
|Az — b||2, then (7.5) shows that Az = Axp and z = z — x, € Ker A. We
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obtain thus a decomposition of x into x = z + x;. This decomposition is
orthogonal, since z € Ker A and x, = Ab € (Ker A)* (by definition of AT in
Exercise 2.29). Hence, if x # a3, we have

)13 = ll2l13 + lls]13 > lls]13.

O

Remark 7.2.1. The vector x;, = A'b has a simple geometric characterization:
it is the unique vector of (Ker A)* whose image under the matrix A is equal
to the projection of b onto Im A; for more details see Exercise 2.29.

7.3 Numerical Algorithms

Before introducing efficient numerical methods for solving problem (7.2), we
first study the sensitivity of the solution to variations of the data.

7.3.1 Conditioning of Least Squares Problems

In this section we assume that system (7.2) has a unique solution, that is,
Ker A is reduced to the zero vector. Note that this is possible only if p < n. In
this case, the square matrix A*A is nonsingular, and by Theorem 7.2.1, the
least squares problem has a unique solution, equal to Afb.

Sensitivity of the Solution to Variations of b.

For a given by € R”, we call 9 = Afby the solution to the least squares
problem
in || Ay — bol|- .
min || Ay —bo (7.6)

Similarly for a given b, € R™, we call ; = Afb; the solution to the least
squares problem
in ||Ay — by]|. )
min || Ay — b | (7.7)

Before analyzing the variations of x in terms of the variations of b, let us first
observe that only the projection of the vector b onto Im A counts; it is the
point of the next remark.

Remark 7.3.1. As already explained in Section 7.1, a solution x of the least
squares problem can be obtained by taking Ax as the orthogonal projection
of b onto Im (A). Therefore, if we modify the vector b without changing its
orthogonal projection onto Im (A), we preserve the same solution of the least
squares problem. In other words, if by and b; have the same projection z onto
Im (A), we have Azg = Az; = z. Since the kernel of A is Ker A = {0}, we
clearly obtain equality between the two solutions, o = x1.
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Bound from above of the absolute variation

We have a direct upper bound of the variations of the solution:
t 1
|21 = @oll2 = [[AT(b1 — bo)|l2 < ;I|b1 = boll2,
P

where p,, is the smallest nonzero singular value of the matrix A; see Remark
5.3.4.

Bound from above of the relative variation

Assuming that zo and by are nonzero, the relative error on x can be bounded
in terms of the relative error on b.

Proposition 7.3.1. Assume that Ker A = {0}. Let by, by be the vectors de-
fined in (7.6), (7.7), and xq, x1 their corresponding solutions. They satisfy

|21 — 202 161 — bo |2
<y , (7.8)
lzoll2 1602
where ol
Oy = || AT[o 222 7.9
| A™]] ol (7.9)

The constant (Y is a measure of the amplification of the relative error on the
solution = with respect to the relative error on the right-hand side b. This
constant is the product of several quantities:

cond(A)

Cy = ,
b 1 cosf

where

X cond(A) = ||Al|2||At||2 is the generalized conditioning of A,

X 0 denotes the angle formed by the vectors Azy and by (see Figure 7.1),
i.e., cos 0 = || Axoll2/||bol|2,

X n=1|4|2 |zoll2/||Azol||2 indicates the gap between the norm of the vector
Az and the maximal value that can be taken by this norm (it always
satisfies n > 1).

We single out the following particular cases:

X if bg € Im A, then # = 0 and since 1 > 1, the amplification constant C is
at most equal to condg(A);

X if by € (ImA)*, then § = /2 and 29 = 0 = Awxg. The amplification
constant Cj is infinite in this case.
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Sensitivity of the Solution to Variations of A.

We now vary the matrix A. Let Aj be a reference matrix with Ker Ay = {0},
and let
A. =Ag+¢eB, BeM,,(C) (7.10)

be the matrix of the perturbed problem. For ¢ small enough, A} A, is nonsin-
gular, and the respective solutions to the reference and perturbed problems
are denoted by x¢ and z.. They satisfy

AfAozo = Ajb  and  AZA.x. = AZb.
We perform a Taylor expansion for e close to 0:
1—-1
= (ArA)TATD = [(AS +eB*)(Ag+eB)| (Aj+eB*)b
-1
[A*AO +e(ALB + B*Ag) + O(e )] (Asb+ eB*b)

1—-1
I +e(AjA0) H(AFB + B*Ag) + O(?)|  (A§Ag) ' (Agb + B*b)

= [ — =(A740) " (A5 B + B" Ag) + O(=2)] [mo + (45 40) "' BY)
Therefore, we deduce that
—z0 = (AgAo) " (eB*) (b — Aoxo) — (AgAo) ' Aj(eB)zo + O(?).

Setting AAy = A. — Ao, we get the following upper bound:

|6 — Agzol|2
| Aozoll2

On the other hand, we have tan6 = ||b — 2o|2/||20]]2 and

1 1 1
A A) == = = = || A2
147 = 5 = — 5 = e = 4TI
AEo(A*A) i

|ze — 20ll2

< [[(A§A0) M2 [|A Aol
[zoll2

+ [ Abl2 [ AAoll2 + O(?).

where o is the smallest singular value of A*A, p; are the singular values of
A, and we have used the fact that A* A is normal. Hence, we have proved the
following result:

Proposition 7.3.2. Assume that Ker Ag = {0}. Let xg and x. be the solu-
tions to the least squares problems associated with the matrices Ay and A.
respectively, with the same right-hand side b. The following upper bound holds
as ¢ tends to 0:

lze — zoll2 [ Ac — Aol 2
< Oy, +O(e?), (7.11)
llzoll2 [ Aoll2
tand 9
where C 4 = condy(A) + condy(A4)“.
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Therefore, the relative error on z can be amplified by the factor C4. We single
out the following particular cases:

X if by € Im A, then Cy = condz(A);

X if by € (Im A)L, the amplification factor C4 is infinite;

X in all other cases, C4 is usually of the same order as conds(A4)?. Of
course, if (tan®)/n is very small (much smaller thanconds(A4)~1), Ca
is of the order of conds(A), while if (tan6)/n is very large, Cy4 is larger
than conds(4)2.

7.3.2 Normal Equation Method

Lemma 7.2.1 tells us that the solution to the least squares problem is also a
solution of the normal equation defined by

A*Ax = A*b.

Since A*A is a square matrix of size p, we can apply to this linear system
the methods for solving linear systems, as seen in Chapter 6. If Ker A = {0},
then the matrix A* A is even symmetric and positive definite, so we can apply
the most efficient algorithm, that is, the Cholesky method.

Operation Count

As usual, we count only multiplications and we give an equivalent for n and
p large. When applying the Cholesky algorithm to the normal equation, the
following operations are performed:

e Multiplication of A* by A: it is the product of a p X n matrix by an n X p
matrix. The matrix A*A is symmetric, so only the upper part has to be
computed. The number of operations N, is exactly

np(p+1)
Nop = #

e Cholesky factorization:
3
p
Nop = 5
e Computing the right-hand side: the matrix-vector product A*b costs
Nop = pn.

e Substitutions: solving two triangular linear systems costs

Nop sz.
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In general, n is much larger than p, which makes the cost of the Cholesky
factorization marginal with respect to the cost of the matrix product A*A.
However, this method is not recommended if p is large and the conditioning of
A is also large. Actually, the amplification of rounding errors, while solving the
normal equation, is governed by the conditioning of A* A, which is in general
of the order of the square of the conditioning of A. We shall see other methods
where the conditioning is simply equal to that of A.

7.3.3 QR Factorization Method

The main idea of the QR factorization method is to reduce the problem to
a least squares problem with a triangular matrix. We thus factorize A as the
product of a triangular matrix R and an orthogonal (unitary) matrix . We
recall that the multiplication by an orthogonal matrix preserves the Euclidean
norm of a vector:

1Qz]ln = ||2]ln, VzeR™if Q7' = Q*.

Let A € M,,,(R) be a (not necessarily square) matrix. We determine R €
M,, ,(R) such that r; ; = 0 if i < j, and Q € M,, ,(R) such that Q= = Q*,
satisfying

A= QR.

The original least squares problem (7.1) is then equivalent to the following
triangular problem:

1Q"b — Rz[l, = min [|Q"b — Ry||n,
yERP

which is easily solved by a simple back substitution. We first study this method
based on the Gram-Schmidt procedure (in the next section, we shall see an-
other more powerful algorithm). We distinguish three cases.

Casen=p

If the matrix A is nonsingular, then we know that the solution to the least
squares problem is unique and equal to the solution of the linear system Az =
b. We have seen in Chapter 6 how the QR method is applied to such a system.
If the matrix A is singular, we need to slightly modify the previous QR method.
Let ay,...,a, be the column vectors of A. Since these vectors are linearly
dependent, there exists ¢ such that ai,...,a; are linearly independent, and
a;+1 is generated by ay,...,a;. The Gram—Schmidt procedure (see Theorem
2.1.1) would stop at the (i + 1)th step, because

i

Qi1 = Qi1 — Z<Qk, aiv1)qr = 0.
=1
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Indeed, since the subspaces span {qi,...,q;} and span{a,...,a;} are equal
and a;y1 belongs to the latter one, the orthogonal projection of a;11 onto
span{qi,...,q} is equal to a;41, and @;41 vanishes. To avoid this difficulty,
we first swap the columns of A to bring into the first positions the linearly
independent columns of A. In other words, we multiply A by a permutation
matrix P such that the rk (A) first columns of AP are linearly independent
and the n — rk (A) last columns of AP are spanned by the rk (A) first ones.
This permutation can be carried out simultaneously with the Gram—Schmidt
procedure: if a norm is zero at step 7 + 1, we perform a circular permutation
from the (¢ + 1)th column to the nth. Permutation matrices are orthogonal,
so the change of variable z = P'y yields

1o — Ayl = [Ib— APPyll, = [|b— (AP)z]-

We apply the Gram—Schmidt procedure to the matrix AP up to step rk(A)
(we cannot go further). Hence, we obtain orthonormal vectors ¢, ..., ¢ (A)>
to which we can add vectors q,x (4)+1; - - - » ¢n in order to obtain an orthonormal
basis of R™. We call () the matrix formed by these column vectors. We have

i—1
q = @i = D (h 0a) O 1 <i< rk(A),

= = ,
la: = 32— (a as)arll

and a; € spcm{al, e ,ark(A)} = span{ql, e 7qu(A)} if tk(A)+1<i<n.
Therefore, we infer that there exist scalars ry ; such that

a;i = Thiqe, Withry; >0 if 1 <i < rk(A),

=1 (7.12)

rk (A)
k=1

We set r,; = 0 if kK > ¢, and call R the upper triangular matrix with entries
(Tk,i):

1,1 -+ T1,rk(A)

Rii R .
R:( (1)71 (1)72>, with Ry, =

0 T 1k (A), rk (A)

Relations (7.12) are simply written AP = QR. Let z = (21, 22) with z; the
vector of the first rk (A) entries, and z5 that of the last n — rk (A). We have

lo—APz|7 =1Q"b—Rz|7 = 1(Q"b)1 = Riaz1~Ri222 )7y a) +H(Qb)2 - i (a)-

Since R ; is upper triangular and nonsingular, by a simple back substitution,
and whatever the vector 25 is, we can compute a solution:
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21 = R ((Q7b)1 — Rip2). (7.13)
Consequently, the value of the minimum is

* = min [|b— Ayl|,.
1@ 0)2lln—ric(a) = min [|b — Ayl

Since zs is not prescribed, there is an infinite number of solutions (a vector
space of dimension n — rk (A)) to the least squares problem.

Casen <p

In this case, we always have Ker A # {0}. Therefore, there is an infinity
of solutions. For simplicity, we assume that the rank of A is maximal, i.e.,
equal to n. Otherwise, we have to slightly modify the argument that follows.
Let ai,...,a, € R™ be the columns of A. Since rk (A) = n, possibly after
permuting the columns, the first n columns of A are linearly independent in
R™ and we can apply the Gram—Schmidt procedure to them. We thus obtain

an orthogonal matrix @Q of size n, with columns ¢y, ..., g, satisfying
a; — . (qr> @i)qr
g = e 1<i<n

llai — S0 (ar, ai)ar||”

On the other hand, ap41,...,a, are spanned by ¢1, ..., g, which is a basis of
R"™. That is, there exist entries r ; such that

(2
a; = ZTk,i% with r;; > 0if 1 <14 < mn,
k=1

n
ai=Z7‘k7iqk ifn+1<i<np.
k=1

Set ry; = 0if £ > 4, and call R the n x p upper triangular matrix with entries
(re.i):

T1,1---T1in

R=(Ri1 Ri2), with Ry;= U )
0 Tn,n
and Ry o is an n X (p — n) matrix. Set z = (z1, 22) with z; the vector formed
by the first n entries, and z, by the last p — n. We have
||b - Aan = ||Q*b - Rl’lzl — RLQZQ”n.

Since R; ; is upper triangular and nonsingular, by a simple back substitution,
and for any choice of z5, we can compute a solution:

zZ1 = Rl_% ((Q*b) - RLQZQ) . (714)
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As a consequence, the minimum value is

0= min ||b — Ayl|,.
min [|b — Ay]ln

Since zs is not prescribed, there is an infinite number of solutions (a vector
space of dimension p — n) to the least squares problem.

Casen >p

This is the most widespread case in practice, that is, there are more equa-
tions than unknowns. For simplicity, we assume that Ker A = {0} (which is
equivalent to rk (A) = p), so the least squares fitting problem has a unique
solution. If Ker A # {0}, then what follows should be modified as in the case

n=np.

We apply the Gram-Schmidt procedure to the (linearly independent)
columns ay, ..., a, of A in order to obtain orthonormal vectors qi,. .., q,. We
complement this set of vectors by gp1,...,q, to get an orthonormal basis of
R™. We call @) the matrix formed by these column vectors. We have

1
a; = Zrk,i% with r; >0if 1 <7 <p.
k=1

Set ry; = 0if £ > 4, and call R the n x p upper triangular matrix with entries
(Tk,i):
T1,1---T1p

R = (R(;’l) with R171 =

0 Tp,p

Denoting by (Q*b), (respectively, (Q*b),—p) the vector of the first p (respec-
tively, the last n — p) entries of Q*b, we write

I — Azll; = Q"6 — Rz|l7 = [(Q"b)p — Ruazly + (Q"b)n—pl7 -

Since R;; is upper triangular and nonsingular, by a simple back substitution
we can compute the solution

z = R 1(Q*b),. (7.15)
Consequently, the minimum value is
1(Q*0)n—plln—p = grelg}j 16— Ayl

Note that in this case, there is a unique solution to the least squares problem
given by formula (7.15).
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Operation Count

We compute the number of multiplications required by the Gram—Schmidt
algorithm when n > p.

e Orthonormalization: at each step 1 < ¢ < p, we compute i — 1 scalar
products of vectors of R™, and i — 1 vector-scalar products. The number
of operations N,), is therefore

Nop = 22(2 — 1)n ~ np>.

=1

e Updating the right-hand side: the cost of the matrix-vector product Q@*b
can be reduced by remarking that in (7.15), only the first p entries of Q*b
are required; hence

Nop = pn.

e Substitution: solving a triangular linear system of size p costs
Nop = p*/2.

For large n, the QR method with the Gram—Schmidt algorithm is less
efficient than the normal equation method if we compare the number of op-
erations. The triangular system Rz = @Q*b (in the case n = p) is, however,
better conditioned. Indeed, conda(R) = conds(A), since R and A differ by
the multiplication of an orthogonal matrix (for the normal equation method,
it is the conditioning of A*A that matters). Nevertheless, in practice, this al-
gorithm is not recommended for large matrices A (the following Householder
algorithm shall be preferred). Indeed, the Gram—Schmidt algorithm is numer-
ically unstable in the sense that for large values of p, the columns of @) are no
longer perfectly orthogonal, so Q! is numerically no longer equal to Q*.

7.3.4 Householder Algorithm

The Householder algorithm is an implementation of the QR method that
does not rely on the Gram—Schmidt algorithm. It amounts to multiplying
the matrix A by a sequence of very simple orthogonal matrices (the so-called
Householder matrices) so as to shape A progressively into an upper triangular
matrix.

Definition 7.3.1. Let v € R™ be a nonzero vector. The Householder matriz
associated with the vector v, denoted by H(v), is defined by

ot

[[vll**

Hw)=1-2

We set H(0) = I; the identity is thus considered as a Householder matriz.
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Remark 7.3.2. The product vv! of an n x 1 matrix by a 1 X n matrix is indeed
a square matrix of order n, which is equivalently denoted by v ® v. It easy to
check by associativity that the product (vvt)z is equal to (v, x)v.

Householder matrices feature interesting properties that are described in
the following result; see also Figure 7.2.

H(u)x Bv z=au+ fv

—Qau au

Fig. 7.2. Householder transformation H(u) = orthogonal symmetry with respect
to the hyperplane that is orthogonal to u.

Lemma 7.3.1. Let H(v) be a Householder matriz.

(i) H(v) is symmetric and orthogonal.
(ii) Let e be a unitary vector. Yv € R™, we have

H(v+ [v]le)o = —|lvle (7.16)

and
H(v —||v]|e)v = +]|v]le. (7.17)

Proof.  Obviously H(v)! = H(v). On the other hand, we have

oot (vvt)(vot)
H?>=1-4 +4 =1,

[[0]|? [[o]|*
since (vol)(vvt) = ||v]|?(vv!). Hence H(v) is also orthogonal. Without loss
of generality, we can assume that e is the first vector of the canonical basis
(€i)1<i<n- Let w = v+|jv|le. If w is the null vector, then H(w)v = v = —||v]le,
and relation (7.16) holds. For w # 0,

¢ 2
L O [ N R A
]l (1 + 0D + Xk vkl
2([[oll* + [[vllva) (v + [[v]le)
=v- =v—=(vt]vfle) = —lvfle.

2||v[|? + 2v1 o]
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A similar computation gives H (v — ||v|le)v = ||v]|e. O

We describe the Householder algorithm in the case n > p, that is, the
matrix A € M,, ,(R) has more rows than columns. The Householder algorithm
defines a sequence of Householder matrices H* € M,,(R) and a sequence of
matrices AK€ M, ,(R) for 1 < k < p satisfying

A=A, ARl = HFAF APTI =R

9 )

where R is upper triangular. Each matrix A* has zeros below the diagonal in
its first (k — 1) columns, and the Householder matrix H* is built in such a
way that it reduces to zero the kth column below the diagonal in A*+1,
Step 1 We set A = A. Let a' be the first column of Al. If we have

aii

then we are done by taking H! = I. Otherwise, we set
H' = H(a' +|a'[lex),

and define A2 = H'A'. By virtue of Lemma 7.3.1, the first column of A? is
—[la*]|
0
A’e; = H'a' =

0
which is the desired result at the first step. We could also have taken H! =
H(a' — ||a'||e1); we choose the sign according to numerical stability criteria.

Step k Assume that the first k¥ — 1 columns of A* have zeros below the
diagonal:

k k
aty - ce e at,
0
Ak — ap—1,k—1 X X
0
k
0 ... 0 X o.an,

Let a* be the vector of size (n + 1 — k) made of the last (n+ 1 — k) entries of
the kth column of A*. If we have
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then we choose H¥ = I. Otherwise, we set

Ik,1 0
H* =
0 [H(a" + fla*e1)

where I, _; is the identity matrix of order k — 1, and H(a* + ||a¥|le;) is a
Householder matrix of order (n + 1 — k). We define A*+! = H* A*. By virtue
of Lemma 7.3.1, the kth column of A**! is

ay i
afk afk :
1 e : aﬁfik
AT ey = H af_yp | T | @i = | =l
: : 0
ak H(a* + ||a*||e))a®
0

Furthermore, in view of the structure of H¥, the first (k — 1) columns of A**!
are exactly the same as those of A*. Consequently,

k+1 k+1
Ay 1 e e e ay

; P

0 .

: k+1

: ap . X ... X
ARFL = k.k ,

0
k+1
0 ... 0 x ...ay}

which is the desired result at the kth step. We could also have taken H(a* —
la*|le1) in H*; we choose the sign according to numerical stability criteria.
After p steps we have thus obtained an upper triangular matrix AP*! such
that
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1 1
At abt

1,1 1p
0
. . p+1
R = APt = : “pp
0 0

Setting Q = H'--- HP, which is an orthogonal matrix, we have indeed ob-
tained that A = QR.

Remark 7.3.3. The QR factorization by the Householder algorithm is possible
even if the matrix A is singular. It is an advantage with respect to the Gram—
Schmidt algorithm, where column permutations are required if A is singular.
The Householder algorithm is numerically stable, so it is the one used in
practice. The algorithm still works if n < p with obvious modifications.

Operation Count

At each step k, the vector a® + ||a*||e; is computed as well as the product
of the matrices H* and A*. Due to the special shape of the matrix H*, this
matrix product is equivalent to running (p + 1 — k) operations of the type

(vvha  (v,a)v
loli> ol

where v = a* + ||a*||e1, and a is successively the vector containing the last
(n 41— k) entries of the last (p + 1 — k) column vectors of A*. Hence, there
are mainly (p + 1 — k) scalar products and vector-scalar multiplications (we
neglect all lower-order terms such as, for example, the computation of ||v]|).
Finally, we obtain

P
1

Nop = ZQp—i—l— (n—i—l—kz)%an—gpg.

k=1

This number of operations is smaller than that for the Gram—Schmidt pro-
cedure. In the case n = p, this method can be used to solve a linear system,
and the number of operations is of order 7n , which makes the Householder
algorithm twice slower than the Gauss ehmmatlon algorithm. We shall use
Householder matrices again in Chapter 10, concerning eigenvalue computa-
tions.

7.4 Exercises

7.1. Define a matrix A=reshape(1:28,7,4) and vectors bl=ones(7,1), and
b2=[1;2;3;4;3;2;1].
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1. Compute the solutions z; and zo, of minimal norm, for the least squares
problems
min [|[Az — by]]2 and min ||Az — ba|2,
z€R3 z€R3

as well as the corresponding minimum values. Comment.
2. How can the other solutions of these two minimization problem be com-
puted?

7.2. Define a matrix A by
A=reshape(1:6,3,2);A=[A eye(size(A)); -eye(A) -A];

1. Define a vector by by b0=[2 4 3 -2 -4 -3]’. Compute the solution z, of
minimal norm, of the least squares problem associated to the matrix A and
bo. Let bbe a (small) variation of by defined by e=1.E-2; b=b0+e*rand (6,1).
Compute the solution x associated with b. Compute the relative errors
|z —xoll2/||xol| and ||b—bo||2/||bo||- Compute the amplification coefficient
Cy defined by equality (7.9).

2. Same questions for the vector b; defined by b1=[3 0 -2 -3 0 2]’. Dis-
play both vectors x; and x. What do you observe?

3. For i varying from 1/100 to 1 by a step size of 1/100, compute the am-
plification coefficient Cj (i) associated with the vector by = ibg + (1 —i)b;.
Plot the results on a graph. Comment.

7.3. The goal of this exercise is to approximate a smooth function f defined
on the interval (0,1) by a polynomial p € P,,_ in the least squares sense, i.e.,

/ (@) - p()|Pdz = min / f@) - q@)Pdz.  (718)
0 0

q€EP, 1

Writingp = Y., aip; in a basis (p;)"_; of P,_1, the unknowns of the problem

are thus the coeflicients a;. Problem (7.18) is equivalent to determining the
minimum of the function F from R™ into R, defined by

2

1 n
E(aq,...,an) = / f(z) - Z a;pi(z)| de,
0 i=1
which admits a unique solution (a1, ...,a,) characterized by the relations
OF
@(al,...,an):(L ]{1:1,...,71.
1. Show that the vector a = (as,...,a,)" is the solution of a linear system

Aa = b whose matrix and right-hand side are to be specified.
2. Take ¢;(z) = 2"~ and show that the matrix A is the Hilbert matrix; see
Exercise 2.2.
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3. Prove, using the Gram-Schmidt procedure, that there exists a basis
(pi)_y of P,_1 such that

1
/ vi(z)pj(x)de =6;;, 1<i,j<n.
0

What is the point in using this basis to compute p?

7.4. Define a matrix A by A=MatRank(300,100,100) (see Exercise 2.7), and
b=rand(300,1).

1. Compare (in terms of computational time) the following three methods
for solving the least squares problem

min Az — bl|2. (7.19)

(a) The Cholesky method for solving the normal equations. Use the func-
tion chol.

(b) The QR factorization method.

(¢) The SVD method where A is factorized as A = VXU* (see Theorem
2.7.1). Hint: the solutions of (7.19) are given by @ = Uy, where y € R™
can be determined explicitly in terms of the singular values of A and
the vector b.

Compute the solutions x of (7.19), the minima || Az — b||, and the compu-

tational time. Conclude.

2. Now define A and b by

e=1.e-5;P=[110;01 -1; 1 0 -1]
A=Pxdiag([e,1,1/e])*inv(P) ;b=ones(3,1)

Compare the solutions of the least squares problem obtained by the
Cholesky method and the QR method. Explain.

7.5 (). Program a function Householder to execute the QR factorization of
a matrix by the Householder algorithm. Compare the results with the factor-
ization obtained by the Gram—Schmidt method.
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Simple Iterative Methods

8.1 General Setting

This chapter is devoted to solving the linear system
Ax =10

by means of iterative methods. In the above equation, A € M,,(R) is a non-
singular square matrix, b € R" is the right-hand side, and x is the unknown
vector. A method for solving the linear system Az = b is called iterative if
it is a numerical method computing a sequence of approximate solutions xy
that converges to the exact solution x as the number of iterations k goes to
+00.

In this chapter, we consider only iterative methods whose sequence of
approximate solutions is defined by a simple induction relation, that is, xx41
is a function of x; only and not of the previous iterations zg_1,...,x1.

Definition 8.1.1. Let A be a nonsingular matriz. A pair of matrices (M, N)
with M nonsingular (and easily invertible in practice) satisfying

A=M-—-N

is called a splitting (or regular decomposition) of A. An iterative method based
on the splitting (M, N) is defined by

. .
{xo given in R™, (8.1)

Mzpy1 =Nz +0 Vi > 1.

In the iterative method (8.1), the task of solving the linear system Az = b
is replaced by a sequence of several linear systems MZ = b to be solved.
Therefore, M has to be much easier to invert than A.

Remark 8.1.1. If the sequence of approximate solutions xj converges to a limit
x as k tends to infinity, then by taking the limit in the induction relation (8.1)
we obtain
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(M — N)x =Ax =b.

Accordingly, should the sequence of approximate solutions converge, its limit
is necessarily the solution of the linear system.

From a practical viewpoint, a convergence criterion is required to decide
when to terminate the iterations, that is, when xj is sufficiently close to the
unknown solution z. We will address this issue at the end of the chapter.

Definition 8.1.2. An iterative method is said to converge if for any choice of
the initial vector xg € R™, the sequence of approzimate solutions xy converges
to the exact solution x.

Definition 8.1.3. We call the vector r, = b— Axy, (respectively, e, = xp, —x)
residual (respectively, error) at the kth iteration.

Obviously, an iterative method converges if and only if e, converges to
0, which is equivalent to rp = Aej converging to 0. In general, we have no
knowledge of e because x is unknown! However, it is easy to compute the
residuals 7y, so convergence is detected on the residual in practice.

The sequence defined by (8.1) is also equivalently given by

Tpi1 = M Nay + M. (8.2)

The matrix M !N is called an iteration matrix or amplification matrix of
the iterative method. Theorem 8.1.1 below shows that the convergence of the
iterative method is linked to the spectral radius of M1 N.

Theorem 8.1.1. The iterative method defined by (8.1) converges if and only
if the spectral radius of M—'N satisfies

o(M™IN) < 1.
Proof . The error ey is given by the induction relation

€L =T — T = (M_lNJ?k_l —|—M_1b) — (M_lNl‘—I—M_lb)
=M 'N(xp_1—x) =M Neg_1.

Hence e, = (M~'N)keqy, and by Lemma 3.3.1 we infer that limy_, 1o ex = 0,
for any eq, if and only if o(M~1N) < 1. O

Example 8.1.1. To solve a linear system Ax = b, we consider Richardson’s
iterative method (also called gradient method)

Tpr1 = xp + a(b— Axy),

where « is a real number. It corresponds to the splitting (8.1) with M = a1
and N = o~ 'T — A. The eigenvalues of the iteration matrix B, = I — a4
are (1 — a\;), where ()\;); are the eigenvalues of A. Richardson’s method
converges if and only if |1 — a);| < 1 for any eigenvalue ;. If the eigenvalues
of A satisfy 0 < A; < --- <\, = 0(A), the latter condition is equivalent to
a € (0,2/0(A)); see Figure 9.1.
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In some cases, it is not necessary to compute the spectral radius of M 1N
to prove convergence, as shown in the following theorem.

Theorem 8.1.2. Let A be a Hermitian positive definite matriz. Consider a
splitting of A = M — N with M nonsingular. Then the matriz (M* + N) is
Hermitian. Furthermore, if (M* + N) is also positive definite, we have

o M™'N) < 1.

Proof. First of all, M* + N is indeed Hermitian since it is the sum of two
Hermitian matrices

M*4+N=(M"-—N*)+(N*+N)=A"+(N*+ N).
Since A is positive definite, we define the following vector norm:

|z|a =/ (Az,z), Vo eR".

We denote by |.|| the matrix norm subordinate to |.|4. Let us show that
|M~1N|| < 1, which yields the desired result thanks to Proposition 3.1.4. By
Proposition 3.1.1, there exists v depending on M ~*N such that |v]4 = 1 and
satisfying

|M~IN|? = max IM~INz|} = M~ 'Nv|3.

z|a

Since N = M — A, setting w = M~ Av, we get

|M~INv|% = (AM~'No, M "' Nv) = (AM~Y(M — A)v, M~ (M — A)v)
((Av — AM ™ Av), (I — M~ A)w)

(Av,v) — (AM ™' Av,v) + (AM ™ Av, M~ Av) — (Av, M~ Av)
1 — (w, Mw) + (Aw, w) — (Mw,w) =1 — (M* + N)w,w).

By assumption, (M* + N) is positive definite and w # 0, since A and M are
nonsingular. Thus ((M* + N)w,w) > 0. As a result, |[MIN|? =1— ((M* +
N)w,w) < 1. O

Iterative methods for solving linear systems may require a large number of
iterations to converge. Thus, one might think that the accumulation of round-
ing errors during the iterations completely destroys the convergence of these
methods on computers (or even worse, makes them converge to wrong solu-
tions). Fortunately enough, this is not the case, as is shown by the following
result.

Theorem 8.1.3. Consider a splitting of A= M — N with A and M nonsin-
gular. Let b € R™ be the right-hand side, and let x € R™ be the solution of
Ax =b. We assume that at each step k the iterative method is tainted by an
error €, € R™, meaning that 11 is not exactly given by (8.1) but rather by

Thp1 = M ANz + M b+ ¢4
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We assume that o(M~1N) < 1, and that there exist a vector norm and a
positive constant € such that for all k > 0,

llerll < e

Then, there ezxists a constant K, which depends on M—'N but not on €, such
that

limsup ||z — z|| < Ke.

k—-+oo

Proof. The error ej, = xj, — x satisfies ex41 = M ~'Ney, + €, so that

k—1
C1ank 1A
ex=(M'N) e+ Y (M7'N) epi1. (8.3)
i=0
By virtue of Proposition 3.1.4, there exists a subordinate matrix norm || - |5

such that |[M~!N||s < 1, since o(M~*N) < 1. We use the same notation for
the associated vector norm. Now, all vector norms on R™ are equivalent, so
there exists a constant C' > 1, which depends only on M !N, such that

CHyll < llylls < Cllyll, Yy € R™

Bounding (8.3) from above yields

k-1

_ _ i _ Ce
Jealls <1247 NS leoll +3_ 1M~ NI Ce < UM N ol =y
=0 s

Letting k go to infinity leads to the desired result with K = C2?/(1 —
IM=INs)- O

Iterative methods are often used with sparse matrices. A matrix is said

to be sparse if it has relatively few nonzero entries. Sparse matrices arise, for
example, in the discretization of partial differential equations by the finite
difference or finite element method. A simple instance is given by tridiagonal
matrices.
Storage of sparse matrices. The idea is to keep track only of nonzero entries
of a matrix A, thereby saving considerable memory in practice for matrices
of large size. We introduce sparse or Morse storage through the following
illustrative example; for more details we refer to [5], [14].

Ezxample 8.1.2. Define a matrix

9 0 -3 0
7 -1 0 4

A=10 5 2 o (84)
1 0 -1 2

The entries of A are stored in a vector array STOCKA. We define another
array BEGINL, which indicates where the rows of A are stored in STOCKA.



8.2 Jacobi, Gauss—Seidel, and Relaxation Methods 147

More precisely, STOCKA(BEGINL(Z)) contains the first nonzero entry of row
i. We also need a third array INDICC that gives the column of every entry
stored in STOCKA. If a; ; is stored in STOCKA(k), then INDICC(k) = j. The
number of nonzero entries of A is equal to the size of the vectors INDICC and
STOCKA. The vector BEGINL has size (n + 1), where n is the number of rows
of A, because its last entry BEGINL(n + 1) is equal to the size of INDICC and
STOCKA plus 1. This is useful in computing the product z = Ay with such a
storage: each entry z(4) of z is given by

kiy1—1

2(i) = stocka(k)y(iNpicc(k)),
k=k

where k; = BEGINL(¢) and (k,411 — 1) is precisely the size of INDICC and
STOCKA (see Table 8.1 for its application to A).

2 4
-1 3

1 1

2 3

5 2

4 4 11
—1 2 8

7 1 6
-3 3 3

9 1 1

STOCKA|[INDICC||BEGINL

Table 8.1. Morse storage of the matrix A in (8.4).

8.2 Jacobi, Gauss—Seidel, and Relaxation Methods

8.2.1 Jacobi Method
For any matrix A = (a;5)1<i,j<n, its diagonal D is defined as
D = diag(a1,1,---,0nn)-

Definition 8.2.1. The Jacobi method is the iterative method defined by the
splitting
M=D, N=D-A.

The iteration matrix of this method is denoted by J = M~*N =1 — D7 1A,
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Remark 8.2.1.
1. The Jacobi method is well defined if the diagonal matrix is nonsingular.
2. If A is Hermitian, the Jacobi method converges if A and 2D — A are
positive definite (by virtue of Theorem 8.1.2).
3. There exists a block Jacobi method; see Section 8.6.

8.2.2 Gauss—Seidel Method

For any matrix A = (@i j)1<i,j<n, consider the decomposition A = D—-E—F,
where D is the diagonal, —F is the lower part, and —F is the upper part of
A. Namely,

dij = a; j0; ;;

e;; = —a;; if ¢ > j,and 0 otherwise;

fij = —a;; if i <j,and O otherwise.

Definition 8.2.2. The Gauss—Seidel method is the iterative method defined
by the splitting
M=D-E, N=F.

The iteration matrix of this method is denoted by Gy = M—*N = (D—E)~'F.

Remark 8.2.2.

1. The Gauss—Seidel method is well defined if the matrix D — E is nonsin-
gular, which is equivalent to asking that D be nonsingular.

2. The matrix (D — E) is easy to invert, since it is triangular.

3. If A is Hermitian and positive definite, then M*+ N = D is also Hermitian
and positive definite, so Gauss—Seidel converges (by virtue of Theorem
8.1.2).

4. There exists a block Gauss—Seidel method; see Section 8.6.

Comparison between the Jacobi method and the Gauss—Seidel method.

In the Jacobi method, we successively compute the entries of 2**1 in terms
of all the entries of z*:
k1 _ L k k k kp
Ty = ?[_ai,lxl =T Q1T — i1 T~ — Gy, + bil.
0,1

In the Gauss—Seidel method, we use the information already computed in the
(i — 1) first entries. Namely,
1
. k+1

k+1 k k
i [—aiam = — iy — Gy — e~ A, + bil.
1,1

From a practical point of view, two vectors of size n are required to store z*
and z**1 separately in the Jacobi method, while only one vector is required
in the Gauss—Seidel method (the entries of %1 progressively override those
of x%).
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8.2.3 Successive Overrelaxation Method (SOR)

The successive overrelaxation method (SOR) can be seen as an extrapolation
of the Gauss—Seidel method.

Definition 8.2.3. Let w € RT. The iterative method relative to the splitting

D 1-
M==_-E N=-—%
w w

D+ F

is called relaxation method for the parameter w. We denote by G,, the iteration

matrix L
D 1 -—
QWM1N<E> < wD+F>.
w w

Remark 8.2.3.

1. The relaxation method is well defined if the diagonal D is invertible.

.If w =1, we recover the Gauss—Seidel method.

.If w < 1, we talk about an under-relaxation method.

.If w > 1, we talk about an over-relaxation method.

. The idea behind the relaxation method is the following. If the efficiency
of an iterative method is measured by the spectral radius of its iteration
matrix M 1N, then, since o(G,) is continuous with respect to w, we
can find an optimal w that produces the smallest spectral radius possible.
Accordingly, the associated iterative method is more efficient than Gauss—
Seidel. We shall see that in general, wopy > 1, hence the name SOR (over-
relaxation).

6. A block relaxation method is defined in Section 8.6.

7. A relaxation approach for the Jacobi method is discussed in Exercise 8.7.

T W N

Theorem 8.2.1. Let A be a Hermitian positive definite matriz. Then for any
w € 10,2[, the relazation method converges.

Proof. Since A is definite positive, so is D. As a result, % — F is nonsingular.
Moreover,

D 1-— 2—
M+N==2_Fg+-—Y“pyr=2"%p
w w w
since E* = F. We conclude that M* 4+ N is positive definite if and only if
0 < w < 2. Theorem 8.1.2 yields the result. ]

Theorem 8.2.2. For any matrixz A, we always have
Q(gw)z |1_w|a Vw;éO

Consequently, the relaxation method can converge only if 0 < w < 2.
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Proof. The determinant of G, is equal to
1-— D
det (G.) = det ((“’D + F) / det < - E) = (1w
w w
We deduce that

0(G)" = [T 1 N(Gu) [ =1 det (Gu) =1 —w |,
i=1

where \;(G,,) are the eigenvalues of G,,. This yields the result. O

8.3 The Special Case of Tridiagonal Matrices

We compare the Jacobi, Gauss—Seidel, and relaxation methods in the special
case of tridiagonal matrices.

Theorem 8.3.1. Let A be a tridiagonal matriz. We have

0o(G1) = o(J)?,

so the Jacobi and Gauss—Seidel methods converge or diverge simultaneously,
but Gauss—Seidel always converges faster than Jacobi.

Theorem 8.3.2. Let A be a tridiagonal Hermitian positive definite matriz.
Then all three methods converge. Moreover, there exists a unique optimal pa-
rameter wopt in the sense that

Q(gwopt) = min_o(Gu),

O<w<?2

where

2
1++/1—0(7)?

Wopt =

and
Q(gwopt) = Wopt — 1.

Remark 8.3.1. Theorem 8.3.2 shows that in the case of a tridiagonal Hermitian
positive definite matrix, we have wopy > 1. Therefore, it is better to perform
overrelaxation than underrelaxation.

To prove the above theorems, we need a technical lemma.

Lemma 8.3.1. For any nonzero real number p # 0, we define a tridiagonal
matriz A(p) by
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by /Flcl 0
a .
A(p) = | 12 , 7
c ,Ufilcn—l
0 MGy, by,

where a;, b;, ¢; are given real numbers. The determinant of A(u) is independent
of w. In particular, det A(u) = det A(1).

Proof. The matrices A(u) and A(1) are similar, since A(p)Q (1) = Q(un)A(1)
with Q(u) = diag (i, 2, ..., u™), which yields the result. O

Proof of Theorem 8.3.1.  The eigenvalues of A are the roots of its character-
istic polynomial P4(\) = det (A — AI). We have

P7(A) = det (—D V) det (\D — E — F)

and
Pg,(\?) = det (E — D)"'det (\°D — A\’E — F).

We define a matrix A(u) by
1
A(p) = AN°D — u\*E — —F.
I

By Lemma 8.3.1, we get det A(+) = det A(1). Hence
Pg,(A?) = (=1)"A"P7 ().

As a consequence, for any A # 0, we deduce that A is an eigenvalue of J if
and only if A? is an eigenvalue of G;. Thus, 0(G1) = o(J)?. O

Proof of Theorem 8.3.2.  Since A is Hermitian, positive definite, we already
know by Theorem 8.2.1 that the relaxation method converges for 0 < w < 2.
In particular, the Gauss—Seidel method converges. Now, Theorem 8.3.1 states
that o(J)? = 0(G1) < 1. Therefore, the Jacobi method converges too. It
remains to determine wypt. Let A(p) be the matrix defined by

N4 w-—1

A(p) D — p\’E — 1r
o

By Lemma 8.3.1, we know that det A(%) = det A(1). Accordingly,

2 _ 2 _
(AJFWMD—AZE—F> — A" det </\+(:1D—E—F).

det

Observing that

D\ ! 24 w—1
Pg_(A\?) = det (E— w) det <)\+5D—/\2E—F>,
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we deduce that there exists a constant ¢ (independent of ) such that

Ntw-1

Pg,(N*) =c\"Py | —— ).

R

In other words, for any A # 0, A? is an eigenvalue of G,, if and only if (A\? +

w—1)/(A\w) is an eigenvalue of [J. For an eigenvalue o of J, we denote by
A (a) the two roots of the following equation:

Ntw-—1
AT .
Aw ’
that is,
M(a) = aw + a2w2—4(w—1).
2
We have just proved that u*(a) = A (a)? and p~ (o) = A~ (a)? are eigenval-
ues of G,,. Now, if « is an eigenvalue of 7, so is —a. Then, AT (a) = =\~ (—a).
Hence,
= a. + s
0(90) = max |u(e)]
with

1
1 (@)] = |5 (0% = 20+2) + % a2w? —4w-1)|.  (85)

In order to compute wopt, we have to maximize (8.5) over all eigenvalues of
J . Let us first show that the eigenvalues of J are real. Denote by o and v # 0
an eigenvalue and its corresponding eigenvector of 7. By definition,

Jv=av & (E+ F)v=aDv< Av = (1 —a)Dw.
Taking the scalar product with v yields
(Av,v) = (1 — a)(Dwv,v),

which implies that (1 — «) is a positive real number, since A and D are
Hermitian positive definite. The next step amounts to computing explicitly
|ut()|. Note that ut(a) may be complex, because the polynomial a?w? —
4w + 4 = 0 has two roots:

wh(a) 2 2

=< w (a) = ————,
1+ V1 —a? (@) 1—v1—a?

and may therefore be negative. Since |a] < o(J) < 1, we get

l<wh(a)<2<w (a)

If wt(a) < w < 2, then p* () is complex, and a simple computation shows
that | ()| = |w — 1| = w — 1. Otherwise, since w € (0,2), we have 0 < w <
wt(a), and p*(a) is real. Thus
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it (a)] = w-—1 ifwh(a) <w<?2,
HATZ AN ()2 i 0 < w < wh(a).

When p () is real, we have AT () > AT (—a) if @ > 0. Furthermore, w™ (a) =
wt(—a), so

@) = it (—a)l, a0,
In other words, we can restrict the maximization of |u™(a)| to positive a.
Moreover, for a > 0 we have

d wla

e V@) =3 (a) (‘” o 1>> N

Accordingly, for a fixed w, the maximum is attained at o = o(J):

0(Gw) = Int (o(T))| = x| It (a)].

From now on, we replace a by the maximizer o(J) and we eventually minimize
with respect to w. The derivative is

L (A (0(7))?) = 22T (o(T)) 1T (0(T))

oyt o(J) 20(J)°w—4
20" (o(T)) 2 +4\/g(j)2w24(w1)>

+ _
-3 )y

Since 0 < o(J) < 1 and AT (o(7)) < 0(G.) < 1, we deduce

d
. A*‘r 2 0

(3 (o2 <0

and the minimum of A" (9(J))? on [0,w*(o(J))] is attained at w™(o(J)).
Likewise, the minimum of w —1 on [w* (0(J)), 2] is attained at w (o(J)). We
deduce that as w varies in ]0, 2[, the minimum of o(G,,) is attained at w™ (o(J))
and we obtain (see Figure 8.1) mingc,<2 0(Gw) = Wopt — 1, and wepy =

wt(o(J)). O

Remark 8.5.2. If only a rough approximation of the optimal parameter wopt
is available, it is better to overevaluate it than to underevaluate it, since (see
Figure 8.1)
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0(Gw)
1 .
B ;
Wopt — 1 e
H H : w
0 1 Wopt 2

Fig. 8.1. Spectral radius of G, in terms of w.

8.4 Discrete Laplacian

We revisit the finite difference discretization of the Laplacian (see Sections
1.1 and 5.3.3), which leads to the linear system A,z = b, with a tridiagonal
symmetric positive definite matrix A,, € M,_1(R), defined by (5.12), and
b € R"~1. The eigenvalues of A,, are (see Section 5.3.3)

,\k:4n25m2(/€2l)7 k=1,...,n—1.
n

We now compare some iterative methods for solving the corresponding linear
system. As usual (z), denotes the sequence of vector iterates and e, = z —x
is the error.

v Jacobi method. According to our notations we have

1

2n?

M=2n°I,_1, N=2n%I,_1—-A,, J=M'N=1I,_,——A,.

The eigenvalues of the Jacobi matrix [J are therefore pp = 1 — Ay /(2n?),
with A\, eigenvalue of A,,, and

T T T
o(J) = max ‘cos kf‘ = max ‘cos kf) = cos —.
1<k<n-1 n ke{l,n—1} n n

Since o(J) < 1, the Jacobi method converges, and as n — +o0,

1 72 4
9(7)11*§ﬁ+0(n )-
The matrix J = I — #An is symmetric, and therefore normal. Thus,
|72 = o(T)* and [lex]l2 < o(T)*[leol2-
Let € be a given error tolerance. What is the minimal number of iterations

ko such that the error after kg iterations is reduced from a factor 7 In
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mathematical terms we want |leg||2 < €|leo||2, for & > ko. We compute an
upper bound by looking for kg such that o(J)* < e. We find

Ine Ine

== 2 i =—2—.
= o) Cn®, with C 27T2

v Gauss-Seidel method. Since A, is tridiagonal, we have

0

0(G1) = o(J)? = cos2g <1,

and the Gauss—Seidel method converges too. As n — +00,

71.2

o(G) =1- T+ On~*).

For all k > k;, we have |leg|l2 < g|leg||2, where k1 is defined by

Ine N 9 . _ Ine
k1= I o(G1) ~ Cn®, with C= 2

Note that k1 =~ ko/2. Put differently, for large values of n, the Gauss—
Seidel method takes half as many iterations as the Jacobi method to meet
some prescribed convergence criterion.

v Relazxation method. Since A, is tridiagonal, symmetric, and positive def-
inite, the relaxation method converges if and only if w € (0,2), and the
optimal value of the parameter w (see Theorem 8.3.2) is

2 2
wO = = " P
P 1+ /T-o(J)2 l+sinZ
As n — +00, we have wopy = 2(1 — ) + O(n~?), and

2
0(Gurnp) = Wopt — 1 =1 — % +On2).

With the choice w = wqpt, we get |lex||2 < €lleg||2 for k& > ko satisfying

Ine Ine
- ~(Cn, withC=——
mo(Lo,,) "

o2
Note that ky ~ -k, so the convergence is much faster than for Jacobi
or Gauss—Seidel, since we save one order of magnitude in n.

ko

As a conclusion, to achieve a given fixed error ¢, the Gauss—Seidel method
is (asymptotically) twice as fast as the Jacobi method. The speedup is all the
more considerable as we move from the Jacobi and Gauss—Seidel methods to
the relaxation method (with optimal parameter), since we save a factor n. For
instance, for n = 100 and ¢ = 0.1, we approximately obtain:

e ko = 9342 iterations for the Jacobi method,
e k1 = 4671 iterations for the Gauss—Seidel method,
e ko =75 iterations for the optimal relaxation method.
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8.5 Programming Iterative Methods

We first define a convergence criterion for an iterative method, that is, a test
that if satisfied at the kth iteration allows us to conclude that x4 is an
approximation of  and to have control over the error ex11 = k41 — « made
at this approximation.

Convergence criterion

Since we do not know z, we cannot decide to terminate the iterations as
soon as ||z — x| < e, where ¢ is the desired accuracy or tolerance. However,
we know Az (which is equal to b), and a simpler convergence criterion is
|b — Azy|| < e. Nevertheless, if the norm of A~! is large, this criterion may
be misleading, since ||z — x| < [|[A7Y|||b — Azy|| < g]| A7), which may not
be small. Therefore in practice, a relative criterion is preferred:

16— Azy||

‘ 8.6
16— Azo] = (8.6)

Another simple (yet dangerous!) criterion that is sometimes used to detect
the convergence of xy, is ||xg4+1 — x| < e. This criterion is dangerous because
it is a necessary, albeit not sufficient, condition for convergence (a notorious
counterexample is the scalar sequence xj = Zle 1/i, which goes to infinity
although |xgy1 — x| goes to zero).

pseudolanguage algorithm

We recall that the simple iterative method Mz;,1 = Nxyp + b can also be
written as follows:
Tpp1 = T + M1y, (8.7)

where r, = b — Axy, is the residual at the kth iteration. Formula (8.7) is the
induction relation that we shall program.

v/ The initial guess is usually chosen as xg = 0, unless we have some infor-
mation about the exact solution that we shall exploit by choosing z( close
to x.

v At step 2 of the algorithm, the variable x is equal to x; as the input and
to xp+1 as the output. Same for r at step 3, which is equal to r; as the
input and to ;41 as the output.

v  Step 3 of the algorithm is based on the relation

Tk+r1 = b — Amk+1 =b-— A(:L’k + Mﬁlrk) =T — AMilrk.

v The algorithm stops as soon as ||r||2 < €||b||, which is the relative criterion
(8.6) for g = 0.

v  In practice, we cut down the number of iterations by adding to the con-
dition of the “while” loop an additional condition k < ki .y, Where kpax
is the maximum authorized number of iterations. The iteration number k
is incremented inside the loop.
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Data: A, b. Output: x (approximation of x)
Initialization:
choose x € R".
compute r = b — Ax.
While ||7||2 > €||b]|2
1. compute y € R™ solution of
My=r
2. Update the solution
X=X+Y
3. Compute the residual
r=r— Ay
End While
Algorithm 8.1: Iterative method for a splitting A = M — N.

Computational complezity.

For iterative methods, we compute the number of operations per iteration.

v/ Convergence criterion. It takes n elementary operations since the test can
be done on ||r||3 in order to avoid computing a square root.

v Step 1. Computing y requires n operations for the Jacobi method (M
is diagonal), and n?/2 operations for the Gauss-Seidel and relaxation
methods (M is triangular).

v Step 3. The product Ay requires n? operations.

The number of operations per iteration is at most %nz. This is very favorable
compared to direct methods if the total number of iterations is sensibly smaller
than n.

8.6 Block Methods

We can extend the Jacobi, Gauss—Seidel, and relaxation methods to the case
of block matrices. Figure 8.2 shows an example of block decomposition of a
matrix A. We always have A = D — E— F where D is a block diagonal matrix,
—F is block lower triangular, and —F is block upper triangular. Assume that
the size of the matrix is n x n, and let A;; (1 < 4,5 < p) be the blocks
constituting this matrix. Each block A; ; has size n; x n;. In particular, each
diagonal block A, ; is square, of size n; xn; (note that n = Zle n;). The block
decomposition of A suggests the following decomposition, for any b € R™:

b=(b',...,bP)", b eR™, 1<i<np.

If the diagonal blocks are nonsingular, the Jacobi, Gauss—Seidel, and relax-
ation methods are well defined.
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D

E

Fig. 8.2. Example of a matrix decomposition by blocks.

Block-Jacobi method.

An iteration of the Jacobi method reads

ka+1 = (E + F)$k +b. (88)
Writing the vectors z € R™ as x = (g, ...,2})", with 2}, e R™, 1 <1 < p,
equation (8.8) becomes
p .
Alellc-&-l = bl — ZALJ'I?W (89)
=2
Ajiwhy =b' =Y Ajja], for2<i<p-1, (8.10)
J#i
p—1 )
Apprl = b — ZA,,J:E?C. (8.11)
j=1

Since all diagonal blocks A; ; are nonsingular, we can compute each vectorpiece
x}C 41 (for i =1,...,p), thereby determining x,1 completely. Since at each
iteration of the algorithm we have to invert the same matrices, it is wise to
compute once and for all the LU or Cholesky factorizations of the blocks A; ;.

To count the number of operations required for one iteration, we assume
for simplicity that all blocks have the same size n; = n/p. Computing zj11
from x, requires p(p — 1) block-vector multiplications, each having a cost of
(n/p)?, and p back-and-forth substitution on the diagonal blocks, with cost
(n/p)? again. Each iteration has a total cost on the order on n? + n?/p.

Likewise, we can define the block-Gauss—Seidel and block-relaxation meth-
ods. Theorems 8.2.1, 8.3.1, and 8.3.2 apply to block methods as well (see [3]
for proofs).
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8.7 Exercises

8.1.LetA=[1 2 2 1;-1 2 1 0;0 1 -2 2;1 2 1 2]. Check that this matrix
is nonsingular. In order to solve the system Ax = (1,1,1,1)*, we decompose
A =M — N (with M nonsingular) and then build a sequence of vectors by
(8.1).

1. Let M=diag(diag(A)) ;N=M-A. What is the method thus defined? Compute
100, T200, - - - Does the sequence xj converge?

2. Same questions for M=tril(A).

3. Is the conclusion the same for M=2*tril(A)?

8.2. Write a function JacobiCvg(A) returning the value 1 if the Jacobi
method applied to the matrix A is well defined and converges, and return-
ing 0 if it diverges. It is not asked to program the method. Same question
for a function GaussSeidelCvg(A) informing about the convergence of the
Gauss—Seidel method. For each of the matrices

1234 24 -4 1
4567 22 2 0
A= 4320’A2_ 22 1 0"
0234 20 0 2

do the Jacobi and Gauss—Seidel methods converge? Comment.

8.3. For different values of n, define the matrix A=DiagDomMat (n,n) (see Ex-
ercise 2.23). Do the Jacobi and Gauss—Seidel methods converge when applied
to this matrix? Justify your answers.

8.4. Let A, M;, and M> be the matrices defined by

5 1 1 1 3000 4 000
0 4 —-11 0 300 0 400
A= o 15 1["M=12 130" M= 49140
21 0 4 210 4 —210 4

Set N; = M; — A and b = A(8,4,9,3)t. Compute the first 20 terms of the
sequences defined by xo = (0,0,0,0)" and M;zx. 1 = Nz + b. For each
sequence, compare xao with the exact solution. Explain.

8.5. Program a function [x,iter]=Jacobi(A,b,tol,iterMax,x0). The in-
put arguments are:

a matrix A and a right-hand side b;

the initial vector x0;

tol, the tolerance ¢ for the convergence criterion;
iterMax, the maximum number of iterations.

The output arguments are:



160 8 Simple Iterative Methods

e the approximate solution x;
e iter, the number of performed iterations.

Hint: use the command nargin to determine the number of input arguments.

e If it is equal to 4, set x0=zeros(b);
e If it is equal to 3, set x0=zeros(b) ; iterMax=200;
e If it is equal to 2, set x0=zeros(b) ; iterMax=200;tol=1.e-4.

For n = 20, define A=Laplacian1dD(n);xx=(1:n)’/(n+1) ;b=xx.*sin(xx),
and sol=A\b. For different values of the parameter tol= 10"%s = 2,3,.. .,
compute the approximate solution x=Jacobi(A,b,t0l,1000) and compare
norm(x-sol) and norm(inv(A))*tol. Comment.

8.6 (x). Write a function [x, iter]=Relax(A,b,w,tol,iterMax,x0) pro-
gramming the relaxation method with parameter w equal to w. For the same
matrix A as in Exercise 8.5 and the same vector b, plot the curve that gives
the number of iterations carried out by the relaxation method in terms of
w=1i/10 (i = 1,2,...,20). Take iterMAx = 1000, tol = 1076, and x0 = 0.
Find the value of w that yields the solution with a minimal number of itera-
tions. Compare with the theoretical value given in Theorem 8.3.2.

8.7. Let A € M, (R) be a nonsingular square matrix for which the Jacobi
method is well defined. To solve the system Ax = b, we consider the following
iterative method, known as the relaxed Jacobi method (w is a nonzero real
parameter):

D 1—
;xkﬂz( ”D+E+F)xk+b, k>, (8.12)

w
and zop € R™ is a given initial guess.

1. Program this algorithm (function RelaxJacobi). As in Exercise 8.6, find
the optimal value of w for which the solution is obtained with a minimal
number of iterations. Take n = 10, iterMAx = 1000, tol = 104, x0 = 0,
and vary w between 0.1 and 2 with a step size equal to 0.1. Compute
the norms as well as the residuals of the solutions obtained for a value of
w < 1 and a value w > 1. Explain.

2. Theoretical study. We assume that A is symmetric, positive definite, and
tridiagonal, and we denote by J, the iteration matrix associated with
algorithm (8.12).

(a) Find a relationship between the eigenvalues of the matrix 7, and
those of 7.

(b) Prove that the relaxed Jacobi method converges if and only if w be-
longs to an interval I to be determined.

(c) Find the value @ ensuring the fastest convergence, i.e., such that

o(JTz) = inf o(Ju)-

Compute o(Jz), and conclude.
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8.8. The goal of this exercise is to study a process of acceleration of conver-
gence for any iterative method. To solve the linear system Axz = b of order
n, we have at our disposal an iterative method that reads zy+1 = Bxy + ¢,
where B is a matrix of order n and ¢ € R”. We assume that this iterative
method converges, i.e., the sequence xj converges to the unique solution zx.
The convergence acceleration of this iterative method amounts to building a

new sequence of vectors (x;) that converges faster to x than the original

sequence (zx);q- The sequence (x ) is defined by

J
= Z ol T, (8.13)
k=0

where the coefficients oz,% € R are chosen in order to ensure the fastest conver-
gence rate. We set e, = x — x, and 67 = x — x. We shall use Matlab only
at the very last question of this exercise.

1. Explain why the condition (which shall be assumed in the sequel)

z]: O‘i =1 (8.14)

k=0
is necessary.
2. Show that
e;’-&-l = pj(B)607 (815)
where p; € P; is defined by p;(t) = Y21 _, alt”.
3. We assume that B is a normal matrix and that ||eg||2 = 1. Prove that
lefs1llz < [lp; (D)2, (8.16)

where D is a diagonal matrix made up of the eigenvalues of B, denoted
by o(B). Deduce that

8.17
l€5alle < max p; ()] (8.17)

4. Show that the eigenvalues of B belong to an interval [—a, o] with 0 < a <
1.

5. Clearly the fastest convergence rate of the acceleration process is obtained
if the polynomial p; is chosen such that the right-hand side of (8.17) is
minimal. However, since we do not know the eigenvalues of B, we sub-
stitute the search for p; making minimal the maximum of the right-hand
side in (8.17) by the search for p; making minimal

max (A 8.18

() (319)

Observing that p;(1) = 1, determine the solution to this problem using
Proposition 9.5.3 on Chebyshev polynomials.
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6. Use relation (9.12) to establish the following induction relation between
three consecutive vectors of the sequence (xz) j>1:

x;_,_l = uj(Bx; +c— 37;‘—1) Jr:v;-_l, Vi >1, (8.19)

where 115 is a real number to be determined. This relation allows for com-
puting x; directly without having previously computed the vectors zy,
provided that the real sequence (f;); can be computed.

7. Compute po and p;. Express ﬁ in terms of p;. Prove that p; € (1,2)
for all j > 1. Check that the sequence (y;); converges.

8. Programming the method. We consider the Laplacian in two space di-
mensions with a right-hand side f(z,y) = cos(x)sin(y); see Exercise 6.7.
Compare the Jacobi method and the accelerated Jacobi method for solv-
ing this problem. Take n = 10, = 0.97, and plot on the same graph the
errors (assuming that the exact solution is A\b) of both methods in terms
of the iteration number (limited to 50).



9

Conjugate Gradient Method

From a practical viewpoint, all iterative methods considered in the previous
chapter have been supplanted by the conjugate gradient method, which is
actually a direct method used as an iterative one. For simplicity, we will
restrict ourselves, throughout this chapter, to real symmetric matrices. The
case of complex self-adjoint matrices is hardly more difficult. However, that
of non-self-adjoint matrices is relatively more delicate to handle.

9.1 The Gradient Method

Often called the “steepest descent method,” the gradient method is also known
as Richardson’s method. It is a classical iterative method with a particular
choice of regular decomposition. We recall its definition already presented in
Example 8.1.1.

Definition 9.1.1. The iterative method, known as the gradient method, is
defined by the following regular decomposition:
1 1
M= -1, and N = <In - A> ,
Q@ «@

where « is a real nonzero parameter. In other words, the gradient method
consists in computing the sequence xy defined by

o gwen in R™,
oF =2k 4 a(b— AxF), Vk> 1.

For the implementation of this method, see Algorithm 9.1.

Theorem 9.1.1. Let A be a matriz with eigenvalues Ay < Ao < -+ < Ay,

(i) If \y <0 < Ay, then the gradient method does not converge for any value
of a.
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Data: A, b. Output: x (approximation of x)
Initialization:
choose a.
choose x € R".
compute r = b — Ax.
While ||r||2 > €||b]|2
X =X+ar
r=5b— Ax
End While
Algorithm 9.1: Gradient algorithm.

(B)If 0 < Ay < -+ < A\, then the gradient method converges if and only if
0 < a < 2/\,. In this case, the optimal parameter «, which minimizes
o(M—IN), is

2

P A= A1 condp(A) -1
LN+ A a

An+ A1 condy(A)+1°

and  min o(M~'N)

Remark 9.1.1. Note that if the matrix A is diagonalizable with eigenvalues
A1 < --- < A, <0, then a symmetric result of (i4) occurs by changing a into
—a. On the other hand, the conditioning of a normal invertible matrix A is
conda(A) = A, /A1. Thus, for the optimal parameter o = aqpt, the spectral
radius of the iteration matrix, o(M ~'N) = %,
tion of conda(A). In other words, the better the matrix A is conditioned, the
faster the gradient method converges.

is an increasing func-

Proof of Theorem 9.1.1.  According to Theorem 8.1.1, we know that the
gradient method converges if and only if o(M~'N) < 1. Here, M~'N =
(I, — @A); hence

o MTIN)<l<=|l-a\|<l<=-1<1l—-a)\<1, Vi

This implies that aX; > 0 for all 1 < ¢ < n. As a result, all eigenvalues of
A have to be nonzero and bear the same sign as «. Therefore, the gradient
method does not converge if two eigenvalues have opposite signs, whatever
the value of a. If, on the other hand, we have 0 < A\; < --- < \,, then we
deduce

2
—-1<1l—-a), = a<)\—.

To compute the optimal parameter aopt, note that the function A — |1 — a)\|
is decreasing on | — 00, 1/a] and then increasing on [1/«, +00; see Figure 9.1.
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Fig. 9.1. Eigenvalues of the matrix B, = I — aA.

Thus
o(M™IN) = max{|1 — a\], |1 — a\,|}.

The piecewise affine function « € [0,2/)\,] — o(M ~!N) attains its minimum

at the point a,pe defined by 1 — qopt At = optAn — 1, i€, qopt = )\1% At
this point we check that o(M~IN) = ;\\"7;3\1 O

9.2 Geometric Interpretation

This section provides an explanation of the name of the gradient method. To
this end, we introduce several technical tools.

Definition 9.2.1. Let f be a function from R™ into R. We call the vector of
partial derivatives at the point x the gradient (or differential) of the function
f at x, which we denote by

i = (2w w)

81'1 ’ ,al'n

We recall that the partial derivative (?Tf(x) is computed by differentiating
f(z) with respect to x; while keeping the other entries z;, j # 4, constant.
We consider the problem of minimizing quadratic functions from R" into

R defined by

fx) = %(Aw,@ —(bx) = % i AijT;Tj — ibixi, (9.1)
i=1

i,5=1

where A is a symmetric matrix in M,,(R) and b is a vector in R™. The function
f(z) is said to have a minimum (or attains its minimum) at xq if f(x) > f(zo)
for all € R™. Figure 9.2 shows the surfaces * € R? — (A;x, ) for each of
the symmetric matrices
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Alz(_‘r’g _53) A2:<§ ‘3) (9.2)

The matrix A; has eigenvalues 2 and 8; it is therefore positive definite. The
matrix Ay has eigenvalues —2 and 4, so it is not positive (or negative!).

60+

40-

20+

8,

1 01 205 -1 0 1

Fig. 9.2. Surfaces € R? — (Ax,x), for A; (left) and A, (right), see (9.2).

Proposition 9.2.1. The gradient of the function f(x) defined by (9.1) is
Vf(x) = Az —0.
Moreover,

(i) if A is positive definite, then f admits a unique minimum at xo that is a
solution of the linear system Ax = b;

(ii) if A is positive indefinite and if b belongs to the range of A, then f attains
its minimum at all vectors xg that solve the linear system Ax = b and at
these vectors only;

(i) in all other cases, that is, if A is not positive or if b does not belong to
the range of A, f does not have a minimum, i.e., its infimum is —oo.

Proof. We compute the kth partial derivative of f,

) 1 1
—f(:c) = arli + 5 > apai+ 5 > apw; —by = Zaikxi — by = (Az—b)i,

Oxx ik ik

thereby easily deducing that Vf(z) = Az — b. Since A is real symmetric,
we can diagonalize it. Let ();) and (é;) be its eigenvalues and eigenvectors.

Setting x = >, #;6; and b=}, b;é;, we have

N a2 oS = LS (e by b
f(x)—Qi:Zl)\zmi i_zlblxz—22<)\l(ml )\i) N )

i=1
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If A is positive definite, then \; > 0 for all 1 < ¢ < n. In this case, we minimize
f(z) by minimizing each of the squared terms. There exists a unique minimum

r whose entries are &; = f’\—i_, and this vector is the unique solution to the
system Ax = b.

If A is only positive indefinite, then there exists at least one index 7y such
that A;, = 0. In this case, if b;, # 0, taking x = —tb;,é;,, we obtain

lim f(z) = —o0,

t——+o0
so f is not bounded from below. If l;l = 0 for all indices ¢ such that A\; = 0,
then b € Tm (A). Let A be the restriction of A to Im (A). Hence the minimum
of f is attained at all points # = A~!b + y, where y spans Ker (A).

Finally, if A admits an eigenvalue A;, < 0, then, taking x parallel to é;,,
we easily see that f is not bounded from below. O

Corollary 9.2.1. Let A be a real positive definite symmetric matriz. Let f(x)
be the function defined by (9.1). Let F be a vector subspace of R™. There exists
a unique vector xg € F such that

flzo) < f(z), VaxeF.
Furthermore, xo is the unique vector of F such that
(Azo —b,y) =0, VyeF

Proof. Denote by P the orthogonal projection on the vector subspace F' in
R™. We also denote by P its matrix representation in the canonical basis. By
definition of the orthogonal projection we have P* = P, P2 = P, and the
mapping P is onto from R" into F'; consequently,

. o Py,
min f(z) min f(Py)

We compute f(Py) = $(P*APy,y) — (P*b,y). Proposition 9.2.1 can be ap-
plied to this function. Since A is positive definite, we easily see that P*AP is
nonnegative. If P*b did not belong to the range of (P*AP), then we would
infer that the infimum of f(Py) is —oo, which is impossible, since

inf f(Py)= inf > mi _

ylenwf( y) = inf f(z) 2 min f(z) > —oo,
because A is positive definite. Thus P*b € Im (P*AP) and the minimum of
f(Py) is attained by all solutions of P*APx = P*b. Let us prove that this

equation has a unique solution in F'. Let z; and x5 be two solutions in F' of
P*APxz = P*b. We have

P*AP(J?;[ —.132) =0= <A(P$1 —P$2),(P.T31 —P$2)> =0= Pl‘l = PZ‘Q.
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Since 7 and x2 belong to F', we have x1 = Pxy = Pxy = x5. Multiplying
the equation P*APxq = P*b by y € F' and using the fact that Pxy = x¢ and
Py =y, because xg,y € F, yields the relation (Axg —b,y) =0 for all y in F.
O

Theorem 9.2.1. Let A be a positive definite symmetric matriz, and let f be
the function defined on R™ by (9.1).

(i) x € R™ is the minimum of f if and only if V f(z) = 0.
(ii) Let & € R™ be such that V f(x) # 0. Then Va € (0,2/0(A)), we have

flx—aVf(z)) < f(z).

Remark 9.2.1. From this theorem we infer an iterative method for minimizing
f. We construct a sequence of points (zx)r such that the sequence (f(zx))k
is decreasing:

Tpt1 =z — aVf(zg) =z + (b — Axy).

This is exactly the gradient method that we have studied in the previous sec-
tion. In other words, we have shown that solving a linear system whose ma-
trix is symmetric and positive definite is equivalent to minimizing a quadratic
function. This is a very important idea that we shall use in the sequel of this
chapter.

Proof of Theorem 9.2.1.  We already know that f attains its minimum at a
unique point x that is a solution of Az = b. At this point x, we therefore have
V f(x) = 0. Next, let « be a point such that V f(x) # 0 and set 6 = —a(Az—b).
Since A is symmetric, we compute

flx+0) = %(A(m+6),(x+5)> —(b,x+0) = f(x) + %(Aé,ci) + (Ax — b, 9).

Now, (A6,5) < ||A4]|2]|8]|?, and for a symmetric real matrix, we have ||A|lz =
o(A). Thus

flz+0) < f(z) + (a®0(A)/2 — ) | Az — b||.

As a consequence, f(z +9) < f(x) if 0 < a <2/0(A). O

9.3 Some Ideas for Further Generalizations

We can improve the gradient method with constant step size, which we have
just discussed, by choosing at each iterative step a different coefficient ay, that
minimizes f (x — oV f(zg)).
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Definition 9.3.1. The following iterative method for solving the linear system
Ax = b is called the gradient method with variable step size:

o gwen in R™,
o =2k 4 (b— AzF) VE>1,

where ay, is chosen as the minimizer of the function

g(a) = f (zx — aV f(zk)),
with f(x) defined by (9.1).

The optimal value ay, is given by the following lemma, the proof of which is
left to the reader as an easy exercise.

Lemma 9.3.1. Let A be a positive definite symmetric matriz. For the gradient

method with variable step size, there exists a unique optimal step size given by
| Azy — b]|?

(A(Azy — 1), (Axyp — b))

o =

We observe that «ay, is always well defined except when Axy — b = 0, in which
case the method has already converged! The gradient method with optimal
step size is implemented in Algorithm 9.2.

Data A, b. Output: x (approximation of x)
Initialization:
choose x € R".
compute r = b — Ax.
_ ri3
(Ar,r)

While ||r||2 > €||b]|2

X =X+ ar

r=»b— 124x
a= (ljlﬁg‘!fﬂ> optimal step size
End While

Algorithm 9.2: Gradient algorithm with variable step size.

The gradient method with variable step size is a bit more complex than
the one with constant step size (more operations are needed to compute «y),
and in practice, it is not much more efficient than the latter. In order to
improve the gradient method and construct the conjugate gradient method,
we introduce the important notion of Krylov space.

Definition 9.3.2. Let r be a vector in R™. We call the vector subspace of R™
spanned by the k + 1 vectors {r, Ar,..., A¥r}. The Krylov space associated
with the vector r (and matriz A), denoted by Ky (A,r) or simply K.
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The Krylov spaces (Kj)r>o form by inclusion an increasing sequence of
vector subspaces. Since K} C R™, this sequence becomes stationary from a
certain k. Namely, we prove the following result.

Lemma 9.3.2. The sequence of Krylov spaces (Ky)k>o0 is increasing,
Ky, C Kpy1 VE>0.
Moreover, for all vectors ro # 0, there exists ko € {0,1,...,n — 1} such that

dim Ky = k+1 if0<k < ko,
dim Ky = ko + 1 if kg < k.

This integer ko is called the Krylov critical dimension.

Proof. 1t is clear that dim K < k+ 1 and dim Ky = 1. Since dim K < n
for any k, there exists kg that is the greatest integer such that dim K = k+1
for any k < ko. By definition of ko, the dimension of Ky, 4 is strictly
smaller than ko + 2. However, since Ky, C Kp,4+1, we necessarily have
dim K 1 = ko + 1, and the vector Akot+lyg is a linear combination of the
vectors (ro, Arg, . . ., A¥org). Thereby we infer by a simple induction argument
that all vectors AFrq for k > ko + 1 are also linear combinations of the vectors
(ro, Arg, . .., Akorg). Accordingly, K}, = Ky, for all k > k. O

Proposition 9.3.1. We consider the gradient method (with constant or vari-
able step size)
{xo € R"™ initial choice,
Tp41 = Tk + Ozk(b — Axk).

The vector ry, = b— Axy, called the residual, satisfies the following properties:
1. r, belongs to the Krylov space K}, corresponding to the initial residual rq.

2. 11 belongs to the affine space [xg + Kj| defined as the collection of
vectors x such that x — xg belongs to the vector subspace Kj.

Proof. By definition we have zx41 = x), + ok, which, by multiplication by
A and subtraction to b, yields

Tk4+1 =Tk — OékAT‘k. (93)

By induction on (9.3), we easily infer that r, € span {ro, Aro,..., AFro}.
Then, a similar induction on xgy1 = x + agry shows that xgy1 € [xo + Ki).
O

Lemma 9.3.3. Let (z1)r>0 be a sequence in R”. Let K, be the Krylov space
relative to the vector ro = b — Axg. If x41 € [xo + Ky|, then rpp = (b —
Azxpyp1) € Ky
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Proof. If xp41 € [xo + K, there exist coefficients (a;)o<i<x such that

k

Th4+1 = o + E a; A'rg.
=0

We multiply this equation by A and we subtract to b, which yields

k
Tk4+1 =T0 — E OéiAlJrl’r‘o.
=0

Hence 41 € K41 U

9.4 Theoretical Definition of the Conjugate Gradient
Method

We now assume that all matrices considered here are symmetric and positive
definite. To improve the gradient method, we forget, from now on, the induc-
tion relation that gives x4 1 in terms of x, and we keep as the starting point
only the relation provided by Proposition 9.3.1, namely

Trpy1 € [1’0 + Kk],

where K, is the Krylov space relative to the initial residual rqg = b — Axg (20
is some initial choice). Of course, there exists an infinity of possible choices
for zj41 in the affine space [xg + K|. To determine x4 1 in a unique fashion,
we put forward two simple criteria:

e 1st definition (orthogonalization principle). We choose xy41 €
[xo + Ki] such that rr11 L K.

e 2nd definition (minimization principle). We choose zj11 € [z + K]
that minimizes in [zg + K]

flz) = %(A:v,:w — (b, z).

Theorem 9.4.1. Let A be a symmetric positive definite matriz. For the two
above definitions, there exists indeed a unique vector xp41 € [xo + Ki|. Both
definitions correspond to the same algorithm in the sense that they lead to the
same value of xi41. Furthermore, this algorithm converges to the solution of
the linear system Ax = b in at most n iterations. We call this method the
“conjugate gradient method.”

Remark 9.4.1. The previous theorem shows that the conjugate gradient algo-
rithm that we have devised as an iterative method is in fact a direct method,
since it converges in a finite number of iterations (precisely ko + 1, where kg is
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the critical Krylov dimension defined in Lemma 9.3.2). However, in practice,
we use it like an iterative method that (hopefully) converges numerically in
fewer than kg + 1 < n iterations.

Intuitively, it is easy to see why the conjugate gradient improves the simple
gradient method. Actually, instead of merely decreasing f(x) at each iteration
(cf. Theorem 9.2.1), we minimize f(x) on an increasing sequence of affine
subspaces.

Remark 9.4.2. Introducing r = b — Az, we have
h(r) = (A7 r,r)/2 = f(z) + (A7'D,b) /2.

Thanks to Lemma 9.3.3, the second definition is equivalent to finding xx41 €
[xo + K] such that its residual ri41 = b— Ax41 minimizes the function h(r)
in Kk+1.

Proof. First, let us prove that the two suggested definitions are identical and
uniquely define zy,. For any y € K}, we set

9(9) = F(o +9) = 5(Ay,9) — (ro.u) + (o).

Minimizing f on [zg + Kj] is equivalent to minimizing g on K. Now, by
Corollary 9.2.1, ¢g(y) admits a unique minimum in K}, which we denote by
(zk+1 — o). As a consequence, the second definition gives a unique xgy.
Furthermore, Corollary 9.2.1 also states that

<A‘Tk+l - b7 y> =0 Vy S Kka

which is nothing else but the definition of 7541 L Kj. The two algorithms are
therefore identical and yield the same unique value of zj4.

If the critical dimension of the Krylov space kg is equal to n — 1, then
dim K, = n, and the affine subspace [2¢+ K}, | coincides with R™ entirely. Ac-
cordingly, xx,4+1 = ©,, is the minimum of f on R” that satisfies, by Proposition
9.2.1, Az, = b. The gradient method has thereby converged in n iterations.

If kg < n — 1, then by virtue of Lemma 9.3.2, for all £ > ky, dim K} =
ko + 1. In particular, Ako+lry € K} , which means that A**1rg is a linear
combination of vectors (rg, Arg, ..., AForg),

ko
Ak0+17‘0: E OéiAzTo.
=0

The coefficient «q is inevitably nonzero. As a matter of fact, if this were
not true, we could multiply the above equation by A~! (we recall that A
is nonsingular, since it is positive definite) and show that A*or; is a linear
combination of vectors (rg, Arg, ..., A¥¢~1rq), which would imply that Kj, =
Ky,—1, contradicting the definition of the critical dimension kq. Since ro =
b— Axg, we get
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ko
1 ;s
A —Akop, — —L A1 =b.
(ao 7o Z (7)) "o + SCO)

i=1

It turns out from this equation that the solution of Az = b belongs to the
affine space [xg + Kj,]. Hence, at the (kg + 1)th iteration, the minimum of
f(z) on [xo + Ki,] happens to be the minimum on all of R™, and the iterate
ZTko+1 1s nothing but the exact solution. The conjugate gradient method has
thus converged in exactly kg + 1 < n iterations. O

The definition of the conjugate gradient method that we have just given is
purely theoretical. Actually, no practical algorithm has been provided either
to minimize f(z) on [xo + Kj] or to construct rgy; orthogonal to Kj. It
remains to show how, in practice, we compute xx4;. To do so, we will make
use of an additional property of the conjugate gradient method.

Proposition 9.4.1. Let A be a symmetric, positive definite matrix. Let
(xk)o<k<n be the sequence of approzimate solutions obtained by the conjugate
gradient method. Set

ry =b— Az and dy = xpy1 — Tk

Then
(i) the Krylov space Ky, defined by Kj = span {7“071471)7 e 7A’“ro}, satisfies

Ky = span{ro,...,rp} = span{do,...,dx},
(i1) the sequence (Tk)o<k<n—1 IS orthogonal, i.e.,
(re,r) =0 for all0<Il<k<n-—1,

(i1i)  the sequence (di)o<k<n—1 05 “conjugate” with respect to A, or “A-
conjugate,” i.e.,

(Adg,di) =0 for all0 <l <k <n-—1.

Remark 9.4.8. A conjugate sequence with respect to a matrix A is in fact
orthogonal for the scalar product defined by (Az,y) (we recall that A is sym-
metric and positive definite). This property gave its name to the conjugate
gradient method.

Proof of Proposition 9.4.1.  Let us first note that the result is independent of
the critical dimension kg, defined by Lemma 9.3.2. When k > kg + 1, that is,
when the conjugate gradient method has already converged, we have ry = 0
and xp = Tky+1; thus di = 0. In this case, the sequence r}, is indeed orthogonal
and dj is indeed conjugate for k > kg + 1. When k < kg, the first definition
of the conjugate gradient implies that rp41 € Kii1 and ri41 LK. Now,
K C Kpy1 and dim Ky = k+ 1 for k < ko. Therefore the family (ry)o<k<k,
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is free and orthogonal. In particular, this entails that Ky = span {ro,...,7%}
for all £ > 0.

On the other hand, dy = zky1 — 2, with zy € [xo+ Ki—1] and z541 €
[xo + K], implies that dy belongs to K} for all £ > 1. As a consequence,

span {dy,...,dp} C K.

Let us show that the family (dg)1<k<k, iS conjugate with respect to A. For
I < k, we have

<Adk,dl> = <A£L’k+1 — A:L’k,dl> = <7’k — T’k+1,dl> = 0,

since d; € K; = span{ro,...,r;} and the family (r;) is orthogonal. We de-
duce that the family (di)o<k<k, is orthogonal for the scalar product (Az,y).
Now, di # 0 for k < kg, because otherwise, we would have zpi1 = xj
and accordingly rx41 = 7 # 0, which is not possible since rpy1 € Kii1
and 741 L Kj. An orthogonal family of nonzero vectors is free, which implies
Ky, = span{dy,...,dy}. O

9.5 Conjugate Gradient Algorithm

In order to find a practical algorithm for the conjugate gradient method, we
are going to use Proposition 9.4.1, namely that the sequence d = x11 — @k
is conjugate with respect to A. Thanks to the Gram—Schmidt procedure, we
will easily construct a sequence (px) conjugate with respect to A that will be
linked to the sequence (dj) by the following result of “almost uniqueness” of
the Gram—Schmidt orthogonalization procedure.

Lemma 9.5.1. Let (a;)1<i<p be a family of linearly independent vectors of
R™, and let (b;)1<i<p and (¢;)1<i<p be two orthogonal families for the same
scalar product on R™ such that for all 1 < i <p,

span{ay,...,a;} = span{by,...,b;} = span{ci,...,c;}.
Then each vector b; is parallel to ¢; for 1 <1i < p.

Proof. By the Gram—Schmidt orthonormalization procedure (cf. Theorem
2.1.1), there exists a unique orthonormal family (d;)1<;i<, (up to a sign change)
such that

span{ay,...,a;} = span{dy,...,d;}, V1 <i<np.

Since the family (a;) is linearly independent, the vectors b; and ¢; are never
zero. We can thus consider the orthonormal families (b;/]|b;||) and (¢;/||el]),
which must then coincide up to a sign change. This proves that each b; and
¢; differ only by a multiplicative constant. O
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We will apply this result to the scalar product (A-,-) and to the fam-
ily (dr)o<k<k,, which is orthogonal with respect to this scalar product. Ac-
cordingly, if we can produce another sequence (pi)o<k<k, that would also be
orthogonal with respect to (A-,-) (for instance, by the Gram-Schmidt proce-
dure), then for all 0 < k < kg there would exist a scalar ay, such that

Tk41 = Tk + QPk-
More precisely, we obtain the following fundamental result.

Theorem 9.5.1. Let A be a symmetric, positive definite matriz. Let (xy) be
the sequence of approximate solutions of the conjugate gradient method. Let
(re = b— Axy) be the associated residual sequence. Then there exists an A-
conjugate sequence (py) such that

Ti4+1 = Tk + QpPy,
po =19 =b— Axg, and for 0 < k < ko, { Tp+1 = Tr — AL APk, (9.4)
Ph+1 = Tkt1 + BrPr,

with a2
Tk
= -————— and [y =
(Apr, pr)
Conversely, let (x, T, pi) be three sequences defined by the induction relations
(9.4). Then (xy) is nothing but the sequence of approximate solutions of the

conjugate gradient method.

[
&2

Proof. We start by remarking that should (zy) be the sequence of approxi-
mate solutions of the conjugate gradient method, then for all k > kg + 1 we
would have zj, = zg,4+1 and 1, = 0. Reciprocally, let (zx, 7%, pr) be three se-
quences defined by the induction relations (9.4). We denote by k¢ the smallest
index such that ry,+1 = 0. We then easily check that for £ > ko + 1 we have
Tk = Tgo+1 and rp = pr, = 0. As a consequence, in the sequel we restrict
indices to k < kg for which r; # 0 (for both methods).

Consider (zy), the sequence of approximate solutions of the conjugate
gradient method. Let us show that it satisfies the induction relations (9.4).
We construct a sequence (py), orthogonal with respect to the scalar product
(A-,-), by applying the Gram—Schmidt procedure to the family (ry). We define,
in this fashion, for 0 < k < ko,

k-1
Pe =Tk + Y BikDs,
=0
with
<Ark7pj>

B = .
! <Apj’pj>

(9.5)
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Applying Lemma 9.5.1, we deduce that, since the sequences (py) and (di =
ZTrt1 — x) are both conjugate with respect to A, for all 0 < k < kg there
exists a scalar oy such that

Th+1 = Tk + QP

We deduce

(Ary,pj) = (re, Apj) = <7’k, A(%HT/J)> = i‘<7’k77"j —Tj41)s (9.6)

Qa; Q;

on the one hand. On the other hand, we know that the sequence 7y, is orthog-
onal (for the canonical scalar product). Therefore (9.5) and (9.6) imply

_]0 . fo<j<k-2
In other words, we have obtained

Pk = Tk + Br—1Pk—1 with Bx_1 = Bp—1.x.
Moreover, the relation xyy1 = x) + api implies that

Tk4+1 =Tk — CkkApk.

We have hence derived the three induction relations (9.4). It remains to find
the value of ay. To do so, we use the fact that ;1 is orthogonal to r:

0= [Irll* — cw(Apr, ).

Now, ry = pr — fr—1Pr—1 and (Apg, pr—1) = 0, and thus

B

(Apr, pk)

and sl
Tk

By = b

I

Conversely, consider three sequences (zy, g, pr) defined by the induction
relations (9.4). It is easy to show by induction that the relations

r =71, — apA
ro=>b— Axg and k+1 k kADk;
Th+1 = Tk + OkPk,

imply that the sequence rj is indeed the residual sequence, namely 7, =
b — Azy. Another elementary induction argument shows that the relations

ro = po and T =Th—1 — Qp—1Apr_1,
Pk = Tk + Br—1Dk—1,
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imply that p, and r; belong to the Krylov space Ky, for all £ > 0. As a
result, the induction relation xy4; = xx + agpy entails that xx4; belongs to
the affine space [xg + K%]. To conclude that the sequence (zy) is indeed that
of the conjugate gradient method, it remains to show that ry,1 is orthogonal
to K, (first definition of the conjugate gradient method). To this end, we now
prove by induction that 7,4 is orthogonal to r;, for all 0 < j < k, and that
Pr+1 is conjugate to p;, for all 0 < j < k. At order 0 we have

(r1,70) = [Irol* — @0 {Apo, 70) = 0,
since pg = 79, and
(Ap1,po) = ((r1 + Bopo), Apo) = ag ' {(r1 + Boro), (ro — 1)) = 0.
Assume that up to the kth order, we have
(ri,m;) =0for 0 < j <k—1, and (Apg,p;) =0for 0 <j < k-1

Let us prove that this still holds at the (k + 1)th order. Multiplying the
definition of 7,11 by r; leads to

(rht1,75) = (1, 75) — uw(Apr, 75),
which together with the relation r; = p; — §;_1p;—1 implies
(rhg1,75) = (rry 1) — ar(Apr, pj) + B 1{Apk, pj—1)-

By the induction assumption, we easily infer that (rg4q,7;) =01if j <k —1,
whereas the formula for oy, implies that (ry1,7%) = 0. Moreover,

(Apr+1,15) = (Pr41, Apj) = (rit1, Apj) + Br(pk, Apj),

and since Ap; = (r; — rjy1)/a; we have

(Apei1,p5) = a; (riga, (ry = 7541)) + Bi (o, Ap;).

For j < k—1, the induction assumption and the orthogonality of r;4+1 (which
we have just obtained) prove that (Apgii,p;) = 0. For j = k, we infer
(Apr+1,pk) = 0 from the formulas giving oy and Sj. This ends the induc-
tion.

Since the family (rg)o<k<k, is orthogonal, it is linearly independent as long
as ry # 0. Now, rp € Kj, which entails that Ky = span {ro,...,r}, since
these two spaces have the same dimension. Thus, we have derived the first
definition of the conjugate gradient, namely

Tr41 € [IO + Kk} and Te+1LKk.

Hence, the sequence xj, is indeed that of the conjugate gradient. O
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Remark 9.5.1. The main relevance of Theorem 9.5.1 is that it provides a prac-
tical algorithm for computing the sequence of approximate solutions (xy). It
actually suffices to apply the three induction relations to (x, rg, px) to derive
T4 starting from xy. It is no longer required to orthogonalize rgiq with
respect to Ky, nor to minimize 1 (Az,z) — (b, x) on the space [zg + Kj] (cf.
the two theoretical definitions of the conjugate gradient method).

Instead of having a single induction on xj (as in the simple gradient
method), there are three inductions on (z, g, px) in the conjugate gradi-
ent method (in truth, there are only two, since 7y is just an auxiliary for the
computations we can easily get rid of ). In the induction on pg, if we substitute
pr with (zg41 — x)/ak, we obtain a three-term induction for xj:

arBr—1

Tpy1 = Tk + Oék(b — Azk) +
A1

(xk — fk—l)-

This three-term induction is more complex than the simple inductions we have
studied so far in the iterative methods (see Chapter 8). This partly accounts
for the higher efficiency of the conjugate gradient method over the simple
gradient method.

9.5.1 Numerical Algorithm

In practice, the conjugate gradient algorithm is implemented following Algo-
rithm 9.3. As soon as ri = 0, the algorithm has converged. That is, xj is the

Data: A and b. Output: x (approximation of )
Initialization:
choose x € R"
compute r = b — Ax
setp=r
compute vy = ||r
While ||v|| > €
y=Ap
_

a= 2
(y,p)
X=X+ ap

r=r—ay
ﬁ:M

72

7=l
p=r+0p

End While

I

Algorithm 9.3: Conjugate gradient algorithm.

solution to the system Az = b. We know that the convergence is achieved
after kg + 1 iterations, where kg < n—1 is the critical dimension of the Krylov
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spaces (of which we have no knowledge a priori). However, in practice, com-
puter calculations are always prone to errors due to rounding, so we do not
find exactly ri,+1 = 0. That is why we introduce a small parameter ¢ (for
instance, 10~% or 1078 according to the desired precision), and we decide that
the algorithm has converged as soon as

[
[I7oll

<e.

Moreover, for large systems (for which n and kg are large, orders of magnitude
ranging from 10% to 10°%), the conjugate gradient method is used as an iterative
method, i.e., it converges in the sense of the above criterion after a number of
iterations much smaller than ko + 1 (cf. Proposition 9.5.1 below).

Remark 9.5.2.

1. In general, if we have no information about the solution, we choose to
initialize the conjugate gradient method with xg = 0. If we are solving
a sequence of problems that bear little difference between them, we can
initialize xy to the previous solution.

2. At each iteration, a single matrix-vector product is computed, namely
Apy, since ri is computed by the induction formula and not through the
relation 7, = b — Axy.

3. To implement the conjugate gradient method, it is not necessary to store
the matrix A in an array if we know how to compute the product Ay
for any vector y. For instance, for the Laplacian matrix in one space
dimension, we have

2 —1 0
o (Ay)1 = 2y1 — v,
A— -1 . . (Ay)n = 2yn —Yn—-1,
SO ’ and fort=2,...,n—1,
0 - _i 9 (AY)i =2y — Yir1 — Yi—1-

4. The conjugate gradient method is very efficient. It has many variants and
generalizations, in particular to the case of nonsymmetric positive definite
matrices.

9.5.2 Number of Operations

If we consider the conjugate gradient method as a direct method, we can
count the number of operations necessary to solve a linear system in the most
unfavorable case, kg = n — 1. At each iteration, on the one hand, a matrix-
vector product is computed (n? products), and on the other hand, two scalar
products and three linear combinations of vectors such as z + ay (of the order
of magnitude of n products) have to be carried out. After n iterations, we
obtain a number of operations equal, to first order, to
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Nop =~ n®.

It is hence less efficient than the Gauss and Cholesky methods. But one must
recall that it is being used as an iterative method and that generally conver-
gence occurs after fewer than n iterations.

9.5.3 Convergence Speed

Recall that Remark 9.1.1 tells us that the gradient method reduces the error
at each iteration by a factor of (conda(A) —1)/( cond2(A)+1). We shall now
prove that the convergence speed of the conjugate gradient is much faster,
since it reduces the error at each iteration by a smaller factor (/ conds(A) —

1)/(1/ conds(A) + 1).

Proposition 9.5.1. Let A be a symmetric real and positive definite matriz.
Let x be the exact solution to the system Az = b. Let (xy) be the sequence of
approximate solutions produced by the conjugate gradient method. We have

k
/condy(4) — 1
o — 2ls < 2/ condg(A) [ XComdeD =LY .
/ conda(A) +1

Proof. Recall that xj can be derived as the minimum on the space [zo+Kj—_1]
of the function f defined by

1 1 1
2R f(2) = (A2 2) — (0.2) = glle— s - 2(Az,a),
where [|y||4 = (Ay,y). Computing zj, is thus equivalent to minimizing ||z —

z||4, that is, the error in the ||.||4 norm, on the space [xg + Kx_1]. Now we
compute |leg||a. Relations (9.4) show that

k—1

T = To + E Qa;Pj,
=0

with each p; equal to a polynomial in A (of degree < j) applied to pog, so there
exists a polynomial g;—; € Pr_; such that

Tk =20+ G, (A)pO-
Since pg =19 = b — Axo = A(x — x¢), the errors e satisfy the relations
ex =Tk —x =eg+q,_,(A)po = Q,(A)eo,

where @), is the polynomial defined, for all t € R, by Q, (t) = 1—g¢q,_, (t)t. We
denote by u; an orthonormal basis of eigenvectors of A, i.e., Au; = Aju;, and
by eo,; the entries of the initial error eq in this basis: ep = 27, e ju;. We
have
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lleol% = (eo, Aeo) = Z)\ leo ;I

and .
2
lexl% = 1Q, (Aeolls =D A leo, Q. (NI
j=1
Since the conjugate gradient method minimizes |leg| 4, the polynomial @,
must satisfy

|ek||A_Z/\ 0,/ Qu (A)[* = mmZA o, QI (9.7)
j=1 kg 1

where minimization is carried in P, the set of polynomials ) € P, that satisfy
Q(0) =1 (indeed, we have @, € P?). From (9.7) we get an easy upper bound

2
lewls o (min max |Qk(Aj>l2> < (min max |Qk(x>l2>- (9:8)

lleoll% QeP? 1<5<n QEPY M <z<A,

The last min—max problem in the right-hand side of (9.8) is a classical and cel-
ebrated polynomial approximation problem: Find a polynomial p € Py min-
imizing the quantity max,c(qp) |p(7)]. To avoid the trivial zero solution, we
impose an additional condition on p, for instance, p(8) = 1 for a number
B ¢ la,b]. This problem is solved at the end of this chapter, Section 9.5.5. Its
unique solution (see Proposition 9.5.3) is the polynomial

T, (2z;(_aa+b)>

T, (‘Zﬁ;‘ia:b) ) ’

(9.9)

where T}, is the kth-degree Chebyshev polynomial defined for all ¢t € [—1,1]
by T (t) = cos(k arcost). The maximum value reached by (9.9) on the interval
[a,b] is

1

‘Tk (25;£aa+b)) ’ ’

In our case (9.7), we have a = A\1,b = A\, 3 = 0. The matrix A being positive
definite, 3 ¢ [a, b], we conclude that

1
min max

)= ——— 9.10
Qenmgxlgzgxw,@( )= ‘Tk(A +A1>‘ (9.10)

A1

Observe now that

e A being symmetric, we have i”fii = 542 with £ = condz(A4) = A\ /A1;
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e Chebyshev polynomials satisfy (9.16), which we recall here:

2Ty (z) = [w + Va2 — 1" + [z — Va2 — 1]F,

for all € (—oo,—1] U [1,400). Therefore, we infer the following lower

bound:
M EAMNNYE k1 k4 1\2
2T | ——— > -1
( k<)‘n)\1>) _K?*1+ k—1

zﬁ((n+1)+2\/§): gti

Combining these results, equality (9.10), and the upper bound (9.8), we obtain

2k
9 Ve+1 9
e <4 eol|%-
lewlfy <4 (Y1) ol
Finally, the proposition follows immediately from the equivalence between the
norms |.[|2 and [|.[Laz Aflz]3 < 2% < A3 0

It is possible to improve further Proposition 9.5.1 by showing that the
convergence speed is indeed faster when the eigenvalues of A are confined to
a reduced number of values.

We draw from Proposition 9.5.1 three important consequences. First of
all, the conjugate gradient method works indeed as an iterative method. In
fact, even if we do not perform the requisite n iterations to converge, the more
we iterate, the more the error between x and x; diminishes. Furthermore, the
convergence speed depends on the square root of the conditioning of A, and
not on the conditioning itself as for the simple gradient method. Hence, the
conjugate gradient method converges faster than the simple gradient one (we
say that the convergence is quadratic instead of linear). Lastly, as usual, the
closer conds(A) is to 1, the greater the speed of convergence, which means
that the matrix A has to be well conditioned for a quick convergence of the
conjugate gradient method.

9.5.4 Preconditioning

Definition 9.5.1. Let Ax = b be the linear system to be solved. We call a
matriz C' that is easy to invert and such that conds(C~1A) is smaller than
condy(A) a preconditioning of A. We call the equivalent system C~ 1Az =
C~'b a preconditioned system.

The idea of preconditioning is that if conds(C~*A) < condy(A), the con-
jugate gradient method converges faster for the preconditioned system than
for the original one. Of course, the price to pay for this faster convergence is
the requirement of inverting C'. Nevertheless, we recall that it is not necessary
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to form the matrix (C~1A); we merely successively multiply matrices A and
C~! by vectors. The problem here is to choose a matrix C' that is an easily
invertible approximation of A. In practice, the preconditioning technique is
very efficient and there is a large literature on this topic.

Observe that it is not obvious whether we can choose C' in such a way that
on the one hand, cond(C~!'A4) < cond(4), and on the other hand, C~1A re-
mains symmetric positive definite (a necessary condition for the application
of the conjugate gradient method). For this reason, we introduce a “symmet-
ric” preconditioning. Let C' be a symmetric positive definite matrix. We write
C = BB?! (Cholesky decomposition) and we substitute the original system
Ax = b, whose matrix A is badly conditioned, by the equivalent system

A7 =b, where A= B 'AB~', b= B~ 'b, and ¥ = B'z.

Since the matrix A is symmetric positive definite, we can use Algorithm 9.3
of the conjugate gradient method to solve this problem, i.e.,
Initialization
choice of Zg
o = Po = b — Ay

Iterations
For k > 1 and 7 # 0 ,
~ Tk—1
?k71 ~: (Ailgk—yﬁ‘!c—lj
Tk = Th—1 + Ap—1Pk—1
T = Th—1 — Qp—1Apk—1
B = oL
[
Dr = Tk + Br—1Pr—1
End

We can compute Z in this fashion and next compute x by solving the upper
triangular system B’z = %. In practice, we do not proceed this way in order
to cut down the cost of the computations. ~

Note that residuals are linked by the relation 7, = b — Azy = B~ Yy, the
new conjugate directions are py = B'p;., and

(Apr, j) = (Apr,pj)-
We thereby obtain the relations
(C i1, mi)
(Apk—1,Pr-1)

5 _ (Clry, )
(Clrp—1,mh—1)
We thus see that the only new operation (which is also the most costly one) is

the computation of z;, = C~'ry, namely solving the linear system Cz;, = 7.
Knowing the Cholesky decomposition of C, the calculation of each z; can
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be carried out in n? operations at most. From this observation, we infer a
preconditioned version of the conjugate gradient algorithm (see Algorithm
9.4), in which the precise knowledge of the Cholesky factorization of C' is no
longer required. This is Algorithm 9.4, which is used in numerical practice.

Data: A and b. Output: xx

Initialization
choice of g
To = b— Al’o
20 = C 7 rg preconditioning
Po = 20
Tterations

For k> 1and rr #0
(Z—1,Tk—1)
Qg1 = o kol
k=1 (Apk—1,Pk—1)
Tk = Tk—1 + Qk—1Pk—1
Th =Tk-1— Ok—1APK_1
2 = C 7 lry, preconditioning

_ _ (zeTR)
Pre—1 = (2k—1,"k—1)

Pr = 2k + Pr—1Pk—1
End

Algorithm 9.4: Preconditioned conjugate gradient method.

SSOR preconditioning

To illustrate the interest in preconditioning the conjugate gradient method,
we consider again the matrix given by the finite difference discretization of the
Laplacian, which is a tridiagonal, symmetric, positive definite matrix A4, €
M, —1(R), defined by (5.12). For simplicity, in the sequel we drop the subscript
n and write A instead of A,,. We denote by D the diagonal of A and by —F its
strictly lower triangular part, A = D — E — E*. For w € (0,2), the symmetric

matrix D D
o.=5%(5-5) " (5-7)
2—w \w w

is positive definite. Indeed, for z # 0, we have

(Coz,a) = wa <D—1 (fj —E)tm, (i —E>t:v>,

and since D~! is symmetric positive definite and % — F is nonsingular, we
have (C,x,z) > 0 if and only if - > 0. We now precondition the system

Az = b by the matrix C,. We denote by B, = /52 (2 — E)D~1/2 the

w N w
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Cholesky factor of C,,. The matrices A, = B;'AB_* and C'A are similar,

since ~
C,'A=B;'B;'A=B,"(B;'AB_") B, = B;'A,BL..

Hence ~

AmaX(JAw)

Ami]ﬂ (Aw) .

To evaluate the performance of the preconditioning we determine an upper

bound for Apax (A, ) and a lower bound for Apin(Ay ). For any x # 0, we have

condy(C;1A) = condy(A,) =

(Apz,2)  (BZ'ABj'wm,x) (ABj'z,Bj'z)

(r,xz) (z, ) B (x, )

Setting x = B!y, we obtain

Amae(Au) = max T _ o (ABY)
z#0 <f£, (E> y#£0 <Cwy, y>
Similarly,
i (Ay,y)
Al'l'llIl A =
o) =008 Covw)
The goal is now to obtain the inequalities
(Az, x)
O<estcies = vz #0 9.11
Oé_<0w$7x>_6, 1’# R ( )

from which we will deduce the bound conds(A,) < 3/a.

e To obtain the upper bound in (9.11) we decompose C,, as
Co=A+-—"_F,D'F,
2—w

with F, = “’T_lD — E. For all z # 0, we have

9 _
2TV A- O a) = —(F,D  Fla,z) = —(D ' Flz, Flz) <0,
w
since D! is positive definite. We can thus choose 3 = 1.
e To obtain the lower bound in (9.11), we write (2 — w)C,, = A+ aD + wG
with 5
1 2 —
G=ED'E' — 1D and o= 229
4 4w
For x # 0, we compute

(Cy, ) x,x)
(Az, x) (Az, x) (Az, z)

2-w)
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Since (Gz,z) = —"‘2—2|:v1|2, we have
(Cy,x) (Dz, x) 5 =2 2an?
2 — <1 — =142 <1 .
=) ey S T ey T Ly S @)
1
We can therefore take o = (2 — w) —————.
1 /\min(A)

We now choose a value of w that minimizes the function

f(w):é* 1 <1+2an2)_ 1 +72—w’

a 2—w Amin 2—w w

where
n2 1 n
N = = — N —.
2\ min 8 sin? % 272

2

A simple computation shows that
W2~ W) (@) = w? — 29(2 — )2,
so the value wopy minimizing f is

24/2vy 2 T
Wopt = = " 7‘_%2(1—*)
1++v2y 1+42sing. n

For this optimal value of w the conditioning of A, is bounded above as follows:

conda(Ay) < f(wopt) = 5 2sin L
2n

4 2
Thus for n large enough, conds(A4,) < B, whereas conds(A) ~ %

one order of magnitude in n by preconditioning the initial linear system.

We save

9.5.5 Chebyshev Polynomials

This section is devoted to some properties of Chebyshev polynomials used pre-
viously, in particular in the proof of Proposition 9.5.1. Chebyshev polynomials
are first defined on the interval [—1,1], then extended to R.

Study on [—1,1]
On this interval, the Chebyshev polynomial T}, (n > 1) is given by
T, (t) = cos(nh),

where 6 € [0,7] is defined by cos(8) = t. We easily check that Tp(t) = 1,
Ty (t) =t, and

Tpir(t) = 2T (t) — Tar(t),  Vn > 1, (9.12)

which proves that T, is a polynomial of degree n and can be defined on the
whole of R. We also check that T;, has exactly
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e n zeros (called Chebyshev points), which are

tr = cos(6g), Hk:l+kz, 0<k<n-—1,
2n n

e n+ 1 extremal points where the polynomial takes its extremal values (—1
and 1), which are

tp = cos(km/n), 0<k<mn.

The first five Chebyshev polynomials are represented in Figure 9.3. Expressing

n=0

n=2

4 05 0 05 1

Fig. 9.3. Chebyshev polynomials T}, for n =0, ..., 4.

the cosine in exponential form, we have
2T, (t) = e + 7m0 = (cos(#) + isin(h))" + (cos() — isin(9))"

Since 0 € [0, 7], we have sinf = /1 — t?, and T, can be written explicitly in
terms of ¢:

OT, (1) = (t+i\/1—t2))n+ (t—i\/l—tQ)n. (9.13)

For a € R with |a| > 1, we denote by P the set of polynomials of P, taking
the value 1 at point a:

]F)% = {p € Py, p(a) = 1}

Proposition 9.5.2. Chebyshev polynomials satisfy the following property:

. t = Tnt = ’
;rel%@%ten[afal},(ﬂ Ip(®) ten[afalﬁ]' e [T ()]

(9.14)

where we have set T,, = T,, /Ty ().
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Proof. 'We know that T}, («) # 0, because all the zeros, or roots, of T, belong
to]—1,1[. Hence T;, is well defined. On the one hand, if a > 1, then T}, («) > 0,
since the polynomials 7}, do not change sign on |1, +oco[ and 7,,(1) = 1. On
the other hand, if « < —1, then T, («) has the same sign as T,,(—1) = (—1)".
We shall therefore assume in the sequel, without loss of generality, that o > 1,
so that T,,(«) > 0. To prove (9.14), we assume, to the contrary, that there

exists p € P, such that

max_|p(t)] < — (9.15)

te[—1,1] Tn(a)

We are going to show that p = T},, which contradicts our assumption (9.15).
At each of the n + 1 extremal points ¢, of T}, the polynomial ¢ = p — T,
changes sign, since

* q(to) = p(to) - ﬁm) <0,
o q(t1) = p(t1) + 755 > 0,
e etc.

In addition, g(a) = 0, so the polynomial ¢ € P, has at least n + 1 distinct
zeros, because the t; are distinct and o ¢ [—1,1]. It must therefore vanish
identically. O

Study on [a, b]

The induction relation (9.12) shows that the Chebyshev polynomials can be
defined on the whole real line R. We can also define T),(z) for x € (—o0, —1]U
[1,400) as follows: since |z| > 1, we have v/1 — 22 = iv/22 — 1, and by (9.13),

2T, (z) = [z + Va2 — 1" + [z — V2 — 1] (9.16)

To obtain the analogue of property (9.14) on any interval [a, b], we define the
linear function ¢ that maps [—1, 1] onto [a, b]:

[_171] - [a7b]’
itz =%t 4 by

Proposition 9.5.3. For any ( ¢ [a,b], the Chebyshev polynomials satisfy

min max — max Tl (2))] . 1
iy 2 )| = 0% 7 )]~ T

Proof. Since 3 ¢ [a,b], @« = ¢~ 1(3) ¢ [-1,1], and the polynomial p(t) =
q(¢(t)) belongs to P&. By Proposition 9.5.2 we get

min max z)| = min max t
miy max, lq()] mig teHJ]\fJ(w( )
= mi a t
min max Ip(t)]
_ 1
= max |T,(t)]

te[—1,1] - m7
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with T}, (t) = T,,(t) /T, (¢~ 1(3)), and the result is proved. O

9.6 Exercises

In these exercises A € M,,(R) is always a symmetric positive definite matrix.
We recall that the following two problems are equivalent:

. 1
min {f@) = 5 (4,2) - (b, 2}, (9.17)
and solve the linear system

Ax =b. (9.18)

9.1. The goal of this exercise is to program and study the constant step gra-
dient algorithm.

1. Write a program Gradient$S that computes the minimizer of (9.17) by the
gradient method; see Algorithm 9.1.

2. Take n = 10, A=LaplacianidD(n);xx=(1:n)’/(n+1) ;b=xx.*sin(xx).
Compute the solution zg of (9.18) obtained using this algorithm. Take
a = 10~* and limit the number of iterations to Niter = 10000. The conver-
gence criterion shall be written in terms of the residual norm which must
be smaller than € = 10™* times its initial value. How many iterations are
necessary before convergence? Compare the obtained solution with that
given by Matlab.

3. Take now Njier = 2000 and ¢ = 10719, For « varying from ami, = 32 x
107% to aumax = 42 X 1074, by steps of size 107°, plot a curve representing
the number of iterations necessary to compute z. Determine numerically
the value of a leading to the minimal number of iterations. Compare with
the optimal value given by Theorem 9.1.1.

9.2. In order to improve the convergence of the gradient algorithm, we now
program and study the variable step gradient algorithm. At each iteration,
the step a is chosen equal to the value o that minimizes the norm of the
residual rp11 = b — Axk41. In other words, ay, is defined by

197 (@ — ¥ () | = it [IVf (o — ¥ f () |,

where ||.|| denotes the Euclidean norm |[.||2.

1. Find an explicit formula for ay.

2. Write a program GradientV that computes the solution of (9.17) by the
variable step gradient method, see Algorithm 9.2.

3. Compare both algorithms (constant and variable step) and in particular
the number of iterations and the total computational time for the same
numerical accuracy. For this, take the data of Exercise 9.1 with, for the
constant step gradient, a as the optimal value.
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9.3 (*). We now program and study the conjugate gradient algorithm.

1. Write a program GradientC that computes the solution of (9.17) using
the conjugate gradient method (see Algorithm 9.3).

2. Compare this algorithm with the variable step gradient algorithm for the
matrix defined in Exercise 9.1.

3. Let A and b be defined as follows:

54321 1
NEEEEE 2
A=— 134543, b=]|3
121934514 4
12345 5

Solve the system Az = b using the program GradientC with the ini-
tial data zg = (—2,0,0,0,10)" and note down the number of iterations
performed. Explain the result using the above script. Same question for
z0 = (—1,6,12,0,17)".

4. We no longer assume that the matrix A is positive definite, nor that it is
symmetric, but only that it is nonsingular. Suggest a way of symmetrizing
the linear system (9.18) so that one can apply the conjugate gradient
method.

9.4. Write a program GradientCP that computes the solution of (9.17) by
the preconditioned conjugate gradient algorithm (see Algorithm 9.4) with the
SSOR preconditioning (see Section 9.5.4). Compare the programs GradientC
and GradientCP by plotting on the same graph the errors of both methods in
terms of the iteration number. Take n = 50 and Ny = 50 iterations without
a termination criterion on the residual and consider that the exact solution is
A\b.
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Methods for Computing Eigenvalues

10.1 Generalities

For a squared matrix A € M, (C), the problem that consists in finding the
solutions A € C and nonzero x € C" of the algebraic equation

Az =z (10.1)

is called an eigenvalue problem. The scalar A is called an“eigenvalue,” and the
vector z is an “eigenvector.” If we consider real matrices A € M,,(R), we can
also study the eigenvalue problem (10.1), but the eigenvalue A and eigenvector
x may not be real and, in full generality, can belong to C or C™ respectively.

In Section 2.3 the existence and theoretical characterization of solutions
of (10.1) were discussed. On the other hand, the present chapter is devoted
to some numerical algorithms for solving (10.1) in practice.

We recall that the eigenvalues of a matrix A are the roots of its charac-
teristic polynomial det (A — AI,). In order to compute these eigenvalues, one
may naively think that it suffices to factorize its characteristic polynomial.
Such a strategy is bound to fail. On the one hand, there is no explicit formula
(using elementary operations such as addition, multiplication, and extraction
of roots) for the zeros of most polynomials of degree greater than or equal to
5, as has been known since the work of Galois and Abel. On the other hand,
there are no robust and efficient numerical algorithms for computing all the
roots of large-degree polynomials. By the way, there is no special property of
the characteristic polynomial, since any nth-degree polynomial of the type

pa(N) = (—1)" (/\" +a N T a4 b a A+ an)

is actually the characteristic polynomial (developed with respect to the last
column) of the matrix (called the companion matrix of the polynomial)
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—a; —ag ... ... —Qp
1 0 ...... 0
A= 0
0 01 0

Accordingly, there cannot exist direct methods (that is, methods producing
the result after a finite number of operations) for the determination of the
eigenvalues! As a result, there are only iterative methods for computing eigen-
values (and eigenvectors).

It turns out that in practice, computing the eigenvalues and eigenvectors
of a matrix is a much harder task than solving a linear system. Nevertheless,
there exist numerically efficient algorithms for self-adjoint matrices or ma-
trices having eigenvalues with distinct moduli. However, the general case is
much more delicate to handle and will not be treated here. Finally, numerical
stability issues are very complex. The possibility of having multiple eigenval-
ues seriously complicates their computation, especially in determining their
corresponding eigenvectors.

10.2 Conditioning

The notion of conditioning of a matrix is essential for a good understanding
of rounding errors in the computation of eigenvalues, but it is different from
the one introduced for solving linear systems. Consider the following “ill-
conditioned” example:

0...... 0 e
10 ...... 0
A=1|0 ,
0...0 10

where e = 107". Noting that p4(A) = (—1)"(A\"™ —¢), the eigenvalues of A are
the nth roots of 10™™, all of which are equal in modulus to 10~!. However,
had we taken € = 0, then all eigenvalues would have been zero. Therefore,
for large n, small variations in the matrix entries yield large variations in the
eigenvalues.

Definition 10.2.1. Let A be a diagonalizable matriz with eigenvalues \1,...,\n,
and let || - || be a subordinate matriz norm. The real number defined by

I'(A) = inf cond(P),
P=1AP=diag (A1,...,\n)
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where cond(P) = ||P||||P~| is the conditioning of the matriz P, is called
the conditioning of the matriz A, relative to this norm, for computing its
etgenvalues.

For all diagonalizable matrices A, we have I'(A) > 1. If A is normal, then
A is diagonalizable in an orthonormal basis. In other words, there exists a
unitary matrix U such that U~ AU is diagonal. For the induced matrix norm
| - |2, we know that |[U||2 = 1, so cond2(U) = 1. Accordingly, if A is normal,
then I'5(A) = 1. In particular, the 2-norm conditioning of self-adjoint matrices
for computing eigenvalues is always equal to 1.

Theorem 10.2.1 (Bauer—Fike). Let A be a diagonalizable matriz with

eigenvalues (A1, ..., \,). Let || - || be a subordinate matriz norm satisfying
| diag (d1,- .., dn)| = 1réliagxn|di|'

Then, for every matriz perturbation 6 A, the eigenvalues of (A+ 6A) are con-
tained in the union of n disks of the complex plane D; defined by

Di={:€C |z-N|<T(A6Al}, 1<i<n.

Remark 10.2.1. The hypothesis on the subordinate matrix norm is satisfied

by all norms || - ||, with p > 1; see Exercise 3.3.

Proof of Theorem 10.2.1.  Let P be a nonsingular matrix satisfying
P7'AP = diag(\,..., \n).

Let us prove that the theorem is still valid if we substitute I"(A) by cond(P),
which implies the desired result when P varies. Let A be an eigenvalue of
(A+ 6A). If for some index i, we have A = A;, then we are done. Otherwise,
the matrix diag (A — A, ..., A, — ), denoted by diag (A; — A), is nonsingular,
SO
P YA+ 0A— \I)P =diag (), — \) + P"'5AP (10.2)
=diag (\; — \) (I+B), (10.3)
where the matrix B is defined by
B = diag(\; — \)"'P 1 AP.

Assume that ||B|| < 1. Then, by Proposition 3.3.1 the matrix (I + B) is
invertible and equality (10.3) is thereby contradicted, since the matrix (A +
dA — M) is singular. Consequently, we infer that necessarily || B|| > 1, and

1< |IB]| < [[diag (\i = )12 [6A] [[P]I-
Thanks to the hypothesis on the norm of a diagonal matrix, we deduce

min |[A; — A| < cond(P)||d4],

1<i<n

which ends the proof. |
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10.3 Power Method

The simplest method to compute eigenvalues and eigenvectors of a matrix
is the power method. In practice, this method is confined to the computa-
tion of some (not all) extreme eigenvalues, provided that they are real and
simple (their algebraic multiplicity is equal to 1). For the sake of simplicity
we shall now restrict our attention to real matrices only. Let A be a real
matrix of order n, not necessarily symmetric (unless otherwise mentioned).
We call (A,...,A,) its eigenvalues repeated with their algebraic multiplicity,
and sorted in increasing order of their modulus [A;| < [Ag] < -+ < Ayl
Henceforth, we denote by || - || the Euclidean norm in R™.

The power method for computing the largest eigenvalue A, is defined by
Algorithm 10.1. In the convergence test, € is a small tolerance, for instance

Data: A . Output: a = A, largest (in modulus) eigenvalue of A
T & u, eigenvector associated with A,
Initialization:
choose g € R™ such that ||zo] = 1.
Iterations
For k > 1 and ||zx — zx—1]| < ¢
Yp = Azp—1
Tk = Yr/ ||yl
End
a =yl

Algorithm 10.1: Power method.

e =107, If 6, = o}, — x_; is small, then z}, is an approximate eigenvector
of A associated with the approximate eigenvalue ||y since

A$k — HkaIk = A(Sk

Theorem 10.3.1. Assume that A is diagonalizable, with real eigenvalues
(A1,...,An) associated to real eigenvectors (e1,...,en), and that the eigen-
value with the largest modulus, denoted by A, is simple and positive, i.e.,

M| < < ] < Ane

Assume also that in the eigenvectors’ basis, the initial vector reads xo =
i Bie; with B, # 0. Then, the power method converges, that is,

lm ||yl = An, lim xp = 2o, where X, = *e,.
k— o0 k—-+o0

Moreover, the convergence speed is proportional to the ratio |An—1|/|Anl:

wn)’“ (wn)’“
<C ( , and ||rp —zo|| <K C | —+7 ] .
B | | B

[l = Ao
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Remark 10.3.1. The assumption that the largest eigenvalue is real is crucial.
However, if it is negative instead, we can apply Theorem 10.3.1 to —A. In
practice, if we apply the above algorithm to a matrix whose largest-modulus
eigenvalue is negative, it is the sequence (—1)*z; that converges, while —||yx ||
converges to this eigenvalue. Let us recall that the simplicity condition on the
eigenvalue \,, expresses the fact that the associated generalized eigenspace is
of dimension 1, or that A, is a simple root of the characteristic polynomial.
Should there be several eigenvalues of maximal modulus, the sequences ||yl
and zj will not converge in general. Nevertheless, if the eigenvalue A,, is mul-
tiple but is the only one with maximum modulus, then the sequence | ygl|
always converges to A, (but the sequence x; may not converge).

Proof of Theorem 10.3.1. The vector x is proportional to A*zg, and be-
cause of the form of the initial vector zq, it is also proportional to

n
> Bikes,
i=1
which implies
k
ﬂnen+zll 2(1) €;
%
‘Bnen+zll z(n) €;
Note in passing that since §, # 0, the norm ||yx|| never vanishes and there

is no division by zero in Algorithm 10.1. From the assumption |\;| < A, for
i # n, we deduce that xj converges to Hﬁﬁiye‘”en. Likewise, we have

T =

X k+1
ﬂnen + Ez 1 Mi (ﬁ) €i

k
ﬁnen"_zl 1 z())\\f) €;

lye+1ll = An

)

which therefore converges to A,,. O

It is possible to compute the smallest eigenvalue (in modulus) of A by
applying the power method to A~1: it is then called the inverse power method;
see Algorithm 10.2 below. The computational cost of the inverse power method
is higher, compared to the power method, because a linear system has to be
solved at each iteration. If §;, = x—xp_1 is small, then x;_1 is an approximate
eigenvector associated to the approximate eigenvalue 1/||yx||, since

Al‘k_l - Th—1 = —A(Sk.
[yl

Theorem 10.3.2. Assume that A is nonsingular and diagonalizable, with real
eigenvalues (A1, ..., A\,) associated to real eigenvectors (e1,...,ey), and that
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Data: A . Output: a = A1 smallest (in modulus) eigenvalue of A
T &~ w1 eigenvector associated with Aq
Initialization:
choose g € R™ such that ||zo] = 1.
Iterations
For k > 1 and ||zx — zp—1|| < e,
solve Ay, = Tk—1
zr = yk/llyxl
End
a=1/llyxll
Algorithm 10.2: Inverse power method.

the eigenvalue with the smallest modulus, denoted by A1, is simple and positive,
i.e.,
0 <AL <|Ag| <o <Al

Assume also that in the basis of eigenvectors, the initial vector reads ro =
i, Bie; with By # 0. Then the inverse power method converges, that is,

lim +—— =X, lim 2y =2 suchthat z. = *e;.
ey P e=Foo

Moreover, the convergence speed is proportional to the ratio |A1|/|Az|:

el nf 20 (B o < 0 ()
| A2 ol

Proof. The vector x, is proportional to A=Fz( and thus to

Z ﬂi)\i_keia
i=1
which implies
k
Brer+ Yoo B (j\\*l) €;
k
Brer + >y Bi (',\\f) €;

Note again that the norm ||y || never vanishes, so there is no division by zero
in Algorithm 10.2. From A\ < |\;| for ¢ # 1, we deduce that xj converges to
Hﬁ?fél\lel’ and that [Jyx||~! converges to \;. O

xk=’

When the matrix A is real symmetric, the statements of the previous
theorems simplify a little, since A is automatically diagonalizable and the as-
sumption on the initial vector xy simply requests that xg not be orthogonal
to the eigenvector e, (or ep). Furthermore, the convergence toward the eigen-
value is faster in the real symmetric case. We only summarize, hereinafter,
the power method; a similar result is also valid for the inverse power method.
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Theorem 10.3.3. Assume that the matriz A is real symmetric, with eigenval-
ues (A1, ..., \n) associated to an orthonormal basis of eigenvectors (e1, ..., en)
and that the eigenvalue with the largest modulus \,, is simple and positive, i.e.,

Assume also that the initial vector xq is not orthogonal to e,. Then the power
method converges, and the sequence ||yg| converges quadratically to the eigen-

value X\, that is,
B [An

Remark 10.3.2. The convergence speed of the approximate eigenvector xj is
unchanged compared to Theorem 10.3.1. However, the convergence of the

[yell = o

2
. . : . Ane Ane
approximate eigenvalue ||yx|| is faster, since (I b |1|> < II 5 |1‘.
n n

Proof of Theorem 10.3.3.  In the orthonormal basis (e;)1<i<n We write the
initial vector in the form zg = 2?21 B;e;. Thus, x; reads

k
Brnen + Z;‘n:_ll i (i\*:b) €
1/2°
(,62 + anl 52 ()xi >2k) /
n =1 Mi \ A\,

T =

Then,
1/2

(it (3))
(ﬁ% N 2?2_11 @2 (/{\")%> 1/2

which yields the desired result. 0

[Yrrall = [Azk] = An

9

<

Remark 10.3.3. To compute other eigenvalues of a real symmetric matrix (that
is, not the smallest, nor the largest), we can use the so-called deflation method.
For instance, if we are interested in the second-largest-modulus eigenvalue,
namely \,_1, the deflation method amounts to the following process. We
first compute the largest-modulus eigenvalue A, and an associated unitary
eigenvector e,, such that Ae, = \,e, with |le,| = 1. Then, we apply again
the power method to A starting with an initial vector xy orthogonal to e,.
This is equivalent to computing the largest eigenvalue of A, restricted to the
subspace orthogonal to e,, (which is stable by A), that is, to evaluating A,,_1.
In practice, at each iteration the vector xj is orthogonalized against e, to be
sure that it belongs to the subspace orthogonal to e,. A similar idea works
for computing the second-smallest-modulus eigenvalue Ay in the framework
of the inverse power method. In practice, this technique is suitable only for
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the computation of some extreme eigenvalues of A (because of numerical loss
of orthogonality). It is not recommended if all or only some intermediate
eigenvalues have to be computed.

Let us conclude this section by mentioning that the convergence of the inverse
power method can be accelerated by various means (see the next remark).

Remark 10.5.4. Let p ¢ o(A) be a rough approximation of an eigenvalue A
of A. Since the eigenvectors of (A — ul,) are those of A and its spectrum is
just shifted by u, we can apply the inverse power method to the nonsingular
matrix (A — ul,) in order to compute a better approximation of A and a
corresponding eigenvector. Note that the rate of convergence is improved,
since if p was a “not too bad” approximation of A, the smallest-modulus
eigenvalue of (A — pl,) is (A — p), which is small.

10.4 Jacobi Method

In this section we restrict our attention to the case of real symmetric matrices.
The purpose of the Jacobi method is to compute all eigenvalues of a matrix
A. Its principle is to iteratively multiply A by elementary rotation matrices,
known as Givens matrices.

Definition 10.4.1. Let 8 € R be an angle. Let p # q be two different integers
between 1 and n. A Givens matriz is a rotation matriz Q(p,q,0) defined by
its entries Q; ;(p, q,0):

Qpp(p,q,0) = cosb,

Qq,q(pv q, 0) = cos ),

Qp,q (pa q7 0) = Sin97

Qq,p(p7 q, 0) = —sin 07

Qi,j(p,q,0) =6, ; in all other cases.

The Givens matrix Q(p, q, ) corresponds to a rotation of angle 8 in the plane
span {ep, eq}. It has the following shape:

1 0
1
cos 0 sin 6
1 -pr
Q(p,q,0) = o
. —4q
—sinf cos 6
1
0 1
T T
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Lemma 10.4.1. The Givens rotation matriz Q(p,q,8) is an orthogonal ma-
triz that satisfies, for any real symmetric matriz A,

2 2
Z bij = Z @i
1<i,5<n 1<ij<n

where B = Q'(p, q,0)AQ(p, q,0). Moreover, if a, 4 # 0, there exists a unique
angle 0 € ]—%; O[U]O; 11, defined by cot(20) = W, such that

bpg=0 and > bi=> a+2d,. (10.4)
i=1 i=1

Proof. Since Q(p, q,0) is a rotation matrix, it is orthogonal, i.e., QQ* = I,,.
A simple computation gives

v =IIB|} = tr (B'B) = tr(Q'(p,q,0)A"AQ(p, ¢.0)),

ij=1

where || - || denotes the Frobenius norm. Since tr (MN) = tr (NM), we
deduce

tr(Q"(p, 4. 0) A" AQ(p, 4. 0)) = tr (AA"),

i bij =tr(A'A) = i a?,j.

ij=1 ij=1

and thus

We note that for any angle 8, only rows and columns of indices p and ¢ of B
change with respect to those of A. In addition, we have

bpp bpg \_[cosO —sinb\(appapg cosf sind (10.5)
bpg bgg) \sin® cosf )\ apqaqq )\ —sincosf )’ '
which leads to

= _ i 2 -2
bpp = —2ap.q 821n0 cos 92+ Gp,pCOS~ 0 + aq qsin” 6,
bp.g = apq(cos® 6 —sin” 0) + (ag,p — Qg.q) 811129 cos b,
bg,q = 2ap,qsinfcosd + ap ,sin” 0 + a4 4 cos® 6.

Consequently, b, , = 0 if and only if the angle 6 satisfies
Gp.qCOS20 + w sin 20 = 0.

Such a choice of 0 is always possible because cot 26 is onto on R. For this
precise value of 6, we deduce from (10.5) that b, , = 0 and

2 2 _ 2 2 2
bpp T Vgq = Gpp T g g T 2054

Since all other diagonal entries of B are identical to those of A, this proves
(10.4). |
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Definition 10.4.2. The Jacobi method for computing the eigenvalues of a
real symmetric matriz A amounts to building a sequence of matrices Ax =
(aﬁj)lgi’jgn deﬁned by

{ Al = A7
A1 = Q' (pr, ak, Or) ArQ(prk, qk, O,

where Q(pk, qi, Or) is a Givens rotation matriz with the following choice:

k

(i) (ks qx) is a pair of indices such that |ay, ..

(ii) Oy, is the angle such that afTL = 0.

| = maxi; [af 1,

Remark 10.4.1. During the iterations, the previously zeroed off-diagonal en-
tries do not remain so. In other words, although a’;:"ék = 0, for further itera-
tions [ > k 4 2 we have ai,kqu # 0. Thus, we do not obtain a diagonal matrix
after a finite number of iterations. However, (10.4) in Lemma 10.4.1 proves

that the sum of all squared off-diagonal entries of Ay decreases as k increases.

Remark 10.4.2. From a numerical viewpoint, the angle 6 is never computed
explicitly. Indeed, trigonometric functions are computationally expensive,
while only the cosine and sine of 6 are required to compute Ag;;. Since
we have an explicit formula for cot 20, and 2 cot 20, = 1/ tan 0y — tan 6y, we
deduce the value of tan 6 by computing the roots of a second-degree polyno-
mial. Next, we obtain the values of cos 8 and sin#, by computing again the
roots of another second-degree polynomial.

Theorem 10.4.1. Assume that the matrize A is real symmetric with eigenval-
ues (A1, ..., ). The sequence of matrices Ay of the Jacobi method converges,
and we have

kEI-&I-loo Ay = dlag (Aa(i))v
where o is a permutation of {1,2,...,n}.

Theorem 10.4.2. If, in addition, all eigenvalues of A are distinct, then the
sequence of orthogonal matrices Qy, defined by

Qk} - Q(pla qlael)Q(p27QQa 02) T Q(pkaqka ek)a

converges to an orthogonal matrixz whose column vectors are the eigenvectors
of A arranged in the same order as the eigenvalues Ay ;).

To prove these theorems, we need a technical lemma.

Lemma 10.4.2. Consider a sequence of matrices My, such that

(1) im0 || M 41 — My|| = 0;
(i) there exists C, independent of k, such that | My|| < C for all k > 1;
(iii) the sequence My has a finite number of cluster points (limit points).
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Then the sequence My, converges.

Proof. Let Ai,..., A, be all the cluster points of the sequence M},. For every
A, 1 <4 < p, there exists a subsequence My,(;) that converges to A;. Let us
show that for all € > 0, there exists an integer k(g) such that

p
My € | B(Aiye), Vk>k(e),
=1

where B(A4;,¢) is the closed ball of center A; and radius e. If this were not
true, there would exist g > 0 and an infinite subsequence k' such that

HMk’ — A1|| Z €0, 1 S Z S p-

This new subsequence My, has no A; as a cluster point. However, it is bounded
in a finite-dimensional space, so it must have at least one other cluster point,
which contradicts the fact that there is no other cluster point of the sequence
My, but the A,. Thus, for e = irgg} |A; — Ai/||, there exists k(e) such that

p
[Myyr — Mil| <e, and M € | ) B(Ai,e), Vk > k(e).

i=1

In particular, there exists ig such that M) € B(A;,,¢). Let us show that
My, € B(Ai,,¢) for all & > k(e). Let ki be the largest integer greater than
k(e) such that My, belongs to B(A4;,,¢), but not Mg, 1. In other words, k;
satisfies

HM’fl - AioH < ¢ and HMkl-‘rl - Aio” > €.

Accordingly, there exists i1 such that || My, 11 —A;, || < e. Therefore we deduce

HAZO - AZl” < ||Mk71 - Alo” + HMIC1+1 - Mkl” + ”Mlirl - Ah”
3 .
<3¢ < - min|A4; — Ay,
4 it
which is not possible because n;éu/l |A; — Ai/|] > 0. Therefore k1 = +o0. O
Proof of Theorem 10.4.1.  We split the matrix Ay = (ai‘ij)lgi,jgn as follows:
Ax = Dy + B, with Dy = diag (aﬁl)
Let e = || Bg||%, where || - || is the Frobenius norm. It satisfies
ek = || AklE — [ Dell-

From [[Axllr = [Arsillr and [[Dpallf = [[DellF — 2|ap,,,[* (by Lemma
10.4.1), we deduce that
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Ekt1 = €k — 2| quk|2

Since |a max;j af ;|, we have

pkle‘

er < (0° = n)lag, g, I

2
Ektr1 < <1— 5 >€k.
n2—n

As a result, the sequence ¢, tends to 0, and

and so

lim B =0.

k—+oco

Since the off-diagonal part of A tends to 0, it remains to prove the con-
vergence of its diagonal part Dj. For this purpose we check that Dy satis-
fies the assumptions of Lemma 10.4.2. The sequence Dy is bounded, because
I Dillr < ||AkllF = ||Al|r- Let us show that Dy has a finite number of cluster
points. Since Dy is a bounded sequence in a normed vector space of finite
dimension, there exists a subsequence Dy that converges to a limit D. Hence,
Ay converges to D. As a consequence,

det (D — AI) = k’hIJIrl det (A — AI) = k/hIE det QL (A — XI)Qu

= det (A — \I),

where Q is the orthogonal matrix defined in Theorem 10.4.2. Since D is
diagonal and has the same eigenvalues as A, D necessarily coincides with
diag (A, (;)) for some permutation o. There exist n! such permutations, there-
fore Dy, has at most n! cluster points. Finally, let us prove that (Dgy1 — Dg)
converges to 0. By definition, d’“‘1 = ak+1 = a =dF. if i #pandi # q.

1,7

k+1 o k+1_ k+1_ koo
It remalr'ls to compute d;7 " — dp’p = a,, pp (the case ay Qg o 18
symmetric):
E+1 ko ko Eo k) ain?
ag, —a,,=—2a,  sin0cosOy + (a, , — a, ,)sin” Oy.
k k
By the formula cos 20, = 1 — 2sin? ), = % sin 260y, we obtain
2q
1 —2sin?6
k k ak — z8In" Vg
ay  — = _
a9 Ypp P4 gin @), cos Oy,
from which we deduce that
k+1 _ ko k kSlnok _
Upp — A, = —2a, ,sin by cos by + a, Ty (1 —2sin®6y,) = 7q tan 0.

Since 6y, € [-Z; 2], we have |tan 6| < 1. Thus



10.5 Givens—Householder Method 203

IDF = DF|[F < 2lay 1 < | Bellh = e
which tends to 0 as k goes to infinity. Then we conclude by applying Lemma

10.4.2. ]

Proof of Theorem 10.4.2. We apply Lemma 10.4.2 to the sequence Qy,
which is bounded because ||Qk||r = 1. Let us show that @ has a finite
number of cluster points. Since it is bounded, there exists a subsequence @
that converges to a limit @, and we have

hm Ap i = diag (Aoiy) = lim QL AQw = Q'AQ,

k' — k'’ —4o00

which implies that the columns of @ are equal to (£f,(;)), where f; is the
normalized eigenvector corresponding to the eigenvalue A; of A (these eigen-
vectors are unique, up to a change of sign, because all eigenvalues are simple
by assumption). Since there is a finite number of permutations and possible
changes of sign, the cluster points, like @, are finite in number. Finally, let us
prove that (Qr+1 — Qk) converges to 0. We write

Qi1 — Qk = (QDr+1, Grot1,O11) — 1) Q-

By definition, tan 20, = 2apqu /(algqu —a’z’jkpk ), and Ay, converges to diag (As(;))

with distinct eigenvalues. Consequently, for k large enough,

1
K m1n|/\—/\|>0

|an‘1k o pkpk| =95

Since limy_, 4 o a’;qu = 0, we deduce that 0 tends to 0, and so (Qr+1 — Q)
O

converges to 0. Applying Lemma 10.4.2 finishes the proof.

10.5 Givens—Householder Method

Once again we restrict ourselves to the case of real symmetric matrices. The
main idea of the Givens—Householder method is to reduce a matrix to its
tridiagonal form, the eigenvalues of which are easier to compute.

Definition 10.5.1. The Givens—Householder method is decomposed into two
successive steps:

1. By the Householder method, a symmetric matriz A is reduced to a tridi-
agonal matriz, that is, an orthogonal matriz Q is built such that Q*AQ is
tridiagonal (this first step is executed in a finite number of operations).

2. The eigenvalues of this tridiagonal matriz are computed by a bisection (or

dichotomy) method proposed by Givens (this second step is an iterative
method).
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We begin with the first step, namely, the Householder method.

Proposition 10.5.1. Let A be a real symmetric matriz. There exist (n — 2)
orthogonal matrices Hy such that

T = (HiHy---H, 2)'A(HHy---H,_5)
is tridiagonal. Note that A and T have the same eigenvalues.

Proof. Starting with A, we build a sequence of matrices (Ax)1<k<n—1 such
that A; = A, and A1 = H,iAka, where Hj, is an orthogonal matrix chosen
in such a way that Ay has the following block structure:

_ (T B}
Ak_(EkMk>.

In the above, T} is a tridiagonal square matrix of size k, M}, is a square matrix
of size n — k, and FJ, is a rectangular matrix with (n — k) rows and k columns
whose last column only, denoted by aj € R"*_ is nonzero:

X X 0...0 a1
X S
T), = and Ej = k.2
X X O...Oahn_k

Thus, it is clear that A, _; is a tridiagonal matrix. We note that A is indeed
of this form for k = 1. Let Hj be the matrix defined by

(I O
He = ( 0 ﬁk) ’
where I is the identity matrix of order k, and H . is the Householder matrix
(see Lemma 7.3.1) of order n — k defined by
vkvz

—2—=% with vy = ag, + ||ak||e1, (10.6)

i =T =20 2

k

where e; is the first vector of the canonical basis of R"~¥. Tt satisfies Hyas, =
—|lax|ler. We observe that Hy is orthogonal and Hf = Hj. The definition
(10.6) of the Householder matrix is valid only if aj is not parallel to ey;
otherwise, the kth column of Ay is already of the desired form, so we take
Hy, = I,,_j,. We compute Ay = HfApHy:

Ay = T* (HiEy)!
kol HoE, H.M.H, )’

where
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0...0 —|lak|
HyE), = 0
0...0 O

Accordingly, Agy1 takes the desired form:

_( Tryr Ej
A1 = (Ek+1 Myi1 )

where T} is a square tridiagonal matrix of size k41, My is a square matrix
of size n — k — 1, and Ej4; is a rectangular matrix of size (n —k — 1,k + 1)
whose only nonzero column is the last one. O

Now we proceed to the second step of the algorithm, that is, the Givens
bisection method.

Lemma 10.5.1. Consider a real tridiagonal symmetric matriz

b1 C1 0
A=1“
. Cn—1
0 Cpn—1 bn

If there exists an index © such that ¢; = 0, then

det (A — /\In) = det (Az — /\Iz) det (An—i — )\In_l)

with
by &1 0 bit1 Civ1 0
Ai = ‘1 ' ’ and Anfi = Citl
. .G . e Cp—1
0 Ci—1 bl 0 Cn—1 bn

The proof of Lemma 10.5.1 is easy and left to the reader. It allows us to
restrict our attention in the sequel to tridiagonal matrices with ¢; # 0 for all
ie{l,...,n—1}.

Proposition 10.5.2. For 1 < i < n, let A; be the matrixz of size i defined by
bl C1 O
C1 ’

T Ci—1

0 ci—1 b
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with ¢; # 0, and let p;(\) = det (A; — AL;) be its characteristic polynomial.
The sequence p; satisfies the induction formula

pi(A) = (bi — Npi—1(N) — ¢i_1pi—a(N), Vi > 2,

with
po(A) =1 and p1(\)=b — A\
Moreover, for all i > 1, the polynomial p; has the following properties:
1. )\lim pi(A\) = +oo;
2. if pi(A\o) = 0, then pi—1(Ao)pit1(Ao) < 0;
3. the polynomial p; has i real distinct roots that strictly separate the (i + 1)
roots of piy1.

Remark 10.5.1. A consequence of Proposition 10.5.2 is that when all entries
¢; are nonzero, the tridiagonal matrix A has only simple eigenvalues (in other
words, they are all distinct).

Proof of Proposition 10.5.2. Expanding det (A; — AI;) with respect to the
last row, we get the desired induction formula. The first property is obvious by
definition of the characteristic polynomial. To prove the second property, we
notice that if p;(Ag) = 0, then the induction formula implies that p;11(Ag) =
—c2pi—1(XNo). Since ¢; # 0, we deduce

Pi—1(A0)pi+1(Ao) < 0.

This inequality is actually strict; otherwise, if either p;_1(Ao) = 0 or p;+1(Ag) =
0, then the induction formula would imply that pg(Ao) = 0forall 0 < k <i+1,
which is not possible because pg(Ag) = 1.

Concerning the third property, we first remark that p;(\) has ¢ real roots,
denoted by A{ < .-+ < AL because A; is real symmetric. Let us show by
induction that these ¢ roots of p; are distinct and separated by those of p; 1.
First of all, this property is satisfied for i = 2. Indeed,

p2(A) = (b2 = A)(b1 = A) —

has two roots (A2, \3) that strictly bound the only root Al = by of p1 (M), i.e.,
A2 < Al < A2, Assuming that p;(\) has i real distinct roots separated by those
of p;—1, we now study the i 4+ 1 real roots of p;11. We define a polynomial ¢;
of degree 2¢ by

% (A) = pi—1(A)pis1(A).

We already know i — 1 roots of ¢; (those of p;_1), and we also know that the
i roots of p; are such that ¢;(A%) < 0. In other words,

G\ =0, for 1<k<i—1, ¢(\,)<0, for 1 <k<i,

with (see Figure 10.1)
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M AT <X << AT <AL

Between )\}; and )\}; 41, either g; vanishes at another point vy # )\?1, in which
case we have found another root of g;, hence of p;y1, or ¢; vanishes only at
)\?1, meaning it is at least a double root, since its derivative ¢; has to vanish
at )\Z_l too. On the other hand, /\};_1 is a simple root of p;_1, so /\};_1 is also a
root of p;y1. Because of the induction relation, this would prove that /\};_1 is
a root for all polynomials p; with 0 < j <741, which is not possible because
po = 1 has no roots. As a consequence, we have proved that between each
pair AL, AL 41 there exists another root i, # )\}:1 of the polynomial ¢;, thus
of p;11. Overall, we have just found (¢ — 1) distinct roots of p; 41 that bound
those of p;. Moreover, ¢;(A]) < 0 and ¢;(A\!) < 0, whereas

i ) =+

So we deduce the existence of two more distinct roots of ¢;, hence of p; 1 (for
a total number of ¢ 4+ 1 roots), that intertwine those of p;. O

Fig. 10.1. Example of p; polynomials in Proposition 10.5.2.

Proposition 10.5.3. For all p € R, we define

{ sign of pi() if pi(p) # 0,
=0.

sgnp;(p) = sign of pi_1(p) if ps(1)

Let N(i, ) be the number of sign changes between consecutive elements of the

set E(i,p) = {+1, sgnpi(p), sgnpa(p), ..., sgnp;(u)}. Then N(i,p) is the
number of roots of p; that are strictly less than .

Proof. First, we note that sgnp;(u) is defined without ambiguity, since if
pi(p) = 0, then p; 1 (1) # 0 because of the second point in Proposition 10.5.2.
We proceed by induction on ¢. For ¢ = 1, we check the claim

p<by= E(l,p) ={+1,+1} = N(1,p) =0,
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and
w>b = E(lu)={+1,-1} = N(1,pu) =1.

We assume the claim to be true up till the ith order. Let ()\Z+1)1§k§i+l be
the roots of p;4+1 and (A},)1<k<i be those of p;, sorted in increasing order. By
the induction assumption, we have

In addition,

, 1 .

NG < AN+ < AN +1
by virtue of the third point in Proposition 10.5.2. Therefore, there are three
possible cases.

X First case. If /\l}V(iju) <p< /\ﬁ(lz’7;t)+1’ then sgnp;1(p) = sgnp;(p). Thus

N(i+1,p) = N(i,p).
it+1 i

X Second case. If )\]\J{(i’u)ﬂ <p< )\N(i7u)+1, then sgnp;1(p) = —sgnp;(u).
Thus NG+ 1,p) = N(i, p) + 1.

X Third case. If = Ny (; )4, then sgnp;(p) = sgnp;—1(p)=—sgnp;11(n),
according to the second point in Proposition 10.5.2. Therefore N(i +
L) =N(i,pu) + 1.

In all cases, N(i+ 1, ) is indeed the number of roots of p;11 that are strictly
smaller than pu. ([l

We now describe the Givens algorithm that enables us to numerically
compute some or all eigenvalues of the real symmetric matrix A. We denote
by A1 < --- < )\, the eigenvalues of A arranged in increasing order.

Givens algorithm. In order to compute the ith eigenvalue \; of A, we
consider an interval [ag,bg] that we are sure \; belongs to (for instance,
—ag = by = [|A]|«). Then we compute the number N(n, 22%) defined in
Proposition 10.5.3 (the values of the sequence pj(a”—;“b“), for 1 < j < mn, are
computed by the induction formula of Proposition 10.5.2). If N(n, %) > i,
then we conclude that A; belongs to the interval [ag, % [. If, on the contrary,
N(n, %) < 1, then \; belongs to the other interval [a";b" ,bo]. In both cases,
we have divided by two the initial interval that contains \;. By dichotomy,
that is, by repeating this procedure of dividing the interval containing \;, we
approximate the exact value A\; with the desired accuracy.

Remark 10.5.2. The Givens—Householder method allows us to compute one
(or several) eigenvalue(s) of any rank ¢ without having to compute all the
eigenvalues (as is the case for the Jacobi method) or all the eigenvalues be-
tween the ith and the first or the last (as is the case for the power method
with deflation).
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10.6 QR Method

The QR method is the most-used algorithm to compute all the eigenvalues of
a matrix. We restrict ourselves to the case of nonsingular real matrices whose
eigenvalues have distinct moduli

0<|A| <+ < |Ano1] < |Anl (10.7)

The analysis of the general case is beyond the scope of this course (for more
details we refer the reader to [3], [7], [13], and [15]). A real matrix A sat-
isfying (10.7) is necessarily invertible, and diagonalizable, with distinct real
eigenvalues, but we do not assume that it is symmetric.

Definition 10.6.1. Let A be a real matrixz satisfying (10.7). The QR method
for computing its eigenvalues consists in building the sequence of matrices
(Ak-)k21 with A1 = A and

Ap1 = RpQy,
where QiR = Ay is the QR factorization of the nonsingular matriz Ay (see
Section 6.4).

Recall that the matrices Q) are orthogonal and the matrices Ry are upper
triangular. We first prove a simple technical lemma.

Lemma 10.6.1. 1. The matrices Ay are all similar,

Ap1 = QLAKQk, (10.8)
A = (W) AQW), (10.9)
with Q) = Q1 - - Qy.
2. For allk > 1,
AQW = QHVR, . (10.10)

3. The QR factorization of A*, the kth power of A (not to be confused with
Ak), 18

AR = QW R™) (10.11)
with R*) = Ry, -+ Ry.
Proof.
1. By definition, Apy1 = RpQr = Q4L(QrRr)Qr = QL (Ar)Qk, and by in-
duction,
A1 = QL(AR)Qk = QQ) 1 (Ak-1)Qr1Qx = -+~ = [QUTV) AQHHY.

2. We compute

QWRL = Q1 Qr—2Qi-1(QrRr) = Q1 -+ Qu—2Qr—1(Ay)
=Q1 Qr—2Qr-1(Rp—1Qr-1) = Q1 Qr—2(Ax_1)Qr—1
=Q1 - Qr2(Rr—2Qr—2)Qr—1= Q1 (Qr—2Rr2)Qr—2Qr_1
= Q1 (Ap—2)Qr—2Qr—1 = AQY.
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3. Using the previous identity, we get
Q(k)R(k) — (Q(k)Rk)R(kfl) — AQ(kfl)R(kfl)’

and by induction, (10.11).
(Il

Remark 10.6.1. Remarkably, the algorithm of Definition 10.6.1 features, as a
special case, the power method and the inverse power method. Let a(lk) =
(Ri)11, alf) = (Ri)n,n, and ugk) (resp. u%k‘)) denote the first (resp. last)
column of Q)| i.e.,

QK = [u{P]... ‘uﬂ ,

Comparing the first column on both sides of identity (10.10), we get

AulF) = o{Fr1y (D), (10.12)
Since Hung)HQ = 1, we have agkﬂ) = HAugk)Hg, and formula (10.12) is
just the definition of the power method analyzed in Section 10.3. Under the

hypothesis of Theorem 10.3.1 we know that the sequence af converges to |\,,|

and ugk) converges to an eigenvector associated to \,.

On the other hand, (10.10) reads A = Q¥+ R, 1[Q"]*, which implies
by inversion and transposition (recall that by assumption, A and Ry, are non-
singular matrices)

—t ) (k k+1) p—
ATIQW) = QU+ )Rk-it-l'
Comparing the last columns on both sides of this identity, we get

1

A"t = mu;’“l). (10.13)
Qn
Since ||u£lk+1)||2 = 1, we deduce a{f ™) = ||A‘tu§k)||51, and formula (10.13)

is just the inverse power method. Under the hypothesis of Theorem 10.3.2
we know that the sequence a%k) converges to |A1| and u%k) converges to an

eigenvector associated to A;.

The convergence of the QR algorithm is proved in the following theorem
with some additional assumptions on top of (10.7).

Theorem 10.6.1. Let A a be a real matrix satisfying (10.7). Assume further
that P~! admits an LU factorization, where P is the matriz of eigenvectors
of A, i.e., A = Pdiag (A, ..., A\1)P~L. Then the sequence (Ay)r>1, generated
by the QR method, converges to an upper triangular matriz whose diagonal
entries are the eigenvalues of A.
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Proof. By assumption (10.7), the matrix A is diagonalizable, i.e., A =
PDP~! with D = diag (A, ..., \1). Using the LU factorization of P~ and
the QR factorization of P we obtain

AF = P(DF)P~1 = (QR)(D*)LU = (QR)(D*LD~*)(D*U).

The matrix D¥LD~F is lower triangular with entries

0 for i < j,
(DFLDF), ; = 1 o for i = j,
(A"%ﬂ) Li, fori>j.

Hypothesis (10.7) implies that limy_ 4o (D*LD*); ; = 0 for i > j. Hence
DFLD™* tends to the identity matrix I,, as k goes to infinity, and we write

DFLD™* = I, + E},, with Jim By =0,

——+00
as well as
A* = (QR)(I, + E)(D*U) = Q(I,, + RE,R™')RD*U.

For k large enough, the matrix In~—|—~REka1 is nonsingular and admits a
QR factorization: I,, + REL,R™" = Q1 Ry. Since R, RD*U) is upper triangular
as a product of upper triangular matrices (see Lemma 2.2.5), it yields a QR
factorization of A*: o

A* = (QQ)(RLRD*U).

From (10.11) we already know another QR factorization of A*. Thus, by
uniqueness of the QR factorization of A¥ (see Remark 6.4.2) there exists a

diagonal matrix Dy such that
Q™ = QQiDy  with |(Dy)i = 1.

Plugging this into the expression for Apiq given in (10.9), we obtain

Aks1 = [QQ1Dy]* A[QQxDy) = D} [Q1Q" AQQx] Dy. (10.14)
The entries of Ay, are

(Ak41)ig = (Di)iilQEQ" AQQ: 3 (Dr);,; = £[Q1QAQQ)i ;- (10.15)

In particular, the diagonal entries of Ag,1 are

(Aps1)ii = (D7)ii[Q1QAQQR:i(Dr)ii = Q1 QT AQQK)ii-
Now we make two observations.

e Tirstly, Q*AQ = Q*(PDP~1)Q = Q*(QRD(QR)~1)Q = RDR™.



212 10 Methods for Computing Eigenvalues

e Secondly, the sequence (Qg)y is bounded (||Qkll2 = 1); it converges to
a matrix @ (consider first a subsequence, then the entire sequence). As
a consequence, the upper trlangular matrices R, = Qk( + RERyR™Y)
converge to the unitary matrix Q*, which is also triangular (as a limit of
triangular matrices), hence it is diagonal (see the proof of Theorem 2.5.1),
and its diagonal entries are +1.

Using these two remarks, we can pass to the limit in (10.15):

klirf (Ak+1)i,j = i(RDRil)i,jﬂ

which is equal to zero for ¢ > j, and

lim (Agt1)ii = (RDR™ )i = Dii = Ans1—i,
k— 400
because of Lemma 2.2.5 on the product and inverse of upper triangular ma-
trices (R is indeed upper triangular). In other words, the limit of Ay is upper
triangular with the eigenvalues of A on its diagonal. O

Remark 10.6.2. For a symmetric matrix A, the matrices Ay are symmetric too,
by virtue of (10.9). From Theorem 10.6.1 we thus deduce that the limit of Ay
is a diagonal matrix D. Since the sequence (Q®*)); is bounded (||[Q™) |5 = 1),
up to a subsequence it converges to a unitary matrix Q(>). Passing to the
limit in (10.9) yields D = [Q(>)]* AQ(*®), which implies that Q(°°) is a matrix
of eigenvectors of A.

Let us now study some practical aspects of the QR method. The compu-
tation of Ag41 from Ay requires the computation of a QR factorization and
a matrix multiplication. The QR factorization should be computed by the
Householder algorithm rather than by the Gram—-Schmidt orthonormalization
process (see Remark 7.3.3). A priori, the QR factorization of a matrix of order
n requires on the order of O(n?) operations. Such a complexity can be drasti-
cally reduced by first reducing the original matrix A to its upper Hessenberg
form. An upper Hessenberg matrix is an “almost” upper triangular matrix as
explained in the following definition.

Definition 10.6.2. An n x n matriz T is called an upper Hessenberg matriz
if T;; =0, for all integers (i,7) such thati> j+ 1.

We admit the two following results (see [3], [7], [13], and [15] if necessary).
The first one explains how to compute the upper Hessenberg form of a matrix
(it is very similar to Proposition 10.5.1).

Proposition 10.6.1. For any n X n matriz A, there exists a unitary matrix
P, the product of n — 2 Householder matrices Hy,...,Hy,_o, such that the
matriz P*AP is an upper Hessenberg matriz.
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Note that the Hessenberg transformation A — P*AP preserves the spectrum
and the symmetry: if A is symmetric, so is P*AP. Hence the latter matrix is
tridiagonal (in which case Proposition 10.6.1 reduces to Proposition 10.5.1)
and the Givens algorithm is an efficient way to compute its spectrum. The
cost of the Hessenberg transformation is O(n?), but it is done only once before
starting the iterations of the QR method.

The second admitted result states that the structure of Hessenberg matri-
ces is preserved during the iterations of the QR method.

Proposition 10.6.2. If A is an upper Hessenberg matriz, then the matrices
(Ak)k>1, defined by the QR method, are upper Hessenberg matrices too.

The main practical interest of the upper Hessenberg form is that the QR
factorization now requires only on the order of O(n?) operations, instead of
O(n?) for a full matrix.

In order to implement the QR method, we have to define a termination
criterion. A simple one consists in checking that the entries (Ag);;—1 are very
small (recall that the sequence Ay, is upper Hessenberg). We proceed as follows:
if (Ak)n,n—1 is small, then (Ag),., is considered as a good approximation of
an eigenvalue of A (more precisely, of the smallest one A; according to Remark
10.6.1) and the algorithm continues with the (n—1) x (n— 1) matrix obtained
from Ay by removing the last row and column n. This is the so-called deflation
algorithm. Actually, it can be proved that

k
) , (10.16)

which defines the speed of convergence of the QR method.

According to formula (10.16) for the speed of convergence, it is possible
(and highly desirable) to speed up the QR algorithm by applying it to the
“shifted” matrix A — oI, instead of A. The spectrum of A is simply recovered
by adding o to the eigenvalues of A — ol,. Of course o is chosen in such a

way that
Aok k
)\2—0'

i.e., o is a good approximation of the simple real eigenvalue \;. More precisely,
the QR algorithm is modified as follows;

A
A nn-1=0| |—
(Ak)nn—1 <>\2

M
A2

1. compute the QR factorization of the matrix Ay — op1,:
Ag — o lpn = QrRy;

2. define A1 = RpQr + oy = Q7 ARQk.

Here the value of the shift is updated at each iteration k. A simple and efficient
choice is
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Data: matrix A and integer N (maximal number of iterations)
Output: v a vector containing the eigenvalues of A
Initialization:
€ =, N =, define the error tolerance and total number of iterations
m=n,k=1
a = hess(A). Compute the Hessenberg reduced form of A
Iterations
While k=1,...,Nand m > 1
If [[am,m-1]l < €
v(m) = am,m
a(:,m) =[] delete column m of a

a(m,:) = [] delete row m of a
m=m —
End
compute (@, R) the QR factorization of a
a = RQ
k=k+1
End
v(1) =a(1,1)

Algorithm 10.3: QR method.

Ok = (Ak)n,n-

The case of real matrices with complex eigenvalues is more complicated (see,
e.g., [13] and [15]). Note that these matrices do not fulfill the requirement
(10.7) on the separation of the spectrum, since their complex eigenvalues
come in pairs with equal modulus.

10.7 Lanczos Method

The Lanczos method computes the eigenvalues of a real symmetric matrix
by using the notion of Krylov space, already introduced for the conjugate
gradient method.

In the sequel, we denote by A a real symmetric matrix of order n,
ro € R™ some given nonzero vector, and K} the Krylov space spanned by
{ro, Arg, ..., AFro}. Recall that there exists an integer kg < n — 1, called the
Krylov critical dimension, which is characterized by dim K = k+1if k < ky,
while K = Kko if k> ko.

The Lanczos algorithm builds a sequence of vectors (v;)i1<j<k,+1 by the
following induction formula:

7o

vy = 0, 01:m7

(10.17)

and for 2 < j < kg + 1,
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Yy

1191

Uy with ’ﬁj = A’Uj_1 — <A1)j_1,’l]j_1>1}j_1 — ||17j_1||vj_2. (1018)

We introduce some notation: for all integer k < ko + 1, we define an n x k
matrix Vi whose columns are the vectors (vq,...,vg), as well as a tridiagonal
symmetric matrix T}, of order £ whose entries are

(Tk)ii = (Avi,vi), (Th)iitr = (Th)ivra = [0igall, (Th)iy = 01if |i —j] = 2.
The Lanczos induction (10.17)—(10.18) satisfies remarkable properties.

Lemma 10.7.1. The sequence (v;)1<j<ko+1 is well defined by (10.18), since
10;]] # 0 for all 1 < j < ko + 1, whereas Dxy42 = 0. For 1 < k < ko +1,
the family (vi,...,vg+1) coincides with the orthonormal basis of Ky built by
application of the Gram-Schmidt procedure to the family (ro, Arg, ..., A¥rg).
Furthermore, for 1 <k < kg + 1, we have

AVy = Vi Ty, + Ok, (10.19)
where ey, is the kth vector of the canonical basis of R,
VEAV, =Ty, and ViVi = I, (10.20)
where Iy, is the identity matriz of order k.

Remark 10.7.1. Beware that the square matrices A and T} are of different
sizes, and the matrix Vj, is rectangular, so it is not unitary (except if k = n).

Proof. Let us forget for the moment the definition (10.17)-(10.18) of the
sequence (vj) and substitute it with the new definition (which we will show
to be equivalent to (10.18)) vg = 0, v1 = =2, and for j > 2,

lIroll”

. P
vj = HEJH’ where 0; = Av;_1 — Z<A'Uj_1,'l)i>'vi. (10.21)
! i=1
Of course, (10.21) is meaningless unless ||9,|| # 0. If ||0;]] = 0, we shall say

that the algorithm stops at index j. By definition, v; is orthogonal to all v; for
1 <+ < j—1. By induction we easily check that v; € K;_;. The sequence of
Krylov spaces Kj is strictly increasing for j < kg + 1, that is, K;_; C K; and
dimK;_; =j — 1 < dim K; = j. Therefore, as long as the algorithm has not
stopped (i.e., ||;]] # 0), the vectors (v1,...,v;) form an orthonormal basis of
K;_;. Consequently, v;, being orthogonal to (v1,...,v;-1), is also orthogonal
to K;_». Hence, according to the uniqueness result of Lemma 9.5.1, we have
just proved that the family (vi,...,v;), defined by (10.21), coincides with
the orthonormal basis of K;_; built by the Gram—Schmidt procedure applied
to the family (rg, Arg,..., A7"1rg). In particular, this proves that the only
possibility for the algorithm to stop is that the family (rg, Aro, ..., A7 1rg) is
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linearly dependent, i.e., that j — 1 is larger than the Krylov critical dimension
ko. Hence, ||0;]| # 0 as long as j < ko + 1, and 0,42 = 0.

Now, let us show that definitions (10.18) and (10.21) of the sequence (v;)
are identical. Since A is symmetric, we have

(Avj_1,v5) = (vj_1, Avy) = (vj_1,0ip1) + Z(Aviyvkﬂvj—hvk).
k=1

Thanks to the orthogonality properties of (vy), we deduce that (Av,;_1,v;) =0
if 1 <i<j—3and (Avj_1,vj_2) = ||0j—1|. Therefore, definitions (10.18)
and (10.21) coincide.

Finally, the matrix equality (10.19), taken column by column, is nothing
else than (10.18) rewritten, for 2 < j < k,

Avj 1 = ||95]lvj + (Avj—1,05-1)vj-1 + (|85 -1 [|vj -2,

and
Avy, = Vg1 + (Avg, vi) vk + |0k || Vk—1-

The property that ViV, = I is due to the orthonormality properties of
(v1,...,vx), whereas the relation V}!AVj, = Tj is obtained by multiplying
(10.19) on the left by V}! and taking into account that Vi iy, = 0. O

Remark 10.7.2. The computational cost of the Lanczos algorithm (10.18)
is obviously much less than that of the Gram—Schmidt algorithm applied
to the family (ro, Aro, ..., A¥rg), which yields the same result. The point is
that the sum in (10.18) contains only two terms, while the corresponding sum
in the Gram—Schmidt algorithm contains all previous terms (see Theorem
2.1.1). When the Krylov critical dimension is maximal, i.e., kg = n — 1, rela-
tion (10.19) or (10.20) for k = ko + 1 shows that the matrices A and Ty, 11
are similar (since Vi, 41 is a square nonsingular matrix if kg = n—1). In other
words, the Lanczos algorithm can be seen as a tridiagonal reduction method,
like the Householder algorithm of Section 10.5. Nevertheless, the Lanczos al-
gorithm is not used in practice as a tridiagonalization method. In effect, for
n large, the rounding errors partially destroy the orthogonality of the last
vectors vj with respect to the first ones (a shortcoming already observed for
the Gram—Schmidt algorithm).

We now compare the eigenvalues and eigenvectors of A and Tj,41. Let us
recall right away that these matrices are usually not of the same size (except
when kg + 1 = n). Consider A\; < Ay < -++ < A, the distinct eigenvalues of
A (with 1 <m < n), and Py, ..., P, the orthogonal projection matrices on
the corresponding eigensubspaces of A. We recall that

A=>"\P, I=) P, and PP =0ifi#j. (10.22)
=1 i=1
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Lemma 10.7.2. The eigenvalues of Ty, 41 are simple and are eigenvalues of
A too. Conversely, if rq satisfies Pirg # 0 for all 1 <i <m, then kg+1=m,
and all eigenvalues of A are also eigenvalues of Ty, +1.

Remark 10.7.3. When P;yrg # 0 for all i, A and Tj,4+1 have exactly the same
eigenvalues, albeit with possibly different multiplicities. The condition im-
posed on 1 for the converse part of this lemma is indeed necessary. Indeed,
if 7o is an eigenvector of A, then ky = 0 and the matrix Tj,41 has a unique
eigenvalue, the one associated with rq.

Proof of Lemma 10.7.2. Let A and y € R¥*1 be an eigenvalue and eigenvec-
tor of Tiy41, i-e., Tho+1Y = Ay. Since Oy42 = 0, (10.19) becomes for k = kg+1

AVio+1 = Vig+1 ko +1-

Multiplication by the vector y yields A (Vi,+1y) = A (Vio+1y). The vector
Vio+1Yy 1s nonzero, since y # 0 and the columns of Vi, 41 are linearly in-
dependent. Consequently, Vi, 41y is an eigenvector of A associated with the
eigenvalue \, which is therefore an eigenvalue of A too.

Conversely, we introduce a vector subspace FE,, of R"™, spanned by the
vectors (Pyr, ..., Pyro), which are assumed to be nonzero, P;rg # 0, for all
1 < i < m. These vectors are linearly independent, since projections on P;
are mutually orthogonal. Accordingly, the dimension of F,, is exactly m. Let
us show under this assumption that m = ko + 1. By (10.22) we have

m
Ak’r‘o = Z )\?Pi’l“o,
i=1

i.e., A¥ry € E,,. Hence the Krylov spaces satisfy Kj, C E,, for all k£ > 0. In
particular, this implies that dim K%, = ko +1 < m. On the other hand, in
the basis (Piro, ..., Py,ro) of E,,, the coordinates of A¥ry are (AF,... AE).
Writing the coordinates of the family (rq, Arg,..., A™ 1ry) in the basis
(Piro, ..., Ppro) yields a matrix representation M:

IEDYID VIS Ui
M= : ;
L A, A2, oAt

which is just a Vandermonde matrix of order m. It is nonsingular, since
m—1
det (M) = JT [N — M)
i=1 j>i

and the eigenvalues \; are distinct. As aresult, the family (rq, Arg, ..., A™ 1rg)
is linearly independent, which implies that dim K,, 1 = m, and accordingly
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m — 1 < ko. We thus conclude that m = ko + 1 and E,,, = Kj,. On the other
hand, multiplying (10.22) by P;r¢ yields

A(Pﬁ“o) = )\z(PzTO)

Since P;rg is nonzero, it is indeed an eigenvector of A associated with the
eigenvalue \;. Because E,, = K}, and the columns of V41 are a basis of
Ky, , we deduce the existence of a nonzero vector y; € R™ such that

Piro = Vig41i-
We multiply the first equality of (10.20) by y; to obtain

Thor1yi = Vi 11 AVie 414 = Vi 11 APiro
= AV 1 Piro = MV 1 Vie 110 = Aivi,

which proves that y; is an eigenvector of Ty,11 for the eigenvalue ;. O

In view of Lemma 10.7.2 one may believe that the Lanczos algorithm has
to be carried up to the maximal iteration number kg + 1, before computing
the eigenvalues of Tj,4+1 in order to deduce the eigenvalues of A. Such a
practice makes the Lanczos method comparable to the Givens—Householder
algorithm, since usually kg is of order n. Moreover, if n or kq is large, the
Lanczos algorithm will be numerically unstable because of orthogonality losses
for the vectors v; (caused by unavoidable rounding errors; see Remark 10.7.2).
However, as for the conjugate gradient method, it is not necessary to perform
as many iterations as kg + 1 to obtain good approximate results. Indeed, in
numerical practice one usually stops the algorithm after k iterations (with
k much smaller than kg or n) and computes the eigenvalues of T}, which
turn out to be good approximations of those of A, according to the following
lemma.

Lemma 10.7.3. Fiz the iteration number 1 < k < ko + 1. For any eigenvalue
A of Ty, there exists an eigenvalue \; of A satisfying

A= A < || Or4al- (10.23)

Furthermore, if y € R* is a nonzero eigenvector of T, associated to the eigen-
value X\, then there exists an eigenvalue \; of A such that

(e, y)|
[l

A= Al < gl , (10.24)

where ey, is the kth vector of the canonical basis of RF.

Remark 10.7.4. The first conclusion (10.23) of Lemma 10.7.3 states that the
eigenvalues of T}, are good approximations of some eigenvalues of A, provided
that ||0k11] is small. The second conclusion (10.24) is the most valuable one:
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if the last entry of y is small, then X is a good approximation of an eigenvalue
of A even if ||0g+1|| is not small. In practice, we test the magnitude of the last
entry of an eigenvector of T} to know whether the corresponding eigenvalue
is a good approximation of an eigenvalue of A. For details of the numerical
implementation of this method we refer to more advanced monographs, e.g.,
[2]. The Lanczos method is very efficient for large n, since it gives good results
for a total number of iterations & much smaller than n, and it is at the root
of many fruitful generalizations.

Proof of Lemma 10.7.3.  Consider a nonzero eigenvector y € R* such that
Try = Ay. Multiplying (10.19) by y, we get

AViy = Vi Ty + {(ex, y)Ort1,
from which we deduce
AVy) — AMViy) = (e, Y)Ort1- (10.25)

Then, we expand Viy in the eigenvectors basis of A, Viy = Y7 Pi(Viy).
Taking the scalar product of (10.25) with Viy, and using relations (10.22)

leads to
m

> i = NIP(Viy)? = (exs y) (Drr1, Viey).- (10.26)
i=1
Applying the Cauchy—Schwarz inequality to the right-hand side of (10.26)
yields

min A = A Vel < il 5c Vi (10.27)
<i<m
Since the columns of Vj, are orthonormal, we have ||V,y| = |ly||, and simplify-

ing (10.27), we obtain the first result (10.23). This conclusion can be improved
if we do not apply Cauchy—Schwarz to the term (e, y) in (10.26). In this case,
we directly obtain (10.24). O

10.8 Exercises

10.1. What is the spectrum of the following bidiagonal matrix (called a
Wilkinson matrix)?

n n 0 0

0 n—1 n 0o
W(n)=|: ot e ML(R).

: 2 n

o ... ... 0 1

For n = 20, compare (using Matlab) the spectrum of W (n) with that of the
matrix W (n) obtained from W (n) by modifying the single entry in row n and
column 1, W(n, 1) = 1071°. Comment.



220 10 Methods for Computing Eigenvalues

10.2. Define

7.94 5.61 4.29 111 1
A=1561-328-297), T=[101]), and b=|1
4.29 —2.97 —2.62 001 1

1. Compute the spectrum of A and the solution x of Az = b.

2. Define A1 = A+ 0.017. Compute the spectrum of A; and the solution x
of Ajx = b.

3. Explain the results.

10.3. The goal of this exercise is to study the notion of left eigenvectors for a
matrix A € M, (C).

1. Prove the equivalence A € o(A) <= \ € o(A*).

2. Let A € 0(A) be an eigenvalue of A. Show that there exists (at least) one
nonzero vector y € C" such that y*A = Ay*. Such a vector is called a left
eigenvector of A associated with the eigenvalue \.

. Prove that the left eigenvectors of a Hermitian matrix are eigenvectors.

4. Let X and p be two distinct eigenvalues of A. Show that all left eigenvectors

associated with A are orthogonal to all left eigenvectors associated with
-
5. Use Matlab to compute the left eigenvectors of the matrix

w

1 -2-2-2
-4 0 -2-4
A= 1 2 4 2
3 1 1 5

10.4. Let A € M,,(C) be a diagonalizable matrix, i.e., there exists an invert-
ible matrix P such that P~1AP = diag(\1,...,\,), where the )\; are the
eigenvalues of A. Denote by x; an eigenvector associated to A;, and y; a left
eigenvector associated to \; (see Exercise 10.3).

1. Define Q* = P~!. Prove that the columns of QQ are left eigenvectors of
the matrix A.
2. Deduce that if the eigenvalue J; is simple, then y;x; # 0.

10.5. We study the conditioning of an eigenvalue.

1. Define a matrix
—97 100 98

A= 1 2 -1
—100 100 101

Determine the spectrum of A. We define random perturbations of the
matrix A by the command B=A+0.01*rand(3,3). Determine the spectra
of B for several realizations. Which eigenvalues of A have been modified
the most, and which ones have been the least?
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2. The goal is now to understand why some eigenvalues are more sensitive
than others to variations of the matrix entries. Let Ao be a simple eigen-
value of a diagonalizable matrix Ay. We denote by x( (respectively, yo) an
eigenvector (respectively, a left eigenvector) associated to Ay (we assume
that ||zo|l2 = ||yo|l2 = 1). For € small, we define the matrix A, = Ag+¢F,
where F is some given matrix such that |Ellz = 1. We define A; to be
an eigenvalue of A, that is the closest to Ag (it is well defined for £ small
enough), and let z. be an eigenvector of A. associated to ..

(a) Show that the mapping & — A, is continuous and that lim. g Ac = Ao.
We admit that lim. g z. = zg.

(b) We denote by 6\ = A, — A\g the variation of A, and by dx = z. — g
the variation of z. Prove that Ag(dz) + cExe = (0X)ze + Ao(d2).

(c) Deduce that the mapping A : € — ). is differentiable and that

oE
)\/(0) — yO* xO.
Yoo
(d) Explain why cond(A, o) = 1/|yjxo| is called “conditioning of the
eigenvalue \g.”
3. Compute the conditioning of each eigenvalue of the matrix A. Explain the

results observed in question 1.

10.6 (). Write a function [1,ul=PowerD(A) that computes by the power
method (Algorithm 10.1) the approximations [ and u of the largest eigenvalue
(in modulus) and corresponding eigenvector of A. Initialize the algorithm with
a unit vector xg with equal entries. Test the program with each of the following
symmetric matrices and comment the obtained results.

0

0

2

2 2 15 0 9 0 1 2 -3 4
2 o0 [0 24 0o o 2 1 a4 -3
A=117 o o B=l9 0o 15 0] “=(3 14 1 2|
0 0 —2 0 0 0 4 -3 2 1

10.7. Compute by the power method and the deflation technique (see Remark
10.3.3) the two largest (in modulus) eigenvalues of the following matrix

N OO
=

1222
2
1
2

e

I
S RO
(RIS
=N =N
[CISCEN

2

Modify the function PowerD into a function 1=PowerDef (A,u), where the
iteration vector zy is orthogonal to a given vector w.

10.8. Program a function [1,u]l=PowerI(A) that implements the inverse
power method (Algorithm 10.2) to compute approximations, ! and u, of the
smallest eigenvalue (in modulus) of A and its associated eigenvector. Test the
program on the matrices defined by A=Laplacian1dD(n), for different values
of n.
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10.9. Program a function T=HouseholderTri (A) that implements the House-
holder algorithm to reduce a symmetric matrix A to a tridiagonal matrix T
(following the proof of Proposition 10.5.1). Check with various examples that

e the matrix T is tridiagonal (write a function for this purpose);
e the spectra of the matrices A and 1" are the same.

10.10. Program a function Givens(T,i) that computes the eigenvalue \;
(labeled in increasing order) of a symmetric tridiagonal matrix T using the
Givens method. Test the program by computing the eigenvalues of matrices
obtained by the instructions

u=rand(n, 1) ;v=rand(n-1,1) ;T=diag(u)+diag(v,1)+diag(v,-1)
for various values of n.

10.11. By gathering the routines of the two previous exercises, program the
Givens—Householder algorithm to compute the eigenvalues of a real symmetric
matrix. Run this program to obtain the eigenvalues of the matrix A defined
in Exercise 10.7.

10.12. The goal is to numerically compute the eigenvalues of the matrix

5 3 4 3 3
3 5 2 3 3
A=14 2 4 2 4
3 3 2 5 3
3 3 4 3 5

by the Lanczos method. The notation is that of Lemma 10.7.1.

1. Let ro = (1,2,3,4,5)". Compute the sequence of vectors vj. Deduce ko,
the critical dimension of the Krylov space associated with A and rg.

2. For k = kg + 1, compute the matrix Ty, as well as its eigenvalues and
eigenvectors. Which eigenvalues of A do you find in the spectrum of T'?

3. Answer the same questions for ro = (1,1,1,1,1)?, then for
ro = (1,—1,0,1,—1)%.

10.13. Let A=Laplacian2dD(n) be the matrix of the discretized Laplacian on
an n x n square mesh of the unit square; see Exercise 6.7. The notation is that
of the previous exercise. We fix n = 7.

1. Starting with ro = (1,...,1)" € ]R"2, compute the matrix T,,. Plot the
eigenvalues of A (by a symbol) and those of T, (by another symbol) on
the same graph. Are the eigenvalues of T, good approximations of some
eigenvalues of A?

2. Same questions starting with the vector ro = (1,2,..., n2)t. Comment on
your observations.
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Solutions and Programs

11.1 Exercises of Chapter 2

Solution of Exercise 2.1

1. w is the ¢th vector of the canonical basis of R™.
2. The scalar product (v,u) = u'v is computed by u’#*v (or by the Matlab
function dot).

>> n=10;u=rand(n,1) ;v=rand(n,1);

>> w=v-u’*v*u/ (u’*u) ;

>> fprintf(’ the scalar product <w,u> = %f \n’,u’*w)
the scalar product <w,u> = 0.000000

The two vectors are orthogonal. We recognize the Gram—Schmidt ortho-
normalization process applied to (u,v).

3. The scalar product (Cz,x) = z'!Cz is computed by the Matlab instruc-
tion x’*Cx*x.
(a) The matrix C being antisymmetric, i.e., C* = —C, we have

(Cx,z) = (2,C'x) = —(x,Cz) = —(Cx,x) = (Cx,x) = 0.

(b) Since A = B+ C, we have (Az,z) = (Bz, z). The matrix B is called
the symmetric part of A, and the matrix C its antisymmetric (or
skew-symmetric) part.

Solution of Exercise 2.2 The following functions are possible (nonunique)
solutions.

1. function A=SymmetricMat(n)
A=rand(n,n);
A=A+A° ;
2. function A=NonsingularMat (n)
A=rand(n,n);
A=A+norm(A,’inf’); % make the diagonal of A dominant
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function A=LowNonsingularMat(n)

A=tril(rand(n,n));
A=A+norm(A,’inf’)*eye(size(A)) ;% make the diagonal of A dominant
function A=UpNonsingularMat(n)

A=triu(rand(n,n));
A=A+norm(A,’inf’)*eye(size(A)) ;% make the diagonal of A dominant
function A=ChanceMat (m,n,p)

%nargin = number of input arguments of the function
switch nargin % arguments of the function
case 1
m=n;A=rand(m,n) ; % The entries of A
case 2 % take values
A=rand(m,n); % between 0 and 1
else

A=rand (m,n) ; A=p*(2*A-1); % affine transformation
end;

We may call this function with 1, 2 or 3 arguments.
function A=BinChanceMat (m,n)
A=rand(m,n);
A(A<0.5)=0;A(A>=0.5)=1;
function H = HilbertMat(n,m)
% this function returns a Hilbert matriz
%nargin = number of input arguments of the function
if nargin==1, m=n; end;
H=zeros(n,m) ;
for i=1:n

for j=1:m

H(i,j)=1/(i+j-1);

end;

end;

For square Hilbert matrices, use the Matlab function hilb.

Solution of Exercise 2.7 Matrix of fixed rank.

function A= MatRank(m,n,r)
s=min(m,n) ;S=max(m,n) ;

if

r>min(m,n)
fprintf (’The rank cannot be greater than %i ’,s)
error (’Error in function MatRank.’)

else

A=NonsingularMat(s);
if m>=n
A=[A; ones(S-s,s)]; % m x n matriz of rank r

for k=r+1:s,A(:,k)=rand(O*A(:,r) ;end;
else



A=[A ones(s,S-s)];
for k=r+1:s,A(k,:)=rand()*A(r,:) ;end;

end;
end

11.1 Exercises of Chapter 2
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% m x n matriz of rank r

Solution of Exercise 2.10 The Gram—Schmidt algorithm.

1. To determine the vector u,, we compute (p— 1) scalar products of vectors
of size m and (p — 1) multiplications of a scalar by a vector (we do not
take into account the test if), that is, 2m(p — 1) operations. The total

number of operations is then > 7 | 2m(p — 1) ~ mn?.

2. function B = GramSchmidt (A)

pres=1.e-12;
[m,n]=size(A);
B=zeros(m,n);
for i=1:n

s=zeros(m,1);

s=s+(A(:,1)’*B(:,k))*B(:,k);

for k=1:i-1
end;
s=A(:,i)-s;

if norm(s) > pres
B(:,i) =s/norm(s);

end;
end;

For the matrix defined by

>> n=5;u=1:n; u=u’; c2=cos(2*u); c=cos(u); s=sin(u);

2

>> A=[u c2 ones(n,1) rand()*c.*c exp(u) s.*s];

we get

>> U=GramSchmidt (A4)

U =

0.1348 -0.
0.2697 -0.
0.4045 0.
0.5394 0.

0.6742 -0

(a) We have
>> U’*U
ans

2471 0
3683 0
8167 0
0831 -0

.35908 -0

0.0000
1.0000
-0.0000

-0.0000

. 7456
.4490
.2561
.0891
L4111

0.0000
-0.0000
1.0000

-0.0000

0.4173 0
-0.4791 0
0.1772 0
-0.5860 0
0.4707 0
0 0.0000
0 -0.0000
0 -0.0000
0 0
0 1.0000

O O O O O



226 11 Solutions and Programs

0 0 0 0 0 0
Explanation: the (nonzero) columns of U being orthonormal, it is clear
that (U'U); ; = (u;,u;) = 6; ; if u; and u; are nonzero. If one of the
vectors is zero, then (U'U); ; = 0. The situation is different for UU":
>> UxU’
ans =

0.8092 0.2622 0.1175 -0.2587 0.0697

0.2622 0.6395 -0.1616 0.3556 -0.0958

0.1175 -0.1616 0.9276 0.1594  -0.0430

-0.2587 0.3556 0.1594 0.6491 0.0945

0.0697 -0.0958 -0.0430 0.0945 0.9745
Note: If all columns of U are orthonormal, then U is nonsingular and
Ut = U~ In this case, we also obtain UU? = I (U is an orthogonal
matrix).

(b) The algorithm is stable in the sense that applied to an orthogonal
matrix U, it provides the same matrix, up to a small remainder term.
>> V=GramSchmidt (U) ;norm(V-U)
ans =

7.8400e-16

3. The following function answers the question:

function B = GramSchmidt1(A)
pres=1.e-12;
colnn=0; % points out the current nonzero column
[m,n]=size(A);
B=zeros(m,n);
for i=1:n
s=zeros(m,1);
for k=1:i-1 % we can describe k=1:colnn
s=s+(A(:,1)’*B(:,k))*B(:,k);
end;
s=A(:,i)-s;
if norm(s) > pres
colnn=colnn+1;
B(:,colnn) =s/norm(s);

end;
end;
>> W=GramSchmidt1(A)
w =

0.1348 -0.2471 0.7456 0.4173
0.2697 -0.3683 0.4490 -0.4791
0.4045 0.8167 0.2561 0.1772
0.5394 0.0831 -0.0891 -0.5860
0.6742 -0.3598 -0.4111 0.4707 0

O O O O
O O O O O

Solution of Exercise 2.11 The modified Gram—Schmidt algorithm.
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1. Forp=1_7n
If ||ap|| # O then
up = ap/||ap||
Otherwise
up =0
End
Fork=p+1_7"n
ak = ag — (ap, Up)Up
End
End
Modified Gram-Schmidt algorithm

Note that both algorithms have the same algorithmic complexity. Here is
a Matlab programming of the modified Gram—Schmidt algorithm.

function B = MGramSchmidt (A)
pres=1.e-12;
[m,n]=size(A);
B=zeros(m,n) ;
for i=1:n
s=A(:,1i);
if norm(s) > pres
B(:,i) =s/norm(s);
for k=i+l:n
AC:,k)=AC:,k)-(AC:,k)’*B(:,i))*B(:,1i);
end;
else
error(’linearly dependent vectors’)
end;
end;

2. Comparison of the two algorithms. For a randomly chosen matrix (rand),
we do not observe a noteworthy difference between the two algorithms.
For a Hilbert matrix, we get

>> n=10;A=hilb(n);
>> U=GramSchmidt1 (A) ; V=MGramSchmidt (A) ; I=eye(n,n) ;
>> norm(U’*U-I), norm(V’*V-I)
ans =
2.9969
ans =
2.3033e-04

We remark on this example that the modified Gram—-Schmidt algorithm
is more accurate than the standard Gram-Schmidt algorithm.
3. We improve the Gram—Schmidt algorithm by iterating it several times:
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>> U=GramSchmidt1(A) ;norm(U’*U-I)
ans =
2.9969

>> U=GramSchmidt1 (U) ;norm (U’ *U-I)
ans =

1.3377e-07
>> U=GramSchmidt1 (U) ;norm(U’*U-I)
ans =

3.4155e-16

Solution of Exercise 2.12 Warning: the running times obtained depend on
what computer is used. However, their ordering on each computer is always
the same.

>> t1,t2

tl =
1.6910

t2 =
0.7932

Explanation: it is clearly more efficient to declare beforehand the (large-sized)
matrices by initializing them. This prevents Matlab from resizing the matrix
at each creation of a new entry A; ;.

>> t2,t3

t2 =
0.7932

t3 =
0.7887

Explanation: since matrices being stored column by column, it is slightly
better to “span” a matrix in this order and not row by row, since the entries
A;; and A;yq ; are stored in neighboring “slots” in the computer’s memory
(for 1 <i <mn—1)). In this way, we reduce the access time to these slots.

>> t3,t4

t3 =
0.7887

t4d =
0.0097

Explanation: a tremendous speedup is obtained by using a “vectorizable”
definition of the matrices. Efficient Matlab programs will always be written
this way.

Solution of Exercise 2.18 The following script produces Figure 11.1.

>> A=[102; 2 4];
>> £=0:0.1:2%pi;x=cos(t)’;y=sin(t)’;
>> x=[x;x(1)];y=[ly;y(I;
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>> for i=1:length(x)

>> z(1)=[x(1),y@)I*Ax[x(1);y(1)];
>> end;

>>plot3(x,y,z,X,y,zeros(size(x)), ’MarkerSize’,10, ’LineWidth’,3);

—

WoOINN©O =

—

i 05 1

{1 -4 -050

Fig. 11.1. Computation of the Rayleigh quotient on the unit circle.

We deduce from Figure 11.1 that the minimal value is close to 3.4 and the
maximal value is close to 10.6. The spectrum of A is

>> eig(h)
ans =
3.3944
10.6056

The eigenvalues are therefore very close to the minimal and maximal values
of #t Az on the unit circle. Since A is symmetric, we know from Theorem 2.6.1
and Remark 2.6.1 that the minimum of the Rayleigh quotient is equal to the

minimal eigenvalue of A and its maximum is equal to the maximal eigenvalue
of A.

Solution of Exercise 2.20 Let us comment on the main instructions in the
definition of A:

A=PdSMat (n) % symmetric matriz

[P,Dl=eig(A);D=abs(D); % diagonalization: PDP~! = A

D=D+norm(D) *eye(size (D)) % the eigenvalues of D are > 0

A=P*D*inv (P) % positive definite symmetric matriz

1. We always have det (A) > 0, because the determinant of a matrix is equal
to the product of its eigenvalues, which are positive here.
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2. We easily check that all the main subdeterminants are strictly positive.
For 2 € CF a nonzero vector, we denote by Z the vector in C™ obtained
by adding n — k zero entries to . We have

2t Apr = A% > 0,

since A is positive definite on R™.
3. The spectrum of Ay is not (always) included in that of A, as illustrated
by the following example:

>> n=5;A=PdSMat (n) ;Ak=A(1:3,1:3);
>> eig(A)
ans =
10.7565
5.5563
6.6192
6.0613
6.2220
>> eig(Ak)
ans =
9.0230
5.6343
6.1977

Solution of Exercise 2.23 We fix n = 5. For A=rand(n,n), we have the
following results:

1. >> sp=eig(A)
sp =

2.7208
-0.5774 + 0.1228i
-0.5774 - 0.1228i
0.3839 + 0.15701
0.3839 - 0.15701
2. The command sum(abs(X),2) returns a column vector whose entry £ is
equal to the sum of the entries of row £ of matrix X.
(a) >> Gamma=sum(abs(A),2)-diag(abs(A))
Gamma =
2.5085
3.5037
1.2874
1.8653
2.1864
(b) n=length(sp);
for lambda=sp
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ItIsTrue=0;
for k=1:n % = length(Gamma)
if abs(lambda-A(k,k))<=Gamma (k)
ItIsTrue=1;break;
end;
end;
if "ItIsTrue
fprintf CError with the eigenvalue %f\n’,lambda);
end;
end;

Thus the spectrum seems to be included in the union of the Gershgorin
disks.

We prove the previous remark, known as the Gershgorin—-Hadamard
theorem. Let A € 0(A) be an eigenvalue of matrix A and u(# 0) € R”
a corresponding eigenvector. We have

(A = aii)u; E g, jUj-

J#i

In particular, if ¢ is such that |u;| = max; |u;|, we have

(A = ai)us| < Ej;éz @i s lusl,

|A Qi i YED) |a717.7|||11j]|7
|A

VL) |a’1a]|

We deduce that any A € 0(A) belongs to at least one disk D;, and so
o(A) c Uiz Di.

function A=DiagDomMat (n,dom)

% returns a square strictly diagonally dominant matriz

% dom determines the extent of the dominance of the diagonal
A=rand(n,n);

%nargin = number of input arguments of the function

if nargin==1 dom=1, end; % default value
A=A-diag(diag(A));

A=A+diag(sum(abs(A),2))+dom*eye (size(A))

We note that the matrix A=DiagDomMat (n) is always nonsingular.
Assume that A is singular. Then 0 is an eigenvalue of A, and by the
previous calculation, there would exist an index ¢ such that 0 € D;,

ie.,
|aiq| < Z lai,j| = v,
i
which contradicts the fact that matrix A is diagonally dominant. Thus
A is nonsingular.
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function PlotGersh(a)
% plots the Gershgorin-Hadamard circles
[m,n]=size(a);
if m“=n, error(’the matrix is not square’), end;
d=diag(a);
radii=sum(abs(a),2);
radii=radii-abs(d);
% define a large rectangle containing all the circles
YA determine the ¢ ‘lower-left’’ corner
cornerx=real(diag(a))-radii;cornery=imag(diag(a))-radii;
mx=min(cornerx);my=min(cornery);mx=round (mx-1);my=round (my-1);
% we determine the ¢ ‘upper-right’’ corners
cornerx=real (diag(a))+radii;cornery=imag(diag(a))+radii;
Mx=max (cornerx);My=max (cornery);Mx=round (Mx+1);My=round (My+1);
% specify eigenvalues by symbol +
eigh=eig(a);
plot(real(eigh) ,imag(eigA),’+’,’MarkerSize’,10,’LineWidth’,3)
axis ([mx Mx my Myl) ;
set(gca,’XTick’,-5:2:10,°YTick’,-5:2:5, ’FontSize’,24);
grid on;
YA
Theta = linspace(0,2*pi);
for i=1:n
X=real(a(i,i))+radii(i)*cos(Theta);
Y=imag(a(i,i))+radii(i)*sin(Theta) ;
hold on;plot(X,Y) Y%circle i
end
The eigenvalues of A and A! being the same, we have at our disposal
two bounds on the spectrum of A by applying the Gershgorin—-Hadamard
theorem to both matrices. We display in Figure 11.2 the Gershgorin circles
of A (left) and those of A* (right). Of course, we obtain a better bound
of the spectrum of A by superposing the two figures.

3 — 8 ‘
1 J/ g /——\\\ i 4‘/ \ 1 ’// iR \/{ \\\

[+ ]

\ J) Lo \ \
NS \ / NG

-3

-5-3-1 1 3 5 7 9 -5 -1 1 38 5 7

Fig. 11.2. Gershgorin disks for a matrix (left) and its transpose (right).
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Solution of Exercise 2.29 Another definition of the pseudoinverse matrix.

1. >> m=10,n=7;A=MatRank(m,n,5);
>> % determination of P

>> X=orth(A’); % note: ITm (At) = ( Ker A)+
>> P=XxX’;

2. >> X=orth(A); % image of A
>> Q=X*X’;

3. We note that

>> norm(pinv(A)*A-P)
ans =

2.7981e-14
>> norm(A*pinv(A)-Q)
ans =

1.5443e-14

Let us show that indeed P = ATA and Q = AAT.

(a) We first check that X = A'A is an orthogonal projection, i.e., that
X = X* and X? = X. This is a consequence of the Moore-Penrose
relations

i X*=(ATA)* = ATA =X,

ii. X2=(ATA)(ATA) = (ATAAN)A = ATA=X.
To prove that P = ATA, it remains to show that Im X = (Ker A)*.
We know that (Ker A)t = Im(A*). Let us prove that ImX =
Im (A*).
e For any y € Im (ATA), there exists # € C" such that

y=ATAz = (ATA)'z = A*(AT)*z = y € Tm A™.
e For any y € Im (A*), there exists € C™ such that y = A*z
y=(AATA) z = (ATA)* A"z = ATAA* s — y € Tm (ATA).

(b) Similarly, we now check that Y = AA' is an orthogonal projection:
i Y*=(AAN)* = AAT =Y,
ii. Y2 = (AAT)(AAT) = (AATA)AT = AAT =Y.
It remains to show that ImY = Im A.
e yclm(AA") = F2 € C",y = AATx = y € Tm A.
o yclmA=— Jrc C"y = Az = AAT Az — ycIm (AAT).

4. First, there exists at least one = such that Az = Qu, since Q = AAT,
and thus the existence of at least one x; = Px is obvious. Let us prove
the uniqueness of z;1. For z and z in C” such that Qy = Az = Az, since
P = AT A, we have

Ar=Ax <= x—-2 € Ker A=z — 7 € Ker P < Px = Px.

By definition, Az = Qy = AA'y, and multiplying by A" and using the
relation At = ATAAT, we deduce that ATAz = Afy. Since ATA = P, we
conclude that ATy = Pz = 1, which is the desired result.
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11.2 Exercises of Chapter 3

Solution of Exercise 3.3 We observe that all these norms coincide for
a diagonal matrix A, and are equal to max; |a;,;|. Let us prove this result.
We start with the case p = oo. Let x be such that ||z]lcc = 1 we have
|Az|| o = max; |A4; ;x;|, so that ||Alc < max;|A;;|. Let I be an index for
which |Ar ;| = max; |A; ;|. We have ||Aer||co = max; |4, ;|, which implies that
[Aloo = max; |Aj |-

For p € [1,00) and z such that ||z||, = 1, we have |[Dxz|[b = >, |D; ;z;|?,
whence || Dz|b < (max; |D;;|?) [|=||b, and so || D, < max;|D;;|. We end the
proof as in the case p = oco.

Solution of Exercise 3.7

1. We recall the bounds

Amion”% < (Az,z) < )‘maXHngv
from which we easily infer the result.
2. Plot of S4 for n = 2.

(a) <Ax,x>=<A(pf;11 ), (p“;ll )> — |21|2A, setting Ap:<A(]1)), (11))>

Then, = (x1,z2)" belongs to the intersection of I, and S, if and
only if |x1| = 1/\/A, and x5 = p/\/4,.
(b) We rotate the half-line x5 = pz; around the origin and determine for
each value of p the intersection of I, and Sj4.
function [x,y]=UnitCircle(A,n)
% add a test to check that the matrix
% is symmetric positive definite
>> x=[];y=[1;h=2%pi/n;
>> for alpha=0:h:2*pi
>> p=tan(alpha);
>> ap=[1 pl*Ax[1;p];
>> if cos(alpha)>0

>> x=[x 1/sqrt(ap)];
>> y=[ly p/sqrt(ap)];
>> else

>> x=[x -1/sqrt(ap)];
>> y=[y -p/sqrt(ap)];
>> end;

>> end;

(¢) >> n=100;A= [7 5; 5 7];
>> [x1,y1]1=UnitCircle(A,n);
>> [x2,y2]=UnitCircle(eye(2,2),n);
>> plot(x1l,yl,x2,y2,’.’, MarkerSize’,10, ’LineWidth’,3)
>> axis([-1.2 1.2 -1.2 1.2]);grid on; axis equal;
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1 05 0 05 1

Fig. 11.3. Unit circles for the Euclidean and the norm induced by the matrix A;
see (3.12).

>> set(gca, ’XTick’,-1:.5:1,°YTick’,-1:.5:1, ’FontSize’,24);
In view of Figure 11.3, it seems that S, is an ellipse. Let us prove
that it is indeed so. Let A be a symmetric positive definite matrix of

size n x n. It is diagonalizable in an orthonormal basis of eigenvectors,
A= PDPt:

<A£C,.’E> =1« <DPtx,Ptx> =1« Z)\zyf =1,
=1

where y = Ptz and \; are the eigenvalues of A. The last equation may

be written
n 2
>(4) -t
i=1 Vi

since the eigenvalues are positive. We recognize the equation, in the
basis of eigenvectors y;, of an ellipsoid of semiaxes 1/v/);.

The results of the following instructions (with n = 100) are shown in
Figure 11.4.

>> [x1,y1]=UnitCircle(A,n);

>> [x2,y2]=UnitCircle(B,n);

>> [x3,y3]=UnitCircle(C,n);

>> plot(x1l,y1,x2,y2,’.7,x3,y3,°+’,...

>> ’MarkerSize’,10,’LineWidth’,3)

>> grid on; axis equal;

>> set(gca,’XTick’,-.8:.4:.8,’YTick’,-.8:.4:.8,...

>> ’FontSize’,24);

The most elongated ellipse corresponds to the matrix C', and the least
elongated one to A. Explanation (see previous question): the three
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0.4

-0.4

-08 04 0 04 08
Fig. 11.4. Unit circles for the norms defined by matrices defined in (3.12).

matrices have a common first eigenvalue, equal to 12. The second
eigenvalue is equal to 2 for A, 1 for B, and 1/2 for C.

Solution of Exercise 3.8 We fix the dimension n. The execution of the
following instructions,

>> A=rand(n,n); s=eigs(A,1)
>> for i=1:10

>> k=i*10;
>> abs ((norm(A~k)) "~ (1/k)-s)
>> end

shows that ||A*||'/* seemingly tends to o(A), whatever the chosen norm. Let
us prove that it is actually the case. Consider a square matrix A and a matrix
norm ||.||.

1. Since A € 0(A) = A¥ € o(AF), we have |A\|F < o(A*) < ||A¥||, and in
particular, o(A)* < o(A*) < [|A¥|| so o(A) < [|A¥] " .

2. By construction of the matrix A., we indeed have p(A4.) < 1 and thus
limy_, oo || A¥|| = 0. We deduce that there exists an index kg such that for
all k > ko, we have ||A¥|| < 1, or even o(A) 4 > || A*|V/*.

3. Conclusion: for all € > 0, there exists then ky such that k£ > k¢ implies
that o(A) < ||A*||'/* < o(A) + ¢, and therefore

o(A) = Tim_[|AM/%.
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11.3 Exercises of Chapter 4

Solution of Exercise 4.1

1. The computation of a scalar product (u,v) = Y., u;v; is carried out in
n multiplications (and n — 1 additions, but we do not take into account
additions in operation counts). The computation of ||ulls = /{u,u) is
carried out in n multiplications and one square root extraction (which is
negligible when n is large). Computing the rank-one matrix uv? requires
n? operations, since (uv'); ; = w;v;.

2. We denote by a; the rows of A. Each entry (Au); being equal to the scalar
product {(a;,u), the total cost of the computation of Au is n? operations.
We call b; the columns of matrix B. Each element (AB), ; being equal to
the scalar product (a;, b;), the total cost for computing AB is n3 opera-
tions.

3. The result of the instructions below is displayed in Figure 11.5.

>> n1=500;in=1:5;

>> for k=in;

>> d=k*n1l;a=rand(d,d) ;b=rand(d,d);

>>  tic;x=axb;time(k)=toc;

>> end

>> n=nlxin’;plot(n,time,’-+’,’MarkerSize’,10, ’LineWidth’,3)
>> text (2200, .5,’n’,’FontSize’,24);

>> text(600,5.2,’T(n)’, ’FontSize’,24)

N W M~ 01O

n
00 1000 1500 2000 2500

Fig. 11.5. Running time for computing a product of two matrices.

4. The assumption T'(n) ~ Cn® defines an affine relation between logarithms
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InT(n)) ~ slnn+ D, (11.1)

with D = InC. We display in Figure 11.6 the result of the following
instructions:

>> x=log(n);y=log(time);

>> plot(x,y,’-+’,’MarkerSize’,10,’LineWidth’,3)
>> text(7.5,-3.5,’log(n)’,’FontSize’,24);

>> text(6.2,1.5,’1log(T(n))’, FontSize’,24)

log(T(n))

log(n)
6 64 68 72 7.6 8

Fig. 11.6. Running time for computing a product of two matrices (log-log scale).

The curve is close to a line of slope s:

>> 5=(y(5)-y(1))/ (x(5)-x(1))
s =
2.9234

The practical running time is close to the theoretical computational time.
Solution of Exercise 4.2

1. Since the matrix A is lower triangular, we have

n 7
Cij = E @i kb, = E @i kbk,j-
k=1 k=1

So ¢; ; is computed in ¢ multiplications; moreover, there are n elements to
be computed per row ¢. The total cost is

— nn+1) n?
an =n——— ~ —.
P 2 2
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2. Fori=1"n computing row i of matriz C
Forj=1/"n
s=0
For k=1 71
s =5+ a; b ;
End For &
Cij =S
End For j
End For ¢

3. If both matrices A and B are lower triangular, so is the product C' = AB.

We have, for j <1,
i
Cij = @ikbk;.
k=j

Hence, ¢; ; is computed in ¢ — j + 1 multiplications. Furthermore, there
are only 7 elements left to be computed per row i. The total cost is

3

MAESEDESH ML EL

i=1 j=1 i=1 j=1 i=1

4. The function LowTriMatMult defined below turns out to be slower than the
usual matrix computation by Matlab (which does not take into account
the triangular character of the matrices).

function C=LowTriMatMult (A,B)
% Multplication of two lower triangular matrices
[m,n]=size(A);[nl,p]l=size(B);
if n"=nl
error (’Wrong dimensions of the matrices’)
end;
C=zeros(m,p);
for i=1:m
for j=1:i
s=0;
for k=j:1i
s=s+A(i,k)*B(k,j);
end;
C(i,j)=s;
end;
end;

This is not a surprise, since the above function LowTriMatMult is not
vectorized and optimized as are standard Matlab operations, such as the
product of two matrices. In order to see the computational gain in taking
into account the triangular structure of matrices, one has to compare



240

6.

11 Solutions and Programs

LowTriMatMult with a function programmed in Matlab language that
executes the product of two matrices without vectorization.

Now we compare LowTriMatMult with the function MatMult defined be-
low:

function C=MatMult(A,B)
% Multiplication of two matrices
% tests whether the dimensions are compatible
% as in function LowTriMatMult
[m,n]=size(A) ;p=size(B,2);
C=zeros(m,p);
for i=1:m
for j=1:p
s=0;
for k=1:n
s=s+A(i,k)*B(k,j);
end;
C(i,j)=s;
end;
end;

The comparison gives the advantage to LowTriMatMult: the speedup is
approximately a factor 6:

>> n=1000;a=tril(rand(n,n)) ;b=tril(rand(n,n));
>> tic;c=MatMult(a,b);tl=toc;
>> tic;d=LowTriMatMult(a,b) ;t2=toc;
>> t1, t2
tl =

23.5513
t2 =

4.1414

With the instruction sparse, Matlab takes into account the sparse struc-
ture of the matrix:

>> n=300;

>> a=triu(rand(n,n)) ;b=triu(rand(n,n));

>> tic;axb;tl=toc

>> sa=sparse(a) ;sb=sparse(b);

>> tic;sa*sb;t2=toc

tl =

0.0161

t2 =
0.0291

There is no gain in computational time. Actually, the advantage of sparse
relies on the storage
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>> n=300;a=triu(rand(n,n)) ;spa=sparse(a);
>> whos a

Name Size Bytes Class

a 300x300 720000 double array
Grand total is 90000 elements using 720000 bytes
>> whos spa

Name Size Bytes Class

spa 300x300 543004 double array (sparse)
Grand total is 45150 elements using 543004 bytes

11.4 Exercises of Chapter 5

Solution of Exercise 5.2

1. function x=ForwSub(A,b)
% Computes the solution of system Ax =b
% A is nonsingular lower triangular
[m,n]=size(A) ;o=length(b);
if m"=n | o”=n, error(’dimension problem’), end;
small=1.e-12;
if norm(A-tril(A),’inf’)>small
error(’non lower triangular matrix’)

end;
x=zeros(n,1);
if abs(A(1,1))<small, error(’noninvertible matrix’), end;
x(D=b(1)/A(1,1);
for i=2:n

if abs(A(i,i))<small

error (’noninvertible matrix’)

end;

x(1)=(b(i)-A(i,1:i-1)*x(1:i-1))/A(i,i);
end;

2. function x=BackSub(A,b)
% Computes the solution of system Ax =b
% A is nonsingular upper triangular
[m,n]=size(A) ;o=length(b);
if m"=n | o”=n, error(’dimension problem’), end;
small=1.e-12;
if norm(A-triu(A),’inf’)>small
error(’non upper triangular matrix’)

end;
x=zeros(n,1);
if abs(A(n,n))<small, error(’noninvertible matrix’), end;
x(n)=b(n)/A(n,n);
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for i=n-1:-1:1
if abs(A(i,i))<small
error (’noninvertible matrix’)
end;
x(1)=(b(i)-A(i,i+1:n)*x(i+1:n))/A(i,i);
end;

Solution of Exercise 5.3 We store in a vector u the lower triangular matrix
A row by row, starting with the first one. The mapping between indices is
A; j = ujii(i—1)/2- Here are the programs:

1. function aL=StoreL()
fprintf (’Storage of a lower triangular matrix’)
fprintf (’the matrix is stored row by row’)
n=input (’enter the dimension n of the square matrix’)
for i=1:n
fprintf (row %i \n’,i)
ii=i*(i-1)/2;
for j=1:i
fprintf (’enter element (%i,%i) of the matrix’,i,j)
aL(j+ii)=input(’ ’);
end;
end;
2. function y=StoreLpv(a,b)
% a 1s a lower triangular matrix stored by StoreL
[m,n]=size(b);
if n™=1
error(’b is not a vector’)
end;
if mx(m+1)/27=length(a)
error(’incompatible dimensions’)
end;
for i=1:m
ii=ix(i-1)/2;
s=0;
for j=1:1i
s=s+a(j+ii)*b(j);
end;
y(i)=s;
end;
The inner loop could be replaced by the more compact and efficient in-
struction

y(i)=a(ii+1:1)*b(1:1);

3. function x=ForwSubL(a,b)
% a is a lower triangular matrixz stored by StoreL
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% add the compatibility tests of function StoreLpv(a,b)
m=length(b) ;
for i=1:m

ii=ix(i-1)/2;

s=0;

for j=1:i-1

s=s+a(j+ii)*x(j);

end;

x(1)=(b(i)-s)/a(i+ii); % check if a(i+ii) is zero
end;

Solution of Exercise 5.13 Hager algorithm.

1. Proposition 3.1.2 furnishes a formula for ||Al|; (at a negligible computa-

tional cost):
14]ly = max (Z Iaml)

2. From the previous formula we deduce that there exists an index jy such
that

AT = D 1A il = 1A 50l
i=1
where (A1), is the jo column of A~!. Hence

[A7 L = [[A™ el = flejo)-
3. We write

fla) =Y (A7 )l =Y #] =) sidts = (&,5)
i=1 i=1

i=1
4. We compute T!(a — x):
Fa—z)= (A7) (a—x)=5'A"a—z) = (A7 a,s) — (&, s).

According to question 3,
flx)+ 3 (a—x) = (A ta,s) = Z(A_la)jsj.

Each term in this sum is bounded from above by [(A7'a);|; we therefore
deduce

fl@)+3'(a—= <Z| a);| = A7 a1 = f(a),

from which we get the result.
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5. According to question 4, we have

flej) = f(a) 2 3 (e — @) = (T, ¢j) — (2,T) = 7; — (2,7) > 0,
which yields the result.

6. (a) According to question 3, we have f(y) = (g, s’), where s’ is the sign
vector of §j. However, for y close enough to x, the sign of j = A1y is
equal to the sign of & (we have assumed that &; # 0 for all ¢). Thus
we have

F) = (@,8) = f(@) + (y—x,5) = f() + (A (y — x),3)
= f(z) +s'A7 (y — z),

which proves the result.
(b) z is a local maximum of f if and only if for all y close enough to z,
we have s'A71(y — z) < 0. We write

s'AT Y —a) = (A7 (y —a),8) = (y —2,A7"s) = (y — 2, 7)
= <yaj> - <J3,.f>
We infer that if ||Z||ec < (x,Z), we have
s'A7 Ny =) < (y,7) = |70 < (9l = DIzl =0,

fory e S.
7. The Hager algorithm in pseudolanguage:

choose z of norm ||z||; =1
compute
Tby AT ==
s by s; = sign(Z;)
compute T by A'Z = s
While ||Z||oc > (x, %)
compute j such that z; = ||z
set T = ¢;
compute Z, s and T
I 2] < (.7)
conds (A) = [[ ]l o
End If
End While
8. The Hager algorithm in Matlab.

function conda=Cond1l(a)

% computes an approximation of the 1-norm
% condition number of a square matriz

% by optimization criteria

A



11.4 Exercises of Chapter 5

% initialization
n=size(a,1);
x=ones(n,1)/n; h zi=1/n
xt=a\x;ksi=sign(xt);xb=a’\ksi;
notgood=norm(xb,’inf’)>xb’*x;
conda=norm(xt,1)*norm(a,1);
% loop
while notgood
[maxx, j]=max (abs(xb));
x=zeros(n,1) ;x(j)=1;
xt=a\x;ksi=sign(xt) ;xb=a’\ksi;
if norm(xb,’xinf’)<=xb’*x
conda=norm(xt,1)*norm(a,l1);
notgood=0;
else
[maxx, j]=max (abs(xb));
x=zeros(n,1);x(j)=1;
end;
end;

This algorithm gives remarkably precise results:

>> n=5;a=NonsingularMat (n) ;
>> [Cond1(a), norm(a,l)*norm(inv(a),1)]
ans =

238.2540 238.2540
>> n=10;a=NonsingularMat (n);
>> [Condl1(a), norm(a,1)*norm(inv(a),1)]
ans =

900.5285 900.5285

Solution of Exercise 5.15 Polynomial preconditioner C~1 = p(A).

function PA=PrecondP(A,k)
% Polynomial preconditioning
% check the condition ||I —A| < 1
PA=eye(size(A));
if k™=0
C=eye(size(A))-A;
if max(abs(eig(C)))>=.99 % compute o(C)
error(’look for another preconditioner’)
end;
for i=1:k
PA=PA+C"1i;
end;
end;

Some examples:

245
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>> n=10;a=PdSMat (n) ;a=a/(2*norm(a)) ;
>> cond(a)
ans =

1.9565
>> ap=PrecondP(a,1) ;cond(ap*a)
ans =

1.6824
>> ap=PrecondP(a,10) ; cond(ap*a)
ans =

1.0400
>> ap=PrecondP(a,20) ; cond(ap*a)
ans =

1.0020

The larger k is, the better is the conditioning; however, its computational cost
increases.

Solution of Exercise 5.16 Finite difference approximation of Laplace equa-
tion.

1. Computation of the matrix and right-hand side of (5.19).
(a) The following function gives the value of the matrix A,,.
function A=LaplacianldD(n)
% computes the 1D Laplacian matriz
% discretized by centered finite differences
% with Dirichlet boundary conditions.
A=zeros(n,n);
for i=1:n-1

A(i,i)=2;
A(i,i+1)=-1;
A(i+1,1)=-1;
end;
A(n,n)=2;

A=Ax(n+1)"2;
There are other ways of constructing A,,. For instance,
i. Function toeplitz(u), which returns a symmetric Toeplitz ma-
trix whose first row is the vector u. The instruction
Ah=toeplitz([2, -1, zeros(l, n-2)])*(n+1)"2
then defines A,,.

ii. The following instructions define also A,,.
u=ones(n-1,1);v=[1;u] ;a=(n+1)"2;
Aht=2xa.*diag(v,0)-a.*diag(u,-1)-a.*diag(u,1);

iii. The reader can check that the instructions
A=[eye(n,n) zeros(n,1)];A=eye(n,n)-A(:,2:n+1);
A=A+A’ ;A=A*x(n+1)"2;

also define the matrix A,,.
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(b) The following function gives the value of the right-hand side b,
function v=InitRHS(n)
x=1:n;h=1./(n+1);
x=h*x’;v=Ff(x);
It calls a function £ that corresponds to the right-hand side f(z) of
the differential equation.
2. Validation.
(a) When f(z) =1, u®(x) = 2(1 —x)/2 is the solution of problem (5.18).
function [exa,sm]=Check(n)
x=1:n;h=1./(n+1) ;x=h*x’;
exa=x.*x(1-x)/2;
sm=ones(n,1);
Examples:
>> n=10;Ah=LaplacianldD(n) ;
>> [exasol,sm]=Check(n) ;sol=Ah\sm;
>> norm(sol-exasol)
ans =
2.6304e-16
We note that no error was made; the solution is exactly computed
with the accuracy of the machine. This was predictable, since the
discretization of u” performed in (5.19) is exact for polynomials of
degree less than or equal to 3.
(b) Convergence of the method. We use here the function
function [exa,sm]=Check2(n)
x=1:n;h=1./(n+1) ;x=h*x’;
exa=(x-1) .*sin(10%*x) ;
sm=-20*cos (10*x)+100* (x-1) . *sin(10*x) ;
and the approximation error is given by the script
for i=1:10
n=10%*1i; [exasol,sm]=Check2(n);
Ah=Laplacian1dD(n) ;sol=Ah\sm;
y(i)=log(norm(sol-exasol,’inf’));
x(i)=log(n);
end
plot(x,y,’.-’,’MarkerSize’,20, ’LineWidth’,3)
grid on;
set(gca, ’XTick’,2:1:5,’YTick’,-7.5:1:-3, ’FontSize’,24);
In view of Figure 11.7, the logarithm of the error is an affine function
of the logarithm of n; the slope of this straight line is about —2. Thus,
we deduce that ||sol — exasol||o, ~ C** x n~2, which was predicted
by Theorem 1.1.1.
3. Eigenvalues of the matrix A,,.
(a) Solving the differential equation u” 4+ Au = 0 shows that the eigen-
values of the operator u — —u’ endowed with homogeneous Dirichlet
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Fig. 11.7. Logarithm of the error in terms of logarithm of n (log-log scale).

()

boundary conditions are exactly A\, = k%m2, for k > 0, with cor-
responding eigenfunctions oy (z) = sin(kwz). When n tends to 400
(i.e., h tends to 0) and for a fixed k, we obtain the limit

4 . kmh
>\h,k = ﬁ Sln2 (2) ~ 1627'('2 = )\k~

In other words, the “first” eigenvalues of A,, are close to the eigenval-
ues of the continuous operator; see Figure 11.8.

n=20;x=(1:n)’;h=1./(n+1);

Ahev=(1-cos(pi.*h.*x)).*2./h./h;

contev=pi.*pi.*x.*x;

plot(x,contev,x,Ahev,’.-’,’MarkerSize’,20, ’LineWidth’,3)
The function eig(X) returns a vector containing the eigenvalues of
matrix X:

n=500;Ah=LaplacianldD(n);

x=(1:n)’;h=1./(n+1);

exacev=(1-cos(pi.*h.*x)).*2./h./h;

matlabev=eig(Ah);

plot(x,matlabev-exacev)
The eigenvalues of A,, are accurately computed by Matlab: for exam-
ple, for n = 500 the maximal error committed is less than 1077.
We plot on a log-log scale the condition number of A,,:

for i=1:7

n=50%1i;Ah=LaplacianidD(n);
en(i)=log(n);condn(i)=log(cond(Ah));
end
plot(en,condn)
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Fig. 11.8. Comparison of the eigenvalues of the continuous and discrete problems
for n = 20 (left) and n = 100 (right).

We observe that the 2-norm conditioning of A,, behaves as C'**¢ x n?2,

This result agrees with the theory, since, A, being symmetric, its

2-norm conditioning is equal to the ratio of its extremal eigenvalues
maxpg |>\h,k| - 4 2

COTLdQ(An) = m ~ ﬁn

We have, of course, A, = A, + cl,, and the eigenvalues of A, are
Ahk = Apk + c. In particular, the first eigenvalue is

~ 4 h
An1 = ﬁsin2 <7T2> +c.

We solve the linear system for n = 100, f = 1.
>> n=100;Ah=LaplacianidD(n);

>> s=eig(Ah);c=-s(1); % Warning: it may be necessary
>> At=Ah+cxeye(n,n); % to sort out vector s with
>> b=InitRHS(n) ;sol=At\b; % command sort

To check the reliability of the result we compute the norm of the
solution sol given by Matlab:

>> norm(sol)

ans =

1.0470e+12

which is a clear indication that something is going wrong . ... Since c is
an eigenvalue of A,,, the matrix A,, is singular. Thanks to the rounding
errors, Matlab nevertheless find a solution without any warning.
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11.5 Exercises of Chapter 6

Solution of Exercise 6.3 The function Gauss(A,b) computes the solution
of the linear system Ax = b by the Gauss method; the pivot in step k is the first
nonzero entry in the set (4; x);>x. In the function GaussWithoutPivot there
is no pivot strategy; the program stops if the entry Ay i is too small. Partial
pivoting and complete pivoting are used in the functions GaussPartialPivot
and GaussCompletePivot.

1. function x=Gauss(A,b)
% solve system Ax =b by
% the Gauss method with partial pivoting
[m,n]=size(A);o=length(b);
if m"=n | o”=n, error(’dimension problem’), end;
% Initialization
small=1.e-16;
for k=1:n-1
% Search for the pivot
u=A(k,k:n) ;pivot=A(k,k);i0=k;
while abs(pivot)<small
i0=10+1;pivot=A(i0,k);
end;
if abs(pivot)<small
error (’singular matrix’)

end;
% FExzchange rows for A and b
if i07=k

u=A(i0,k:n);A(i0,k:n)=A(k,k:n);A(k,k:n)=u;
s=b(10) ;b(i0)=b(k) ;b(k)=s;
end
for j=k+1:n
s=A(j,k)/pivot;v=A(j,k:n);
AGj,k:n)=v-s*u;b(j)=b(j)-s*b(k);
end;
end;
% A=A, is an upper triangular matriz
% we solve A,x = b, by back substitution
x=zeros(n,1);
if abs(A(n,n))>=small
x(n)=b(n)/A(n,n);
else
error (’singular matrix’)
end;
for i=n-1:-1:1
x(1)=(b(i)-A(i,i+1:n)*x(i+1:n))/A(i,i);
end;
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2. function x=GaussWithoutPivot(A,b)
% solve system Ax =b by
% the Gauss method without pivoting
[m,n]=size(A);o=length(b);
if m"=n | o”=n, error(’dimension problem’), end;
% Initialization
small=1.e-16;
for k=1:n-1
u=A(k,k:n);pivot=A(k,k);i0=k;
if abs(pivot)<small, error(’stop: zero pivot’), end;
for j=k+1:n
s=A(j,k)/pivot;v=A(j,k:n);
A(j,k:n)=v-s*u;b(j)=b(j)-s*b(k);
end;
end;
% A=A, is an upper triangular matrix
% we solve A,x = b, by the back substitution method
x=zeros(n,1);
if abs(A(n,n))>=small
x(n)=b(n)/A(n,n);
else
error (’singular matrix’)
end;
for i=n-1:-1:1
x(1)=(()-AG,i+1:n)*x(i+1:n))/A(i,i);
end;
3. function x=GaussPartialPivot(A,b)
% solve system Ax = b by
% the partial pivoting Gauss method
[m,n]=size(A);o=length(b);
if m"=n | o”=n, error(’dimension problem’), end;
% Initialization
small=1.e-16;
for k=1:n-1
B=A(k:n,k);
% We determine i
[pivot,index]=max (abs(B));
if abs(pivot)<small
error (’singular matrix’)
end;
i0=k-1+index(1,1);;
% FExchange rows for A and b
if i07=k
u=A(i0,k:n);A(i0,k:n)=A(k,k:n) ;A(k,k:n)=u;
s=b(i0) ;b (i0)=b(k) ;b(k)=s;
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end
% We carry out the Gauss elimination
u=A(k,k:n) ;pivot=A(k,k);
for j=k+1l:n
s=A(j,k)/pivot;v=A(j,k:n);
A(G,k:n)=v-s*u;b(j)=b(j)-s*b(k);
end;
end;
% A=A, is an upper triangular matriz
% we solve Apx = b, by the back substitution method
x=zeros(n,1);
if abs(A(n,n))>=small
x(m)=b(n)/A(n,n);
else
error (’singular matrix’)
end;
for i=n-1:-1:1
x(1)=(b(i)-A(,i+1:n)*x(i+1:n))/A(i,i);
end;
4. function x=GaussCompletePivot(A,b)
% solve system Ax =b by
% the complete pivoting Gauss method
[m,n]=size(A) ;o=length(b);
if m™=n | o”=n, error(’dimension problem’), end;
% Initialization
small=1.e-8;
ix=1:n;
for k=1:n-1
B=A(k:n,k:n);
% We determine g, jo
[P,I]=max(abs(B));
[p,index]=max(P); pivot=B(I(index),index);
if abs(pivot)<small, error(’singular matrix’), end;
i0=k-1+I(index) ; jO=k-1+index;
% Exchange rows for A and b
if i07=k
u=A(i0,k:n);A(i0,k:n)=A(k,k:n) ;A(k,k:n)=u;
s=b(10) ;b(i0)=b(k) ;b(k)=s;

end
% Exchange columns of A and rows of
if jOo"=k

u=A(C:,k);AC: ,k)=A(:,j0);A(:,jO)=u;
s=1x(j0);ix(jO)=ix (k) ;ix(k)=s;
end
% We carry out the Gauss elimination
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u=A(k,k:n) ;pivot=A(k,k);
for j=k+l:n
s=A(j,k)/pivot;
v=A(j,k:n);
A(j,k:n)=v-s*u;
b(j)=b(j)-s*b(k);
end;
end;
% A=A, is an upper triangular matriz
% we solve Apx, = by, by the back substitution method
y=zeros(n,1);
if abs(A(n,n))>=small
y(@)=b(n)/A(n,n);
else
error (’singular matrix’)
end;
for i=n-1:-1:1
y(1)=(b(i)-A(i,i+1:n)*y(i+1:n))/A(i,1);
end;
% we rearrange the entries of
x=zeros(n,1) ;x(ix)=y;
. (a) Dividing by a small pivot yields bad numerical results because of
rounding errors:
>> e=1.E-15;
>> A=[e 1 1;1 1 -1;1 1 2];x=[1 -1 1]’ ;b=A*x;
>> norm(Gauss(A,b)-x)
ans =
7.9928e-04
>> norm(GaussPartialPivot (A,b)-x)
ans =
2.2204e-16
(b) Now we compare the strategies complete pivoting/partial pivoting.

i. We modify the headings of the programs by adding a new out-
put argument. For instance, we now define the function Gauss,
function [x,gl=Gauss(A,b). The rate g is computed by adding
the instruction g=max(max(abs(A)))/a0 just after the computa-
tion of the triangular matrix. The variable a0=max (max (abs(A)))
is computed at the beginning of the program.

ii. For diagonally dominant matrices, we note that the rates are all
close to 1.

>> n=40;b=rand(n, 1) ;A=DiagDomMat (n) ;

>> [x gwpl=GaussWithoutPivot(A,b); [x,g]l=Gauss(A,b);
>> [x gppl=GaussPartialPivot(A,b);

>> [x,gcpl=GaussCompletePivot (A,Db);

>> [gwp, g, gpp, gcpl



254 11 Solutions and Programs

iii.

ans =

0.

9900 0.9900 0.9900 1.0000

The same holds true for positive definite symmetric matrices.
>> n=40;b=rand(n, 1) ;A=PdSMat (n) ;

>> [x
>> [x

>> [x,

gwpl=GaussWithoutPivot (A,b); [x,g]l=Gauss(A,b);
gppl=GaussPartialPivot(A,b);
gcpl=GaussCompletePivot (A,b);

>> n=40;b=rand(n,1) ; A=PdSMat (n) ;
>> [gwp, g, gpp, gcpl

ans =

0.

9969 0.9969 0.9969 1.0000

We can therefore apply, without bad surprises, the Gauss method
to these matrix classes. For “random” matrices, the result is dif-

ferent:

>> n=40;b=rand(n,1) ;A=rand(n,n) ;

>> [x
>> [x

>> [x,

gwpl=GaussWithoutPivot (A,b); [x,g]l=Gauss(A,b);
gppl=GaussPartialPivot (A,b);
gcpl=GaussCompletePivot (A,b);

>> [gwp, g, gpp, gcpl

ans =

128.

3570 128.3570 3.0585 1.8927

For these matrices, it is better to use the Gauss methods with
partial or complete pivoting.

Comparison of 9., and op-

A. The following instructions produce Figure 11.9, which clearly

shows

that complete pivoting is more stable. The drawback

of this method is its slow speed, since it performs (n — k)?
comparisons (or logical tests) at each step of the algorithm,
whereas partial pivoting requires only n — k comparisons.

>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>
>>

for k=1:10
n=10*k;b=ones(n,1);
A=nxNonSingularMat (n) ;
[x gl=GaussPartialPivot(A,Db);Ppl(k)=g;
[x gl=GaussCompletePivot(A,b);Cpl(k)=g;
A=nx*NonSingularMat (n) ;
[x gl=GaussPartialPivot(A,Db);Pp2(k)=g;
[x gl=GaussCompletePivot(A,b);Cp2(k)=g;
A=n*NonSingularMat (n) ;
[x gl=GaussPartialPivot(A,Db);Pp3(k)=g;
[x gl=GaussCompletePivot(A,b);Cp3(k)=g;
end;

n=10*(1:10);
plot(n,Ppl,’+’,n,Pp2,’+’,n,Pp3,’+’,n,Cpl,...
’x’,n,Cp2,’x’,n,Cp3,’x’, ’MarkerSize’,10, ...
’LineWidth’,3)
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>> set(gca,’XTick’,0:20:100,’YTick’,0:3:6, ...

>> ’FontSize’,24);
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Fig. 11.9. Growth rate, in terms of n, for several runs of Gaussian elimination with

partial pivoting (+) and complete pivoting (x).

B. The following matrix has been cooked up so that g, = 2771,
while, as for any matrix, g.., does not grow much more
quickly than n. However, in usual practice, the partial piv-
oting strategy is as efficient as the complete pivoting Gauss

method.
>> for k=1:5
>> n=2%k;b=ones(n,1);
>> A=-tril(ones(n,n))+2*diag(ones(n,1));

>> A=A+[zeros(n,n-1) [ones(n-1,1);0]];

>> [x gl=GaussPartialPivot(A,b);Pp(k)=g;
>> [x gl=GaussCompletePivot(A,b);Cp(k)=g;

>> end;

>> dim=2%(1:5);

[dim; Pp;Cp]

ans =
2 4 6 8 10
2 8 32 128 512
2 2 2 2 2

Solution of Exercise 6.5 Storage of a band matrix.

1. function aB=StoreB(p)

fprintf (’Storage of a triangular band matrix\n’)

fprintf (’of bandwidth 2xp+1\n’)
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fprintf (’the matrix is stored row by row \n’)
n=input (’enter the dimension n of the square matrix ’)
for i=1:n
fprintf (Crow %i \n’,i)
ip=(2%i-1)*p;
for j=max(1l,i-p):min(n,i+p)
fprintf (’enter entry (%i,%i) of the matrix’,i,j)
aB(j+ip)=input(’® ’);
end;
end;
2. function aBb=StoreBpv(a,p,b)
% a is a band matriz
% stored by StockB
% Warning: execute all compatibility tests
% here we assume that a and b are compatible
[m,n]=size(b) ;aBb=zeros(m,1);
for i=1:m
ip=(2%i-1)*p;
s=0;
for j=max(1,i-p):min(m,i+p)
s=s+a(j+ip)*b(j);
end;
aBb(i)=s;
end;

Solution of Exercise 6.6

function aB=LUBand(aB,p)
% Compute the LU factorization of
% a band matriz A with half-bandwidth p.
% A (inaB), L and U (also in aB)
% are in the form computed by program StoreB
n=round(length(aB)/(2*p+1)) ;zero=1.e-16;
for k=1:n-1
if abs(aB((2*k-1)*p+k))<zero, error(’error : zero pivot’),end;
Ind=min(n,k+p);
for i=(k+1) :Ind
aB((2*i-1) *p+k)=aB((2*i-1) *p+k) /aB((2*k-1) xp+k) ;
IndR=(k+1) :Ind;
aB((2*i-1)*p+IndR)=aB((2*i-1)*p+IndR)- ...
aB((2xk-1) *p+IndR)*aB((2*%i-1)*p+k) ;
end;
end;
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11.6 Exercises of Chapter 7

Solution of Exercise 7.5 The following function computes the QR factor-
ization of a square matrix by the Householder algorithm.

function [Q,R]=Householder(A)
% QR decomposition computed by
% the Householder algorithm
% Matriz A is square
[m,n]=size(A);
R=A;Q=eye(size(A));
for k=1:m-1
i=k-1;j=n-i;v=R(k:n,k) ;w=v+norm(v)*[1;zeros(j-1,1)];
Hw=House (w) ;
Hk=[eye(i,i) zeros(i,j); zeros(j,i) Hwl;
Q=Hk*Q;
R(k:n,k:n)=Hw*R(k:n,k:n);
end;
Q=Q’;
The function House computes the Householder matrix of a vector.

function H=House(v)
% Elementary Householder matrix
[n,m]=size(v);

if m™=1

error (’enter a vector’)
else

H=eye(n,n);

n=norm(v) ;

if n>1.e-10

H=H -2*v*v’/n/n;

end;

end;

We check the results.

>> n=20;A=rand(n,n); [Q,R]=Householder(A);
% we check that QR = A
>> norm(Q*R-A)
ans =
3.3120e-15
% we check that QQ is unitary
>> norm(Q*Q’-eye(size(A))), norm(Q’*Q-eye(size(A)))
ans =
1.8994e-15
ans =
1.8193e-15
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% we check that R is upper triangular
>> norm(R-triu(R))
ans =

4.3890e-16

Finally, we compare the results with the modified Gram—Schmidt method of
Exercise 2.11.

>>n=10;A=HilbertMat (n) ;B=MGramSchmidt (A) ;norm(B*B’-eye(size(A)))
ans =
2.3033e-04
>> [Q,R]=Householder (A) ;norm(Q*Q’-eye(size(A)))
ans =
1.0050e-15

For larger values of n, we have

>>n=20;A=HilbertMat (n) ;B=MGramSchmidt (A) ;norm(B*B’-eye(size(A)))
?7? Error using ==> MGramSchmidt
linearly dependent vectors
>> [Q,R]=Householder(A) ;norm(Q*Q’-eye(size(A)))
ans =
1.6434e-15

The Householder method is more robust and provides an orthogonal ma-
trix, whereas the Gram—Schmidt algorithm finds zero vectors (more precisely
of norm less than 10~12).

11.7 Exercises of Chapter 8

Solution of Exercise 8.6 Program for the relaxation method.

function [x, iter]=Relax(A,b,w,tol,MaxIter,x)
% Computes by the relazation method the solution of system Ax=b
% w = relaxation parameter
% tol = € of the termination criterion
% MaxIter = maximum number of iterations
% x = xg initial vector
[m,n]=size(A);
if m"=n, error(’the matrix is not square’), end;
if abs(det(A)) < 1.e-12
error (’the matrix is singular’)
end;
if "w, error(’omega = zero’);end;
% nargin = number of input arguments of the function
% Default values of the arguments
if nargin==5 , x=zeros(size(b));end;
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Fig. 11.10. Relaxation method: number of iterations in terms of w.

if nargin==4 , x=zeros(size(b));MaxIter=200;end;
if nargin==3 , x=zeros(size(b));MaxIter=200;tol=1.e-4;end;
if nargin==2 , x=zeros(size(b));MaxIter=200;tol=1.e-4;w=1;end;
M=diag((1-w)*diag(A)/w)+tril(A);
% Initialization
iter=0;r=b-Ax*xx;
% Iterations
while (norm(r)>tol)&(iter<MaxIter)
y=M\r;
X=X+y;
r=r-Axy;
iter=iter+1;
end;

We run the program for w € (0.1,2).
>> n=20;A=Lap1acian1dD(n);b=sin((1:n)/(n+1))’;sol=A\b;

>> pas=0.1;

>> for i=1:20

>> omega (i)=i*pas;

>> [x, iter]=Relax(A,b,omega(i),1.e-6,1000,zeros(size(b)));
>> itera(i)=iter;

>> end;

>> plot(omega,itera,’-+’,’MarkerSize’,10,’LineWidth’,3)

In view of the results in Figure 11.10 (left), it turns out that the optimal
parameter is between 1.7 and 1.9. Hence, we zoom on this region.

pas=0.01;

for i=1:20
omega(i)=1.7+ixpas;
[x, iter]=Relax(A,b,omega(i),1.e-6,1000,zeros(size(b)));
itera(i)=iter;
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end;
plot(omega,itera,’-+’,’MarkerSize’,10, ’LineWidth’,3)

The optimal parameter seems be close to 1.75 in Figure 11.10 (right). Since
A is tridiagonal, symmetric, and positive definite, Theorem 8.3.2 gives the
optimal parameter

2
Wopt = 1+ /71—Q(j)2.

Let us compute this value with Matlab

>> D=diag(diag(A));J=eye(size(A))-inv(D)*A;rhoJ=max(abs(eig(J)))
rholJ =
0.9888
>> wopt=2/(1+sqrt (1-rhoJ"2))
wopt =
1.7406

which is indeed close to 1.75.

11.8 Exercises of Chapter 9

Solution of Exercise 9.3

1. function [x, iter]=GradientC(A,b,tol,MaxIter,x)
% Computes by the conjugate gradient method
% the solution of system Ax =0
% tol = e termination criterion
% MaxIter = maximal number of iterations
% x =xo
% nargin = number of input arqguments of the function
% Default values of the arguments
if nargin==4 , x=zeros(size(b));end;
if nargin==3 , x=zeros(size(b)) ;MaxIter=2000;end;
if nargin==2 , x=zeros(size(b)) ;MaxIter=2000;tol=1.e-4;end;
% Initialization
iter=0;r=b-A*x;tol2=tol*tol;normr2=r’*r;p=r;
% Iterations
while (normr2>tol2)&(iter<MaxIter)
Ap=Axp;
alpha=normr2/(p’*Ap) ;
x=x+alpha*p;
r=r-alphax*Ap;
beta=r’*r/normr2;
p=r+betax*p;
normr2=r’*r;
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iter=iter+1;
end;
. The number of required iterations is always much smaller for the conjugate
gradient method.

>> n=5;A=LaplacianldD(n) ;xx=(1:n)’/(n+1) ;b=xx.*sin(xx);
>> [xVG, iterVG]=GradientV(A,b,1.e-4,10000);
>> [xCG, iterCG]=GradientC(A,b,1.e-4,10000);
>> [iterVG, iterCG]
ans =
60 5

>> n=10;A=LaplacianldD(n) ;xx=(1:n)’/(n+1) ;b=xx.*sin(xx) ;
>> [xVG, iterVG]=GradientV(A,b,1.e-4,10000);
>> [xCG, iterCG]=GradientC(A,b,1.e-4,10000);
>> [iterVG, iterCG]

ans =

220 10
>> n=20;A=LaplacianldD(n) ;xx=(1:n)’/(n+1) ;b=xx.*sin(xx) ;
>> [xVG, iterVG]=GradientV(A,b,1.e-4,10000);
>> [xCG, iterCG]=GradientC(A,b,1.e-4,10000);
>> [iterVG, iterCG]

ans =

848 20

>> n=30;A=LaplacianldD(n) ;xx=(1:n)’/(n+1) ;b=xx.*sin(xx) ;
>> [xVG, iterVG]=GradientV(A,b,1.e-4,10000);
>> [xCG, iterCG]=GradientC(A,b,1.e-4,10000);
>> [iterVG, iterCG]

ans =

1902 30

. >> n=5;A=toeplitz(n:-1:1)/12;b=(1:n)’;
>> x0=[-2,0,0,0,10]’;
>> [xCG, iter0O]=GradientC(A,b,1.e-10,50,x0);
>> x1=[-1,6,12,0,17]1";
>> [xCG, iteril]=GradientC(A,b,1.e-10,50,x1);
>> [iterO iterl]
ans =
3 5
For the initial guess xp, the conjugate gradient algorithm has converged
in three iterations. Let us check that the Krylov critical dimension corre-
sponding to the residual b — Az is equal to 2.

>> r=b-Ax*x0;
>> X=[];x=r;
>> for k=1:n
>> X=[X x];[k-1 rank(X)]
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>> x=A*Xx;
>> end;
ans =

0 1
ans =

1 2
ans =

2 3
ans =

3 3
ans =

4 3

For the second initial guess, the Krylov critical dimension turns out to be
4.

4. System Az = b is equivalent to A*Ax = A'b, whose matrix A*A is sym-
metric, positive definite. The conjugate gradient algorithm can be applied
to the latter system. However, observe that computing A'A costs n?/2
operations, which is very expensive, and therefore it will not be done if
we want to minimize the computational time. Remember that the explicit
form of A'A is not required: it is enough to know how to multiply a vector
by this matrix.

11.9 Exercises of Chapter 10

Solution of Exercise 10.6 Here is a a program for the power method.

function [1,u]=PowerD(A)

% Computes by the power method

% 1 = approzimation of |\,|

% u = a corresponding eigenvector

% Initialization

n=size(A,1) ;x0=ones(n,1)/sqrt(n); % xo

converge=0;eps=1.e-6;

iter=0;MaxIter=100;

% beginning of iterations

while (iter<MaxIter)&(~converge)
u=A*x0;
x=u/norm(u) ;
converge=norm(x-x0)<eps;
x0=x;iter=iter+1;

end

1=norm(u) ;

Application to the three suggested matrices:
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X For matrix A, everything seems to work as expected. The algorithm re-
turns the maximal eigenvalue that is simple.

>> A=[2 2 10;2000; 1002;002 -2];
[1,ul=PowerD(A); fprintf(’1l =%f’,1)
1 =3.502384>>
>> A=[22 10;2000; 1002;002 -2];
[1,u]l=PowerD(A); fprintf(’1l =%f \n’,1)
1 =3.502384
>> disp(eig(A)?)
-3.3063 -1.2776 1.0815 3.5024

X For matrix B, we also get the maximal eigenvalue, although it is double;
see Remark 10.3.1.

>> B=[15 0 9 0;0 24 0 0;9 0 15 0;0 0 0 16];
>> [1,u]=PowerD(B);
>> fprintf(°1 =%f \’,1)
>> 1 =24.000000
>> disp(eig(B)’)
6 16 24 24

X For matrix C, the algorithm does not compute the eigenvalue of maximal
modulus, even though all eigenvalues are simple.

>> C=[12-34;2 14 -3;-341 2;4-321];
>> [1,u]=PowerD(C);
>> fprintf (1 =%f \’,1)
1 =4.000000
>> disp(eig(C)’)
-8.0000 2.0000 4.0000 6.0000
disp(eig(C)?)
Explanation: let us calculate the eigenvectors of matrix D, then compare
them with the initial data of the algorithm zg = (%, %, %, %)t
>> [P,X]=eig(C); P, X

P =
0.5000 -0.5000 -0.5000 -0.5000
-0.5000 -0.5000 -0.5000 0.5000
0.5000 0.5000 -0.5000 0.5000
-0.5000 0.5000 -0.5000 -0.5000

X =
-8.0000 0 0 0
0 2.0000 0 0
0 0 4.0000 0

0 0 0 6.0000
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We see that x( is an eigenvector of C' corresponding to the eigenvalue
A = 4. In this case, it is easy to see that the sequence of approximated
eigenvectors, generated by the power method, is stationary (equal to x).
The sequence of eigenvalues is stationary too.
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