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Preface

The aim of this book is to give an introduction into the interesting field of interval
computation. To this end we tried to keep the material self-contained, presenting also
some basic facts of mathematics which normally are taught in elementary mathemat-
ics courses. Emphasis was laid on understanding and thorough proofs.

One of the basic duties of mathematicians is to provide solutions to a given
mathematical problem. Sometimes they want to know whether such a solution exists,
whether it is unique, and how it behaves when the input data vary. They may find
and prove properties on it, and sometimes they have to construct it, or at least to
approximate it. In the latter case bounds for the approximation error are interesting,
and when using a computer in order to solve the problem, rounding errors can occur
and should be estimated. All these topics form the starting point of interval computa-
tion. It deals with (primarily) compact intervals, and verifies in many cases existence
and uniqueness of a solution even if the input data of the mathematical problem
vary to a certain extent. The verification process should be realizable by means of
a computer so that at the end a statement with mathematical rigor can be made. In
order to illustrate the meaning of these sentences assume that one wants to know
whether the nonlinear system

x=1+2sin(x +y) + cos(x - y)

y=-1+sin(x-y)—-3cos(x +y)

has a solution. It is no problem to prove the existence of such a solution by traditional
mathematical tools. (How would you do it?) For instance, define the vector function f
by the right-hand side of this system and show by simple estimates that the continu-
ous function f maps the rectangle D = [-2, 4] x [-5, 3] into itself so that Brouwer’s
fixed point theorem applies. It is the self-mapping property of Brouwer’s fixed point
theorem that can be verified very easily by means of interval analysis and a computer
since interval arithmetic provides a simple tool to enclose the range of a function.
Ranges themselves play a subordinate role in classical computation, but become im-
portant in interval computation. This means a change of paradigm when working with
intervals.

Up to now we did not ask for an actual solution of our toy problem. Banach’s fixed
point theorem cannot be applied since f is not a contraction on D — at least with re-
spect to any monotone norm (cf. p.9), as the points (71/4, /4) and (0, 0) show. Does
Newton’s method work? Who can trust a direct calculation on a computer when even a
software like MATLAB returns a result for the expression 0.3 — (0.1 + 0.1 + 0.1) which
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Viii =— Preface

differs from zero or even computes four different results for the equivalent expressions

108 +9-10%8 - 17+ 23,
10 +23-10 - 17 +9,
101 +23-17+9-10'8,
10 — 1018 +23-17+09.

The verification of solutions combined with safe enclosures of the result although cal-
culated by a computer is the philosophy of interval analysis and interval machine
arithmetic. And if an interval algorithm cannot verify a solution, it should inform the
user about this failure. That interval methods sometimes can also verify the nonexis-
tence of a solution is an agreeable add-on. Miracles, however, cannot be expected.
If a problem is ill-conditioned, interval analysis can perhaps verify a solution, but
within bounds which may not be tight. Solve a linear system with the Hilbert matrix
H = (1/@i + j — 1)) of dimension 15 and a right-hand side b = H-(1,1,...,1)T ona
computer with a — traditional or interval — method of your choice and compare the
result with the solution (1, 1, ..., 1)T. Unless you use an algebra system or increase
the precision, you will see what is meant.

Nevertheless famous conjectures could be proved, assisted by a computer and in-
terval analysis: Kepler conjectured that the faced-centered cubic packing is the dens-
est packing of equally sized balls (cf. also Hilbert’s 18th problem). In Hales [126] and
Hales, Ferguson [127] the authors showed that Kepler was right. The double bubble
conjecture says that the double bubble is the surface of the smallest area enclosing
two equal, given volumes. Hass and Schlafly proved it in [137]. Smale’s 14th problem
asks if the structure of the solution to the Lorenz equations is that of a strange attractor.
Tucker answered this question in [352]. More such problems, their solutions and the
role of interval analysis in this connection are described in Frommer [104].

In Chapter 1 we start with our notation which is used throughout the book. We
continue with basic facts from classical mathematics relevant for specific subjects
later on. Some of the topics are metric spaces, norms, the mapping degree, fixed point
theorems, normal forms of matrices, results on eigenvalues and eigenvectors, and on
nonnegative matrices.

Chapter 2 introduces the basics of interval analysis. Here we define the interval
arithmetic and present various auxiliary functions. In addition, we introduce elemen-
tary interval functions and comment on particularities on a machine interval arith-
metic.

Chapter 3 generalizes the previous chapter to interval vectors and interval matri-
ces. We also add some characterizations of special interval matrices like M-, H- and
inverse stable matrices.

In Chapter 4 we define expressions and their interval arithmetic evaluation. We
consider more general interval functions, among them centered forms and, in partic-
ular, the mean value form. We discuss the quality of approximation between range and
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interval expression, and show how higher order approximations can be achieved. As a
basic property in interval analysis we mention P-contractions, which allow the appli-
cation of Banach’s fixed point theorem. As an important tool in verification algorithms
we introduce the so-called e-inflation and prove properties on it.

In Chapter 5 we consider interval linear systems. First we motivate such systems
and present characterizations of the corresponding solution set S and particular sub-
sets of it such as the symmetric or skew-symmetric solution set. In a section of its own
we deal with the interval hull of S. Direct methods like the interval Gaussian algorithm
and the interval Cholesky method are discussed extensively, followed by a section on
iterative interval methods for interval linear systems.

Nonlinear equations and nonlinear systems are studied in Chapter 6. Here we
start with the one-dimensional case and show how interval analysis can verify the
existence and uniqueness of a solution and how it can also prove the nonexistence
of it. To this end we use the one-dimensional interval Newton method and some
modifications. Afterwards we present several methods for the multidimensional case,
among them the multidimensional interval Newton method, the often used Krawczyk
method, several modifications of it, the Hansen-Sengupta method, and some meth-
ods by Frommer, Lang et al. based on Miranda’s theorem, on the mapping degree,
and on Borsuk’s theorem.

Chapter 7 is devoted to the algebraic eigenvalue problem and to related ones. Many
of the methods to be presented can be considered as a quadratic system. Therefore,
we verify solutions of such systems first. As a method for the verification of a sim-
ple eigenvalue of a matrix and a corresponding normalized eigenvector we consider a
Krawczyk-like method. For symmetric matrices we remind of Lohner’s method, which
is a combination of the classical Jacobi method, the application of Gershgorin’s theo-
rem and an error estimate for eigenvectors found by Wilkinson. For double or nearly
double eigenvalues we apply a method due to Alefeld and Spreuer. For the generalized
eigenvalue problem we study a method by Alefeld similar to the Krawczyk-like method
for simple eigenvalues, and a method originating from Behnke which is based on a the-
orem of Lehmann. We continue with ideas for verifying singular values, and we finish
the chapter with some inverse eigenvalue problem.

In Chapter 8 we present automatic differentiation in the forward and the back-
ward mode with which one can compute the Taylor coefficients at a given point for a
function which is defined by a programmable expression. In particular, one can use
these modes in order to compute the functional matrix needed for the Newton method
in Chapter 6.

Our final Chapter 9 deals with complex intervals represented as rectangles or cir-
cular discs. For both kinds of complex intervals we introduce an arithmetic and prove
some properties.

In an appendix we list some longer proofs which we skipped in our main text. So
we recall Filippov’s proof of the Jordan normal form and present two additional proofs
of Brouwer’s fixed point theorem which turns out to be very important in verification
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numerics. We add Ortega’s and Rheinboldt’s proof on the famous Kantorovich theo-
rem, Forsythe’s and Henrici’s convergence proof on the row cyclic Jacobi method, and
our own proof on Hladik’s characterization of the symmetric solution set. For the inter-
ested reader we indicate a way to program a variety of elementary functions using the
CORDIC algorithm. Finally, we give a rough overview on INTLAB, a specific software
originating from Siegfried M. Rump. It is based on interval arithmetic and embedded
in MATLAB. We used Version 9 of it in our book unless we refer to some older results
in the literature which are obtained by means of the software package PASCAL-XSC
written by Ulrich Kulisch and his staff.

We mention that a lot of our material is contained in the excellent text books
of Alefeld, Herzberger [25, 26], Golub, van Loan [121], Heuser [146], Neumaier [257],
Ortega, Rheinboldt [267], and Varga [356]. We do not always cite these sources when
using results or proofs from there.

I want to thank everybody - students as well as colleagues — who helped to im-
prove this book. Among them are Dipl-Math. Willi Gerbig, MSc Henning Schréder,
Dr Ming Zhou (all three from the University of Rostock) who read several parts of
the manuscript and made various suggestions. I am deeply indebted to my scientific
teacher, Prof. Dr G6tz Alefeld, Karlsruhe Institute of Technology (KIT), who undertook
the very time-consuming and hard task of reading all the pages. He pointed out to me
many inconsistencies, gaps, and errors, and made a variety of helpful suggestions.
Over the decades he has not only accompanied and inspired my scientific life but he
also never stopped gently reminding me to write this book. I am also grateful to the
staff of de Gruyter for a painstaking job of copy editing.

Finally, I want to thank my wife to whom this book is dedicated. She gave the
impulse to start my PhD thesis after having finished my studies in mathematics and
physics, she always supported me selflessly in my profession, and from time to time
she brought to my mind that sometimes there is a life beyond the university. A great
big ‘Thanks!’ to you, Judith!

Rostock and Speyer, February 2017
Giinter Mayer
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1 Preliminaries

In this chapter we provide some definitions and theorems which we will frequently
use throughout this book — often without mentioning them again.

1.1 Notations and basic definitions

We use the standard notation Z for the integer numbers, N, for the positive integers,
N, for the nonnegative integers, R for the reals, R* for the positive reals, IR{; for the
nonnegative reals and C for the complex numbers. If we mean R or C we use the
symbol K. We write R” for the set of column vectors x = (X1, ..., xz)! = (x;) with n
real components x;, and R™" for the set of m x n matrices A = (a;;) with real entries
aijj, where the row index i ranges from 1 to m and the column index j ranges from
1 to n. We denote by A, ; the j-th column of A and by 4; . the i-th row. Sometimes
we tacitly identify R" with R™! and R with R! or R™*!. Analogously we define C",
C™M K" and K™". We denote the zero matrix by O and the identity matrix by I,
sometimes also by I,, in order to indicate the dimension of I. In addition, we use the
i-th column e of I and the vector e = (1, 1,...,1)T € R".By AT = (c;j) we denote the
transpose of a matrix 4, i.e., ¢;j = aj; for all indices i, j, and by AH = (cij) we denote
the conjugate transpose of 4, i.e., ¢;; = @j;i. We call A symmetric if A = AT, Hermitian
if A = A®, skew-symmetric if A = —AT, orthogonal if A is regular and A~! = AT, and
unitarian if A is regular and A~! = A¥, Moreover, we use the symbol A~T for (A~1)T
and A%, k=0,1,..., for the k-th power of A € K™, where A° = I. Since a diagonal
matrix D € C™" is determined by its diagonal entries d;; = zj, i = 1, ..., n, we often
write D = D, = diag(zq, ..., zn).

A signature matrix D is a real diagonal matrix with diagonal entries d;; € {-1, 1}.
Trivially, a signature matrix D satisfies D = D~! and D? = I. The determinant of a
matrix A € K™" is denoted by det A.

A square matrix (aij)i j=i,,...,i;; With 1 <i; < iy <--- < i} < n is called a principal
submatrix of A € K™" and its determinant a principal minor of order k. If, in addition,
ij=j,j=1,...,k, thenthe principal submatrix is called a leading principal submatrix.

Generalizing this concept the determinant

det(aij)i=iy,...,iy Withl<iy<i<---<ix<n, 1<ji<ja<--<jk<n
J=]15e5)k
is called a minor of order k.

Following good tradition we use f(x) and f(xy, ..., x,) simultaneously for the
values of functions f: R" — R™ although somebody might claim that the vector ar-
gument in the second case should be transposed. We thus recall that R" originally
abbreviates the Cartesian product X7 | R=R xR x ... x R(n factors) with the n-tuples
(x1, ..., Xxn) as elements, although we introduced it here as a set of column vectors.

DOI110.1515/9783110499469-002
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By interpreting (x4, ..., X) as a finite sequence we generalize this notation by
writing infinite sequences as (xx) or (x*). 1t will always be clear from the context
whether (x¥) denotes the geometric sequence (with powers of x as members) or a
general one.

Forreal intervals, brackets are used if the corresponding endpoint does not belong
to the set and square brackets are used otherwise. An exampleis (a,a]l={ala € R, a<
a<al.

By 6;; we denote the Kronecker symbol, i.e., §;j = 1 if i = j and 6;; = 0 if i # j.
The symbols o(-), O(-) are the usual Landau symbols. The symbols := and =: indicate
definition. They are not used consistently in this book. Empty sums like Y, ... are
defined to be zero, empty products like [%,, . . . or x° are defined as one.

We often identify functions f: D — Y with their values f(x) if the sets D and Y
are clear or not of primary interest for the momentary problem. In the whole book we
assume that the domain D of a function f is not empty. By Rf(D) we denote the range
of values of f, by f~1(T) the set of all elements of D whose image is containedin T ¢ Y.

For D c R™, Y c R" we define the set C(D, Y) = C°(D, Y) of continuous functions
f: D — Y,andtheset CX(D, Y) of functions f € C(D, Y) which have continuous partial
derivatives up to the order k. If in the latter case D is not open we assume that there is
an open superset of D on which f is defined or to which f can be extended such that
the required smoothness holds. If Y = D or if Y is obvious we omit it and simply write
C(D), C°(D), Ck(D).

1.2 Metric spaces

Metric spaces form one of the bases for reasonable working in the field of applied anal-
ysis. Aside from properties like continuity, convergence and compactness, which can
be defined in a more general setting, they provide the definition of a distance which
allows to consider errors without having any algebraic structure on the underlying set.

Definition 1.2.1. Let S be any nonempty set and let m: S x S — R be a function with
the following properties for all x, y, z € S.

m(x,y) >0 withm(x,y) =0ifand onlyifx =y (1.2.1)
m(x, y) = m(y, x) (1.2.2)
m(x, y) < m(x, z) + m(z, y) (1.2.3)

Then m is called a metric on S and (S, m) is called a metric space. If the metric is
obvious and of no particular importance, we also call S a metric space.

Property (1.2.1) is called the definiteness of a metric, (1.2.2) the symmetry and (1.2.3)
the triangular inequality.

[vww.ebook3000.con}
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Simple examples are the metric spaces (S, m) with S = R and m(x, y) = |[x — y| or
S=R"and m(x,y) =max{|x; —y;j| |i=1,...,n};cf. Exercise 1.2.2. By reasons which
will be explained in the next section, we write (R, | - |), and (R", | - |l), respectively,
for these metric spaces. The discrete metric m defined by m(x, y) = 0 if x = y, and
m(x, y) = 1 otherwise, shows that each nonempty set S can be equipped with a metric.

Each metric space (S, m) has a topological structure in a canonical way. We can
see this from the following definition.

Definition 1.2.2. Let (S, m) be a metric space. The set
Bx,r)={z|z€S, m(z,x)<r}, xeS, 0<rekR,

is called an open ball with center (or midpoint) x and radius r.
The set
B(x,r)={z|z€S, m(z,x)<r}, xeS,0<reR,

is called a closed ball with center (or midpoint) x and radius r.

A subset T of S is defined to be open if T contains an open ball B(x, r) for each
element x € T, where ry > 0 may depend on x. The set T is named closed if S\ T is
open. The boundary oT of T consists of those elements x of S for which each open ball
B(x, r) contains at least one element of T and at least one of S\ T. The set T is called
bounded if it is contained in some open ball. The closure T of T is the intersection of
all closed supersets of T.

Using the triangular inequality of a metric it can immediately be seen that an open
ball is an open set in the above-mentioned sense and a closed ball is closed. A subset
T of S is closed if and only if it contains its boundary oT. The sets @ and S are open
and closed at the same time.

According to Definition 1.2.2 the set of open sets forms a topology 7 on S. Thisis a
family of subsets of S (i.e., a subset of the power set of S) with the following properties:
The empty set @ and the set S itself are elements of T, the intersection of two elements
of T and the union of arbitrary many elements of 7 are elements of T. Notice that fora
topology no metric is needed. The topology defined by the open sets in Definition 1.2.2
is called a metric topology.

The closure T of a subset T of S is a closed set. Using De Morgan’s rule this can be
seen by considering the complement of T which is the union of open sets. Notice that
the closure B(x, r) of an open ball B(x, r) is contained in the corresponding closed
ball B(x, r). But it does not necessarily coincide with it; cf. Exercise 1.2.3.

Now we introduce convergence in metric spaces.

Definition 1.2.3. Let (S, m) be a metric space and let (xx) be a sequence in S.

We define (xj) to be convergent to some limit x € S if lim_,o, m(xg, x) = 0. In this
case we write limy_, o, X = X.

The sequence (xi) is a Cauchy sequence if for each positive real number ¢ there
is an index kg = ko(€g) such that m(xy, x;) < € for all indices k, [ > kq.
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If each Cauchy sequencein S is convergent we call (S, m) a complete metric space.
A sequence is bounded if the set of its members is bounded.

We leave it to the reader to show that each subsequence of a convergent sequence is
convergent and has the same limit. Moreover, each convergent sequence is a Cauchy
sequence and bounded. The example (S, m) with S = (0, 1] € R, m(x,y) = |x - y|,
xx = 1/k shows however, that metric spaces are not necessarily complete ones. They
can be completed as is shown, e.g., in Heuser [146].

For complete metric spaces Banach’s famous fixed point theorem is valid.

Theorem 1.2.4 (Banach). Let (S, m) be a complete metric space and let T be a non-
empty closed subset of S. Let f: T — T be a contraction on T, i.e., there is a constant
a € [0, 1), the so-called contraction constant, such that

m(f(x), f(y)) <am(x,y) forallx,yeT. (1.2.4)
Then for each sequence (xk)2, with
Xke1 = fxx), k=0,1,..., xp€T, (1.2.5)

the following properties hold.

(@) The sequence (xy) is well-defined (i.e., xy € T) and converges to a fixed point x* of
f which is uniquein T.

(b) There is an a priori error estimate

k
a
m(xk, x*) < mm(xl,xo), k=1,2,..., (1.2.6)
and an a posteriori error estimate
a
m(xk, x*) < nm(xk,xkfl), k=1,2,....

Proof. (a) Since by assumption Rf(T) ¢ T the sequence (xi) is well-defined. From
(1.2.4) we get the estimate

M(Xkr1, Xk) = M), f(Xk-1)) < am(x, Xg-1) < --- < akm(xy, xo).
Together with the triangular inequality this implies

M(Xkrds Xk) € M(Xirds Xkrd-1) + M(Xprd—1, Xked=2) + = + M(Xgs1, Xk)

d-1 -1
= ) Mhsis1, Xsi) < ). @M m(xy, xo)
i=0 i=0
1- ad k
= ak m(xq, Xg) < m(x1, Xo). (1.2.7)
1-a 1-a

[vww.ebook3000.con}
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This estimate proves (xx) to be a Cauchy sequence. By completeness it converges to
some limit x* € S. Since T is closed, x* liesin T. From (1.2.4) with x = xx and y = x*
we get limy o, f(xx) = f(x*) and k — oo in (1.2.5) proves x* = f(x*). If there is another
fixed point y* € T, y* # x*, we obtain the contradiction

m(x*,y*) = m(f(x*), f(y")) < am(x*,y*) < m(x*, y*).

Therefore, the fixed point x* is unique and so is the limit of the sequences (xx).
(b) Let d tend to infinity in (1.2.7) in order to get the a priori estimate. For the a
posteriori estimate choose k = 1 in (1.2.6), then replace xg, x1 by Xj_1, Xk. O

Next we define compactness in metric spaces.

Definition 1.2.5. Let (S, m) be a metric space and T < S. If each sequence out of T
contains a convergent subsequence with limit in T, then we call T compact.

In metric spaces the following equivalence can be shown.

Theorem 1.2.6 (Heine—Borel property). Let (S, m) be a metric space and T < S. Then
T is compact if and only if out of each set of open sets whose union contains T one can
find finitely many such sets whose union already contains T. (‘Each open covering of T
contains a finite subcovering of T.”)

The proof of this theorem can be found in Ahlfors [4]. We leave it to the reader to show
that a compact set is closed and bounded; cf. Exercise 1.2.6. The converse is, however,
not true in general. Notice that we defined compactness only in metric spaces. In a
more general setting one introduces compactness via the Heine—Borel property and
calls that of Definition 1.2.5 sequentially compact.

Now we address continuity.

Definition 1.2.7. Let (S, m), (S', m') be metric spaces and f: S — S’. Then f is
called continuous in x* € S if limy_ o f(xx) = f(x*) holds for all sequences (xx)
with limy_, xx = x*. If f is continuous in all elements of S, then we shortly say that
f is continuous (in S).

It is easy to see that contractive functions are continuous. We leave it to the reader to
show (mostly by contradiction) that the following theorem holds.

Theorem 1.2.8. Let (S, m), (S', m') be metric spaces and f: S — S'. Then the following

statements are equivalent.

(a) The function f is continuous in S.

(b) For each element x* € S and each positive real number ¢ there is a positive
real number 6 which may depend on x* and € such that m(x, x*) < 6 implies
m'(f(x), f(x*)) < e.

(c) For each open subset U' of S' the set f~1(U") is open.

(d) For each closed subset U’ of S' the set f~1(U") is closed.
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If 6 in Theorem 1.2.8 does not depend on x* but only on €, then we call f uniformly
continuous on S. Trivially, each uniformly continuous function is continuous but not
vice versa as the example (R \ {0}, | - |), f(x) = 1/x shows.

Our next theorem combines continuity and compactness.

Theorem 1.2.9. Let (S, m), (S', m') be metric spaces, T < S compact and f: S — S’

continuous.

(@) Theimage Ry(T) is compact.

(b) The function f is uniformly continuous on T.

(c) If (S',m") = (R, |-|), then there are elements x, x € T such that f(x) = minyer f(x)
and f(x) = maxyer f(x).

The simple proof is left to the reader.
We conclude this section by the definition of Lipschitz continuity.

Definition 1.2.10. Let (S, m), (S', m') be metric spacesandlet f: S — S'. If thereisa
constant a > 0 such that
m(f(x), f(y)) < am(x, y)

holds for all x, y € S, then f is called Lipschitz continuous with the Lipschitz con-
stant a.

Trivially, contractions are Lipschitz continuous but not vice versa. Lipschitz continu-
ous functions are uniformly continuous; cf. Exercise 1.2.8.

Exercises

Ex. 1.2.1. Let (S, m) be a metric space. Show that (S, am) with a € R* is a metric space,
too.

Ex. 1.2.2. Show that m(x, y) = |x — y| is a metric on R and m(x, y) = maxj<ij<a|Xi — il
is a metric on R".

Ex. 1.2.3. Show that m(x, y) = 0 if x = y and m(x, y) = 1 otherwise is a metric (the
so-called discrete metric) on any nonempty set S. What do the open balls look like,
what do the closed ones look like? Which are the open resp. closed sets?

If S contains at least two elements show that B(x, 1) = B(x, 1) ¢ B(x, 1) = S holds,
where B is defined in Definition 1.2.2.

Ex. 1.2.4. Show that g([x], [y]) = max{|x — Xl’ |x — y|} is a metric on the set IR of all
nonempty, closed, bounded intervals [a] = [a, a] of R.
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Ex. 1.2.5. Let S be the set of all nonempty compact subsets of R and let X, Y € S. Show
that

qX,Y) = max{supmflx yl, supmflx yl}
yey xeX

is a metric on S, the so-called Hausdorff metric.

Ex. 1.2.6. Show that in a metric space a compact set is closed and bounded.
Let ¢2 be the set of infinite sequences (ai), a; € R, which satisfy (370, a
Show that m(x, y) = (3, (xi - yi) ) is a metric on £2.
Fix a = (a;) € €2 and define A to be the set with the elements

)1/2<oo.

x® =(ay,..., a1, a+1,ap41,...), k=1,2,....
Show that A is a closed and bounded subset of £2 but not a compact one.
Ex. 1.2.7. Show that the function y = f(x) = v/x is not Lipschitz continuous on [0, 1].

Ex. 1.2.8. Show that Lipschitz continuous functions are uniformly continuous.

1.3 Normed linear spaces

Whereas for metric spaces no algebraic structure is assumed, we start now with linear
spaces V over the scalar field R or C with the usual symbols for the operations. Recall
the symbol K € {R, C} from Section 1.1. We first define a mapping | - || similar to a
metric which in fact induces a metric by using one of the algebraic operations.

Definition 1.3.1. Let V be a linear space over K and let || - ||: V — R be a mapping
with the following properties for all x,y € V and all a € K.

x| >0 with |x| = 0ifand onlyif x = 0 (1.3.0)
lexll = lal lix (1.3.2)
lx + vl < lixll + Dyl (1.3.3)

Then | - || is called a (vector) norm on V and (V|| - ||) is called a normed linear space. If
the norm is obvious and of no particular importance, we also call V a normed linear
space.

Property (1.3.1) is called definiteness, (1.3.2) homogeneity and (1.3.3) triangular in-
equality.

Replacing x in (1.3.3) by x — y vields |x|| - [ly] < lx - y|; interchanging the roles
of x and y and combining the result with the preceding inequality leads to

HixlE =1yl < lix =yl

which shows that the norm is a continuous function.
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An example of a normed linear space is (R, | - |) with the usual absolute value
| - . The linear space R" as well as C" can be normed by the maximum norm | x| =
max{|x;| | i=1,...,n}and by the I, norms |x||, = (Z?:llxilp)l/p, p = 1, among them
the l;-norm ||x|l; = Y}, |x;| and the Euclidean norm |x||, = (Z{':llx,-lz)l/z.

It is easy to see that m(x, y) = ||x — y|| is a metric. In this way each normed linear
space is a metric space in a canonical way. If we speak of convergence or continuity in
a normed linear space, we always use this terminology with respect to the canonical
metric. Normed linear spaces which are complete with respect to this metric are called
Banach spaces.

A particular class of normed linear spaces are the finite dimensional ones since
for them each norm generates the same topology, i.e., the same open sets, as we are
going to see. To this end we need the following lemma which also shows that in finite
dimensional spaces convergence is equivalent with componentwise convergence.

Lemma 1.3.2. Let bl, ..., b" be linearly independent elements of a vector space
(V, || - II) over K . Then there is a positive constant u such that

1|+ + |an| < pllarbt +--- + ayb"| (1.3.4)
for all numbers aq, ..., a, € K.

Proof. The equality holds with any u > 0 if all a; are zero. Therefore, we assume that
at least one of them differs from zero. Let

y= inf Jaibt+---+ayb"|.
Z?=1|ai|:1

Then y > 0, and there is a vector sequence (y©¥) with
SIRCTSIER I ()
y© =Y b, YlaI=1, and lim ly@)=y.
i=1 i=1 -

Since the numbers al(.k), k=1,2,... are contained in the compact set B(0, 1) (with

respect to (K, | - |)) there is a subsequence (al(.k’) 1 which converges to some ;. This

holds foreach i = 1, ..., n. W.l.o.g. we can assume that k; is independent of i. Then
Y 1Bil =1, hence x = ¥, Bib' # 0 and ||x|| > 0. With limy—c ly*]| = |Ix|| = y we get

1 n
1< = flagh! +---+ apb™| for ) |ai| = 1.
Y i=1
Replace a; by a;/ Y. |a;| in order to end up with (1.3.4) choosing y = 1/y > 0. O

Definition 1.3.3. Twonorms | - | and || - |’ on a linear space V are called equivalent if
there are positive constants a,  such that

!
allx|l < lIx|” < BlixI

holds forall x € V.
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Equivalent norms have the advantage that they generate the same open sets and there-
fore the same topology. Sequences which are convergent with respect to one norm are
automatically convergent with respect to any other equivalent norm. For finite dimen-
sional linear spaces, and, therefore, for R", C", we are going to show that all norms
are equivalent. This proves our remark preceding Lemma 1.3.2.

Theorem 1.3.4. All norms on a finite dimensional vector space V are equivalent.

Proof. Let {b1, ..., b"} be abasis of V and
n . . .
— 'bl, - bl R ! — bl I’
p f:zlal y=max|b'l, ' = max|b|

where | - ||, || - || denote any two norms on V.
Using Lemma 1.3.2 with the constants u and u’, respectively, we get

n

n
Il < Y laal 167 < y Y lail < ' Ix)’

i=1 i=1

n n
<y’ Ylail D' < yy'u" Y lail < yy'ppdIxll.
i=1 i=1

The equivalence follows with a = 1/(yu'), B =y'u. O
Now we introduce a partial ordering on R".

Definition 1.3.5.

(a) For x € K" we define the absolute value |x| = (|x;]) € R".

(b) For x,y € R" we define the partial ordering x <y entrywiseby x; <y;,i=1,...,n.
Similarly, we define x > y. If strict inequality holds for all components we write
x <y,and x >y, respectively. If x > 0, we call x nonnegative, and positive if x > 0.

The relation ‘<’ is a partial ordering in R" but not a total one as can be seen by the
vectors (1, 2)7, (2, 1)T € R?, which are not comparable with respect to ‘<’.
We introduce this new terminology into norms.

Definition 1.3.6. A vector norm | - | on K" is called
(a) Absolute if |||x]||| = ||lx|| holds for all x € K".
(b) Monotone if |x| < |y| implies |x|| < [ly| for all x, y € K".

The maximum norm and the I, -norms are absolute and monotone norms. The norm
lxll = | Ax|loo With A = ( { *(1)) is neither absolute nor monotone as can be demonstrated
by the vectors x = (1,-2)T, and x = (0, 3)T, y = (2, 4)T, respectively.

The next theorem shows that both properties are equivalent.

Theorem 1.3.7. A vector norm || - || on K" is absolute if and only if it is monotone.

Proof. Let || - | be monotone and apply || - | to -|x| < x and to x < |x| in order to prove
| - | to be absolute.
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For the converse let | - || be absolute and |x| < |y|, x, y € K". Consider x(V(s) =
(s, X2, ..., xn)T, s € K. For |s| < |t| there is a real number a € [0, 1] such that
xD(Is]) = axM(-[t]) + (1 — a)xDV(|¢]), whence [xD(s)] = [IxV(IsDIl < allxD(-[¢)] +
1 = ) IxXVADI = IxVeD) = IxP(8)]|. Choose s = x; and t = y; which implies
x < xD(yy) = (y1, X2, . .., xp)T. Repeat the steps with x?(s) = (y1, 5, x3, ..., xn)T
s € K. Choose s = x;, t = y,, whence x(V(y1) < x?)(y,). An inductive argument finally
generates the components of y successively and concludes the proof. O

>

The linear space of n x n matrices can easily be equipped with a vector norm by con-
sidering K. It is usual, however, to add a fourth condition on matrix norms | - |,
namely the submultiplicativity

IA- Bl < Al - B (1.3.5)

This property is required for matrix norms in the whole book. If || - || is a vector norm
of K" one obtains immediately a matrix norm for A € K™" by defining

[l AX]|

Al = .
xexn\joy x|l

(1.3.6)
In this case the matrix norm is called the operator norm generated by the vector norm
[l - I. Notice that we use the same symbol both for the vector norm and the correspond-
ing operator norm. Since in finite dimensional linear spaces ‘compact’ and ‘closed and
bounded’ are equivalent and since x/| x| is a unit vector, one can replace the supre-
mum on the right-hand side of (1.3.6) by the maximum. Moreover, it is sufficient to
consider the right-hand side only for elements of the unit sphere.

The reader should show that the maximum norm | - ||, for vectors generates the
row sum norm ||A[ s = max{ Z}lzllaijl |i=1,...,n},the l;-norm induces the column
sum norm ||Al; = max{ ¥ ,|a;| |j=1,...,n}, and the Euclidean norm | - | yields

the spectral norm ||A|; = \/p(AHA), cf. Exercise 1.3.2, where here and in the sequel

p(A) = max{|A| | A eigenvalue of A}

denotes the spectral radius of a square matrix A € K™, Obviously, [|Al, = \p(ATA)
for A € R, If S is a regular matrix then |x|s = [|S~ x|« is a vector norm which
generates the operator norm ||A||s = ||S"1AS|l«; cf. Exercise 1.3.3. Since each operator
norm fulfills || = 1, it is clear that the Frobenius norm ||Allr = (31, Z}’zl |a,-,-|2)1/ 2
is a matrix norm, but not an operator norm. Later on we will frequently use a vector
norm | - ||s with a particular matrix S which is generated by means of a positive vector.

Definition 1.3.8. With 0 < z € R" define the diagonal matrix D, = diag(z1, ..., 2zn) €
R™"_ Then
Ixllz = 1D;* Xlloo (1.3.7)

and
A, = IID;IADZIIoo- (1.3.8)
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Clearly, the vector norm || - ||, is absolute and monotone with | z|, = 1, and the matrix
norm || - |, is the associated operator norm.
It is easy to see that a general operator norm satisfies the inequality

IA - x|l < Al - lIx]l. (1.39)
This leads to the following definition.
Definition 1.3.9. Let || - |' be a vector norm on K" and | - || a matrix norm on K™, If
1A - xI" < Al - Ix1'
holds we call the matrix norm compatible with the vector norm.

According to (1.3.7) each operator norm is compatible with its generating vector norm.
The Frobenius norm is compatible with the Euclidean norm although it is not an op-
erator norm; cf. Exercise 1.3.4. In particular, it is not generated by | - ||,.

For any matrix norm | - || one can find a vector norm || - |" with which | - || is com-
patible. Simply define ||x|’ = ||(x, 0, . . ., 0)| for vectors x, where the zeros denote zero
columns. The submultiplicativity (1.3.5) of matrix norms ensures the compatibility.

We will now prove a standard estimate for the spectral radius p(A) of a matrix
A e K™,

Theorem 1.3.10. Let A € K™" and | - | be a matrix norm on X"™", Then the spectral
radius p(A) of A satisfies
p(A) < |A]. (1.3.10)

Proof. Let || - ||" be a vector norm on K" with which the given matrix norm on K™" is
compatible.

Case K = C: Apply the vector norm to the equation Az = Az, z € C, ||z|' = 1 in
order to get |A| = |A| |z]” = |Az|' < || A]l |lz]" = |lA]l. The assertion follows immediately.

Case K = R: First notice that now the matrix norm of the theorem and the above-
mentioned construction || - |' of a compatible vector norm refer to real quantities while
the eigenvalue/eigenvector equation involves complex entries. Therefore, define ||z||’ =
IRez||" + |Im z||’ for z € C" and consider C" as vector space over R instead of C. (This
is necessary in order to prove the homogeneity of | - | in the new space.) Then || - | is
a norm which is compatible with the real matrix norm | - ||, and the ideas above with
lzl" = 1 and 6 = —arg(A) for A # O yield

AF = ARz = ARz ) = e*0Akz) = [ek0Akz|" < |Alx ez
= | A% (Ilcos(k6) Re z — sin(k0) Im z||" + ||sin(k6) Re z + cos(k6) Im z||")
<21Al%, k=1,2,.... (1.3.11)
Assume that |A| > |A| holds. Divide (1.3.11) by |A|X. Then the left-hand side is one while

the right-hand side tends to zero if k tends to infinity. This contradiction concludes the
proof. O
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The example A = (1, 0)7(0, 1) shows that there are matrices for which equality can
never hold in (1.3.10). In Section 1.7, however, we will see that there are matrix norms
[l - Il such that ||A|| approximates p(A) arbitrarily well.

Exercises

Ex. 1.3.1. Let || - | be any vector norm on K". Show that the operator norm defined in
(1.3.6) is a matrix norm on K™",
Hint: Use results of Section 1.8.

Ex. 1.3.2. Show that the Euclidean norm on K" generates the spectral norm |A], =
\p(AHA) on R™", In addition, prove |AZ|, = |Al, and |UA|, = [|AU||; if U € K™"
is a Hermitian matrix.

Hint: Use basic results of linear algebra; see for instance Section 1.8.

Ex. 1.3.3. Let S be a regular matrix. Show that [x|s = [|S~1x|l« is a Vector norm on R"
which generates the operator norm ||A|s = [|S"*AS|ls, on R™",

Ex. 1.3.4. Prove the following properties of the Frobenius norm || - || for A € R™",
(a) Itis compatible with the Euclidean norm || - |, on R".

(b) It can be represented as
1

a
AllF = : ,
n
a 2
where a' = A.i,i=1,...,n,and where | - |, denotes the Euclidean norm on

2

R™.
© IAlF=IAT|F.
(d) |UAlF = |IAU|F = |Allf if U € R™" is orthogonal.
Hint: Use (b) and (c).

1.4 Polynomials

In this section we consider polynomials p and some of their properties. Our first result
shows that the zeros of a polynomial p depend continuously on the coefficients of p.

Theorem 1.4.1. Let the polynomial p be defined by
n .
p) =p(;ao,...,an) =Y ax, ap,#0,n=1,
j=0

and denote its zeros by x; = xj(ag, ..., ay), i = 1, ..., n (counted according to their
multiplicity).
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(a) The zeros of p depend continuously on the coefficients ay.
(b) Asimplezero x;, = x;,(ao, - . . , an) of p is infinitely often continuously differentiable
with respect to the coefficients ay. One obtains

k k
axio(a()’ M) an) _Xio _Xio

oay an [T (o —xi)  P'(x3,)’
i+l

k=0,1,...,n. (1.4.)

Proof. (a) Assume that the assertion is wrong. Then there is a positive real num-

ber ¢, an index io, coefficients aj, ..., ay, a, # 0, and a sequence of coefficients
(ag‘), . aqu));ﬁl such that for all k € IN the inequalities
o e _1

|a]' _aj|sl_(’ ]_0’1’ , N,
and

|X§k)—X?O| >g, i=1,...,n,
hold with ng) = xi(af)k), e, aﬁ,k)) and xlf‘o = Xj,(ag, .. ., ay). Let k tend to infinity in
the inequality

n
k k k k k
PG al’, ... ai)l =1a 1 ]I, - x(91 = a1 e,
i=1

Then we obtain the contradiction
0=Ip(x;;ag,...,apl= lay| €™ > 0.

(b) W.l.o.g. let ip = 1. Define the polynomial p(x, h) = p(x; ag, ..., a1, ax + h,
Qk+1, - - - » An) and denote its zeros by x;(h), i = 1, ..., n, with the indices such that -
with (a) - limp_,o xi(h) = X;, i =1, ..., n, holds. Then

n

an [ [(x2 = xi(h)) = 0 = p(x, h) = p(x1) = [(ax + h) — ar]xf,

i=1

whence for h + 0, |h| < 1, we get

x1(h) — x1 _ ‘le
h an [T, (1 - xi(h)”

Let h tend to zero. One sees at once that %&'"“”) exists, is continuous and fulfills
the first equality in (b). In order to prove the second one, differentiate the equation

p(Xl(GO, ) an)§ AQs « v oy an) =0
with respect to aj. Then

oxi(ao, ..., an)

k
0=x5+p'(x1) Sar

An inductive argument applied to (1.4.1) proves the higher smoothness. O
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Next we consider Weierstrass’ famous approximation theorem. To prove it we need the
following Bernstein polynomials.

Definition 1.4.2. The k-th Bernstein polynomial b, of degree n (with respect to the
interval [0, 1]) is defined by

bnr(x) = (Z)xk(l —x)"’k, x € R, n, k € Ng.

This definition shows that b, (x) is nonnegative when x is restricted to the interval
[0, 1]. Among the many additional nice results of Bernstein polynomials we use the
following ones.

Lemma 1.4.3. The Bernstein polynomials by satisfy

n

Y bu(x) =1, (1.4.2)
k=0
Y kbni(x) = nx, (14.3)
k=0
Z k2 bni(x) = nx(1 - x) + (nx)>. (1.4.4)
k=0

Proof. The first equality follows from

x+a)" = Z (n) xKak (1.4.5)

k=0 k

with a = 1 — x. Now differentiate (1.4.5) by x, then multiply by x and substitute a =
1 — x again in order to obtain (1.4.3). Finally, differentiate (1.4.5) twice with respect
to x, multiply by x? and substitute a = 1 — x once more in order to get

nin-1x% = z k(k = D)bpi(x) = Z k% bk (x) - nx,
k=0 k=0

whence the third equality follows immediately. |

Bernstein polynomials are often applied in computer aided geometric design (CAGD).
For the equations in Lemma 1.4.3 there is also a nice probabilistic interpretation: Let
A denote some event which occurs with probability x € [0, 1]. Then b,x(x) can be
viewed as the probability with which A occurs exactly k times in a Bernoulli chain of
length n. Thus for x € [0, 1] the vector (byo(x), by1(X), ..., byn(x)) can be interpreted
as the distribution vector of the binomial distribution with the parameters n and x.
Hence the first equation of Lemma 1.4.3 says that the total probability of the binomial
distribution is one (which is trivial). The second equation shows that the expected
value E of this distribution is nx, and if one subtracts E2 = (nx)? from both sides
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of (1.4.4) one ends up with the variance V = nx(1 - x). We will no longer pursue this
probabilistic interpretation but prove the following simplest version of the Weierstrass
approximation theorem.

Theorem 1.4.4 (Weierstrass — one-dimensional). Let f: [0, 1] — R be continuous.
Then for any positive real number ¢ there is an integer n such that the polynomial py,
defined by

pnlo) = Zf( ) it (146)
satisfies
If = Pnllco = Jax If(x) - pn(¥)| < &.

If f is defined on the more general interval [q, b], a < b, the assertion holds with the
summands in (1.4.6) being replaced by f(a + (b - a)) bpj(=2).

Proof. Since f is uniformly continuous on the compact set [0, 1] we can associate with
any € > 0 areal number § > 0 such that for any real numbers x, x’ with |x — x'| < §
we have [f(x) - f(x")] < /2. Fix x € [0, 1] and define the index sets

_L <6}’
n

1 26}.
n

With M = maxo<«x<1|f(x)] and repeated application of Lemma 1.4.3 we get

N’:{je{O,l,...,

N":{je{o,l,...

100~ pa0l < 3 Jf) - £(L)| b0
j=0
<y f()d—f(%) b+ Y (|fx>|+ f< )Db’”(")
jeN' jeN"
i\2
n X L
§an,(x)+zM Y byi(x)- ( 6")
j=0 jenN" "——-;I—-‘
n s\ 2
§§+ iﬂf;)bm(x) [x —2xi+<%> ]
J=
e 2M X
:E+F[ 2x° +x +H(1 x)]
JELIM T e £
T2 8 4n”2 2

independently of x € [0, 1] and N', N”, provided that n > 62 . This proves the theorem
for the interval [a, b] = [0, 1].

For general intervals [a, b] set x =a + t(b — a), t € [0, 1], and apply the preceding
results to the function f(t) = f(a + t(b — a)) with t € [0, 1]. O
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Now we generalize our results to the multidimensional case.

Theorem 1.4.5 (Weierstrass — multidimensional). Let f: D — R be continuous on the
m-dimensional unit cube D = [0, 1]™. Then for any positive real number ¢ there is an
integer n such that the multivariate polynomial p, defined by

D) = PalXt, - - Xm) = Z Zf(“ oo 2 by ) by () (147)

satisfies
If = Pnllco = max|f(x) — pa(x)| < e.
xeD

If f is defined on the more general m-dimensional rectangle D = [a1, b1] x [a2, b>] x
X [am, bm], ai < b, the assertion holds with the summands in (1.4.7) being modified
analogously to Theorem 1.4.4.

Proof. Let D = [0, 1]™. By virtue of Lemma 1.4.3 the equality
n n
Z Z C - buj,(x1) +++ bj,, (Xm) = 1
j1=0 jm=0

holds for the following choices of (c, r): (c,r) = (1, 1), (c, r) = (ji, nxp), (c, r) =
(jlz, nxi(1 - x;) + (nx;)?). We proceed as in Theorem 1.4.4 using
< 6} s
2

(B

n n

oo (B Y’
n n

:{(jl,...,jm)e{o,l,...,n}m|

N”:{(jl,...,jm)6{0,1,---,n}m|

and replacing

i 2 . T 2 2
(x- 1) 1 j1 ]m) 1 ’"( ji
—52 by 5—2X—<—,...,7 2—51:21 Xl_H)
We finally obtain
m
1F00) = a0 < 5 z[ -2 g+ - x|
-1
e 2M 1 £ Mm 1
=27 24__5 267 n "%

=1

provided that n > 52

Our final version of Weierstrass’ approximation theorem reads as follows.
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Theorem 1.4.6 (Weierstrass — general). Let D < R™ be compact and f: D — R contin-
uous. Then for each € > O there is a polynomial p of the form

ng

POO =Dty Xi) = Y e Y @y XXX

j1=0 jm=0
such that
If = Pllo = max|f(x) - p(x)| < &.
xeD

Proof. Since D is assumed to be compact there exists an m-dimensional rectangle
I=[ai,b1] x---x[am, bm] which encloses D. We will construct a continuous function
h: I — R with .

max|f(x) - h(x)| < =.

maxlf(x) - hOol < 5

On I we will approximate h by a polynomial p according to Theorem 1.4.5 with

€
r{(lg;(lh(X) -p)| < 5

Then Theorem 1.4.6 is proved by virtue of

I?EaDXIf(X) -p(Xx)| < T&XIf(X) - h(x)| + n}g;(lh(X) -pX)|

<£+€—£
2 27 7

In view of h we temporarily fix some y € D, choose z € D and define the function
g,: I > Rby
), if f(y) = f(2),
8:(x) = 1x = Ylloo

fy) + m f2) - f)], iffly) # f(2).

(Here [|X[loo = maxi<i<m|Xil.)
In each of the two cases g, is continuous in I and has the values

&) =f(y), 8:(2) = fl2).
Hence there is an open ball B(z, 6(z)) ¢ R™ (with respect to || - |-, e.g.) such that
g,(x) < f(x) + ; forall x € B(z; 6(z)) n D.

Trivially, D < |J,cp B(z, 6(2) ). Since D is compact there are finitely many elements
z1, ...,z of D with D < UX, B(zi, 8(2:)). The function

hy(x) = min{g,, (x), ..., g, (x)}
is continuous on I and satisfies

hy(x) < f(x) + forall x € D.

N| M
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By virtue of hy(y) = f(y) there is an open ball B(y, S(y) ) such that
hy(x) > f(x) - ; for all x € B(y, 6(y)) n D.

By a similar argument as above there are finitely many elements y1, ..., y; € D with
Dc U§:1 B(yi, 6(y1)). Define the continuous function h by

h(x) = max{hy, (x), ..., h,(x)}, xel.
Then for all x € D the double inequality
£ £
fOo) - 5 < h(x) < f(x) + 5

holds, which proves the approximation property of h. |

The polynomial in the Weierstrass theorem approximates f(x) but does not necessar-
ily coincide with f(x) somewhere in D. Things change when considering the so-called
Hermite interpolation which contains the classical polynomial interpolation as a par-
ticular case.

Theorem 1.4.7 (Hermite interpolation). Let f € C™1(D), where D is an open subset of
R and m is some nonnegative integer. Let xg, . . . , Xn € [x] C D be pairwise different and
let mo, ..., my be positive integers which satisfy

n
m+1:2m,~.
i=0

Then there is a unique polynomial p,, of degree at most m such that
pP0) = fP%x), j=0,...,mi-1,i=0,...,n. (1.4.8)
For each element X € [X] there is a number X € [x] such that

1
(m+1)!

n
fX) = pm(X) + FD &) [ [ - x)™. (1.4.9)
i=0
Proof. First we prove the uniqueness. To this end assume that there are two polyno-
mials p;,, pm of degree at most m with p,, # pn,. Then the degree of the polynomial
q = Pm — Pm is at most m, but g has at least m + 1 zeros xg, ..., X,, if these are
counted according to their multiplicity. Hence g = 0 which contradicts p;; # Ppm.

In order to show existence we start with p,, = Z?lo a;x'. Then the conditions (1.4.8)
lead to a linear system Az = b, where z = (ao, ..., am)’, where A isa square matrix
which is independent of f, and where the components of the vector b consist of the
values of the right-hand side in (1.4.8) in some order. We first assume f = 0 which
implies b = 0. Then Az = b has the solution z = 0 which is unique as we have already
proved. Therefore A is regular, hence Az = b is (uniquely) solvable for b # 0, too.

[vww.ebook3000.con}



http://www.ebook3000.org

1.4 Polynomials = 19

In order to prove (1.4.9) we first remark that this equality certainly holds for x = x;.
Therefore, we may assume X € [x] \ {xo, ..., Xn}. Consider

r(x) = fx) = pm(0) - c [ JOx = x)™,
i=0

where the constant c is chosen such that r(x) = 0. Then xo, ..., X;, X are m + 2 zeros
of r if one takes into account multiplicities. Hence the generalized Rolle theorem guar-
antees a number x; € [x] such that r'™*1(x;) = 0, whence 0 = f"*D(x¢) — c(m + 1)!
follows. Solving for ¢ proves the assertion. |

The Hermite interpolation polynomial in Theorem 1.4.7 can be constructed explic-
itly — see Stoer, Bulirsch [348], pp. 52-57. If not all successive derivatives of p,, are
prescribed by (1.4.8) (while decreasing m correspondingly) one speaks of Birkhoff in-
terpolation. For this generalization the assertion of Theorem 1.4.7 may be false; cf.
Exercise 1.4.2.

Exercises

Ex. 1.4.1. Show that the polynomial in (1.4.8) can be represented as
n m; .
pm(0) =) Y fP0a)Ly,
i=0 j=0

where the generalized Lagrange polynomials L;; are defined by means of

—v:y n — myg
lij(x)z(x]_'x’)n(x Xk) , 0<i<n, 0<j<m,

,;;? Xi — Xk
as
Lim-1(x) =lim-1(x), i=0,...,n
and recursively for j =m; -2, m; - 3,...,0 by

m,-—l
L) = 00 = Y. 18906 Li ).
k=j+1

Hint: Show by induction Lg()(xe) = 6ieljk.

Ex. 1.4.2. Show that there is no unique polynomial p of degree at most two which
satisfies p(-1) = p(1) = 1 and either p’(0) = 0 or p'(0) = 1.
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1.5 Zeros and fixed points of functions

Many problems in applications, but also proper mathematical problems such as dis-
cretizations of partial differential equations finally lead to systems of equations which
always can be written as a zero problem

fx)=0 (1.5.1)

or —inthecase f: D ¢ R" — R" sometimes more appropriate — as an equivalent fixed
point problem
g(x) = x. (1.5.2)

Therefore, it is interesting to know when a function has a zero, and a fixed point,
respectively, and then to compute it or at least to enclose it by some simple kind of
set. The current section primarily studies the existence of zeros and fixed points. We
will present a variety of theorems in this respect which are not always standard in
introductory courses of analysis. In later chapters these theorems form the outset of
tests for verifying zeros and fixed points within boxes, i.e., n-dimensional rectangles.
The proofs of these theorems will be relatively simple if one introduces the concept of
mapping degree. Since such an introduction is very lengthy, we restrict ourselves to
the definition of the degree following the way in Ortega, Rheinboldt [267]. Then we list
without proof the essential properties necessary to derive the crucial facts to follow.

In the whole section we assume that D is a Jordan measurable subset of R", i.e.,
the Riemann integral [, 1 dx exists.

Definition 1.5.1.
(a) Letf: D cR® — R™. Then the set

supp(f) = {x | f(x) #0}n D

is called the support of f.
(b) Given a > O the set W, consists of all functions ¢ with the following properties.
@) ¢ € C([0,00), R),
(i) supp(¢p) < (0, al,
(iii) [, @(xl2)dx = 1.

Notice that in Definition 1.5.1 (b) for each element ¢ € W, there is some § € (0, a] such
that ¢(t) =0if t ¢ [§, a]. Therefore, the range R" of the integral in (iii) can be replaced
by the ball B(0, a).

Next we introduce the degree integral by means of which we can finally define the
mapping degree.

Definition 1.5.2. Let D, E be open and bounded subsets of R" with D C E. Let f e
C(D,R"),y e R", f(x) # y forall x € 0D, 0 < & < min{|[f(x) - y|l, | x € oD}, @ € W,.
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(a) For f € C1(E, R") we define the mapping ¢: R" — R by

o, otherwise

200 - { PUF0) - ylo) detf'(x), x €D

and the degree integral
d,(F, D, y) = j b (x) dx.
]R'l

(b) The (topological) mapping degree of f at y with respect to D is defined by
deg(f, D, y) = lim dy(fx, D.y).

where the functions fi, k=1, 2, .. ., satisfy fx € C1(E, R") and limy_,ollfx - fllp =
0 with ||glp := max, 5lg()l>.

With some effort it can be shown that the definition of the mapping degree does not
depend on the choice of a nor on the particular choice of ¢ € W,, nor on the partic-
ular choice of the approximating sequence (f). So it is well-defined and apparently
coincides with the value of the degree integral if f € C1(E, R"). Moreover, it can be
proved that it is an integer. Out of its many additional nice properties we only mention
the following without proof, where we no longer mention the set E of Definition 1.5.2
which comes into play for the functions fi in (b) only. It guarantees the existence of
dy(fx, D, y) since then det(f,i(x)) is bounded in D.

Theorem 1.5.3 (Properties of the mapping degree). Let D < R" be open and bounded
and f € C(D, R"). Moreover, let y € R" be such that f(x) # y for all x € oD.
(@) Iff € CL(D,R") has a nonsingular Jacobian f'(x) at all points x € D where f(x) =y,
then
deg(f, D,y) = ) sign(detf'(x)),

xeD,

fx)=y
where the sum turns out to have only finitely many summands.
(b) If h: [0,1] x D — R" is continuous and h(t, x) # y for all t € [0, 1] and for all
x € 0D, then deg(h(t, -), D, y) does not depend on t.
(c) Ifdeg(f, D,y) # 0O, then there exists an x € D such that f(x) = y.
(d) Let D be symmetric with respectto O (i.e., x € D & —x e D) andlet 0 € D. If f is
odd, i.e., f(-x) = —f(x), and if O ¢ f(oD), then deg(f, D, 0) is odd.

Now we are ready to address the main results of this section.

Theorem 1.5.4 (Borsuk). Let D < R" be open, bounded, convex and symmetric with re-
spect to some xo € D(i.e., xo + x € D implies xo —x € D). Let f € C(D, R") and assume
that

flxo +x) # Af(xg —x) forallA > 0 and forall xo + x € dD. (1.5.3)

Then f has a zero in D.
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Proof. W.l.o.g we can assume xo = 0. (Otherwise consider the function g(x) = f(xo +
x).) If f(x) = O for some x € 0D we are done. Therefore, we assume from now on that
0 ¢ Ry(oD). We define the function h by h(t, x) = f(x) — tf(-x), 0 <t <1, x € D.
Then h(0, x) = f(x) and h(1, x) = f(x) — f(-x). In particular this latter function is
odd. For x € oD we have h(t, x) # 0. For t = 0 this follows from the assumption
0 ¢ Rr(oD) and for ¢ € (0, 1] the assumption h(¢, x) = 0, x € 0D leads to f(x) = tf(-x)
contradicting (1.5.3). Therefore, Theorem 1.5.3 (b)-(d) guarantees that deg(f, D, 0) =
deg(h(0, ), D, 0) = deg(h(1,-), D, 0) # O holds and that f has a zero in D. O

Theorem 1.5.5 (Leray-Schauder). Let D ¢ R" be open and bounded with O € D and let
f € C(D, R") satisfy

f(x) # Ax  forall A > 1 and for all x € oD. (1.5.4)
Then f has a fixed point in D.

Proof. With h(t, x) = x — tf(x), 0 < t < 1, x € D we obtain h(0, x) = x #+ 0 on 0D since
0 € D by assumption and since D is open. Moreover, assume that h(1, x) = x - f(x) # 0
holds on oD since otherwise we are done. For t € (0, 1), the assumption h(t, x) = 0,
x € oD leads to f(x) = (1/t)x contradicting (1.5.4). Hence Theorem 1.5.3 (a)—(c) yields
deg(h(1,-), D, 0) = deg(h(0, -), D, 0) = 1 # 0 and the existence of a fixed point. [

Notice the following equivalent formulation of the preceding fixed point theorem;
cf. Exercise 1.5.2.

Theorem 1.5.6 (Leray—Schauder). Let D € R" be open and bounded with 0 € D and let
f € C(D, R") satisfy

f(x) + Ax forall A > 0 and forall x € dD. (1.5.5)
Then f has a zero in D.

Now we present Brouwer’s fixed point theorem for continuous self-mappings of the
n-dimensional closed zero-centered unit ball B(0, 1).

Theorem 1.5.7 (Brouwer — unit ball). Each function f € C(B(0, 1), B(0, 1)) with B(0, 1) <
R" has a fixed point.

Proof. Let D = B(0, 1) and define h(t, x) = x — tf(x), 0 < t < 1, x € D. For ||x|» = 1
and t € [0, 1), we obtain [[A(t, X)l> = x> - tIf(x)l2 =1 - ¢ > 0. For t = 1, we can
also assume h(1, x) # 0 on 9D since otherwise the theorem is proved. The proof now
terminates by virtue of deg(h(1, -), D, 0) = deg(h(0,-),D,0) =1 # 0. O

Two elementary proofs of Brouwer’s fixed point theorem can be found in Appendix B.
One is based on the multidimensional transformation rule and does not use the map-
ping degree. The second one applies to the Sperner lemma.

Notice that the Leray—-Schauder fixed point theorem, too, implies Brouwer’s
fixed point theorem for the unit ball. To see this choose D = B(0, 1) and let f €
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C(B(0, 1), B(0, 1)). If f(x) = Ax for some A > 1 and some x with |x|l> = 1, then we get
the contradiction 1 > ||f(x)ll2 = |A] [x]l2 = IAl.

Conversely, if one requires the domain D of the Leray—-Schauder fixed point the-
orem to be itself a ball, say D = B(0, p), this theorem can be easily deduced from
Brouwer’s fixed point theorem: Assume that f € C(D, R") does not have a fixed point
in D. Then the function f with

flpx) — px

WE N 1 »° E Oy 1 ’
) —pxly” X < BOD

foo =

is well-defined and maps B(0, 1) continuously into itself. Hence it has a fixed point

x*. Clearly, ||x*|l = I[f(x*)|2 = 1 hence px* € oD. From x* = f(x*) we finally obtain
flox*) = (1 + |Ifiox*) — px*|2/p) px* which contradicts (1.5.4).

Now we generalize Brouwer’s fixed point theorem to general compact convex sets.

Theorem 1.5.8 (Brouwer — general). If D ¢ R" is a nonempty, convex and compact set
then each function f € C(D, D) has a fixed point.

Proof. We first enclose the set D by a closed ball B(0, p). Since D is compact the non-
negative number yx = min,cpllz — x||, is defined for every x ¢ B(O, p). Moreover, by
the same reason there is a point z, € D such that |zx — x|2 = yx. Assume that there is
another point Z, with the same property. Then

. R Zy+ 2
l2x = 2ll3 = 2 iz = X113 + 2 12 x5 — 4| =5 ~
2
Zy+ 2 2
=4y2 4| 222 x| <ayl-ay?=o, (1.5.6)
2

whence z, = Z,. Notice that for the inequality in (1.5.6) we used that the midpoint of
(zx + 24)/2 is an element of the convex set D.

We consider the function g: B(0, p) — D with g(x) = zy. For x, X € B(0, p) we get
Vx < lzz = xll2 < v + X — x|I2. Interchanging the roles of x and x and combining both
double inequalities finally leads to

lyx =¥zl < lIx = xl2. (1.5.7)
Analogously to (1.5.6) we find
lzy — zzll3 < 2y% + 2 l|zz — x[13 - 4y2 < 2(yz + 1% - x|2)? - 2y2.

Together with (1.5.7) this shows that g is continuous and so is the function h: B(0,1)
— B(0, 1) with h(x) = f(g(px))/p. According to Theorem 1.5.7 the function h has a
fixed point x* € B(0, 1), whence px* = f(g(px*)) € D. Since g restricted to D is the
identity, the point px* is a fixed point for f in D. O

Next we will consider Miranda’s theorem for zeros of continuous functions in boxes.
It turns out that this theorem is equivalent to Brouwer’s fixed point theorem.
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Theorem 1.5.9 (Miranda). Let [a] = [a1, a1] X ... X [adn, an] C R" and let f = (f;) €
C([a], R™) satisfy

fi(Xl, e Xic1, Ais Xigls e e e an) <0, fi(X19 cees Xi-1, ai) Xitls oo :Xn) 20 (1-5'8)

forall x; € [aj,a;],j=1,...,n,j+i,andforalli=1,...,n. Then f has azeroin [a].
This assertion remains true if for arbitrary coordinate functions f; the two inequality
signs in (1.5.8) are reversed simultaneously.

Before we prove this theorem we illustrate the assumptions in the two-dimensional
case (Figure 1.5.1).

X= (x1,x2)T
X2
f,(0=20
Gyt————-
i =<0 [a] fix) 20
Ga1====- | |
| () =<0 |
I I
I I
I I
T _l
0 a ay X1 Fig.1.5.1: Miranda’s theorem in R2.

Proof. First we assume that a; < @; holds for all i and that (1.5.8) holds with strict
inequalities.

Define S{ = {x € [a] | fi(x) > 0} and S; = {x € [a] | fi(x) < 0}. Since f is continuous,
fi(x) remains negative near the facet {x | x € [a], x; = a;} of [a]. Hence & = inf{|x; - a;] |
x € S7} is positive, and analogously 6; = inf{|x; — a;| | x € S7} > O (cf. Figure 1.5.2).

o1
-
ST
fix)<0 f1x)>0
St
4—_»
0 Fig. 1.5.2: Illustration of ST in R2.

Let m; = minye[q) fi(x) (< 0), M; = maxye[q fi(x) (> 0) and choose ¢; such that

e [0 8
<g <min{-—+, L1,
l m; M;
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The function g: [a] — R" defined by gi(x) = x; — € fi(x), i=1,...,n has the following
properties for x € [a]. If @; - §; < x; < a; the values of f;(x) are nonnegative, hence
gix)<xij<a;. lfai<x;<a;-6; wehave gij(x)<a; - 6; —&;-m;<a;-6; + m—‘l -m; = aj.
By considering the cases a; < x; < a; + 6§ and a; + 6] < x; < a; we similarly get
gi(x) > a;. Hence g € C([a], [a]) and Brouwer’s fixed point theorem ensures a fixed
point x* of g which turns out to be a zero of f.

Next we keep the restriction a; < a;, i=1,...n, and consider the general assump-
tion (1.5.8).

With a = (a + a)/2 define hf.‘(x) =filx)+ (xj - aj)/k,i=1,...,n, k € N. Then
hi.‘(x) < 0 for x; = g; and hf.‘(x) > 0 for x; = @;. Hence each function h* has a zero
x¥ € [a]. Since [a] is compact there is a subsequence of (x¥) which converges to some
limit x* € [a]. It is easy to see that this limit is a zero of f.

Now we consider the degenerate case a;, = a;, for some index i.

The assumption (1.5.8) implies f;,(x) = O for all x € [a]. One can delete the iy-th
component in [a] and f and obtain the associated function

F = = = = 1T -1
fr(ay, ail..., [@ig-1, ig-1], [@ig+1> Aigs1] - - -, [@n, @n])" — R*

for which one can repeat the considerations above until one ends up with a function
f , which either satisfies f = 0 or satisfies the assumptions (1.5.8) with a; < a; for the
remaining indices i.

If the inequality signs are pairwise interchanged in (1.5.8), then apply the theorem
to the function g defined by

fi,  if (1.5.8) holds for i,
8i= O

—fi, otherwise.

We used Brouwer’s fixed point theorem in order to prove Miranda’s theorem. Now we
show that the latter theorem can be used in order to prove the first one. To this end
we first prove Brouwer’s theorem for the normalized n-cube [a] = [-1, 1]" c R". We
start with f € C([a], [a]) and define g = (g;) on [a] by gi(x) = x; — fi(x),i=1,...,n.
Apparently, the function g fulfills the assumptions of Miranda’s theorem, hence it has
a zero x* which is a fixed point of f.

Next we prove Brouwer’s theorem for the unit ball. We will extend f € C(B(0, 1),
B(0, 1)) continuously to the n-cube [a] above. Let y, be the unique element of the
intersection of o[a] with the ray from 0 through z € R" \ {0}. Define the continuous
function ¢: B(0, 1) — [a] by

lzl2yz, z#0
p(z) =
0, z=0.
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This function has the inverse function ¢~! which can be represented as

—, x#+0
(p_l(x) = 4 llyxll2

0, x=0

and which is continuous. Hence the continuous function f = ¢ o f o ¢! maps [a] into
itself and therefore has a fixed point x* € [a]. Then ¢~ (x*) is a fixed point of f in
€ B(0, 1).

a Fig. 1.5.3: Miranda’s theorem in R?.

Notice that the one-dimensional case in the preceding theorems on zeros of f leads
to a famous theorem of elementary analysis known as Bolzano’s theorem: By virtue
of convexity, D is a closed interval [a] = la, a@]. The assumptions (1.5.3) of the Bor-
suk theorem, (1.5.5) of the Leray—Schauder theorem and (1.5.8) of Miranda’s theorem
(cf. Figure 1.5.3) all mean that f(a) and f(a) cannot have the same positive, respectively
negative, sign and imply that then the continuous function f: [a] — R has a zero in
[a]. This is exactly what is assumed and stated in Bolzano’s theorem.

We close this section with the famous Newton—Kantorovich Theorem which guar-
antees convergence of the multidimensional Newton iteration

X = Xk - )T, k=0,1,.... (1.5.9)

Theorem 1.5.10 (Newton—Kantorovich). Assume that f: D — R" is continuously differ-
entiable on an open convex set D ¢ R". Denote by | - | any vector norm of R" and the
corresponding operator norm, respectively. Let § > 0, y > 0, n = 0 be some constants
and a = Byn. Define

1-v1-2 - 1+vV1-=-2
e a (1.5.10)

By By
and let the following conditions hold.

@ If'CO - 'Ol <ylx -yl forall x,y € D,

() I &)t < B,

(i) If ()OI < m,

(iv) a< i,

(v) B(x°,t) ¢ D.

t=
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Then the Newton iterates x* from (1.5.9) are well-defined (i.e., f'(xX) is nonsingular),
remain in B(x°, t) and converge to a zero x* € B(x°, t)of f.IfO < a < 1/2 this zero is
unique in B(x°, t) N D, if « = 1/2 it is unique in B(x°, t) = B(x°, t). In addition, the error

estimate
1

G Qa?, k=0,1,... (1.5.11)

lIxk — x| <

holds.

The lengthy proof of this theorem can be found in Appendix C. It is worth noticing that
there are some relations between variants of the Theorems of Newton—Kantorovich,
Borsuk and Miranda; for details see Alefeld, Frommer, Heindl, Mayer [21].

For the example f(x) = x?, x° = 1 Theorem 1.5.10 can be applied with f =1 = 1/2,
y = 2 whence a = 1/2 follows. This implies t = £ = 1, B(x°, t) = B(x°, t) = (0, 2)
and x* = 0 € d0B(x°, t) = 0B(xY, t). In particular, B(x°, f) does not contain any zero
of f. This is the reason why we have two cases for a in the uniqueness statement of
Theorem 1.5.10. For O < a < 1/2, we always have t < t. Therefore, B(x°, t) c B(x°, f)
and x* € B(x°, ) follow trivially in this case.

By virtue of 8 > 0, y > 0O, the particular case a = 0 is equivalent to n = 0 and to
t = 0. From (iii) one gets f(x°) = 0, and the Newton iterates x satisfy xk = x0 = x* ¢
B(x°, t) = [x°, x°]. Therefore, the existence statement of Theorem 1.5.10 and the error
estimate (1.5.11) are trivially true if & = 0.

Exercises

Ex. 1.5.1. Define f = (f1, f2)T: R? — R2 by f1(x) = 8x1, fo(x) = 8x, for x = (x1, x2)T €
R? and choose y = (0, 0)T. Let D be the open unit ball B(0, 1) centered at (0, 0)T and
define ¢: [0, c0) — R by

o(t) = %(t—l)(B—t), 1<t<3,

o, otherwise.

(a) Compute the support of f when f is restricted to D.

(b) Show that ¢ has the property of Definition 1.5.1(b) for a = 4.

(c) Compute deg(f, D, y) according to Definition 1.5.2(b) using fx = f, k=1,2,....
(d) Compute deg(f, D, y) using Theorem 1.5.3 (a).

(e) Check whether Theorem 1.5.3 (c), (d) is applicable with the data of the example.

Ex. 1.5.2. Prove the equivalence of the Theorems 1.5.5 and 1.5.6.
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1.6 Mean value theorems

In elementary courses on analysis one learns that functions f: (a, b) — R that are at
least n + 1 times continuously differentiable can be represented as

f (XO) k n+ )('{) n+1
f(x) = z (x - xo) o D! (x - xo0) (1.6.1)
where x and xo can be chosen arbitrarily from (a, b) and ¢ lies between x and xq.
The first sum is called the Taylor polynomial, the last summand is the remainder term
of this so-called Taylor expansion. With n = 0 one obtains the mean value theorem

f00) = fxo) + f'(8) (x = xo), (1.6.2)

which still holds for functions f, which are defined on open, convex subsets D of R"
as long as their values lie in R. Here, the intermediate point ¢ lies on the line segment
connecting x with xq. If f maps into R™, m > 1, formula (1.6.2) no longer holds with
one and the same intermediate point ¢ as argument of the Jacobian f’. This can be
seen by the example f(x) = (cos x, sinx)”, x € R. For x = 27, xo = 0, one obtains
r, [—siné&
f2m) - f(0) = (0,0)" # ( cos &
for any ¢ € [0, 271] since |f'(§)|l> = 1. Therefore, one either must use n separate in-
termediate points ¢;, one for each component function f; of f in the general case, or
the analogue of (1.6.2) must look different. In fact, one can start with the equivalent
integral version of (1.6.2) which finally leads to the following mean value theorem.

) 227 = f'(&)(x - xo),

Theorem 1.6.1 (Mean value theorem). Let f: D — R™ be continuously differentiable
(i.e., f € C1(D)) on an open convex set D ¢ R". Defining
1

J(x,y) = Jf’(x+ tly -x))dt e R"™", x,yeD, (1.6.3)
0

by entrywise integration one gets J(x, y) = J(y, x) and
f(x) = flxo) = J(x, x0)(x — xo). (1.6.4)
The matrix J(x, y) depends continuously on x and y.

Proof. Define ¢;(t) = fi(x + t(y - X)), i, ..., n. Then

1 1
Fi0) — fi(x) = j<p§<t) dt = jf,-’(x FHY - X)) (y - X dt
0 0

which implies the assertion (1.6.4). Substituting s = 1 — t results in J(x, y) = J(y, x).
Since f' is continuous it is uniformly continuous on each common compact convex
subset S € D of x, y € D. Therefore the order of limit and integration can be inter-
changed which proves the continuity of J. O
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Next we show that continuously differentiable functions are Lipschitz continuous on
compact sets.

Theorem 1.6.2. Let f: D — R" be continuously differentiable on an open convex set
D <€ R" and let Dy € D be compact. If || - || is any norm on R", then there is a positive
constant c such that

IfC0) = fI < cllx =yl
holds for all x, y € Dy.

Proof. From (1.6.4) we get [|f(x) — fWI < IJ(x, ¥)II - IIx — yl, where we used the cor-
responding operator norm for the matrix J(x, y). By means of Riemann sums for in-
stance, one can see that |J(x, y)| < _[01 If'(x + t(y — x))|l dt holds. Since the last inte-
grand is continuous on the compact set Dy we can bound it by some constant ¢ > 0
independently of x, y € Dy. This concludes the proof. O

1.7 Normal forms of matrices

Normal forms of matrices are representatives of larger classes of matrices. They show
particularities of these classes which otherwise are hidden. Examples of normal forms
are named after Jordan, Schur, Smith or bear names like reducible normal form or
cyclic normal form. Sometimes they are also referred to as canonical forms. Some of
these forms are used in this book and will be recalled in this section and in Section 1.9.

We start with the well-known Jordan form which is used, e.g., in connection with
eigenvalues and powers of matrices.

Theorem 1.7.1 (with definition; Jordan normal form). For each matrix A € K™" there

are integers m, ny, ..., hy, € N and a regular matrix S € C™" such that
J1
J2 0]
S*lAS:]: ... E(CHXH’
]m—l
0 Im
where
Al 0
J, = eC™M, 1=1,...,m
Al
0 A
The matrix ] is called the Jordan normal form of A, ]J; is called the Jordan block associ-
ated with A;. The characteristic polynomials det(ul - J;) = (u - A)™,1l=1,...,m are

called the elementary divisors of A. If n; = 1, the corresponding elementary divisor is
called linear.
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The Jordan normal form is unique up to the order of its Jordan blocks. The com-
plex numbers A; are the eigenvalues of A. For each eigenvalue A of A there are n —
rank(AI — A) Jordan blocks and equally many linearly independent eigenvectors. This
number is called the geometric multiplicity of A. The total number of columns of those
Jordan blocks that are associated with the same A is called the algebraic multiplicity of
A or simply multiplicity of A. It coincides with the multiplicity of A as a zero of the charac-
teristic polynomial det(ul — A) = (-1)" det(A — ul). Eigenvalues of algebraic multiplicity
one are called simple eigenvalues. They are at the same time geometrically simple but
not vice versa.

A proof of this important theorem is extensive. Usually it is presented in a course of
linear algebra. Therefore, we omit it here but defer it to Appendix A.

The matrix S in Theorem 1.7.1 describes a change of basis in C" (or in the vec-
tor space for which C" is the corresponding coordinate space), where the new basis
vectors are just the columns of S when represented in the old basis. In this way S
represents a mapping from C" with the new basis into C" with the old one. From the
Jordan normal form it can immediately be seen that there is a basis {b!, ..., b"} of C"
such that Ab' either satisfies

Ab' = Ab! (1.72)

or
Ab' = Ab! + BT, (1.7.2)

Here A is an eigenvalue of A and b’ from (1.7.1) is a corresponding eigenvector. Together
they form an eigenpair (b, A).

Definition 1.7.2. Let A € C be an eigenvalue of A € K™",
(a) If x e C" satisfies
(A-AD™x =0, (A-AD™'x#0

for some m € N, then x is called a principal vector of degree m (of A associated

with the eigenvalue 7).

(b) Asequence x!,x2,...,x™ of principal vectors x! of degree i forms a Jordan chain

of length m with leading vector x! (= head vector) and end vector x™ if
(A-ADx! =0,
A-ADx =x"1, i=2,...,m,
(A = AI)z = x™ is unsolvable.
According to this definition eigenvectors are principal vectors of degree 1. Each of them

initializes some Jordan chain. It is easily seen that for a principal vector x of degree m
(associated with an eigenvalue A of A € IK"™") the vectors

bi=(A-AD™x, i=1,...,m
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are principal vectors of degree i which satisfy (1.71) for i = m and (1.7.2) for i =
1,...,m-1.

As a first application of the Jordan normal form we show that the spectral radius
of a matrix can be arbitrarily well approximated by a matrix norm.

Theorem 1.7.3. Let A € K™, J = S71AS its Jordan normal form, and D, = diag(1, ¢,
e2,..., ") e R™™ with a real parameter € > 0. Then

lAlsp, < p(A) +&,

where the norm was introduced in Section 1.3.

Proof. The inequality follows at once from

(SD.)"ASD, = D;'JD, = diag(J1, . . ., Jm)

A€ 0

with the modified Jordan blocks J; = e . O
A€
0 A

Next we consider the powers of a Jordan block.
Theorem 1.7.4. The powers of a Jordan block J; of Theorem 1.7.1 can be represented as
JE = (cif*") with

(KON, ifi<j <min{ny, k+1)

(k1)
Gy = .
0, otherwise.
Proof. By induction. O

Definition 1.7.5. A matrix A € K™" is called semiconvergent if A% = limy_,o Ak ex-
ists. It is called convergent if it is semiconvergent with A® = 0.

From Ak = §7ks-1 = diag(J%, ..., JX) and from Theorem 1.74 we immediately get the
following result.

Theorem 1.7.6. The matrix A € K"™™" is convergent if and only if p(A) < 1. It is semicon-
vergent if and only if p(A) < 1, where in the case p(A) = 1 the only eigenvalue A with
Al =1 is A = 1, which, in addition, must have only linear elementary divisors.

Definition 1.7.7. The series Y2, A¥, A € K™ is called the Neumann series.

Theorem 1.7.8. For A € K™" the Neumann series converges if and only if p(A) < 1. In
this case the inverse (I — A)™! exists and is equal to this series.
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Proof. Let p(A) <1 and choose € > 0 such that p(A) + € < 1. Use thenorm || - || = || - [Isp,
from Theorem 1.7.3 in order to prove

o0
2 4

k=ko

< Y 14K < {p(A) + e} /(1 - p(A) - ¢).
k=ko

Thus the remainder of the series tends to zero if ko tends to infinity. This proves the
convergence of the series to some matrix L. Let ko tend to infinity in (I — A) Z,’g)l Ak =
I - Ak whence (I — A)L = I. Therefore, (I - A)~! exists and equals L.

Conversely, let the series be convergent to some matrix L. Then A¥ tends to zero
as the difference of two successive partial sums which both tend to L. Hence p(4) < 1
by Theorem 1.7.6. O

Now we present a second normal form of a matrix A. It grows out of restricting the
class of transformation matrices S in the Jordan normal form to the class of unitarian
matrices.

Theorem 1.7.9 (with definition; Schur normal form). Let A € K™", Then there is a uni-
tarian matrix U € C™" and an upper triangular matrix R € C™" such that UTAU = R.
The matrix R is called the Schur normal form of A, the representation A = URUY Schur
decomposition.

Proof. We proceed by induction on the dimension n of A.

If n = 1, then one can choose U = I. Assume now that the assertion holds for all
matrices of dimension at most n — 1. Choose an eigenpair (x*, A1) of A with [x|, = 1.
Extend x! by x2, ..., x" to an orthonormal basis of C", i.e., (x))fx/ = §;;. Define the
matrix M = (x2, ..., x") e C™™D Then

AV cHFAM
1 H 1

’ M A ’ M = .
(x*, M)"A(x", M) ( o MHUAM
By virtue of the induction hypothesis there are a unitarian matrix U and an upper

triangular matrix R such that U7 (MHAM)U = R. Let

(10
U—(x,M)(O ﬁ>.

Then U is unitarian and

1 1\H 7
ulay = (A 0OTAMUY _ o 0
0 R

Notice that for A € R™" the matrices U and R cannot necessarily be chosen to be
real: since AU = UR the first column of U is an eigenvector of A associated with the

eigenvalue r1;. The matrix
1
A= 0 ,
-1 0

however, has the eigenvalues +i and eigenvectors which all are multiples of (1, +i)T.
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The Schur decomposition is not unique: one can always replace U, R by UD,
DRD, where D is any signature matrix. If A is singular one can modify U even fur-
ther as the extreme example A = O shows.

Our next normal form concerns rectangular matrices.

Theorem 1.7.10 (with definition; singular value decomposition). Let A € K™", Then
there are unitarian matrices U € K™, V € K™™ and a rectangular matrix X € R™"
such that

A=vsu? (1.73)
holds where X has the form
op O 0 0
0 o 0 0
2 — . . . . .
0O ... 0 o401 O
0 . 0 On
0]
in the case m > n, and
o, O 0 0
0 o, O 0
Y=
o ... 0 on O ... O
inthe case m < n with 01 > 0 > 0y > 0y41 = 0 =+ = Omin{m,n}. The matrix X is unique.

The decomposition (1.7.3) is called the singular value decomposition of A, the values o;
are denoted as singular values, the columns of U as right singular vectors, those of V as
left singular vectors; r is the rank of A.

Proof. Let (x, A) be an eigenpair of A# A with |||, = 1. Then ||Ax||3 = x! AHAx = AxHx =
A,ie., A € R}. Now choose (x, A) such that A = p(A#A), xfx = 1, and define o := VA >
0.If 0 # 0 let y := 2 Ax which implies |y|2 = y#y = 1. Otherwise choose y arbitrarily
such that |lyll, = 1 and notice that [|Ax|3 = XY AHAx = 0 holds which implies Ax = 0.
Let U = (x, U;) € C™", V = (y, V1) € C™™ be unitarian matrices. (Such matrices
exist since it is always possible to extend an orthonormal set of vectors in K" to an
orthonormal basis of IK".) Then

H

“ g w
A= VHAU =

(o %

(%)

) , ATA=U"AHAU

(v)

holds, and we get
2

> (0% + whw)? =
2

4

2
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Hence

~ 2

A
A2 | w2 a2 _ 2 H
IIAllzzig > 2||(W)||2—0 +wew

[

2 H An2 H
= All; +wow = A5 + w'w,

and ||w||§ = wHw = 0 follows. Here, we used the fact that any two matrices A and
B = 571 AS have the same eigenvalues; cf. Exercise 1.8.2. An easy induction proves the
existence of the decomposition A = VF XU, the nonnegativity of ¢; and its monotony
with respect to i. The meaning of r can be seen from rank(A) = rank(2) since U and V
are regular. Results of Section 1.8 show that X' is unique while U, V are not. Replace
for instance U, V by —U, -V or consider the example A = O € R™", where 2 = O and
U, V can be chosen to be any orthogonal matrices. |

From (1.7.3) we get AFAU = UX®Y and VHAAH = 33HVH je., the columns of U are
eigenvectors of AHA with respect to the eigenvalues 01.2, and, similarly, the columns
of V are left eigenvectors of AAH (i.e., eigenvectors of (AAH)H) with respect to the
same eigenvalues.

In order to define another normal form for A € K™" some preparations are nec-
essary.

Definition 1.7.11. The (directed) graph G(A) = (N, E) of A € K™ consists of the set
N =1{1,...,n} of nodes and of the set E = {(i, j) | a;; # O} of (directed) edges.

The sequence (io, i1, . . . , ix) of nodes with (ij-1,i;) e Eforl=1,..., kis called
a (directed) path of length k from iy to ix. We sometimes write ig — i; — -+ — iy for
this path and say ‘ip is connected to ix’. If ip = ix we call this path a cycle through iy.
Cycles of length 1 will be denoted as loops, abbreviated by ‘~’.

Since we will only deal with directed graphs in this book we will always omit the spec-
ification ‘directed’. Loops do not matter in our applications.

Example 1.7.12.
10 0 12 13 ~ ~
0O 0 14 O ’ G(A): 1 «— 4
0 15 0 O l
16 0 0 17 3 «— 2

In the next definition we use permutation matrices. These are matrices from R™"
which in each column and in each row have exactly one entry equal to one and ze-
ros otherwise.

Definition 1.7.13. The matrix A € K™", n > 1, is called reducible if there is a permu-
tation matrix P € R™" such that the matrix PAPT has the block form

A;; O
PAPT = , 174
(A21 Azz) (174)
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where A11, Ay; are square matrices. In the case n = 1 the matrix is called reducible if
A=0.
The matrix A is called irreducible if it is not reducible.

With the exception of the case n = 1, the diagonal entries of a matrix are irrelevant for
the property reducible/irreducible. It can be seen at once that an irreducible matrix
can neither have a zero row nor a zero column.

Theorem 1.7.14. For A € K™", n > 1 the following statements are equivalent.

(a) A isreducible.

(b) There are two nodes i, j of G(A) = (N, E) which are not connected by a path from i
toj.

(c) There are two nonempty disjoint sets N1, N, of nodes with Ny UN, = N and a;; =0
forall (i,j) € N1 x N3.

Proof. ‘(a) = (b)’: Let A = PAPT be the matrix in (1.74) and denote by 7: N —» N
the permutation which describes the row and column permutation effected by P, i.e.,
ajj = An(i),n(j) - According to the representation (1.7.4) there is certainly no path in G(4)
from 1 to n. Therefore, there is no path in G(4) from 7~1(1) to 771 (n).

‘(b) = (c)’: Leti,j be asin (b) and define

N; ={k| k € N, iis connected with k}u {i} and N, =N\Ny,

and notice that j € N,.
‘(c) = (a)’: Choose P such that the first rows in PAPT are just those rows of A
with the indices from N;. O

Clearly, for irreducible matrices the negation of the preceding theorem holds. We re-
state a part of it for easy reference.

Theorem 1.7.15. A matrix A € K™" is irreducible if and only if any two nodes i, j of
G(A) = (N, E) are connected by a path from i to j.

The matrix in Example 1.7.12 is reducible since there is no path from 3 to 1. According
to the proof of the preceding theorem one can choose N; = {2, 3} and N, = {1, 4}. With

0O 0 1 0
p- 01 0 O
1 0 0 O
0O 0 0 1
we get the reducible form
0 15 0O O
papl_| 14 0 0 0

12 0 10 13
0O 0 16 17
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The idea of permuting rows and columns simultaneously can be repeated for the
whole matrix in order to aim at a reducible structure for the diagonal blocks A1 and
Aj;. Repeating the process until no further decomposition can be achieved finally
results in the so-called reducible normal form introduced in the next theorem.

Theorem 1.7.16 (Reducible normal form; definition). For each matrix A € K™" there
are positive integers r, s and a permutation matrix P € R™" such that PAPT has the
triangular block form

A 0]
0 Apr
=: Ry (1.7.5)
Ar+1,1 R Ar+1,r+1
A1 o0 L e Ags

with block matrices A;j that are square in the diagonal and there they are either irre-
ducible or 1 x 1 zero matrices.

The matrix R, is called the reducible normal form of A.

It is unique with the exception of permutations of block rows and corresponding
block columns and of permutations of rows/columns within fixed block rows and corre-
sponding block columns.

In practice it is not so easy to generate the reducible normal form of a matrix. Search
algorithms are necessary in the corresponding graph. See Pissanetzky [272] for details.
If, however, a block structure like that in (1.7.4) or (1.7.5) is known, the amount of work
for solving linear systems or computing eigenvalues can be diminished drastically by
decomposing the task into several smaller ones.

In theory the reducible normal form is interesting because it often allows to study
a problem for irreducible matrices first and then to generalize to matrices of the form
(1.7.5).

Exercises

Ex. 1.7.1. Show that principal vectors x1, ..., x™ of pairwise different degrees are lin-
early independent. In particular, the elements of a Jordan chain have this property.

1.8 Eigenvalues
The eigenvalues of a matrix A € K™" are the zeros of the characteristic polynomial

det(AI — A). Therefore, they can be complex even if A is real. Since one can prove that
generally the zeros of polynomials of degree greater than 4 cannot be computed ex-
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plicitly in finitely many steps, the same holds for the computation of the eigenvalues,
the Jordan normal form, and the Schur normal form of general square matrices.

In the previous section we already learnt some basics of the classification of eigen-
values. Now, we will recall some further results on them.

Theorem 1.8.1. Let Aq, ..., A, be the eigenvalues of A € C™" (counted according to
their multiplicity). Then

n n
trace(A) = aj1 + -+ dpp = z Ai, detA= H)l,-. (1.8.1)

i=1 i=1

If A is a real matrix with a nonreal eigenvalue A, then the conjugate complex value A is
also an eigenvalue of A.

Proof. The formulae (1.8.1) follow immediately from the factorization det(AI — A) =
[T, (A - A;) of the characteristic polynomial when expanding the expressions on both
sides and comparing the coefficients of A"~ and A°. The remaining part of the theo-
rem can be seen from 0 = 0 = det(Al - 4) = det(ZI — A) which holds since A isreal. O

Theorem 1.8.2. Let A € C™".

(a) The eigenvalues of A depend continuously on the entries aj;.

(b) All algebraically simple eigenvalues of A and the corresponding eigenvectors nor-
malized by x;, = a # O for some fixed index io are functions of the entries a;; which
are infinitely often continuously differentiable.

Proof. The assertion in (a) follows immediately from the characteristic polynomial
and Theorem 1.4.1. By the same reasons, the statement in (b) holds for eigenvalues.
Therefore, it remains to prove the smoothness for the eigenvectors.

Let A* be a simple eigenvalue of A. Then rank(A*I — A) = n — 1. Let x* be a corre-
sponding eigenvector normalized by x}, = a. (W.l.0.g. we choose iy = n.) According to
the rank condition there is an index k such that the components x,i=1,...,n-1,
form the unique solution of the linear system

n-1
Z (651" — ajj)xj = —(6inA* —ai)a, i=1,...,n,i+k. (1.8.2)
j=1
For simplicity let k = n. Consider any matrix E € K™" with | E|l, being sufficiently
small. Denote by A(E) an eigenvalue of A + E such that limg_,o A(E) = 1*. Such an
eigenvalue exists according to (a). By the same reason we may assume that A(E) is
simple. The linear system
n-1
Y (B5A(E) - ajj - €)Xj = ~(B5inA(E) - @in - ei)at, i=1,...,n-1,  (1.8.3)
j=1
has a coefficient matrix B(E) which we assume to be regular. This is possible because
of limg_,o det B(E) = det B(O) # 0 where B(0) is the coefficient matrix of the regular
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system (1.8.2) for k = n. Let x(E) be an eigenvector associated with A(E). Then x,(E) # 0
since otherwise B(E)(x1(E), . . ., xn-1(E))T = 0 implies x(E) = 0, hence x(E) cannot be
an eigenvector. Therefore, we can assume x,(E) = a,and x; = x;(E),i=1,...,n-1,is
the unique solution of (1.8.3). Represent x;(E) by means of Cramer’s rule. This shows
that x;(E) depends continuously on a;; and A(E), and can be differentiated infinitely
often with continuous derivatives. O

For multiple eigenvalues part (b) of the theorem may become false as the example
A=TeR¥>*? A, =I+(1,0)7(0, £) shows. Choose x* = e as eigenvector of A. Each
eigenvector of A, can be written as x, = (1, 0)7T, B # 0, so that ||x; — x*|lc = 1 for
arbitrary . Hence lim,_,o x; = x* is not possible.

Our next theorem characterizes algebraically simple eigenvalues.

Theorem 1.8.3. Let (x*, A*) be an eigenpair of A € C™" with x;, + 0. Then the following
assertions are equivalent.
(i) A* is an algebraically simple eigenvalue.

iy D A-2*1
(i) B* = ( (e(n))T
(iii) (B*) = (A -A*Ds,1,. .., (A= A*D), n_1, —x*) is nonsingular.

X*
0 ) is nonsingular.

Proof. ‘(i) = (ii)’: Assume B* to be singular with

B*z=0 (1.8.4)
for some z € C™1 \ {0}. With z we construct the vector 2 = (z1, ..., zx)T € C". From
(1.8.4) we get

(A-A*DZ =zpq x* (1.8.5)
and

Zn = 0. (1.8.6)

By (1.8.5) we obtain Z # O since otherwise we get z,,.1 = O from (1.8.5) which implies
the contradiction z = 0. If z,,,1 = 0, then (1.8.5), (1.8.6) and x;; # 0 show that Z and x*
are linearly independent eigenvectors of A. If z,,1 # 0, then (1.8.5) yields

(A-112-Z2

=0,

Zn+1
hence ﬁ is a principal vector of A. Thus in both cases A* is an algebraically multiple
eigenvalue. This contradicts statement (i).

‘(ii) = (iii)’: follows by evaluating det(B*) along the (n + 1)-th row which gives
—det(B*)'.

‘(iii) = (i)’: Assume that A* is an algebraically multiple eigenvalue. Then A
has a left eigenvector y* which is associated with this eigenvalue and which satis-
fies (y*)Hx* = 0. This can be easily seen from the Jordan normal form of A. Thus
(y)H(B*)' = 0 so that the matrix (B*)' is singular, contradicting statement (iii). O
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Next we show that the order of multiplication of two matrices is irrelevant for the spec-
tral radius of their product.

Theorem 1.8.4. Let A € C™", B € C™™. Then p(AB) = p(BA).

Proof. Assume p(AB) < p(BA) and let A be an eigenvalue of BA with |A| = p(BA). Let x
be a corresponding eigenvector of BA. From p(BA) > O we get BAx = Ax # 0, hence
x'" = Ax differs from zero and fulfills ABx’ = Ax'. Hence A is an eigenvalue of AB, which
leads to the contradiction p(AB) > p(BA). Interchanging the roles of A and B shows
that p(AB) > p(BA) cannot hold either. O

Now we consider symmetric matrices. We start with a result which is well-known from
elementary courses on linear algebra.

Theorem 1.8.5. Let A = AT ¢ R™", Then all eigenvalues A; of A are real, there is an
orthonormal basis of real eigenvectors xt, and XTAX = diag(A4, ..., A,), where X =
(xt, ..., x"M.

Proof. The Schur decomposition A = URU® = AT = A = URHUH of A implies R = RH,
hence R is a real diagonal matrix, identical with the Jordan normal form, all eigenval-
ues of A are real, and there is a basis of (at the moment still complex) orthonormal
eigenvectors, namely the columns of U. Since the matrix A — A1 1 is real, there is a real
eigenvector x! with |x!|, = 1, and the induction in the proof of Theorem 1.7.9 (Schur
normal form) can be done completely with real vectors and real matrices resulting in
U e R™", This proves the assertion with X = U. O

Definition 1.8.6. Theinertia ind(A) (=index of inertia) of a symmetric matrix A € R™"
is the triplet (i, j, k) of nonnegative integers which count the number of negative, zero,
and positive eigenvalues of A.

Theorem 1.8.7 (Sylvester’s law of inertia). Let A = AT ¢ R™" and let S € R™™" be reg-
ular. Then ind(A) = ind(STAS).

Proof. Define B = STAS. According to Theorem 1.8.5 there are orthogonal matrices
X, X and diagonal matrices D, D such that XTAX = D, XTBX = D. Hence D = STDS
with the regular matrix S = X7 SX. Assume that the number of positive eigenvalues of B
and therefore of D, is less than that of A and therefore of D. Then the homogeneous
linear system

x;=0 foriwithd; >0
(S'X)i =0 foriwithd; <0
consists of less than n equations. Therefore, it has a solution x # 0. This implies the

contradiction
0> x"Dx = (Sx)TD(8x) > 0.
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Notice that at least one component of Sx differs from zero by virtue of the regularity
of S. Interchanging the roles of A and B shows that the numbers of the positive eigen-
values are equal. Since S is regular, both matrices have the same rank and thus the
same number of zero and negative eigenvalues. O

Sylvester’s law of inertia considers transformations of the form STAS which are called
congruence transformations. In contrast to the similarity transformations S~1AS, the
eigenvalues of A may change with congruence transformations, but for symmetric ma-
trices A, at least their signs remain stable. This will become important in one of our
verification algorithms for eigenvalues in Chapter 7. There, we will use a congruence
transformation with an appropriate lower triangular matrix L. With some permutation
matrix P and a block diagonal matrix D with at most 2 x 2 diagonal blocks we will ob-
tain the representation PAPT = LDLT. The eigenvalues of A = AT coincide with those
of PAPT. The eigenvalues of D and hence ind(D) can be computed (theoretically)
without any problems. Sylvester’s law of inertia finally guarantees ind(A4) = ind(D).
The matrices P, D, L are constructed by the subsequent algorithm of Bunch, Kaufman,
and Parlett [74] which proceeds recursively and is based on the representation

A' = PAPT = (E CT) =T (1.8.7)

C B

with an appropriate permutation matrix P, and E € RS*S, C € R(79%s | B ¢ R(-9)x(n-s)
with s = 1 or s = 2. The matrix E is symmetric and can be chosen to be regular if A is
regular or if C # O. It is the starting block of D. If C # O, then

E cT\ [ I O\/E O\(I, (CEYHT 18.8)
¢ B) \CE!' I,J\o BJ\0o I, o
with B’ = B — CE~1CT; otherwise
E CT E O
(c B>:I<O B,)IT (1.8.9)

with B’ = B. More precisely, the algorithm runs as follows.

Algorithm 1.8.8 (Bunch, Kaufman, Parlett). Let A = AT ¢ R™",
Choose a € (0, 1) and let m = n;
if m=1,thens = 1,13:1, e11 =4a11;
ifm>1,
choose r € {2, ..., m} such that |a,1| = maxs<icmlaiil;
if
lai1l = alanl, (1.8.10)
thens=1, p =1,e11 =a,
else
choose p € {1, ..., m}\ {r} such that |ay,| = maxi<i<m, izrlQirl 5
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if
lai1] - laprl = alan|?, (1.8.11)

thens=1,P=1, e;; = ai1,

else
if
lar| = alayl, (1.8.12)
then s = 1 and P such that e1; = a,,,
else
choose s = 2 and P such that
E- (a“ a”) ; (1.8.13)
ar1 Ay

(notice a,1 = aiy)
redefine m by m —s;
if m > 0, then repeat the steps for

, B, ifc=0
B = ) (1.8.14)
B-CEcT, ifc+o0,

else terminate the algorithm; the diagonal block matrix D consists of the individual
1x1or2x2blocks E.

When defining B’ in the case C # O one needs the regularity of E. This property is
shown in the proof of the subsequent theorem which is based on the foregoing algo-
rithm.

Theorem 1.8.9. Let A = AT € R™", Then there exist matrices P, L, D € R™" with the
following properties. The matrix P is a permutation matrix, L is a lower triangular matrix
with l;; =1 fori =1,...,n, and D is a symmetric block diagonal matrix with some
combination of 1 x 1 and 2 x 2 diagonal blocks such that

PAPT = LDLT. (1.8.15)

Each 2 x 2 matrix associated with one of the 2 x 2 blocks is symmetric, regular, and
nondiagonal with two nonzero real eigenvalues of opposite signs.

The matrices P, L, D can be constructed recursively by means of the Algorithm 1.8.8
of Bunch, Kaufman, and Parlett.

Proof. We will use the notation of (1.8.7) and of Algorithm 1.8.8. We show first that E
isregularif C # O.

Case 1, a;1 = 0: Inthiscase(1.8.10) holds and (1.8.7) follows withs =1, e;; = a1,
P =1, C = 0. The latter contradicts our assumption.

Case 2, a1 # 0: If(1.8.10) or (1.8.11) holds, we choose s =1, e11 = a1 20, P=1.1If
(1.8.10) and (1.8.11) are false, but (1.8.12) is true, then |a,/| > alap,| > alai,| = alar1| > 0.
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Choose P such that (PAPT)1; = a,,. Then (1.8.7) holds with s = 1, eq1 = a,r # 0. Finally,
if (1.8.10)-(1.8.12) are false, then we choose

s=2, E=(6111 arl))
arr  Qrr
and adapt P correspondingly. Then we get

lai1] - law| < ala1] - laprl < @?lan)? < lanl?. (1.8.16)

The first inequality follows from the failure of (1.8.12) and the possibility a;; = 0, the
second results from the failure of (1.8.11). Now (1.8.16) implies

0 <lanl? - laul-laxl < a}y - ai1ay = - det(E), (1.8.17)

whence E is regular, nondiagonal, with two real eigenvalues A1, A, which - by virtue
of Theorem 1.8.1 — satisfy 1A, = det(E) < 0.

Theorem 1.8.9 is now proved by induction on the dimension n. If n = 1, then things
are trivial. If the theorem is true for symmetric matrices up to dimension n - 1, then
B' in Algorithm 1.8.8 can be written as

P,B,P,T — L,D,L,T
with an analogous meaning of P’, D', L' as in (1.8.15). Define
- I, O - I, O E O
P =[5 . I'=("% , D= .
(6 ») 2-(5 o) 2-(6 »
If C # O use (1.8.8) in order to end up with

T
P'PAP' D) = P/ (g C )pIT

0 B 0 I,
E 0 Is (P'CEH)T
0 PBPT/\0O In_s

I 0 iDL I, (P'CEH)T
P'CEY I, 0 Ins

~ I 0 I, (P'’CEHT
“\P'CE! L 0 L'T

which proves (1.8.15). In the case C = O the proof is based on (1.8.9) and proceeds
analogously. O

pTp (E O)perr (Is (CE_l)T) pr
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Now we address the choice of a in Algorithm 1.8.8: The number of arithmetic opera-
tions there is n3/6 + 0(n?); cf. Exercise 1.8.7. A bound for the number of comparisons
is n2 + O(n). In view of element growth, the choice of &« should be such that after two
steps with s = 1 the modified entries alf]- of A (cf. (1.8.7)) should have approximately
the same magnitude as those after one step with s = 2. With B’ = (bl’.].)i, j=s+1
(1.8.14) and

.....

m= i}_lax n|aij| > max{|ap|, |anl},

m' = max|bj],
ij
one can show by distinguishing the cases (1.8.10)—(1.8.12) that

! !
a; ay;
!
am

b}l = by - <(1+ %)m (1.8.18)

holdsif s =1 and C # O. Hence
’ 1
m < <1+ —>m
a

is true in this case, and trivially also if C = O; cf. Exercise 1.8.7. Thus two steps of this

kind result in the bound (1 + %)zm If s = 2 one similarly gets with some estimations

(cf. Exercise 1.8.7)

1
! ! ! ! ! ! ! ! ! ! !
|bij|: b - a - d —(a,)? J1/‘11‘1(‘122‘111'—‘121‘121')+‘1i2(—‘121‘11j+‘111‘1zj)}
11922 12
2
< (1 + 1 )m (1.8.19)

Equating the bounds according to our requirement yields

1\2 2
(1+—> =1+ ,
o 1-a

whence 0 < a = (1 + V17)/8 = 0.6404.

The decomposition (1.8.15) can be used to solve linear systems of equations with
a symmetric matrix. Moreover, it can be applied in order to test whether there are k
eigenvalues of A = AT € R™" which are greater than some number ¢ € R. To this end
apply Theorem 1.8.9 to A — cI in order to get the representation

P(A-cHPT =LDLT, (1.8.20)

and use Sylvester’s law of inertia: Since each 2 x 2 block E of D has exactly one posi-
tive eigenvalue, the number of these 2 x 2 blocks plus the number of the positive 1 x 1
blocks E of D is the number of eigenvalues of A which are greater than c.

The arithmetic amount of work for (1.8.20) is n3/6 + O(n?) if no +-operations are
counted, while a reduction of A to a tridiagonal matrix T using Householder matrices,
and exploiting the Sturm chain of leading principal minors of T costs 2n3/3 + 0(n?)
arithmetic operations of the same kind.
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Definition 1.8.10. Let A € R™".If xTAx > 0 for all vectors x € R\ {0}, then A4 is called
positive definite.

Notice that positive definite matrices have positive diagonal entries. This follows from
0 < (e)TAeD = gj;.

Theorem 1.8.11, Let A = AT ¢ R™". Then A is positive definite if and only if all its
eigenvalues are positive.

Proof. Let A be positive definite. Since A is symmetric, every eigenvalue A is real.

Therefore the eigenvectors can be chosen to be real. Let x be an eigenvector associated

with A and normalized by ||x|, = 1. Then Ax = Ax implies 0 < xTAx = AxTx = A.
Conversely, let all eigenvalues be positive. Since A is symmetric, there is a basis of

orthonormal eigenvectors x1, . . ., x" associated with the eigenvalues A1, ..., A, of A.
Let x = Y7L, ajx # 0. By virtue of the orthonormality we obtain x" Ax = 37, 4;(d)"x =
Z?:l Aj > 0. O

It is an immediate consequence of Theorem 1.8.11 and Exercise 1.8.1 that A is symmet-
ric and positive definite if and only if A~! has this property.

Theorem 1.8.12. Let A e R™" be symmetric and positive definite. Then there is a unique
matrix AY2, the so-called square root of A, which is symmetric positive definite and
satisfies A2 . AY? = A,

Proof. According to Theorem 1.8.5 there is an orthogonal matrix X = (x!,...,x") €
R™" which satisfies XTAX = diag(A4, . . ., A,), whence Axi =A;x!, i=1, ..., n.Define

AY? = X diag(VAy, ..., VAR)XT.

Then (A1/2)2 = A. This proves the existence of the square root. In order to prove
its uniqueness, assume that the matrix B has the same properties as A'/2. Let (v, )
be an eigenpair of B and let A4, ..., A, be the eigenvalues of A which are all positive
by Theorem 1.8.11. Then Av = B?v = v, hence there is an eigenvalue A; of A which
satisfies u = /A;. Both statements together imply

kernel(B — VA;I) € kernel(A — A;I) (1.8.21)

from which dim kernel(B — vA;I) < dim kernel(A — A;I) follows. Consider the maximal
set of eigenvalues A; of A such that they are pairwise different and denote by A4 the
set of their indices. Denote by Ap that subset of A4 which consists only of indices i
with +/A; being an eigenvalue of B. Then

n= z dim kernel(B - \/)T,-I) < z dim kernel(A - A;I) = n.

iEAB iEAA

Therefore, equality must hold in (1.8.21), whence Bx! = \/A;x! for i = 1, ..., n. This
implies XTBX = diag(+/A1, ..., VAn), hence B = AY/2, O
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Theorem 1.8.13 (Cholesky decomposition). The matrix A € R™" is symmetric and pos-
itive definite if and only if there is a lower triangular matrix L¢ € R™" with positive
diagonal entries such that A = L¢(L)T. The matrix L€ is unique.

Proof. Let A be symmetric and positive definite. Then a;; > 0. Choose a in Algo-
rithm 1.8.8 so small that (1.8.10) holds, whence s = 1, P =1, E = (ay1) € R, cT =
cT = (aia, ..., ay) in the notation there. This implies that B’ in (1.8.8) and (1.8.9) is
symmetric and positive definite. For (1.8.8) this can be seen from

0<yTAy =x"B'x =xT(B-ccT/ai1)x (1.8.22)

T
with A = (021 CB)’ x e R™I\ {0}, yT=(-cTx/ai1,xD).

For (1.8.9) use B' = B and y” = (0, xT) in (1.8.22). Therefore, one can choose a € (0, 1)
in Algorithm 1.8.8 so small that (1.8.10) holds in each step. This leads to P = I and
A=LDLT = LS(LYT, where D is a diagonal matrix with positive diagonal entries and
L¢ = LDY2,

The converse follows from A = L¢(L%)T and xTAx = [(L¢)"x|3 > 0 for x # 0.

In order to prove the uniqueness of L¢ assume that there is another lower trian-
gular matrix L with positive diagonal entries such that

A=LLT =L¢1OT. (1.8.23)
Theorem 1.8.11 guarantees that A is regular, and so are all matrices in (1.8.23). Hence
LOHL =L T, (1.8.24)

Since the inverse of a regular triangular matrix is a triangular matrix of the same kind,
and since the same holds for products of triangular matrices of the same kind, both
sides in (1.8.24) are diagonal, say (L¢)~'L = D, whence L = L¢D with d;; > 0, i =
1,...,n,and A=LLT = L°D%(L)T. From (1.8.23) and (1.8.24) we get (L€)~1A(L¢)T =
I = D? which implies D = I and L = L€. O

An even more elementary proof of Theorem 1.8.13 is given in Section 5.4.

Lemma 1.8.14. Let A = AT and let p be a polynomial. If x"p(A)x < O for a nonzero
vector x € R", then there is at least one eigenvalue A of A such that p(A) < 0.

Proof. Let ] = SLAS be the Jordan normal form of A. Then by virtue of S"1AkS =
(S1AS)* we get

p(d1)  *

*

SLp(A)S = p(S~1AS) = p(J) = R

0 p(An)
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where the stars denote real numbers. If A;, i = 1, ..., n, denote the eigenvalues of A,
we see immediately that exactly p(A;), i = 1, ..., n, are the eigenvalues of p(A) =
p(A)T. By the assumption, p(A) is not positive definite. Hence, by Theorem 1.8.11 there
is at least one nonpositive eigenvalue of p(A). O

We now address localization theorems for eigenvalues and eigenvectors. These are
theorems which provide error bounds for these items. A first one was already given in
Theorem 1.3.10. In order to prove additional ones we need some preparation.

Definition 1.8.15. Let A = AT ¢ R™", x ¢ R"\ {0}, a € R. Then we define

m; = xTAix, i=0,1,... moments
T
X'Ax m

Ry=——= m_l Rayleigh quotient
xTx 0
m; —am

Ty(a) = m a # Ry, Temple quotient
2 _ M2 2
& = m_o - Rx'

Theorem 1.8.16. Let A = AT ¢ R™™", x ¢ R\ {0}, and a € R\ {R,}.

(a) Thereis an eigenvalue A of A such that |A — Ry| < \/8)2(
(b) If A1 < A5 <--- < Ay, denote the eigenvalues of A, then

A <Ry < Ay,
(c) Thereis an eigenvalue of A which lies between a and Ty(«).

Proof. (a) Define p(t) = (t — Ry)? — €2. Then x'p(A)x = my — 2m1Ry + R2mo — m, +
R2mg = 0, and Lemma 1.8.14 proves 0 < (A — Ry)? < €2 for some eigenvalue A of A
which implies the assertion.

(b) Let x = Y1, aix! # 0, a; € R, where {x!, ..., x"} is an orthonormal basis of
eigenvectors of A associated with the eigenvalues A4, ..., A,. Then

n T
xTAx =Y afA; { < Anxx
- > AxTx,
which proves the assertion.
(c) Define p(t) = (t — Tx())(t — a). Then xTp(A)x = my — amy — Tx(a)(mq — amg) =
0. Again by Lemma 1.8.14 there is an eigenvalue A of A such that (A - Ty(a))(A—-a) <0,
which concludes the proof. O

Notice that part (a) of Theorem 1.8.16 is due to Krylov, Bogolyubov and Weinstein while
part (c) originates from Temple and Wielandt. Both parts remain valid if ‘A € R™"
symmetric’ is replaced by ‘A € C™" normal’, i.e., AA® = AH A, and if one modifies the
definition of €2 and Ty(a) slightly. Lemma 1.8.14 then has to be changed appropriately.
For details see Mayer [208] or Neumaier [253].

Our next theorem refines part (b) of Theorem 1.8.16 on the Rayleigh quotient.
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Theorem 1.8.17. Let A, < A, < --- < Ay, denote the eigenvalues of A = AT ¢ R™", and
let {x', ..., x"} be an orthonormal basis in R" of corresponding eigenvectors.
(a) (min-max principle):

For each subspace U of R" with dim U = j we have

Aj < max Ry <Ay
xeU\{0}

and for varying subspaces U € R" we get

A =min{ max Ry |dimU=j}, j=1,...n.
j {er\{O} x|l it

The minimum is attained for U spanned by x*,x%,...,x.
(b) (max-min principle):
For each subspace U of R" with dim U = n + 1 — j we have

Ai> min Ry>A
= enop X =M

and for varying subspaces U € R" we get

Ai=max{ min Ry |dimU=n+1-j}, j=1,...n.
) {er\{o} x| i

The maximum is attained for U spanned by X/, xJ*1, ..., x".

Proof. (a) If j = 1, the assertion follows from Theorem 1.8.16 (b) with equality on the
left for U spanned by x!.If j > 1, the right inequality follows from Theorem 1.8.16 (b).
For the left inequality let {w?, ..., w/} be an orthonormal basis of U, where the vectors
w! are not necessarily eigenvectors. Let {w/*1, ..., w"} be an orthonormal basis of
the orthogonal complement U+ of U. Then the underdetermined homogeneous linear

system
n

Zal(xl)T k-0, k =j+1,...n, (1.8.25)

I=j

has a nontrivial solution a*, . . ., a* with which we form the vector z= ¥ . a*x!. From
j n l—} 1

(1.8.25) we get zTwk =0, k=j+1,...n, whence z € (U*)* = U and

n n
zTAz = Z(a,*)z/ll > A Z(o(l*)2 =Az'z
I=j I=j
follows. This leads immediately to A; < R, which implies the left inequality in (a). The
last statement of (a) is obvious.
(b) is proved analogously; cf. Exercise 1.8.13. O

Theorem 1.8.17 is often named after R. Courant, E. Fischer, and H. Weyl, part (b) is
sometimes associated with H. Poincaré and W. Ritz.

By means of Theorem 1.8.17 we can prove the following Theorem of Weyl which
we need in Appendix D.
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Theorem 1.8.18 (Weyl). Assume that the eigenvalues A, i=1,...,n,0f A= AT e R™"
are ordered increasingly and that the same holds for the eigenvalues u; of B = BT and

for the eigenvalues 6; of B— A. Thenforalli=1,...,n and each matrix norm | - || the
inequalities
Ai+61<ui<Ai+6, (1.8.26)
and
Ui —Ail < B -A| (1.8.27)
hold.
Proof. Let {x1, ..., x"} be an orthonormal basis of eigenvectors of A and let the sub-

space U be spanned by x!, ..., xi. Denote the Rayleigh quotient of A, B, B — A by
Ry (A), Ry(B), and R,(B - A), respectively. Then Theorem 1.8.17 (a) implies

Ui < max Ry(B) < max Ry(A)+ max Ry(B-A)
xeU\{0} xeU\{0} xeU\{0}

=Ai+ max Ry(B-A) <A+ 6,.
xeU\{0}

Interchanging the roles of A and B yields A; < y; — 61. Thus we obtain finally §; <
Ui — A; < 8, and herewith |u; — A;| < max{|61],|6n|} =p(B-A) < |B-A]|. O

Theorem 1.8.19 (Gershgorin). Let A € C™". Define the Gershgorin discs

n
Bi(A) = B(aj;, 1) <C, i=1,...,n, wherer;= z laij],
j=1,j#i

and let B(A) = UL, Bi(A).

(a) All eigenvalues of A liein Bg(A).

(b) Let KuL =1{1,...,n}, where K has exactly k € (0, n) elements. Then U; =
Ukex Bk(A) contains exactly k eigenvalues of A while U, = ;1 Bi(A) contains the
remaining n — k ones provided that U, n U, = 0.

(c) If A isirreducible and has an eigenvalue at the boundary of B;(A), then this eigen-
value lies at the boundary of each individual Gershgorin disc and there is a corre-
sponding eigenvector x of A with |x| = e.

(d) If A isreal and symmetric, then foreach i € {1, ..., n} there is an eigenvalue A; of
A such that

n
i - aii] < \j Y lagl? <.
j=1,j#i
In particular, for symmetric matrices A each Gershgorin disc contains at least one

eigenvalue of A.
Proof. (a) Let Ax = Ax, max{|x;||i=1,...,n} =1 = |xs| for some index s. Then
n
lass — Al = lass — Al [xs| = |assxs — Axs| = z AsjXj| < Ts, (1.8.28)
]':1,]'#5

whence A € Bs(A) € Bg(4).
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(b) Let D = diag(ai1,...,ann), C=A-D,A. =D +¢C,0<¢e<1.Then B;(4,) €
Bi(A,) = Bij(A) foralle € [0,1] and i=1,...,n.From U, n U, = @ we see that U,
contains the k eigenvalues aj;, i € K, of Ag while U, contains the remaining n - k
ones, namely a;;, i € L. By the same reason and by virtue of Theorem 1.8.2(a) the
same holds for € € (0, 1]. Choosing € = 1 proves the assertion.

(c) Let A € 0Bg(A). Then A € 9Bs(A) with s as in (1.8.28). Hence equality holds
there and ag; # O implies |xj| = 1. Choose any k € {1, ..., n}. According to Theo-
rem 1.714 thereisa path s —» iy —» iy — -+ — i; = k, whence as;, a;,i, --- aix # 0.
In particular, as;, # O which implies |x;,| = 1. Now we can repeat the steps in (1.8.28)
with i; instead of s in order to obtain |x;,| = 1 and, finally, |xx| = 1. Hence A € 0By(A).

(d) The first inequality is an immediate consequence of Theorem 1.8.16 (a) with
x = e, The second is trivial when considered in squared form. O

Theorem 1.8.19 (d) also holds for complex Hermitian matrices. It remains true if A is
normal, see for instance Mayer [208].
In our next theorem we consider the generalized eigenvalue problem

Ax=ABx, x#+0, (1.8.29)

where A, B € R™" are symmetric and B is positive definite. For such matrices we first
list some properties.

Theorem 1.8.20. Let A, B € R™" be symmetric, B positive definite with the Cholesky
decomposition B = LS(LE)T.
(a) The generalized eigenvalue problem (1.8.29) is equivalent to the ordinary eigenvalue
problems
B 'Ax = Ax

and
LHTALE Ty = Ay withy = (LETx. (1.8.30)

The matrix in the left equality of (1.8.30) is symmetric; in particular, (x, A) is an
eigenpair of (1.8.29) if and only if (L)Tx, A) is an eigenpair of (1.8.30); A is real
and x can be chosen to be real. The eigenvalue problems (1.8.29) and (1.8.30) have
exactly n eigenvalues if these are counted according to their multiplicity, i.e., the
multiplicity of the zeros of det(A — AB) = (det B) det(B~1A - AI).

(b) The product (x, y)p = xTBy is a scalar product on R".
If (x,y)p = 0, we call x, y B-orthogonal. If (x, X)g = (¥, ¥)g = 1 and (x, y)g = 0, we
call x, y B-orthonormal.

(c) There are eigenpairs (x*, A1), ..., (x", A,) of (1.8.29) such that the eigenvectors x'
form a B-orthonormal basis of R".

(d) Ifthe eigenvalues A4, ..., A, of (1.8.29) are ordered increasingly then

T
A
A< X2, (1.8.31)

~ xTBx

for any vector x € R™ \ {0}.
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Proof. (a)-(c) are obvious; (d) follows from Theorem 1.8.16 (b) applied to (1.8.30);
(d) reduces to this theorem if B = I. O

In our next result on (1.8.29) we use (1.8.30) together with Sylvester’s law of inertia.

Theorem 1.8.21. Let c € R and assume that A, B € R™" are symmetric and B is positive
definite. Then the number of eigenvalues A of Ax = ABx that are greater than c, equal
to ¢, and less than c, respectively, coincides with that of the eigenvalues y of A — cB
which satisfy p > 0, yu = 0, u < 0, respectively.

Proof. Let B = LC(L)T and y = (L¢)Tx. From Ax = ABx we get equivalently My =
(A = c)y with M = (L)"1(A - cB)(L)~T. Hence Sylvester’s law of inertia guarantees
ind(A - ¢B) = ind(M) which proves the assertion. O

Now we will enclose eigenvalues of a larger generalized eigenvalue problem (1.8.29)
by using those of a smaller one.

Theorem 1.8.22 (Lehmann). Let A, B € R™" be symmetric and B, in addition, posi-
tive definite. Choose k < n and U € R™¥ with full rank. Assume that a € R is not an
eigenvalue of (1.8.29). Define the symmetric k x k matrices

Ay =UT(A - aB)U,
By =UT(AB™'A -2aA + a’?B)U = UT(A - aB)B™Y (A - aB)U,

and denote by uy < --- < uy the eigenvalues of the k x k generalized eigenvalue problem
Agx = uBgx. (1.8.32)

(@) If ue <0, then the interval [a + Hie’ @) contains at least ¢ eigenvalues A; of (1.8.29).

(b) If ue > 0, then the interval (a, a + yle] contains at least k + 1 - ¢ eigenvalues A; of
(1.8.29).

Proof. Choose z € R¥\ {0} and define v = Uz, w = (A — aB)v. By virtue of the assump-
tions, v differs from zero and A — aB is regular, whence w # 0. From

2"Baz =0T (A - aB)B™ (A - aB)u = w'B'w

and the assumptions on B we deduce that B, is symmetric and positive definite.

() Assume that the assertion is false for some ¢, i.e., [, @) contains less than
¢ eigenvalues A; of (1.8.29), where n = @ + 1/u,. Choose a B-orthonormal basis
{x1, ..., x"} of eigenvectors of (1.8.29), and a B,-orthonormal basis {y!, ... ,y"} of
eigenvectors of (1.8.32), respectively, corresponding to the eigenvalues A4, . . ., A,,and
Ui, ..., dk.Let Y= (1, ..., yf) e R®¢ Then YTB,Y = I € R®¢. Choose b € R? \ {0}
such that the vector u = UYb € R" \ {0} satisfies

u'Bxl =0 forallieJ={j|Aeln a}. (1.8.33)
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Such avector b # 0 exists since (1.8.33) is equivalent to the homogeneous linear system
()TBUYD = 0, i € J, which consists of less than ¢ equations by our assumption at
the beginning of the proof of (a). Taking into account y; < yp <O fori=1,...,¢ we
get

u'(aB-A)B™'(nB-A)u
=bTYT{By + (@ -n)Ag}Yb = bT{I+ (a-n)YTA,Y}b

= bT{I - % diag(us, ..., ye)} i ( )bz <0. (1.8.34)

Represent u as u = Y1, yix'. Then (¢)TBu = y;, and
ul(aB-A)B'(nB-A)u

(x) (anB - nA - aA + AB 1 A)Xyuy;

Il
.M=

]
[

(x) (an - nA; - aA; + A7)BXyiy;

1}
M=
N M: N M:

I
[

(@ - ) - A)((x)TBu)® = 0 (1.8.35)

I
™M=

11
-

since (x!)TBu = 0 for A; € [17, @) and (& — A;)(1 - A;) = O for A; ¢ [1, &). Together with
(1.8.34) this implies u” (aB - A)B~'(nB - A)u = 0, and, by virtue of (1.8.35) and A; # a,
finally

«HhTBu=0, i=1,...,n. (1.8.36)

From (1.8.36) we get Bu = 0 and the contradiction u = 0.
(b)Let A =-A, A; = -A;, @ = —a, and consider the generalized eigenvalue problem

Ax = ABx (1.8.37)

which is equivalent to (1.8.29). Define A, By, ji; analogously to Ay, By, yi. Then
Az =-Aq, Bz = By, and

Agx = [iBgx (1.8.38)
is equivalent to Ayx = (- ,ﬁ)Bax Hence ji; = —pk+1-i- Now apply (a) to (1.8.37), (1.8.38):
If jixs1-¢ < O, then [a e a) contains at least k + 1 — ¢ eigenvalues A; of (1.8.37),
which implies the assertlon |
Remark 1.8.1.

(@) Ifin Theorem 1.8.22 the eigenvalues y, are ordered monotonously decreasing in-
stead of increasing, then part (b) of this theorem reads as follows:
If u, > 0, then the interval (a, & + yie] contains at least ¢ eigenvalues A; of (1.8.29).
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(b) In Theorem 1.8.22 the parameter a can be chosen as an approximate eigenvalue
of (1.8.29). The columns of U can be chosen as approximately B-orthonormal
eigenvectors. Then the matrices UTBU, UTAU, UTAB~' AU are approximately di-
agonal matrices.

Corollary 1.8.23. Let the assumptions of Theorem 1.8.22 hold and denote by 71 <--- < Tk
the eigenvalues of the generalized eigenvalue problem

{UT(AB™'A - aA)U}x = T{UT(A - aB)U}x. (1.8.39)

(@) If p is the number of eigenvalues 7; < a and if 1 < i < p, then the interval [1;, @)
contains at least p + 1 — i eigenvalues of (1.8.29).

(b) If g is the number of eigenvalues 7; > a and if k + 1 — q < i < k, then the interval
(a, Ti] contains at least q + i — k eigenvalues of (1.8.29).

Proof. Let u #+ 0 and define A,, B, asin Theorem 1.8.22. Then A,x = uBgx is equiva-
lent to

1 1
UT(AB'A - aA)Ux = (B + aAq)x = <17 + a) Agx = <ﬁ + a) UT(A - aB)Ux,

i.e., u # 0 isan eigenvalue of (1.8.32) ifand onlyif 7 = % + a is an eigenvalue of (1.8.39).
Hence u < 0 if and only if 7 < a. Therefore, the assumption of (a) implies

1
Ti =
Hp+1-i

+a, i=1,...,p,

whence

1
[1i, ) = [a + ,a),
Hp+1-i

and (a) follows by virtue of Theorem 1.8.22 (a).

From 1
Tj=—+a, i=(k+1)-q,...,k,
H2k+1-g-i
we get
1
(a, ;] = (mwi )
H2k+1-q-i

and (b) follows from Theorem 1.8.22 (b), since £ = 2k + 1 — q — i implies k + 1 - £ =
k+1-Qk+1-qg-i)=q+i-k. O

Remark 1.8.2. Inthe case k = 1, B = I we identify the corresponding matrix U € R™!
with an approximate eigenvector x # O of (1.8.29). Then (1.8.39) reads

#T(A%2 - ad)x = 1xT(A - aDx, %+#0

which is equivalent to
m, —amqy = (M — amg)
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with m; as in Definition 1.8.15 with X instead of x. Assuming m; — amg # O, the pa-
rameter 7 is just the Temple quotient Ti(a). Thus Corollary 1.8.23 is a generalization
of Theorem 1.8.16 (c).

Notice that m; — amg = 0 is possible as the example

A:(l 0), a=0, x=e
0 -1

shows.

Corollary 1.8.24. Let the assumptions of Theorem 1.8.22 hold and denote by 71 < --- < T
the eigenvalues of the generalized eigenvalue problem

X=T X. RoR
uTAau UTBU. (1.8.40)

Then there are at least k + 1 — i eigenvalues of (1.8.29) which are greater than or equal
to 1; and at least i eigenvalues which are less than or equal to T;.

Proof. Choose a > 0 greater than all eigenvalues of (1.8.29) and denote by T(la) <. <
T;(a) the eigenvalues of (1.8.39) ordered by magnitude as in Corollary 1.8.23.
First we show that a is not an eigenvalue of (1.8.39). Otherwise

{(UT(AB'A - 2aA + a’B)Ulx =0
for some x € R¥\ {0}, whence
xTUT(A - aB)B"Y(A - aB)Ux = 0. (1.8.41)

By the choice of a, the matrix A — aB is nonsingular, and the assumption on U implies
y = (A — aB)Ux # 0. Since B is symmetric positive definite, we get yTB~1y > 0 which
contradicts (1.8.41).
Corollary 1.8.23 guarantees
‘r;(“) <a, (1.8.42)

since otherwise (a, 15(“)] contains at least one eigenvalue of (1.8.29) contradicting the
choice of a. Together with part (a) of this corollary the inequality (1.8.42) implies that
there are at least k + 1 — i eigenvalues of (1.8.29) which are not less than Tl(.”‘). Divide
(1.8.39) by —a. This does not change the eigenvalues Tf.”‘). Now let a tend to infinity.
Then the transformed equality (1.8.39) tends to (1.8.40). Since the eigenvalues 7{% de-
pend continuously on « they tend to the eigenvalues 7, < - -- < Ty of (1.8.40), and there
remain at least k + 1 — i eigenvalues of (1.8.29) which are not less than 7;.

If a < 0 is a lower bound of the eigenvalues of (1.8.29), the limit @ — —oo (after
division of (1.8.39) by —a) implies again the equality (1.8.40), and Corollary 1.8.23 (b)
with g = k guarantees at least i eigenvalues of (1.8.29) which are not greater than 7;.

O
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Notice that Corollary 1.8.24 does not imply that there are exactly i eigenvalues which
are less than or equal to 7;. This can be seen from the example A = B = I3 € R3*3,
U=el EIR3X1,/11 =Ah=A3=1<T11=1.

We conclude this section with a localization theorem for eigenvectors.

Theorem 1.8.25 (Wilkinson). Let A = AT e R™", X e R", %], =1, A € R, 6 = |AX -
Ax|l2 > 0. If the interval [A - 8, A + 8] contains a simple eigenvalue A of A and if the
remaining n — 1 eigenvalues lie outside of the interval [7[ —a, A+ a] with some a > 6,
then there is an eigenvector x associated with A such that | x|, = 1 and

1\ 2
B 52 52 2
||x—x||§s;+<1—(1—;> > . (1.8.43)

Proof. Let {x1, ..., x"} be an orthonormal basis of eigenvectors of A with Ax' = A;x!,
x=Y a;xt, where the eigenvalues A; are not assumed to be ordered. W.l.0.g. let
a1 >0and A; € [A- 6,4+ 6]. Then

n n
87 =(Ax-A)TAx -0 = Y af(hi - N> 2 a® ) af,

i=1 i=2

whence Y, a? < 6%/a® < 1. Since ||%]|5 = ¥, a? = 1 we get

( i 5 % 52 %
a1 =11- (x-) 2(1——)
5 a?

1\ 2
||x1—)?||2—(1—a)2+2n:a2< 1- 1—6—2 2 +5—2 O
27 1 i= a2 a2’

and finally
i=2

Exercises

Ex. 1.8.1. Show that A is an eigenvalue of a regular matrix A € R™" if and only if
1/A is an eigenvalue of A~1. What can be said about the corresponding algebraic and
geometric multiplicities and the corresponding eigenvectors?

Ex. 1.8.2. Show that for an arbitrary regular matrix S € C™" the matrices A € C™"
and S~1AS have the same eigenvalues with the same algebraic and geometric multi-
plicity. How do the eigenvectors change?

Ex. 1.8.3.
(a) Show that the sequence of normalized eigenvectors x

quence
Ak:<1 Uk), k=1,2,...,
0o 1

does not tend to the eigenvector x* = e of the limit matrix I = limy_,o, Ak.

k, xk = 1, of the matrix se-
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(b) (J. W. Givens, Example E 3.1.5 in Ortega [266])
Show that A;(€) = 1 - € and A,(g) = 1 + € are the eigenvalues of the matrix

_[1+&ecos(2/e) esin(2/¢e)
Ale) = ( esin(2/e) 1- ecos(Z/e)) » £%0,

and that x1(e) = (sin(1/¢), — cos(1/€))T, x2(¢) = (cos(1/e), sin(1/¢e))T are corre-
sponding eigenvectors normalized by one with respect to the Euclidean norm.
Show that these eigenvectors do not tend to a limit as € — 0 even though
lim._,o A(€) exists.

(c) Use one of the previous examples to show that Theorem 1.8.2 (b) can become false
for multiple eigenvalues.

Ex.1.8.4. Let A € C™", B € C™™. Show that the matrices AB and BA have the same
nonzero eigenvalues with the same algebraic and geometric multiplicity. Find two ma-
trices A, B such that zero is an eigenvalue of AB but not of BA.

Ex. 1.8.5. Let R € C™" be an upper triangular matrix. Show that eV is an eigenvector
of R. Which are the eigenvalues of R?

Ex. 1.8.6. Show that the eigenvalues of a matrix A € R™" are the diagonal entries of
its Schur normal form R.

Ex. 1.8.7. Show that the number of arithmetic operations in Algorithm 1.8.8 is n3/6 +
0(n?) and that a bound for the number of comparisons is n®> + O(n). Prove (1.8.18) and
(1.8.19).

Ex. 1.8.8. Show that any matrix A € R™" is symmetric positive definite if and only if
A is regular and its inverse is symmetric and positive definite, too.

Ex. 1.8.9. Let A € R™™ be a skew-symmetric matrix. Show that a;; = 0 holds for i =
1,...,n,and xTAx = 0 for all x € R". Show also that A and —A are eigenvalues of A
simultaneously. If n is odd, prove that det(A) = 0, A is singular, and zero is one of its
eigenvalues. Does this also hold if n is even?

Ex. 1.8.10. Use the splitting A = Asym + Askew With the symmetric part Asym = (A +
AT)/2 and the skew-symmetric part Aggew = (A — AT)/2 of A € R™™ in order to show
that xTAx > 0 is equivalent to xT Asymx > 0.

Ex. 1.8.11. Show that each of the following algebraic structures is a group:

(i) the set of all lower triangular matrices from R™" together with the addition of
matrices;

(ii) the set of all regular lower triangular matrices from R™" together with the multi-
plication of matrices;

(iii) the set of all regular lower triangular matrices from R™" with all diagonal entries
equal to one, together with the multiplication of matrices.
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Find additional classes of matrices which form a group with respect to addition or
multiplication of matrices.

Ex.1.8.12. Let x, y be real eigenvectors of A € R™" associated with a simple real
eigenvalue A. Let ip € {1, ..., n} be some fixed index and assume x;, =a >0, yTy =1,
Vi, > 0. Express y by x and show that Theorem 1.8.2 (b) remains true if the normaliza-
tion x;, = a # O there is replaced by x"x = 1 with x;, > 0.

Ex. 1.8.13. Prove part (b) of Theorem 1.8.17.

Ex. 1.8.14. Show that the number of eigenvalues of the generalized eigenvalue prob-
lem (1.8.29) can differ from n if the positive definiteness of the symmetric matrix B is
dropped. To this end consider the three cases (i) A=I, B= 0, (ii) A = 0, B=eMW(eM)T,
and (iii) A = I, B = e (eM)T, (Compute the multiplicity of the eigenvalue in the last
case!) What is the result if one requires B to be symmetric and regular?

Ex. 1.8.15. Show that each two eigenvectors of the generalized eigenvalue problem
(1.8.29) associated with two different eigenvalues are B-orthogonal.

1.9 Nonnegative matrices

We first generalize the absolute value and the partial ordering for vectors introduced
in Definition 1.3.5.

Definition 1.9.1.

(@) For A € K™" we define the absolute value |A| = (|a;]) € R™".

(b) For A, B € R™" we define the partial ordering A < B entrywise by aj;; < byj,
i=1,...,m,j=1,...,n.Similarly we define A > B. If strict inequality holds for all
entries, we write A < B, and A > B, respectively. If A > O, we call A nonnegative,
and positive if A > O.

Trivially, the absolute value |A| of A € C™" is a particular nonnegative matrix which
satisfies
—|Al <ReA <|A|l, -|Al<ImA<]A|

and
|A-B|<|A|-|B|] forA e K™", BeK™P,

Now we address properties of nonnegative matrices. To this end we first restrict
the class of such matrices to nonnegative irreducible ones. It will turn out that this
subclass has slightly stronger properties than the general one.
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Irreducible nonnegative matrices

Theorem 1.9.2. Let O < A € R™", Then A is irreducible if and only if for each index
pair (io, jo) there is a power A¥ = (ag}‘)) such that al(é‘].)o is positive. The exponent k can
be chosen to be less than n in the case iy # jo and less than n + 1 otherwise.

Proof. Let A be irreducible. Then thereis a path ip — iy — ...ik.1 — jo, k<n-1,if
ip # jo and k < n otherwise (if necessary shorten the path by excising cycles). Hence
Qiyiy Aisi, *+ Aiy_yj, > 0 and

(k)
Tiojo

n n
= Z T Z Aipl, AL, Al jo (19.1)
=1 lx1=1

2 Qiyiy Aiyiy *** Aiyyjo > 0.

Conversely, choose iy, jo arbitrarily. The assumption guarantees a positive entry
a?f}o for some power A¥. Therefore, at least one summand of the representation (1.9.1)
must be positive. The index pairs of this summand form a path which connects iy with
jo and which has length k. This length must eventually be shortened as above in order
to see that k can be restricted as required. O

Theorem 1.9.3. Let A € R™" be nonnegative and irreducible. Then (I + A)"™1 > O.

Proof. The theorem follows directly from the representation

n-1
q+at=Yy (" B 1)Ak

k=0
and Theorem 1.9.2. O

We will use Theorem 1.9.3 in order to transform a problem with a nonnegative irre-
ducible matrix into one with a positive matrix while the eigenvectors do not change
and while the eigenvalues transform in a definite way.

First we consider nonnegative eigenvectors of A.

Theorem 1.9.4. Let A € R™" be nonnegative and irreducible. Then A has at most one
linear independent nonnegative eigenvector x which then is positive together with its
eigenvalue.

Proof. Let x > 0 be an eigenvector of A associated with some eigenvalue A. Since x
has at least one positive component, say x;, > 0, we get 0 < (4x);, = Ax;,, hence 1 > 0.
We apply Theorem 1.9.3 ending up with 0 < (I + A)" 'x = (1 + 1) 1x, whence x > 0.
By virtue of the irreducibility of A, we get Ax = Ax > 0, hence A > 0.

Let y > 0 be a second eigenvector of A associated with some eigenvalue y and
linearly independent of x. As above, we have y > 0 and y > 0. Assume A < u. Choose
a > 0 such that ax > y with equality in at least one component. Then

O<T+A) " YHax-y)= A+ lax -1 +p)" ly <@ +p) " Hax-y)
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which is a contradiction for the zero component of ax — y. If A > u interchange the
roles of x and y in order to get a contradiction once more. O

We are now ready to prove the famous Theorem of Perron and Frobenius.

Theorem 1.9.5 (Perron-Frobenius, irreducible matrices). Let A € R™" be nonnegative
and irreducible. Then the spectral radius p(A) of A is a positive eigenvalue of A and
there is a corresponding positive eigenvector u.

Proof. Let S={x|x e R", x >0, Z}Ll x; = 1}. This set is nonempty, convex and
compact. Define the function f: S - R" by

Ax

Y X aiX

Then f is well-defined (i.e., the denominator differs from zero), continuous, and sat-
isfies f(S) < S. By Brouwer’s fixed point theorem f has a fixed point u € S. With A =
Yit1 Xjo1 aiju; the fixed point equation transforms to Au = Au and from the definition
of S we see that u is a nonnegative eigenvector. Theorem 1.9.4 implies A > 0 and u > 0
and the inequality p(A) < |Ally = A < p(A) concludes the proof. O

f) =

Each positive eigenvector u of a nonnegative matrix A is called a Perron vector. Accord-
ing to Theorem 1.9.5 each irreducible nonnegative matrix has a Perron vector which, by
Theorem 1.9.4, is unique up to a multiplicative scalar @ > 0. Notice that Perron vectors
are often normalized by ||u|; = 1 in order to make them unique. This is not done here.

Theorem 1.9.6. Let A € R™" be nonnegative and irreducible. Then the spectral radius
p(A) is an algebraically simple eigenvalue of A.

Proof. We already know that p(A) is a positive eigenvalue of A associated with a
Perron vector u. Assume that p(A) is not simple.

Case 1: The Jordan normal form has at least two blocks associated with p(A). In
addition to u there is another eigenvector v associated with p(4) such that u, v are
linearly independent. Let v be real; otherwise replace v by its imaginary part. W.Lo.g.
we can assume that u — v is positive. Since A(u — v) = p(A)(u — v) Theorem 1.9.4
implies u — v = au, whence v = (1 — a)u. This contradicts the linear independence of
u and v.

Case 2: The Jordan normal form J has exactly one block associated with p(A) and
this block is at least of size 2 x 2. There is a principal vector v such that (A - p(A)I)v =
u. From (A — p(A)I) Im v = 0 we can conclude that v is real. Let tp = min{t | t € R,
tu — v > 0}. Then

OsA(tou—v)zp(A)[(to—%>u—u],

whence (o — ﬁ)u - v 2 0. Thus ¢, was not minimal, which is a contradiction. O
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As the example

1
A,,(:(1 i‘) witha=-4, a=1, a=4

shows the spectral radius of a matrix A is not monotone with respect to the entries of
A even if this matrix is irreducible. The situation changes for nonnegative matrices.

Theorem 1.9.7 (Comparison theorem, irreducible case). Let A € R™" be nonnegative
and irreducible and let B € C™™" such that |B| < A. Then p(B) < p(A) with equality
if and only if B = e DAD™', where A = e!?p(A) is an eigenvalue of B and where D ¢
C™", |D| = I. In particular, p(A) is a strictly monotonously increasing function of the
entries of A.

Proof. The inequality follows from
P(B) < IBllu = I1Blllu < Al = p(4),

where u is a Perron vector of A.
In order to prove the equivalence let p = p(A) = p(B), A = €?p, Bz = Az, z + 0.
Then
plzl = 1A]|z| = |Bz| < |B| |z| < Alz|. (19.2)

Define y = (I + A)""1|z| which is positive by virtue of Theorem 1.9.3. If strict inequality
holds in (1.9.2) for at least one component we get

py < I+A)"1Alz| = Ay,

which yields the contradiction p|lylly < lAllullYllu = pllyll.. Therefore, equality holds in
(1.9.2), whence |z| is a Perron vector of A. In particular, it is positive. From (1.9.2) we
obtain (A - |B|)|z| = 0, hence A = |B|.

Let D = diag(£Y, ..., 2)- Then z = D|z| and BD|z| = Bz = e'?pz = pe'?D|z|. With
C = e D 1BD we deduce plz| = C|z| = A|z|, where we also used (1.9.2) with equality.
This implies (A — C)|z| = 0. Since |C| = |B| = A, we can replace A by |C| in order to
end up with (|C| — C)|z| = 0. Therefore, (|C| — Re C)|z| = 0, whence |C| = Re C and
C = |C| = A. The definition of C finally yields B = e/ DAD'.

The converse is trivial.

Let 0 <A <A', A+ A'. Then the preceding results (with A, A’ in place of B, A)
imply p(A) < p(A’), which proves the monotony. O

We continue our results with an interesting alternative.
Theorem 1.9.8 (Quotient theorem, irreducible case). Let A € R™" be nonnegative and
irreducible and let x € R" be positive. Then either

(Ax);

1

min{w|i=1,...,n}<p(A)<max{M|i=1,...,n}.
Xi Xi

=p(4) fori=1,...,n

or
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Proof. Let v be a Perron vector of AT. Then ATv = p(AT)v = p(A)v. The assertion can
be deduced from

n

0=pAp'x-viAx=) <p(A) -
i=1

(AX); >
ViXi

Xi

taking into account that v;x; is positive for all i. O

General nonnegative matrices

Now we consider nonnegative matrices which are not necessarily irreducible. Most of
the preceding results can be shown when replacing the strict inequality sign by ‘<’.
The proof is then based on a continuity argument.

Theorem 1.9.9 (Perron—Frobenius, general case). Let A € R™" be nonnegative. Then
the spectral radius p(A) of A is anonnegative eigenvalue of A and thereis a correspond-
ing nonnegative eigenvector u. Moreover, the spectral radius is zero if and only if A is
reducible with a strict triangular matrix as reducible normal form.

Proof. Let k € N and Ay = A + eeT/k > 0. According to Theorem 1.9.5 the matrix
Ay has a Perron vector u* which we choose such that |u¥|, = 1. The sequence (u*)
is bounded and thus has a convergent subsequence. For simplicity we assume that
the whole sequence is convergent to some limit u which certainly is nonnegative and
satisfies |lul, = 1. Let k tend to infinity in Azu* = p(Ax)u*. Then Au = p(A)u which
proves the first part of the theorem.

The equivalence follows for instance from the reducible normal form Ry =
(Ajj)i,j=1,...,s of A and the subsequent Theorem 1.9.10 applied to the block matrix
B = (Bjj)i,j-1,...,s with the same block structure as R4, Bj; = Aj;, and B;j = O other-
wise. It implies p(A4;;) = p(Bi;) < p(B) < p(Ra) = p(A) = 0 whence A;; = O follows by
virtue of Theorem 1.9.5 and the definition of R4 in Theorem 1.7.16. O

The example A = diag(1, 1/2) shows that not every nonnegative matrix has a Perron
vector. In addition, the 2 x 2 matrices I and I + (1, 0)7(0, 1) illustrate that the spec-
tral radius does not strictly increase with the entries. However, the following slightly
weaker result can be deduced immediately from Theorem 1.9.7 using the continuity
argument in the proof of Theorem 1.9.9.

Theorem 1.9.10 (Comparison theorem, general case). Let A € R™" be nonnegative
and let B € C™" such that |B| < A. Then p(B) < p(A). In particular, p(A) is a (weakly)
monotonously increasing function of the entries of A.

By a similar continuity argument as above we obtain a generalization of the quotient
theorem.
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Theorem 1.9.11 (Quotient theorem, general case). Let A € R™" be nonnegative and let
x € R" be positive. Then

min{@|i=1,...,n}sp(A)Smax{@|i=1,...,n}-.

i i

Again, the result cannot be improved. Consider the 2 x 2 matrix A = I + (1, 0)7(0, 1)
and the vector x = e.

In case of nonnegative matrices, we can sharpen Theorem 1.7.3 to operator norms
which are generated by monotone vector norms. To this end we notice that the norm
|- Il, defined in (1.3.8) satisfies | A]l, = p(A) if v > O is a Perron vector of the nonnegative
irreducible matrix A.

Theorem 1.9.12. For each nonnegative matrix A € R™" and any positive real number
€ there is a monotone vector norm | - | such that the generated operator norm satisfies
Al < p(A) + €. If, in addition, A is irreducible, then || - | can be chosen such that ||A| =
p(A) holds.

Proof. Let As = A + 6eeT, 6 >0.Then As is positive, hence irreducible. Choose § such
that p(A4s) < p(A) + €. Denote by v > 0 a Perron vector of As. Then ||A], < |45y =
p(As) < p(A) +e.

If A > O is irreducible, choose v as a Perron vector of A instead of As. O

Notice that the norm in Theorem 1.9.12 depends on A > O and (in the general case)
one.
Next we prove localization theorems for p(A) for which no norm is needed.

Theorem 1.9.13. Let A € R™" be nonnegative, x € R" be positive and s € R}.
(@) If Ax < sx, then p(A) <s.

(b) If Ax < sx, then p(A) < s.

(c) If Ax < sx, Ax # sx and if A is irreducible, then p(A) < s.

Proof. The parts (a) and (b) are direct consequences of Theorem 1.9.11. Part (c) follows
from Theorem 1.9.8. O

Theorem 1.9.14. Let A € R™" be nonnegative and s € R.

(@) Theinverse (sI — A)™! exists and is nonnegative if and only if p(A) < s.

(b) The inverse (sI — A)~! exists and is positive if and only if p(A) < s and A is irre-
ducible.

Proof. (a) Let (sI- A)™! > 0 and Ax = Ax, x # 0. Then |A||x| < Alx| and (s - |A])|x| =
(sI — A)|x|, whence (s — |A|)(sI — A)~1|x| > |x| = 0. Since x #+ 0 we have s > |A|.

Conversely, let p(A) < s. Then s > 0 and p(1A) = 1p(A) < 1. Hence Theorem 1.7.6
guarantees

(sI—-A)! = % (1 - %A)_l _ %§)<%A)k > 0. (19.3)
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(b) Let (sI - A)™! > 0. Then p(A) < s by virtue of (a), whence p(%A) < 1. The
irreducibility of A follows from the positivity of the sum in (1.9.3) and from Theo-
rem 1.9.2. U

Structure of irreducible nonnegative matrices

Now we reconsider irreducible nonnegative matrices and divide them in two large
classes: those for which A = p(A) is the only eigenvalue with |A| = p(A), and the re-
maining ones. More precisely, we use the following terminology.

Definition 1.9.15. Let A € R™" be nonnegative and irreducible. In addition, let A have
exactly h eigenvalues A;, j = 0,1, ..., h -1, with |A;| = p(A). (All eigenvalues are
counted according to their multiplicity.) If h = 1, then A is called primitive, if h > 1,
it is called h-cyclic.

Frobenius showed that cyclic matrices have very interesting properties. Some of them
are listed in our next theorem.

Theorem 1.9.16 (and Definition). Let A ¢ R™" be nonnegative, irreducible and h-cyclic

with the eigenvalues A;j = eiafp(A), j=0,1,...,h—-1,where0=0p <601 <---<0p_1 <

2m. With ¢ = 2m/h the following properties hold.

(@) The exponents 0; are equally spaced and satisfy 6; = jo,j=0,1,...,h—-1.In
particular, A; is a simple eigenvalue of A.

(b) The spectrum of A is invariant when being rotated around zero in the complex plane
by an angle of ¢.

(c) Thereis a permutation matrix P € R™" such that A transforms to the block form

0 A O ... 0
0 Ay :
PAPT = (Ay) = : Y0 (1.9.4)
0] o Apoin
App O e e 0]

with quadratic diagonal blocks A;; = O and Ap1 # 0, A i1 #0,i=1,...,h-1.
The block form (1.9.4) is called the cyclic normal form of A.

Proof. (a) According to Theorem 1.9.7 applied to B = A and A, = eiemp(A), there is a
diagonal matrix D,, € C*”" such that |D,,|=Iand A = e"emDmAD,‘n1 .Then det(A - AlI) =
det(e"‘ngmAD;1 - AI), whence (with the eigenvalues A;, j =0, ...,n—1 of A) we get

n-1 n-1
[T -2 =€ - 2. (1.9.5)
j=0 k=0
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Therefore, {A; |j=0,1,...,h-1} = (e Ay | k=0,1,...,h-1}.Since Ag is simple
by Theorem 1.9.6 and since m was arbitrary, all the eigenvalues 4;,j=0,1,...,h-1
must be simple. Hence 0 = 6y < 61 < --- < 0,_1 < 27, and from (1.9.5) with A = O we get
]'[;’:"01 A = T1023 et0m Ay = ethn [T8-2 Ak By virtue of |Aj] = p(A) > O we can divide by the
product and obtain eihbm = 1, Thus 6,, is an h-th unit root. Since m was arbitrary and
since the individual values 0,, € [0, 27) differ from each other we must have 6, = ZT” m.

(b) follows immediately from (1.9.5).

(c) Let the diagonal matrix D = D, from the proof of (a) (with m = 1) have s differ-
ent diagonal entries ei?x, 0 < Q1< @y << s <2m. Wlo.g. let ¢; = 0, otherwise
choose D = e~1D; . From the definition of D; we get

e DAD™ = "1 D(e'® DAD™)D™!
=e?"D’AD? = ... = " D"AD™" = D"AD™" (1.9.6)

A

and with a Perron vector u of A we end up with AD"u = D"AD~"D"u = AoD"u. Since
Ao is a simple eigenvalue, the eigenvector D"u must satisfy D"u = au. From D =
diag(..., e'*r,...) = diag(..., 1, ...) we deduce a = 1, hence DI = I. This results
in @y = 2T”nk with some integers 0 = ny < n < --- < ng < h, in particular, s < h. There
is a permutation matrix P € R with PDPT = diag(e!?' IV, .. ., e!%s]®)), where 10
are appropriate unit matrices. Let PAPT = (Ay;) be divided into blocks according to
PDPT. Then the diagonal blocks Ay are quadratic and from (1.9.6) we get PAPT =
e!% (PDPT)(PAPT)(PD'PT). Hence Ayj = e%1e!?x Aje~'% . This implies et (1+me-m) =
1if Ay; # O, or, equivalently, 61(1 + nx — n;) =0 mod 27 and

ng+1=n; modh, ifA#+0. (1.9.7)
Choose nj, ny € {0, ..., h — 1} and notice that PAPT is irreducible. For each block
index k € {0, ..., s} we can find an index j in the same index set such that Aj; # O,

whence, by virtue of (1.9.7), nx + 1 = nj mod h. Start with k = 1. From n; = 0 we get
nj =1 and ¢; = 2m/h. Since this is the smallest possible positive angle we must have
@> = @j, in particular, j = 2, n, = 1, Ay, # O. Step by step one shows that ny,; =k,

Agi+1 # O for k = 2,...,s — 1. The irreducibility of A together with A;; = O for
k=1,...,s-1implies As; # O, whence, by (1.9.7)and ng=s-1,n, =0,0<s<h
we finally obtain s = h. O

Corollary 1.9.17. If A € R™" is nonnegative and irreducible with a;; > O for at least one
diagonal entry then A is primitive.

Theorem 1.9.18. Let A € R™" be nonnegative and irreducible. If A is h-cyclic then there
is a permutation matrix P and matrices B;j, j = 1, ..., h such that

PAMPT = diag(BY,...BY), k=1,2,..., (1.9.8)

where the diagonal blocks B;j are primitive and satisfy p(B;) = p(A)h.
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Proof. Choose P as for the cyclic normal form (1.9.4). Multiply PAPT with itself several

times to see that the upper nonzero diagonal moves to the right upper corner while the
lower one tends to the diagonal. With

Bi = Ajii1Ain,i2 - - Al - Aj

one ends up with (1.9.8). With Theorem 1.8.4 we get p(B;) = p(B;) fori,j=1,..., h.
Choose k = 1 in (1.9.8). This proves p(B;) = p(A") = [p(4)]". If at least one matrix B; is
not primitive there would be at least h + 1 eigenvalues A of Al with 4] = [p(A)]h .Then
A would have at least h + 1 eigenvalues y with |u| = p(A) contradicting h-cyclicity. O

Example 1.9.19. Let
0O A, O O
O 0 A, O
0O 0 0 A;
A, O 0 O

be 4-cyclic and denote by Aj,;,...i, the product 4;, A, --- A4;
Then

A=

s

0 O Ay O

0 0 0 Ay
Az, O O O ’

0 Ay

0] 0 A123
Axzy O 0

0 Asy 0

0 0 A412 0

Azs O 0]
_ 0 Axpn 0
0 0o A3412 ’
0 0 A4123
0
< 0

A? =

A12341 0 0
0 Az3412 0

0 0] 0 Asgpz |’
Ag1234 0 0 0

The powers A¥ of an arbitrary h-cyclic matrix (in cyclic normal form) show an analo-
gous behavior.
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1.10 Particular matrices

In this section we introduce some more classes of matrices which are connected with
nonnegativity. We will consider M-matrices, H-matrices, and inverse positive matri-
ces: M-matrices are real matrices with a particular sign structure and a nonnegative
inverse. H-matrices are M-matrices if one changes the signs of their entries to those of
an M-matrix. Inverse positive matrices have a nonnegative inverse. All matrices will
be of importance in interval analysis.

Definition 1.10.1. The set of all matrices A € R™" with a;; < 0 for i # j is denoted by

Zan

Definition 1.10.2. A regular matrix A € Z™" is called an M-matrix if A~ > 0. A sym-
metric M-matrix is called a Stieltjes matrix.

A=<2 —1)
-3 2
e 2 1

3 2)°

Theorem 1.10.4. For A € Z™™" the following statements are equivalent.

(@) The matrix A is an M-matrix.

(b) Thereis a vector u > 0 such that Au > 0.

(c) Each principal submatrix of A is an M-matrix.

(d) Thereis a matrix B > O and a real number s > p(B) such that A = sI — B.
(e) All principal minors of A are positive.

Example 1.10.3. The matrix

has the nonnegative inverse

hence it is an M-matrix.

Proof. ‘(a) = (b)’: Choose u = A~ le.

‘(b) = (d)’: Choose s = max{|ajj||i=1,...,n}. Then B = sI - A is nonnegative
and Bu = su — Au < su. Hence Theorem 1.9.13 guarantees p(B) < s.

‘d) = (a)’: A~!=(sI-B)! existsand is nonnegative by Theorem 1.9.14. The sign
pattern of A follows from A = sI - B.

‘(b) = (c)’: Let A’ by any principal submatrix of A and let u > 0 be a vector for A
as guaranteed by (b). Shorten this vector by those components whose indices do not
belong to A’ and denote the result by u’. Then A’ has the sign pattern of an M-matrix
and fulfills A'u’ > 0. Hence it is an M-matrix.

‘(c) = (a)’: Is trivial since A is a principal submatrix itself.

“(c), (d) = (e)’: If A is a real eigenvalue of A with A = sI — B as in (d), then A >
s — p(B) which is positive by (d). Since the nonreal eigenvalues of A occur in conjugate
complex pairs A, A we have det A = [T, Ai > 0. This argumentation can be repeated
for any principal minors different from det A by virtue of (c).
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‘(e) = (d)’: Letall principal minors of A be positive. Choose s € R*, O < B € R™"
such that A = sI — B, and define the matrices A(Ad) = AI — B and the function f(1) =
detA(A).

We first show by induction on their order k that all principal minors of A(A) are
positive for A > s. If k = 1 this is trivial. Assume that our subsidiary statement holds for
the dimension k — 1 < n. Since the principal submatrices of A, and A(A), respectively,
are matrices of the form A(A) with smaller dimension for which (d), and the induction
hypothesis, respectively, hold we may assume w.l.0.g. that k = n — 1. Then all principal
minors of A(A), A > s, are positive provided their order is less than n. Since (proved
by induction with respect to n)

F') =) det(A)a 15+ s A 1, €9, A ja1s v v o A n)
j=1

is a sum of principal minors of the order n — 1 the derivative is positive. Hence f(A) is
monotonously increasing and therefore positive for A > s since f(s) > 0 by (e). This
proves our subsidiary statement.

From f(A) = det(AI - A) > O for A > s we see at once that the eigenvalue p(B) of B
must be less than s, since det(p(B)I - B) = 0. Thus we get (d). |

Criterion (b) is the famous criterion by Fan [92] which is often used in order to verify
an M-matrix. From (b) and the sign pattern of an M-matrix we obtain immediately the
following corollary.

Corollary 1.10.5. Let A € Z™" be an M-matrix. Then the diagonal entries of A are pos-
itive and each matrix B with A < B € Z™™" is an M-matrix.

For irreducible matrices the criteria in Theorem 1.10.4 can be slightly modified.

Theorem 1.10.6. Let A € Z™" be irreducible. Then the following statements are equiv-
alent.

() The matrix A is an M-matrix.

(b) The matrix A is regular with A > O.

(c) Thereis avector u > 0 such that Au > 0 with (Au); > O for at least one component.

Proof. ‘(a) © (b)’: Let A = sI — B asin Theorem 1.10.4. Then B > O is irreducible and
Al = %(I - %B)‘1 > O using the Neumann series and Theorem 1.9.2. The converse
follows directly from the Definition 1.10.2.

‘(@) © (c)’: The implication ‘=’ follows directly from Theorem 1.10.4. The con-
verse direction is proved nearly literally as ‘(b) = (d)’ of the same theorem, this time
applying Theorem 1.9.13 (c). a

Theorem 1.10.7 (with definition). Let A € Z™" have only positive diagonal entries.
Then each of the following matrices is an M-matrix.
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(a) The matrix A is strictly diagonally dominant, i.e.,

n
il ) i = oo .
Ialll > Z|a11| 1= 1’ ’n
j=1
j#

(b) The matrix A is irreducibly diagonally dominant, i.e., A is irreducible and

n
laiil = Y lagl, i=1,...,n,
j=1
j#i
with strict inequality for at least one index i.
(c) The matrix A is regular and diagonally dominant, i.e.,

n

laii| = Z|aij|, i=1,...,n.
j=1
ji

(d) The matrix A is triangular with positive diagonal entries.

Proof. (a), (b) follow immediately from Theorem 1.10.4 and Theorem 1.10.6 with u = e.

(c) The matrix A + €I, £ > 0, fulfills the assumptions of (a). Hence (A + €)™ > 0
which proves the assertion if € — 0.

(d) Here, a positive vector u can be constructed componentwise such that Au > 0.

O

Theorem 1.10.8. A matrix A € Z™™" is a Stieltjes matrix if and only if A is symmetric and
positive definite.

Proof. Let A be a Stieltjes matrix and assume that A has an eigenvalue A < 0. Then
A - Al is singular. Moreover, A < A — AI € Z™", hence A — Al is an M-matrix by
Corollary 1.10.5. Thus A — Al is regular which is a contradiction. Therefore, A has only
positive eigenvalues and must be positive definite.

Conversely, let A be symmetric and positive definite. Choose

s >max{la;ij| |[i=1,...,n}, B=slI-A.

Then B is nonnegative and s — p(B) is an eigenvalue of A which must be positive.
Hence p(B) < s, and A is an M-matrix. O

Example 1.10.9. If one discretizes the boundary value problem

—-u" +qxu=fx), qx)=0, 0<x<1,
uO=a, u(l)=p

on an equidistant grid {x; | x; =ih, h=1/(n+1),i=0,...,n + 1} using the approxi-
mation u(x;) = ni, u” (x;) = (Ni—1 — 2ni + Ni+1)/h? and no = , Nps1 = B, then one ends
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up with a linear system An = b with

2 -1 0
-1 2 -1
A= + h? diag(q(x1), . .., q(xn)) € Z™M,
-1 2 -1
0 -1 2

b = h*(f(x1) + a/h?, f(x2), . . ., f(Xn_1), f(xn) + B/H2)" € R™.

By virtue of Theorem 1.10.7 (b) the matrix A is an M-matrix. Moreover, by Defini-
tion 1.10.2 it is a Stieltjes matrix.

Example 1.10.10. If one discretizes the elliptic boundary value problem

“Au+q(x,y)u=flx,y), qxy)=0, (xy) eQ=(0,1)x(0,1),
u(x,y) =gy, (xy)eoQ

on an equidistant grid {(x;, ;) | x; = ih, yj=jh, h=1/(n+1),i,j=0,...,n+1}
using the approximation u(x;, y;) = n;j, the five point star approximation Au(x;, yj) :=
W (Xi, Yj) + Uy (Xi, ¥5) = (Mica,j + Nijj-1 — 4135 + Niv,j + Nije1)/R? and 35 = g(x, y5),
ifi € {0,n+ 1} orj € {0, n + 1}, then one ends up with a linear system An = b, where
ne R™ contains the components 7;; in a row-wise ordering, i.e., nx = n;; with k =
(-Dn+i,i,j=1,...,n.With g;; = g(x;, y;) the matrix A has the form

T -I 0]
-1 T -I
A= .'. .'. .'. +h2 diag(Qll,QZly--ann)GR"ZX"Z,
-1 T -I
0] -1 T
where
4 -1 0]
1 4 -1
T — .. .. .. c IRan.
-1 4 -1
0] -1 4

With fj; = f(xi, yj) and gi; = g(x;, y;) the vector b reads
810t 8 8 8no t 8n+1,
b:hz(f11+%,f21 %,---,fn1+nh—zn+ll,
8n+1,n + 8n, T
Y EEL AN

By the same reasons as in Example 1.10.9, the matrix A is a Stieltjes matrix.

fio +
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Singular M-matrices occur in applications like the closed input-output model of
Leontief. Their definition is similar to the condition (d) in Theorem 1.10.4, which is
equivalent to a regular M-matrix.

Definition 1.10.11. A matrix A € Z™" of the form A = p(B)I - B, B > O, is called a
singular M-matrix.

Notice that M-matrices without the supplement ‘singular’ are always assumed to be
regular in this book.

Theorem 1.10.12. Let 0 < u € R", A € Z™" irreducible, Au = 0. Then A is a singular
M-matrix.

Proof. Let s = max{a;; | i =1, ..., n}. Then the assumptions of the theorem imply
s >0, B:=sI-A > 0, B irreducible, Bu = su. Theorem 1.9.8 applied to B and u
shows p(B) = s and finishes the proof because of A = sI — B. O

Theorem 1.10.13. Let A € Z™" be a singular irreducible M-matrix. Then

(i) A hasrankn-1.

(ii) There is a positive vector u such that Au = 0.

(iii) Each principal submatrix of A other than A itself is a regular M-matrix.

Proof. Let A = p(B)I - B, B > 0. Then B is irreducible.

(i) Since p(B) is a simple eigenvalue of B, zero is a simple eigenvalue of A.

(ii) Any Perron vector u of B satisfies u > 0, Au = 0.

(iii) Let Ay € R, k < n, be any principal submatrix of A. It grows out from A by
simultaneously deleting certain rows and columns. Replace them in A by rows and
columns of the identity matrix and multiply the arising entry one in the diagonal by
p(B). Denote the new matrix by A’. Then A’ = p(B)I - B’ with O < B’ < B. Since
B was irreducible, each column contains at least one positive nondiagonal entry. By
construction, B differs from B’ just by zeroing out those rows and columns which had
to be deleted for Ax. Therefore, B’ # B, whence p(B') < p(B) by Theorem 1.9.7. By virtue
of Theorem 1.10.4 (d), A’ is a regular M-matrix and so is Ay as a principal submatrix
of it. |

Next we associate with A € R™" a matrix which has the sign pattern of an M-matrix.

Definition 1.10.14. Let A =D - B ¢ R™" with D =diag(a1, ..., dnn). Then the matrix
(A) = |D| - |B| is called a comparison (or Ostrowski) matrix of A.

Definition 1.10.15. A matrix A € R™" is called an H-matrix if (4) is an M-matrix.

Theorem 1.10.16. Let A, D, B be as in Definition 1.10.14. Then the following statements
are equivalent.

(a) A isan H-matrix.

(b) There is a positive vector u such that (A)u > 0.
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(c) p(ID7'Bl) = p(ID|"!|BI) < 1.
(d) If0<ueR"and (Ayu <0, then u = 0.

Proof. The equivalence of (a) and (b) follows immediately from Definition 1.10.15 and
Theorem 1.10.4.

‘(@) = (c)’: Let A bean H-matrix. By virtue of Corollary 1.10.5 the diagonal matrix
|D|™! exists and is nonnegative. Since O < (A)™|D| = (I - |D|"!|B|)~! Theorem 1.9.14
proves the assertion.

Conversely, let p(|D|™|B]) < 1. By virtue of Theorem 1.9.14 we get (I — |D|"|B)! >
0, whence (A)! > O. Therefore, (A) is an M-matrix.

‘(a) = (d)’: The implication follows from (A)~! > O and the assumptions of (d)
which imply 0 < u = (4)"1{A)u <0, i.e., u=0.

‘(d) = (c)’: Choose u = el). Since u # 0 and ((A)u); = —|ajj| < 0 for i # j we must
have |aj;| = |dj;| > 0. Otherwise (A)u < 0 and (d) implies the contradiction u = e =0.
Therefore, |D~1B| = |D~| - | B| exists and has an eigenvector v > 0 associated with the
eigenvalue p := p(|D™'B|).If p = 1, then (A)v = (|D| - |B|)v = |D|(1 - p)v < O implies
v = 0, which is again a contradiction. O

Corollary 1.10.17. Each H-matrix is regular.

Proof. Let A, D, B be as in Definition 1.10.14 and assume that there is a vector x # O
with Ax = 0. Then (I - D™'B)x = 0, whence 1 < p(D~'B) < p(|D~1B|). This contradicts
Theorem 1.10.16. |

Theorem 1.10.18. Each of the following conditions guarantees that A ¢ R™" is an H-
matrix.

(a) The matrix A is an M-matrix.

(b) The matrix A is diagonally dominant and {(A) is regular.

(c) The matrix A is strictly diagonally dominant.

(d) The matrix A is irreducibly diagonally dominant.

(e) The matrix (A) is symmetric and positive definite.

(f) The matrix A is symmetric, positive definite and tridiagonal.

(g) The matrix A is regular and triangular.

Proof. (a) is trivial.

(b) The assumption shows that (A) is diagonally dominant and regular. Therefore,
Theorem 1.10.7 can be applied.

(c), (d) follow analogously to (b).

(e) follows from Theorem 1.10.8.

(f) With the notation of Definition 1.10.14 we notice first that |D| = D. Choose
01 =1 and oy € {-1, 1} such that —a;,i+1 = 0ila;,is1l0i41, 1 =1,...,n—1.Let Dy =
diag(o1, ..., opn). For any vector x € R" \ {0} define X = D;'x # 0. Then

xT(AYx = T (Dy|D|Dy — Dy|B|Dg)% = X7 A% > 0,
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where we exploited for B that A is tridiagonal. Hence (A) is symmetric and positive
definite, and part (e) concludes the proof.

(g) Here, the matrix (A) has positive diagonal entries and is triangular. Hence
Theorem 1.10.7 can be applied again. O

Next we introduce matrices that do not necessarily have the sign pattern of M-matrices
but, like them, do have a nonnegative inverse.

Definition 1.10.19. A matrix A € R™" is called inverse positive if A is regular and
At > 0.

Notice that in Definition 1.10.19 we followed the traditional terminology although the
terminology ‘inverse nonnegative’ would be more appropriate. As an example, con-
sider the permutation matrix P = (9 }) which is obviously not an M-matrix but an
inverse positive one since P~ = PT = P > 0.

Definition 1.10.20. The pair (M, N) is called a regular splitting of A € R™" if A =
M - N, M regular,and M~* > O, N > O.

Theorem 1.10.21. Let (M, N) be a regular splitting of A € R™". Then A is inverse posi-
tive if and only if p(M~'N) < 1.

Proof. Let P= M~IN and Sy = Zf'(:o P!. By the assumption, P is nonnegative.
Let A be inverse positive. From 0 < M~! = (I - P)A~! we get

O<SIM =S (I-P)A ' =(I-PhHal<al.

Since each row of M~! > O contains at least one positive entry, the sum S is bounded
from above for all k. Therefore, since P > O, limy_,o, Sk exists, whence p(P) < 1 by
virtue of Theorem 1.7.8.

If, conversely, p(P) < 1, then

PM'=(1-P)M1=4" O

M8

T
<)

0<

Theorem 1.10.22. Let (M, N) and (M, N) be two regular splittings of the inverse positive
matrix A € R™" which satisfy N < N or, equivalently M < M. Then

p(M™IN) < p(M~IN) < 1. (1.10.1)

Proof. The equivalence follows from M - N = A = M — N, which implies M - M =
N - N < 0. Next we show that the eigenvalues y of

MIN=(I+A'N)1AIN (1.10.2)

are coupled with the eigenvalues 7 of A~'N via

(1.10.3)
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To this end we start with an eigenpair (x, 7) of A"'N. The regularity of I + A"'N
implies 1 + T # 0, and from (1.10.2) we get M~ Nx = =X ie., (x, l—frT) is an eigen-

pair u of M~ N. Conversely, let (x, u) be an eigenpair of M~'N. Then ux = M~!Nx =
(I+ A 1N)"'A-1Nx, whence

u(d + A"IN)x = A"INx (1.10.4)

and J’Tyx = A"1Nx. Thus 7 = 1"7 is an eigenvalue of A~1N which satisfies (1.10.3)
again. Notice that p # 1 holds by virtue of (1.10.4). The Theorem of Perron and Frobe-
nius shows that p(M~1N) is an eigenvalue of M~!N > 0, and the same holds for
p(A~'N) and A~'N > 0. Since = is monotone increasing for 7 > 0, the nonnega-
tive eigenvalues of M~1N are maximized by choosing 7 = p(A~!N) in (1.10.3). This

leads to
p(A~'N)

1+p(A-1IN)’
By the hypothesis, we have N < N which implies p(A~'N) < p(A‘lN). The monotone
behavior of the right-hand side in (1.10.5) together with Theorem 1.10.21 finally proves
(1.10.1). O

p(M~IN) = (1.10.5)

Notes to Chapter 1

To 1.3: Most of the material can be found in any textbook on multidimensional calcu-
lus or functional analysis; cf. for instance Heuser [146]. Absolute and monotone norms
are used for instance in Horn, Johnson [150] or Ortega, Rheinboldt [267]. The proof of
Theorem 1.3.10 in the case K = R is due to Markus Neher [250].

To 1.4: The proof of Theorem 1.4.1 (a) was communicated to me by Martin Koeber [167].
The proof of Weierstrass’ approximation theorem follows traditional lines; cf. for in-
stance Himmerlin, Hoffmann [125]. Hermite interpolation can be found there, too; see
also Stoer, Bulirsch [348].

To 1.5: Most of the results are contained in the book of Ortega, Rheinboldt [267].
See also Franklin [100], Neumaier [257], and Istrdtescu [152]. Borsuk’s Theorem 1.5.4
can be found in Borsuk [71] or Deimling [83], Brouwer’s fixed point theorem 1.5.7
is contained in Brouwer [73]. The proof of Miranda’s theorem 1.5.9 is the original
one in Miranda [228]. For an alternative proof and a generalization of Miranda’s
theorem see Vrahatis [358]. Some of the convergence results on Newton’s method in
the Newton—Kantorovich theorem 1.5.10 are contained in a more general setting in
Kantorovich [158].

To 1.6: The mean value theorem and the counter-example above Theorem 1.6.1 are
from Heuser [145], but certainly not presented there for the first time.
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To 1.7: This section owes much Stoer, Bulirsch [348] and Varga [356].

To 1.8: For Section 1.8 we refer to Golub, van Loan [121], Ortega [266], and Stoer, Bu-
lirsch [348]. Algorithm 1.8.8 originates from Bunch, Kaufman, Parlett [74]; see also
Golub, van Loan [121]. The proof of Theorem 1.8.16 (a) and (c) is from Neumaier [253],
Lehmann’s Theorem 1.8.22 can be found in Lehmann [188, 189], Wilkinson’s Theo-
rem 1.8.25 is taken from Wilkinson [361].

To 1.9: Here we essentially follow Varga [356].

To 1.10: Many of the results can be found in Berman, Plemmons [68], Ortega [266], or
Varga [356].
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2 Real intervals

2.1 Intervals, partial ordering

Real compact intervals are particular subsets of R which form the main objects of this
book. They are denoted by square brackets and are defined by

I (2.1.0)

Q

[a]=la,@l={dla<as

Here, the lower bound inf([a]) = min([a]) = a and the upper bound sup([a]) =
max((a]) = a are real numbers which satisfy a < a. In brief, we call [a] an in-
terval, nearly always dropping the specifications real and compact. The set of all
intervals [a] is denoted by IR, that of all intervals [a] contained in some given subset
S of R by I(S). Functions which map I(S) into IR are called interval functions. They
are denoted, for instance, by [f]: I(S) — IR or, in short, by [f].

If the bounds a, a coincide, then the interval [a] contains exactly one element a.
In this case we call [a] degenerate or a point interval. Otherwise we call [a] nonde-
generate. We identify a point interval with its element, i.e., a = [a] = [a, a]. In this
way R is embedded in IR, and we will not distinguish between a and [a, a] in the se-
quel. If the bounds of an interval coincide in the leading digits, we sometimes present
these common digits and add the differing digits as subscript, and superscript, respec-
tively, in order to indicate the digits of the lower and the upper bound, respectively.
Thus [1.23478] means [1.23456, 1.23478].

The interior of [a] istheset {d | a < @ < a}. It is denoted by (a, a) or int([a]).

The midpoint @ = mid([a]) of [a] is given by

a = mid([a]) = (a +a)/2, (2.1.2)
the radius r, = rad([a]) by

rq =rad(la]) = (@-a)/2, (2.1.3)
and the diameter d([a]) (sometimes also called width of [a]) by

d([al)=a-a

(2.1.4)

We use the notations mid([a]) and rad([a]) if the argument [a] is a more complex
expression. Obviously, d([a]) = 2r, and

delal ©la-al<r,.

We call [a] zero-symmetric if a@ = 0. Trivially, zero-symmetric intervals have the form
[a] = [-rg, rq] and can be characterized by a = —a.

Equality =, intersection N, union U and the subset signs ¢, 2 are applied in the
usual set theoretical sense. In particular,

[al]=[b] o a=banda =D,

DOI110.1515/9783110499469-003
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and
[a]u[b] € IR & [a]ln [b] + 0.

The tightest interval containing [a] and [b] is called the convex union of [a] and [b]
and is denoted by [a] U [b]. Obviously,

[a] U [P] = [min{a, b}, max{d, b}].
The interval hull (IS of a bounded set S ¢ R is defined by
(S = [inf(S), sup(S)],

where the infimum inf(S) is the greatest lower bound of S and the supremum sup(S)
is the smallest upper one. We leave it to the reader to show

0S=(lal, Dig,a} =lal, and [a]u [b))=[alulb].

Scla)

In IR we define

[a] < [b], ifa<banda<b,
[a] < [b], ifa<banda < b.
Notice that the relation < satisfies
[a] < [a] (reflexivity)

[a] < [b] and [b] < [a] = [a]=[b] (antisymmetry)
[c

[a] < [b]and [b] < [c] = [a] < [c] (transitivity)

Therefore, the relation < is a partial ordering which extends the classical ordering
on R. But it is not a complete ordering, since not any two intervals are comparable as
the example [a] = [2, 3], [1, 4] shows. As usual, we define > by

[a] > [b] if[b] < [a],
and we proceed similarly for >. We mostly use these relations for expressing 0 <
[al, [a] < 0, etc. Notice that [a] < [b] is not equivalent to ([a] < [b]) A ([a] # [b]).
Another partial ordering on IR is given by the subset relation <.

Exercises

Ex. 2.1.1. Why is the definition [a] < [b] © a < b not a partial ordering in TR?
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2.2 Interval arithmetic

We equip IR with an arithmetic which extends that of R.

Definition 2.2.1. For [a], [b] € IR the binary operation - € {+, —, -, / } is defined on
IR by
[ale[b]={a-b|acelal, belb]}, 2.1

where we assume O ¢ [b] in the case of division.
The unary operations +[a], —[a] are defined by O + [a] and O — [a], respectively.
Instead of 1/[a] we also write [a]!.

As usual we often suppress the multiplication sign and the unary plus. From (2.2.1)
we immediately get the following explicit representation of [a] - [b] by means of the
interval bounds a, a, b, b.

Theorem 2.2.2. For [a],[b] e IR and - € {+, —, -, |} we have

[al + [b] = [a + b, @+ b],
[al - [b] = [a-b,a- b],
[a] - [b] = [min S, max S], where S = {ab, ab, ab,ab},

1/[b] = [i,l], if 0¢ [b],

S
— IS

[al/[b] = [a] - if 0¢[b].

m ’
In particular, [a] - [b] is again an interval.

Proof. We restrict ourselves to the addition. Then the set R on the right-hand side of
(2.2.1) is obviously contained in [c] = [a] + [b]. Since the function f(x, y) = x + y is
continuous on the compact set [a] x [b] it assumes each value between its minimum

¢ =f(a, b) and its maximum ¢ = f(a, b). This shows [c] < R and finally proves [c] = R.
For the remaining operations the proof proceeds analogously. O

The multiplication and division require case distinctions as the Tables 2.2.1-2.2.3
show.

Tab. 2.2.1: Multiplication [a] - [b].

b<0 b<0<b 0<b
a<o0 [ab, ab] lab, ab] lab,ab]
<0<a [ab,ab] [min{ab, ab}, max{ab,ab}] [ab,ab]

a
0<a [ab, ab] (@b, ab] lab, ab]




78 =—— 2 Realintervals

The case
a<0<a, b<O0<b (2.2.2)

in Table 2.2.1 can be further resolved if one uses the midpoint/radius representation
l[al =a+[-rg,rgl =a+rq[-1,1]1 = [a 14, A+ 1g4] (2.2.3)

of intervals. Since in (2.2.2) we have r, > 0, rp > 0, the inequalities there are equivalent
to

a b
-1<—<1, -1<—«<1,
Ya rp

and we get Table 2.2.2 as a result.
For the division we obtain Table 2.2.3.

Tab. 2.2.2: Multiplication [a] - [b] inthecasea<0<a, b<0< b.

-1<—<-—<1 -1<-—<—«1
Ia b b a
“1<—<—<1 lab, ab] lab, ab]
ra rp
1< 29 (@b, ab] (ab, ab]
' TIa

Tab. 2.2.3: Division [a]/[b].

b<0 0<b
a<o (a/b,a/b] [a/b,a/b)
a<0<a [a/b,a/b] [a/b,a/b]
0<a [a/b,a/b] [a/b,a/b]
Example 2.2.3.

[0’ 1] + [_2! 3] = [_2) 4]’ [09 1] - [_2’ 3] = [_31 3]!
[Oa 1] . [_2’ 3] = [_2’ 3]’ [_2’ 4] / [1’ 2] = [_2’ 4]'

By the Definition 2.2.1 the product [a] - [b] of two intervals is the range of the function
z=f(x,y)=x-y, x€[a], y € [b].In three-dimensional space, the graph of this function
describes a surface which is part of the hyperboloid z = x - y, (x, y) € R?. The range of f
is itself an interval [c] whose bounds are attained at two (at least!) of the four corners
of the rectangle R = [a] x [b]. If one moves such a rectangle over the plane R?, one
sees how the positions of the extremal points change with respect to the position and
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Fig. 2.2.1: [c] = [a] - [b] for [a] = [-2, 3], [b] = [-1, 2].

the radius of the operands [a], [b]. Here, particularly the case (0, 0) € int([a] x [b])
is interesting; see Figure 2.2.1, where we plotted the hyperboloid and R. In order to
increase the visibility, we moved R from the plane z = 0 into the plane z = -20 so that
¢ and ¢ in Figure 2.2.1 must be interpreted correspondingly.

Obviously, (R, +, —, -, /) with the standard operations is isomorphic to the set of
point intervals equipped with the corresponding operations +, —, -, /. In addition, the
following two crucial properties of interval arithmetic are immediate consequences of
Definition 2.2.1.

Theorem 2.2.4 (Inclusion property, inclusion isotony).
(@) For [a], [b] €e IR and o € {+, —, -, / } we have the inclusion property

d@obelalo[b] forallelementsa € [a], b € [b]. (2.2.4)
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(b) If[a], [a]', [b], [b]' € IR satisfy [a] < [a]’, [b] < [b]', then
[a] o [b] < [a]' o [b]’ (2.2.5)

for each operation o € {+,—, -,/ }.
Property (2.2.5) is called inclusion isotony or, less specifically, inclusion monotony.

In view of (2.2.4) the definition of [a] - [b] is optimal, i.e., the resulting interval is —
trivially — the smallest one such that the inclusion property (2.2.4) holds.

Exercises

Ex. 2.2.1. Verify the Tables 2.2.1-2.2.3.

Ex. 2.2.2. Compute the following expressions for [a] = [-1, 3], [b] = [3, 4], [c] =
(2,3].

la]l +[b], [b]+[al, [a]l-[b], [b]-Ial],
la]-[b], [b]-lal, [al/lb],
lal - ([b] +[c]), lal-[b]+[a]l-[c], I[a]l-([b]-Ic]), (la]l-[D])-Ic],
a, rq, d([a]).

Ex. 2.2.3. For o € {+, —, -, /} define the binary operation ¢ on IR by
[a] ¢ [b] := [a] - [b] + [-1,1].

Show that Theorem 2.2.4 holds also for ¢, but ¢ is not optimal in view of (2.2.4).

2.3 Algebraic properties, y-function
In this section we study algebraic properties of the interval arithmetic defined in Sec-
tion 2.2. We start with an example.
Example 2.3.1.
(1,2]-(1-1)=0+%[1,2]-[1,2] = [-1,1],
[1,2]/[1,2] =[1/2,2] # 1.

Apparently, the distributive law does not hold and inverses for the addition and mul-
tiplication do not exist or can at least not be expressed as expected. Despite these
discouraging features, the interval arithmetic has a variety of ‘good’ properties which
are listed in our next theorem.

Theorem 2.3.2. For intervals [a], [b], [c] € IR the following properties hold.
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commutative laws

(@ [a]+[b]=[b]+[a] }

associative laws

(b) [al + ([b] + [c]) = ([a] + [b]) + [c] }
[a] - ([b] - [c]) = ([a] - [b]) - [c]

(©) [al([b] + [c]) < [a][b] + [a][c] subdistributive law
(d) [a]+0 = [a] }
neutral elements
[a]l-1=[a]
(e) [a]-[b] =0 [a]=00r[b] =0 zero divisor free

(f) O€ela]-[b] ©@0¢€[a]or0 e [b]

(g) Nondegenerate intervals have neither an inverse with respect to addition nor with
respect to multiplication.
But 0 € [a] — [a] and 1 € [a]/[a] holds.

(h) [a]e[c]=[b]o]c]
[c]/la] = [c]/[b]

where o € {+,—, -, /} and 0 ¢ [c] in case of multiplication and division.

} = [a] = [b] reduction rules

(i) [a]+[c] < [b]+[c]= la] < [b].

Proof. (a) and (f) follow directly from Theorem 2.2.2.

(b) The first equality follows by a simple calculation. In order to prove the second
onelet [1] = [a] - ([b] - [c]). There are elements d € [a], d € [b] - [c] suchthatd-d =1,
and by Theorem 2.2.2 there are elements b € [b], ¢ € [c] with bé = d. Hence le[r] =
([a] - [b]) - [c]. Similarly, 1 € [r], whence [I]  [r]. An analogous argumentation yields
the converse subset property which proves equality.

(c) Is proved similarly as the subset property in the proof for (b).

(d) Is trivial.

(e) If [a][b] = O, then by the definition of the multiplication we have max S =
min$ = 0, where S = {ab, ab, @b, ab}. Assume that b # 0. Then necessarily a =0 = a,
which implies [a] = 0. Similarly, the remaining three cases b # 0, a # O and a + O
yield an analogous implication. The converse part of the statement is trivial.

(g) Let [a] + [x] =0, rq > 0. Then x = —a > —a = X, which contradicts x < x. Hence
[a] cannot have an inverse with respect to addition.

Assume [a] - [x] =1, rz > 0. Then (f) implies O ¢ [a] and O ¢ [x]. W.l.o.g.let a > 0.
Then necessarily x > 0, whence ax = 1 = ax. From this equality and r, > O we get the
contradictiona=1/x>1/x=a > a.

The remaining part of the statement is trivial.

(h) The statements for addition and subtraction follow from a simple calculation.
In order to prove the statement for multiplication we assume w.l.o.g. that @ > 0 and
¢ > 0 holds.
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If a > 0, then [a][c] = [ac, ac] = 0, whence b > 0. This implies [b][c] = [bc, EE]
and a simple comparison of the bounds yields [a] = [b].

If a < 0, then O € [a][c] = [b][c], whence O € [b]. We obtain [a][c] = [ac, ac] =
[b][c] = [bc, bc) and finally [a] = [b].

Both statements for division are reduced to that of multiplication by virtue of the
definition [a]/[c] = [a] - (1/[c]) and [c]/[a] = [c] - (1/[a]). In the last case one first
obtains 1/[a] = 1/[b] from which the statement follows by comparing and inverting
the bounds.

(i) The premiss implies a+c>b+canda+c< b +¢,whence a> b and a < b.
This is equivalent to [a] < [b]. O

Theorem 2.3.2 shows that (IR, +) and (IR \ {0}, - ) are commutative semigroups with
neutral elements, but neither of them is a group. Inverses are missing for nondegen-
erate intervals.

For zero-symmetric intervals we get particularly nice results which can immedi-
ately be verified by simple computations.

Theorem 2.3.3 (Zero-symmetric intervals). If [a], [b] € IR are zero-symmetric and [c]
is any interval, then [a] % [b] and [a] - [c], [a]/[c] are zero-symmetric provided that
0 ¢ [c] in the last case.

Now we take a closer look to the subdistributivity
[al([b] + [c]) < [a][b] + [a]lc] 231

of the interval arithmetic. We want to find out under which conditions equality holds
in (2.3.1). To this purpose we introduce Ratschek’s y-function which measures the re-
lations between the bounds of a nonzero interval. It goes back to Ljapin [190] and was
used by Ratschek in [281, 282, 283].

Definition 2.3.4. The function y: IR\ {0} — [-1, 1] is defined by

aj/a, iflal<|lal] (a=0ora=a=a)
x([al) = . _ ; _
aja, iflal>lal (e a<O0anda# a).
Example 2.3.5.
lal =[-2,6], a=2, x(la])=-2/6=-1/3,
lal =[-6,2], a=-2, x(la])=2/(-6)=-1/3.
Representing an interval [a, a] by the point (a, a) in the half-plane y > x yields Fig-
ure 2.3.1in which the rays indicate the level curves of y. The function decreases if one
follows the dashed curved arrows.

Theorem 2.3.6 (Properties of the y-function). Let [a] € IR \ {0}. Then
(@ x(al)= 1 ifandonlyif [a]is degenerate.

x([a]) =-1 ifandonlyif [a]issymmetric.

x([a])= O ifandonlyif [a]=[a,0]or[a]=]0,a].
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Fig. 2.3.1: Level curves of the x-function.

(b) x([a]) <1 ifandonlyif [a]is notdegenerate.
x([a]) <0 ifandonlyif O € [a].
x([a]) <0 ifandonlyif a<O0<a.
x([a]) =0 ifandonlyif a<Oor0<a.
x([a]) >0 ifandonlyif a<Oor0<a.

() x(tla]l) = x([a]), t € R\ {O}. In particular, x(-[a]) = x([a]).
(@) x(1/[a]) = x(la]).

x(laD) - x([b]), if 0 ¢ [al[b],
min{y([a]), x([b])} otherwise.

x(la]) - x([b)), if0 ¢ [a],
min{y([a]), x([b])} otherwise.

() x([a][b]) ={

(f) x(lal/[b]) = {

Proof. (a), (b) and (c) follow directly from Definition 2.3.4.
(d) By virtue of (c) we may assume a > 0. Then x(1/[a])) = (1/a)/(1/a) = a/a =
x([al)-
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(e) Again by virtue of (c) we assume @ > 0, b > 0, whence x([a]) = a/a, x([b]) =
Q/E. In addition, the definition of y requires [a] + O, [b] # O so that our assumption
implies a > 0, b > 0.

If O¢ [a][b],then 0 < a, O < b, hence [a][b] = [ab, @b] > 0. This yields x([a][b]) =
(ab)/(ab) = x([aDx([Db]). _

If£) € [a][b] we may assume_O € [a].Ihen a < 0 < a, whence [a][b] = [min{ab,
ab}, ab] with x([a][b]) = min{ab, ab}/(ab) = min{x([a]), x([b])}.

(f) follows from [a]/[b] = [a] - ﬁ, 0 ¢ [b], and (d), (e). O

The y-function is appropriate to fix bounds in the product [a][b]. For example, if
x([a]) < x([b]) < 0 and a > O, b < 0 is known, then a<0<a,b<0c< b, and
a > lal, |b| = b holds. Therefore, the lower bound of [a][b] is ab. For the upper
bound we must choose the maximum of the two values ab and @b, cf. Table 2.2.1.
From the assumptions we obtain

x([a]) = a/a < x([b]) = b/b.

Since b < 0 we get ab > ab, whence [a][b] = [ab, ab].

This observation and similar ones are the basis of our next theorem which com-
pletely clarifies equality in (2.3.1). We even can generalize the situation there by allow-
ing more than two summands.

Theorem 2.3.7 (Distributivity). Let [a], [b]; € IR\ {0}, i=1,..., n. Then equality

n

[1] = [a] ) []; = ) [al[b]; = [r] (23.2)
i=1 i=1
holds if and only if one of the following conditions is fulfilled.

(D1)  x([a]) = 1 (i.e., [a] is degenerate).

(D2) 0<yx([a]) <1and [bli[b]j =0 foralli,j=1,...,n.

(D3) O<yx([a]) <1landy([b];)<O0foralli=1,...,n.

(D4) x([a]) < 0 and x([a]) < x([b);) and b;b; > O forall i,j=1,...,n.

(D5) x([a]) < 0 and x([a]) = x([b];) foralli=1,...,n.

Proof. We prove only the case n = 2 and set [b] = [b]1, [c] = [b]2. The general case
can be found in Ratschek [282].

First we notice that if we have proved (D1) we get —[r] = —[a][b] - [a][c], hence
[1] = [r] holds if and only if —[a]([b] + [c]) = —[a][b] - [a][c]. Therefore, with the
exception of (D1) we may assume w.l.0.g.

@>0, and b>|¢ =0,

whence

@>lal, b=|bl, ab>0,
{a lal bl, @b> 033

x([al) = a/a, x([b]) = b/b.
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(Notice that x([a]) = x(~[a]) holds by Theorem 2.3.6 (c), and that @ > 0, b>0in(2.3.3)
is mandatory because a = 0 or b=0 yields the trivial cases [a] = O or [b] = O which
we excluded in our theorem.)

3 ’

&
(D1) The assertion follows by virtue of

[r] ={ab +ac | b e [b], ¢ e [cl} =1l.
(D2) The assumptions imply [a], [b], [c] = 0, hence
[r] = [ab, ab] + [ac, ac] = [1].
(D3) Here, the assumptions imply [a] = 0, O € [b], O € [c], whence
[r] = [ab, ab] + [ac, ac] = [1].

(D4) From b > |¢| and bé > 0 we get ¢ > 0 and therefore x([c]) = ¢/c.In addition, the
assumptions of (D4) imply a < O < @ and a/a < b/b, a/a < c/c. Thus, ab < ab
and ac < ac holds with nonpositive left-hand sides, which results in

[r] = [ab, ab] + [ac, ac] = [a(b + ), a(b + T)] = [a](b +T) < [I].

The converse subset relation follows from the subdistributivity of the interval
arithmetic.

(D5) Theassumptionsimply a <0 < a and y([b]) <0, x([c]) <0, whence b <0 < b and
¢ <0 <c.Together with (2.3.3) one obtains 0< ab <ab, b/b < a/a, and finally ab <
gE <0.1If ¢ <0, then c < —|c| and x([c]) = ¢/c. Hence the assumptions — including
(23.3) -imply ac <|alc <lal(-|c]) = ac < 0 and ¢/c = x([c]) < x([a]) = a/a, whence
ac = ac > 0. Similarly, if ¢ > 0, then |c| < ¢ and y([c]) = ¢/c holds. Thus we get
0 <ac=|allc| <acand c/c =x([c]) < x([a]) = a/a, whence ac < ac < 0. Using
(D1) both cases result in

[r] = [ab, ab] + [ac, ac) = a([b] + [c]) < [1],
and the proof finishes as with (D4).

‘=’: We show [I] c [r] if none of the conditions (D1)-(D5) are fulfilled. To this end let
again @ >0, b > 0.
Casel: 0<y([a]) <1,whence0O<ac<a.
If neither (D2) nor (D3) holds, then [b][c] # 0, and x([b]) > O or x([c]) > O. In the
case y([b]) >Oweget0O< b < b and ¢ < 0 which yields

r=ab+ac<min{a(b+c),a(b+c)}=1

Thus r ¢ [I], hence [I] c [r] must hold by virtue of the subdistributivity. The case
x([c]) > 0 can be reduced to the previous one by interchanging the roles of [b]
and [c].
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Case 2: x([a]) < 0, whence a < 0 < a.
If neither (D4) nor (D5) holds, then there are four subcases.
(@) x(lal) < x((bD), x([a]) > x([c]).
Here, a/a < b/b,i.e., ab < ab. Moreover, xy([c]) < 0 holdssuchthat c <0< c.
If ¢ > 0, then x([c]) = ¢/c < x([a]) = a/a by assumption, and ac < ac < 0
follows. This is also true if ¢ < 0, since d = 0 by (2.3.3). Therefore,

r=ab+ac<min{a(b+7), db+c)} =1,

and the proof finishes as above.
(i) x([al) < x([b]), x([a]) < x([c]), b¢ < 0.
Together with (2.3.3) we get ¢ < 0, which implies ac < ac. As in (i) we have
ab < ab, and the proof terminates as there.
The remaining cases (iii) x([a]) > x([b]), x([a]) < x([c]) and (iv) x([a]) < x([b]),
x([a]) < x([c]), b¢ < O can be reduced to (i) and (ii), respectively. O

Example 2.3.8. For [51] = [-6, 2], [b] = [-2, 6], [c] = [0, 2] we have x([a]) =-1/3 =
x([b]) < 0 = x([c]), b = 2, ¢ = 1. Hence [a]([b] + [c]) = [a][b] + [a][c] by (D4) of
Theorem 2.3.7.

Although one could assume by Theorem 2.3.7 that distributivity rarely holds, there are
some important simple cases which frequently occur and for which it can be deduced.
These cases are listed in our next corollary which is an immediate consequence of
Theorem 2.3.7.

Corollary 2.3.9. Let a € R, [a], [b], [c] € IR. Then the following assertions hold.
(@) a([b] +[c]) = a[b] + alc].
(b) [al([b] + [c]) = [a][b] + [allc],if O < [b], O < [c] orif O = [b], O = [c].

As an application of the diameter d and the function y we address the question
whether there is an interval [x] such that the equation

[a] o [x] = [b] (2.3.4)

holds for given intervals [a] and [b] and - € {+, —, - }. If so we will call [x] an algebraic
solution of (2.3.4). We already know that nondegenerate intervals do not have inverses
with respect to addition and multiplication. So, solving (2.3.4) is not quite trivial.

Theorem 2.3.10. Let [a], [b] € IR.
(a) The interval equations

[a]l +[x] = [b], [a]-I[y]=[b] (23.5)

have an algebraic solution if and only if d([a]) < d([b]); in this case both solutions
are unique and given by B
(x]=[b-a, b-al.
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(b) If[a] # O, [b] # O, then the interval equation
[al[x] = [b] (2.3.6)

has an algebraic solution if and only if x([a]) = x([b]). This solution is not unique if
and only if x([a]) = x([b]) < 0.

Proof. (a) The equality [a] + [x] = [b] holds if and only if the two equations a + x = b
and @ + X = b are solvable with x<X,ie,x=b-a<x-= b-a,or, equivalently,
d([a])=a—-a < b - b = d([b]) must be true.

The second equation can be reduced to the first one via [a] + (-[y]) = [b].

(b) W.L.o.g. we may assume a > 0 and b>o0. (Otherwise multiply [x] or the equa-
tion by —1.) Then

a>0, b>0, x(al)=a/a, x([b])=Dh/b.
‘=’: Let [x] be a solution of (2.3.6). Then

xUaDx([x]) < x([a]) - 1, if 0 ¢ [a][x],

x([b]) = x([al[x]) = ) :
min{y([a]), x([x])} < x([a]) otherwise.

Here, O ¢ [a][x] implies O ¢ [a], O ¢ [x], whence x([a]) > O, x([x]) = O.

‘<’: Let x([a]) = x([b]) hold. Then we consider four cases.
@ x(la]) = x([b]) < 0.
Here,
a<0<a, b<O0<b, a/a=bhb/b. (2.37)

Define X = b/a and choose a y x € [0, X]. Then [a][x] = [aX, ax] = [b] holds by
virtue of (2.3.7).

(i) 0 <x([b]) <x([a]), x([a]) # 0.
The assumptions imply O < b, 0 < a, hence 0 < x, and we get [a][x] = [ax, ax].
This equals [b] if x = b/a, X = b/a, and x < X. The latter is true because of the
assumption of the theorem.

(iif) x([b]) < 0 < x([a]). _
Here, we get b < 0 < b and O < a, whence x < 0 < X and [a][x] = [ax, ax] = a[x].
Therefore, we must have [x] = [b]/a in order to fulfill (2.3.6).

(iv) x([b]) < x(la]) <O.
Now b < 0 < b, a < 0 < @, hence x([b]) = x([a][x]) = min{x([a]), x([x])} = x([x])
by the assumption of (iv). This implies x < 0 < X.
If X > 0, then x([x]) = x/X < a/a and furthermore ax < ax. Therefore, [a][x] =
[ax, ax] = a[x] as in the previous case.
If x < 0, then we similarly get ax > ax, whence [a][x] = [ax, ax] = a[x] = [b]. This
implies the contradiction 0 < b = ax < 0.

Since only (i) allows multiple solutions, the proof is complete. O
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Remark.

(@) IfO ¢ [a] and if (2.3.6) is solvable, then certainly [x] < [b]/[a], butif O € [a], then
[b]/[a] is not defined although (2.3.6) may have a solution. This is illustrated by
the examples [3, 4][x] =[1, 2] and [-2, 6][x] = [-1, 1] with the algebraic solutions
[x] =1[1/3,1/2] c [1,2]/[3, 4] = [1/4,2/3],and [x] = [-1, 1]/6, respectively.

(b) It will turn out in later sections that algebraic solutions do not play such an im-
portant role when computing with intervals as they do when computing with real
numbers. We will see that — due to the lack of inverses — enclosures of the solution
set

S={x|aox=b, aclal, be[b]}

will be much more interesting where o € {+, —, -}.

Exercises

Ex. 2.3.1. Let [a] =[1, 2], [b] =2, [c] =[-1, 1], [d] = [1, 3]. Compute [a] - [c], [b] - [c]
and [c]/[d], [c]/[d] and show that the two corresponding reduction rules of Theo-
rem 2.3.2 (h) do not hold here. Why?

Ex. 2.3.2. Prove Theorem 2.3.3 on the arithmetic for symmetric intervals.

2.4 Auxiliary functions

In this section we introduce the auxiliary functions mignitude and magnitude (better
known as absolute value of an interval), which play an important role in interval arith-
metic. Moreover, we derive rules for them and for the midpoint and the radius/dia-
meter of an interval.

Definition 2.4.1 (Mignitude, magnitude, and absolute value). Let [a] € IR. Then the
mignitude ([a]) of [a] is defined by

([a]) = min{|a| | a € [a]}
and the magnitude or absolute value |[a]| by

|[a]l = max{|a| | a  [a] }.

It is obvious that the mignitude denotes the smallest distance from zero which an
element of [a] can have while the magnitude is the largest one. In particular, both
functions are invariant against a multiplication of [a] by —1. They reduce to the usual
absolute value of reals if [a] is degenerate.

Our first theorem gathers some properties of mignitude and magnitude.
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Theorem 2.4.2 (Mignitude and magnitude). Let [a], [b] € IR. Then we have
(2) Ila]l = maxilal, |al} = (la]) = {0’_ _ voeld
min{|al, [a|}, otherwise,
() (la]) 20, ([a])=0e 0¢la],
I[all 20, |[a]ll=0« [a] =0,
(c) (tlal) =1tl-(lal) and |t[a]| = |t| - |[a]| for t € R,
(@) (lal) - I[b]l < (la] £ [b]) < ([a]) +([D]),
[la]l = 1[b]] < |[a]l - ([b]) < |[a] + []| < |[a]l + |[D]I,
(e) (lal[b]) =([al)-([b]), Ilallb]l = Ilall-|[b]l,
6 ((a™) =dlalh?, Ilal™=(la)™,
(g) (lal/[b]) = ([aD)/I[b]l, I[al/[b]| = I[a]l/{[b]),
([a]) = ([b]),
[[a]l < |[b]I,
(i) If [a] is symmetric, then [a] - [b] = [a] - |[D]].

(b) [a] c[b]= <l

Proof. We only prove (d) and (e); the remaining items are obvious or follow directly
from the Definition 2.4.1.

(d) Choose any a ¢ [a], b € [b]. Then ([a]) - |[b]| < |d| - |b| < |a + b|. Since a, b
are arbitrary within the corresponding intervals, the first inequality is proved. Next
choose @ € [a], b € [b] such that |a| = ([a]), |b| = {[b]). Then

(la] £ [b]) < |a+ bl <|al +|b| = ([a]) + ([P]),

which terminates the proof of the first line of (d).
The first inequality of the second line is obvious. In order to see the second one
choose a € [a], b € [b] such that |a| = |[a]|, |b| = ([b]). Then we get

lla]l = al = 1@ + b ¥ b| < |a + b| + |b| < |[a] + [b]| + ([b]).

Subtracting the last summand yields the second inequality. For the third one choose
any a € [a], b € [b]. Then

|a@ + b| < |al +|b| < |[a]| + |[D]I.

Since @, b were arbitrary we get the assertion.
(e) (la] - [b]) = min{|ab| | a € [a], b € [b]} = ([al]) - ([b]).
The second equality is proved analogously. O

Both functions frequently occur in connection with the midpoint mid([a]) = a@ and the
radius rad([a]) = r,4 of an interval [a] as can be seen from the subsequent theorems
which we prove simultaneously after the second one. In order to formulate them we
need the following definition.
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Definition 2.4.3. Let [a] € IR. Then we define
rg =min{|d|, rq} = |lal -al| /2, r;=max{|dl, s} = (la| +|al)/2.

Theorem 2.4.4 (Midpoint). Let [a], [b] € IRR. Then we get

@ [al=d+re[-1,1], a=d-ry, a=d+rg, |lall=l|al+rq=rg,
(b) mid(t[a]) = ta for t € R; in particular, mid(-[a]) = -a,

(c) mid([a] + [b]) = d =+ b,

(d) mid([a](b]) = ab + sign(ab) min{r4|b|, |d|ry, rarp}

= ab + sign(a) sign(h) { GO vormdantoh,
5 min{rq|bl|, lalrp}, if0 €int([a] N [b])
. 1y _ a
() mid((al™) = fratany
. mid([a][b])
f = —
(0 mid([al/ b)) =

Theorem 2.4.5 (Radius). Let [a], [b] € IR. Then we get

@ rg=|lal-al =0, rs=0oa=a,

(b) rad(t[a]) = |tirq for t € R; in particular, rad(-[a]) = rq,
(c) rad([a] £ [b]) =14 + 15,

(d) rad([a][b]) = max{rql[b]l, |[allry, ralB|+|dlry}

~ raTh + Talp, if 0 ¢ int([a] N [b])
max{r,|[b]l, |[allrp}, ifO €int([a] N [b]),
1y Ta
() rad(lal™ = mvan
_ rad([a][b])

® rad(lal/[b]) = -y

Proof of the Theorems 2.4.4 and 2.4.5. The assertions (a) and (b) of both theorems are
obvious from the definition.

(c) We only prove the minus case. To this end let [c] = [a] - [b] = [a - b,a- b].
Then ¢ ={(a-b)+@-hb)}/2=(a+a)/2-(b+Db)/2=ad-b;rec=rq+r, follows
analogously.

(d) Let [c] = [a][b]. By virtue of (b) we may assume w.l.0.g. @ > 0 and b > 0, hence
@>0,b>0.Then

c=(a+ ra)(B +71p) = ab + raB +arp + rqrp,

c=min{(d +rg)(b - 1), (d@—r1a)(b+1p), (@-1a)(D—1p)}

b- raB —drp — rqrp + 2 min{ ral;, arp, rqrp }.

Il
Q¢

Taking a > 0, b > 0 into account we get

¢ =(c+0C)/2 = ab +sign(ab) min{ rq|b|, dlry, rars} (2.4.1)
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and
re=(-¢)/2= raB + arp + rqrp — min{ ral3, arp, rarp}
=max{ary + rqrp, raB +Talp, raB +arp}
= max{|[allrp, ral(bll, TalBl +|dlry}. (24.2)
If 0 ¢ int([a] N [b]), then w.l.o.g. let O ¢ int([a]). This implies |@| > r, = r, and from
(2.4.1), (2.4.2) we obtain
¢ = ab + sign(ab) min{ rq|b|, rary} = ab + sign(a) sign(b)r, min{ ||, rp}
and
re = max{|[allry, ralb| +|dlry} = |dlry + ra max{rp, 15|},
whence the remaining assertions follow.
If 0 e int([a] n [b]), then |d| < rg, |13| < rp. Hence the remaining assertions follow
directly from (2.4.1) and (2.4.2), respectively.
(e) mid([a]™) = (1/a + 1/a)/2 = a/(aa) = a/(|[all{[a])),
rad([a]™) = (1/a - 1/@)/2 = rq/(aq) = ra/(Ilall{[al])).
(f) By means of (d) and (e) we get
mid([a]/[b]) = mid([a] - [b]™")
ab/(|[b]I([b])) + sign(ab) min{rq|b|, arp, rary}/(|[b1([b]))
mid([a][b])/(I[P]I{[b]))

and

rad([a)/[b]) = rad([a] - [b] ")
= max{|[allry, ral(b]l, ralbl + lalrs }/(I[b]I([b]))
= rad([a][b])/(|[B]I{[b])). =

We continue with additional properties of the radius also using the diameter d([a]).

Theorem 2.4.6 (Inequalities related to the radius). Let [a], [b] € TRR. Then we get

(@) rq <llall -([a]) < d([a]),

(b) rq <|la] - a| < d([a]) forall a € [a],

(©) [a] c[b] = rq<Tp,

(@) rad([al[b]) <rirp +71ary <|lallry + rql[b]] with ‘="in the first inequality if and only
if 0 ¢ int([a] N [b]),

(e) llallry < rad([al(b)) < |[allry + rqlbl < |[allrp + ql[b]l,

() ral[b]l < rad([al[b]) < rql[b]| + |alry < |[allrp + rallb]l,

(8) ra/([b]) <rad([a]/[b]) < (rql[b]l +lalry)/(I[BII{[B])).

Proof. (a)—(c) are obvious.

(d) follows from Theorem 2.4.5 (d) and |[a]| = |a| + rq < 21, for intervals [a] with
0 € [a].
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(e) follows from Theorem 2.4.5 (d) and the inequality
rallbll = ra(Ib| + 1p) < ralbl + |[allrp.

(f) is an immediate consequence of (e), and (g) follows from (f) and Theo-
rem 2.4.5 (e). O

Notice that the inequality in Theorem 2.4.6 (d) is certainly not worse than the cor-
responding ones in (e) and (f) of this theorem provided that 0 ¢ int([a] n [b]). If
0 € int([a] n [b]), there are cases in which it is better than the second to last one
in (e), (f), and others in which it is worse, as the examples [a] = [b] = [-2, 8] and
[a] = [b] = [-1, 1] show.

Theorem 2.4.7 (Radius for particular cases). Let [a], [b] € IR with O € [a]. Then we
have

(@) rad([al[b]) < 2rqrp = r}1p +1ary if O € [b],

(b) rad([a][b]) = rql[b]| if [a] is symmetric or if O ¢ int([b]),

(c) rad([a]/[b]) = ra/{[D]).

Proof. (a) is an immediate consequence of Theorem 2.4.6 (d).

(b) If @ = 0, then the equality follows from Theorem 2.4.6 (f). If 0 ¢ int([b]) it
follows from Theorem 2.4.5 (d), since the assumptions imply |d| < rq, IBI > rp, hence
ry =ra, 1y =bl, 1y +1b| = |[b]].

(c) follows from (b). O

It is obvious that all results on the radius can be reformulated for the diameter d([a]) =
2r4 by taking into account the factor two. Thus Theorem 2.4.5 remains true if one re-
places the radii by diameters, Theorem 2.4.7 (a) simplifies to

d([a][b]) < d([aDd([b]) ifO € [a]and O € [b],
and as an additional property we mention
d([a]) = |[a] - [a]| = max{a-a' | a,d e[a]}. (2.4.3)

Our final result deals with equivalences of some set theoretic operations.

Theorem 2.4.8. Let [a], [b] € IR. Then we have

@ lalc[bl & llal-bl<rp o |b-dl<rp-rq,

(b) [a] cint([b]) & |[a] - bl <rp & |b-dal<rp—1q,
(© [aln[bl#0 e |d-b|<rq+r,ea<bandb<a.

Proof. (a) From [a] < [b] & [a] - b < [b] - b = rp[-1, 1] we get equivalently |[a] -
BI <rp,ie, |d- b+ rq[-1, 1]| < rp. Since the left-hand side equals |d — BI + 14, the
assertion follows.

(b) is proved analogously to (a), and (c) is obvious by geometric inspection. [
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Exercises

Ex. 2.4.1. Prove the following formulae for the diameter.
(@) d(lal[b]) = d([a])d([b]) + ([al)d(b]) + d([a]){[b]) if O ¢ int([a] N [b]).

® aldy_dlab _ah g6 ¢ p).

(b’ ~ (b)) " ()b

What are the corresponding formulae for the radius?

2.5 Distance and topology

Up to now we mainly considered algebraic aspects of interval computation. In order
to study iterative processes we need topological tools. To this end we introduce the
following function q.

Definition 2.5.1. Let [a], [b] € IR. Then the mapping g: IR x IR — R is defined by
q((al, [b]) = max{|a - Bl, @ - bl}.

As we are going to see, the function g is a metric which is called the Hausdorff metric or
(Hausdorff) distance. In fact it is a particular case of the well-known Hausdorff metric
for compact sets U, V < R which is defined as

q(U, V) = max{sup inf|u — v|, sup inf|u - v|}. (2.5.1)
uelU veV veV uel
Theorem 2.5.2. The function q of Definition 2.5.1 is a metric. It reduces to the standard
metric in R if its operands are degenerate intervals, i.e., q([al, [b]) = |a - b| for [a] = a,
[b] = b.

Proof. The definiteness (1.2.1) and the symmetry (1.2.2) are seen directly from the defi-
nition of g. The triangular inequality (1.2.3) is an immediate consequence of the trian-
gular inequality for the absolute value | - | in R. The reduction to the standard metric
in R for degenerate intervals is obvious from Definition 2.5.1. |

As every metric does, g induces a metric topology on IR with which convergence and
continuity are defined as usual - cf. Section 1.2.

Definition 2.5.3.

(a) We call an interval sequence ([a]x) convergent to an interval [a] € IR and write
limyoo[alk = [a] if limg— g([alk, [a]) = 0.

(b) Let D ¢ R. We call an interval function [f]: I(D) — IR continuous in [a] € I(D)
if limy_ o [fl1([alx) = [fl([a]) for all sequences ([a]x) from (D) which converge
to [a].

We call [f] continuous in I(D) if it is continuous for any [a] € I(D).
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Remark. Whenever we speak of distance, convergence or continuity in IR we always
tacitly assume that this terminology is used with respect to q.

Now we show how convergence in IR can be expressed by convergence in R. This is
the key for proving that the metric space (IR, g) is complete — an important remark
since then we can apply Banach’s fixed point theorem.

Theorem 2.5.4.
(@) Let [a] € IR and [alx = [ak, ak] € IR for k € N. Then we have

lim [a]x = [a] & lim ax =aand lim ay =a
k—o00 k—o0 k—oco
& lim ax = aand lim rad([a]k) = r4.
k—o0 k—o0
(b) The space (IR, q) is a complete metric space.

Proof. (a)followsimmediately from the Definition 2.5.1 of the metric and the definition
of midpoint and radius.

(b) Let ([a]k) be a Cauchy sequence. Then by Definition 2.5.1 the same holds for the
two real sequences (ax) and (ak). Since (R, | - |) is a complete metric space and since
ay < ay for all k, these two sequences converge to some limits a, a with a < a, and it
is easy to see that limy_,o,[a]x = [a] holds. The converse can be seen similarly. O

In applications we are often faced with sequences of intervals which are nested with
respect to ‘c’. We shall see that such a property is already sufficient to guarantee con-
vergence.

Theorem 2.5.5. Let ([aly) be a sequence in IR which satisfies
[alo2[al1 2[al2 2.

Then this sequence is convergent to some limit [a] which satisfies
(o)
[a] = (lalk € IR. (25.2)
k=0

The lower bounds ay converge monotonically increasing to a, and the upper bounds ay
converge monotonically decreasing to a.

Proof. The nested sequence ([a]y) satisfies
ap<ay<---<ag<---<ag<---<ap < ap.

Since monotone and bounded sequences in R are convergent there are real numbers
a, a such that
lim ax=a lim ay=a.

k—o0 k—o00
Therefore, by Theorem 2.5.4 we get limy_,o,[a]x = [a]. Moreover, by the monotonicity
of the bounding sequences the representation (2.5.2) is immediate. O
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Next we shortly address continuity, where this time we also consider functions from
IR to R or IR x IR to R. Therefore, we have to deal with two metrics as indicated in
Definition 1.2.7, or we should interpret the image as a degenerate interval and keep g
as metric for the range, too.

Theorem 2.5.6. The functions inf(-), sup(-), mid(-), rad(-), d(-), | - |, {-) are continuous,
and the same holds for the binary operations - € {+, —, -/ }.

Proof. The proof of Theorem 2.5.6 is immediate by virtue of Theorem 2.5.4 and the
continuity of the functions max, min and the corresponding operations o in R. O

Now we state several properties of the Hausdorff distance q.

Theorem 2.5.7. Let [a], [b], [c], [d] € IR. Then the Hausdorff metric q satisfies the
following properties.

(@) g(la], [p]) =min{t € R| >0, [a] < [b]+[-t,t], [b] < [a] + [-t, 1]},

(b) q(lal, [b]) = |a - bl +|rq —1pl,

(c) q(lal, t) = |[a] - t| for t € R; in particular, q([a], 0) = |[a]l,

(d) q(tlal, t[b]) = Itiq([al, [b]) for t € R,

(e) q([a] + [c], [b] + [a]) < q([a], [b]) + q([c], [a]),

(®) q(la] £ [c], [b] £ [c]) = q([a], [b]),

(8) q([allc], [b][c]) < I[C]IQ([a] (b)),

(b) q(lal/[c], [b]/lc)) < I ]>q([a] (b]),

. [[c]l
@ q(lcl/[al, [c]/[b]) < Db
(G) rp <ra+q(lal, [b)),

(&) I[b]l < I[all + q([a], [b]),

() [b] < [a] +q([a], [b])[-1,1],
(m) [a] < [b] = q([a], [b]) = |[b] - d| — 14,

() [a] c [b] = rp —1q < q([a], [b]) < d([b]) - d([a]),

(0) [a] < [b] < [c] = max{q([a], [b]), q([b], [c])} < q(la], [c]),

(p) [a] < [b] < [d], [a] < [c] < [d] = q([b], [c]) < max{q([a], [b]), q([b], [d])},
(@ beld],[c]<cld]= qb,[c])<q(b,[d]).

Proof. Let t >0 and q = g([a], [b]).
(a) The equivalences

q({al, [b]),

lalc[b]+[-t,t] & b-t<aanda<h+t < b-a<tanda-b<t, (253)
and, analogously,
[b] cla]l+[-t,t] & a-b<tandb-a<t, (2.5.4)

imply _
g =max{la-bl|, l[a-b|}<t.
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Hence
g<m=min{teR|t>0, [a] c[b]+[-tt], [b] Cla]+[-tt]}.

Since (2.5.3) and (2.5.4) hold for t = g, we get m < q, which proves the assertion.
(b) Choose t > 0 such that (2.5.3) and (2.5.4) hold. By virtue of Theorem 2.4.8 (a)
this is equivalent to

IB—dIsrad([b]+[—t,t])—ra=rb+t—ra and Id—Blsra+t—rb,

and, furthermore, to t > |@ — b| + |rq — 1| =: s. Hence q = s. For the converse inequality
set t =s.
(c)—(f) follow directly from Definition 2.5.1 and the triangular inequality for (e).
(g) According to (a) we have

[a] < [b] +q[-1,1]
[b] < [a] + q[-1,1]

[a]l[c] < [b][c] + q[-1, 1] [[c]l,

=
= [bllc] ¢ [allc] + q[-1, 1] |[c]|.
Applying (a) once more finishes the proof.

(h) follows from (g).

(i) From 3
1 1y _lb-a
a pl~ ([al][b])

and a similar relation for the lower bounds we get

1
_1, pH<—q.
q(lal™ P15 < iy

Together with (g) this implies the assertion.

(j) and (k) follow from (1) which is true in turn by (a).

(m) Since the assumption implies r, < 5, we get ¢ = |d — b| + 1, — 4 by virtue
of (b). Thus, g = |b — | + rad([b] — @) — rq = |[b] - d| - 74.

(n) The first inequality is (j), the second follows from (b) and Theorem 2.4.8 (a) via

q= |d—5|+rb—ra < 2(rp —1q).
(o) With (m) we get
g =I[bl -al-rq <|lc] - al-rqa = q([al, [c]).
Again by means of (m) and Theorem 2.4.8 (a) we similarly obtain
q([bl, [c]) = lc] - bl - rp < |[c] - al +|a - bl —rp < |[c] - &l + 1, —7q — 1p = q([a], [c]).

(p) If b < c, then the assumption implies |c — b| = c - b < a - b < q([a], [b]).
Otherwise we obtain |c — b| = b —c < b — d < q([b], [d]). Similarly we get |c — bl <
max{q([b], [d]), q([a], [b])} which proves the assertion.

(q) is proved similarly as (p). O
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The example [c] ¢ [d] = [b] shows that (q) is no longer true if the assumption ‘b € [d]’
is replaced by ‘[b] < [d]’.

We close this section by introducing Neumaier’s B-function from Neumaier [257],
which is used in Chapter 5.

Definition 2.5.8. Let [a], [b] € IRR. Then the mapping : IR x IR — R is defined by

B([al, [b]) = |[a]l + q([a], [b]).

Theorem 2.5.9. The S-function has the following properties.
(@ Iflal, [b], [c], [d] € IR, [a] < [b], [c] € [d], then

B(la] - [c], [b] - [d]) < B([al, [b]) - B([c], [d]). (2.5.5)
(b) If [a], [b] € IR, [a] < [b], ([al) > q([al, [b]), then
B(lal™, [b1™) < ((la]) - gq([al, [BD)". (2.5.6)

Proof. (a) Let g = q([a], [b]), q' = q([c], [d]). Theorem 2.5.7 implies [b] < [a] +
q[-1,1], [d] < [c] + ¢'[-1, 1], hence [b][d] < [al[c] + ([allg’ + ql[c]| + gq")[-1, 1].
From [a][c] < [b][d] we get q([al[c], [b][d]) < Ilallg" + ql[c]l + qq’, whence
B(la] - [c], [b] - [d]) < |lall - [c]| + I[allq’ + qllc]| + qq" = B(lal, [b])B([c], [d]).

(b) With g asin (a) and [b]’ = [a] + [-q, q] we get {[b]") = ([a]) — q > O by virtue
of the assumption. Therefore, 0 ¢ [b]’, and [a] < [b] < [b]’ implies [a]™! < [b]™! ¢
([b]")~1. By virtue of Theorem 2.5.7 we obtain

g(lal™, [bI™) < q([a]™, ((b])™Y) = max(|(b") "t —a™'|, [(B") —a!))
=max(q/la(a - q)|, q/la(a + q)I)
< q/([aly(lal) - @) = ([aly - @) = ([a]) 7,

from which (2.5.6) follows immediately. O

2.6 Elementary interval functions

In order to define elementary interval functions similar to those in R we are guided
by the inclusion property (2.2.4) and the optimality of the interval arithmetic with res-
pect to this property. Bearing these properties in mind we are automatically led to the
following definition.

Definition 2.6.1. By FF we define the set of all real elementary functions ¢ whose func-
tion term ¢@(x) is given by abs(x) = |x|, pow,(x) = x* (a € R), exp(x) = e*, In(x), sin(x),
cos(x), or arctan(x), and whose domain of definition D, is maximal. In accordance
with Section 1.1 we define R, ([x]) as the range of ¢ restricted to [x] € IR.
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Weextend ¢ € F to an interval function on the set { [x] € IR | [x] € D, } by defining
o([x]) = Ryp([x]). (2.6.1)
We call this extension an elementary interval function.

Remark.

(@) We write ¢([a]) instead of [¢]([a]) in accordance with Definition 4.1.2 below.

(b) We are going to show that R, ([x]) is an interval so that we completely stay in IR
as we did when defining the interval arithmetic in Section 2.2. For degenerate in-
tervals, the elementary interval functions reduce to the corresponding elementary
functions in R. Whenever ¢([x]) occurs we tacitly assume that [x] € D,,.

(c) We restricted T to a subset of what is usually called an elementary function in R,
including, for instance, all trigonometrical functions and their inverses as well as
the hyperbolic functions and their inverses. We made this restriction only in order
to keep certain succeeding proofs within a limited frame. The reader is faced with
a similar restriction in many programming languages. He is requested to adapt F
according to his needs.

(d) Notice that for nondegenerate intervals [x], the value abs([x]) differs from |[x]|.

(e) Asusual we often replace powy ,,([x]) by {/[x] or [x]% for n € N, and we proceed
similarly for pow_,, n € N.

Simple examples are abs([-1, 2]) = [0, 2], sin([-10, 10]) = [-1, 1], and pow,([-1, 2])

=[-1,2]2=1[0,4] # [-1,2] - [-1,2] = [-2, 4].

Theorem 2.6.2 (Representation). Let ¢ € F, [x] < Dy. Then the following properties
hold.

(@ @([x]) = [minge[y @(X), maxze[x @ (X)]1; in particular, ¢([x]) is an interval.

(b) o(Ix]) = [p(), p(x)] for ¢ € {pow, forn € N, exp, In, arctan }.

(c) abs([x]) = [{[x]), I[x]I].

Proof. (a)is based on the fact that elementary functions are continuous and therefore
have an absolute maximum and minimum on compact intervals.
(b) and (c) are obvious. O

Our next result is a copy of Theorem 2.2.4 applied to elementary interval functions. It
follows immediately from Definition 2.6.1.

Theorem 2.6.3 (Inclusion property, inclusion isotony). Let ¢ € F and [x], [y] € Dy.
Then ¢ fulfills the inclusion property

9(X) € p([x]) forall % € [x]
and is inclusion isotone, or — less specifically — inclusion monotone, i.e.,
xIclyl = o(x]) < o(lyD.

More general interval functions and specific properties are considered in Chapter 4
after we have introduced interval vectors and interval matrices.
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2.7 Machine interval arithmetic

Because of its straightforward implementation in digital electronic circuitry, the bi-
nary number system is used internally by almost all modern computers. Decimal num-
bers r # 0 have the binary representation

n
r=+ Z b;2!, b; € {0,1}, b, = 1, b; # 1 for infinitely many indices i < n, (2.7.1)
i=—00

or in the short form
r= ibnbn_1 e b1b0 . b_lb_z vee = (ibnbn_1 e b1b0 . b_lb_z . .)2. (2.7.2)

Here, n is an appropriate integer which depends on r. If n is negative, we insert zeros
for bg, b_1, ..., byy1 in the representation (2.7.2). If b; = 0 for all i < iy and some
ip < 0, then (2.7.2) can be shortened as in the decimal system. In this case we call
the representation (2.7.2) finite. Notice that a decimal number r with a finite decimal
representation can have a periodic infinite binary representation (2.7.2) as the example
0.1=1/10 = 0.0001100 shows. Here, periodicity results from the fact that the integer
10 in the denominator of the decimal number 1/10 has the integral divisor 5 which
is not a power of 2.

By virtue of (2.7.1), positive integers w can be represented as the evaluation of the
polynomial

n
p0) =) bix', bie{0,1}, bp=1,
i=0

at x = 2. Therefore the conversion of positive decimal integers to binary ones can be
realized by representing p(2) in a Horner-like manner and by computing bg, ..., by
successively by integral division ‘+’ from

w = 2wg + bo, where wog = w + 2,

Wi = 2Wpy1 + bis1, Wherewpp1 =wi+2, k=0,1,...,n-1.

The well-known subtraction method with powers of 2 can also be applied to convert
decimal to binary — in particular, if w is not an integer.

Because of the limited storage space for a binary integer z — say n bits — only a
finite subset Z,; (= set of machine integers) of Z can be represented on a computer.
Since one hit is needed to store the sign of z, the maximal machine integer is zyax =
Z;’:‘OZ 21 = 21 _ 1, Negative integers are usually stored as two’s complement of |z|
with respect to n bits, which facilitates subtraction as we are going to see below. Here,
the two’s complement z'' of an integer z € Zy is defined as z'" = 2" - z. It can easily
be implemented as one’s complement z’ of z plus one, where this latter complement
with respect to n bits is the binary representation of z with n bits (including leading
zeros if necessary), in which all zeros are replaced by ones and vice versa. The relation
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z" =2z +1 canbeseenatonce fromz+z' =(1,1,...,1), = Z;':"Ol 2t =27 _ 1, Thus
if a positive integer z is coded with a leading zero and n — 1 subsequent bits, then the
corresponding negative integer —z necessarily has a leading 1 in front. Notice that
z = 0 implies z" = 2", which cannot be stored with n bits, and the equation z" =
2" — z = z implies z = 2™ 1, which has a one in front and, therefore, encodes the
negative integer —2""1 = —z,,.x — 1. This means that Zy # —Zy, which formerly led to
the unexpected result (Zmax + 1) + Zmax = —1 in the programming environment Turbo
Pascal if warnings were suppressed.

There is a second kind of machine numbers, the so-called floating point numbers,
which form a subset Ry, of R. These numbers are represented with € bits as

F=4+m.2%¢, (2.7.3)

where m > 0 is called the mantissa and e € Ny is called the exponent with some
finite subset IN); of INg. For # # O the mantissa often has the form 1. % ... %, % €
{0, 1}, which defines the normalized floating point numbers in binary representation.
These numbers form the basis for most calculations on a computer. The leading 1 of
m is usually not stored; this bit is then called a hidden bit. The exponent —e < 0 is
often made positive by adding a constant integer called bias. Usually, this bias equals
2¢" ~1=(1,1,..., 1), with £” ones, where ¢" denotes the number of bits provided
for the storage of e > 0 (without sign bit). Thus the signed exponent +e is coded as
binary integer by £ + 1 bits. By virtue of the bias, e > 0 has a leading 1 while the
biased binary representation of —e < O starts with a zero. In particular, the largest
positive exponent enay is given in unbiased form with " bits as

emax:(lyly---,1)2=2€”—1

and in biased form with ¢” + 1 bitsas (1,1, ..., 1, 0), so that the biased exponent
1,1,...,1), = 201 _ 1 s missing and can be used in combination with the man-
tissa to store additional information, for instance particularities such as NaN (not a
number; mantissa m # 0) or + infinity (mantissa m = 0).

In the commonly accepted IEEE Standard 754 [50], Bohlender, Ullrich [70] the
smallest negative exponent e, for the format ‘double’ is epjn = —€max + 1 so that the
biased exponent zero would not occur. Together with the bits of the signed mantissa,
this biased exponent zero can be used to code denormalized floating point numbers
(including signed zero) which are defined to have a mantissa of the form 0. =* ... *,
# € {0, 1} and the unbiased exponent 2émin~1 = 2~€max , We assume that these particular
denormalized numbers also belong to Ry;.

If ¢' denotes the number of bits provided to store m without counting the hidden
bit, then (1 + ¢') + (1 + ¢'") = ¢, where the two ones on the left-hand side count the
storage of the signs for the mantissa and the exponent (hidden behind the addition of
the bias). In the IEEE Standard 754 the number format ‘double’ has the specifications
€=64,¢ =52, ¢" =10, bias = 1023, where the highest bit stores the sign of the man-
tissa (O for positive and 1 for negative floating point numbers) while the next 11 bits
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store the bit sequence of the biased exponent. Therefore, both pieces of information
are stored in the three highest places of the corresponding hexadecimal code.

By virtue of (2.7.3) the largest representable normalized floating point number Fpax
is given with binary representation of the mantissa as

5 o ol o
Fmax = 1.1... 1. 2%max = p€mactl _ peman—t’ o 520 _ 527 ~6-1

Thus for the IEEE Standard ‘double’ we obtain epax = 219 — 1 = 1023 and Fmax =
21024 _ 9971 — 9971 . (253 _ 1) = 1.797693134862316 - 103°8, where = means ‘equal
to the computed result’. This result can be obtained when invoking for instance the
MATLAB command realmax.

Similarly, we can compute the smallest positive normalized floating point number
Pmin, Which is given by

Frnin = 1.0 - 27 (emax=1) — 9=1022 - 5 555073858507201 - 107398

if the IEEE Standard is fulfilled. This number is the output of the MATLAB command
realmin, for example. The interval (—#nin, fmin) does not contain any normalized
floating point number. It can be diminished by allowing denormalized floating point
numbers. The smallest positive denormalized floating point number is

P = Fapin - 27 = 271974 = 4,940656458412465 - 107324,

min
The set (—Ffr’l‘itn, ffx’l‘itn) \ {0} is called underflow, the set R \ Rp is called overflow, where
Rp := [~Fmax, Fmax]-

Working with real numbers, r € Rp means approximating r by some floating point
number 7 € Ry. The corresponding mapping fl : Rg — Ry with fI(r) = 7 is called
rounding if fI(¥) = ¥ holds for all 7 € IRy;. Such a rounding is called monotone if r < s
implies fl(r) < fI(s) for all r, s, € Rp. It is called downward directed if fi(r) < r holds
for all r € Rp. Similarly, we use the terminology upward directed if fI(r) > r is fulfilled
for all r € Rp. If a rounding fI satisfies fl(-r) = —fI(r), it is called antisymmetric.

Notice that any upward directed rounding fl; defines a downward directed f1; one
via fl;(r) := —fly(-1).

There are several particular kinds of roundings which we describe for simplicity
only for real numbers

0
b,-zi=¢< D bmzi)z"

1=—00

with b, = 1, b; # 1 for infinitely many indices i < n, #in < |r| < Fmax, S0 that
r=m-2" withm=1.bp_1by_s...bu_per | by_pr_1... (2.74)

and n € [enin, €max] N Z. The subsequent definitions can be extended to r € (~#y;n,
7min) Without any problems, i.e., to the underflow and the denormalized domain.
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(i) Rounding by chopping

Here the trailing end of m in (2.7.4) is simply discarded so that

0

F=fl(r) = i( D bi+n2’)2", by = 1. (2.7.5)
i=—e'

The rounding is monotone and antisymmetric but not directed, as the example ¢’ =

" =1, fl.(-1.01- 2% =-1.0 > -1.01, fI.(1.01-2°) = 1.0 # 1.01 shows.

(i) Rounding to nearest

Nomen est omen! The rounding depends on the value b; of the largest index i of (2.7.4)
which was not taken into account in (2.7.5):

e {ﬂc(r), b =0, 076
fle(r) + sign(r)2™¢, ifbp_p_q = 1.

The rounding is monotone and antisymmetric but not directed, as the example ¢’ =
¢" =1, fl,(1.010- 2% = 1.1 > 1.010, f1.(1.001 - 2°) = 1.0 # 1.001 shows.

(iii) Upward rounding fla

Here 7 = flA(r) is the nearest machine number which is not smaller than r. This round-
ing is monotone but not antisymmetric, as the example ¢’ = £" = 1, fIx(-1.01-29) =
-1.0 # -1.1 = —fIAo(1.01 - 29) shows. Clearly, fl is upward directed.

(iv) Downward rounding fly

Here 7 = fly is the nearest machine number which is not greater than r. This rounding
satisfies fly(r) = —flan(-r). Hence it is monotone, downward directed, but not antisym-
metric.

By virtue of the finite format of machine numbers 7, real numbers r are usually
represented on a computer with a so-called conversion error. It is one kind of a round-
ing error. For the decimal r = 0.1, rounding to nearest and the above-mentioned IEEE
Standard format ‘double’ results in the normalized floating point representation

7= flo(r) = fl,(1.1001 - 27%) = 1.1001 ... 1001 1010 - 27*

with 52 bits behind the comma and a relative error If;rrl which is bounded by the ma-
chine precision (or machine epsilon) eps = 27¢'~1, cf. Anderson et al. [49], for example.
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Notice that the definition of machine epsilon is not unique in the literature. Some au-
thors like Chaitin-Chatelin [76] or Higham [147] use the terminology ‘unit rounding’
respectively ‘unit roundoff’ for our eps and define the machine epsilon as in MATLAB
by 2 - eps in order to measure the distance between 1.0 and the next larger floating
point number.

A second kind of rounding error may result from the four arithmetic operations
+, —, *, /. These operations can be realized on a computer simply by an adder with
the possibility to
— add bitwise two binaries,

— shift the bit sequence in the register one position to the left or right,

— compare two binaries in order to decide which one is the largest,

— interchange ones with zeros and vice versa bitwise in order to compute the two
complements of a binary integer.

The last property is interesting since the subtraction z — w of two integers z and w can
be done by addition via

z-w=z-2"+2"-w)=(z+wW")-2"=-2" - (z+W")) = -(z+W")". (77)
One can show (Exercise 2.7.2) that
"< z+w" <2™1 holdsifz > w (2.7.8)

so that the subtraction of 2" in (2.7.7) can be done simply by deleting the leading bit
(cf. the second equality in (2.7.7)). In addition,

2" c 724w < 2" holdsifz <w (2.79)

(Exercise 2.7.2), i.e., z + w"’ encodes the negative integer z — w as its two’s complement
(cf. the last equality in (2.7.7)).
Adding two normalized floating point numbers z; = +m12¢1, z, = +m;,2° is re-
alized in essentially four steps:
— check, whether e, e, differ, and determine the larger one in this case,
— if e; # e,, adapt the smaller exponent to the larger one by shifting the comma in
the mantissa appropriately to the left,
— add the modified mantissas bitwise,
— renormalize the sum.

It is obvious that the last step in this procedure can cause errors even if the first three
steps can be done accurately, for instance by using a sufficiently long accumulator.
So, adding the representable floating point numbers 7; = 1.0 and 7, = 1.0 - 27¢~2
and normalizing either by chopping or by rounding to nearest results in 71 + 7, = ;.
Such rounding errors combined with conversion errors yield the unexpected re-

sult
((0.1+0.1) +0.1) - 0.3 = 5.551115123125783 - 10~/ (2.710)
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in MATLAB which computes in the format ‘double’ by default. The result in (2.7.10) is
represented by the hexadecimal code (3C90000000000000),¢ which encodes 2% =
5.551115123125783 - 10~17; cf. Exercise 2.7.1.

The division 1/r can be realized by comparison and subtraction although the re-
sult can be received faster by Newton’s method applied to the function f(x) = 1/x-r.
This leads to the iteration

Xke1 = 2 —rxp)xx, k=0,1,..., (2.7.11)

which contains no division and which converges very fast if the initial approximation
Xo is sufficiently good; cf. Exercise 2.7.3.

A third kind of rounding error results from the computation of elementary function
values. If for instance sin(r), r ¢ [-7m/2, /2], is required, the system first reduces
the argument r by a multiple of 7 in order to end up with an argument r - kmr € I =
[-mr/2, m/2]. Then it computes sin(r — k), mostly in a way unknown to the user. Even
if r is a machine number and if the latter action could be done with an error of 1 ulp
(:= unit of the last place), the reduction to I causes rounding errors since 7 is not
a machine number. For details see Muller [240], for example. Safety bit, guard bit,
and a tricky algorithm are necessary in order to get a sufficiently good approximation
of sin r. Volder’s CORDIC algorithm in Volder [357] and in Appendix E may represent
an example of how to compute elementary functions iteratively with arguments in a
reference interval like I.
Computing with intervals on a computer must satisfy a simple paradigm:

All roundings must be such that the resulting theoretical interval is contained in the corresponding
machine interval.

This already starts with the conversion of real numbers and implies, for instance, that
the decimal 0.1 must be enclosed by a machine interval, i.e., by an interval whose
bounds are machine numbers. Generally, this can be achieved by using any directed
roundings, for instance by [flv(a), fla(a)] for a, a € R, a < a, fly, fln being the
downward resp. upward rounding in (iv), resp. (iii) above. Define IRp as set of all
intervals [a] = [a, a] with a, a € Rp and let IIRy; be the set of all machine intervals.
Furthermore, let fl; denote any monotone upward directed rounding on Rp and de-
fine fl; on Rp by f1,(r) := —fl;(-r) € Ry and fl, on IRp by

flo([a]) := [fly(@), fly(a)] € TRy. (2.712)

Then fl,, fulfills the following properties for [a], [b] € IRp:
(@) flo([a]) = [a] for all [a] € IRy,
(i) [a] < [b] implies fI,([a]) <€ flo([b]),
(iii) [a] < fls([al),
(v) flo(=[a]) = ~flo(lal).
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Therefore, fl, is a monotone, directed and antisymmetric rounding on IRg, where
the partial ordering is ‘<’. Because of (iii) it is called an outward rounding.

If T= A, then fl, represents that machine interval which encloses [a] the clos-
est. In this case, fl, is called an optimal outward rounding. Optimality may be lost if
arbitrary monotone directed roundings are chosen to define fI,.

For o € {+,—,-,\}, [al, [b] € Ry, @ € F, fl, as in (2.712) we define a machine
interval arithmetic by

[a] o [b] :=flo([a] - [b]), if [a] e [b] € IRp, (2.7.13)
po(lal) := flo(p(lal),  if p([a]) € IRg. (2.7.14)

The following obvious properties hold.

Theorem 2.7.1. Let [a], [a]’, [b], [b]' € IRRg. Then the arithmetic in (2.7.13), (2.7.14) sat-
isfies

(@ [a]le[b] < [a]le[b], e¢(al])<cpo(lal).

(b) [a] < [b], [a]’ < [b] implies [a] o [a]' < [b] o [b]'.

Directed roundings are part of the IEEE Standard 754. They are used in Rump’s MAT-
LAB tool INTLAB (cf. Rump [320] and Appendix G) in order to provide an efficient
interval arithmetic which follows the lines above and in this way realizes the paradigm
on page 104.

In some of our computations we need a storage of floating point numbers z in
double length or even longer. Such multiple precision numbers z can be represented
as asum

Z=2 4+ 2k (2.715)

Here z; are floating point numbers of the MATLAB format double. Usually the very
long mantissa of z is decomposed into appropriate pieces which form the mantissas
of the numbers z;. Such a decomposition of z is often nonoverlapping, but this is not
a must. The individual z; can be stored as cells z{1i} of a MATLAB cell array. In the
literature the decomposition and storage can be found in Stetter [346] and is denoted
there as staggered correction format; see also Auzinger, Stetter [58] and Lohner [194].
In order to benefit from (2.7.15) a processor with a long accumulator is necessary, or
at least an appropriate software handling for (2.7.15); cf. Kulisch [182], Kulisch, Mi-
ranker [183, 184], and Rump [320].

Exercises

Ex. 2.7.1.

(a) Convert 203474 to binary using two different ways.

(b) Convert the decimals 0.1 and 0.3 to binary and verify (2.7.10); use rounding to
nearest already for the conversion and compute fI,(fl,(fl,(fln(0.1) + fl,(0.1)) +
fln(0.1)) - f1,(0.3)).
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Ex. 2.7.2. Prove (2.7.8) and (2.7.9).

Ex. 2.7.3. Derive the iteration (2.7.11). Prove that this iteration converges if and only if

0 < rxg < 2 holds, i.e., if the starting point x, satisfies |% - Xo| < ﬁ This is certainly
fulfilled if xq is chosen between zero and 1/r. Show that for r = m - 2¢ with normalized

mantissa m and nonnegative exponent e the inequality
—(e+1) 1 —-e
0<2 <—<2
r

holds so that xo = 2-(¢*1) is a starting point (not necessarily a good one) which implies
convergence of the Newton sequence (2.7.11).
Hint: Prove first x — = —-r(xg—1 - 1)? = = (rxp-1 - 1)%.

Ex. 2.7.4. Compute sin(2* - 77) in MATLAB for several integer values of k, for instance
for k=1, 10, 50, 100, and compare the computed result with the exact one which is
Zero.

Ex. 2.7.5. Evaluate the expression 9x* — y* + 2y? for x = 10864 and y = 18817 using
your pocket calculator, MATLAB, and MAPLE. Repeat your trial in MAPLE with the
decimal numbers x = 10864.0 and y = 18817.0 which should yield the same result
as the corresponding integer values.

Repeat your calculations with the same numbers substituted in the equivalent
expression (3x2 —y2 +1)3x2+y?2-1)+1. (Theexactresultis 1.)

Ex. 2.7.6. Show by the example a = 7.16, a = 7.18 that in a normalized decimal float-
ing point system with two decimals after the decimal point and two decimals for the
exponent (plus storage for its sign) the midpoint a of [a] = [a, a] is not contained in
[a] if computed via d@ = (a + a)/2. What happens if ¢ iscomputedviaa=a + (a—a)/2?
What can be said on this midpoint problem if one works in a normalized binary system
with rounding by chopping or rounding to nearest?

Notes to Chapter 2

To 2.2: Real interval arithmetic and basic properties can be derived from an arithmetic
for general sets of numbers in Young [366]. Intervals in the context of error control in
numerical analysis were also considered in Dwyer [88]. Interval arithmetic, proper-
ties, and midpoint-radius form of intervals can be found in Sunaga [351]. Moore used
intervals and interval arithmetic in applications; see Moore [230, 231, 232].

To 2.3: The cases in which distributivity holds in interval arithmetic were completely
discussed in Ratschek [282] and Spaniol [345]. For extensions see Popova [275]. For
a generalization of (2.3.6) to a ‘linear’ interval equation with several variables see
Ratschek, Sauer [288].
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To 2.4: The mignitude and its rules originate from Neumaier [254], the definition of
13, rh and properties with them are contained in Mayer [218]. For the width of in-
terval products see also Ris [294, 295], and Ratschek, Rokne [286]. The formula in
Exercise 2.4.1(b) on the diameter is from Kref} [176], that from part (a) seems to be
new. Most of the remaining facts — also of the following sections — can be found in
Kulisch [180], Alefeld, Herzberger [26], and Neumaier [257].

To 2.5: Neumaier’s B-function as well as its properties in Theorem 2.5.9 are repeated
from Neumaier [257].

To 2.7: A theoretical and practical concept of rounding is presented in Kulisch [181],
Kulisch, Miranker [183], Kulisch [182], where the latter also contains a huge bibliogra-
phy on interval analysis (more than 660 publications). Details of the IEEE Standard
754 are explained in Bohlender, Ullrich [70]. Properties and applications can also be
found in Rump [322].
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3 Interval vectors, interval matrices

3.1 Basics

Interval vectors and interval matrices are defined as vectors and matrices with interval

entries. Thus
[x]1

[x] = ([x]) =
[x]n

is a real interval (column) vector with n components [x]; e IR, i=1,...,n,and

[alin ... lalin
[A] = ([aly) =
[@lmi ... [almn
is areal m x n interval matrix with entries [a];; e IR, i=1,...,m,j=1,...,n.The

set of all real interval vectors with n components is denoted by IR", that of all real
m x n interval matrices by IR™ ", Analogously to Chapter 2 we use the notation I(S)
for Sc R" or S ¢ R™",

We call n and m x n the dimension of [x] and [A], respectively, noting that this
terminology only refers to the form of [x] and [A] and not to the dimension of some
vector space. As usual we drop the specification ‘real’, since in nearly all chapters of
this book we consider only real intervals and, correspondingly, real interval vectors
and real interval matrices. We also identify IR! and IR™! with IR, and IR™! with
IR™. Therefore, we no longer mention definitions or properties for interval vectors if
they are stated and proved for general interval matrices.

We define A = (ajj) € [A] = ([aly) € IR™M" if a;; € [a];; holds fori=1,...,m,
j=1,...,n.Thus with [a];; = [aj}, a;;], with A = (a;), A= (ajj) €e R™", and with

[A,A] ={AeR™" |A<A<A}

we have [A] = [4, A], i.e., an interval matrix is at the same time a matrix interval and
vice versa.

For matrices [A], [B] € IR™ " the relation [A] o [B] foro € {=,<,2,n, U, <, <, 2, >}
and the function value h([A]) for h € {| - |, mid, rad, d(-) } as well as q([A], [B]) are
defined entrywise. Although these function values all are real m x n matrices, we keep
the terminology of Chapter 2. For instance, we speak of the absolute value [[A]] of [A]
instead of an absolute value matrix, and we denote the matrix q([A], [B]) as distance,
keeping in mind that one can easily get a metric in the usual sense via ||g([A], [B])]l
with any monotone matrix norm || - | (i.e., |A| < |B|, A, B € R™" implies [|A] < |B|).
For the midpoint of [A] we often write A = (ajj) instead of mid([A]), and for the radius
we sometimes use the symbol r, instead of rad([A]). In addition, for [A] € TR™"

DOI110.1515/9783110499469-004
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we define the real m x n matrices r, = (r;i],) and r;; = (rgij), and as in MATLAB we
use the symbol .* for the Hadamard product, i.e., the entrywise product [A] .+ [B] =
([al - [b];;) for matrices [A], [B] of the same dimension.

Notice that the entrywise definition of =, ¢, 2, n, U for interval matrices is equiv-
alent to the usual set-theoretic meaning of these symbols. Only in this latter sense,
i.e., not by an entrywise definition, we will use the symbols #, ¢, ¢, >, 2 for interval
matrices. With the partial ordering for real matrices as introduced in Definition 1.9.1 (b)
the interval hull [1S of a bounded set S € R™*" is defined analogously to that of S ¢ R.

As with intervals we call an interval matrix [A], written as [A] = [A, A], degen-
erate or a point matrix if A = A = A holds. Otherwise we call it nondegenerate. We
identify point interval matrices with their element matrix, i.e., A = [A] = [4, A]. In
this way R™" is embedded in the set IR™" of interval matrices [A]. Again we will
not distinguish between A4 and [4, A] in the sequel.

As indicated above, [A] < [B] means A < B and A < B. In particular, O < [A] is
equivalent to O < A. For point matrices this partial ordering reduces to the natural
partial ordering in R™" as introduced in Definition 1.9.1 (b).

For matrices [A] € IR™" the so-called comparison matrix or Ostrowski matrix
([A]) = (cij) € R™" is defined by

(lalip), ifi=},
Cij = U
—|lalyl, ifi#}j,

where we used the mignitude of Section 2.4 for the symbol and the definition of the
diagonal entries.

Example 3.1.1. Let

[A]:([O,ll [—1,51), [B]:< 3, 6] [1,2]>.
[3, 7] [_4’ _2] [ - 4’ _3] -9

(1 5 (0 -5\ ;i (12 2
|[A]|—(7 4), <[A]>—(_7 2>, A‘(s _3>,

awan-( 9). awanien- (g 2).

Then

The transpose [A]T of [A] = ([a];j) € IR™" is defined as usual by [A]T = ([al;i) €
IR™™ If m = n and [A] = [A]T we call [A] symmetric while we use the terminology
zero-symmetric for [A] € IR™" if A = O.

The definition of the arithmetic for interval matrices follows exactly the lines of
traditional arithmetic, i.e.,

[A]+ [B] = ([al + [Ply), [A]l-[B]=(lalj-[bly), lc]-[A]l=([c]laly) (3.1.1)
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for matrices [A], [B] € IR™" and any constant [c] € IIR. Moreover,

¢
[A]- [B] = (Z [a]ik[b]kj> € IR™"
k=1
for matrices [A] € IR™¢, [B] € IR®™,
We start with some properties which can easily be proved entrywise by means of
the corresponding ones in Chapter 2.

Theorem 3.1.2. For o € {+, —, -} and matrices of the appropriate dimensions the follow-
ing properties hold.

(a) {AoB|Ac€[A], Be[B]}c[A]-[B] inclusion property
with equality in the case of - € {+, -}

(b) [A]' < [A], [B) < [B] implies [A]' o [B])' < [A] - [B] inclusion monotony

(c) [A]+[B]=[B]+[A] commutative law

(d) [A]+([B]+[C]) = ([A]+[B])+I[C] associative law

(e) [A]+0=[A], [A]-I=[A] neutral elements

[AI([B]C) < ([Al[B])C
(f) (A[BD)I[CI < A([B][C]) ¢+ for point matrices A, C
(A[B])C = A([B]C)

[AI([B] + [C]) < [A][B] + [A][C]} .
(g) subdistributive law
([B] + [CD[A] < [B][A] + [C][A]

with equality in the following cases
@) [Al=4

(i) 0O<Band0<C

(iii) 0> B and O > C.

Equality in Theorem 3.1.2 (a) can be easily seen for o € {+, -} by constructing matrices
A € [A], B € [B] entrywise such that A + B = C for any given matrix C € [A] + [B].
Alternatively, use Theorem 4.1.5.

Our next example shows that strict enclosure can hold in Theorem 3.1.2(a) for
multiplication, and that the multiplication of matrices is not even potential associa-
tive.

Example 3.1.3. Let

Then

0 [1, 2]
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hence

+

[A]-([A]-[A])=<[1’2] [‘1’3])

(10,31 [-1,3]
(1.2] [-3,0] ([A]-[A])-[A]—( )

[1,2] [-2,-1]

&R

Moreover, A ¢ [A] implies

fl:(i j) for some a € [0, 1].

Therefore, A- A = (1 + a)I, and
R={A-A|Ac[Al}={BI|Be[1,2]}c[A]-[A] (3.1.2)

Notice that by the last definition in (3.1.1) the matrix [1, 2]I means the interval matrix

(1, 2] 0
0 [1,21)°

which represents all diagonal matrices in which the entry a;; € [1, 2] may vary inde-
pendently of a», € [1, 2]. Obviously, the range R in (3.1.2) is not representable here by
an interval matrix.

We call an interval matrix [A] € IR™" singular if it contains at least one singular
matrix A € R™", Otherwise we call it regular. We use the terminology strongly regular
if A=1[A] is regular.

Asin the one-dimensional case, the inverse [A]~! of aregular interval matrix [A] €
IR™™ cannot exist if [A] has at least one nondegenerate entry. Therefore, we define
[A]~! by means of the interval hull

[A]7Y =0{A7'| 4 € [A]} (3.1.3)

for regular matrices [A] € IR™" keeping in mind that [A] - [A]"! = I does not hold if
d([A]) # O.

It is generally not possible to represent [A]~! by means of the inverses of two par-
ticular matrices A € [A]. This can be seen from the following example.

Example 3.1.4. Let

(1,2] 0 - fa O
[A]_([—Z,Z] [_2’_1]> and A_<b C)e[A].

i1 1/a 0
A _(—b/(ac) 1/c)’

Then
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whence, by virtue of (3.1.3),

(A]! = ( 1/[al11 0 ) _ <[1/2, 1] 0 )
~lal21/([ali1lalz2) 1/[alz2 [-2,2] [-1,-1/2])°

The lower bound C of [A]™! is

C=<1/2 0) withC‘1=(2 O)HA].
= -2 -1 = -4 -1

Therefore, there is no matrix A € [A] suchthat A™! = C.

For some classes of matrices one can find [A]~! very easily. For instance, if [A] is a
regular diagonal matrix, then clearly

[A]7" = diag(1/[al11, - - - » 1/[@)n).

Other classes can be found in Section 3.3.

|'|’

We continue with some frequently used properties for the auxiliary functions
(-), rad(-), etc. with matrix arguments.

Theorem 3.1.5. Let [A], [B], [C] be interval matrices of appropriate dimensions and de-
fine the matrices Sj; = (sign(ay)), Si = (sign(l3,~j)). Then the following properties hold.

(a)
(b)
(0
(d)
(e)
®

()
(h)
(@
G

I[A] + [B]| < |[A]l + I[B]l,

I[A]- [BIl < I[A]l - 1[BIl,

mid([A][B]) = AB +(Sj; .x r;)(Sg .* rg) if O ¢ int([ali N [blyy) for allindices i, j, k,
rad([A] £ [B]) =ra + 18,

rad(A[B]) = |A|rp, rad([A]B) = ralB|,

rad([A][B]) < ryrg + rarg < |[Allrp + ral[B]|

with ‘="in the first inequality if and only if O ¢ int([a]i N [b]k;) for all indices i, j, k,
and with strict inequality for those entries (rad([A][B]));; for which O € int([a] N
[blkj) occurs for at least one index k,

|[Allrg < rad([A][B)) < |[A]lrg + ralB| < |[Allrs + ral[Bll,

ral[Bl| < rad([A](B]) < ral[B]| + |Alrg < |[Allrg + ral[B]l,

O € [A] and O € [B] implies rad([A][B]) < 2r4 - B,

q([CI[A], [CI[B]) < I[Cllq([Al, [B]), q([A][C], [BI[C]) < q([A], [BDI[CII.

Proof. The proof can be easily achieved by means of the Theorems 2.4.2-2.4.7 and
2.5.7. As an example we prove here only (e) and (j) explicitly.

(e) (rad(A[B)));; = rad( > aik[b]k]’) =) rad(aix[bly)

k=1 k=1

= Y lail rad([b]y) = (1Al rad([B));;.
k=1
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(i) (q([CIA], [CI[BD);; = q( Y [clilalyj, Y, [chk[blkj)
k= k=1

Z ([clix[a k;,[C]ik[b]kj)SZl[C]iklfI([a]kj, [blk)

k=1 k=1
= (ICllq([A], [BD);- .

Theorem 3.1.6. Let [b], [c] € IR", [A], [B] € IR™" and denote the spectral radius

by p(-).

(a) Ifrad([b] + [A]lc]) < rad([c]) holds, then p(A) < p(IilI) < p(|[A]]) < 1 follows for
all matrices A € [A].

(b) Ifrad([b] + (I - [A][B])[c]) < rad([c]) holds, then [A], [B] are regular.

Proof. (a) is an immediate consequence of the inequality
|A| rad([c]) < |[A]|rad([c]) < rad([A][c]) + rad([b]) = rad([b] + [A][c]) < rad([c])

and the Theorems 1.9.10 and 1.9.13.

In order to prove (b), choose A € [A], B € [B]. Then (a) guarantees p(I - AB) < 1.
Therefore, the Neumann series for (I - AB) converges and represents (I - (I - AB))™1 =
(AB)~'. Hence 4, B are regular, and so are [A] and [B]. O

3.2 Powers of interval matrices

Powers Ak of square matrices A € R™" occur, for instance, in the Neumann series
Y2, A¥ or when discussing stability of initial value problems

V()= {B+CWOYyt)+{b+c(t)}, t>to, (3.2.1)
y(to) =y°, (3.2.2)

where t, to € R, b, c(t), ¥°, y(t) € R", B, C(t) € R™™, C and c sufficiently smooth
periodic functions with the same period T > 0. In the latter case the fundamental
matrix @(t) € R™" of the associated homogeneous system

y'(t)={B+CO}y(t), teR, (3.2.3)

with the initial value
D(ty) =1 (3.2.4)

satisfies
D(t+T)=D()- D(tg + T)

since both sides are (matrix) solutions of (3.2.3) and have the same initial value @(tq +
T). An inductive argument leads to

O(t+kT) = D(t) - {D(to + T}, to<t<to+T, ke No. (3.2.5)
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By virtue of (3.2.4) the solution y;, of (3.2.3) with initial value yp(to) = y° can be written
as yu(t) = @(t)y°. Therefore, if y5, denotes the solution of (3.2.3) with the initial value
yi(to) =y° + €, (€ € R") we get

YR() = yn(t) = (t)e
and finally
Vit +kT) —yn(t + kT) = O(t) - {D(to + Dike, to<t<to+T, ke Ng. (3.2.6)

This also holds if y}, y, are replaced by the solutions of the corresponding inhomo-
geneous system (3.2.1) with the same initial values (Jordan, Smith [157], pp. 226-227).
Therefore, the powers A¥ of A = O(ty + T) determine whether the difference in (3.2.6)
is bounded (i.e., the solution of (3.2.1), (3.2.2) is stable) and, in addition, tends to zero
if t tends to infinity (which means that the solution of (3.2.1), (3.2.2) is asymptotically
stable). The first case certainly occurs if A is semiconvergent, the second case is equiv-
alent to A being convergent (cf. Definition 1.7.5). With an appropriate software like
AWA (see Lohner [192], Rihm [293]) it is possible to enclose @(ty + T). Thus the pow-
ers of such enclosures can be used in order to derive sufficient criteria for stability,
respectively asymptotic stability, of (3.2.1), (3.2.2). This was done in Cordes [77] and
leads us to the study of powers [A]¥ of interval matrices [A] € IR™™", By virtue of
the missing power associativity of interval matrices — cf. Example 3.1.3 — we must first
define what we mean by a power of [A].

Definition 3.2.1. Let [A] € IR™",
(a) We define

[A° = (@) =1, [A)F = ((a))”) = [A]" - (4], keN. (3.2.7)

(b) Analogously to Definition 1.74 we call [A] semiconvergent if [A]® = limy_o[A]¥
exists, and convergent if, in addition, [A]* = O holds.

One might ask why we did not define the powers of [A] by
°[A1=1, *[Al=[A]-*'[A], keN, (3.2.8)

i.e., by multiplication with [A] from the left. We oriented on (3.2.5), (3.2.6) where one
can think of multiplying @(to + T) from the right in order to get the next section to +
(k+ )T <t+ (k+ 1T <ty + (k+2)T, t € [to, to + T]. But this is not a must, of
course. We leave it to the reader as Exercise 3.2.2 to show that (¥[A]) is convergent
if and only if (([A]T)¥) has this property, and that (¥[A]) and ([A]¥) do not need to
converge, respectively diverge, simultaneously.

Next we introduce (ir)reducibility for interval matrices similarly to singularity/reg-
ularity in Section 3.1. An interval matrix [A] € IR™" is denoted to be irreducible if it
contains at least one irreducible matrix A € R™", and reducible otherwise. It is obvi-
ous that [A] is (ir)reducible if and only if the real matrix |[A]| has the same property.
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If P is a permutation matrix such that Rjja; = P|[A] |PT is ‘the’ reducible normal form
of |[A]] according to (1.7.5), then we call R4} = P[A]PT the reducible normal form of
the interval matrix [A]. Here we dropped brackets because of Theorem 3.1.2 (f).

Our first result handles convergence of nondegenerate irreducible interval matri-
ces [A].

Theorem 3.2.2. Let [A] € IR™" be nondegenerate and irreducible. Then [A] is conver-
gent if and only if p(|[A]]) < 1.

Proof. ‘=’: Let p =p(|[A]]), u > 0 be a Perron vector of |[A]|, and d([a]
the inequality

) > 0.Then

iojo
d([AT*Yyu > d([ADI[A]*u = p*d([A]u

implies
(d(AT* M), > p*d(lali,j,)uj, > O.
Since [A] is convergent so is (p"), which proves p < 1.
‘<’: follows immediately from [[A]¥] < |[A]/¥ and Theorem 1.7.6 applied to |[A]].
O

If one of the assumptions of Theorem 3.2.2 is dropped, only the if-part of the theorem
remains true as can be seen from its proof and from the convergent matrix

(1
[A]zA'(l —1)

with [A]%2 = 0, p(4) = 0, p(|[A]]) = 2 > 1. Apparently, the missing nondegenerate
intervals in [A] cause the failure of Theorem 3.2.2. Therefore, we will now characterize
those columns j of [A] for which at least some power of [A] exists which contains a
nondegenerate entry somewhere in this same column j.

Definition 3.2.3. Let [A] € IR™". Then we define the column index set C c {1, ..., n}
by
C=1j13ko, io: d([al(?) > 0}. (3.2.9)

Since C is difficult to determine from this definition we present an equivalent formu-
lation of C.

Lemma 3.2.4. Let [A] € IR™", define C as in Definition 3.2.3, and denote by G(|[A]|)
the directed graph of |[A]|. Then j € C if and only if there is a path (ip, i1, .. .,1s = j) in
G(|[A]]) with at least one edge (iq, ig) such that d([a],-a,-ﬂ) > 0.

Proof. ‘=’: Assume that there are some columns j € C for which no path exists as
described in the lemma. By definition there are positive integers i, k with d([a] l(.;()) > 0.

Choose i, j in such a way that k is minimal. Then d([a];;) = d([a]g).l)) =0,1=1,...,n,
since in the case d([a];,j) > O the path (lo, j) contradicts the assumption. Therefore,
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we get k > 1 and
0 <d(lal}) < Z d(laly ") llalyl + Zua 157 P1d(aly)

Z aly ™) Ilalyl.

There must be an s with |[a]sj| # 0, d([a ](k 1)) > 0, which proves s € C. Since k was
minimal there is a path as described in the lemma which ends at s. Taking into ac-
count |[a]sj| # O this path can be lengthened by the edge (s, j) which contradicts our
assumption.

‘<’: Let (a, B, 12, ...,1s = j) be a path as described in the lemma. Without loss
of generality assume d([a]q,g) > 0. Then we obtain

d([a]) = Z (a1 laly) 2 d(al$; [ali, )

> d([a]j,limahs il 2 d(@l$?) - lali i |- ali )

> >d([alap) - llalp,i,] - llals,,il -+ alig, i1 > O
which completes the proof. O

By virtue of Lemma 3.2.4 the column index set C of a nondegenerate interval matrix
[A] with irreducible absolute value is the full index set, i.e., C={1, ..., n}.

Now we are ready to formulate a necessary and sufficient criterion for the conver-
gence of general interval matrices [A] € IR™™,

Theorem 3.2.5. Let [A] e IR™™" and C c {1, ..., n} asin Definition 3.2.3. Construct the
matrix B € R™" by

aliil, ifj eC,
b = lalyl lf] (3.2.10)
lalj = ai, ifj¢C.
Then [A] is convergent if and only if p(B) < 1.

Proof. If [A] is irreducible and d([A]) # O, then Theorem 3.2.5 reduces completely to
Theorem 3.2.2, hence it is proved in this case. If [A] is a point matrix, then [A] = B

and the assertion follows from Theorem 1.7.6. Now let [A] be reducible. By virtue of
Exercise 3.2.3 (b) we can assume that [A] has reducible normal form, i.e., [A] has the

block form
[A]11 0] .. 0

(4] - [A.]Zl [Al22 - . (3.2.11)

[A]sl LS [A]s,s—l [A]ss
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Where each dlagonal submatrix [A];; is either a 1 x 1 zero matrix or irreducible. Let
[A]U ,B,,, BU , Iij be the corresponding blocks of [A]¥, B, B¥,and I, respectively.

‘=’: Let [A] be convergent. Then the same holds for all diagonal blocks [A];;.
Using Lemma 3.2.4 one sees that either all columns of [A];; belong to C (which always
refers to the whole matrix [A]) or none. In the first case for any column j of [A];; there
are integers m, p with d([a];'f)) > 0. From

d([@)S7*) = {d(IA1™ 1[A1Fpr = d([al5) (A1) = 0 (3:212)

for all k € N and all column indices [ of [A];; we get limy_, B{.‘i =limy_ ool [A];]¥ = O,
whence p(B;;) < 1. In the second case we have B;; = [A];;. Hence p(B;;) < 1 holds again
because of Bll.‘i = [A]f.‘i. Since det(B - AlI) = ]‘[f=1 det(B;; — Al;;) we obtain p(B) < 1.

‘<’: Let B be convergent. Then Bj; = |[A];i| or Bj; = [A];; implies the convergence
of [Al;i, i=1,...,s. Assume that [A] is not convergent. Then there is a block [A];;
with i > j and maximal j < s such that the matrix sequence ([A]l(.;‘)) does not converge
to the zero matrix. Let

Ay Al O ... O
RI=| [Aly |. [Ql=
: : .0
(Al [Alsjr1 eov oo [Alss

Let [Q]™, [R]™© be the submatrices of [A]X which correspond to [Q] and [R], respec-
tively. Because of the extremal choice of j, the sequence ([Q]®) = ([Q]¥) converges to
the zero matrix. From [R]**Y = [R]®[A];; + [Q]¥[R] and by induction we get

k
IRV < Y IIQI'HIRINALIS ™.
1=0
If [A]j; isa 1 x 1 zero matrix we obtain [[R1**D| < |[Q]¥||[R]| and the convergence of
([R1%) and ([A]f] ) to zero matrices follows, contradicting the assumption. If [[A]};]
is irreducible and j' ¢ C for all columns j' of [A];;, then we will prove by induction
(AP =B, k=1,2,..., (3.2.13)

which implies the contradiction limj_.c0[A]{ =

The definition of B guarantees (3.2.13) for k = 1. Let (3.2.13) hold for some k € N
and let (i', j') be an arbitrary index pair which belongs to B;;. Then we obtain

bt =Y biay + Y b ay. (3.2.14)
leC I¢C

All the entries aj; of the first sum are zero because otherwise the contradiction j' € C
can be easily shown using Lemma 3.2.4. Therefore, the summands bl(-,kl)alj’ can be
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replaced by [a]g,kl)alj: in both sums without changing the value in (3.2.14). This ter-
minates the induction for (3.2.13).

In order to finish the proof it remains to consider the case of |[A];;| being irre-
ducible with all columns in C. Let u > 0 be a Perron vector of |[A];;|. From the begin-
ning of the proof we already know p = p(|[A]jj]) < 1. Taking into account the conver-
gence of [Q], there is a vector v > 0 with 0 < |[Q]||[R]lu <v foralll=0,1,....If
€ > 0 is given, we can choose a positive integer m such that

k=m k—m m
S QMRINAL =Y pUIQl IR s L—v < ev
=0 =0 1-p

holds for all k > m. Choosing k so large that |[Q]!| < %eeT holds forall I > k — m, we
get

k
0 < [[RI**Plu < Y |[Q1 I[R]I 1[A]1* u

=0
k
< Y Q'I[R]lu+ev < e(ee” |[R]u +v).
I=k-m+1

Since & was arbitrary, ([R]®¥) converges to zero and the same is true for ([A]g‘)). O

Example 3.2.6. Let

1 -1 0
Al=11 -1 0
0 0 [0,3]
Then
1 -1 0 1
B=(1 -1 0 withp(B)=§<1.
o o 1
Hence [A] is convergent. In fact,
1 0 0 0
[A]k=§ 00 0 k=2,3,...,
0 0 [0,1]

and p(|[A]]) = 2.

Without proof we cite two results from Mayer [199] on the semiconvergence of interval
matrices with irreducible absolute value.

Theorem 3.2.7. Let [A] € IR™" be nondegenerate and irreducible. Then [A] is semi-

convergent with limit [A]*° # O if and only if the following two conditions hold.

(1) |[A]] is semiconvergent with limit |[A]|*® + O (which may differ from |[A]*|.

(i) If [A] contains exactly one real matrix A with |A| = |[A]|, then A + —D|[A]|D where
D is a signature matrix.
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In many examples the limit [A]*° in Theorem 3.2.7 is zero-symmetric in the sense of
Section 3.1. Therefore, it is interesting to know when this property does not occur.

Theorem 3.2.8. Let [A] € IR™" be nondegenerate and irreducible. Assume that [A] is
semiconvergent with limit [A]*® + O. Then [A]™ is not zero-symmetric if and only if [A]
contains exactly one matrix A with |A| = |[A]| and this matrix A has, in addition, the
representation A = D|[A]|D with a signature matrix D.

Exercises

Ex. 3.2.1. Show that Mathieu’s differential equation
y'@®) +cy'(t) +{a+bcos@t)}y(t) =0, ¢>0, a,beR

is an example for (3.2.3).

Ex. 3.2.2. Let [A] € IR™",

(@) Show that ®[A] = limy_,«, X[A] exists if and only if ([A]T)® = limy_([A]T)K ex-
ists and that ®°[A] = O and ([A]T)® = 0 hold simultaneously.

(b) Show that each matrix

has the spectral radius p(4) = 0.
(c) Show that limy_,,[A]¥ does not exist while limy_,, ¥[A] does.

Ex. 3.2.3. Let [A], [B] € IR™" and let P € R™" contain in each column and each
row exactly one entry not equal to zero. (For instance, let P be a permutation matrix.)
Prove the following equalities.

(@) P([A][B]) = (P[A])[B]; [AI([B]P) = ([A][B])P; [A](P[B]) = ([A]P)[B].

(b) P[AJXP~! = (P[A]P~1)¥, where P[A][B] := (P[A])[B].

Ex. 3.2.4. Check which of the following matrices are semiconvergent. If so, check
whether their limit is zero-symmetric. If possible, compute this limit.

(Al - 3([0, 1 [o, 1])’ ], - 1 ([—1,0] [0,1] )

2\[0,1] [0,1] “2\[0,1] [-1,0]
_1([0,1] [-1,10] _1([0,1] [0,1]
[4)s = 3 ([-1,0] [0, 1] ) [Als =3 ([o, 1] [-1,0])’

_ l [_1a 1] [1! 1]
[Als = 3 ( (1, 1] [—1,—1])'
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Ex. 3.2.5. Show be means of the example

me3(i )

that p(|[A]™]) < 1 for some m € IN does not imply p(|[A]]) < 1.

3.3 Particular interval matrices

In this subsection we will extend the concept of particular matrices from Section 1.10
to interval matrices.

Definition 3.3.1. An interval matrix [A] € IR™" is called a diagonal matrix, an upper
or lower triangular matrix, an M-matrix, an H-matrix, and an inverse positive matrix,
respectively, if all element matrices A € [A] have the corresponding property.

By virtue of their definition, M-, H- and inverse positive matrices [A] € TR™" are
regular interval matrices. For each of these classes of matrices we now list some cru-
cial properties. We start with a criterion on inverse positive matrices which is due to
Kuttler [185].

Theorem 3.3.2 (Inverse positive matrices; Kuttler’s theorem). Let [A] € IR™", Then
[A] € IR™" is inverse positive if and only if A, A are inverse positive. In this case we
have [A]™' = [A71,A71],i.e, AL < A~' < A™! for all matrices A € [A].

Proof. If [A] is inverse positive, then so are A and A by definition. For the converse
assumethat A~1 >0, A ! >0 andlet 0 < u € R". Then v = A~'u > 0. Choose A € [A].
Then A < A < A implies

ATA<I<A'A. (3.3.1)

From the first inequality we get B = A~'A € Z™" and from Bv = A"'Av > A'Av =
A~lu > 0 we see that B is an M-matrix. Therefore, B and A = AB are regular and
A1 = B 1A' > 0. The final double inequality of the theorem follows directly from
(3.3.1) multiplied by A~ > 0. O

Sometimes not [A] but D[A]D’ must be tested for inverse positivity where D, D’ are
two signature matrices defined in Section 1.1. The following corollary is an immediate
consequence of Kuttler’s theorem.

Corollary 3.3.3. Let D, D' be two signature matrices and [A] € IR™". Then D[A]D' is
inverse positive if and only if at least one of the two subsequent conditions (i), (ii) hold.
() [A]isregularand D'A™1D > O foreach A € [A].

(ii) A - Drad([A])D’ and A + Drad([A])D' are regular and satisfy

D'(A-Drad((A)DY'D>0 and D'(A + Drad([A])D")"'D = 0.
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Proof. The equivalence with (i) follows from D[A]D’ = {DAD' | A € [A]} and D~! = D,
D'~ = D', The equivalence with (ii) follows with Kuttler’s theorem from min(D[A]D’) =
min{D(A + [-rad[A], rad([A])])D'} = DAD' - rad([A]) = D(A - Drad([A])D")D’ and
an analogous expression for max(D[A]D’). O

We continue with properties of M- and H-matrices.

Theorem 3.3.4 (M-matrices). Let [A] € TR™",

(@) The matrix [A] € IR™" is an M-matrix if and only if A is an M-matrix and Ace
Z™"_In this case we have [A]™1 = [A~1,A71],i.e., A1 < A~ < A~ for all matrices
A c[A].

(b) A triangular matrix with a;; >0 fori=1,...,nand a; <0 for i # j is an M-matrix.

Proof. (a) If [A] is an M-matrix, so are A and A.

Assume conversely that A is an M-matrix and A € Z™". Then A € Z™" for all
matrices A € [A]. Moreover, by virtue of Corollary 1.10.5 they are M-matrices, and so
is [A].

The representation of [A]~! follows from A~ < A=! < A~! for A < A < A or from
Theorem 3.3.2.

(b) follows immediately from Theorem 1.10.7 (d). O

Theorem 3.3.5 (H-matrices). Let [A] € IR™™",

(@) The matrix [A] € IR™™" is an H-matrix if and only if {[A]) is an M-matrix.

(b) If[A] is an M-matrix, then it is an H-matrix.

(c) If ([A)]) is strictly diagonally dominant, then [A] is an H-matrix.

(d) If ([A)]) is irreducibly diagonally dominant, then [A] is an H-matrix.

(e) If ([A]) is regular and diagonally dominant, then [A] is an H-matrix.

(f) If [A] is a triangular matrix with O ¢ [a];; fori=1,...,n, thenitis an H-matrix.

Proof. (a) Let [A] be an H-matrix and choose 4 € [A] such that (4) = ([A]). Since 4
is an H-matrix, (A) is an M-matrix and so is ([A]).

Conversely, let ([A]) be an M-matrix and let A € [A]. Then ([A]) < (A) € Z™™",
hence (4) is an M-matrix by virtue of Corollary 1.10.5. Therefore, A is an H-matrix,
and sois [A].

(b)—(f) follow immediately from the Theorems 1.10.7 and 1.10.18. O

We next consider regular interval matrices [A] for which the entry (A‘l)ij of the in-
verse does not change its sign when A varies in [A] and i, j are chosen arbitrary but
held fixed.

Definition 3.3.6. A regular interval matrix [A] € IR™" is called inverse stable if for
eachi,je{1,...,n} either (A71);; >0 foreach A € [A] or (A71);; < 0 foreach A € [A].

Obviously, M-matrices and inverse positive matrices [A] € IR™" belong to the class
of inverse stable matrices. A general sufficient criterion for inverse stability is given in
the following theorem.
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Theorem 3.3.7. Let [A] € IR™" have a regular midpoint matrix A which satisfies
p(R) <1, whereR =|A7|rad([A)]). (3.3.2)
Then [A] is regular. Moreover, if
QA <|A™Y withQ=RUI-R)™, (3.3.3)
then [A] is inverse stable.

Proof. Choose A=A —A € [A]. Then |A~1A| < R, whence p(A~'4) < 1. Therefore, the
corresponding Neumann series converges, and one obtains Zi‘;o(]l‘lz\)"[l‘l = -
A71A)"1A-1 = A-1, Hence [A] is regular. Moreover,

A - A = (A -2 A- DA < (- A Ayt -1 1A

- | YA HiA < Y R 1A = QA <147
k=1 k=1

from which one can immediately conclude inverse stability by inspecting the entries.
O

Notes to Chapter 3

To 3.1: Interval vectors and basic operations with them are already contained in
Sunaga [351]. For interval matrices see Moore [232] and Apostolatos, Kulisch [51].

To 3.2: Powers of interval matrices and convergence are first considered in Mayer
[198]. The results in Section 3.2 are taken from there. Based on these results the
convergence of the Neumann series with [A] € IR™" was completely discussed in
Mayer [200]. Semiconvergence for interval matrices with irreducible absolute value
was introduced in Mayer [199], necessary and sufficient results for the convergence as
well as results on the shape of the limit are given there. The results were generalized
to arbitrary matrices in Arndt, Mayer [55, 56], but a necessary and sufficient criterion
for the semiconvergence of a general interval matrix [A] is still missing. An alternative
proof for Theorem 3.2.5 can be found in Pang, Lur, Guu [268]. Results on the stability
of linear homogeneous systems of differential equations with periodic coefficients
can be found in the literature as Floquet theory; cf. Yakubovich, Starzhinskii [365], for
example. Applications of stability of such systems using interval analysis are given in
Cordes [77].

To 3.3: Interval M-matrices are considered in Barth, Nuding [59], interval H-matrices
and their properties are discussed in Neumaier [254]. They are already used implicitly
in Alefeld [7].
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4.1 Expressions, range

In Section 2.6 we defined the elementary interval functions by their range. This defini-
tion could also be applied for general continuous functions f: D € R" — R since such
functions assume their maximum and minimum on each compact set, particularly on
each interval vector [x] € D. Unfortunately, in most cases neither these extrema nor
their position can be easily determined. Therefore, one replaces these optimal defini-
tions by a coarser one such that the resulting image for an input [x] encloses at least
the range Rr([x]) of f restricted to [x] < D. To this end we define a certain set E of ad-
missible expressions and the interval arithmetic evaluation of their induced functions
which all belong to the class of so-called factorable functions.

Definition 4.1.1. Let IF, denote the set of unary operations +, —, IF, the set of binary

operations +, —, -, /, and IF the set of elementary functions as in Definition 2.6.1 (which

can be extended if necessary). A function f: D ¢ R" — R with x = (x1, ..., Xxn)T - f(x)

is called factorable with respect to IF, U IFj, U IF if there exists a sequence f1, .. ., f5 of

functions f/: D — R, j=1,...,s,such that the following properties hold.

D ffoy=xi, k=1,...,n,

@ f*&x)=ckn, k=n+1,...,m, where cj denotes a constant,

B) fXx) =fé(x) o f(x), o € Fp or f¥(x) = £f*(x), or f¥(x) = @(f*(x)) with ¢ € F, and
e,r<k,k=m+1,...s,

@) f0o =f(x).

We call (f) a factor sequence for f.

Definition 4.1.2. We define E as the set of all scalar mathematical expressions which
are built in finitely may steps by the vector variable x = (x;) € R™, real constants, the
unary operations +, —, the binary operations +, —, -, /, and the elementary functions
@ e F.Let f: D < R™ — R" be a function with f(x) = (fi(x)) such that fi(x) € E,
i=1,...,n.Replace each variable x; by an interval [x]; with [x] = ([x];) € D using
the corresponding interval operations and elementary interval functions. If all interval
operations are defined, we end up with an interval vector which we denote by f([x])
and which we call the interval arithmetic evaluation of f at [x]. If one varies [x] € IR™,
[x] € D, one obtains an interval function [f] with expression [f]([x]) = f([x]), which we
also denote as interval arithmetic evaluation of f. In the sequel we will mostly write
f([x]) if we mean this particular interval function [f].

Apparently [f] from Definition 4.1.2 may differ if the form of the original expression
f(x) is changed equivalently. For instance the equivalent expressions f(x) = 0 and
f(x) = x — x yield different interval functions. Therefore, when speaking of the in-
terval arithmetic evaluation of f = (f;) one always has a particular expression for

DOI110.1515/9783110499469-005
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fi(x) € E in mind which represents f;. We assume this tacitly for f when we write
f(Ix]). In addition, we assume that f([x]) exists whenever f([x]) is used in the se-
quel. We emphasize that f([x]) does not denote the range Rs([x]) of f over [x] as is
sometimes done in the literature. In fact we will see that only R¢([x]) < f([x]) can be
guaranteed; cf. Theorem 4.1.4 and Example 4.1.3.

It is obvious that one can identify IE with the set of all factor sequences f1, ..., f°
defined in Definition 4.1.1, but not with the set of all factorable functions f since f can
be represented by more than one such sequence.

Composition of functions is contained in Definition 4.1.2 by using an appropriate
formula tree.

Example 4.1.3.

(a) Let fix) = x — x, hence f([x]) = [x] - [x]. Then f([-1,2]) = [-1,2] - [-1,2] =
[-3, 3] # 0. In contrast with this, the equivalent expression f(x) = 0 yields f([x]) =
0 = [0, 0] = Re([x]).

(b) The expression
1

X-x+1

fx) =

is defined for all x € R, while

1 1
ML 2D = 21+~ 2 4
is not defined because of 0 € [-2, 4].
(c) Let
3
X+X
f) = 2+x2—sinx’
Then 3
B [x] + [x]
D = 3 o —sinoa)
whence
[_25 2] + [_8, 8] [_109 10]
-2,2]) = = =[-10, 10].
2= o artnn - mwn -t
By virtue of the definition of +, —, -, / and ¢ € F for intervals, one immediately gets
the following property.

Theorem 4.1.4 (Inclusion property, inclusion monotony). Let f: D ¢ R™ — R" and
[x], [yl € D. Then
Rs([x]) < f([x]) (inclusion property) (4.1.1)

holds. In addition,
[x] < [y] implies f([x]) < f([y]) (inclusion isotony, or inclusion monotony).

In particular, f([x]) exists in this case if f([y]) does.
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Notice that a meaningful machine interval arithmetic must always take care that
rounding is such that (4.1.1) remains true. Thus f([x]) should be computed with out-
ward rounding for each operation.

Before defining interval functions with property (4.1.1) in a way different from in-
terval arithmetic evaluations, we state and prove a simple but important result by
Moore [232] which guarantees equality in (4.1.1).

Theorem 4.1.5. Let f: D € R™ — R be defined by f(x) € E such that each variable x;
of x = (x;) appears at most once in f(x). Then R¢([x]) = f([x]) for all [x] € IR" for which
f([x]) is defined.

Proof. Due to (4.1.1) it remains to prove

Ry ([x]) 2 f([x]). (4.1.2)

To this end we will show by induction on the number of operations in f(x) that there
exist vectors x1, x2 € [x] such that

A = [fch, fA)]. (4.1.3)

Since, by virtue of f(x) € E, the function f is continuous, it attains all values between
f(x1) and f(x?) so that (4.1.2) then holds.

Let us now start the induction with k = 0. Then the following possibilities for f(x)
can occur:

fx) =c eR, whence f([x]) = [c, c] = [f(x), f(X)],
and
fx) = x;,  whence f([x]) = [x]; = [xi, Xi] = [f(x), fX)].
Assume now that (4.1.3) holds for all expressions in E which have at most k opera-

tions, where we count the application of an elementary function as an operation, too.
Assume that the expression f(x) has k + 1 operations.

Case 1: f = +g with (4.1.3) for g. By the induction hypothesis there are vectors v, v?
such that g([x]) = [g(v'), g(w?)] whence f([x]) = [f(v!), f(v?)] if f = +g and f([x]) =
[-g(?), —g(Wh)] = [f(v?), fOH] if f = -g.
Case 2: f=gohwithoe{+,-,-,/} andwith (4.1.3) for g, h. By the induction hypothesis
we get

flx]) = g([x]) = h([x]) = [8(W"), gW?)] o [A(W"), h(w?)]

with appropriate vectors vi,w e [x], i, j =1, 2. Theorem 2.2.2 guarantees
min f([x]) = g(vio) o h(w) for appropriate indices i, jo € {1, 2}.

According to our assumptions, for each fixed l € {1, . . ., n} at least one of the two func-
tions g, h does not depend on x;. Without loss of generality assume that the function
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h does not depend on xi, ..., Xs (0 < n) and the function g does not depend on

Xo+1s+++5Xn.
Define x! € R" by

i
e vk°, k=1,...,0
r= .

w., k=0+1,...,n.

Then
xtelx], gx!)=g®), h(x')=hwo),

whence
min f([x]) = g(x*) o h(x') = f(x1).

Analogously there is a vector x? € [x] such that max f([x]) = f(x?) holds.
This implies (4.1.3).

Case 3: f = ¢(g) with ¢ € F and with (4.1.3) for g. By virtue of the continuity of ¢ we
get
min f([x]) = min ¢(g([x])) = @(&)

with g € g([x]) = [g(v1), g(v?)] and appropriate vectors v!, v? € [x], guaranteed by
the induction hypothesis. Since g is continuous, there exists a vector x! € [x] such
that g(x!) = g, whence min f([x]) = @(g(x!)) = f(x'). Analogously there is a vector
x2 e [x] with max f([x]) = f(x?). O

It is obvious that one can also prove Theorem 4.1.5 using the factor sequence of f and
an induction on the length of such sequences. If in an expression f(x) € [E some vari-
able x; of x = (x;) appears more than once, then R¢([x]) = f([x]) need no longer hold
because the interval arithmetic does not take into account the linkage of x; in f(x). In
fact, for the interval arithmetic evaluation f([x]), each occurrence of x; in the expres-
sion f(x) is treated as if a new variable substitutes x;, which varies in the same interval
[x]i as x;. This may lead to an overestimation of f([x]) over the range Rs([x]), which
is sometimes complained of. In the case of such multiple occurrences of x;, one often
speaks of dependent variables or dependency in the variables.

Example 4.1.6. Let f(x1, x3) = gt;; for (x1,x2) € [1, 2] x [-2, 2]. Then

f([l, 2]9 [_2, 2]) = 6— [_2 2] = [4 8]

5+(1,2] _[6,7] _ [% %] = Rr([1, 2] x [-2, 2]),

where we applied Theorem 4.1.5 for the last equality.

Another possibility to enclose the range of a function f can be constructed by means
of the following centered forms.

Definition 4.1.7 (Centered form). Let f: D ¢ R" — R, [x] € D, z € D. Assume that
there is a vector [s] € IIR" such that for all x € [x] there exists a value s(x, z) € [s], the
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so-called slope (between x and z), with
fx) = f(z) + s(x, 2)T(x - 2). (4.1.4)

Then the right-hand side of (4.1.4) is called the centered form of f(x) with center z. It
induces an interval

(X)) = fiz) + [s]) - ([x] - 2). (4.1.5)
For fixed z, variable [x] € D, and [s] = [s]([x], z) with the property above we thus get
an interval function [f]: I(D) — IR.

Notice that we do not require z € [x] for general centered forms.
From (4.1.4) we can immediately deduce the analogue of property (4.1.1).

Theorem 4.1.8. For the interval function [f] in Definition 4.1.7 we get R¢([x]) < [f1([x]).

Example 4.1.9. If n = 1 and x # z, then (4.1.4) necessarily leads to the slope
fx) - flz)

X—-z

s(x,z) =
Ifn=2,x=(x,x)7, f(x) =x1-x2,and z = (z1, z,)T we have at the same time

f(2) + (X2, 21) (X = 2) = 2123 + X2 (X1 — 21) + 21(X2 — 22) = X1X2 = f(X)

with s(x,z) = <)Z(2)

1
and

f(2) + (22, x1)(X — 2) = 2123 + z2(X1 — 21) + X1 (X2 — 22) = X1X2 = f(X)
with s(x,z) = (‘22).
X1
In particular, s(x, z) is not unique.

A special case of a centered form is the following mean value form which is an imme-
diate consequence of the mean value theorem.

Theorem 4.1.10 (Mean value form). Let D < R" be a region with z € [x] € D, and let
f: D — R be continuously differentiable. Moreover, let f'([x]) = (grad f([x]))T exist.
Then the mean value form

fx) = f(z) +f'(¢')(x -z), &=z+0(x-2), 0=0(x,z) e (0, 1) appropriately,
is a centered form which induces the interval
m(x]) = fz) + f'(xX]([x] - 2).

Notice that we require z € [x] for the mean value form.

Our next example illustrates this centered form and shows that it delivers an en-
closure of the range Ry([x]) which at least here is better than the interval arithmetic
evaluation f([x]).
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Example 4.1.11. Let f(x) = x — x and z € [x] € IR. Then f'(x) = 0 and [f]u([x]) = f(2) +
(XD - ([x] - 2) =[0,0] = Rg([x]), while f([x]) = [x] — [x] > R¢([x]) for nondegenerate
intervals [x].

In order to assess the quality of enclosure of Rs([x]), we introduce the concept of the
order of approximation.

Definition 4.1.12 (Order of approximation). Let [x]° < D ¢ R".If f: D — R is contin-
uous and if [f]: I([x]°) — IR is an interval function which fulfills the conditions

Re([x]) < [AI([xD), (4.1.6)
a(1(xD, Re([xD) < clld([xDIc (4.1.7)

for all [x] € I([x]°) with a constant ¢ independent of [x], then we say that [f]([x])
approximates the range Ry([x]) (on I( [x]°)) with order m.

By virtue of the norm equivalence on R" the maximum norm in Definition 4.1.12 can
be replaced by any other norm on R".
Our next theorem motivates this definition.

Theorem 4.1.13. Let f: D ¢ R" — R be continuous, [x]° ¢ D, [f]: 1([x]°) — IR. Let

[f1(Ix]) approximate R¢([x]) on I([x]°) of order m. Decompose [x]° in k™ boxes such
0

that every i-th edge of these boxes has length d([;]" ) Denote by My the set of all these

boxes and define

[A(x1%) = JUAxD.
[x]eMy
Then the following properties hold.
(@ R(1x1°) < [flk([x]°) € TR,
(b) q([flk([x1°), Rf([x1%)) < i, (€ € R independent of k).
(©) limpooeolflx([x]®) =R f([X]O), i.e., the finer the grid the better the approximation of
Rr([x]9).

Notice the appearance of the order m in part (b) of the theorem. Summarizing the
theorem says that the finer the grid and the higher the order, the better the enclosure
of Re([x]°) by [flx([x]%).

Proof. (a) By virtue of (Jjepr, [X] = [x]° and (4.1.6) we obtain Re([x]°) < [flx([x]°).
If [x], [x]' € My are neighbors, then [x] n [x]" # 0, hence [f]([x]) n [f]([x]") # ¢ and
[f1(xD) U [f1(x]") € IR. Now an inductive argument implies [f]x([x]°) € IR.

(b) Let [f1x([x]°) = [fx, fx] and Re([x]°) = [w, W]. There is a vector [x]' € My with
fx = min[f]([x]). Let wl = min Ry([x]"). Then by (a) we have |w — fi| = w - fy <
w! = fi = lw! - fil.

Analogously there exists a vector [x]2 € My with fi = max[f]([x]?) and |w — f| <
[w? — fxl, where w? = max Ry([x]?).
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By means of (4.1.7) and of the assumption we finally get
a([fAk((x1%), Re((x]%) = max{Ifx - wl, Ifx - |}
< max{ q([f1(x]"), Re(Ix11), q([f1(1X1%), Re(1x1%)) }
< max{ ¢ (DI, I ) < 1

with ¢ = ¢ ||d([X]O)||I>"O.
(c) follows from (b). O

Example 4.1.14. Let f(x) = x — x and divide [x]® = [-1, 1] into k equally spaced in-
tervals [x)) = [-1+ 2 - (G -1),-1+ 2 -j],j=1,..., k. Define [f] on I([x]°) b
(X)) =f([x]). Then d([xV) = £, My ={[xV |j =1,. k} fllx ]’)—[—;’;] [r([x]° )—
Ui flxV) =[-%, %], and Q([ﬂk([x 19), R ([x]9)) = q([f]k( [x1°), [0, 0]) = 2 which tends
to zero if k tends to infinity.

In order to determine the order of approximation of the interval arithmetic evaluation
of a function f and of its mean value form we need a smoothness property which is
fulfilled by nearly all expressions in E.

Definition 4.1.15 (Lipschitz continuity). Let [x]° € IR™. An interval function
[fl: I([x]°) — IR"
is called Lipschitz continuous if there is a positive constant /s € R such that

Ig(LAMxD, BIAYD)leo < Ir - Ig(Ix1, [yDllco

holds for all [x], [y] € I([x]°). The constant Iy is called Lipschitz constant; the set of
all functions which are Lipschitz continuous in I([x]°) is denoted by L([x]°).

As in Definition 4.1.12 the maximum norm in Definition 4.1.15 can be replaced by any
other vector norm on R™ and R", respectively. Definition 4.1.15 generalizes the defini-
tion of Lipschitz continuity for real functions f. In particular, if the interval arithmetic
evaluation of f is Lipschitz continuous, then the real function f itself is Lipschitz con-
tinuous on [x]° in the traditional way.

If [f] € L([x]°) with [f1([x]) = f([x]) we often shorten this by f € L([x]°) or f([x]) €
L([x]®).If m > 1, n = 1 in Definition 4.1.15, we write f'([x]) € L([x]°) or f" € L([x]°), if
wemean gradf = (f')T e L([x]°). For n> 1 and f = (f;) we use f’ € L([x]°) if f{ € L([x]°)
fori=1,...,n.

Theorem 4.1.16. Let f: D € R™ — R be given by an expression f(x) € E. Assume that
f([x1°) exists for some interval vector [x]° < D and define [f] on I([x]®) by [fl([x]) =
f(Ix)). If f([x]°) does not contain a root whose radicand contains zero, then [f] is Lip-
schitz continuous.

Proof. We prove the theorem by induction with respect to the number of operations,
similar to the proof of Theorem 4.1.5. To this end let [x], [y] € I([x]°).
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Case I: f = c (= constant) or f(x) = x;. Here, f € L([x]°) is immediate with s = 1
for instance.

Case2: f = +g, where g € L([x]°) with Lipschitz constant lg.

The subcase f = g is trivial, the subcase f = —g follows from g(f([x]), f([y])) =

q(-g([xD), —g(lyD) = 1-Dlgq(g([xD), 8(yD) < Llg(x], YDlco-
Case3: f=goh,whereoec {+,—,*,/}and g, h € L([x]°) with Lipschitz constants

l; and Iy, respectively.
The subcases f = g + h follow from

q(f(IxD), flyD) = a(g(x]) = h(Ix]), 8([y]) + h([yD)
< q(8([x1), g(lyD) + q(h(Ix]), h(lyD) < (g + I q((x], [yDlco-

The subcase f = g - h is shown by

a(f(lxD, flyD) = a(g(IxDh((xD), g(lyDh(yD)
< q(g(IxDh((xD), g(IxDh(lyD) + q(g(xDh(lyD, g(lyDh(lyD))
< Ig(xDIg(h(IxD, h(lyD) + [h(lyDIg(g((x]), 8(lyD)
< 1)l g((x], YDlleo + 1R g lg([x], [YDllo
=l lg([x], [yDlloo

with Is = 1g([x]O)|ln + [h([x]°)|l;.
The proof of the final subcase f = g/h is based on Theorem 2.5.7 (h), (i):

_ . (8xD syD

. fyD) = a (£ 500
g(x) s, (8D gD
<1y wo) * (i on)
18D

(h([xD1)) (h(lyD))

qa(g([xD), 8(lyD) + q(h(xD), h([yD)

1
< -
(h([x1))
< Irllg([x], [yDlloo

with
po o Lo, ls@)
(h([x]9)) * * (h([x]9))?

Case 4: f = @(g) with ¢ € F and g € L([x]°) with Lipschitz constant l;.Ifpisa
root we assume that min(g([x]%)) > 0.

Let [u] = g([x]), [v] = g([y]), and g = q([u], [v]). By virtue of Theorem 2.5.7 (a) we
have [u] ¢ [v] + [-q, q].

Choose ii € [u] arbitrarily. Then there exist elements U € [v], § € [-q, q] such that
it = U + § holds. Apply the mean value theorem in order to get @ (1) = @ (D) + @' (§)§ €
p([v]) + @' (g([x1°)[-q, q].

Since @([u]) = Ry ([u]) we obtain ¢([u]) < ¢([v]) + [-4, ] with § = |¢' (g([x]°))| - q.

Ip.
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Analogously we can show ¢([v]) € ¢([u]) + [-§, 4], and Theorem 2.5.7 (a) implies

q(e(e(xD), @(&(ly)) = q(e(lul), ¢(v]) < 4
=19 (g1 - a(g(IxD), 8(IyD)
<Ilg([x], [YDlleo  with I = 19" (g(D))] - L. O

Theorem 4.1.17. If [x]° <D c R”", f: D — R, f([x]) € L([x]°), then the following prop-
erties hold.

(@) f([x]) < f(X) + lreT([x] - X).

(b) d(f(Ix))) < lreTd([x]).

Proof. (a) follows from

If([x]) = fOO1 = q(f([x]) - f(X), 0) = q(f([x]), f(X))
< Illg(Ix], Dlleo = LX) = Xllloo < Ire”|[x] - X1,

whence .
fUlx]) - fx) < Z IlIx]i = %il[-1, 1] = lreT ([x] - %).
i=1

(b) is an immediate consequence of (a). |

We will extend the result in Theorem 4.1.17 (b) a little bit, allowing now f(x) € R" in-
stead of merely f(x) € R.

Theorem 4.1.18. Let [x]° <D< R", f = (f;): D —» R

(@) Iff((x]) € L([x]°), then |d(f([x]))llco < ¥lld([X])llco follows for arbitrary interval vec-
tors [x] < [x]° with some independent constant y > 0.

(b) If, conversely, |d(f([x]))llco < Y1d([XDllco holds for all [x] < [x]°, then the real func-
tion f: D — R" is Lipschitz continuous on [x]° in the usual sense.

Proof. (a) follows immediately from Theorem 4.1.17 (b): One sees at once that with
f([x]) each of its components f;([x]) is also Lipschitz continuous with the same Lip-
schitz constant l¢. Therefore, d(f;([x])) < lfer([X]) holds and implies [|d(f([x])llco <
lre’ d([x]) < nlpld(DxXDlloo-

In order to prove (b), choose x, y € [x]° arbitrarily and define

[z] = (Imin{x;, y;}, max{x;, yi}]) < [x]°.

Obviously, d([z]) = |x — y| holds and from |f(x) — f(y)| < d(f([z])) we get the classical
Lipschitz condition

1fC0) = fW)lleo < 1A(f([2D)leo < YlA([2Dlloo = YIIX = Ylloo

as required. O
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It is unknown to the author whether in (b) the Lipschitz continuity follows for the
interval arithmetic evaluation f([x]), too.
After these smoothness results we return to the order of approximation.

Theorem 4.1.19. If f: D ¢ R" — R, [x]° ¢ D, then the following properties hold.
(@) If f(Ix]) € L([x1°), then q(f([x]), Re([x])) < c [d(IX])lco

(b) If f'([x]) € L([x]°) and z € [x], then q([flm([x]), Rr([x])) < ¢ |d([x])IZ,

with constants c, &, which do not depend on [x] < [x]°.

Proof. (a) We first remark that X € [x] € [y] implies g([x], [y]) < q(X, [y]); cf. Figure 4.1.1
for the one-dimensional case. With f(X) € R¢([x]) € IR we therefore obtain

g(f(IxD), Re([xD)) < q(f([xD), fX)) < Iellq([x], oo = I - %"d([x])"oo

which proves the assertion.

[x] [yl
C [ . | ]
C L T 1 ]
- X -
[x-yl [x-yl
|X-7| |X-y| Fig. 4.1.1: q([x], [yD) < q(X, [y]).

(b) Let [flu([x]) = []_‘M,fM] and Rf([x]) = [fmin, fmax]. There are elements X € [x],
f' € f'(Ix]) such that min (f'([x]) - ([x] - 2)) = f' - (X - z), where we use f’ only symbol-
ically. (It is not necessarily a derivative.) W.l.o.g. let q([flm([x]), Rf([X])) = fmin — fMm.
Then by means of the mean value theorem we obtain B

q([Am (X)), Re((x]) = frmin — {f2) + - (X - 2)}
<f&R) -flz)-f - (X - 2)
<IF'© - F'1-1% - 21 < q(f" (&), £ ((xD) d([x])
<n-1(q(f' @), £ () Moo (XD o
<n-Iprllg(, XD lsold(X]) oo
< n-lpld(xDIZ,

where the final inequality can be seen from Figure 4.1.2 in the one-dimensional case.
a

We illustrate the theorem by the following example.

[vww.ebook3000.con}



http://www.ebook3000.org

4.1 Expressions, range = 135

d([x]) Fig. 4.1.2: q(&, [x]) < d([x]).

Example 4.1.20. Let f(x) =21 =1+ 2 x e [x]; =2 +[-¢,e]forO<e< 1, [x]°=
3
[3.3]-
Use f'(x) in the form
2

-1

Then f([x]) € L([x]®), f'([x]) € L([x]°), and a simple computation yields the following
results:

— Range:

fleo =

Ry(xle) = 1 2¢ 2¢ ] .

+7:[ -—\ 3+ —
[x]le -1 1+¢ 1-¢

— Interval arithmetic evaluation of the first expression of f(x):

Qe 4e
f0) = [3- 34 ]
with 4
a1 = 4UTx1e), Ryl = 1o = A o), e 0,
— Mean value form with z = 2:
2¢e 2¢e
e e e
with
2¢2 3-¢
am = a(Uu(x)e), By((00) = =5 e

3-¢ 2 2
=——— " (d(x =0("), ¢ 0.
e e ) = 0, e~
For € = 107 and various integers k we represent the overestimation in Table 4.1.1,
where we rounded the mantissas to one decimal place after the decimal point. The
table should highlight the difference between the interval arithmetic evaluation and

the mean value form when assessing the quality of enclosure of R¢([x]).

Example 4.1.20 shows that the order of approximation in Theorem 4.1.19 cannot gen-
erally be increased for f([x]) and [f]y([x]), respectively. Under certain conditions
Hertling showed in [143] that the order two cannot be improved in IR! by rearranging
terms in the given expression. Nevertheless, there are methods of order higher than
two even in IR!. A result towards this direction is contained in the following lemma
of Cornelius and Lohner [80].
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Tab. 4.1.1: Results of Example 4.1.20.

k qa am

1 2.2-10! 6.5-1072
2 2.0-1072 6.0-107*
3 2.0-10°3 6.0-10°
4 2.0-107% 6.0-10°8
5 2.0-107° 6.0-10710

Lemma 4.1.21. Let [h], [x] € IR, g, h € C°([x], R), Ru([x]) € [h], f = g + h, F([x]) =
Rg([x]) + [h]. Then R¢([x]) < F([x]) and

a(Re([x1), F([xD) < d([h]) < 2|[h]]. (4.1.8)

Proof. The first assertion is trivial. In order to prove (4.1.8) we choose x1, X2, Y1, Y2 €
[x] such that Re([x]) = [f(x1), f(x2)], Rg([x]) = [8(¥1), 8(y2)]. Then

a(Ry([x]), F(Ix])) = max{|f(x1) - g(y1) - hl, If(x2) - g(y2) - hl}.

By virtue of our first assertion we get

Iftx1) —gly1) —hl =fx1) -gly1) -h <fly1)-gly1) - h
=h(y1)-h<h-h=d(h)

and, similarly,

f(x2) - 8(y2) - hl = g(y2) + h = f(x2) < h = h(y,) < d([h)).
This proves the first inequality of (4.1.8); the second is obvious. O

Based on this lemma and on Hermite interpolation (see Theorem 1.4.7 and the notation
there) we immediately get the following result of Cornelius and Lohner [80].

Theorem 4.1.22. Let D be an open subset of R, and let f € C™*1(D), [x]° c D, fim+1) ¢
L([x]%). For fixed n € Ng and each [x] < [x]° let xo, . . ., Xn € [X], Mo, ..., My € Ng be
given numbers with Y , m; = m + 1. Denote by pm the corresponding Hermite interpo-
lation polynomial according to Theorem 1.4.7 (which depends on x; and m;). Choose a
number f(m+1) ¢ fm+1)([x]) and define the functions qms1, Fmn, Gmn by

(m+1) n

Gme1() = pm(0) + s | ]_[(x x)™

Foun (1) = Rp, (DX)) + ¢ FD([x]) H( X] = x;)™

1)'

Gmn([x]) = Ry, ([x]) +

o 1),{f(’"+”([x]) f(’”“}]_[([X] x)™.
i=0
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With appropriate constants c1, ¢, which depend on [x]°, m, f only, we obtain
(@) Re([x]) € Frun([x]), Re([X]) € Gmn([x]),

(b) q(Rs([x]), Fmn([x])) < c1(d([x]))™*!,

(© g(Re([x]), Gun([x])) < c2(d([x]))™2.

Proof. (a) follows from Theorem 1.4.7 and Lemma 4.1.21.

(b) Lemma 4.1.21 implies
qRp(1xD), Fun (D) < 1), f""”)(X])IHIX] xi|™
< (m LA )|H<d( XY™ = ex(d(x)™.

(c) Using Lemma 4.1.21 and Theorem 4.1.17 (b) we obtain

q(Rf([X]), Grn([x])) < IF™ D ([x]) - f(’"“’ll_[l[x - xi|™

(m 1)'

d(f™ 1 ([x1)) 1‘[|[x - xi|™

(m + 1!

= ﬁ Loy d([x]) (A([X])™ = c2(d([x]))™+2.

O

Notice that the exponents m + 1 and m + 2 in Theorem 4.1.22 are only lower bounds
of the order of approximation as the mean value form shows — cf. Theorem 4.1.19 (b)

and the subsequent Corollary 4.1.23 (a).

Now we specialize m in Theorem 4.1.22 in order to end up with various range en-

closures of different approximation orders.

Corollary 4.1.23. With the notation and assumptions of Theorem 4.1.22 we get the fol-

lowing enclosures of Rg([x]):
(@ m=0,n=0,mp=1:

Foo([x]) = flxo) + f (IxD([x] - xo0) = fu([x]) (Order > 1)
Goo([x]) = {f(xo) +f' - (Ix] = x0) } + {f'(Ix]) - f' }([x] = x0)  (Order > 2)

(b m=1,n=0,mo=2,f"+0:

Fio([x]) = {f(x0) + f' (x0)([x] = x0) } + 1}””([X])( [x] - x0)* (Order > 2)

£n Y] ’ 2
G1o([x]) {f(x0)+f— ((([X] X )_fj(:,‘IO)) (f}(;;o)) )}

+ E(f”([X]) - F")([x] - x0)? (Order > 3)
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() m=1,n=1,mp=1,mi=1,X0=x#x1 =X, f" #0:

Fii(IxX]) = {f0) + A([x] - x) } + %f”([x])[—(rad([x]))z, 0] (Order > 2)
e 2 2
Gua(lx)) = {ﬂx);ﬂx) ’%"(([x]—mfén) -(fi) —(rad([X]))2>}
+ 20" (0D - ) [-rad(ixD))?, 0] (Order > 3)
where A = M
X - X

Proof. (a) is obvious.

(b) uses the interval square function and a representation which allows the appli-
cation of Theorem 4.1.5.

(c) proceeds similarly to (b). In addition it modifies the part ([x] — x)([x] — X) of the
remainder term in Theorem 4.1.22 in order to get the range [h(X), 0] = [-(rad([x]))?, O]
of the function h(x) = (x — x)(x — x) for x € [x].

The details of (b) and (c) are left to the reader as Exercise 4.1.1. O

We will apply Corollary 4.1.23 to the function f of Example 4.1.20.

Example 4.1.24. Let f(x) = 21 =1+ 2=, x € [x]s = 2 + [-¢, s]f0r0<s_2,[x]0

X— 1 ’
[2, 3]. Use f'(x) in the formf (x) = - 1)2 and f" (x) in the form f"'(x) = = 1 —4— and
choose x¢ = 2, f' = f'(2) = -2, f"" = f""(2) = 4. Then analogously to Example 4.1.20
we get the following results:
— Range:
2¢ 2¢ 2¢? 2

Re([x]e) = 3—m,3+ 1_8] = [3—2€+ m,3+2€+ s

- m=0,n=0,mgp=1:
2¢€
Foo([x]e) = fu([x]e) = -1, 1]

( (1-¢)2
2¢2 3-¢

qFo = 4(Rf([x]e), Foo) = =0(e?), €— +0.

(1-¢)? 1+¢
2e2(2 -
Goo([x]e) = [3 - 2¢,3 + 2¢e] + %[_1, 1]
2¢2 3-
G600 = A(R7([x]¢), Goo) = ﬁ = ar, = 0E), £ 0,

- m=1,n=0,mg = 2:

2
Fio([x]) = [3-2¢€,3 +2¢€] + [0, (12_%)3]

2
ar, = ARy, Fio) = 2o = 0(e), & = +0,
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1 1
1+€)3  (1-¢)3

2 -
3225 0(), e +0.

(1-¢9)

Gio([x]) = [3 - 2¢, 3 + 2¢] + 2€2

46, = q(Rf([X]S)’ GlO) = 2¢

Fore =10"%,k=0,..., 5, welist our results in Table 4.1.2, where we rounded again
to one decimal place after the decimal point.

Tab. 4.1.2: Results of Example 4.1.24.

k  Gro =q600  GFio 9610

1 6.5-1072 1.8-1072  5.2.1073

2 6.0-107% 2.0-107%  4.1-10°°

3 6.0-107° 2.0-10%  4.0-107°

4 6.0-10°8 2.0-108  4.0-10712
5 6.0-1071° 2,0-1071% 4.0.10°?°
Exercises

Ex. 4.1.1. Fill in the details in the proof of Corollary 4.1.23.
Ex. 4.1.2. Verify the results of Example 4.1.24.

Ex. 4.1.3 (Cornelius, Lohner [80]). Compute similar tables to Tables 4.1.1 and 4.1.2 for
the function f(x) = In(x)/x, xo = 1.5, and the intervals [x]; = 1.5 + 107{[-1, 1], i =
0,1,...,7.

Do the same for the function f(x) = e*Si"¥ _ 1, xo =-1.5, [x];=-1.5 + 107[-1, 1],
i=0,1,...,7.

4.2 P-contraction

As we remarked in Section 3.1, we will apply the Hausdorff distance g for vectors
[x] € IR" componentwise. Then by virtue of any monotone vector norm | - || on R", we
will get a metric on IR" via ||g([x], [y])|| with which IIR" becomes a complete metric
space. With this metric one can introduce contractive mappings in order to apply Ba-
nach’s fixed point theorem. Often it is simpler to work with g on IRR" directly instead
of composing it with an additional norm. This leads to the concept of P-contraction
introduced in Schroder [333].
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Definition 4.2.1. Let [f]: IR" — IR", O < P € R™™" with p(P) < 1.If

q([Ax), LIyD) < Pa([x], [y]) (4.2.1)

holds for all [x], [y] € IR", then [f] is called a P-contraction.
If [f]: I([z]) — IR" for some given [z] € IR" and if (4.2.1) holds for [x], [y] € I([z]),
then we call [f] a P-contraction on [z].

Our first result relates P-contractions to contractions in the usual sense.

Theorem 4.2.2. P-contractions are contractions in the usual sense with respect to some
particular metric, but not vice versa.

Proof. Let [f] be a P-contraction as in Definition 4.2.1. Choose € > 0 such that a =
p(P) + € < 1. By virtue of Theorem 1.9.12 there is a monotone vector norm | - || whose
operator norm satisfies | P| < a. Then (4.2.1) implies the contraction condition

lg(LAMD, DI < IPIIg(Ix], yDI < alq((x], [yDI.

In order to prove the missing converse implication we consider the function
. {]IIRZ — IR?
(X] = S1IX] o(1)

and recall that the norm | - || is monotone on R2. Using results from Theorem 2.5.7
we obtain

g (LD, Iy D)leo = NAMXD = [Ty Dloo

= 31D oo = 1Y oo | < 3 I =111 oo
FHIX+ 7 =171 =1y lloo

SITIX = 1711+ 1 = 1yl oo

< SIHE =71+ 11 = 1yl oo = 319(IX], YD llco

IN

for all [x], [y] € IR™, hence [f] is a contraction with respect to [|g(-, *)|loo -
Assume now that f is a P-contraction. Then

1001 = 1[f1(x) = [f10)] = q([f1(x), [f1(0)) < Pq(x, 0) = Plx|
for all x € R?. Choosing x = (1,0)T and x = (0, 1), respectively, implies
2(1)= () e 3C)<(02)
2\1 P21 2\1 D22

respectively.
Thus
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1
oli(: 1)

by virtue of Theorem 1.9.10, which contradicts the definition of a P-contraction. [

hence

The example in the proof of Theorem 4.2.2 is from Martin Koeber [167]; see Mayer [211].
Our next example presents one of the most important P-contractions.

Example 4.2.3. Let [f]: IR" — IR" be defined by
F1([x]) = [A][x] + [b], (4.2.2)

where [A] € IR™" satisfies p(|[A]|) < 1. Then [f] is a P-contraction with P = |[A]|.
The proof is immediate since

q(UAxD), D) = q([Allx], [AllyD) < [[Allq([x], [yD). O

In order to facilitate the verification of P-contractions different from (4.2.2) we need
some preparations.

Lemma 4.2.4. Let [, f: R — R satisfy

Ifo) -fl <alx-yl, 1f(x)-fy)l <alx-yl| (4.2.3)

for some fixed a > 0 and for all x,y € R. Assume that [f]: IR — IR is defined by
[A([x]) = [fea), F(x2)], (4.24)

where x1, x, are some elements from [x] with j_’(xl) = min{]_‘(x) | x e [x]} < }_‘(xz) =
max{f(x) | x € [x]}. Then

q([fI(xD, FIyD) < aq([x], [yD) (4.2.5)
holds.

Proof. Let [x],[y] € IR and let x;, y;, i =1, 2 be the elements from [x], [y] which define
[/1(Ix]) and [f]([y]), respectively. W.1.o.g. we assume f(y1) = f(x1). Then by (4.2.3) we
obtain

If(y1) = fx)l = f(y1) - f(x1)
; fO) - fxa) < aly - xal
" f@) - fox) <aly -xal

If x; >y, the upper inequality yields

fy1) ~Fx0)] < aly - X < aq((x], [y]).
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If x1 <y, then the lower inequality yields

If(y1) = f(x1)l < aly — x| < ag([x], [y]).
If)_/ <x1 <Y, then )_‘(yl) < ]_c(xl), hence ]_c(yl) = j_’(xl), which trivially implies

fy1) - Fx)| < aq(Ix], [yD).

Similarly, one shows

If(y2) - FO)I < ag(lx], [yD),
which proves (4.2.5). O

We apply Lemma 4.2.4 in order to verify P-contractivity for the four interval functions
in Example 4.2.5.

Example 4.2.5. The following functions are P-contractions on IR.

(i) [([x]) = § arctan([x]).

() [1(x]) = e ",

(iii) [f1([x]) = Bsin([x]), where |B] < 1.

(iv) [f1([x]) = y cos([x]), where |y| < 1.

In order to verify the property for (i) we apply Lemma 4.2.4 with f (x) =f(x)= % rctanx,

X1=X,x2=X,and a = max{( arctanx)’ | x € R} = max{ 2(1+X2) |[xeR} =3
For (ii) we apply Lemma 4.2.4 with fOo = flx) = e’
_ _ 0, if0 e [x]
X, if|x| > |x|
X1 = _ , X2=9x, ifo<x ,
X, if % < Ix] -
x, if0o>Xx

and

2 2
a=max{2xe™ |x e R"} = ——e 12 = \j_ <1.
V2 e

In order to prove the P-contractivity in (iii) we use Lemma 4.2.4 with f(x) = f(x) =
Bsinx. As x; we choose the smallest value in [x], where fsin x assumes its minimum
on [x], as x, we choose the largest value in [x] where f sin x assumes its maximum
on [x]. With & = max{8cosx | x € R} = |B] < 1 we obtain the assertion for (iii).

The P-contractivity for the function in (iv) is proved analogously to (iii). O

Our next theorem is basic for many results in the subsequent chapters.

Theorem 4.2.6. Let [f]: IR" — IIR" be a P-contraction. Then [f] is Lipschitz continu-
ous with Lipschitz constant ||P| .. Each sequence of iterates

X = [Ax)9, k=0,1,... (4.2.6)

converges to the same limit [x]* which is the unique fixed point of [f].
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If, in addition,
[fl(x) e R" (4.2.7)

holds for all x € R", then [x]* is a point vector.
If a function f: R" — R" satisfies the inclusion property

fx) e [f1x]) (4.2.8)

for all x € [x] and arbitrary [x] € IR", then [x]* contains all fixed points of f. If f is
continuous, it has at least one fixed point in [x]*.

If [f1([x]) is the interval arithmetic evaluation f([x]) of some function f: R" — R",
then f is a P-contraction on R". It has a unique fixed point x* to which the interval
sequence (4.2.6) contracts independently of [x]° € IR", and which can be identified
with [x]*.

Proof. Applying the maximum norm to the defining inequality of a P-contraction re-
sults in the Lipschitz continuity of [f] and the corresponding Lipschitz constant. The
convergence of the sequence in (4.2.6) can be seen immediately from Theorem 4.2.2
and Banach’s fixed point theorem.

If (4.2.7) holds, then start (4.2.6) with any point vector [x]°. In this case all iterates
[x]¥ are point vectors and so is [x]*.

If (4.2.8) holds and if x* is a fixed point of f, then start (4.2.6) with [x]° = x*. This
implies

x* = f(x*) € [fl(x*) = x]1,

and a simple induction shows x* € x]%, k=0,1,..., whence x* € [x]*.

If (4.2.8) holds and if f is continuous, then Brouwer’s fixed point theorem applies
to [x]* since f(x) € [f1([x]*) = [x]* for all x € [x]*, i.e., f maps [x]* into itself. This
guarantees the existence of at least one fixed point of f in [x]*.

The last part of the theorem follows from the previous one taking into account
that now (4.2.7) is fulfilled. O

Our next result extends Theorem 4.2.6.

Theorem 4.2.7. Let [f]: IR" — IR" be a P-contraction. With the notation of Theo-
rem 4.2.6 we obtain the following properties.

(@) [x]* < [xI° + I - Py 'q(Ix]*, [x])[-1, 1].

(b) Ifa =||P|le < 1, then

1° € 0 + 2 190, ) leoel-1, 11
(©) If[x]* < [x]° and if [f] is inclusion monotone, then
" cdf et e e x]° (4.2.9)

forall k € Ng.
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(d) If[x]t < [x]° and [f1([x]) = f([x]) for some function f: R — R, then f has a unique
fixed point x*, and (4.2.9) holds with [x]* = x*.

Proof. (a) Analogously to the proof of Banach’s fixed point theorem we have

q(Ix1**, [x] )<Zq( [x]7Y, [x])

g(IAY, AMxH) + g(x*, [x]1%)

I
M» ;

I
—

S

Pq([x]’, (X)) + q([x]Y, [x]°) < ---

k 00
(Z )q([X]l, (x]1°) < (Z P")q([x]l, [x1°)
i=0 i=0

= (I-P)q(x]}, [x]°), (4.2.10)

M»

and in the limit k — co we get
q([x1*, [x]°) < I - P) 'q(Ix]", [x]°).

This proves (a) by virtue of Theorem 2.5.7 (a).
(b) follows from (a),

(I-P) g, ) < I - P g, o - €,

and

(e8]
2 P

k=0

I = P) Moo =

< Znan =

(c) The hypothesis implies [x]? < [f1([x]}) < [fl([x]°) = [x]!, and by induction
we get [x]¥ < [x]¥1 c ... ¢ [x]°. The rest is immediate since limy_[x]¥ = [x]* by
Theorem 4.2.6.

(d) follows at once from (c) and Theorem 4.2.6. O

[o0]

The remaining part of this section is devoted to local P-contractions, i.e., to P-con-
tractions on some fixed vector [z]. Our first result can be proved analogously to Theo-
rem 4.2.6.

Theorem 4.2.8. Let [f]: 1([z]) — I([z]) be a P-contraction on [z] € IIR". Then the asser-
tions of Theorem 4.2.6 hold analogously with [z] replacing R" and 1([z]) replacing TR".

Notice that the definition of [f] in Theorem 4.2.8 implies [f]([z]) < [z]. Therefore, each
continuous function f: [z] — R" has at least one fixed point in [z], provided

f(x) € [fI([x]) holds for all x € [x] and arbitrary [x] € I([z]).
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No P-contraction property is needed for this observation which, again, is based on
Brouwer’s fixed point theorem. If in this case [f] is inclusion monotone, then the fixed
points of [f] are contained in each of the iterates

I = [, k=0,1,...

when starting this process with [x]° = [z].

Theorem 4.2.9. For a fixed vector [z] € IR" and an n x n matrix P > O with p(P) < 1,
let [z]p € TIR" be a vector which satisfies

[z]p 2 [z] + (I - P)"Yd([z])[-1, 1]. (4.2.11)

Let [f]: I([z]p) — IR™ be a P-contraction on [z]p with the contraction matrix P from
(4.2.11). Choose

(x1° ¢ 2] (4.2.12)
and assume
X' = [f1([x1°) < [z]. (4.2.13)
Then the iterates
X1 = (7125 (4.2.14)

aredefinedfor k=0,1,. .. and converge to somevector [x]* < [z]p whichis independent
of [x]° as long as (4.2.12) and (4.2.13) are fulfilled. This limit is a point vector if [f1([x])
is the interval arithmetic evaluation f([x]) of some function f: [z]p — R".

Proof. Assume that [x]' ¢ [z]p holds for i = 0, 1, 2, ..., k. This is certainly true for
k = 0 and k = 1. Then by virtue of (4.2.10) we get

a7, %) < - P) (x40 < (T - P)td([2)),

where the last inequality follows from (4.2.12), (4.2.13) and from the definition of q(, -).
Hence

x]*t c [x]° + I - P)d([z])[-1, 1] < [z]p, (4.2.15)
]k

and [x]* exists for all nonnegative integers k. Since

g(x1™, [x1%) = g(UA@AR1m), (X% 1)
< Pq(D]*1m, x5 < - < PRg([x™, [x]°)
<P*1-P)'d([z]) foralm=0,1,...,

and since p(P) < 1 by assumption, the sequences ()_(k), (x*) are Cauchy sequences in
R", hence they converge to limits x* and x*, respectively, with x* < x*. Therefore,
limy oo [X]% = [x*, X*] =: [x]* with [x]* < [z]p by (4.2.15). To show the uniqueness, let
[y]¥ be constructed analogously to (4.2.14) and assume that (4.2.12) and (4.2.13) hold



146 —— 4 Expressions, P-contraction, £-inflation

for [y]° and [y]!. Let [y]* be the limit of ([y]"). Since P-contractions are continuous
functions, we get

q([x]*, [yI") = q(If1(x]™), FIy1") < Pq([x]*, [y]*)
<. < PRg(Ix)*, y1*), k=0,1,...

which implies q([x]*, [y]*) = 0 and [x]* = [y]*. O

We point out that Theorem 4.2.9 suffers from the dependency of [f] and [z]p on the
same matrix P. How it can be applied is shown by the following steps for which we
assume [f]([x]) = f([x]) with f: [z]p — R" being some function for which a fixed point
is looked for.

(1) Choose a ‘sufficiently good’ approximation x of x*, say, by some noninterval
method.

(2) Let [x]° =[x, x].

(3) Define [z] = x + 6[-1, 1]e, where § = ||X — f(X)|l oo, OF let [z] = X + 6[-1, 1], where
6 = |% - f(%)|. (Both possibilities imply [x]! = [f1([x]°) = [f(X), f(¥)] = % + [f(%) - X,
f0) - x] < [2].)

(4) Check whether [f] is an (a P)-contraction on [z], where a € (0, 1) is sufficiently
small, say a = 0.1, and where O < P € IR™" with p(P) < 1.

(5) Choose [z]p = [z] + I — P)71d([z]) [-1, 1] 2 [z], and check whether [f] is a P-
contraction on [z]p.

If X approximates x* sufficiently well, then § is small, hence d([z]) will be small.
Assuming [f] to be an (a P)-contraction as required in (4) lets expect [f] to be a P-con-
traction on [z]p since [z]p differs ‘only slightly’ from [z]. This is heuristics, of course.
That it can work is illustrated by the following example which deals with enclosures of
eigenpairs as we shall see in Section 7.2 and which modifies the Steps (1)—(5) slightly.

Example 4.2.10. Let (%, A) be an approximation of some eigenpair (x*, 1*) of a given
matrix A € R™" with A* being an algebraic simple eigenvalue. Assume x*, X to be
normalized by x}; = X, = 1 (if possible). Define the functions f, g: R**! — R"*! by

Ax — Ax
f(X’ A) = ((e("))Tx— 1) s

% s A-AI —x\| (x-%
g(x,/l):(Z>—Cf(X,A)+{I—C<(e(S))T 0)}(/\—7\)’

with some matrix C € R*Dx(n+1) "and choose

X]° = = (j{) . 8= 1Cf% Dloos  [2] = 2+ 6[-1, 1]e € R™1.

Let P be a nonnegative (n + 1) x (n + 1) matrix to be determined later such that

1
[IPlloo < 5 (4.2.16)
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holds, the bound % being arbitrary within the interval (0, 1). Then
[z]p = [z] + 2d([z])[-1,1] = Z + 56[-1, 1]e
fulfills the assumption (4.2.11) of Theorem 4.2.9 since

[e)
) P
k=0

(o]
< YIPIE = 1= IPleo) ™ < 2.
oo k=0

I = P) Moo =

— 147

The assumptions (4.2.12) and (4.2.13) of this theorem can also be seen at once if [f]
is defined by [f]([x], [A]) = g([x], [A]). We will show that [f] is a P-contraction on [z]p

with the same P as above, provided that 6 is small enough, i.e. (X, )~l) ap
(x*, A*) sufficiently well. To this end let

[u]:( ) )g[z]p—z, [w1=( wl )9[zlp—2,
[Ulns1 Wlns1

oo (A-AL %\
“\e™T o) -

By virtue of Theorem 1.8.3 the inverse of

A-AI —x
e™MT o

exists at least in some neighborhood of (x, 1) = (x*, A*), whence

A-AI —x _c1, (0 xex
em? o) o o )

and choose

Therefore,

q(g(z +[v]), g(Z + [w]))

(e (2 )
o[ B3 4
ol (2 )

(@)

S O

proximates

,>> [wll

0 -[vl o -t 0 -[w]
sc(o : >q([v],[W])+ICIq((O . )(O .
<l H(g e ) a([vl, [w1)+q(<‘[(’)’] ),<‘[(V)” ))uwlmn}
<l H(g e ) +|[w]n+1|1} a([v1, w)).
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With
1 0 ... 01
1 o1
P = 55/C| o 1 |=seIc e e ye )T
0 1
we thus get

q(g(z + [v]), g(z + [w])) < Pq([v], [w]) = Pq(Z + [v], Z + [w]).

For sufficiently small 8, i.e., for sufficiently good approximations (%, A), the condi-

tion ||Plloo < % is certainly fulfilled, so that Theorem 4.2.9 can be applied. Notice that

C depends on (X, A), but it is bounded if (%, A) lies in some fixed neighborhood of
(x*, A™). O

If it is known that [f] is a P-contraction on some interval vector [z]p, one can often
construct a vector [z] such that

[2]p = [2] + (I - P)'d([2]) [-1, 1]

holds. How this can be done is stated in our next theorem.

Theorem 4.2.11. Let [f] be a P-contraction on [z]p € IR" and assume

zp+ (31 - P)'d([z]p) < zp — B3I - P) td([z]p). (4.2.17)
Then
[z]p = [z] + I - P)d([z])[-1, 1] (4.2.18)
holds if and only if
[z] = [zp + (3] - P)d([z]p), Zp — (BI - P)'d([z]p)]. (4.2.19)

The assumption (4.2.17) is certainly satisfied if
Pd([z]p) < d([z]p). (4.2.20)
Proof. Since (4.2.18) implies zp = z — (I - P)"(z - z) we get
z=z+(I-P)(z-zp). (4.2.21)
By (4.2.18) and (4.2.21), it follows

Zp=2z+(I-P) ' (Z-2)=z+I-P)(z-2p)+2-2p,
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hence d([z]p) = (3] - P)(z - zp), and
z=zp+(3I-P)td([z]p). (4.2.22)
Substituting (4.2.22) in (4.2.21) yields

z=zp+(31-P)"'d([z]p) + I - P)3I - P) 'd([z]p)
=zp - d([z]p) + BI - P)"'(2I - P)d([z]p)
=zp- (3I-P)" {31 -P - (2I - P)}d([z]p)
=zp - (3I-P)'d([z]p).

Notice that (31 - P)™' = 1(I - 1P)™" exists by Neumann’s series, since p(1 P) = 1 p(P) <

Lo,
3

If (4.2.20) holds, then 2d([z]p) < (3I — P)d([z]p) which implies 2(3I - P)"1d([z]p)
< d([z]p). This inequality is equivalent to (4.2.17). O

In the case n = 1, the condition (4.2.20) and hence (4.2.17) always holds if p(P) < 1.
For n > 1, the inequality (4.2.17) can fail, as is shown by the example

(12 1/4 _(0.001
P—(l/4 1/2), d([Z]P)—< 1 >

which yields p(P) = 3/4 < 1 and

-1
2 - .
201 Prdlele) = 5 (—iﬁz ;;22) <O 201)

8 (10 1) (0.001
99\ 1 10 1

8 1.01
=55 (10.001> £ d([z]p).

Exercises

Ex. 4.2.1. Show that the real function f: R — R with f(x) = x — x is a contraction
while its interval arithmetic evaluation is not.

Ex. 4.2.2. Let [f]: IR" — IR" be a P-contraction and let [g]: IR" — IIRR" be a Q-

contraction. Show that the following assertions hold.

(@) [fl +[g]isa (P + Q)-contraction, provided that p(P + Q) < 1.

(b) [f1([g]) is a PQ-contraction, provided that p(PQ) < 1.

(c) Let n=1.Then [f] - [g] is an (aQ + BP)-contraction, provided that |[f]([x])] < a,
[[g]([x]D] < B forall [x] € IR, and |aQ + BP| < 1.
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Ex. 4.2.3. Show that the function [f]: IR? — IRR?, defined by

1 arctan (4 sin([x]1)) + %e—[xli)
Fsin([x1h) - § sin ([x])

(X1, [x]2) =<

is a P-contraction. Hint: Use Exercise 4.2.2.

Ex. 4.2.4. Show that the function [f]: IR — IR with [f]([x]) = [x] - [x] is not a P-
contraction on IR. Find a nondegenerate interval [z] such that [f] is a P-contraction
on [z] and maps I([z]) into itself.

Ex. 4.2.5. Reformulate and prove the results for P-contractions for contractive inter-
val mappings as well.

4.3 g-inflation

Verifying and enclosing solutions of mathematical problems and improving the en-
closures are basic aims of interval computations. If [f]: IR" — IR" is a P-contraction
with [f]([x]) = f([x]) for some function f: R — R, then Theorem 4.2.6 guarantees that
f has a unique fixed point x* to which the iterates [x]%+1 = f([x]%) converge indepen-
dently of the starting vector [x]°. Unfortunately, no iterate needs to contain x* as can
be seen from the simple example f(x) = x/2 when starting with [x]° = % = 1. For P-
contractions, Theorem 4.2.7 (a) provides a vector [z] which encloses x*. If one starts
the iteration with this vector, then x* remains enclosed in each iterate [x]¥. But often
the contraction property or even the existence of a fixed point are unknown. In this
case the additional assumptions of Theorem 4.2.7 (d) become important since they
will guarantee a fixed point of f and an iterative behavior as in (4.2.9), even if [f] is
not a P-contraction.

Theorem 4.3.1. Let D < R" and let f: D — R" be continuous. If [f]: I(D) — IR" is
inclusion monotone and satisfies

f(x) € [fl(Ix]) forall x € [x] and arbitrary [x] < D (4.3.1)

and
[fl([z]) < [z] forsome [z] < D, (4.3.2)

then f has at least one fixed point x* € [z] and the iteration
x° =1z, I = (A9, k=0,1,...
converges to some limit [x]* such that
x*exI*cxFcxF e c 110 = [2] (4.3.3)

holds for all k € Ny and all fixed points x* € [z] of f.
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In particular, these statements are true if (4.3.2) and [f]([x]) = f([x]) € L([z]) hold.
In this case [x]* is a fixed point of [f].

Proof. The assumptions of the theorem imply f(x) € [f]([z]) < [z] for all vectors x € [z].
Therefore, f maps [z] into itself, and Brouwer’s fixed point theorem 1.5.8 guarantees
the existence of a fixed point x* in [z] = [x]°. The inclusion property of [f] and (4.3.2)
yield

x* = fx*) € [fI(K]°) = [x]* < [x1°,

and an inductive argument proves (4.3.3), where we used Theorem 2.5.5 for the exis-
tence of the limit [x]*.

The rest of the theorem follows from the inclusion monotony, enclosure property
and continuity of the interval arithmetic evaluation f([x]). O

Theorem 4.3.1 does not imply that [x]* is a point vector even if [f]([x]) = f([x]) as can
be seen from the simple example f(x) = x, [x]° # 0.

There are essentially two ways to fulfill (4.3.2). Both start with an approximation
X € R" of x* which can be thought to be computed by some traditional (i.e., noninter-
val) method.

The first way uses an ansatz

[z] = x+6[-1,1]e (4.3.4)

and tries to compute 0 < § € R from (4.3.2). For instance if we choose X = 1 in the
simple example f(x) = x/2, [fl([x]) = f([x]), we require

(1+6[-1,1])/2 =f(1 + 6[-1,1]) € 1+ 6[-1,1],

whichleadsto 1/2+6/2<1+6and 1/2 - 6/2 > 1 - §. The second inequality implies
6 > 1, whence the first holds trivially for these values. Thus [z] = [0, 2] will fulfill (4.3.2)
and contains the (only) fixed point x* = 0 of f. Unfortunately, for nonlinear functions
f an ansatz like (4.3.4) does not always work since it leads to nonlinear inequalities
for 6. Therefore, we must look for a second way.

This second way iterates according to

X1 = f((x1, k=o0,1,..., (4.3.5)

where frequently [x]° = %, and where [x]’g is any interval vector which contains [x]k
in its interior. This means that in each step the method enlarges the momentary iterate
[x]¥ slightly to a superset and iterates with it in place of [x]¥. The construction of [x]¥
from [x]¥ is called e-inflation. It usually depends on a small real parameter £ > 0
which provides the name. It goes back to Caprani and Madson [75] and particularly to
Rump [311, 312]. One iterates according to (4.3.5) until

[x]ko+l ¢ [xk (4.3.6)
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holds for some index kg, which is (4.3.2) with [z] = [x]lg‘(’, or until some index kpax is
reached. In the latter case one can continue by inflating with a different value of € or
stop with a remark concerning the failure of verification.

There are various possibilities for e-inflation which, for simplicity, we demon-
strate for [x] € IR. By means of the vector e there should be no problem to generalize
them to [x] € IIR". One often chooses € = 0.1 and sometimes uses a second parame-
ter n which is much smaller than € and which takes care that [x] is inflated even in
particular cases. Frequently, 1 is chosen to be the smallest positive machine number.

Possibilities for £-inflation

@) [xle=[x]+[-&, €] (absolute inflation)
[x] +e[-Ix, [x]], ifx-Xx#

[x]e = { . _
[x] +[-n,nl, ifx-x

(ii)
(inflation relatively to the bounds x, x)

(i) [x]e = [x] + e[=Ix|, IxI] + [-11, 1]

T { b+ lidll-e, €], if [x] £ 0

(x] + [-n,nl, if[x]=0
(inflation relatively to the absolute value |[x]|)

() [x]e = [x] +|[x]l[-€, ] + [-n, 1]
], = { [x] +d(IxD[-¢, €] = 1+ e)[x] —elx], ifd([x])=x-x+0

[x] + [-n,nl, ifd[x] =0
(inflation relatively to the diameter d([x]))

(vi)

(vi) [xle = [x] + d([xD[-¢&, €] + [-n, n] = (1 + &)[x] - €lx] + [-n, n]
(viii) [x]e = [x]-[1-€,1+¢&]+[-n,n]

. vl =1 +¢)x]-elx]
(ix)
Xle = [y, ¥']

where y', y' denote the next preceding and the next succeeding machine num-
ber of y and y, respectively.

This list from Mayer [211] could certainly be continued. The definition in (vii) was used
in Lohner’s software package AWA for verifying and enclosing solutions of initial value
problems and boundary value problems; cf. Lohner [192]. The last definition for [x].
was implemented in the scientific language PASCAL-XSC (cf. Klatte et al. [164]).

For our simple example above we choose [x]: = [x] + €[-1, 1] with € = 0.1 and
start the iteration with [x]® = ¥ = 1. Then [x]* ¢ [x], i.e., the iteration with -inflation
succeeds in (4.3.6) within four steps.
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It is an open question under which conditions e-inflation results in success. The
interval arithmetic evaluation of f(x) = 2x will certainly never imply (4.3.2) unless
[z] = 0. For P-contractions [f], however, success is guaranteed as we shall see, if the
inflated vectors [x]X can be written in the form

DR = (A1) + [61F

with [6]* tending to some limit [§] which contains O in its interior. For inflations like
(vii) these assumptions seem to be reasonable at least for sequences ( [x]%) which
converge to some limit [x]* since then, for k — oo and (4.3.5), the intervals [6] =
d(x]*Y[-e, €] + [-n, n] tend to [6] = d([x]*)[-¢, €] + [-n1, n] which apparently fulfills
0 € int([6]).

Notice that the enclosure of rounding errors can also be incorporated in [f]: think
of [f]([x]) to be the outward rounded interval arithmetic evaluation f([x]), so that

SUxD) < D
holds. The crucial condition, however, is the P-contraction property for [f].

Theorem 4.3.2. Let [f]: D = IR" — IR" be a P-contraction satisfying (4.3.1). Iterate
by e-inflation according to

X151 = (1% + (81K, (43.7)

where [8]¥ € IR" are vectors which converge to some limit [8). If [8] contains O in its
interior, then there is an integer ko = ko([x]%) such that

[A(XE) < int([x]5) (4.3.8)
holds.
Proof. Let [h]([x]) = [f]([x]) + [6]. Then by Theorem 2.5.7 we get

g([h1([xD, [RI(yD) = a(LAIXD, [AIyD) < P q(lx], [yD, (439)

hence [h] is a P-contraction. By Theorem 4.2.6 it has a unique fixed point [x]* which
satisfies

IX]* = [f1([x]") + [6]. (4.3.10)

Assume for the moment that
lim [x]X = [x]* (4.3.11)
k—o0

holds for the sequence in (4.3.7). By the continuity of [f] we have

Jim (A1) = (- (4.3.12)
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Since 0 € int([6]), equation (4.3.10) implies
I(x]™) < int([x]¥).

Together with (4.3.11) and (4.3.12) this yields (4.3.8) for all sufficiently large integers ko .
We will prove now the assumption (4.3.11). With Theorem 2.5.7 we obtain

q(IXIE*, (X1 = qUUAXT) + 815, A *) + [8])
< Pq([x1%, [x]*) + q([61, [6])
< P?q([xIg7", [X]%) + Pq([61%7", [8]) + (61", [6])
<< P2, ") + fpqua]k—f, [6]). (4.3.13)
i=0
Fix 6 > 0. Since p(P) < 1, there is an integer m such that
Pi < @eel foralli>m.
Since limy_,,[6]% = [6], there are a constant ¢ > 0 and an integer k' > m with
q([8],[6) <ce i=0,1,...,

and
g6, [6)) < Be, kx>k',i=0,1,...,m.

Thus with (4.3.13) and k > k' we get

m k
q(XIE, [x]*) < Bee” q([x]2, [x]*) + ) Pife+ P™1 )" primbee

i=0 i=m+1

< 0{eeTq(x12, [x]*) + I - P) e + eeT(I - P)"'ce}.

Since the expression in braces is independent of 8, m and k, and since 6 can be cho-
sen arbitrarily small, (4.3.11) holds. O

Example 4.3.3. Let [b] € IR", [A] € IR™", and let [D], € IR™" be diagonal with I €
[D]e and p(|[D]¢[A]]) < 1. Define [f] by [f]([x]) = [D]¢([b] + [A][x]). Then Theorem 4.3.2
applies. O

In many cases, [f] is only a local P-contraction with respect to some vector [z]. Then
based on Theorem 4.2.6 one can formulate a local variant of Theorem 4.3.2 which we
first formulate and prove for [6]% = [6], k=0,1,....

Theorem 4.3.4. Let [f]: TR" — IR" satisfy (4.3.1) and let [6], [z] € IR" fulfill the fol-
lowing properties:

(i) 0 eint([6]),

(ii) [f] is a local P-contraction on

[z]p 2 [z] + I - P)"*d([z])[-1, 1]. (4.3.14)
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If 19 < [2] and [x]} < [2] hold for the iterates from (4.3.7) with [8] = [6], then there is
an integer ko = ko([x]2) such that (4.3.8) is true. In particular, f from (4.3.1) has a fixed

point in [x]ifo.

Proof. Since [h]([x]) = [f1([x]) + [8] fulfills (4.3.9) forall [x], [y] < [z]p, the function [h]
is a local P-contraction on [z]p. By Theorem 4.2.9 there is a vector [x]* < [z]p which
satisfies

gga[ﬂ’é = [x]* = h([x]*) = [fI([x]*) + [6]. (4.3.15)

Since 0 € int([6]), this yields

[F1(x]*) < int([x]"), (4.3.16)

and the assertion follows from (4.3.12), (4.3.16) and from the first equality in (4.3.15).
O

In order to get the full analogy of Theorem 4.3.2, condition (4.3.14) has to be replaced
by a slightly more complicated one.

Theorem 4.3.5. Let [f]: IR" — IR" satisfy (4.3.1), and let [8]%, [8], [z] € IR" fulfill the
following properties:

() limiooo[81% = [6],

(ii) 0 € int([8]),

(iii) [f) is a local P-contraction on

[2]p 2 [2] + (I - P)""(d([2]) + V) [-1, 1]

with
v =max{w, d([z]) + I - P)"d([z]) },

where
w = (maxi{ g([8]5, [8]:)}) € R".

If [x]2 ¢ [z] and [x]} < [z] hold for the iterates from (4.3.7), then there is an integer ko =
ko([x]2) such that (4.3.8) is true. In particular, f from (4.3.1) has a fixed point in [x]lg‘".

Proof. As in the proof of Theorem 4.3.4 there is a vector [x]* < [z]p which satisfies
(x]* = [T ([x]*) + [6].

It remains to show
lim [x] = [x]*,
k—o00

then the proof can be finished as in Theorem 4.3.2. To this end, we prove by induction
XK clzlp, k=0,1,.... (4.3.17)

For k = 0 and k = 1 this holds by assumption.
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Let [x]2, [x]}, ..., [xX]¥ c [z]p. Then as in (4.3.13) we have
k
q(E, [x]7) < P q([x12, [x]%) + Y, Plq([81%7, [8]). (4.3.18)
i=0

Since [x]? ¢ [z] by assumption, and since [x]* < [z] + (I - P)~'d([z]) [-1, 1] by Theo-
rem 4.2.9, we get

q([x12, [x]*) < lz-z| + I - P)"'d([2]) = d([z]) + I - P)"*d([z]),
hence (4.3.18) implies

k
q(IxXIE™, ) < PYd((2]) + (T- P)Hd([z]) } + ) Plw

i=0
k

(o)
<P+ Y Plu<y Py=(1I-P) o

Therefore,

X5 < [ + (- Py u[-1,1]
clz]+I-P)d([z]) [-1,1] + U - P) 'v[-1,1]
< [z]p,
and (4.3.17) is true.
The proof finishes now following the lines of Theorem 4.3.2. The inclusion (4.3.17)

is needed to justify the first estimate in (4.3.13) which is now based on the P-contrac-
tion property on [z]p. O

We illustrate our theoretical results by a simple example which fulfills the conditions
of Theorem 4.3.4.

Example 4.3.6. Let f(x) = x - x, [f1([x]) = [x] - [x], [z] = [-2,2]- 1072, P = %, [x]e =
[x] + [6] with [6] = [-1, 1] - 107*. Then O € int([§]) and
[z]p = [z] + I - P)"*d([z]) [-1, 1] = [-0.1, 0.1],
q([x] - [x], [y]- [yD < q([x] - [x], [x] - [yD) + q([x] - [y], [¥] - [yD)
< (1A + 1Ty g(lx], [yD
<0.2¢([x], [y) forall[x], [y] < [z]p,
hence [f] is a local P-contraction on [z]p.
With [x]° = 1072 we get
[x]0 = [0.99,1.01] - 1072 ¢ [2],
[x]' = [f1([x]2) = [0.9801, 1.0201] - 1074,
[x]} = [-0.0199, 2.0201] - 107™* ¢ [z].
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Thus the assumptions of Theorem 4.3.4 are fulfilled, whence (4.3.8) holds for some
integer k. Indeed,

[x]% = [A([x]}) = [-0.04019999, 4.08080401] - 1078
c int([x]}). O

How to choose € generally in verification algorithms remains an open question. Some
remarks on this problem - primarily based on experience — can be found in K6nig [170]
and Rump [311].

For an effective estimate of (I - P)~! which occurs in the Theorems 4.2.9, 4.3.4 and
4.3.5, we refer to Hansen [131].

Exercises

Ex. 4.3.1. Prove Example 4.3.3.

Notes to Chapter 4

To 4.1: Factorable functions are used in Fischer [97]. Higher order methods are con-
sidered in Cornelius, Lohner [80] where also Lemma 4.1.21, Theorem 4.1.22, and Corol-
lary 4.1.23 can be found. Extensions are contained in Alefeld, Lohner [34]. The remain-
ing part of Section 4.1 is standard knowledge in interval analysis. See also Ratschek,
Rokne [284]. The quality of enclosure is discussed in Alefeld [9, 16], and Nickel [261].

To 4.2: The concept of P-contraction for intervals was already used in Alefeld,
Herzberger [26]. Theorem 4.2.6 is an extension of Schréder’s theorem in Schréder [333]
and Neumaier [257], Example 4.2.3 goes back to Otto Mayer [227]. Most of the remaining
material of Section 4.2 was published in Mayer [211]; see also Mayer [212].

To 4.3: The idea of £-inflation can be found in Alefeld, Apostolatos [19] and Caprani,
Madsen [75] although it was not so named there. Independently, the tool was intro-
duced for applications by Siegfried M. Rump in [311, 312]. In Rump’s paper [315] a first
theoretical result on the success of e-inflation was proved for the affine case which we
repeated in this book as Example 4.3.3. Most of the remaining results in Section 4.3 on
e-inflation were published in Mayer [211, 212].
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5 Linear systems of equations

5.1 Motivation

Linear systems of equations are basic in mathematical modeling and in numerical
analysis. Even if a model is nonlinear or nondiscrete, linearization and discretization
finally can lead to a linear system. The reason why one tries to end up with such sys-
tems lies in their simplicity and their ‘easy’ numerical treatment. A typical example is
Newton’s method for the computation of a zero x* of a nonlinear (sufficiently smooth)
function f: D ¢ R" — R". It results from a Taylor expansion of f(x*) at some vector
x* # x* cut off behind the linear term. Thus the nonlinear system f(x*) = O transforms
to the linear approximation 0 = f(x¥) + f'(x¥)(x* — x¥). Changing this approximation
to an equality by replacing x* by some vector x**! leads to the linear system

Ot —xb) = ).

This is the Newton iteration in the form which is used in practice.

In some cases a linearization is hidden behind some assumptions at the begin-
ning. This holds for instance if linear proportionality is assumed. We will illustrate
this phenomenon by Leontief’s input-output model, which will serve us at the same
time as motivation for interval linear systems.

The static open input—output model was invented in order to describe the rela-
tions between different sectors of a complex economic system on which future de-
velopments are based. To be more precise, let a national economy be divided into n
sectors each of which is assumed to produce a single kind of goods. The goods are
consumed by the n sectors in order to maintain their production and by an additional
sector called the open sector or final demand. In order to be comparable, the gross
outputs x; are measured in a common monetary unit. That part of x; which is con-
sumed by the j-th sector is assumed to be proportional to the production x; of this
sector itself. Introducing so-called input coefficients c;; for this proportionality and
denoting by b; the final demand or net output of the i-th sector yields the equilibrium
equations

n
Xi = ZCi]'Xj+bi, i=1,...,n, (5.1.1)
i=1
which describe the distribution of the total production x; of the i-th sector. Introduc-
ing vectors, we can write the system (5.1.1) equivalently in fixed point form x = Cx + b
with C > O, b > 0, x > 0. In order to satisfy each demand of the open sector it is
necessary that the matrix A = I — C € Z™" has a nonnegative inverse, hence it is an
M-matrix.

Although originally the model was assumed to be static, the input coefficients are

often subject to uncertainties at the start or they do not remain constant over time.

DOI110.1515/9783110499469-006
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Mostly lower and upper bounds for c;; and b; are available which then form enclos-
ing intervals [c];; and [b];. Therefore, a whole set of linear systems Ax = b must be
studied with A € [A] =1 - [C] and b € [b]. The set S of the corresponding individual
solutions will be considered in the next section. There we are going to show that S
can be represented in a simple but costly manner. In fact, the description of S is NP-
hard, since in the general case one has to study the solution of all the 2M*+1 Jinear
systems Ax = b with A € 9[A] and b € o[b]. (Cf. for instance Garey, Johnson [113] or
van Leeuwen [355] for a definition of NP-hardness.) Therefore, one looks for simpler
types of sets which enclose S rather than representing it. For our purposes this means
that we look for corresponding interval vectors. But we point out that not all of our
algorithms to construct such vectors will be polynomial-time ones. For details in this
respect see Rohn’s contribution in Herzberger [144] or in Fiedler et al. [95], or consider
Kreinovich et al. [175], Rohn [303], Rohn, Kreinovich [309], for example.

5.2 Solution sets

We start with a basic definition suggested by the preceding section.

Definition 5.2.1. Let [A] € IR™", [b] € IR".
(a) The symbolic equation
[A]x = [b] (5.2.1)

is called an interval linear system. It abbreviates the set of all linear systems Ax = b
with A € [A] and b € [b].
(b) The set
S={x|Ax=b, A€ [A], be[b]} (5.2.2)

is called the solution set of (5.2.1).
(c) Any interval vector [x] which contains at least one solution of each linear system
Ax = b with A € [A], b € [b] is called a solution of (5.2.1).

Notice that [A][x] does not represent a linear mapping from IIR" to IR" although the
word ‘linear’ appears in the definition of (5.2.1). Here we followed tradition. Moreover,
a solution [x] of (5.2.1) usually does not satisfy [A][x] = [b] algebraically.

If [A] is regular, a solution of (5.2.1) is a superset of S. This follows directly from
Definition 5.2.1. If [A] is singular, S contains a nontrivial affine subspace which clearly
cannot be enclosed by a compact interval vector. This justifies our definition in (c),
which at a first glance seems to be somehow strange.

Solutions of (5.2.1) will be considered in the next sections. In the present one we
will take a closer look to the solution set itself. Our first theorem contains criteria which
guarantee that a fixed vector x € R" belongs to S.
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Theorem 5.2.2. Denote by S the solution set (5.2.2), where [A] € IR™" and [b] € IR".
Then the following properties are equivalent, where [A]x denotes the product of [A] €
IR™" and x € R".

(@ xe8S,

(b) [Alxn[b] #0,

(c) 0¢€[A]x-[b],

(d) |Ax - b| < rad([A])|x| + rad([b]), (Oettli-Prager inequality)
(e) 3D e R™": |D| < IAAx-b =D (rad([A])|x] + rad([b])),

b - Tl_ alix;j<0
) { Lje1 % i=1,...,n,

7 n ~—
~bi+),  ax<0

where di‘j and &;} are defined by the equality

aly - { (G, a] ifx;=0

[&ij, 611.’].] ifxj<0

Proof. The implications ‘(a) = (b) & (c)’ and ‘(d) & (e)’ can be seen immediately. No-
tice that the property |D| < I in (e) implies that D is a diagonal matrix. The equivalence
of (b) and (d) follows from the Theorems 2.4.4, 2.4.5 and 2.4.8 (c). Property (f) follows
from (c) and the definition of al?;., whence

min([A]x - [b])i = ~bi + ) @;xj <0 < -b; + ) a};x; = max([A]x - [b]);,
j=1 j=1

i=1,...,n.

The implication ‘(f) = (a)’ can be seen as follows. From (f) we obtain

n n
([A10i = Y azx; < bi,  ([A10i = ) @x; = bi.

j=1 j=1
Define a;;(t) = td;} +(1- t)ai_j, Bi(t) = 2?21 aij(t)x;, t € [0,1],1,j=1,...,n. Since
Bi(t) is continuous, it assumes for 0 < ¢t < 1 all values between f3;(0) and S;(1). From
Bi(0) < bi, bi<Bi(1)and b; < b; thereis some value ¢ = t; € [0, 1] such that Bi(t;) € [b];.
With A = A(t1, ..., tn) = (aij(t:)), b = (Bi(t;)) we get Ax = b, A € [A], b € [b], hence
x € S. O

The equivalence ‘(a) & (d)’ is the famous Oettli—Prager theorem in Oettli and Prager
[264] whose interval formulation ‘(a) & (b) & (c)’ is due to Beeck [62, 63]. Property (e)
goes back to Rohn [308] while (f) can be found in Hartfiel [136]. Since in (f) the coef-
ficients of the inequalities remain fixed as long as one stays in a fixed orthant O, we
immediately obtain the first part of (a) of the subsequent theorem.

Theorem 5.2.3. Denote by O any fixed orthant in R" and let S be the solution set (5.2.2).
Then the following statements hold.
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(a) The intersection S n O can be represented as the intersection of finitely many half-
spaces. It is convex.

(b) If[A] isregular, then S is connected and compact, but not necessarily convex. If [A]
is singular and S # @, then S is not compact and need not be connected.

Proof. Since half-spaces are convex, the same holds for intersections among them.
Together with (f) of Theorem 5.2.2 this proves (a). If [A] is regular, then the mapping
f(A, b) = A~1b exists and is continuous on the compact, connected set [A] x [b]. There-
fore, its range S has the same properties. If [A] is singular, then clearly S is unbounded
if there is a singular matrix A € [A] and a right-hand side b € [b] such that Ax = b
is solvable. But even if no such singular linear system has a solution, Cramer’s rule
shows (how?) that S is unbounded provided that it is not empty. Connectivity may be
lost as the example [A] = [-1,1], [b] =1, S = (-00, =1] U [1, 0o0) in Jansson [156]
shows. O

We illustrate the last two theorems by an example.

(1 [0,1] _(10,2]
(A1 = ([o, 1] [-4, —1])’ (b} = ([o, 21>'
1 «a
A= A
(ﬂ —y>€[ ]

a1 Yy «
Al_y+a/3(ﬁ —1)

with a, B € [0, 1], y € [1, 4]. Since b > O the first component of A~'b is nonnega-
tive for all b € [b]. Therefore, S is completely contained in the union O; U 0,4 of the
first and the fourth quadrant. According to Theorem 5.2.2 (f) the intersection SN 04 is
characterized by

Example 5.2.4. Let

For

we get

0<x1<2, 0<x3<x,

while S n 04 can be described by
-2<x2<0, 0<x1<2-x3.

Figure 5.2.1 shows S together with some subsets which will be explained later on.

Asking for S or an enclosure of S is not the only possible task in connection with
linear systems. When considering Leontief’s input—output model of Section 5.1 one
might be interested in the question of which gross outputs x lead to a final demand
b € [b] for each A € [A]. The so-called tolerance solution set

Stol = {x | (VA € [A]) (3b € [b]) (Ax = b)}
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X2

2 1

-1 1 2 3 4

X1
Stol

Scontrol = D

ssym

Fig. 5.2.1: Solution sets of Example 5.2.4.

gathers these particular solutions. Moreover, one might ask which gross outputs x can
satisfy each final demand b if A € [A] is chosen appropriately (dependent on b). This
leads to the control solution set

Scontrol = {x | (Vb € [b]) (3A € [A]) (Ax = b)}.

Both new solution sets can be expressed by means of set theoretic symbols, partly
combined with interval arithmetic, or by a midpoint-radius formulation.

Theorem 5.2.5. Let [A] € IR™", [b] € IIR". Then the following equivalences hold.
(@) x €Sy © [Alx € [b] & |b - Ax| < rad([b]) — rad([A])|x]. (Rohn [299])
(b) X € Scontrol © [A]x 2 [b] & |b — Ax| <rad([A])|x| - rad([b]). (Lakeyev, Noskov [186])

Proof. The proof follows immediately from the Theorems 2.4.4,2.4.5,and 2.4.8 (a). O

Theorem 5.2.5 shows that the solution sets Sy, and Scontro] Can also be expressed by
means of appropriate linear inequalities. Using the subset property there we can see
that for the tolerance solution set Sy in Example 5.2.4 they read

0<x1, 0<-4x;, XxX1+Xx2<2, X1—-Xx2<2
in the first quadrant O, and

0<x1+x2, 0<-x2, Xx1<2, x1-4x,<2
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in the forth quadrant O, . Here we have already used that x; > 0 holds for the elements
of Sto] as asubset of S. An easy calculation yields Siq) N O1 = [0, 2] x [0, 0] while S¢q N
0, is characterized by the two inequalities x, > —x1, X2 >-1/2 + x1 /4 for (x1, x2) € O4.
The tolerance solution set is illustrated in Figure 5.2.1.
The corresponding control solution set Scontrol is empty. This can be seen from the
inequalities
X1 <0, -4x<0, 2<x1+Xx2, 2<Xx1-X2

in O, and
X1+x2<0, —-x2<0, 2<x1, 2<x1-4x

in 04 .

From Theorem 5.2.5 we can also deduce that for a regular matrix [A] € IR™" each
of the solution sets So1, Scontrol iS €ither empty or a closed polyhedron. Moreover, the
first one is convex. Additional properties for these sets as well as further references
can be found, e.g., in Fiedler et al. [95], Chapter 2, and Shary [342].

While the three solution sets described above do not restrict [A] it is sometimes
clear from the origin of the problem that the matrices A € [A] of the underlying point
systems share some property such as symmetry or Toeplitz form. Therefore, it is useful
to modify S in this respect. In Neumaier [257] the symmetric solution set

Seym={x|Ax=b, A=AT, Ac[A], be[b]}cS (5.2.3)

was considered. It can be described by means of linear and quadratic inequalities.
In order to show this we proceed in two ways: The first one describes Sy, by means
of a particular set of inequalities which extend the Oettli-Prager criterion in Theo-
rem 5.2.2. The second one indicates a way to describe even more general solution sets
than (5.2.3). Both are based on some kind of Fourier-Motzkin elimination known from
linear programming; cf. for instance Schrijver [332]. How it works can be seen by prov-
ing the equivalence ‘(a) & (f)’ of Theorem 5.2.2 once more, but with different means.
For simplicity we restrict ourselves to S; = S n D, where D = 0; denotes the first or-
thant of R". Trivially, S; is characterized by

S1={x e D|3aj, b; € R: (5.24)—(5.2.6) hold }

where
n n
Z aijxj < b; < z ajjixj, i=1,...,n, (e, (Ax);=b;) (5.2.4)
i1 i1
aijj < ajj Sai]‘, i,j=1,...,n, (5.2.5)
b; SbiSEi, i=1,...,n. (5.2.6)
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Those inequalities in (5.2.4)—(5.2.5) which contain a1, can be rewritten as

n

b1 - Z aijXxj < a;ixi, (5.2.7)
j=2
ai < an, (5.2.8)
n
aiixy < by - Z ajxj, (5.2.9)
j=2
aip < 511. (5.2.10)

Multiply (5.2.8) and (5.2.10) by x;, combine each left-hand side of (5.2.7), (5.2.8) with
each right-hand side of (5.2.9), (5.2.10) and drop the two trivial inequalities. Then this
action results in the two nontrivial inequalities

n

b1 - Z aijxj < aii1xi, (5.2.11)
j=2
n
aiixi < by - Z ayjxj, (5.2.12)
j=2

which are supplemented by
the original aq; -free inequalities. (5.2.13)
Hence
S1 €Sy ={xeD|3a;(i+1ifi=j),b; € R: (5.2.11)-(5.2.13) holds }.

Since the converse S, € S is also true (see the proof of the subsequent Theorem 5.2.7),
one ends up with S; =S,, wherein S, the entry a4, is replaced by the bounds a1, @11
of the given interval [a]1;. It is obvious that this process can be repeated for the re-
maining entries a;; and b;. One finally gets the inequalities of Theorem 5.2.2 (f).

We will summarize the crucial steps of this procedure.

(1) Fix an orthant and consider only those inequalities which contain a parameter to
be replaced.

(2) Isolate this parameter in each of these inequalities.

(3) Multiply each of the newly arranged inequalities by appropriate functions in
X1, ..., Xn such that the isolated parameter transforms to the same expression,
say E, wherever it occurs.

(4) Now disaggregate the inequalities into two groups: one for which the inequalities
have the form ... < E, and the other one for which the inequalitiesread E < . ...

(5) Combine each inequality from the first group with each of the second group drop-
ping the middle term E. Add to the set of inequalities those ones which have not
been considered until now since they were E-free. |



166 —— 5 Linear systems of equations

In this way we could eliminate a particular parameter in inequalities which charac-
terized some given set ending up with modified inequalities which characterize the
same set.

We will apply these ideas in the proof of the following theorem on Ssyr, which
modifies, reformulates and improves a result by Hladik [149] and which completes
results in Alefeld, Kreinovich, and Mayer [28, 29, 30]. While Hladik’s proof is based
on results from linear programming we use different means and stay more elementary
(cf. Mayer [217, 219]). In order to formulate the theorem we use the symbol <jex which
denotes strict lexicographic ordering of vectors x, y € R", i.e., x <jex y if for some
k < nwehave x; = y;, i < k, and x < yx. In addition, we remark that Sgyr, is empty if
[A] € IR™" does not contain a symmetric matrix as an element. If A # AT or A + AT,
we can replace [A] by the largest matrix [B] < [A] with [B] = [B]” since [A] \ [B] does
not contain a symmetric matrix as an element and therefore does not influence Sgyy, .
This is the reason why we will assume [A] = [A]T, without loss of generality, from the
start.

Theorem 5.2.6. Let [A] = [A]” € IR™", [b] € IR", x € R", r = b — Ax. Then x € Sgym
if and only if
xeS (5.2.14)

and if for all vectors p, q € {0, 1}" with
O0#p<lexq and pTg=0 (5.2.15)
one of the following four relations (5.2.16)—(5.2.19) is satisfied.

Ix|7 1D, rad([A]) - rad([A])Dgl - |x| + |x|T |D, — Dg| rad([b])

> |x(Dp - Dy)rl, (5.2.16)

Ix|T(Dy rad([A])Dg + Dy rad([A])Dgq) x| + |x|T (D, + Dg) rad([b])
> [x"(Dp - Dy)rl, (5.2.17)
(x"Dp([b] - [A]Dzx)) N (x"D4([b] - [A]D5x)) # 0, (5.2.18)

Tp,(b~ - A*Dzx) < xTD,(b* — A" D3x),
X Dy 7%) <X Dyl "X)} (5.2.19)

Ax"Dg(b™ - A*Dpx) < x"Dy(b* — A"Dgx),

where Dy, = diag(p), D, = diag(q), p=e-p, q=e—q,and where A~ = (ai‘j), At = (a;;-),
b~ = (b;), b* = (b]) are defined by the equalities

[a],]—-{[“?f’“?f] fa-x20, {[b;,bﬂ ifx; > 0,

laf, ;] ifxi-x; <0, (b, b1 ifxi<O.

The set of of these relations with the restriction (5.2.15) consists of (3" — 21 + 1)/2
inequalities, intersections, and double inequalities, respectively.
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Theorem 5.2.6 shows that the intersection Sgyy N O is characterized by the intersec-
tion of hyperplanes and quadrics. In particular, its boundary can be curvilinear. The
property ‘x € S’ in (5.2.14) can be replaced by any equivalent property of Theorem 5.2.2.
For n = 2 there is only one inequality (5.2.16), for n = 3 there are already six.
For the Example 5.2.4 Theorem 5.2.6 implies the equivalence
X2l +1 21 -x1 - 3x2l,
xessym<:> %|X1|+%|X2|+12|1—%X1+%X2|, (5220)

2 2 2
35+ Ixal + Ixal = X7 - x1 + 3x%3 + xal,

where the first two inequalities result from the Oettli—Prager criterion in order to ex-
press ‘x € S°, and where the last inequality corresponds to (5.2.16) for p = (0, 1)7,
q = (1,0)7, the only vectors which satisfy (5.2.15).

Proof of Theorem 5.2.6. First we remark that the assumption [A] = [A]” implies A=AT
and rad([A]) = (rad([4]))T. We start with the equivalence

X € Seym < x satisfies (5.2.14)—(5.2.16) (5.2.21)

but restrict here ourselves to the direction ‘=’ of the proof; the converse direction is
lengthy and rather technical. It can be found in the Appendix F.

Let X € Ssym. Then x € S, hence (5.2.14) holds. There is a symmetric matrix A=
AT € [A] and a vector b € [b] such that Ax = b. This implies x"D,Ax = x"D,b and
xTDqA Tx = xTDqB. Subtracting both equalities and introducing the representations

A=A+A, b=b+6,
yields
xTDyAx = xTDyATx -~ xT(D, — Dg)8 = x'(D, — Dy)r.
Using xTD4ATx = xTAD4x and absolute values results in
IxT(Dy — Dy)rl < Ix|T - IDpA — ADg| - |x| + |x|T - D — Dyl - |6].
Since
|[DpA = ADglij = [(Dp)iidij — Aij(Dg)jil = |Ai11(Dp)ii — (Dg)jjl

< rad([A]);1(Dp)ii — (Dg)jjl

= |Dp rad([A]) - rad([A])Dgl;
and |6| < rad([b]) we finally end up with (5.2.16) without any restrictions on p, q €
{o, 1}".

We show that p, g can be restricted to (5.2.15). With the complementary vectors p =
e-p, q=e—q wecan transform the matrix R(p, q) = [Dprad([A]) —rad([A])Dg| € R™>"
in the following way.

R(p, q) = |Dp rad([A])Dg — Dg rad([A]) Dy
= Dprad([A])Dg + Dz rad([A])Dg, (5.2.22)
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where for the last equality we proceeded entrywise and exploited p + p=e, p € {0, 1}",
so that either p; = 1, p; = 0 or vice versa. Therefore, at most one summand of (R(p, q));j
in (5.2.22) differs from zero.
The first equality in (5.2.22) implies
R(p, q) = IDg rad([A])D4 — Dy rad([A])Dg]
= D, rad([A])D; - Dj rad([A])Dy| = R(p, q),
and g <iex p is equivalent to p <iex q. Therefore, with D5 — Dz = —(D, — Dy), the

inequality (5.2.16) also holds for g <jex p if it is true for p <jex g.
If p = 0, then (5.2.16) reduces to

Ix|” rad([A])Dglx| + Ix|" Dg rad([b]) = [x" Dgr|

which follows also from (5.2.14), the Oettli-Prager criterion and |x”Dg4r| < |x|TDglr|.
The same is true for the case g = 0. Since e = p for p = 0 we can restrict to p, q €
{0, 13"\ {0, e}.

We show that all inequalities (5.2.16) with p; = g; = 1 for some indices i can be
omitted. To this end choose p, § such that

di

0  otherwise

PR ifpigi # 1 .| ai, ifpigi#1
l 0  otherwise l

and let p, = p — p. Then

) 1, ifpi=qi=1
(pr)i = . )
0 otherwise

whence py =q -G, p=p - Pr, g =4 - p,. Hence
R(p, q) = Dprad([A])Dg + Dp, rad([A])Dg + Dp rad([A])D; + Dp rad([A])Dp,
=Dy rad([A])DE - Djrad([A])Dp, + D, rad([A])Dg
+ DE l'ad([A])Dq - Dﬁy I'ad([A])Dq + Dﬁ rad([A])Dﬁ,.

From this and transformations like

Ix"D; rad([A])D;, x| = (1xI" D rad([A]))Dy, IxI)"
= [x|" Dy, (rad([A]) T Dylx|
= |x|"Dy, rad([A])Ds x| € R
we get
IXI"R(p, @)Ix| = IxI"R(B, @)Ix| + [XI" Dy, rad([A])(I -~ Dpyq + I - Dp,4)Ix|
> |x|"R(, §)Ixl,
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since I — Djyq = O and I — D,4 > O. (Notice that p + g < e and p + 4 < e holds.)
Furthermore, Dy, — Dg = Dj.p, — Dgip, = Dp + Dp, — (Dg + Dp,) = D — Dy. Therefore,
the inequality (5.2.16) for p, q follows from that for p, ¢ and can be omitted. This shows
that in (5.2.16) only vectors p, q € {0, 1}" with O # p <jex ¢ and p;q; =0,i=1,...,n,
need to be considered.

There are 3™ possibilities for inequalities with (p;, g;) € {(0, 0), (0, 1), (1, 0)} for
alli=1,...,n.Since 2" is the number of possible vectors taken from the set {0, 1}",
there are 2™ possibilities of inequalities with p = 0. The same amount of inequalities
occurs for g = 0. Both numbers have to be subtracted from 3". Since hereby the case
p = q = 0 is subtracted twice, we must add a 1 again. Notice that we did not allow
the case p; = ¢; = 1 and excluded the cases p = 0 and g = 0. By virtue of pTq = 0,
this implies that we simultaneously excluded the cases p = e and g = e. Taking into
account p <jex q, we finally end up with the number (3" — 2 - 2" + 1)/2 as required.

Once we have proved the equivalence (5.2.21), the remaining part of the theorem
is nearly straightforward:

Since (5.2.15) implies |D, — D4| = D, + Dy, we get the equivalence of (5.2.16) and
(5.2.17) by virtue of (5.2.22).

For the equivalence of (5.2.17) and (5.2.18) we apply the first equivalence of Theo-
rem 2.4.8 (c), whence the relation (5.2.18) is equivalent to

|mid(x"Dp([b] - [A]Dgx)) - mid (x" Dy([b] - [A]Dpx))|
< rad(x"D,([b] - [A]Dzx)) + rad(x" Dy([b] - [A]D5x)). (5.2.23)

Now the left-hand side of (5.2.23) equals

Ix"Dy(b — ADgx) - x"Dy(b — AD5x)|
= [xT{(Dp — Dg)b — DyADgx + DgAD5sx — DpADgx + DpyADgx}|
= [xT(Dp - Dg)(b - Ax)|

while the right-hand side can be written as

Ix|” Dy, rad([b] - [A]Dgx) + |x|" Dq rad([b] - [A]D5x)
= [x|"(D, + Dg) rad([b]) + |x|" D, rad([A])Dglx| + |x|" D4 rad([A])Dp|x|.

Thus we end up with the corresponding sides of (5.2.17).
The equivalence of (5.2.18) and (5.2.19) is an immediate consequence of the last
equivalence in Theorem 2.4.8 (c). O

The omitted proof of the converse direction (see Appendix F) uses ideas which can be
rediscovered in the proof of the following theorem on parameter elimination in more
general systems of inequalities.



170 = 5 Linear systems of equations

Theorem 5.2.7. Let fay, 82, A=1,...,k(=2), u=1,...,m, bereal-valued functions
of x = (X1, ...,xn)T on some subset D ¢ R". Assume that there is a positive integer
k1 < k such that

faix)#0 forallAe{1,...,k}, (5.2.24)
faix) 20 forallx e DandallA € {1,...,k}, (5.2.25)
for each x € D thereis anindex B* = B*(x) € {1, ..., kq} with fg-1(x) > 0
and anindex y* = y*(x) € {ky + 1, ..., k} with fy-1(x) > O. (5.2.26)
For m parameters u, ..., Uy varying in R and for x varying in D define the sets
S1, S2 by
Sy:={xeD|3uy R, u=1,...,m: (52.27),(5.2.28) holds },
Sy:={xeD|JuyeR, u=2,...,m: (5.2.29) holds},

where the inequalities (5.2.27)—(5.2.29) are given by

gp(x) + Z fauuy < fpauy, B=1,...,ky, (5.2.27)
u=2
friur < gy(x) + Z fruuy, y=ki+1,...,k (5.2.28)
u=2

and

gp00f1(0) + Y fau(0fy1 00Uy < 8y (00fp100 + Y Fyru(Ofpr (O,

u=2 u=2
ﬁ=1,...,k1, y=k1+1,...,k. (5.2.29)

(Trivial inequalities such as 0 < 0 can be omitted.)
Then
S1=355.

Proof. First we show S; € S,. To thisend let S; # 0, fix x € S; and let uy,...u, € R
be such that the inequalities (5.2.27), (5.2.28) hold for x. Multiply (5.2.27) by f,1(x) and
(5.2.28) by fg1(x). This implies

m
gpOfn (0 + Y fau(0fy1 (O
u=2 m
< fp1(00fy1 (s < gy (Ofp1 00 + Y fyu(X)fpa (X,
u=2
forf=1,...,kyandy=k; +1,..., k. Dropping the middle term results in (5.2.29),
whence S; € S,.

In order to prove the converse S; 2 S, let S; # 0, fix x € S, and let up, ..., u;, € R
be such that the inequalities (5.2.29) hold for x. Divide (5.2.29) by fp1 (x) if fg1(x) > O,
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and by fy1(x) if fy1(x) > 0. Unless fg1(x) = 0 and f,1(x) = O (in this case (5.2.29) reads
0 < 0 and can be omitted) one gets equivalently

gp(x) + Z fpu(X)uy <0, if fg1(x) = 0and fy1(x) > 0, (5.2.30)
u=2
0<gy(x)+ z fyuuty, iffg1(x) > 0and fy1(x) = 0, (5.2.31)
u=2
(gﬁ(x) +y fpy(X)Uy)/fﬁl(X) < (gy(x> +y fyy<x)uy>/fy1 (x),
u=2 u=2
if fg1 (X)fy1(x) > 0. (5.2.32)

By virtue of (5.2.26) there exists at least one pair (8*, y*) € {1, ..., ki} x {ky +
1,..., k} such that fg«1(x)fy~1(x) > 0. Let M1 be the maximum of the left-hand sides
of all inequalities (5.2.32) and let M, be the minimum of the right-hand sides of all
inequalities (5.2.32). Then M1, M, are attained for some indices 8 = Bo and y = yo,
respectively. Since 8 and y vary independently there is an inequality (5.2.32) with
B = Bo and y = yo simultaneously. This proves M; < M,. Choose u; € [M;, M;]
and apply (5.2.30) and (5.2.32), respectively, with y = yo (which implies fy,1(x) > 0)
and f=1,..., k;.If fg1(x) = 0, then (5.2.30) yields the corresponding inequality in
(5.2.27). If fg1(x) > 0, then

m

(gﬁoo +y fﬁy(X)up) [fpr(0 < My < uy
u=2

implies the corresponding inequality in (5.2.27). By applying (5.2.31) and (5.2.32),

respectively with B = By, the inequalities (5.2.28) can be seen analogously, whence

S, ¢S, O

Notice that the parameter u; which occurs in the definition of S; is no longer needed
in order to describe S, . Therefore, we call the transition from the inequalities (5.2.27),
(5.2.28) to the inequalities in (5.2.29) the elimination of u .

It is obvious that the assertion of Theorem 5.2.7 remains true if the inequalities
in (5.2.27), (5.2.28) and the inequalities in (5.2.29) are supplemented by inequalities
which do not contain the parameter u;, as long as these inequalities are the same in
both cases.

We next state a corollary which may facilitate the terms occurring in the Fourier—
Motzkin elimination process.

Corollary 5.2.8. With the notation and the assumptions of Theorem 5.2.7 let
fpr00 = kg, (Ofpr (0, fr100) = gy (X)f 1. (x)

with nonnegative functions fpl, fy1, hg, defined on D. Then the assertion of Theo-
rem 5.2.7 remains true if fg1(x), fy1(x) are replaced in (5.2.29) by fp1(x) and fy1(x),
respectively.
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Proof. Define
S3={xeD|3JuyeR, u=2,...,m: (52.34) holds}, (5.2.33)

where the inequality (5.2.34) is given by

gpO0fy100 + Y fau00fy1 00Uy < 8, (0Fp1 (0 + Y. fru()f pr (O
u=2

u=2
,821,...,](1, y=k1+1,...,k. (5.2.34)

Multiply (5.2.27) and (5.2.28) by f,1(x) and fg1(x), respectively. This results in
(5.2.34) and shows S € S3.In order to prove S3 € S fix x € S3 and choose u, ..., un €
R such that (5.2.34) holds for x. Multiply the corresponding inequality (5.2.34) by
hgy(x). This yields (5.2.29), hence x € S,. Now Theorem 5.2.7 implies x € S. O

Corollary 5.2.8 is particularly useful if fg; = f,1 = 0, where f > 0 means f(x) > 0 for all
x € D.Then hgy = fg1 = fy1 2 0, fg1 = f,1 = 1 > 0 and the corresponding inequality in
(5.2.29) reads

m m
gp00 + Y fru(uy < gy(0) + Y fru()uy.
pu=2 u=2
Another typical application of Corollary 5.2.8 occurs if the functions fj,, ga all are
polynomials and if fg; and fy; have a nonconstant polynomial as a common factor.

No topological assumption such as continuity of f),, g1 or connectivity of D is
required in Theorem 5.2.2. The assumption (5.2.24) prevents fy; from being completely
omitted in (5.2.27), (5.2.28) and (5.2.29).If f11 (x) < 0 on D, one can simply fulfill (5.2.25)
by multiplying the corresponding inequality by —1. If neither f31(x) > 0 nor fi;(x) <0
holds uniformly on D, one can split D in several appropriate subdomains D;, with
|J; Di = D, for each of which the assumptions of Theorem 5.2.7 hold. As was shown in
Alefeld, Kreinovich, Mayer [33] the restriction (5.2.26) cannot be dropped.

In our applications the parameters u,, will be the matrix entries a;; and the com-
ponents b; of the right-hand side b of a linear system Ax = b. They will be restricted
to compact intervals by A € [A] and b € [b]. This generates inequalities of the form
a < uy < a with a corresponding function fj,, = 1. Since such an inequality depends on
a single uy, itis only used when this parameter is eliminated. Therefore, in the sequel
the assumption (5.2.24) will be fulfilled for any domain D.

Theorem 5.2.7 and Corollary 5.2.8 can be applied repeatedly in order to eliminate
some or all expressions in which the parameters u,, occur linearly. But even in simple
cases like Ssym the number of inequalities can increase exponentially.

In order to keep track we shortly summarize the steps to be executed when elim-
inating the parameters in the inequalities describing some set S; < D. These steps
generalize those on page 165.
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Elimination process. Given a domain D ¢ R" and a set of inequalities in x € D with
parameters us, . . . Uy, which occur linearly, denote D together with this set of inequal-
ities as a record and store it on a stack named Stack 1.

Step 1: Fetch the first record (i. e., the domain and the corresponding set of in-
equalities) from Stack 1, fix a parameter, say u1, bring those inequalities into the form
(5.2.27), (5.2.28) which contain u;. (Renumber and rename if necessary, in order to
have a domain named D, a parameter named u;, and subsequent inequalities ac-
cording to (5.2.27), (5.2.28).)

Step 2: Check the assumptions of Theorem 5.2.7 for the inequalities which contain
u; . If (5.2.25) is not satisfied, then multiply the corresponding inequality by —1. If this
does not help, split D into appropriate subdomains D; and replace the record with
D by corresponding ones with D;. If (5.2.26) is not fulfilled for each D;, then stop.
Otherwise put the records to a stack named Stack 2.

Step 3: Aslong as Stack 2 is not empty fetch from it the last record and eliminate
u; according to Theorem 5.2.7 or Corollary 5.2.8. If the new record no longer contains
any parameter uy, then store it into a file. Otherwise put it to Stack 1 as the last ele-
ment. If Stack 1is not empty, then go to Step 1. O

We want to apply Theorem 5.2.7 and, whenever possible, Corollary 5.2.8 in order to
characterize Ssy, once more. This is the second way which we mentioned on page 164.
Again we assume [A] = [A]T.

Let O be a fixed orthant. We start with D = O and (5.2.4)—(5.2.6), this time reducing
the amount of free parameters nearly to one half by using a;; = aj;. The elimination
process for the b; and the diagonal entries a;; is the same as for S and is left to the
reader. The elimination of the off-diagonal entries ajj, i <j, i,j = 1, ..., n, differs
due to the dependency aj; = aj;. For instance, when handling ay, first, one gets the

(nontrivial) new inequalities

n n
by - CAIJ{IXl - Z ayjXj < aJerXZ, aj,X2 < by —aj;xg - Z ayjxj, (5.2.35)
j=3 j=3
n _ n
by - d;erz - z azxj < dJler1, &szl <b, - CAIEZXZ - Z azjx;j, (5.2.36)
=3 j=3
n n
bixi - ajxi - Y axix; < bixa - a3,X3 = Y azXaX;, (5.2.37)
=3 =3
n n
byxy — ab,x3 = Y apxoxj < bixy —ay;xi - Y aijxixj, (5.2.38)

j=3 j=3
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where
. aij, ifXj >0 - aij, ifX]' >0
dGi=1_ . ’ aj; = . ’
ajj, ifxj<0 a;j, ifxj<0
_ ajj, ifxix;=0 . a;j, ifxixj=0
Gi=1_ . ’ aj; = . ’
ajj, ifxixj<0 aij, ifxix; <0
_ bi, ifx;>0 . bi, ifx;j>0
bi=y-" . ’ b; = . :
bi, ifx;<0 b;, ifx;j<0

The inequalities (5.2.35)—(5.2.36) coincide with those for S. The inequalities (5.2.37),
(5.2.38) are new. They contain quadratic polynomials. When eliminating ay; for j =
3, ..., n according to Corollary 5.2.8, the i-th inequality in (5.2.1) has to be multi-
plied by x; for i = 3, ..., n. Afterwards, no additional multiplication is needed in
inequalities which have a form analogous to (5.2.37), (5.2.38). This is true because the
function fy, in front of a;; reads f3,(x) = x;x; in these inequalities, and in the remain-
ing (nonquadratic) inequalities they are given by () = xi, fr(x) = xj and fu(x) =1,
respectively. Notice that the sign of the function x;x; remains constant over a fixed or-
thant O. This is the reason why no splitting is needed for D = O during the elimination
process. Pursuing this process shows that the final inequalities for Ssym N O consist of
the inequalities in Theorem 5.2.2 (f) which characterize S, and quadratic inequalities.
We thus get the following result which is already contained in Theorem 5.2.6.

Theorem 5.2.9. Let [A] =[A]T € IR™™ (not necessarily regular) and let [b] € IR". Then
in each orthant the symmetric solution set Ssym can be represented as the intersection
of the solution set S and sets with quadrics as boundaries.

For 2 x 2 matrices there are only two quadratic inequalities which supplement the
linear ones of Theorem 5.2.2 (f). They are given by

(5.2.39)

- + + 52 - 52

bixi - bix; —aj x] +ayx; <0
+ - - 42 + 42

—-bix1 + byxp + aj X7 —az,x; <0

with b;—', a;—’i as above. They correspond to the only inequality (5.2.16). (Notice the ab-
solute values there!)
Thus for Ssym of Example 5.2.4 we need the inequalities for S together with

4x3 + (4xy +1)2 2 1, (x1-1)?+x5<1 (5.2.40)
in the first quadrant O, and

X3+4x320, (x1-1D*+0o+1)?<2 (5.2.41)
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in the forth quadrant O,. The first inequality in (5.2.40) represents an ellipse and its ex-
terior. Since the ellipse lies completely in the closed lower half-plane this inequality is
not a restriction for Sgym N O1. The first inequality in (5.2.41) is always true. Therefore,
only the respective second inequality which represents a closed disc is really rele-
vant for Sgym as a subset of S. Although both look different from the last inequality
in (5.2.20), they are equivalent. The proof is not quite trivial; we leave it to the reader
as Exercise 5.2.2 or refer to Mayer [217].

Both solution sets are illustrated in Figure 5.2.1 on page 163.

Persymmetric matrices A € R™" are characterized by EA = (EA)T with

0 1
E-= , (5.2.42)
1 0

or, equivalently, by aj; = an+1-jn+1-; for all indices i, j. They are symmetric with re-
spect to their counterdiagonal. The corresponding persymmetric solution set reads

Sper = {x € R" | Ax = b, EA = (EA)T € E[A] = (E[A])T, b € [b]}.

A description of Sper can be deduced directly from Theorem 5.2.6; cf. Exercise 5.2.6 or
Mayer [217, 219].

Skew-symmetric matrices A € R™" are defined by A = -A", or, equivalently, by
ajj = —aj; forallindices i, j, whence a;; =0, i=1, . . ., n. The skew-symmetric solution
set is given by

T

Sskew = {x € R" | Ax=b, A=-AT € [A] = -[A]", b e [b]},

where we implicitly assume here [a];; =0,i=1,...,n.
Similar to Theorem 5.2.6 and with the notation there, the following equivalence
on Sskew can be proved (cf. Exercise 5.2.7, Hladik [149], Mayer [217, 219]).

Theorem 5.2.10. Let [A] = -[A]T e IR™", [a];;=0fori=1,...,n, [b] eIR", x € R,
r=b - Ax. Then x € Ssxew if and only if x € S and if for all 2" — n — 1 vectors

pef0,1})"\{0}, p#e®, i=1,...,n, (5.2.43)
one of the following four relations (5.2.44)—(5.2.47) is satisfied:

11x1" - 1D, rad([A]) - rad([A1)Dp| - Ix| + Ix|"Dp rad([b]) = |x" Dprl, (5.2.44)
Ix|" D, rad([A])D5|x| + |x|"Dp rad([b]) > Ix" Dprl, (5.2.45)
x"Dy[b] N x"D,[A]Dgx # 0, (5.2.46)

x"Dyb™ < XTDpA+Dpx,}

(5.2.47)
AX"DpA"Dsx < x'Dpb*,
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For the equivalence of (5.2.44) and (5.2.45) one can use (5.2.22) with g = p and exploit
the symmetry of rad([A]) which follows from A = ~AT and A = —-AT for [A] from
Theorem 5.2.10.

For the equivalence of (5.2.45), (5.2.46), and (5.2.47) one applies Theorem 2.4.8 (c)
and the equality

x"D,ADyx = (x"DyAD,x)T = x"D,ATDyx = -xTD,AD,x,
which proves x"D,AD,x = 0. This implies
x"D,r = x"Dy(b — A(D, + Dg)x) = x"Dpb — x" D, AD5x
= mid(x" Dp[b]) - mid(x" D,[A]D5x).

If n = 2 then there is only one inequality (5.2.45), if n = 3 there are four.

Solution sets with more general restrictions and further references can be found
in Alefeld, Kreinovich, Mayer [33]. Methods by Jansson [153, 154] and Rohn [306] to
enclose Sgy, as well as some historical notes were given in Mayer [216].

Exercises

Ex. 5.2.1 (Rohn [308]). Show that [A]x — [b] ={Ax-b | A € [A], b € [b]} holds and
that x € S can also be described equivalently by the inequality | mid([A]x — [b])] <
rad([A]x - [b]).

The nice feature of this description is the fact that both sides of the inequality
contain the same interval vector [A]x — [b].

Ex.5.2.2. Show that the two inequalities (x; — 1) + x% < 1 for (x4, x2) € 01 and
(x1 - 1)2 + (x2 + 1)? < 2 for (x1, x2) € O, are equivalent to the inequalities (5.2.20).

Hint: Use Sgym € S € 01 U O4 and consider the cases x € 01, x € O4, T =x1 — X1 +
5

3X3+Xx220,and T <O0.

Ex. 5.2.3 (Mayer [219]). List all six pairs (p, q) of possible vectors according to (5.2.15)
in Theorem 5.2.6 for the case n = 3. What do the intersections (5.2.18) look like in the
casesn=2and n=3?

Ex. 5.2.4 (Mayer [217]). Let

_ 1 [-1+¢,1-¢] (2
[A]£_<[—1+e,1—e] 1 ),Osssl, [b]_<2)

and denote by S¢, respectively S5, the solution set, respectively the symmetric so-

lution set, of the interval linear system [A].x = [b].

(a) Derive the inequalities which characterize the sets S¢ and sgym and plot these sets
for € = 1/2. How do these sets behave when € > 0 gets smaller? How do they look
in the limit cases € = 0 and € = 1? (Notice that [A], is singular while [A]; isregular
forO<e<1.)
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(b) Find an interval vector [z] € IR? which encloses sgym for all € € [0, 1]. What can
be said about the distance g([z], 0S?) when € tends to zero? Which conclusion
could one draw from this observation?

Ex.5.2.5. Plot S and Ssyn, for the data in Example 5.2.4. Proceed as follows: Start with
arectangular grid of sufficiently small mesh size which covers S. Test the Oettli-Prager
criterion in the grid points. If the test is positive, plot the grid point. Proceed similarly
for Ssym taking into account (5.2.16).

Ex. 5.2.6 (Mayer [219]). Characterize the persymmetric solution set similarly to Theo-
rem 5.2.6.

Ex.5.2.7. Prove Theorem 5.2.10 for the skew-symmetric solution set.
Hint: Replace (L), = (L)§ by (L); = —(L)} in Lemma F.3 of Appendix F.

Ex. 5.2.8. Perskew-symmetric matrices A € R™" are defined by EA = —(EA)T with
E from (5.2.42), or, equivalently, by ajj = —an+1-jn+1-i- Show that a; n41-; = 0, i =
1,...,n, holds. How could one introduce a perskew-symmetric solution set? Charac-
terize this set similarly to Theorem 5.2.10. Construct a perskew-symmetric 4 x 4 matrix.

Ex. 5.2.9. Centro-symmetric matrices A € R™" are defined by EA = AE with E from
(5.2.42), or, equivalently, by ajj = ans+1-i,n+1-j. Construct a centro-symmetric 3 x 3 and
4 x 4 matrix. How could one introduce a centro-symmetric solution set? Describe this
set by inequalities. (Open problem!)

Ex. 5.2.10. Centroskew-symmetric matrices A € R™" are defined by EA = —AE with
E from (5.2.42), or, equivalently, by aj = —an+1-i,n+1-j. Construct a centroskew-
symmetric 3 x 3 and 4 x 4 matrix. How could one introduce a centroskew-symmetric
solution set? Describe this set by inequalities. (Open problem!)

5.3 Interval hull

The interval hull of a bounded subset of R" was defined to be (with respect to in-
clusion) the smallest interval vector which encloses this subset. Theoretically it is
possible to compute the interval hull (IS of the solution set S of a regular interval linear
system [A]x = [b], but this computation can be costly unless the input data have some
additional properties. Nevertheless we will present an algorithm for computing [IS. In
addition, we will comment on particular cases. Supplementary information on the
interval hull can be found in the last chapter of Neumaier [257]. We start this section
with two auxiliary results. The first is due to Farkas [93] and is well known in linear
programming. It provides a criterion which guarantees the existence of a nonnegative
solution of a linear m x n system.
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Lemma 5.3.1 (Farkas). Let A € R™", b ¢ R™. Then Ax = b has a nonnegative solution
if and only if for each y € R™ with yTA > 0 one obtains y'b > 0.

Proof. If Ax = b has anonnegative solution x*, then yTA > 0 implies 0 < yTAx* =yTb.

Conversely, let yTA > 0 imply y”b > 0 and assume that b is not contained in the
convex set M = {Ax | x > 0}. Since M is closed, the distance é = infycy|Ax - b, >
0 is attained for some element x° € M. Clearly, the intersection of M with the open
ball B(b, 6) is empty. Let T be the hyperplane through x° which is tangential to the
sphere 0B(b, 6) and let H be the open half space which is bounded by T and which
contains b. If x! € Hn M, the line between x° and x! would intersect B(b, ), hence
the convexity of M would imply the contradiction M n B(b, §) + @. Therefore, HN M =
@. By moving T in parallel towards b by 6/2 one ends up with some hyperplane

Wlz=y, (5.3.1)
which separates b from M. W.Lo.g. let
alh <y (5.3.2)

and
iWlz>y forze M. (5.3.3)

(Otherwise multiply (5.3.1) by —1 and rename.) For x = 0 we get z = Ax = 0 € M, whence
¥ < 0 by (5.3.3). Now we show
ATA.;j>0 (5.3.4)

for each column of A. If ATA, j, < 0 holds for some column 4. j,, then choose xj, =
m >0 and x; = 0 for j # jo. Hence z = YL, A, jx; € M and a"z = (" A. j,)xj, = v,
contradicting (5.3.3). This proves (5.3.4) from which we get ATA > 0. The assumption
of the theorem (with y = 7) implies A”h > 0 > y which contradicts (5.3.2). Therefore,

b € M, and the theorem is proved. O

Our second auxiliary result looks rather technical. It considers two regular matrices
A, A' which map two vectors x # x' to the same image. It says that these matrices
differ in at least two columns with the same index j, while the components x;, x}f,
with which these columns are multiplied, have the same sign.

Lemma 5.3.2. Let [A] € IR™" beregular andlet Ax = A'x' forsome A, A’ € [A], x #X'.
Then there exists anindex j € {1, ..., n} such that A, ; # Al*,i and x,-x]f > 0.

Proof. Assume that there exist A, A’ € [A] and x # x’ such that Ax = A’x’ and for
each j with A, ; # A ; one has x;x; < 0. Let J = {j | A.,j # A ;, x;x; < 0} and define
A € R™" as follows. If j € J, then

5
A*’j— ,A*]-.
Xj—X}- >

[vww.ebook3000.con}



http://www.ebook3000.org

5.3 Interval hull =— 179

Ifj ¢ J, choose A, j € {A. j, A, ;} such that xjA, ; - XjA., ; = (xj — X))A, ;. Notice that
inthecase j ¢ J either A, ;= A}, ;,or A, ; # A, ; and x;x] = 0. In the case j € J we have
xj/(xj — xlf) = x].z/(x].2 - x,-x;) > 0 and similarly —x]’./(xj - x]f) = —xjx}f/(xj2 - xjx]f) > 0.
Hence for j € J the column A, j is a convex combination of 4, j and A;’j and therefore
in [A]. ;. Hence A € [A] and A(x - x') = ¥}, A. j(xj - x]f) = YA, X - A;’].x;) =
Ax —A'x" = 0. Since we assumed x # x’ this proves A to be singular, which contradicts

the assumption of the theorem. |

We consider Rohn'’s sign accord algorithm for solving the problem
(A - Drad([A])D)x = b + Drad([b]), Dx =0, |D| =1, (5.3.5)

for a given signature matrix D € R™" (which was defined in Section 1.2 by |[D| = I). It
will turn out that (5.3.5) has a unique solution x” and that S can be represented by
means of all such solutions if D varies in the set of the 2" different signature matrices.
In order to get some insight in equation (5.3.5) we state several equivalent formu-
lations of it before we present the algorithm. To this end we define the nonnegative

vectors
x* =max{x, 0}, x  =max{-x,0} (5.3.6)

for x € R", where here and in the sequel max and min are applied to vectors compo-
nentwise. From (5.3.6) one immediately obtains x = x* — x~ and |x| = x™ + x™.
First we bring the vector equation in (5.3.5) into the equivalent form

Ax - b = D (rad([A))|x| + rad([b])) . (5.3.7)
Introducing x*, x~ results in
x* =(A - Drad([A]))"Y(A + Drad([A]))x™ + (A - Drad([A]))"}(b + Drad([b])), (5.3.8)

which is a linear complementarity problem (cf. Berman, Plemmons [68], Chapter 10)
since x* > 0, x~ > 0, and (x*)Tx~ = 0. Taking absolute values on both sides of (5.3.7)
results in

|Ax - b| = rad([A])|x| + rad([b]), (5.3.9)

i.e., the Oettli-Prager criterion holds with equality (cf. Theorem 5.2.2 (d)). This implies
that each solution x” of (5.3.5) belongs to the solution set S. Rearranging (5.3.7) finally
yields the equivalent fixed point form

x = A"'Drad([A])|x| + A~1(b + Drad([b])). (5.3.10)

After these equivalences we formulate Rohn’s algorithm in Rohn [301] for solving
(5.3.5).
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Algorithm 5.3.3 (Sign accord algorithm).
Step 0: Select D' € R™" with |D'| = 1.
(Recommended: D' such that D'(A~1(b + Drad([b]))) > 0.)
Step 1: Solve (A — Drad([A])D")x = b + Drad([b]).
Step2: If D'x > 0, set D := D', xP := x and terminate.
Step 3: Find k = min{j | d]f].x,- < 0}.
Step 4: Set dy, := -d,, and go to Step 1.

Notice that the signature matrix D is given and remains fixed during the whole al-
gorithm. The second signature matrix D’ which occurs can theoretically be chosen
arbitrarily in Step 0, although it is recommended to define its diagonal entries by the
signs of the components of some particular vector. If this vector has a zero compo-
nent, put the corresponding diagonal entry d;i to one. The matrix D’ is changed by
one diagonal entry in each run of the loop. After the algorithm has terminated, D’ is
renamed as D = D'. It fulfills DxP = |xP| for the solution x? of the final linear system.

Our first theoretical result on the sign accord algorithm shows that it is finite, i.e.,
it stops after finitely many runs of its loop. Moreover, existence and uniqueness for the
problem (5.3.5) is proved.

Theorem 5.3.4. Let [A] € IR™" be regular and [b] € IR". Then the sign accord al-
gorithm is finite for each signature matrix D and each starting signature matrix D'. It
terminates with a signature matrix D and a vector x? which satisfy (5.3.5). The vector x°
does not depend on D' and is unique. The diagonal entries Eljj of D are unique, except
for those which are multiplied by components x]P = 0. For each vector xP there are at
most 2" linear systems to be solved.

Proof. We show by induction that each k in Step 3 can occur there at most 2" times.

Case k = n: Assume that n appears at least twice in Step 3 and let D’, x, D',z
correspond to its two nearest occurrences. Then d]f].xj >0, [i}fjfj >0forj=1,...,n-1,
and d',,d,, = -1, d\,x, < 0, d\yXn < O; hence d]fjx]-&]fji,- >0forj=1,...,n.For
j = n this implies x, # 0, X, # 0 and x,X, < 0, whence x # X. Apply Lemma 5.3.2 to
(A - Drad([A])D")x = b+D rad([b]) = (A - Drad([A])D")x. There exists an index j
such that dj;d}; = -1 and x;%; > 0. This implies the contradiction d};x;d;x; < 0.

Case k < n: Againlet D', x, D',z correspond to two nearest occurrences of k so
that d]f].x,- 3;].)2,- >0forj=1,...,k. Then Lemma 5.3.2 implies the existence of an index

j with d}f].fl}fj = -1 and x;%; > 0. Hence dj;x;d};%; < 0, so that j > k. By the induction
hypothesis j can occur at most 2" times for j = k + 1, k+ 2, ..., n. This means that
k cannot occur more than 1 + (2n=%+1) 4 on=(k+2) 4 ... 4 7 4 1) = 2"k times.
Therefore, the algorithm is finite and terminates with D, x? which satisfy (5.3.5).
Moreover, at most (1 + 2 + 22 +--- + 2" 1) + 1 = 2" linear systems have to be solved.
It remains to prove uniqueness and independence of D'. To this end assume that

(5.3.5) has two solutions D, x? and D, X2 with x # xP. Since the right-hand side of
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(5.3.5) is the same for both pairs, Lemma 5.3.2 assures the existence of an index j with
djdjj =-1and x"x? > 0. This implies djxP djjxP < 0 contrary to djjxP > 0 and dj;xP >
0. Therefore, xP is unique and so is D, except for the cases mentioned in the theorem.

(]

Next we show how to represent 0S by means of x? for varying signature matrices D.
To this end we use the notation conv X for the convex hull of a set X, i.e., the smallest
convex superset of X.

Theorem 5.3.5. Let [A] € IR™" be regular, [b] € IR" and X = {xP | |D| = I, xPsolves
(5.3.5)}. Then
convS = convX (5.3.11)

and
xT =minX, X =maxX, (5.3.12)

where [x]7 = [S. At most 22" linear systems have to be solved for computing 0S.

Proof. Since xP € S we trivially get conv X < conv S. In order to prove the converse
inclusion choose an arbitrary element x € S. Then Agx = bo for some Ag € [A], bg € [b].
If we can show that the linear system

2o Ao (Aox?) = bo}
ZlDI:I Ap =1

has a nonnegative solution A = (Ap)pj=; € R?", then (5.3.13) implies

Ao (Y1, A0x") = bo,

hence by the regularity of Ao we get x =3 p,_; ApxP e conv X. Since x € S was arbitrary,
this proves S ¢ conv X and conv S ¢ conv X. Hence (5.3.11) follows.

We will apply the Farkas Lemma 5.3.1 to (5.3.13) in order to show the existence of
A = 0. Notice that the columns of the system (5.3.13) are

()
%)

In view of the lemma let y € R", y, € R satisfy yTAox” + yo > 0 for each signature

matrix D. Choose D such that |y| = —Dy holds. Then |yT(4¢ — 4)| < |yT|rad([A]) =
—yTDrad([A]), whence yT(A + Drad([A])) < yTAo < yT(A - Drad([A])). Similarly,

(5.3.13)

and the right-hand side is
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yT(b + Drad([b])) < yTbo. Then with Dx? = |xP| and (5.3.5) we get
~yo < yTAox? = yTAo(xP)* - yTAo(xP)~
<yT(A - Drad([A]))(xP)* - y"(A + Drad([A])(x")"
=yT(A - Drad([A])D)xP = yT(b + Drad([b))) < y”bo.

Hence yThg + yo > 0 so that the assumptions of the Farkas lemma are fulfilled and a
nonnegative solution A of (5.3.13) is guaranteed.

The assertion (5.3.12) follows from (5.3.11) since conv S is a convex polyhedron.
From Theorem 5.3.4 at most 2" linear systems have to be solved for a fixed signature
matrix D. Since there are 2" different matrices D, at most 22" linear systems have to
be solved for computing [S. O

Corollary 5.3.6. Let [A] € IR™" beregular, [b] € IR",and E={x|Ax=b, A € 0[A],
b € 0[b] }. Then
convS = convE (5.3.14)

and

)_(H =minE, x" =maxE, (5.3.15)

where [x]7 =18S.

Proof. With X as in Theorem 5.3.5 the assertions follow immediately from X c E ¢ S
and the same theorem. |

We present a second proof of Corollary 5.3.6 which is very elementary and independent
of the sign accord algorithm. It follows the lines in Hartfiel [136]. To this end we call
any entry a;j € [al;j \ {ajj, a;;} a free entry in A € [A], and analogously we define
bi € [b]; \ {bi, b;} to be a free entry in b € [b]. By v(A), v(b) we denote the number of
free entries in A, and b, respectively, and we use v(4, b) = v(A) + v(b).

Second proof of Corollary 5.3.6. Since E ¢ S, we get conv E ¢ conv S. For the converse
inclusion we proceed by induction on v(4, b). If (A, b) = 0, then A € 0[A], b € 9[b],
hence x=A"1b ¢ E c convE. Now suppose that v(4, b) < m implies x=A"1h € convE,
choose A € [A], b € [b] such that u(4, b) = m and let x = A~1b.

Case1, u(b) + 0: Choose b', b" € [b] with b’ # b""suchthat b = ab’ + (1 - a)b",
where a € (0, 1) and v(b') = v(b"") < v(b). Then by the induction hypothesis x’ =
A71b" e convE and x"" = A~1b" € convE, hence x = ax’ + (1 — a)x"" € convE.

Case 2, u(A) # 0: Let ajj be a free entry in A and define A(0) = A + e®(eV)T. If
x(0) = A(6)"1b exists we can express x(6); using Cramer’s rule. Taking into account
that 8 occurs only once in A(6) and calculating the resulting two determinants yields

(Xj9+ﬁj
af +f

with constants a, a;, B, B;, which are independent of 6. Hence, x(0); = ¢; + 6(0)d;

for some cj, dj and 6(6) = 0 if a = 0 and §(0) = ﬁ if a # 0. Choose 61 and 6, so

x(0)j =
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that a;j(61) = aj; and a;j(0,) = a;;. Then 6; < 0 < 6,. Since 6(0) is independent of j
the solutions x(60) lie on a straight line and x = x(0) = yx(61) + (1 - y)x(8,) for some
y € (0, 1). (Note that §(6) is strictly monotone with respect to 6.) Since v(A(61), b) =
v(A(6,), b) < v(A, b) the induction hypothesis implies x(6;) € convE, x(6,) € convE,
whence x € conv E. Summarizing, we have S ¢ conv E, whence convS c convE. [

Corollary 5.3.6 suggests an upper bound of 2m°+1 Jinear systems to be solved for com-
puting (S. This is tremendously more than the bound provided by Theorem 5.3.5. But
even this bound can be reduced as the following theorem shows.

Theorem 5.3.7. Let [A] € IR™" beregular, [b] € IR", D ¢ R™" a fixed signature matrix
and x the solution of the vector equation in (5.3.5). If

|A"'Drad([A]Ix]| < |x| (5.3.16)

holds, then the sign accord algorithm solves only one linear system in Step (1) when
started as recommended, i.e., x = x© holds, where xP is the solution of (5.3.5).

Proof. Since x solves the vector equation in (5.3.5) it also solves the equivalent fixed
point form (5.3.10) from which we obtain

Ix — A~Y(b + Drad([b]))| = |A"*Drad([A])|x|| < |x]. (5.3.17)

Therefore, for each fixed j the j-th component of the two vectors on the left-hand side
differ from zero and has the same sign. If one starts with D’ as recommended and if x
solves the linear system in Step 1 for the first time, one has D’ (A~1(b + Drad([b]))) = 0
by the choice of D’ and D’x > 0 by virtue of (5.3.17). This terminates the algorithm in
Step 2 with x = xP. O

At first glance Theorem 5.3.7 looks very theoretical. But if rad([A]) and rad([b]) tend to
zero, then the left-hand side of (5.3.16) does the same while the right-hand side tends
to |x|, where x = A=1D. Hence if |X] > 0 and rad([A]), rad([b]) are small then (5.3.16)
holds for each signature matrix D. In addition, practical experience shows that in
many cases the sign accord algorithm terminates after solving only one linear sys-
tem if one follows the recommendation in Step O even if rad([A]) and rad([b]) are
larger. In this ideal case only 2" linear systems are necessary in order to determine
[S. Taking into account that the initialization in Step O requires the solution of an
additional linear system Az=b+D rad([b]), then there is a total of 2"*1 linear sys-
tems to be solved for (0S. This is nearly the square root of the upper bound given in
Theorem 5.3.5.

The worst upper bound 2" of Theorem 5.3.4 for the computation of a single x° can
be attained if D' is initialized improperly in Step O of the algorithm. This is demon-
strated by the following example in Rohn [301].
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Example 5.3.8. Define [A] € IR™" and [b] € IR", n > 2, by

. 2, ifj=i+1,1<i<n-1 .
A=1I, rad([aly) = » Lj=1,...,m,
0 otherwise

b=0, rad(b];)=1, i=1,...,n. (5.3.18)

Denote by pp(D') the number of linear systems to be solved in Algorithm 5.3.3 in order
to find xP, |D| = I, for a starting signature matrix D’ in Step 0. Then

pD(D’>=1+Z( Hdu )2} 2 (5.3.19)
j=1 i=

In order to prove this formula we first notice that the solution x of the linear system
(A - Drad([A])D")x = b+D rad([b]) in Step 1 satisfies

j+m
xj = djj Z 2" [] dudj, j=1,...,n. (5.3.20)
i=j+1
This can be seen by backward substitution and by inductionon j=n,n-1,...,1
taking into account the upper bidiagonal form I — (2d;;6; ;- 1d ) of the matrix above
whence xp, = dnn, Xj = djj + 2d,~,-d;+1,].+1x,-+1, j=n-1,n-2,...,1.From (5.3.20) we
get
n-j j+m
=Y 2" [] dudj;. (53.21)
m=0 i=j
Since Z" J1om _ onj _ 1 < 2" the last summand in (5.3.21) determines the sign of

the left- hand 51de hence

51gn(d]]x,) —51gn(l_[d”du> Hd” i J=1,...,n.

=]

Now we proceed by induction on the values which pp(D’) can assume. If pp(D’) = 1
then Algorithm 5.3.3 terminates with D'x > 0 when reaching Step 2 for the first time.
Hence for each j we have

n
l_[ diid}; = 51gn(d’ xj) =1,

so that the formula holds. Now assume that (5.3.19) holds whenever pp(D') <'s, s >
1, and choose two signature matrices D, D' such that pp(D') = s + 1. Let D" be the
updated value of D’ when passing Step 4 for the first time. Then d;(’k = —d;d( while
dl']' = d]fj for j # k. From this we get

n - [ did}; = -sign(d}yx) = -1, ifj <k,
[ [dadii = { -sign(dj,x0) = 1, ifj =k,
- ML did, ifj > k.

i’
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Using the induction hypothesis we finally obtain

n n
pp(D") =1+pp(D") =2+ 2(1 -T1 diid;;)zfz
j=1 i=j

k-1 ) n n )
=2+ 2274+ ) (1 - ]‘[diidgi)z'-z
j=1 i=j

j=k+1

=1+2K1 4 i (1 - ﬁ diidlfi)zf‘z

j=k+1 i=j
n n A
=1+ Z(l -T1 diidl{i>212’
=N s

which completes the proof of formula (5.3.19).

Now we consider pp(D') for several choices of D and D'.

(i) If dyi = d}; for all i with the exception of i = n, then [T d;id}; = dpndp, = -1 for
each j, whence (5.3.19) yields pp(D') = 1 + Z}Ll 21 =)n,

(i) If dlfi = sign((B + Drad([b]));),i=1,...,n,asrecommended, then dl’.i = sign(d;;)
and H?:]- d;id}; = 1, whence pp(D’) = 1.

(iii) Let D and s € {1, ..., 2"} be given. Then there is a signature matrix D' such that
pp(D') = s. In order to see this, represent s — 1 as a binary number such that
s=1+Y, 82!, Bj € {0, 1} and define D’ inductively from [T7.; diidj; = 1 - 28;,
j=n,n-1,...,1.Then pp(D’) = s.

(iv) Let D' and s € {1, ..., 2"} be given. Then there is a signature matrix D such that
pp(D") = s. This can be seen similarly as in (iii). O

In order to reduce work in Algorithm 5.3.3 one might hope that some of the solutions
xP coincide so that there is no need to consider all possibilities of a signature matrix
D. The following result, however, is negative in this respect.

Theorem 5.3.9. Let [A] € IR™" be regular and [b] € IR". If either of the assumptions
(i) rad([p]) > O,

(i) rad([A]) > O and O ¢ [b]

holds, then D # D implies xP + xD for any two signature matrices D, D € R™™",

Proof. First we note that in the case (ii) the solution set S does not contain x = O since
0 ¢ [b]. Thereforg, each of the two assumptions implies rad([A])|x| + rad([b]) > O for
x € S.Let x? = xP. Then (5.3.7) implies

D(rad([A])XP] + rad([])) = AxP = b = AxP — b
= D(rad([A])|x[7| +rad([b])) = D(rad([A])|x"| + rad([b])).
Since rad([A])|x| + rad([b]) > O, we get D = D. O

Since Theorem 5.3.9 is discouraging, we will now concentrate on particular classes of
interval matrices. The first class consists of matrices whose radius has rank one. Then



186 —— 5 Linear systems of equations

there exist nonnegative vectors u, v € R" such that rad([A4]) = uv”. We will see that
in this case the solution in Step 1 of the algorithm can be given explicitly.

Theorem 5.3.10. Let [A] € IR™" be regular with rad([A]) = uvT for some nonnegative
vectors u, v, and let [b] € IR". Then for each of the signature matrices D, D' the solution
of the system

(A - Drad([A])D")x = b+D rad([b]) (5.3.22)
in Step (1) of the sign accord algorithm is given by
x = appz” + b, (53.23)
vTD'pP

here z° = A-1Du, b? = A~1(b + Drad([b))) and app = —————.
w u (b+ ([b1) DD = T Thi,D
Proof. Let x solve (5.3.22) and define & = vTD'x € R. Use rad([4]) = uvT and (5.3.22)
in order to obtain Ax — Dua = b + Drad([b]). Hence x = azP + b?, which is (5.3.23)
with a instead of apps . Premultiplying this equation by vTD’ resultsin a = avTD'zP +
vTD'bP. Solving for & shows a = app. O

Notice that the denominator of app is positive so that app is defined. Otherwise we
have f = v'D'z? = v"D'A"'Du>1.Thenv # O and A = A - ll—gDuvTD’ € [A].In
particular, 4 is regular since we assumed [A] to be so. Now we get the contradiction

. - 1 .
0+vID'AA =0v"D" - E(UTD'A_IDu)UTD' =0.

We leave it to the reader to reformulate Algorithm 5.3.3 in an economical way for
interval matrices with rank-one radius. For details see Rohn [301], Algorithm 3.2.

Now we consider the case where S is completely contained in a fixed orthant. It
turns out that the loop in the algorithm has to be passed only once. Hence for IS at
most 2" linear systems have to be solved.

Theorem 5.3.11. Let [A] € IR™" be regular and [b] € IRR". Moreover, let the solution set
S be contained in a fixed orthant O which contains the sign vector z defined by |z| = e.
Then the signature matrix D' = diag(z1, . . ., zn) satisfies the recommendation in Step (0)
of the sign accord algorithm, and for each fixed signature matrix D this algorithm termi-
nates after having passed Step (1) only once.

Proof. Follows immediately from S ¢ O which effects D'x > 0 in Step 2. O

In Definition 3.3.6 we introduced inverse stable interval matrices. For such interval
matrices at most 2n instead of 2" vectors xP have to be computed for 0S as we will
see in our next theorem.

Theorem 5.3.12. Let [A] € IR™" be inverse stable and [b] € IR". Fori=1,...,n
define the diagonal entries of the signature matrices D(i) by

1, if(A™1);>0foreach A € [A],

-1 otherwise.

(D)5 = { (5.3.24)
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Then

for[(x]¥=0Sandi=1,...,n.

Proof. For shortness set D = D(i). Choose any x € S and let A € [A], b € [b] such that
Ax = b. Define h = DA(XP - x). From -D(A — A)xP < |D(A - A)xP| < rad([A])|x?| and
-D(b - b) < |D(b - b)| < rad([b]) we get h = D(Ax? — b — (AxP - b) + D(rad([A]))|x"| +
rad([b])) = D(A — A)x? + rad([A])|xP| + D(b - b) + rad([b]) > 0. Taking into account
the definition of D(i) we obtain (x? — x); = (A~1Dh); > 0. Hence (xP); > x;. Since
x € S was arbitrary and since x” € S we finally get )_(l.H = xlp(i). Analogously one proves
H _ ,~D() 0

X; X;

We specialize our result further by considering only such inverse stable matrices [A]
whose element matrices satisfy

DA™'D >0 foreachA € [A], (5.3.25)

where D, D are some fixed signature matrices. According to (5.3.25) the matrix D[A]D
is inverse positive — see Definition 3.3.1 in combination with Definition 1.10.19. For the
corresponding interval hull only the two vectors x~2 and xP are needed.

Theorem 5.3.13. Let [A] € IR™™", [b] € IR", [x]¥ = [S. In addition, let D[A]D be in-
verse positive, where D, D are two signature matrices. Then

X = min{x‘D,xD IR X = max{x‘D,xD }.

In particular, if D = I, then x¥ = x™0, xH = xP.

Proof. First we remark that [A] is inverse stable. For the matrix D(i) of Theorem 5.3.12

we have D(i) = &iiD for each i € {1, ..., n}. Therefore, D(i) € {-D, D}, whence
xP® ¢ {x7D, xP} by virtue of the uniqueness guaranteed in Theorem 5.3.4. Now
Theorem 5.3.12 concludes the proof. O

Theorem 5.3.13 says nothing about the number of linear systems to be solved for x~?
and xP. Modifying the sign accord algorithm slightly results in a method for inverse
positive matrices [A] which is due to Beeck [64] and Barth, Nuding [59] and needs at
most n + 1 linear systems for computing [x]¥. Notice that for inverse positive matrices
the signature matrices in Theorem 5.3.13 are now D = I = D so that x = x!, xH = x!
holds. For the modified sign accord algorithm, one pass of the loop changes the sign for
all indices k which satisfy d;d(xk < 0. Moreover, the recommendation is now replaced
by solving the midpoint equation Ax = b and by initializing D' by means of the signs
of this solution.

We formulate the modification for D = —I in a way which is more suited for the
proof in our subsequent theorem. For D = I one has to replace A by A in Step 0. More-
over, there is no need to solve the midpoint equation again if already solved for D = -1I.
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In Step 1 the inequality sign ‘>’ is replaced by ‘<’, in Step 2 the vector x must read
x and in Step 3 the vector b is then b.

Algorithm 5.3.14 (Modified sign accord algorithm for D = -I).
Step 0: Put k := 0, A© := A, solve Ax = b and denote this solution by x®.
Step 1: Define A%+D by
N ()
a; ifx;” >0
ag]k+1>;= v j , 1Lj=1,...,n.
ajj otherwise

Step 2: If k > 0 and A**D = AWK set xH := x and terminate.
Step 3: Solve AKk+Dx(+D — p,
Step 4: Set k := k+ 1 and go to Step 1.

Theorem 5.3.15. Let [A] € IR™" be inverse positive and [b] € IR", [x]¥ = [0S. Then
Algorithm 5.3.14 terminates with x% = x~I = xH for some k < n. If combined appropri-
ately with the corresponding modified algorithm for computing x' = x¥, at most n + 1
linear systems have to be solved for [x]¥ (plus the initial system Ax=b ). In addition,

[A~'b,A7'D], if[b] <O,
[x]" ={ [A'b,A"'D], if[b]>0,
[A~'b,A7'b], if[b] =0

Proof. By construction of A**1 we have A®*Dx®) > Ax() forall A € [A], in particular
(AU _ AUy x(K) > 0 and (AD - A)x© > 0. Therefore, z := AK+D (x®) _ x(k+1)y —
AkD () _ p > (Ak+D _ 4(R0)x(K) > 0, where in the case k = 0 the matrix A® = A© = 4
has to be replaced by A taking into account b < b = Ax(®. Since we assumed [A] to be
inverse positive, we obtain x¥) — x(k+1) = (Ak+1y-17 > o, This implies x}kﬂ) < x;k) <
X;O) so that there is at most one k for which the j-th component of x® can change its
sign. Moreover, if x;o) is negative or zero, the j-th column of A% remains fixed during
the whole algorithm. In an analogous way, corresponding columns of A® are fixed

when computing ¥, This time x](.o) > 0 is decisive so that at least n columns (note

the special case x](.o) = 0!) remain fixed when computing both x and x. Due to the
restricted change of signs, the algorithm terminates with A**1 = A% for some k with
1 < k < n. For this k we have b = b + (-I) rad([b]) = A®Xx® = (A - (-I) rad([A])D)x®
with Dx® > 0, |D| = I. Hence x©) = x”I, and by Theorem 5.3.13 we get x/ = x#. The

remaining part of the theorem follows immediately from 0 < A1 < A~1. O

The number n + 1 in Theorem 5.3.15 cannot be decreased in general as the case n = 1
shows: Apart from the initial equation Ax(© = b at least the two equations AVx) = p
and A®x™ = p have to be solved.

Algorithm 5.3.14 can also be used for sign stable matrices [A] which fulfill (5.3.25).
Since Ax = b is equivalent to (DAD)(Dx) = Db, apply the algorithm to the inverse
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positive matrix D[A]D and the vector D[b] and use S = E[X]S' , Where [X]S' denotes
the interval hull of the system D[A]Dx = D[b].

Of course, Algorithm 5.3.14 can be applied to M-matrices [A] as particular inverse
positive matrices.

For our next result we assume that [A] has the midpoint I and is an H-matrix. Then
it will turn out that only one matrix must be inverted in order to compute [JS. At first
glance the assumptions seem to be very special. But when preconditioning [A] by its
midpoint inverse A1 one immediately obtains the particular form [A] = I + [-R, R]
with R > 0. The H-matrix property implies that R is not too large, since according to
Theorem 1.10.16 it is equivalent to p(R) < 1.

Theorem 5.3.16. Let [A] = [ + [-R, R] € IR™™", [b] € IR", p(R) < 1, M = (I - R)7%,

[x]¥ =0S. Then foreachi € {1,...,n} we have

x = min{x¥, vixH, X = max{xf, vixll}, (5.3.26)
where L o

Xi'==x{ +mi(b+1bDi, X=X +mi(b - b)),
) (5.3.27)
x; = (M(|b| + rad([b]))); = (M|[b]]);
and
Vi = Imn 1 € (0, 1].

Proof. Letie€{1,...,n} befixed. We will carry out the proof in three major steps:
(i) We prove x; < max{x/, vix{'} for each x € S.

(i) We show % = x], vixf = x! for some elements x’, X"’ of S which proves x =
max{x, v;xH}.

(iii) We prove the formula for x; using the result for Xx;.

Ad (i): Since we assumed p(R) < 1, we can use the Neumann series in order to see

M > 0 and O < MR = RM = M - I. This latter inequality implies m;; > 1, whence

2m;; — 1 > 1 and v; € (0, 1]. Define the diagonal matrix D € R™" by

1 ifj#iandb; >0,
djj=4 -1 ifj#+iandb; <0,
1 ifj=i
and let i i
b = Db +rad([b]).
Then b = |b| + rad([b]) + (b; - |bi)e® = |[b]] + (b; - |bi])e®) and

(Mb); = x; + mi(b; — |bi|) = %,
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Choose any element x € S and let A € [A], b € [b] such that Ax = b. For
% = x|+ (xi ~ Jxil)e®
we obtain
Xi = Xi = by + (I - A)x); < by +rad([b);) + (I - Allx));
= bi + (I - Allx); < bi + (RIx));
and, analogously,
%j = |xj| = 1bj + (( - A)x);| < 1b;| + rad([b];) + (II - Allx]);
< bj+ (RIx]);, j#i.
Hence % < b + R|x|, and Mx < Mb + MR|x| = Mb + (M - I)|x|. This finally yields
M(% - |x|) + Ix| < Mb. (5.3.28)

If x; > 0, then X = |x|, and from (5.3.28) we get x; = |x;| < (Mb); = X If x; < 0, then
(5.3.28) implies

2mii — )xi = mi(x; — xil) + Ixil = (M(X = [x]); + x| < (Mb); = %1,

whence x; < vix!. This completes (i).
Ad (ii): Choose
x' =DMb, x" =DM(b - 2v;xRe®).
From
(I- DRD)x' = DMb -~ D(M - )b = Db = b + Drad([b]) € [b]
we see that x' € S. Define the diagonal matrix D' by dj; = -1 and dj; = dj; for j # i.
Then
(I-DRD')DM = DM — DR(I - 2e® (e T)m
= DM - D(M - I) + 2DRe® (e®)"M
=D + 2DRe (e M,

hence

(I-DRD")x" = (D + 2DRe™ (e TM) (b - 2v;x Re™)
= Db + 2% DRe" (~v; + 1 - 2vi(my; - 1))
= Db = b + Drad([b]) € [b].
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This proves x”’ € S. From (e))TD = (e®)T we get

x! = (eMTx" = (e)TDMb = ()" Mb = (Mb); = %

1

and analogously

xi' = % - 2vigl (e MRe = % — 2v;%H (e)T(M - 1™

= )?{{ - 2v,-)?fl(m,-i -1)= Vi)ZIH.
Together with (i) this proves (ii).

Ad (iii): Apply the formula for )_clH to the interval linear system [A]x = —[b] with the
solution set S~ = —S. Then we obtain max{x; | x € S~} = max{X;, viX;}, where X; =
X} +m;i(~b — |B); = —x!. The formula for x! follows now from

ng =min{x; | x € S} = —max{-x; | x € S} = —-max{x; | x € S}

= —max{-x, —vix¥'} = min{x, vix}}. O

~1

Exercises

Ex. 5.3.1. Compute S for the interval linear system [A]x = [b] with

(B4 [-2,-1] (115, 30]
@ [A]"([—3,—2] (7, 8] ) [b]‘([3o,601>'

(26 [-1,1] _(1-3,-9]
(b) “”-4([-1,1] [2,6]), [m_( o )

Ex.5.3.2. Let [A] € IR™", [b] € IR", p(|A~*|rad([A])) < 1. Show that the solution
set S of [A]x = [b] satisfies S < S ¢ [z, z] with z = (I - |A™| rad([A]))"*(JA~1b| +
|A=1| rad([b])) = 0.

Hint: Prove S ¢ [-z, z]. To this end start with Ax = b, A=A +A € [A], b = b+
6 € [b].

5.4 Direct methods
The interval Gaussian algorithm — basics

In numerical analysis the Gaussian algorithm is a popular method for solving linear
systems of equations Ax = b with regular, nonstructured and moderately-sized ma-
trices A. Although we assume that the reader is familiar with the Gaussian algorithm,
we repeat the essential ideas in order to apply them to interval linear systems later on.
We first describe the algorithm in its standard form, i.e., without interchanging rows
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or columns. We start with a linear system in matrix-vector form

ai; Aai2 ... Qin X1 by
az; dz2 ... dpn X2 b,
an1 anz “ e ann Xn bn

in which we will eliminate the variable x; in all equations except the first one. To this
end we multiply the first equation by 7 an and subtract it from the i-th equation. This
requires a1 # 0, of course, and results 1n a linear system

ap; a4i2 ... Qin X1 b1
2 2 2
0o o o dd )\ [n) [
o @ . 42/) \x/ \b®
with
2 ail .
a’('j):aij_ai ayj, i,j=2,...,n,
P =bi-—Lby, i=1,...,n.
a11
For a more systematic description we set in addition AV = (af 1)) =A, bV = (bWY) =
and afy) =afj forj=1,...,n,aP =0fori=2,...,n, b? = b(1 If no division by zero
occurs, thlS ehmlnatlon process can be repeated. It produces a sequence of equivalent
linear systems A®Xx = p®  k=1,...,n, ie., systems with the same solution as the

initial one, Ax = b. The matrix A™ is upper triangular so that the last system can
be easily solved starting with the last equation. It is obvious that this process is only
feasible if

akk #0, k=1,...,n. (5.4.1)
Assume (5.4.1) for the moment and let
1 0]
121 1
Li=| . U:=AM
Ly ... Lyna 1
with
(k)
I | S
lix a(k) i=k+1,...,n
kk

It is well known that A = LU holds and that the matrices L, U are uniquely determined
by this representation of A if one requires the upper, respective lower triangular form
for L and U with the ones in the diagonal for L. The Gaussian algorithm can be briefly
described in three steps.
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Step 1: Compute L and U. (LU decomposition)
Step 2: Solve Ly = b. (Forward substitution)
Step 3: Solve Ux =y. (Backward substitution)
A closer look reveals y = b™. If a = 0 occurs, the elimination process must be
(k)

modified. For regular matrices A, one can show that there is always an entry a;,
i > k, which differs from zero. Interchanging the i-th and k-th equation allows the
elimination to continue. The (eventually modified) entry a%{) is called the pivot ele-
ment. Choosing agj() according to some rule is called pivoting. One frequently selects
as the pivot element the one that has the largest absolute value of the entries al(k),
i=k,...,n.Fornumerical stability this is even done if originally a(") # 0. The change
of order of the equations can be described by means of a premultlplication with a
permutation matrix P so that PA = LU holds. Again L, U are unique if P is fixed. In
passing we note that for singular systems matrices P, L, U always exist and can, but
need not be unique for fixed P. The latter can be seen by the simple systems

X1+x2 =0, 0x1 +2x5 =0,
and

X1 +x2 =0, 0x1 + 4x5 =0.

Now we apply the Gaussian algorithm to interval linear systems [A]x = [b] with a
given regular interval matrix [A] € IR™" and a given interval vector [b] € IIR". We
define [A]® e TR™, [p]® = ([b]*) € IR, k =1, ..., n, and [x]¢ = ([x]) € TR
analogously to the point case by

(A1 = (4], [b]V = [b],

[a]l]’ izl,---,k,j=1,...,n,
X [a]®. [a]<k) ' .
[a]l(.j+1): [a]i;{)_[k]W’ i=k+1,...,nj=k+1,...,n,
0 otherwise
(k) .
(b];, i=1,...,k,
k i
[b]l(' W= () _ laly @ . k=1,...,n-1,
[b]z la ]Zk) [b]k , i=k+1,...,n,
kk
W8 = (1 - 3 (@P WP, i=nn-1,..,1. (5.4.2)

j=i+1

The construction of [x]€ is called the interval Gaussian algorithm (without pivoting).
Obviously, [x]¢ exists if and only if O ¢ [a](k) for k = ., n. In this case we say that
the algorithm is feasible. If emphasis is laid on the dependence on [A] and [b], we
use the notation [x]¢ = IGA([A], [b]).

Now we represent [x]% as a product of some matrices and [b]. To this end we
define the diagonal matrices [D]®, k =1, ..., n, the lower triangular matrices [L]®
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and the upper triangular matrices [U]®), k=1,...,n-1, by

1 ifi=j+k,

() ._ 1 ge s
[d];;” = T ifi=j=k,
0 otherwise,
! =, 1 ifi =],
(k) lal) e . ) . 0 . )
[y = ‘[a]zﬁ; ifj=k<i, [uly” = —[a]ﬁq.) ifi=k<j, (5.4.3)
0 otherwise, 0 otherwise.

Following the elimination process one sees that

[(x19 = [DIVAUIP (DI (VD (. ... (UI" P (DI (LI ..
C - ((LIPAL D) ) - ) (5.4.4)

and
[b]® = [L)PLI*D( .. (L1D[B])...)

holds. The multiplication with the matrices [L]®) describes the forward substitution,
while the multiplication with the matrices [D]®, [U]® determines the backward sub-
stitution.

For later reasons we introduce the matrices

IGA([A]) = [DIP U1V (DD (U1 .. (U1 V(D)™ (L)Y ..
L (L1PILIDY )0 (5.4.5)

and

I[A1] = [[D1D] - (U1 D] - [D]?] - [[U]P)] - - [[U] V] - (D] ™)
x L] D] L)@ - (L)) (5.4.6)

where [[A]¢| coincides with the corresponding symbol in Neumaier [257]. It can be
interpreted as a measure for the relative width of IGA([A], [b]) when compared with
a = | |[b]] |- Indeed, by (5.4.4) we get

IGA([A], [b]) < IGA([A], a[-1, 1]e) = aIGA([A], [-1, 1]e) = al[A]®| [-1, 1]e,
whence rad(IGA([A], [b]))/a < |[A]|Ce if [b] is not degenerate. In addition,
IGA([A])] < |[A]°] (5.4.7)

and
IGA([A]) = IGA(A) = A™! if[A] = A is degenerate, (5.4.8)
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where (5.4.8) follows from
(IGA([A])).; = IGA([A], eV) = IGA(4, e) = (A71). ;.

There is another way to access to [x]¢ due to Neumaier [257] using the Schur com-
plement. To this end consider the block form

T
[A] = G‘dl}ll 5]]’> with [c], [d] € IR™ L.

IfO ¢ [a]11, then Z([4]) = [A] - [a%u [d][c]T € IR™-V*("-1) jg called the Schur com-
plement of [A]. It is not defined if O € [a]1;.
We call ([L], [U]) the triangular decomposition of [A] € IR™" if either n = 1,

[L]=1,[U]=[A]3#0o0r

B 1 0 _(lalu [C]T)
[L]_<[d]/[a]11 [L]')’ [U]‘( o )

where 0 ¢ [a]11 and ([L]’, [U]') is the triangular decomposition of X([A]).
If this triangular decomposition exists, then

[x]¢ = IGA([U], IGA([L], [b))),

which means solving two triangular systems as forward and backward substitution.
With the entries from (5.4.2) we have

1 0}
(M1 1
(L] = .. . (5.4.9)
[I]nl e [l]n,n—l 1

(k)
with [ = [% for i > k. Similarly,
Ak

(ulin ... [ulin
(U] = .. : (5.4.10)
0 [Uulnn

with [uly; = [a)}’ = [a]{} for j > k. Obviously,

(L] = [LIVLIPD (... (L)AL D L)1) .. 0) (5.4.11)

if one defines [L]™ as [L]® in (5.4.3) with the minus signs reversed to plus. For point
matrices A, the corresponding matrix L% is just the inverse of LX) and L is the cor-
responding lower triangular matrix of the LU decomposition of A. Similarly,

[U] = (DI™ U™ VD1V (... (012 (D1P(T1V[DID)))...)) (5.4.12)
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if one defines [U]%® as [U]® in (5.4.3), again with the minus signs reversed to plus,
and if one changes 1/[a]§!;<) into [a]g;() in [D]® in order to get [D]%X. Since ([L]) =
[T L1P) and ([L1R)~1 = [[L]®] we have

n-1
(Lt = Tie1 ™.
k=1

Similarly, ([U]) = ([D]™) - [Tx_; (((T1P) - ([D]"W)), whence

n-1

(Ut = (1‘[
k=1

(ItD1® - |[U1<k>|)) -|[D1™].

This proves
IA1C] = (LU (L)Y, (5.4.13)

which coincides with Theorem 4.5.1 (iii) in Neumaier [257].

For degenerate matrices A, the matrix U is the corresponding upper triangular
matrix of the LU decomposition of A. But notice that for interval matrices [A], only
[A] ¢ [L][U] holds.

Now we list some elementary properties of IGA([A], [b]) and IGA([A]).

Theorem 5.4.1. Let [A] € IR™", [b], [c] € IR", and let D € R™" be a regular diagonal

matrix.

(@) If IGA([A], [b]) exists and [A] < [A], [b] C [b], then IGA([A], [b]) exists and is
contained in IGA([A], [b]). (Subset property)

(b) IfIGA([A], [b]) exists, then the Gaussian algorithm is feasible for each pair (A, b) €
([A], [b]). In particular, the solution set S of [A]x = [b] is enclosed by IGA([A], [b]).

(Enclosure property)

(c) The existence of IGA([A], [b]) does not depend on [b]. It is guaranteed if and only
if IGA([A]) exists.

(d) IGA([A], a[b]) = aIGA([A], [b]), a € R. (Homogeneity with respect to [b])

(e) IGA([A], [b] + [c]) € IGA([A], [b]) + IGA([A], [c]). (Subadditivity)

(f) IfIGA([A], [b)) exists, then IGA([A]D, [b]) and IGA(D[A], [b]) exist and satisfy

IGA([AID, [b]) = D"V IGA([A], [b]), IGA(D[A], D[b]) = IGA([A], [b)).
(Scaling)
() If [A] = A € R™", then IGA([A], [b]) = IGA(A, [b]) 2 A~L[b]. If, in addition,
rad([b]) < arad([c]) holds for some a € R", then rad(IGA(A, [b])) < arad(IGA(A,
[c])) follows.

(h) If[b] = b € R", then IGA([A], [b]) = IGA([A], b) < IGA([A]) - b.
Proof. (a), (b) follow from the subset property of the interval arithmetic, (c) is immedi-

ate and (d)—(h) can be seen from (5.4.2)—(5.4.5), and properties of interval arithmetic;
cf. Chapters 2 and 3. O
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Theorem 5.4.2. Let IGA([A]) exist for some [A] € TR™",

(@) If [A] < [A], then IGA([A)]) exists and satisfies IGA([A]) < IGA([A]). In addition,
I[A1°] < |[A]°] holds.

(b) For A € [A] we get

A1 € IGA([A]) and A7 < |IGA([A])] < |[A]°]. (5.4.14)

In particular, [A] is regular.
(© If p(II -IGA([A]) - [A]]) < 1 or p(d(AGA([A])) - [[A]]) < 1, then IGA([A]) is regular.
(d) IGA([A)]) is a Lipschitz continuous interval function of [A] < [A]. In particular, there
is a positive constant y depending on [A] only such that

IdAGA([AN)lleo < YIA([AD oo (5.4.15)
holds for all matrices [A] < [A].

Proof. (a) follows from the inclusion monotony of the interval arithmetic.

(b) follows from (a), (5.4.7), and (5.4.8).

(c) Let C € IGA([A]), A € [A], [M] =1 -1GA([A]) - [A].

If p(|[M]]) < 1, then p(I - CA) < p(|[M]]) < 1, hence the Neumann series of I - CA
is convergent and represents (I — (I - CA))~! = (CA)~!. Therefore, neither of the factors
C and A can be singular. In particular, IGA([A]) is regular.

Now let p(d(IGA([A])) - [[A]]) < 1. For fixed i,j € {1, ..., n} there is an element
mjj € [m];; which satisfies |;;| = |[m];;]. By Theorem 4.1.5 one can find matrices S ¢
IGA([A]), T € [A] which depend on i, j such that r;; = (I - ST);; holds. Hence

|[m]il = 1T = STl = (T = )Tl < (T~ = S| - T)) < (AAGA([AD) - I[AlDyj

follows and implies p(|[M]]) < p(d(AGA([A])) - [[A]]) < 1. The regularity of IGA([A]) is
now an immediate consequence of what we have already proven.

(d) As (5.4.2), (5.4.3), and (5.4.5) show, the entries of IGA([A]) are rational functions
of the entries [a];; of [A]. Transforming IGA([A]) and [A] column by column equiva-
lently into two vectors of dimension m = n? one can apply Theorem 4.1.16 in order to
see that IGA([A]) is a Lipschitz continuous interval function of [A] < [A]. In particular,
by virtue of Theorem 4.1.18 (a) we get max;,j d( (IGA( [A] ))ij) < ymax; j d([a];;), whence

IdAGA([A])) oo < nmax d((IGA([A]))yj) < ny max d([alyj) < nyld([A]Dlco-

This proves (5.4.15) when replacing ny by y. O

Notice that by the norm equivalence the row sum norm || - ||, in (5.4.15) can be replaced
by any matrix norm.
Without the assumption in Theorem 5.4.2 (c) the matrix IGA([A]) can be singular,

as the example
(4] = ([1,12] [—2,1—1]>

shows; cf. Exercise 5.4.2.
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The interval Gaussian algorithm — feasibility

We address the feasibility of the algorithm, i.e., we derive criteria which guarantee the
existence of [x]¢. We start with a necessary and sufficient criterion which assumes [A]
to be degenerate so that according to Theorem 5.4.1 (b) we obtain a classical feasibility
criterion.

Theorem 5.4.3. Let [A] = A e R™",i.e., let [A] be degenerate, and let [b] € IR". Then
[x]C exists if and only if each leading principal submatrix Ay = (ajj)i j-1,....k> k < n,is
regular.

.....

Proof. The LU decomposition of the Gaussian algorithm applied to A; produces the

same entries a', i,j > k, as the LU decomposition for A.

ij

‘<": Since [x] exists we obtain 0 # al)a$?) --- al¥) = det Ay . Therefore, Ay is regular.

‘=’: Since A; = (ay1) is regular we have 0 # a1;. Hence the matrix A® exists and
satisfies a{}) # 0. Assume now that A%~ exists and satisfies a{) # 0 fori=1,...,
k- 1.Then A® exists. If al) = 0, then det Ay = a{})a%) --- a{®) = 0 which contradicts
the regularity of Ax. The proof concludes by induction. O

Corollary 5.4.4. Let [A] = A € R™" be an H-matrix and [b] € IR". Then [x]€ exists.

Proof. Since A is an H-matrix there is a positive vector u € R" such that (A)u > 0.
Shortening u correspondingly shows that each leading submatrix Ay fulfills an anal-
ogous inequality and is therefore an H-matrix. From Corollary 1.10.17 we know that Ay
is regular, hence Theorem 5.4.3 concludes the proof. O

Since A"1[A] = I + [-R, R] =: [A] with R = |A~1|rad([A]) we can precondition any
regular interval linear system [A]x = [b] by the midpoint inverse in order to end up
with a new system with a matrix of the form [A]. This is the reason why we are going
to consider interval systems with such matrices. But notice that preconditioning by
the midpoint inverse can increase the solution set since [A] usually does not coincide
with the set {A"1A | A € [A]}. As an example choose

C(1L3] [-3,-1] _(10,2]
“”‘([1,31 1, 3] ) [b]‘<[o,21)'

i1 11 1 i-1r47_ 1( 11,31 [-1,1]
A _4<—1 1)’ A [A]_2<[—1,1] [1,3])’

Alp] = 1([0,2] )

Then

T 2\[-1,1]

and x = (-1, -1)7 satisfies (A"1[A])x N A~1[b] # 0 but [A]x n [b] = 8. Hence by Theo-
rem 5.2.2 the vector x belongs to the solution set of the preconditioned system but not
to that of the original one.
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Theorem 5.4.5. Let O < R € R™", [A] = I + [-R, R] € IR™", [b] € IR". Then the
following conditions are equivalent.

(@) [x]€ exists,

(b) I-R isan M-matrix,

(© p(R) <1,

(d) [A] isregular,

(e) [A] is strongly regular (as defined after Example 3.1.3),

(f) [A] is an H-matrix.

Proof. The equivalence of (b) and (c) follows from Theorem 1.10.21 with A = I - R,
(M, N) = (I, R). The equivalence of (d) and (e) is trivial since A=1.

‘(b) = (f) = (d) = (c)’: Let(b) hold. It implies 1 — r;; > 0, whence {[A]) =I - R isan
M-matrix, i.e., [A] is an H-matrix as in (f). Now let (f) hold and choose A € [A]. By the
Definition 3.3.1 4 is an H-matrix which is regular by virtue of Corollary 1.10.17. Hence
[A] is regular as stated in (d). In order to deduce (c) from (d) assume p := p(R) > 1.
Choose u > 0 such that Ru = pu holds. Then (I - (1/p)R)u = 0, hence I — (1/p)R ¢
I+ [-R, R] = [A] is singular and so is [A], contradicting the assumption (d).

‘(@) = (d)’: To this end choose any matrix A € [A]. Since [x]C exists for [A] it also
exists for 4, hence A is regular, and so is [A]. For the implication ‘(b) = (a)’ first note
that according to Corollary 1.10.5 the matrices I — aR are M-matrices for 0 < a < 1,
hence by Corollary 5.4.4 the interval Gaussian algorithm is feasible for them. Denote by
(I - aR)® the matrices of this algorithm corresponding to [A]%X). Then the continuous
function f(a) = (I - aR)™)) is positive. Otherwise f(0) = 1 > O implies that f(a) = 0
for some a € (0, 1], which contradicts the feasibility for the matrix I — aR. Using the
formulae in Theorem 2.3.3 and Theorem 2.4.2, the particular form of [A] implies

([A10)y = (AR = (1 - RYP. (5.4.16)

for k=1,...,n byinduction. Hence [x]C exists. O
For general H-matrices Alefeld proved in [7] the following sufficient criterion.

Theorem 5.4.6. If [A] € IR™" is an H-matrix, then [x]C exists for any [b] € IR", and
[A1C] < ([A])~* holds.

Proof. Since O ¢ [a];; the diagonal matrix D = diag(di1, ..., dnn) € R™" is regular.
Define

rad([a];;), ifi=],

[[aljl, ifi#j.

Since [A] ¢ [B], ([A]) = ([B]) the matrix [B] is an H-matrix, too. Hence [B] is regular
and the same holds for the matrix D~[B]. Since D1[B] = I + [-R, R] with R = |[D71|R,
Theorem 5.4.5 applies and guarantees the existence of IGA(D~1[B], D~1[b]). From The-
orem 5.4.1 we obtain the existence of IGA([B], [b]) and that of [x]¢ = IGA([A], [b]).

[Bl=D+[-R,R] with 7 = {
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In order to prove the inequality of the theorem we remark first that the inclusion
monotony of interval arithmetic guarantees |[A]¢| < |[B]¢|. With [B] = [BID ! =1+
[-R, R], R = RID™!| one gets ([B]®) = (I - R)® = ([B]) by virtue of (5.4.16) with
[B], R instead of [A], R. Here the superscripts indicate the intermediate matrices of
the interval Gaussian algorithm as defined in (5.4.2).

Now we compute ([L], [U]) in (5.4.9), (5.4.10) for [B], similarly ([L], [U]) for [B],
and (L, U) for ([B]) = I - R. Then we obtain [U] = [B]™, whence ([U]) = ([B]™) =
(BY™ = (I - R™ = U. Similarly, [l]x = (b1 /[b]® for i > k, whence —|[l];| =
-|BIPI(BIRY = ((B)YK, i > k, and ([L]) = L. Now (5.4.13) implies

IBIC| =[O LY =0 L =LO) = -R = (B!

since LU is the LU decomposition of I — R = ([B]). From the formulae (5.4.2) of the
interval Gaussian algorithm one sees as in the proof of Theorem 5.4.1 (f) that [B] = [B]D
implies [B]®® = [B]® D, whence [L] = [L], [U] = [U]D. Similar to that above, one ends
up with

I[BIC] = (UL = ((OD) (L™ = ([UDID) (L)
=|DI"YLO)™ = IDI7N([B])™ = ([BID)™* = ([B])*,

which terminates the proof. O

Theorem 5.4.6 at once implies the following corollary, since there all matrices are H-
matrices by Theorem 3.3.5.

Corollary 5.4.7. If [A] € IR™" and [b] € IR", then [x]€ exists in each of the following
cases.

(a) [A]is an M-matrix.

(b) ([A)]) is strictly diagonally dominant.

(c) ([A)) isirreducibly diagonally dominant.

(d) ([A)) is regular and diagonally dominant.

(e) [A] is aregular triangular matrix.

Recall that all matrices [A] with ([A])u > O for some positive vector u are H-matrices,
thus [x]¢ exists for them. If ([A]) is irreducible, by virtue of Theorem 1.10.6 this crite-
rion can even be weakened to ([A])u > 0, if at least one component of this product is
positive. If one weakens this condition further, additional assumptions are necessary
for the existence of [x]€. This will be shown now. We will consider matrices [A] with
an irreducible comparison matrix and ([A])u = O for some u > 0. According to Theo-
rem 1.10.13 such matrices are no longer H-matrices, but are close to them because they
belong to their boundary. We start with some auxiliary lemmas.
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Lemma 5.4.8. Let [a], [b], [c], [d] € IR with O ¢ [d]. Define [a]' € IR by

[b] - [c]

[a]” = [a] - T

and s by s = sign(a) sign(B) sign(c) sign(a). Then the following assertions hold.
(@) The inequality
[[b]] - |[c]|
al'l < |[a]| + ——— 5.4.17
I[a]’| < |[a]l {an ( )

holds. Moreover, equality is valid in (5.4.17) if and only if

s#1,ie,s<0. (5.4.18)
In this case
sign(d’) = { Slgn(‘f)’ . a0 (5.4.19)
—sign(b) sign(¢) sign(d), ifa = 0.
(b) The inequality
' [[b]l[c]
([a]) =z {[a]) - D (5.4.20)
holds. Moreover, if
[[b1ll[c]l
> , 4.21
(la]) = 1 (5.4.21)
then equality is valid in (5.4.20) if and only if
s+-1, ie,s>0. (5.4.22)
In this case
sign(d') = sign(d), provided [a]’ # 0. (5.4.23)
Proof. Let
_ [bllc]
0= "ar
then b1 [c]]
c
="
by Theorem 2.4.2.

(a) The inequality follows directly from Theorem 2.4.2. By Theorem 2.4.4 we get

Ila]’| = 1’| + rad([a]")
= |d - {| + rad([a]) + rad ([£])
=a -t - (al + &) + |[all +|[t]].

Therefore, equality holds in (5.4.17) if and only if

| — & = |al + 8,
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ie.,
sign(d) = 0, or sign(f) = 0, or sign(d) = — sign(f) # O. (5.4.24)
By Theorem 2.4.4 we obtain s = sign(d) sign(f), hence (5.4.24) implies s # 1, and vice
versa.
Again by Theorem 2.4.4 we get

sign(d’) = sign(a - ),

thus (5.4.24) proves (5.4.19).
(b) The inequality follows from Theorem 2.4.2. If [¢t] = 0, then [a]’ = [a], hence
(5.4.21)—(5.4.23) hold. Therefore, let [t] # 0. Together with (5.4.21) this implies

([al) = I[t]] > O, (5.4.25)

hence O ¢ [a] and (a > |[t]| or —a = |[t]|); thus O ¢ int([a] - [t]) = int([a]"). By Theo-
rem 2.4.4 we get

([a]'y = |a'| - rad([a]’) = |a - & - (rad([a]) + rad([t]))
=la -t - (al - &) + ([a]) - I[t]].

Therefore, equality holds in (5.4.20) if and only if
la -t =lal -, (5.4.26)

i.e., f = 0 or sign(d) = sign(f). This implies (5.4.22), and vice versa. In order to prove
(5.4.23) for [t] # 0 (and equality in (5.4.20)) we first consider the case of two degenerate
intervals [a] and [¢t]. Then |d| = ([a]) # |f| = |[t]| because of [a]’ # 0 and (5.4.22), hence
|a| > |{| follows from (5.4.25) in this case. If [a] or [t] are not degenerate, then |d| > |f|
follows directly from (5.4.25). Thus in both cases Theorem 2.4.4 (c) and (5.4.26) imply
sign(a’) = sign(d - ) = sign(a). O

It is obvious that sign(a) determines whether |[a]| = |a| or |[a]| = |a| holds.

Lemma 5.4.9. Let [A] € IR™" have a comparison matrix which is irreducible and sat-

isfies ([A])u > O for some positive vector u. Then

(@ ([ali)>0,i=1,...,n.

(b) The Schur complement X({[A])) of ([A]) exists and is irreducible, provided that
nzx3.

Proof. (a) If n = 1, the assertion follows from the definition of the irreducibility. For
n > 1 and any index i, there is an index j = j(i) # i such that [a];; # O, hence

0 < ({(A)u); < ([aliyu; — |[alilu; < ([ali)u;.
(b) The existence of X({[A])) follows from (a). Choose any two indices i,j €
{2,...,n},assuming i # j. Then

|lali1| |[a]yl

@\ = _I1als| -
(LAD)i = -Ilalyl m
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thus
([AD®);j < 0 = [a;; # 0 or ([alix # O and [aly; # 0). (5.4.27)

Choose a shortest path in the directed graph G({[A])) which connects the node i to
the node j, say,
i=ti] > i) >+ —>is 1 —is:=]. (5.4.28)

Casel,ij# 1forallle{1,...,s}: By (54.27) (({AD@)ii,, #0, L =1,...,5 -1,
hence (5.4.28) is a path in G({[A])®) which connects the node i to the node j.

Case 2, i; = 1 forsomeindex [ € {1,...,s}: Since the path of (5.4.28) is of minimal
length, [ is the only index for which i; = 1. Then ! ¢ {1, s} and [a];, ,1 # O, [a]1i,, # O,
hence ({[A])®);_, i,., < O by (5.4.27). Therefore, the path

i=ip >l > ol >y > —>is=j

connects the node i to the node j in G({[A])?®).

Thus we have shown that for any nodes i,j € {2, ..., n}, i # j, there is a path
in G(([A])®) connecting i to j without containing the node 1. By concatenating the
paths from i to any node [ € {2, ..., n} and from [ to i, this assertion holds also for
the case i = j. Hence, any two nodes are connected in G(Z([4}y) and thus X)) is irre-
ducible. O

We are now ready to study matrices [A] with a singular comparison matrix as de-
scribed above.

Theorem 5.4.10. Let [A] € IR™", n > 2, and let [b] € IRR". Assume that ([A]) is irre-
ducible and satisfies {[A])u = 0 for some positive vector u. If

o L L L 1 ifio #jo
sign(di,j,) - sign(di,k,) - SigN(dxyk,) - SiEN(dkyj,) = o (5.4.29)

-1 ifio =jo

for at least one triple ig, jo, ko € {1, ..., n}, ko < io, jo, then [x]C exists.

Proof. W.l.o.g. we may assume that all nondiagonal entries [a];; of [A] are zero-
symmetric intervals as long as (i, j) ¢ {(io, jo), (io, ko), (ko, jo)}. If they are not
zero-symmetric from the start, replace them by —[|[a];l, |[a];|]. This does not change
the assumptions and may enlarge [A], but simplifies the proof. By virtue of Theo-
rem 1.10.12 the matrix ([A]) is a singular M-matrix. According to Theorem 1.10.13,
each of its (n — 1) x (n — 1) principal submatrices is a regular M-matrix, hence the
corresponding submatrices of [A] are H-matrices. Therefore, the matrices (AY® and
[A]® of the interval Gaussian algorithm exist for k = 1, ..., n and satisfy

0=([AD§ while0 < ([A) fork<n, j=1,...,n. (5.4.30)

Moreover, by our additional assumptions and by induction one sees that for k =
1, ..., ko the following properties hold:



204 — 5 Linear systems of equations

(i) The signs of the entries of A) are the same as the corresponding ones of 4, since
[a]glg)[a];’f)/[a]gg is zero-symmetric for k < ko.

(i) ([A]®) =([A])® by the same reason and Lemma 5.4.8. In addition, ([A]®)u =0,
since ([A])®y = Lil[(;]l;([A]("‘l))u. Here L((l[)A]) is defined for ([A]) analogously to
(5.4.3).

(iii) By Lemma 5.4.9 the Schur complements of the matrices ([A])® remain irreducible
(with the restriction k < ko in the case kg = n - 1).

Therefore, the assumptions of the theorem hold for the entries of [A]%0) if the irre-

ducibility is required for the submatrix Z([A]%o—D) = ([a]g((’))i,j:ko ,,,,, » only. If ko <

n — 1, then (5.4.29) (for [A]*) instead of [A]) together with Lemma 5.4.8 implies

([A]%*o+Dyy > 0, (([A]%+DYy); > 0, hence X([A]*)) is an H-matrix by virtue of The-

orem 1.10.6, and [x]€ exists. Notice that (5.4.21) is fulfilled by (5.4.30) and property (ii)

above. If ko = n - 1, then ig = jo = n. From Lemma 5.4.8 together with (5.4.30) we get

([a]f{;l)) > 0, whence [x]¢ exists again. O

Example 5.4.11. Define [A], by

2 1 -1
[Ala = [a,1] 2 -1, whereae[-1,1].
[-1,1] -1 2

[A]q is not an H-matrix since ([A],) is singular with ([A],)e = 0. For a # -1 the sign
matrix
Sia) := (sign(ay)) € R**3

is given by
1 1 -1
Su=({1 1 -1
0 -1 1

Then (5.4.29) is fulfilled for (ig, jo, ko) = (2, 3, 1), and by Theorem 5.4.10, IGA([A]q, [b])
exists for a € (-1, 1] and any [b] € IR".

For a = -1, condition (5.4.29) is not fulfilled. Each element matrix A € [A4] is reg-
ular since

2 1 -1
detf « 2 -1 |=6-a+B=24+0, a,Bel[-1,1].
B -1 2

Moreover, the Gaussian algorithm is feasible for any matrix A € [A]_; by virtue of
Theorem 5.4.3. But [x]¢ = IGA([A]-1, [b]) does not exist since [A]_; and

2 [-1,1] -1
[B] :={ [-1,1] 2 -1
-1, 1] -1 2
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produce the same Schur complement X([A]-1) = X([B]). This is due to the equality
([A]-1)21([A]-1)12 = [-1,1] - 1 = [-1, 1] - [-1, 1] = [b]21[b]12.

The products occur when computing ([A]_1)® and [B]?, respectively. Since ([B]) €
[B] and ([B])e = 0, the matrix [B] contains a singular matrix, hence IGA([B], [b]),
and therefore IGA([A]_1, [b]) cannot exist. O

The second part of the preceding example suggests that the criterion (5.4.29) is neces-
sary and sufficient for the existence of [x]°.
On the other side the matrix

2 2 0
[A]=]l 0 2 2 (5.4.31)
2 0 [2,4]

shows that this expectation is wrong. Difficulties arise if d;; = 0. These zeros can
disappear in a later stage of the algorithm. Therefore we will associate with [A] an
extended sign matrix S’ which takes this change into account. In fact we update the
signs s;; whenever (i, j) becomes an edge for the first time in the directed graphs
G(mid(Z([A]®))), which can be interpreted as some sort of elimination graph (cf.,
however, Definition 5.4.21 below).

Definition 5.4.12. Let [A] € IR™" and define the sign matrix S by s;; := sign(a;;). Then
the extended sign matrix S’ is defined by the following process

S':=S
fork:=1ton-1do
fori:=k+1tondo
forj:=k+1tondo
: ! ! ! ! !
if Sij = 0 then Sij = ~SiSkiSkj -

Introducing this extended sign matrix S’ in Theorem 5.4.10 yields the following equiv-
alence.

Theorem 5.4.13. Let [A] € IR™™", n > 2, and let [b] € IR". Assume that ([A]) is ir-
reducible and satisfies {[A])u = O for some positive vector u. Then [x]¢ exists if and
only if
1, ifi+j
slsl gl ¢l = (5.4.32)
ij ik* kk* kj 1, ifi:j
holds for at least one triple ig, jo, ko € {1, ..., n}, ko < io, jo, with S' as in Defini-
tion 5.4.12.

The proof of this theorem can be found in Mayer, Pieper [220] together with Mayer
[214]. Tt is essentially based on a relation between slf]. and sign(&g()) and uses ideas
involved in the proof of Theorem 5.4.10.
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For the matrix in (5.4.31) we get

1 10
S=10 1
1 -1

Therefore, (5.4.32) holds for (io, jo, ko) = (3, 3, 2), and [x]¢ exists.
Replacing [a]s3 = [2, 4] by [al33 = [-4, —2] results in

1 1 0
S=lo0o 1 1
1 -1 -1

and (5.4.32) does not hold as one can easily check. Therefore, [x]¢ does not exist.

The Theorems 5.4.10 and 5.4.13 were formulated for ([A]) being irreducible. This is not
a severe restriction as the following discussion shows.

Definition 5.4.14. Let [A] € IR™" and let 77 be a permutation with corresponding per-
mutation matrix P € R™" such that Rja} = ([R]st)s,¢=1,...,r = P[A]PT is the reducible
normal form of [A] as defined in Section 3.2. Let P be chosen such that the order of the
rows in the individual diagonal blocks [R]ss, s = 1, ..., 1, is the same as in [A], i.e.,
if i1 < i, holds for two row indices i1, i, of [A] = ([a];) with 7(i1), r(i,) belonging
to the row indices of [R]ss, then 7(i;) < m(i2). Then we say that 7 and P are ‘order
preserving within blocks’.

We illustrate this definition by the matrices

7 6 5 01 0 0 0 1
A={0 4 3], Pi={0 0 1], P,={0 1 O
0 2 1 1 0 O 1 0 O

The permutation matrix P is order preserving within blocks with

4 3 0
Ra=(2 1 0],
6 5 7
whereas P, is not. Here
1 2 0
Rsy=|3 4 O
5 6 7

Notice that the order of the blocks [R]s; themselves is not influenced by the prop-
erty defined above.

With Definition 5.4.14 we are able to formulate a result which shows how the feasi-
bility of the interval Gaussian algorithm for arbitrary interval matrices can be reduced
to that for irreducible ones.
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Theorem 5.4.15. Let [A] € IR™™, [b] € IR" and let P € R™" be a permutation matrix

which is order preserving within blocks such that Rja) = ([Rlst)s,t=1,...,r = P[A]PT is the

reducible normal form of [A]. Then the following properties are equivalent.

(i) IGA([A], [b]) exists.

(ii) IGA(P[A]PT, P[b]) = IGA(R|a), P[D)) exists.

(iii) IGA([R]ss, (P[b])s) exists for s = 1, ..., r, where (P[b])s denotes the part of P[b]
which corresponds to [R]ss.

Proof. The equivalence of (ii) and (iii) is trivial by virtue of the particular form of [R] =
(k)

R(4) and the fact that the feasibility depends only on the diagonal entries [r], .
For the implication ‘(i) = (iii)’ let I = {iy, i, ..., i;} be the row indices of [A]
which are transformed to those of any fixed block [R]ss and let I' = {i, i}, ..., i},}

be the row indices of [A] which are transformed to those of any other arbitrary fixed
block [R]ss . Without loss of generality assume s < s’. Denote by 7 the permutation
corresponding to P. Then [a];,i, = O for all indices i, € I and all indices iy el
since [a]n(i, () = 0. Therefore, if the interval Gaussian algorithm is applied to [4],
the diagonal entry in the i, -th column, i, € I, does not effect a change of the entries
lalyy if (i',j') € I' x I', and the diagonal entry in the i}, -th column does not effect a
change of the entries [a];; if (i, j) € I x I evenif i,y < ir,. Taking into account that s, s’
were arbitrary and that the order of the indices in I, I' is preserved, the feasibility of
the interval Gaussian algorithm for [A] implies that of [R]ss, [R]ss'. This proves the
implication ‘(i) = (iii)’.

The converse implication can be seen analogously using essentially the fact that
diagonal entries [a];;, [a]y» such that 71(i), 71(i") belong to different blocks in R4} do
not effect changes of each other when the interval Gaussian algorithm is applied. [

In Theorem 5.4.15 we required P to be order preserving within blocks. Without this
assumption Theorem 5.4.15 can fail, of course, even if [A] is irreducible as the example

6 -1 [-2,2]
[Al=1 -3 2 [-2,2]
3 1 4

shows. Here, the interval Gaussian algorithm is feasible for [A], while it is not for
P[A]PT with

P =

= O O
S = O
S O =

In both cases, however, the classical Gaussian algorithm is feasible for any matrix A ¢
[A] and A € P[A]PT, respectively.

Notice also that we did not exploit the reducibility of Rj4; when applying the inter-
val Gaussian algorithm. So one might think of solving the smaller system [R]11x = [b]1
with the block [b]; first, then multiplying [R];1,i=2,...,r, by the solution [x]f and
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subtracting the result from the blocks [b];, i = 2, ..., r, before repeating this proce-
dure. This is the usual way when dealing with point systems. For interval matrices this
can blow up [x]¢ as the following example shows, where [x]g1001 denotes the result of
this modified Gaussian algorithm.

1 -1 O 0
A=[1 1 o], (b1 =1 [-2,2] |,
1 -1 1 0
X6 = ([-1,1],[-1,1],0)" < (-1, 11, [-1, 1], [-2, 2])" = [x]€ 4-

Now we consider upper interval Hessenberg matrices with particular sign pat-
terns. To this end we generalize the definition of the sign of a real number onto in-
tervals.

Definition 5.4.16. Let [a] € IIR. Then the sign sign([a]) of [a] is defined by
+1 ifa >0,
sign([a]) = 1 -1 ifa<oO,

0  otherwise,

and the extended sign o([a]) of [a] # O by

+1 ifa=0,

o(lal]) =4 -1 ifa<o,

0  otherwise.
The following lemma on these signs can be seen immediately.

Lemma 5.4.17. Let [a], [b] € IR. Then the following statements hold.
(a) Ifsign([a]) = —o([b]) # 0, then sign([a] — [b]) = sign([a]).

(b) If o([a]) = —a([b]), then o([a] - [b]) = o([a]).

(©) o(la] - [b]) = o([a]) - o([b]).

(d) If O ¢ [b], then o([a]/[b]) = o([a])/ sign([b]).

Definition 5.4.18. A matrix [A] € IR™" is an upper Hessenberg matrix if [a];; = O for
i>j+1,j=1,...,n-2.

Theorem 5.4.19. Let [A] € IR™™, n > 2, be an upper Hessenberg matrix with O ¢
lali, i=1,...,nand [ali;1,; #0,i=1,...,n - 1. Then [x]® exists for any right-
hand side [b] ifforeachi=1,...,n—-1andeachj=1i+1,...,n one of the following
two (mutually exclusive) conditions holds.

(@) [alj=0=1laly=0,p=1,...,i-1;

(ii) [ali # 0 = o([ali)o([alir,j) = —o([alisa,i)o(aly).

Proof. With [A]©® :=[A] = [A]D we prove the following statements by induction on
kfork=1,...,n-1,i=1,...,n:
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(@ sign([a]f~Y) = sign([a]{) # 0.
P If [a]g“l) =0forsomeje{i+1,...,n},then [a]l(.]l‘) = 0 for this j.
(y) If [a]g“l) #0forsomeje{i+1,...,n}, then 0([a]§}<‘1)) = 0([a]1(.}‘)) for this j. In

particular, [a]g‘) #0.

Applying (a) iteratively finally yields sign([a]l(.? )) =sign([al;;) #0,i=1,...,n,whence
the existence of [x]¢ follows.

For k = 1 the statements (a)—(y) hold by virtue of the particular definition of [A](©,
Assume now that they hold up to some k < n. By the Hessenberg form and by the
formulae of the Gaussian algorithm we have [a]i’fll,}( =0 and [a]l(.}l‘“) = [a]l(.}‘) for i +
k+1andfori=k+1,j<k.Therefore, we can restrict ourselvestoi=k+1,j>k+ 1.
Again by the upper Hessenberg form we get

(k) (k) (k)
[a] lal}; [alke,k[aly;
(k+1) _ (k) k+1,k kG ) s kj
[a]k+1,j =1 ]k+1,j 7 S [alk+1,j - I — (5.4.33)
[ali (@l

If [a]g]f) = 0 holds for some j > k + 1, then [a]gﬁr*ll’]). = [a]g(’i)l’]., whence (a)-(y) are true
for this j and for k being replaced by k + 1. Assume now [a]g]f) #0forsomej>k+1.

Then

o([al}y) = o(lalk) (54.34)
by iterative application of the induction hypothesis. In particular,
[alk # 0. (5.4.35)

By the assumption of the theorem we have [a]x+1,x # O, and the induction hypothesis
yields sign([a]{}) = sign([a]x) # 0.

First we consider the case j = k + 1. From (5.4.35) we know [a]i,k+1 # O. Therefore,
from (ii) we get

0 # sign([ali) - sign([alx+1,k+1) = 0([alkk) - 0([alk+1,k+1) = —0([@lks1,K)0([Alk,k+1)s
which implies
[alkerk[al )
lali

by virtue of (a), (y), (54.34) and Lemma 5.4.17. By the same lemma and (5.4.33) this
implies (a) for k + 1.

Now we consider the case j > k + 1.If [a]x1,j = O, then (i) implies [a]; = O, which
contradicts (5.4.35). Therefore, both these entries differ from zero, and (ii) yields

0 # sign([alk+1,k+1) = —0<

sign([alkk) - 0([alk+1,j) = —0([alks1,6)0([alk)),

[alks ilally)
[aly,

Hence (5.4.33) and Lemma 5.4.17 guarantee (y) for k + 1. (Use o([a]i+1,j) = sign([a]k+1,j)

# 0 if [a]k+1,j is degenerate.) O

whence

o([alks,j) = —0<
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For upper Hessenberg matrices only one element must be eliminated in each elimi-
nation step k. Hence [A]® and [A]**D) differ only by the row k + 1. Condition (i)
says that with a zero entry all other entries further up in the same column are zero.
Condition (ii) allows only particular sign patterns for the matrices A € [A]. By virtue
of (0)—-(y) of the previous proof this sign pattern remains fixed in the upper triangle
during the whole elimination process.

If [a];; # O for some i, j with i < j, then (i) implies

[alij #0 forall kwithi< k<. (5.4.36)

If, in addition, o([a];;) = O, then o([alp;)) =0, p =i+ 1,...,j— 1, by virtue of (ii)
and induction. In particular, o([alj-1,j) = 0. This contradicts (ii) for i = j — 1 since
o([alj-1,j-1)0([alj;) # 0. Hence if the assumptions of Theorem 5.4.19 are fulfilled, no
entry in the upper triangle of [A] contains zero in its interior, i.e., either [a];; = O or
o([ali;) # O holds for i < j. Using (ii) if j = i + 1, and (ii) and (5.4.36) with k =i + 1 if
j>i+1,wealso get o([a]is1,i) # O provided that [a];; # 0. Thus o([a]i+1,i) = 0 can only
occurif [a];; =0, j=i+1,...,n, whence by (i) the whole block ([alxj)k=1,...,i, j=i+1,...,n
is zero.

Assumenow o([al;j))=1,i=1,...,n (inaddition to O ¢ [a];;) which can always be
obtained by an appropriate scaling. Then the nonzero sign pattern of [A] is completely
controlled by the signs of the entries in the first lower subdiagonal. This can be seen
for instance when starting with the last row and filling up the sign pattern row by
row. In order to illustrate the possible sign structure we assume for simplicity that no
entry in the upper triangle is zero. Then o([a];s1,;) # 0,i=1,...,n — 1. Precondition
now [A] by a signature matrix D = diag(dy, ..., ds), di = +1, from the left such that
o([al;i)) =1,i=1,...,n,as above. Then precondition from the left and the right by
a signature matrix D = diag([il, v, a,,) in the following recursive way: [11 =+1is
arbitrary. If [11, ceey c?,- are known, choose fim = +1 such that 0(&,-+1d,-+1[a]i+1,i3i) =
—1. Consider now [A] = DD[A]D. Since o([a];;) = 1 = —0([d];;1,;) condition (ii) reads
o([alis1,j) = o([alij), j=i+1,...,n, from which we necessarily get the sign pattern

+ o+ o+ ...+
-+ o+ ...+
0 - + ..o+ |, (5.4.37)
o ... 0 - +

i.e., the signs of the entries of each A € [A] are nonpositive in the first lower subdi-
agonal, positive in the diagonal, and nonnegative in the whole strict upper triangle.
Therefore, if [A] fulfills the assumptions of Theorem 5.4.19 and has no zero in the
upper triangle, then the sign pattern of its element matrices grows out from (5.4.37)
changing there the signs according to a multiplication of [A] with a signature matrix
D; from the left and a signature matrix D, from the right. Notice that by virtue of
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Theorem 5.4.1, IGA([A], [b]) exists if and only if IGA(D1[A]D,, D1[b]) exists, where
D,, D, are arbitrary nonsingular diagonal matrices from R™*".

For our next class of matrices we need the concept of an undirected graph which
modifies Definition 1.7.11 slightly.

Definition 5.4.20. The undirected graph G([A]) = (N, E) of a matrix [A] € IR™" con
sists of the set N = {1, ..., n} of nodes and of the set E = {{i, j} | [al;j # 0, i #j} of
undirected edges.

The degree deg(i) = degg([ ADG) of anode i is the number of edges which contain i.

The sequence (i, i1, ..., ix) of nodes with {i;, ij;1} € Efor [ =0,...,k-11is
called an undirected path of length k from ig to ix. If k > 3 and iy = iy while i; # ip,
forl#m,l,m=0,...,k-1,wecall this path a cycle. A graph is connected if for each

pair of different nodes i, j there is a path from i to j.
A connected graph without cycles is a tree.

Notice that by our definition E = ¢ if n = 1 and that a cycle in an undirected graph has
at least length 3. We next define a sequence of particular graphs.

Definition 5.4.21. Let [A] € IR™™", n > 2. The elimination graphs G* = (NX, EX), k =
1,...,n,associated with [A] are defined by G! = G([A]) and

NK =tk +1,...,n},
E*U = {{i,j} | i,) eN"*1 and {i, j} € E*}
U{{i,jt1i,j e N*1, i#j, and {i, K}, {j, k} € E¥}. (5.4.38)

Again E™ = ¢. Denote by [A] the trailing lower right (n — k + 1) x (n — k + 1) submatri-
ces ([a] 5;‘)),-,,-:;( ,,,,, » of the matrices [A]® occurring in the interval Gaussian algorithm.
Then the elimination graphs are the undirected graphs of [A]x if one assumes that
[a](]k”) # 0 holds for i, j > k whenever [a](k # 0. This is a very weak assumption since
only if [a ](k) = a(") # 0 is a point interval and if, in addition, a W = ([alP[a ]”‘))/[a]

holds, then this assumptlon will be violated. In any case G([A ] )isa subgraph of G"

Definition 5.4.22. We say that the matrix [A] € IR™", is ordered by minimum degree
if

deggr(k) = min{degs(i) |i=k,...,n}
holdsforall k=1,...,n

Notice that the subscript G¥ indicates that we mean the degree in the elimination
graph GX. Any matrix can be ordered by minimum degree using an appropriate si-
multaneous permutation of its rows and columns. See for instance George, Liu [118].

Lemma 5.4.23. Let [A] € R™", n > 2. If G([A)) is a tree and if [A] is ordered by mini-
mum degree, then for k =1, ...,n -1 we have

(@) Gkisa tree.

(b) deggi(k) = 1.
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Proof. We first prove (b) provided that one already knows that G* is a tree. Choose any
node i, from G* and consider the longest pathin G* which starts from iy and does not
contain any node twice. Since G* is assumed to be a tree, it is connected, hence such
a path exists and has at least length one. The node at the end of this path has degree
one since otherwise there is either a longer path with the same property or there is a
cycle which is impossible in a tree. Moreover, a node with degree zero cannot occur in
G* since a tree is connected. Now (b) follows from Definition 5.4.22.

In order to prove (a) we proceed by induction. Assume that G¥, k < n -1, is a
tree which is correct for k = 1. We first show that G¥*1 is connected. To this end let
v, w > k + 1 be two different nodes in G¥*1. Since G* is connected there is a path

(v =vo,V1,...,v; = w) in GX. Since by (b) we have degg: (k) = 1, there is exactly one
node j > k for which {k, j} € EX. Assume that our path contains the node k for some
ie{l,...,l-1}. Then vj_1 =Viy1 =j € N*1 and (v, ..., Vi—2, J, Viz2, ..., U]) iS

also a path which connects v to w in G¥. By repeating this process we can completely
remove the node k from the path. The remaining one connects v and w in G*+1.
Next we show that G¥*1 does not have any cycles. Assume to the contrary that

(v =vg,V1,...,U; =v) isacyclein G**1, Since deggr (k) = 1, the second set of the
union in (5.4.38) is empty which shows E¥*1 ¢ EX, Therefore, (v = vg, V1, ...,V0; = V)
is also a cycle in G*, which is impossible since Gk is a tree. O

After these preparations we can state another necessary and sufficient criterion.

Theorem 5.4.24, Let [A] € IR™™", [b] € IR". Let G([A]) be a tree and [A] be ordered
by minimum degree. Then [x]C exists if and only if the Gaussian algorithm is feasible for
all matrices A ¢ [A].

Proof. The necessity follows from Theorem 5.4.1(b). In order to prove sufficiency we
will show by induction that

[A]0 ={A® | A€ [A]}, k=1,...,n, (5.4.39)

holds, whence
[@l® ={al [Aclal}, k=1,...,n.

Since by assumption this latter set cannot contain zero, [x]¢ exists.

Assume now that (5.4.39) is correct up to some k < n which is certainly true for
k = 1. According to Lemma 5.4.23 we have degg«(k) = 1 for k < n. We have already
remarked above that the undirected graph of the trailing (n -k + 1) x (n — k + 1)
submatrix [A]x of [A]%¥ is a subgraph of G¥. Both facts together show that there is at
most one index [ > k such that [a]{f + 0 or [a]¥) # 0, whereas [a](P[a]¥) = 0 for all
ie{k+1,...,n}\{l}. Therefore, the formula (5.4.2) for [a]**V implies

[ = [a)}) forall pairs (i, j) # (1, D), (5.4.40)
while for (i, j) = (I, 1) we have

[alf™ = [al}) - (@] [al} /1l -
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The right-hand side is a term in which each interval occurs only once. By Theorem 4.1.5
it equals the range

{ (k) (k) )/a

(k) (k) (k) (k) (k)
a alk ay € [a] [alik }-

(k)
|a no 4 € [a]lk’ ay € [a]kl’ Ay €

Together with (5.4.40) and the induction hypothesis this proves (5.4.39) for k + 1. O

The next corollary deals with tridiagonal matrices and arrowhead matrices. These are
matrices of the structure

and

S © O X X
O O X X X
O X X X O
X X X O O
X X O O O
X © O O X
X © O X O
X © X O O
X X © O O
X X X X X

respectively, where the crosses ‘x’ denote zeros or nonzeros.

Corollary 5.4.25. For the following classes of interval matrices [A] € IR™" the assump-
tions of Theorem 5.4.24 are fulfilled.

(a) [A] is a tridiagonal matrix.

(b) [A] is a northwest—southeast arrowhead matrix.

(c) [A]isa 2 x 2 matrix.

Inparticular, [x]© exists if and only if it exists for each element matrix A € [A].

Proof. The undirected graph of a triangular matrix or an arrowhead matrix in (b) is a
tree or a union of trees. Moreover, [A] is ordered by minimum degree. A 2 x 2 matrix
is tridiagonal as well as an arrowhead matrix as in (b). O

In order to formulate an application of the preceding corollary we need the definition
of additional classes of real matrices.

Definition 5.4.26. A matrix A € R™" is called totally positive (totally nonnegative) if
each of its minors is positive (nonnegative). It is called oscillatory if it is totally non-
negative and if at least one of its powers A¥ is totally positive.

By inspecting the minors of order one it is obvious that totally positive (totally non-
negative) matrices are, in particular, positive (nonnegative) matrices in the sense of
Definition 1.9.1 (b).

Corollary 5.4.27. Let [A] € IR™" be tridiagonal and [b] € IR". In each of the following
cases [x]€ exists.

(@) Each matrix A € [A] is totally positive.

(b) Each matrix A e [A] is regular and totally nonnegative.

(c) Each matrix A e [A] is oscillatory.



214 — 5 Linear systems of equations

Proof. Let Ay be the k x k leading submatrix of any matrix A € [A]. We will show that

det Ay # 0 holds. Then Theorem 5.4.3 together with Theorem 5.4.24 can be applied and

Corollary 5.4.25 implies the assertion.

(@) detAj > 0 follows by Definition 5.4.26.

(b) Since A is regular and totally nonnegative we must have det A > 0; det Ay # 0
follows by virtue of inequality (116) in Gantmacher [111], p. 443.

(c) Since det A! > O for some integer I, the matrix A is regular, and (b) applies. O

We continue our studies of the interval Gaussian algorithm by a perturbation theo-
rem due to Neumaier [255]. It provides a sufficient criterion for the feasibility of the
Gaussian algorithm for all matrices [B] which are supersets of a given matrix [A] with
existent vector [x]¢. It uses the matrix |[A]¢| defined in (5.4.6) and needs a preparatory
lemma.

Lemma 5.4.28. Let [A] < [B] € IR™™", [b] € IIR" and assume that IGA([A], [b]) exists
with ([L], [U]) denoting the triangular decomposition of [A]. If

q([A], [BDu < ([LD){[U)u (5.4.41)
holds for some positive vector u, then IGA([B], [b]) exists.

Proof. If n = 1 we get

q([A], [BDu < ([a]11)u,
whence

([al11) - q([A], [B]) > O.

Since [A] < [B], this shows 0 < ([b]11) which proves the existence of IGA([B], [b]).
Assume now that the statement is true for some dimension n > 1, and let (5.4.41)
hold for

_ [a]ll [C]T _ [b]ll [e]T (n+1)x(n+1)
[A] = ({d] [A],) c[B] = ( " [B],) e IR . (5.4.42)
First we show ([b]11) > 0. With
q11 rT
q([A], [B]) = (gyj) = ( ,) >0 (5.4.43)
s Q
we get from (5.4.41)
n+1 n+1l
Y qujuj < (lali) ur - Y llalyjl uj,
j=1 j=2
hence .
([a)11) - q11 > {Z(qu +|[all) u,} [ u120.
j=2

Together with (5.4.42) this implies O < {[b]11), whence the Schur complement X([B]) 2
2([A]) exists.
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By our assumptions, the Schur complement X([A]) has a triangular decomposi-
tion ([L]’, [U]"). If we can show that

a(Z([AD, Z(BD)u' < ([L])([U]")u' (5.4.44)

holds for some vector u’ > 0, then X([B]) has a triangular decomposition, say
([L1", [T1"), by the hypothesis of our induction, and with

- 1 0 - [bl11 [e]T>
L]:= N s U] := .
(L] (& [L]’) (U] ( o [0

we obtain the triangular decomposition ([L], [U]) of [B].
In order to prove (5.4.44) we will apply Neumaier’s B-function from Definition 2.5.8
componentwise, and we will use the notation from (5.4.42), (5.4.43). We then get

q(Z([A]), Z([B])) = q([A)' - [d][c]"[al 1, [B] - [flle]"[b]1]) (5.4.45)
< Q' +q(dl[c]"[ali1, [fle)T[b]1D)
= Q' - [d][c]"[al1] + B(dllc] [al 7, [Alel [b]1])
= Q' - [d]lI[c]) I (lal11)™" + B(ld][c] [al11, [Alle] " [b1])
< Q' - ldlllc)"(lali)™ + B(d), [f]) - BLel™, [e]T) - B(lalis, [B)1))
= Q' - I[dll1[c]"{[al11) ™ + (I[d]] + s)(I[c]l + nTB([al 7, [bI7]).

Now we want to apply Theorem 2.5.9 (b) to the last factor in (5.4.45). To this end
we have to show

(lal1i1) > q([al11, [P]11) = q11. (5.4.46)

()

in (5.4.41). With the notation (5.4.43) we obtain
<6111 TT)(U1><( 1 0 ><([a]11) —|[C]T|)(u1)
s Q)\w) T\l )\ o o )\ )

quius +rTu’ < ([ali)ug — 1)l (5.4.47)

Therefore, we set

whence

and
sup + Qv < —|[dllus +1[dl I[c]TI ([al11)~tu’ + (L) )([UTHu'. (5.4.48)

Since u; > 0, the inequality (5.4.47) implies (5.4.46), and Theorem 2.5.9 (b) and
(5.4.45) yield

q(Z([A]), Z([B]) < Q" - I[d]lI[c]"| {[al11) ™"
+(Idll +9)(lell + n"(lal) - q10)7
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Together with (5.4.46), (5.4.47), (5.4.48) this implies

q(Z([A]), Z(BD)u' < Q'u' - |[d]l1[c]"{[ali)~ v’
+(Ild]l + s)([al11) - q11) el + '’
< —suy —|[d]lug + ([L]") ((U]")u'
+([d]l + $)([al11) — q11) " (([al11)u1 — q11u1)
= (L1 (U’

This proves (5.4.44) and terminates the induction. O

Theorem 5.4.29. Let [A], [B] € IR™", [b] € IR" and assume that IGA([A], [b]) exists.
If

p([A1°1 q((A], [B]) < 1, (5.4.49)
then IGA([B], [b]) exists.

Proof. Let Q = q([A], [B]), [C] = [A] + [-Q, Q]. Then [B] < [C], and IGA([B], [b]) exists
if IGA([C], [b]) does. By (5.4.49) the inverse of I — |[A]°|Q exists and can be represented
as Neumann series

I- 1141907 = Y (I141°1Q)* = 0.
k=0

With any v € R" satisfying v > 0 define
u=(I-141°1Q)™" 141 v. (54.50)

Since |[A]6] > 0 and (I - |[A]6]Q)™" > O are regular (use (5.4.13)) each of their rows
contains at least one positive entry. Therefore |[[A]%|lv > 0 and u > 0. Now (5.4.50)
yields

141°1Qu = u - [A]%|v,

whence
Qu = ([LI){[UDu - v < {[L]X{[UDu,

with ([L], [U]) being the triangular decomposition of [A]. Hence, Lemma 5.4.28 guar-
antees the feasibility of the interval Gaussian algorithm for [C] and therefore also
for [B]. O

We illustrate Theorem 5.4.29 with an example.

Example 5.4.30. Let
4 2 2
[B]=| 2 4 [0, 2]
2 [0,2] 4

Then [B] is not an H-matrix since ([B])e = 0, hence ([B]) is singular. Consider

4 2 2
[A]:=B=|2 4 1 )cIB].
2 1 4
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Since ([A]) is irreducibly diagonally dominant, the interval Gaussian algorithm is fea-
sible for [A]. A simple computation yields

1 0 O 4 2 2
[L]=11/2 1 0], [ul=f o 3 o],
1/2 0 1 0O 0 3
1 0 0 1/4 1/6 1/6
(Lp™t=(12 1 o), (upt={ o 1/3 o0 |,
1/2 0 1 0 0 1/3
and
1 5 2 2
|[AJG|=<[U]>-1<[L1>-1=E 2 4 0
2 0 4
From
0O 0 O
q(Al,[B)=[0 0 1
0 1 O
we get the matrix
0 1/6 1/6
I1AI%q([A), [BD=( 0 O 1/3
0 1/3 0

which has the eigenvalues —1/3, 0, 1/3. Therefore, Theorem 5.4.29 applies. The ma-
trices [L], [U] of the triangular decomposition of [B] are

1 0 0 4 2 2
L1=1{ 1/2 1 0 and [U]=(o0 3 -1, 1]
1/2 [-1/3,1/3] 1 0 0 [8/3,10/3]

Example 5.4.30 also illustrates the following corollary which is an immediate conse-
quence of Theorem 5.4.29 and of g(4, [A]) = rad([A]).

Corollary 5.4.31. Let the Gaussian algorithm be feasible for the midpoint matrix A of
[A] € IR™" and assume that

p(lAC rad([A])) < 1,

where |AC| is defined for A analogously to (5.4.6). Then [x]€ exists for [A].

We continue this section with a nonexistence theorem that can indicate that [x]¢
does not exist for some interval matrix [A] although it exists for each element ma-
trix A € [A].
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The idea is essentially based on the assumption that
Ie[A] (5.4.51)

This is not a severe restriction aslong as 0 ¢ [al;;, i=1,...,n, while O € [a];j, i #j.
In this case define the diagonal matrix
D = diag(sign(d11){[al11), . - . , Sign(dnn){[a@lnn))

and consider [B] = D~'[A] which contains I. By Theorem 5.4.1(f), [x]° does not exist
for [A] if and only if it does not exist for [B]. Trivially, (5.4.51) implies

Ie[A]W, (5.4.52)

provided that this matrix exists. In particular, we get 1 € [a]i’j() . Therefore, the interval
Gaussian algorithm breaks down, whenever gi’j() < 0. This is the basis of the subse-
quent theorem.

Theorem 5.4.32. Let I € [A] € IR™" with a;; = 1,i=1,...,n, and let [b] € IR".
Choose cix € {@ik, ik}, Cri € {aki, axi} such that

CikCki = max{ aixaxi, aiax;} fori>k, k=1,...,n-1.
Define ck ke{l,...,n}, by c(lll) =1 and for k > 2 recursively by
k=1
(h CijCjk
e=1-Y =& (5.4.53)
=1 Gjj

as long as c{')_, > 0.
If the definition (5.4.53) stops with CE(’(‘)‘}()O < 0 for some ko < n, then the interval Gaus-

sian algorithm is not feasible.

Proof. Assume that the interval Gaussian algorithm is feasible when the definition
(5.4.53) stops with ¢ "0)0 < 0 for some ko < n. Then the matrices [A]®, k=1,...,n,
exist, and (5.4.52) implies a®) > 1, hence al) >0, k=1,...,n.

The assumption I € [A] implies O € [a]st, s #t, whence lalij € [a](z’ lalij -

% . With (5.4.52) and by induction we get

(k)

[al;j ¢ [a]U , Lj2k, k=1,...,n. (5.4.54)
Let
) ) $ cicii
Gi'=1, ¢ =1-) =5, k=2,.... k.
=1 Cj
We show by induction on k < k¢ that
(k) < c(k), i>k. (5.4.55)
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If k = 1 this is trivial since ggil )= aji=1= cfll ) by assumption and by definition, re-

spectively. Let (5.4.55) hold for some k < kq. From the formulae of the interval Gaussian
algorithm, (5.4.52), (5.4.54) and the induction hypothesis (5.4.55) we get

) 10
g _ g0 max(alylali) oo max((alialk)
11 =i (k) < i *)
(L [
) _ Czkckz _ CkiCik k+1) .
< ¢y = —z (}) =c; ', i=k+1,...,n,
Ckk j=1

which proves (5.4.55). Hence
(k) (k)
gkkSCkk, k=1,...,ko.

In particular,

(ko) (ko)
Bk S Croky S 0
Therefore, the interval Gaussian algorithm breaks down with 0 € [a ];{k‘}() in contrast
to our assumption. O

We will apply this theorem to an example due to Reichmann [291] with which he
demonstrated for the first time that the interval Gaussian algorithm breaks down
although the given input matrix [A] contains only matrices A for which the usual
Gaussian algorithm is feasible without pivoting.

Example 5.4.33. Let

1 [c] [c]
[Al=| [c] 1 [c] |, [c] = [0, x], x € [0, 1).
[c] [c] 1

First we show that the Gaussian algorithm is feasible for each element matrix

1 a, ap
A=las 1 a4 |,€lA],
as ag 1

ifx<2,ie,a ¢ [0, %] The first two leading submatrices of A have a determinant

whichis one, and 1 — a;as > 1 - x2 > 0. So it remains to study det 4 itself. To this end
define a = (a1, az, ..., as)T > 0and

fla) =detA =1-asae — ai(as — asas) + a(asae — as)

=1+ ajasas +arasag — asdeg — ar1ds — ads.
We look for @ such that

fi@ = min{ @) a ¢ [0, 2] }. (5.4.56)
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Case 1, a@; = O for atleast oneindex i € {1,...,6}: Then
2 2 2 2

H>1--.2-2.Z2 0
fiay 33733

Case2, a; = 5 foralli e {1,...,6}: Then

8 4 7
i)=1+2-—-3-==—>0.
flay=1+2-55-3-5=57>
Case3, dj € (O, %) for at leastone i € {1,...,6}: Wlo.g. let i = 6. The function
g(s) := flai, ..., das, s) satisfies f(d@) = g(de) and has a relative minimum if g'(s) = 0,

i.e, if d,as — a4 = 0. In this case

fla) =1+ aiaqas + (G2G3 — d4)de — d143 — Az 05
4 4 1
>140---—-—==>0.
9 9 9
Hence det A # 0 forall A € [A], and IGA(4, b) exists as long as d;; € [0, 2/3] for i # j.
For the corresponding interval matrix [A] we obtain

x2 X3

, 1+
1-x2 1-x2

@y = 11,11, [@P =11-x2,1], (@) = |1-x* - (5.4.57)

Since 0 ¢ [a](zzz) the matrix [A]® always exists. If x = 1(-1 + V/5) < 2 asin Reichmann
[291], then g(333) =0andif x = % as in Neumaier [257], then g%) < 0. Since in both cases
5(333) > 0 the interval Gaussian algorithm breaks down.

This is also predicted by our preceding nonexistence theorem, where c(lll) , 6(222) and

c%) are just the lower bounds of the corresponding intervals in (5.4.57).

Example 5.4.33 with [c] = [-x, x], x € [0, 1), shows that the criterion in Theorem 5.4.32

is not necessary. Here, the value of c(333) is the same as above while

3 2x2+x-1

= <x<1.
=33 x-1

<0 for

N~

Therefore, the criterion in Theorem 5.4.32 does not indicate the breakdown if x €

[1, =1£Y5) Since [A] contains the singular matrix

1 -1/2 -1/2
A= -1/2 1 -1/2 | €[4]
-1/2 -1/2 1

if [c] = [-x, x], x € [1/2, 1), the breakdown is a must.
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The interval Gaussian algorithm — explicit formulae

In the subsequent part of this section we consider the quality of enclosure obtained
by [x]¢ 2 S. We start with the class of M-matrices for which we already know by Corol-
lary 5.4.7 that [x]€ exists. By the particular structure of [A] we are able to extend some
of the preceding statements.

Theorem 5.4.34. Let [A] € IR™" be an M-matrix and [b] € IR". Moreover, denote by

DV, LW Uk the matrices in (5.4.3) for A and let A = L U be the triangular decompo-

sition of A. The corresponding quantities for A are denoted by means of an upper bar.

Then we have

(@) The matrices D, LW, U® and the corresponding overlined quantities are non-
negative and satisfy

[D](k) - [ﬁ(k)’ D(k)], [L](k) — [Z(k),L(k)], [U](k) _ [l_](k), U(k)]_

In addition, the matrices of the triangular decomposition of [A] can be represented
as [L] = [L, L], [U] = [L, L].
(b) IGA([A]) = [A71,A7Y], |[A]°=A"" = ([A])™! = |IGA([A])].
(c) IGA([A], [b]) < IGA([A]) - [b].
(d) If[A] = A € R™", then IGA([A], [b]) = IGA(A, [b]) = A~1[b].
[A'b,A'b], ifb=0,
(e) IGA([A],[b]) =y [A7'b,A7'b], if0 € [b],
[A7*b,A7'b], ifb <0,
i.e., IGA([A], [b]) equals the interval hull 0S if [b] satisfies the indicated sign con-
ditions.

Proof. (a) We prove the assertion for D®, L&) U by induction on the size n of [A].
Assume that it is correct for some n which is trivial for n = 1. Let

[al11 [C]T> (n+1)x(n+1)
Al = IR
[A] ([d] ay) €

be an M-matrix with [c], [d] € IIR". Then the assertion can be seen for k = 1 from the
sign structure of [A]. Moreover, a;; > 0, ¢ <0, d < 0, hence

(A = [A]' -

T 3=T d T —
[ﬂﬂ “[A] - [dL, é] = [Z(4), Z(A)].

apg an
Since A is an M-matrix there is some positive vector u = (u1, u’) > 0, u' € R", such
that Au = ADu > 0. From LW > I we get LV Au > IAu > 0, whence X(A)u’ > 0.
By inspecting the off-diagonal entries one sees immediately that (4), Z(A) € Z™",
hence 2(A) is an M-matrix and so is X([A]). By the induction hypothesis, the matrices
(D1, (L1P, (U1 for £([A]) = [Z(A), £(A)] corresponding to those in (5.4.3) can be

represented as [ﬁ(k), Q(Zk)] etc., where the upper and lower interval bounds are the
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corresponding matrices for X(4) and X (A), respectively. In order to facilitate notation
we assume that these matrices are numbered starting with k = 2 instead of k = 1. Then

1 0 1 0 1 0
DM = ( (k)) , LW = ( (k)) , U= < (k))
o D¢ o L! o ul

with a similar representation for DX, L0, T® | This proves the assertion.

The statement for [L], [U] follows from their representation by means of the ma-
trices [D]®, [L]1®, [T]1% in (5.4.11), (5.4.12) and the connection of these matrices with
[D1®, [L]®, [U)®.

(b)—(e) follow from (5.4.4) and the nonnegativity of the matrices therein. O

Next we derive a representation for [x]¢ if [A] =I + [-R,R], R > 0, p(R) < 1 asin
Theorem 5.4.5 which guarantees the existence of [x]°. For this representation we prove
the following lemma which provides explicit formulae for the quantities arising in the
interval Gaussian algorithm. We will define a signature matrix D = diag(d4, ..., d,)
such that |b| = Db, whence

max(d;[b]; + [a]) = |d;[b]; + [a]| = [[b]i| + |[all

for any symmetric interval [a].

Lemma 5.4.35. Let [A] = I + [-R, R] € IR™™, R > O, p(R) < 1 and let [b] € IR".
Apply the Gaussian algorithm to the real matrix C = I — R and the right-hand side w =
|b| + rad([b]) and define the diagonal matrix D = diag(d, ..., d,) € R™" by

1 ifBi >0,
di = .
-1 ifb;<O.

Then the quantities of the interval Gaussian algorithm for [A], [b] can be represented
as follows:

(A% = [c®, 21 - c0) =T+ [~ - W), 1- 0 (5.4.58)
(1410 = c® (5.4.59)
(1% = D21b] - w®, w®] = D(1b| + [~(w ~ b)), w® ~ |BI1)
= b+ [-w® - b)), wk —b|] (5.4.60)
max(D[b]®) = |[b]P] = w® >0 (5.4.61)
max(D[x]%) = |[x]¢| = C'w=: x* > 0 (5.4.62)
Proof. As in the proof of Theorem 5.4.34 one can show that C¥, k = 1, ..., n, are

M-matrices. By inspecting the formulae for the interval Gaussian algorithm one easily
sees that all the vectors w(X) are nonnegative.

[vww.ebook3000.con}



http://www.ebook3000.org

5.4 Direct methods =——— 223

First we prove (5.4.58) and (5.4.59). For k = 1 these formulae are trivial. Let them
hold for some k < n and choose i,j > k. Then A = ¢%) and ([A]®) = ¢V by as-
sumption, and

(k) (k)
on_ o (aalg gy ) 11lal)|
-7 [ v (@)

(k) (k)
(k) Cik Cij C(k+1)

ij ) ij
Ckk

Hence A®+D) = ct+1) Since A® = I the same holds for [A]**1) as can be seen from
Theorem 2.4.4. Therefore, rad([A]**V) = T - C***1) which yields (5.4.58) for k + 1. From
[a](k+1) [c(’<+1 , f]k”)] for i # j, and from ([a](k+1)) = c(k+1) we get (5.4.59).

Now we prove (5.4.60) and (5.4.61) which certainly are trivial if k = 1. Let them
hold for some k < n. Then max(D[b]®) = w) = |D[h]®| = |[b]®| by assumption and
by |D| = I. This implies

(k)
max(d,-[b]l(.k+1)) = max(di[b]§")) <d1[ i [b]ik)>
[a

a J"‘
wl(.k)—min< |[] |>
([a] )

(k) (k)
. la] llaly'|
= Wl(.k) - mln( ik wg‘) =wh 4 fh_ (k)

k i k k
(@) )

(lali?
® g (e
+
i (k)W Wi

kk

where we exploited the symmetry of [a b and (5.4.58). With Theorem 2.4.4 one sees
that mid(d;[b]**") = mid(d;[p]") = |b | whence rad([b]**") = rad(d;[b]**") =
w (U+1) | b;]. This yields (5.4.60) and (5.4.61) for k + 1.

Now we address (5.4.62). For k = n we get

max(da[x]§) = da[b1}| / (lalin) = (D11 / ([l
which equals |[x]¢| as well as wﬁl") / cﬁ;’n’ = x;,. Here we used (5.4.59) and (5.4.61). Assume

now that max(dj[x]jG) = |[X]]G| =x; holdsforj=n,n-1,...,i+1.Then

max(d;[x]¢) = max(( b](n) Z d;[a]; (") X]G> / la ]f:q))

j=i+1

=max(( di[p]\" - z [a](n)| X]ﬂ) / [a]gin)>

j=i+1
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= <|di[b1§’”| + Y a1 |) / (a1

j=i+1
(m _ () = (n) *
(- ) 40
j=i+1
where we exploited the symmetry of [a]g'). O

Based on Lemma 5.4.35 we will now show that it is sufficient to solve the single real
system Cx = w in order to compute IGA([A], [b]) for matrices of the form [A] =T +
[-R, R].

Theorem 5.4.36. Let [A] = I + [-R,R] € IR™™, R > O, p(R) < 1 and let [b] € IR",
C:=I1-R, w:=|b| +rad([b]), x* := C1w. With C™ from the Gaussian algorithm

define f; := 1/cff), i=1,...,n.Thenforeachice {1,...,n} wehave
x¢ = min{x;, puix;},  X¢ = max{%;, pixi}, (5.4.63)
where
xi = -x; +fi(b+1bDi, Xi=x] + fi(b - |bl)i, (5.4.64)
and
U €(0,1]
M= 2fi-1 T

Proof. From (5.4.58) we get CE;’) <2- (") .Hence cfl") <1,2fi-121>0and O < p; <1.
Let

[2]; := (b1 Z[al P

j=i+1

With Lemma 5.4.35 we obtain

(2l = 1 - a1l 11 = 1 - Y[l

j=i+1 j=i+1

and

=p" - ZC(") * = by - |bil + W ZC") * = by - |bil + cPx; = P xi.
j=i+1 j=i+1

In particular, sign(z;) = sign(x;).
If z; > 0, then X; > 0 and

—G 21 El ~ > * ~ ~
Xi' = —5 = —op = filbi = Ibil) + X7 = % = pik;.

a;; ii
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If z; < 0, then %; < 0 and by (5.4.58) we get

o Z Z
Xi=—m = 5 s = Yi—— = UiXj 2 Xj.
—cn ctm

1 ii 11
This proves the second equality in (5.4.63).
In order to prove the first one we replace [b] by —[b]. Then [y]¢ = IGA([A], —[b])
= - IGA([A], [b]) = -[x]®. Applying the second equality of (5.4.63) to ¥ yields x¥ =
—y¢ = —max{y;, piyi} = min{-yi, -piyi} with g := x7 + fi(=bi - 1bil) = -xi. m

Theorem 5.4.36 shows a remarkable analogy to Theorem 5.3.16 which provides formu-
lae for the interval hull [x]H =[S of the solution set S. Notice that x* is the same vector
in both theorems since M = C~'. By means of these theorems it is easily seen that
[x]G [x]H if f; = m;;. The following result is essentially based on this fact. It shows
that at least one bound of each component [x]f coincides with the corresponding
bound of [x]¥.

Theorem 5.4.37. The assumptions of Theorem 5.4.36 imply
[x]§ = [x]F. (5.4.65)
In addition, forany i € {1, ..., n} we get

)_(G_x =X} if b;>0, and )_(G:gf{ —x;‘ifBiSO.

In particular, with x* from Theorem 5.4.36 the equality [X]G [X]H = [-x{, x{] holds if
b; = 0.

Proof. With the notation of the two Theorems 5.3.16 and 5.4.36 the last column of M
can be written as y = C-1e(™ . By Cramer’s rule y, = det(C')/ det(C) with C’ being the
(n-1) x (n - 1) leading principal submatrix of C. Since det(C) = c(lnl) C(Z"Z) -
det(C’) - c(") one gets fun = Mpn. Therefore, (5.4.65) holds. The remaining part of the
theorem follows directly from the Theorems 5.3.16 and 5.4.36 with )ZIH =x;=%20

if b; > 0 and x = —x} = x; < 0 if b; < 0 which implies X° = I = x? if b; > 0 and
x¢=xl = x; if b; < 0. H

Unfortunately, mj; =f;, i=1,...,n -1, doesnot hold, in general. Hence [x]¢ # [x]7,
i.e., the enclosure of S by [x]6 is not optimal. This is even true in the 2 x 2 case and,
therefore, for tridiagonal matrices, as the following example shows.

Example 5.4.38. Let

~ 1 [-1,1] -1\
=il T3 m=()-r
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Then

¢ _[[-4,2] g _ [ [-4,0]
o ‘([%,31)“’” ‘([%,31)'

In order to complete Theorem 5.4.37 we need a result on the matrix C =1 - R.

Lemma5.4.39. Let C=1-R e R™",R> 0, p(R) < 1, and let M = C~. Denote by C¥)

the matrices of the Gaussian algorithm. Then the following assertions hold.

(@) For arbitrary i, j € {1, ..., n} we have m;; # 0 if and only if i is connected to j in
the graph G(C).

(b) Let (L, U) be the triangular decomposition of C. Then cg() #0fori+tjandk<m:=
min{i, j} ifand only if i is connected to j in the graph G(C) such that all intermediate
nodes i in the corresponding path satisfy is < min{i, j, k}.

In particular, I;; # 0 for i > j if and only if i is connected to j in G(C) such that all
intermediate nodes i in the corresponding path satisfy is < j.

Proof. (@)FromM=(I-R)!= Z;io RP and from the nonnegativity of R we get m;; >
1. Since C is an M-matrix it also has positive diagonal entries. Therefore, the assertion
istrue for i = j. Assume now i # j. Then m;; # 0 if and only if (RP);; > O for at least one
p € N. For p > 1 this holds if and only if in the representation

n n n
(Rp)ij — Z Z Z Tiiy * Tig,ip, = ripfl,]'
i1=1i=1  ipq=1
atleast one summand differs from zero. The corresponding indices determine the path
required in the assertion, and vice versa. For p = 1 the pathisi — j.
(b) ‘=": Let cg() # 0 hold with k < m. Then in G(C®) there exists the path i — j.
If m = 1, this implies the assertion. If m > 1, we see from the formula
(k-1) (k-1)
() _ 1) _ Cik-1k-1,j
i (k-1)
k-1,k-1

I (5.4.66)

and from the signs of the entries of the M-matrix C*~V that cl(.}‘) # 0 if and only if
cg"l) # 0 or both cgf‘,;_ll), c§<k_’11]) # 0. Therefore, in G(C*~1) we obtain the path i — j
ori — (k- 1) — j.Repeat the arguments while the upper index goes down to 1. This
yields the path in G(CV) = G(C) as it was asserted.

‘<’: Let the path of the assertion exist. Without loss of generality assume that it
contains none of the nodes twice. (Otherwise cut off the piece between the two equal

nodes including one of them.) We proceed by induction on the length p of the path. If
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p =1, then the path reads i — j, hence ¢;; = c( ) + 0. Using the arguments following
(5.4.66) we obtain c(k) # 0 forall k < m. Assume now that the assertion is true for all
pairs of indices for wh1ch the corresponding path in G(C) has a length which is less
than or equal to some p. Let i, j be connected by a path of length p + 1 and let is be
the largest node among all intermediate nodes of this path. Then by the hypothesis of
the induction C ) +0 and c(’s # 0 whence c(lsﬂ) # 0 by (5.4.66). As above, we get
c(k # 0 for all k w1th ige1 < k < m.

The assertion for I;; follows immediately, since l;j = c(f) /c(’) # 0 if and only if
P #0. O

Theorem 5.4.40. The assumptions of Theorem 5.4.36 imply
xX1¢ # (x1# (5.4.67)

if and only if the following two properties (i), (ii) or, equivalently (i), (iii) hold.

(i) b;#0.

(ii) Using the matrices L from the LU decompositionof C=1-R and M = (I - R)™*
there is an index k > i such that mj, + 0 and I # 0.

(iii) Thereis anindex k > i such that the node i is connected to k in the graph G(C), and,
vice versa, the node k is connected to i, where in this latter case the intermediate
nodes i; of the path have to satisfy ij < i.

Proof. We use again the notations from the Theorems 5.3.16 and 5.4.36. By these theo-
rems and Theorem 5.4.37 the inequality (5.4.67) is equivalent to (i) and m;; # f;. In order
to derive an equivalent condition for m;; — f; = (M — (C™)™1);; # 0 let C = LU = LC™
be the LU decomposition of C. Then (C™)~1 = C-1L = ML implies

M-(C™1=MI-L)>o0. (5.4.68)

Hence (M — (C™)~1);; # 0 if and only if there is an index k > i such that m;; # 0 and
lxi # 0. Here, we exploited M > O, I - L > O; k > i is required since I — L is a strictly
lower triangular matrix. This proves the equivalence of (5.4.67) with (i), (ii). Since by
Lemma 5.4.39 (ii) is equivalent to (iii) the theorem is proved. O

Theorem 5.4.40 shows that [x] = [x]C is true for 2 x 2 matrices of the form [A] =
I+ [-R, R] if and only if by =0or [a]12 = 0 or [a],1 = 0. This is equivalent to‘by =
or C isreducible’. In particular, if by #0 and if C is irreducible, then [x] + [x] holds
This can be generalized to n x n matrices.

Corollary 5.4.41. Let the assumptions of Theorem 5.4.36 hold with n > 1, and let C be
irreducible. Then for an arbitrary i < n

[X],-G = [X]IH if and only if b; = 0. (5.4.69)

Proof. Since C is irreducible and i < n there are two paths in the graph G(C) which
connectitoi+1andi+1toi,respectively. Concatenate these paths to end up with
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i—>---—>i+1—----—>i.Traceback this path starting with the right node i until you
find the first node, say i, which is larger than i. (At latest, i + 1 is such a node.) Then
(iii) of Theorem 5.4.40 is fulfilled with k = iy, i.e., (iii) always holds if C is irreducible.
Thus (5.4.67) is equivalent to (i), which proves (5.4.69). O

Corollary 5.4.41 shows that for matrices of the form [A] = I + [-R, R] the interval
Gaussian algorithm often overestimates the interval hull of S, a phenomenon which is
well known in the literature. (Cf. Neumaier [257], p. 160ff; Neumaier [258], Rohn [304],
Rump [317]; or Wongwises [364], e.g.)

The interval Gaussian algorithm - pivoting

In classical numerical analysis pivoting is an essential feature when applying the
Gaussian algorithm. We will do so similarly for the interval version of this algorithm.
To this end we want to select the pivot so that the absolute value and the radius of
the entries [a] (k+1) 4o not increase too much when compared with the corresponding
quantities for [a](") The inequalities

(k)
)™Vl < )] + w
[aliy)

and
rad([a]{{*") < rad([a]{}’)

rad([a] [a] )+rad(%
(@l

([a] ) ) Imid([a]{ [al})]

suggest making 1/ ([a]i’?) and rad(1/ [a]g;g) small simultaneously. Since for intervals
[a] with O ¢ [a] Theorem 2.4.5 implies

rad(i)_ rad([a]) _ rad([a])
[al/~ (laDlla]l ~ ([a])([al) + 2rad([a)))
1 (la])

= 3an (@l + 2rad(a))

the radius of 1/[a] decreases with rad([a]) if ([a]) is fixed, and it does the same if
([a]) increases while rad([a]) is fixed. This motivates the following pivot selection:
Choose [a]g’)k as pivot such that the quotient

®)
g(a®) = Trradlaly) o 0¢[aV, (5.4.70)

(a1

is minimized.
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Here, the one in the numerator is introduced in order to have an additional choice
among degenerate entries.
Hebgen suggested in [138] merely to minimize

(k)
M, ik, 0¢ [a]ﬂ?, (54.71)

(@)

supplemented by an additional selection for degenerate entries. This criterion is in-
variant against scaling, i.e., by multiplying rows by real numbers (# 0). According
to (5.4.71) intervals with large radius and large mignitude are thus as good as inter-
vals with small radius and small mignitude while in (5.4.70) the mignitude is slightly
overemphasized. Note however, that in both situations it cannot be guaranteed that
the selection yields the smallest width for [a]g‘”). If, e.g.,

[1,3] [-1,1] [-1,1]
[A] = [25 12] [_15 1] [_1’ 1] s
[_1’ 1] [_1’ 1] 10

then q([1, 3]) = 2 < q([2, 12]) = 3, whence

(a]? =10 - [-1,1], if [1, 3] is the pivot,
> [-1/2,1/2], if[2,12]is the pivot,

so that a selection according to (5.4.70) or (5.4.71) is certainly not the best.

The interval Cholesky method - basics

The Cholesky method of classical numerics was tailored to solve a linear system of
equations with a symmetric and positive definite matrix A. It approximately halves
the amount of work needed for the Gaussian algorithm and produces a unique lower
triangular matrix L¢ with positive diagonal entries such that A = LE(L%)T holds. By
the following theorem and its proof we can see that A has a triangular decomposition
(L, U) and how L, U are related to L¢.

Theorem 5.4.42. Let A = AT ¢ R™" and denote by Ay the k x k leading principal sub-

matrix of A. Then the following statements are equivalent.

(a) A is positive definite.

(b) detAr>0,k=1,...,n.

(c) Thereis a unique lower triangular matrix L¢ with positive diagonal entries such that
LE(LOT holds.

Proof. ‘(a) = (b)’: By virtue of Theorem 1.8.11 all eigenvalues of A are positive,
hence det A > 0 holds by Theorem 1.8.1. For x' = (x4, ..., xx)T € RK\ {0} and
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x=x"T,0,...,07 € R" we have 0 < xTAx = x'TAyx, hence Ay is also symmet-
ric and positive definite, whence det Ay > 0.

‘(b) = (c)’: According to Theorem 5.4.3 and (b) the matrix A has a triangular de-
composition A = LU. Denote by Ly, Ui the k x k leading principal submatrices of
L, U.Then Ay = LyUy and O < det Ay = det Ly det Uy = 1 - det Uy = [~ af). There-
fore, a{}) = detA; > 0 and al¥) = detA; /det A1 >0, k=2,...,n,so that

D = diag(\a'}, ..., Vai)

exists. With U = D2U we obtain A = LD2U = AT = UTD2LT whence by the unique-
ness of the triangular decomposition of A we must have L = U”. With L¢ = LD we
then get (c). Uniqueness can be derived either directly as in Theorem 1.8.13 or from the
uniqueness of the triangular decomposition of A.

‘(c) = (a)’ follows as in Theorem 1.8.13. O

The equivalence of (a) and (c) in the preceding theorem was already stated as Theo-
rem 1.8.13. It was proved there by different means. Notice that the properties (b) and (c)
of Theorem 5.4.42 are computable criteria for positive definiteness if rounding errors
are avoided.

The interval Cholesky method for [A] = [A]T € IR™", [b] € IR" follows the def-
inition of the classical Cholesky method which is organized in three steps like the
Gaussian algorithm:

Step 1: Compute LC. (LE(LET decomposition)
Step 2: Solve L¢y = b. (Forward substitution)
Step 3: Solve (L6)Tx =y. (Backward substitution)

For intervals these three steps can be realized as follows:

j— 12 e
Do (talg - S mgmg ) f m, ifi=je1,..n,
i-1
[yli = <[b]i - ;[llg[y]j> JIE =1,
]=
[X]¢ = ([y],-— > [l]g[x]f) /1S, i=nn-1,...,1. (5.4.72)
j=i+1

Here, according to Definition 2.6.1 we use
[a]?={a’|ac[a]}<c(a]-[a] withequalityifandonlyifO ¢ int([a]), (5.4.73)

and

[a]'? = \[a] = {Va | a € [a]}

for intervals [a], where we assume a > O in the latter case.
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The construction of [x]€ is called the interval Cholesky method. The vector [x]¢
exists if and only if the radicands of [l]icl. have a positive lower bound fori=1,...,n.
In this case we say that the Cholesky method is feasible. We also use the notation
(x]¢ = ICh([A], [b]).

Many properties of this algorithm are analogous to the interval Gaussian algo-
rithm. Therefore, we can proceed faster than there. We start with a representation
of [x]¢ as a product. For this purpose we use the quantities [l]g from the Cholesky

method and define the diagonal matrices [D]g‘) ,k=1,...,n,and the lower triangu-
lar matrices [L]®, k=1,...,n-1,by
1 ifizj+k,
(DI =4 s, ifi=j=k,
0 otherwise,
) (5.4.74)
1 ifi =j,
(ILIX) = 1 [0S, ifj=k <1,
0 otherwise.

Then the last two steps in (5.4.72) yield

[yl = DI AL P01V (1P ap1PC by .. ),

(5.4.75)
€ = DIV WAL . (LT ADIP 1) . . .)).

Let [L]¢ be the lower triangular matrix with the entries [l]g, i > j, from the interval
Cholesky method. We leave it to the reader to show that

11| (LIPS LI D1 = (L) (5.4.76)
holds. Analogously to |[A]¢| we introduce |[A]¢] using (5.4.76) for shortness:
A1) = ((IL1OT) (LIS . (54.77)

It has a similar interpretation as |[A]°].
By virtue of the formulae (5.4.72) or the representation (5.4.75) we get at once the
following properties of which (b) with Sgym < [x]€ is most remarkable.

Theorem 5.4.43. Let [A] = [A]T € IR™", [b], [c] € IR" and let D € R™" be a diagonal

matrix with positive diagonal entries.

(@) IfICh([A], [b]) exists and [A] = [A]T c [A], [13] c [b], then ICh([A], [B]) exists and
is contained in ICh([A], [b]). (Subset property)

(b) IfICh([A], [b]) exists, then the Cholesky method is feasible for each pair (A, b) €
([A], [b]) with A = AT. In particular, the symmetric solution set Ssym Of [A]x = [b]
is enclosed by ICh([A], [b]). (Enclosure property)

(c) The existence of ICh([A], [b]) does not depend on [b].



232 — 5 Linear systems of equations

(d) ICh([A], a[b]) = aICh([A], [b]), a €. (Homogeneity with respect to [b])
(e) ICh([A], [b] + [c]) < ICh([A], [b]) +ICh([A], [c]). (Subadditivity)
(f) IfICh([A], [b]) exists, then ICh(D[A]D, [b]) exists and satisfies

ICh(D[A]D, D[b]) = D' ICh([A], [b]).
(Scaling)
(g) If[A] = A € R™", then ICh([A], [b]) = ICh(A, [b]) 2 A~1[b].
(h) If [b] = b € R", then ICh([A], [b]) = ICh([A], b) < ICh([A]) - b.

Before we give an alternative access to [x]¢ by a recursive definition using a Schur
complement, we illustrate some of the phenomena of the interval Cholesky method
by means of a simple example.

Example 5.4.44, Let

(4 -41] (6
[“”‘([_1,1] ., ) [b]-(6).

With A = <; Z) for A € [A] we get

A lp = r6aﬂ (Z_;) , Wwherea,pe[-1,1].

If A= AT € [A], then B = a yields

6 (1
-1 _
A b_4+a(1)'

T T
o= ([12.2).[122]) o= ([12.2) [ 2.2]
= (nn[2al) s e [.2])

where [x]% denotes the vector resulting from the interval Gaussian algorithm. The sets

i) rsesif-p (v

6 6\ r (18 30\T /30 18\T
= = = ’ 2’2 ’ ’ ’ ’
S Conv{<5 5) 2.2 (17 17) (17 17)

can be seen in Figure 5.4.1.

Thus

and
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Ssym

1 2 Xx  Fig.5.4.1: The sets S and Ssym.

Example 5.4.44 shows that the following properties can occur.
(i) DSsym #0S (cf. also Neumaier [257]),

(ii) |:lssym + [X]C,

(iii) 0S # [x]C,

(iv) S ¢ [x]¢ (but Seym < [x]¢; cf. Theorem 5.4.43),

(v) [x]€ < [x]% with [x] # [x]°.

Our next example illustrates another possible property.
(vi) [x]¢ < [x]€ with [x]C # [x]C.

So unfortunately neither [x]¢ < [x]¢ nor the converse can be guaranteed in general.

(L4 0,1] e
[A]‘([o,u 3 ) “”‘([0,21)'

Then [x]€ = ([0.25, 3], [-1, 1T ¢ [x]¢ = ([0, 3], [-1, 1])T.

Example 5.4.45. Let

The reasons why the two examples above work, is best seen by expressing [x]¢ and
[x]¢ in terms of the input data. One obtains

WS- —Lt . {[b]z _lahs [bh}

2
la)2z - % @l

1 (bl lali2
[x]§ = - { - [X]C}
Y Vlaln Vel Vidn g

- {[blz _ [bh}

[al11

x]§ =

_ lalia-lals
[a]ZZ lali

I = ﬁ {1b)s - [a]n2 XI5} -
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Hence, by (5.4.73), we always get [x]g c [x]g. If, however, O ¢ int([a]i2), then
[x]$ = [x]$, and the subdistributivity causes [x]¢ ¢ [x]¢. Similar phenomena can ap-
pear in higher dimensions, too.

Now we present the alternative description of the Cholesky method which we have
already announced.

Consider the matrix [A4] = [A]T € IR™" in the block form

T
[A]:({Z]hl {Z]],) with [c] € TR,

In connection with the Cholesky method we assume that the terms [c];[c]; in the Schur
complement X([A]) = [A]’ - ﬁ [c][c]T are evaluated as squares according to (5.4.73).
11
We call ([L]€, ([L1)T) the Cholesky decomposition of [A] € IR™™ if O < a;; and
if either n = 1 and [L]¢ = (\/[a]11) or

[L]C=< Vlali1 0)
[cl/\lalin [L]')°

where ([L]', ([L]')T) is the Cholesky decomposition of Z([A]).
If this triangular decomposition exists then

(5.4.78)

[x]¢ = ICh(([L])T, ICh([L]®, [b]))

which means solving two triangular systems as forward and backward substitution.

Theorem 5.4.46. The matrix [L]€ in (5.4.78) exists if and only if [L]€ from (5.4.72) exists.
In this case, both matrices are identical.

Proof. We prove the assertion by induction with respect to the number n of rows/
columns of [A].

If n = 1 the assertion follows from ~/[a]11v[a]11 = [a]11 for 0 < aq;.

Let the assertion be true for some n and choose [A] from IR"+*Dx("+1) By ease of
argumentation we replace [L]¢, [L]’ in (5.4.78) by [M], [M]'.

Assume first that [L]¢ exists, where [L]¢ is computed by the interval Cholesky
method (5.4.72). We show that [A] has the Cholesky decomposition ([M], [M]T) sat-
isfying [M] = [L]¢. Since [L]® exists, we obtain a;1 > 0. Hence [I]§; = [m];; for i =
1,...,n+1.
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For j > 2, the formulae in the interval Cholesky method can be reformulated by

( 1/2
(5 (([a],, Zﬂll,k) )

1/2
=\ (laljj - ——=—"——=) - z (l] ) )
( J/a /— #11 P jk

[a] 1'1 \ C\2 12
= (([a]jj - m) - ];2([1]]-]() ) s (5.4.79)

j-1
(g = (([ah,- -mamy) - Z[l],-ck[l],-i) i

j-1

=(<[a]i,- et - g g )/[1”.

k=2

These formulae can be interpreted as (5.4.72) applied to 2([A]) € IR™" which results
in a lower triangular matrix [L]’. By the hypothesis made for this induction the matrix
[M]' exists and equals [L]'. Thus [M] exists and satisfies [M] = [L]¢.

Assume now conversely that [M] exists. Then, again, a;1 > O, [I]C [m];; for
i=1,...,n+1,and [L]' = [M]' by the hypothesis and by (5.4.79). This concludes the
proof. O

The interval Cholesky method - feasibility

As for the interval Gaussian algorithm, the interval Cholesky method can break down
even if it is feasible for all symmetric element matrices contained in [A] = [A]. This
can be seen from the Reichmann matrix [A] = [A]” in Example 5.4.33 with x = 2/3.
As was already shown there, the leading principal submatrices of each matrix A € [A]
have positive determinants, hence the symmetric ones are positive definite. According
to Theorem 5.4.42 the Cholesky method is feasible for each A but the interval version
failssince [11§, =1, [1$; = (115, =10, 2/3], (115, = [V5/3, 11, [115, = [-4/(3V5), 2/ V5],
and [als; - ([115,)? - ([15,)? = [-11/45, 1] contains zero in its interior, i.e., [1]5; does
not exist.

As for the interval Gaussian algorithm, H-matrices are also appropriate for the
interval Cholesky method. This is stated in our first criterion.

Theorem 5.4.47. Let [A] € IR™™ be an H-matrix satisfying [A] = [A]T and 0 < ajj,
i=1,...,n. Then [x]¢ exists for any [b] € IR", and the matrix [L]° of the Cholesky
decomposition is again an H-matrix.

Proof. By theassumptions, A := ([A]) is a Stieltjes matrix, in particular, it is symmetric
and positive definite by Theorem 1.10.8. According to Theorem 5.4.42 A can be repre-
sented as A = LLT by using the Cholesky method. From the formulae of this method it
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follows immediately that the triangular matrix L is contained in Z™" and has positive
diagonal entries. Therefore, it is an M-matrix. We show by induction with respect to
the column index j that the matrix [L]€ exists and that

L <(L]% (5.4.80)

holds. Then Corollary 1.10.5 guarantees that [L]¢ is an H-matrix.
Forj =1, [l]f1 = +/[a]11 exists since we assumed a;; > 0. We get ([l]fl) =
V(lali1) = b, [1f; = [alin/ [0, - Moreover,

[ ]11
(s,

Ml .
=-lj1, =2,...1.
ey T

151 =

Let all columns of [L]¢ exist which have an index less than j > 1. Assume that
(5.4.80) holds for all these columns and define

j-1
1:= ) (05
k=1

and

Then using aj; > 0 and the induction hypothesis we obtain
A j71
0< 1).2], = (lal}) - Z lfk < ([alj) kZI[I]jCkp
=1
j-1
= @ -5=t= () = {laly - Y. (WE?).
k=1

Hence 0 ¢ [aljj - Z ([l]]k)2 Therefore, [l]C exists and satisfies ([l]”) > l,,.
For i > j we get

j-1
MRS (ua]m + I(Z|[l]§k| |[l],-‘3k|) /<05
=1
-1 . .
< <|[a]ij| + Z likljk) [ i = -l.
k=1

This implies I < -I[1]§]. O

The following corollary is an immediate consequence of Theorem 5.4.47 because the
matrices therein are H-matrices.
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Corollary 5.4.48. Let [A] = [A]T e IR™" withO < aj;, i=1,...,n. Thenin each of the
following cases [x]¢ exists.

(a) ([A)]) is strictly diagonally dominant.

(b) ([A]) isirreducibly diagonally dominant.

(c) ([A]) is regular and diagonally dominant.

(d) ([A)]) is positive definite.

Symmetric H-matrices are closely related to positive definite matrices as the following
theorem shows.

Theorem 5.4.49. Let [A] € IR™" be an H-matrix satisfying [A] = [A]T and 0 < aj;,
i=1,...,n. Then each symmetric matrix A € [A] is positive definite.

Proof. Since ([A]) is an M-matrix, (A) > ([A]) is an M-matrix, too. Because of a;; > 0,
the matrix A has a nonnegative diagonal part D. Split A into A = D — B. Then (A) =
D - |B|=sI-(sI-D+|BJ), s € R. By Theorem 1.10.4, s can be chosen such that

s>p(sI-D+|B]) and sI-D+|B| = 0; (5.4.81)
hence sI > D, and
|sI-A|=|sI-D+B|<|sI-D|+|B|=sI-D+|B|

implies
p(sI - A) < p(sI-D +|BJ) <s.

Therefore, all eigenvalues A of A satisfy |s — A| < s, whence A > 0. This proves the
assertion by Theorem 1.8.11. O

Notice that the converse of Theorem 5.4.49 is not true. This is shown by the Reichmann
matrix in Example 5.4.33. Every symmetric matrix A € [A] = [A]7 is positive definite,
and [A] satisfies a;; >0,i=1,...,n.But [A] is not an H-matrix since otherwise [x]¢
exists by Theorem 5.4.47.

Theorem 5.4.50. Let [A] = [A]T € IR™™ be an M-matrix and let [b] € IR". Then the

following statements hold.

(@) [x]€ exists.

() IF (LD, @D)Ty, (LW (L@)T) are the Cholesky decompositions of A and A, respec-
tively, then LD, L™ are M-matrices. The matrix [L]¢ of the Cholesky decomposition
of [A] can be represented as

(L] =[O, LWy, (5.4.82)

in particular, [L]€ is an M-matrix.
(c) Ifb=00r0 e [b]orb<0,then [x]¢ = 0Ssym.
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Proof. (a) follows from Theorem 5.4.47.

(b) Since A, A are Stieltjes matrices, the formulae in (5.4.72) show at once that
LD, LW ¢ zn<n_Theorem 5.4.47, applied to A and to A, respectively, implies that they
are M-matrices.

We prove (5.4.82) by induction with respect to the column index j.

For j = 1 we get at once

¢, = Viali = [Vai, Vaul = [lﬁ,l(“’

and

e - [[?]1111] _ [;‘(11)1 azl] 19,19y, s 1, with (¥ <o,
11

where we took into account a;; <0 fori > 1.
Assume now that (5.4.82) holds for all columns with an index less than j > 1. Then

[n = <[ Ji Z[(l(”)2 (I’ 1) = 11, ;")

k=1

and

j-1
c ON0) 1 1 O W o
(15 = ([a] - Y IPT ,llkl]k]> [1‘_“) I—] = [y, ;"1 fori>j,
k=1 i i
since a;; < 0 and lf]” )<ofori> j. This proves the assertion.
(c) Denote by D"5), L(1:5) and D™S) L9 the matrices in the representation
(5.4.75) when the Cholesky method is applied to A and A, respectively. By (b) and by
(5.4.74), these matrices are nonnegative, and

) — (pws) ps) (8) — rpws) 7s)
(D] (D™, D], [L] (L%, L.

Hence from (5.4.75) we get
[A1b,A'b] ifb<0O
[XI= 4 [A'b,A7'h] ifO € [b] 0
[A~'b,A'b] ifb>0

Our final result on the interval Cholesky method is a perturbation theorem analo-
gously to Theorem 5.4.29. Since the proof is similar to the one for that theorem we
will skip it here. Its details can be found in Alefeld, Mayer [37].

Theorem 5.4.51. Let [A], [B] € IR™", [A] = [A]T, [B] = [B]7, [b] € IR". Suppose that
ICh([A], [b]) exists. If
p(ILAI1 q([A], [BD)) < 1, (5.4.83)

then the Cholesky method is feasible for [B].
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Exercises

Ex. 5.4.1. Prove the details in Theorem 5.4.1.

Ex. 5.4.2. Compute IGA([A]) for

(4] - ([1,12] [—2,1—1])

and show that IGA([A]) contains the singular matrix

A=),
3\-1 1

Ex. 5.4.3. Show that the interval Gaussian algorithm is feasible for Hessenberg ma-
trices with one of the following sign patterns, where a ‘plus’ means sign([al;;) = +1
or o([al;) = +1, i #+ j, while a ‘minus’ means sign([a];;) = -1 or o([a];j) = -1, i #j.
How can these matrices be transformed in order to obtain a sign pattern of the form
(5.4.37)?

+ + + 4+ 4+ + 4+ - - -
- 4+ 4+ 4+ 4+ -+ - - -

o - + + + |, o - - - — 1,
o0 - + + 0O 0 - +

0 0 - + 0 0 0 - +

+ - - 0 + + + - + -

+ + + 0 - + - + - 4+
o+ - 0 + |, o+ + - +

0O 0 + + + o0 - - +

o 0 0 - + 0 0 0 + +

Ex. 5.4.4. Show by the example

1,3] 4
(4] = <[ ] )
4 4
in Neumaier [255] that [A]C exists, hence [A] is regular. Show, in addition, that

p(JA~1rad([A])) < 1 holds, but p(JA®| rad([A])) > 1. Thus the example fulfills the
assumption of Theorem 3.3.7 (a) but not that of Corollary 5.4.31.

5.5 Iterative methods

One of the earliest references to an iterative method for solving linear systems of equa-
tions is contained in a letter by Gauss to his student Christian Ludwig Gerling dated
26 December 1823 in the context of solving least squares problems via the normal equa-
tions. After briefly describing his method on a 4 x 4 example, Gauss wrote:
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I recommend this method to you for imitation. You will hardly ever again eliminate directly, at
least not when you have more than two unknowns. The indirect procedure can be done while half
asleep, or while thinking about other things.!

Although Gauss seems to be a little too optimistic, iterative methods are often applied
in numerical analysis, especially for large linear systems. One way to end up with an
iterative algorithm is to transform Ax = b to a fixed point form and to use the stan-
dard fixed point iteration afterwards. This way will also be pursued in the following.
There are essentially two classes of iterative interval methods for enclosing solutions
of interval linear systems: One is based on a splitting [A] = [M] — [N] leading — among
others - to the interval Jacobi and the interval Gauss—Seidel method. The other one
preconditions Ax = b before splitting and ends up with the Krawczyk method. There
are many variants of these methods, partly combined with intersections of an interval
expression and the actual iterate, and partly formulated with some approximation x
of a solution and an enclosure of the error.

Iterative methods based on splittings

In order to derive traditional iterative methods for point systems
Ax=Db (5.5.1)

one splits A € R™" into A = M — N and assumes M to be regular and ‘simple’. Then
(5.5.1) is equivalent to

Mx = Nx+b, (5.5.2)
or
x=M"YNx+b)=M7Nx+M'b (5.5.3)
which induces the iterative process
Mx**1 = Nxk + b, (5.5.4)
or
x4 = MY(NX* + b) = MNXK + M~'b. (5.5.5)

If x is some fixed vector, preferably a good approximation of a solution of (5.5.1), then
this linear system can be rewritten as A(x — X) = b — AX which leads to

MR — %) = NoK - %)+ b - Ax (5.5.6)

1 C.F.Gauss, Uber Stationsausgleichungen (Correspondence Gauss to Gerling, Gottingen, 26 December
1823). In: Carl Friedrich Gauss, Werke, Vol. 9, pp. 278-281, edited by Konigliche Gesellschaft der Wis-
senschaften zu Goéttingen, Teubner, Leipzig, 1903. Translation by G. E. Forsythe, Notes, MTAC, Vol. 5,
No. 36 (1951) pp. 255-258.
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or
X = g+ MTY(N(XK - %) + b - A%). (5.5.7)

Since one rarely computes inverses in numerical analysis, the representations (5.5.5)
and (5.5.7) are interesting for theoretical reasons only. In practice, the new iterates are
computed solving the linear systems (5.5.4), and (5.5.6), respectively, which explains
why M should be ‘simple’.

For interval linear systems [A]x = [b] one can proceed similarly, starting with a
splitting [A] = [M] - [N] and ending, for instance, with the iterations

x]¥*1 = IGA([M], [N][x]* + [b]) (5.5.8)
and
D%t = % + IGA(IM], [N(Ix]* - %) + [b] - [A]%). (5:59)
They are sometimes modified by iterating with intersections like
D% = {IGA(IM], [N1[x]* + [b]) } n [x]* (5.5.10)
and
(X151 = % + {IGA(IM], [N](Ix]* - %) + [b] - [A1%) n (Ix]* - ) } (5.511)

with a breakdown if the intersections are empty. In (5.5.8)—(5.5.11) we assume that
IGA([M]) exists, which implies that [M] is regular. If [M] = I we get the (interval)
Richardson iteration

x]** = (I - [AD[x]¥ + [b]. (5.5.12)
If [M] = diag([a]11, ..., [alun), We obtain the (interval) Jacobi method
[x]kt = <[b]i - Z[a]ﬁ[x]]’.‘) /lali, i=1,...,n. (5.5.13)
j=1
j#

If [M] is the lower triangular part of [A], the iteration (5.5.8) leads to the (interval)
Gauss—Seidel method

i-1 n
[x]kH = ( [bli - Y lalylx]f*t = ) [aly [x],’-‘) [lali, i=1,...,n.  (55.14)
j=1 j=irl
This can be seen from the following lemma when substituting appropriately. We leave
it to the reader to modify these particular methods along the lines (5.5.9)-(5.5.11). We
also mention the Gauss—Seidel method with componentwise intersection

i-1 n

[x)kt = {([b],- - Ylalylft -y [a]i,-[x],’.‘) / [a]ii} nxl¥, i=1,...,n (55.15)
j=1 j=i+1

which is not a special case of (5.5.10). As the subsequent lemma shows, an iteration

with a componentwise intersection as in (5.5.15) can always be constructed if [M] is a

regular lower triangular matrix.
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Lemma 5.5.1. Let [A] € IR™" be a regular triangular matrix and [b] € IR" . Then
[x] = IGA([A], [b])

is equivalent to

[X]i=( Z[a]l,[x )/[a],,, i=1,...,n,

if [A] is lower triangular and to

_<[b]1_ Z[a]u[x) [alii, i=n,n-1,...,1,

j=i+1
if [A] is upper triangular.

Proof. According to Corollary 5.4.7, IGA([A]) exists. With the notation from Section 5.4
we show by induction on k that

i-1
[b]gk) = [b]; - Z[a]ii[x]i (5.5.16)
j=1

holds for i > k, if [A] is lower triangular.
If k = 1, we have [b]®V) = [b] by definition. Assume that (5.5.16) holds for some
k < n.Then for i > k + 1 we obtain by one step of the interval Gaussian algorithm

(k)

BI*D = (BP - (b1 E;ﬁ) P - SR Gs)
kk

since by the lower triangular form of [A] the k-th column of [A] was not changed up
to the k-th Gaussian step. Hence (5.5.17) implies

(b1 = 51 - [x]ilalik,

and by induction we get

k-1
k
(b1 = [b]; - Y [alylx); - [aliIxk
j=1
fori>k+1.
If [A] is upper triangular, the assertion is trivial since the Gaussian algorithm con-
sists of the backward substitution part only. a

Methods like (5.5.8) can be considered under several aspects, among them the follow-
ing, where S denotes the solution set of [A]x = [b] and [x]* = limy_,c[x]¥ in the case
of convergence.
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(a) Feasibility: Does [x]¥ exist for each starting vector [x]°?

(b) Global convergence: Does each sequence ([x]¥) converge and is the limit [x]* in-
dependent of [x]°?

(c) Inclusion monotony: Do the implications

Kt = ke gk,

X' ex® = IFed e«

X2 = 2l

holdfor k=0,1,...?

(d) Inclusion property: Does S ¢ [x]* hold in the case of global convergence?

(e) Permanence of enclosure: Does S < [x]° imply S < [x]X?

(f) Quality of enclosure: What can be said about the distance q(S, [x]*) in the case
of global convergence? When does [x]* = [IS hold?

(g) Speed of convergence: What can be said on the R-order of (5.5.8) as given in Def-
inition 5.5.3 below?

We are going to answer these questions in detail. To this end we transfer some basic
definitions of traditional numerics to interval analysis.

Definition 5.5.2. Let [A] € IR™". We call ([M], [N]) asplitting of [A] if [A] = [M] - [N].
We call such a splitting of [A]

(a) atriangular splitting, if [M] is a regular lower or upper triangular matrix;

(b) aregular splitting, if (M, N) is a regular splitting for each pair (M, N) € [M] x [N];
(c) an M-splitting, if [M] is an M-matrix and [N] > O.

Definition 5.5.3 (Root convergence factors, R-order). Let | - || be any fixed monotone

norm on R" and let J be an iterative method which produces interval vectors [x]¥ e

IR", k =0, 1, .... Denote by C(J, [x]*) the set of all output sequences of J which

converge to some vector [x]* € IR".

(a) We call J convergent to [x]*, if C(J, [x]*) contains all possible output sequences
of J.

(b) For p > 1 the root convergence factors, or R,-factors, of a sequence (Ix]%) €
C(J, [x]*) are defined as

R ([X]k) _ limsupk—mo"q([x]k’ [X]*)Hllk, lfp = 1,
’ lim supy_o Ig([x]¥, DI, ifp > 1.

(c) If J is convergent to [x]*, then for p > 1 the R,-factor of the method J is defined
as

Ry () = sup{ Rp([x]%) | (Ix]¥) € C(3, [x]*) }.
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(d) If Jis convergent to [x]*, then for p > 1 the R-order of the method 7 is defined as

00, ifRy,(J)=0forp =1,
Or() =1 . .
inf{p | p € [1,00), Rp(J) =1} otherwise.

From the equivalence of norms in R" one can easily see that the definitions in (b)—(d)
are independent of the particular monotone norm | - | . For iterations of the form (5.5.8)
or (5.5.9), the R;-factor is sometimes called the asymptotic convergence factor. The
R-order is a measure for the speed of convergence. It is useful when comparing two
iterative methods. Cum grano salis: the larger the order, the faster the convergence.
One can show (Exercise 5.5.2):

Theorem 5.5.4. With the notation of Definition 5.5.3 and p > 1 the following statements

hold if 7 is convergent to [x]*.

@) Iflg(x]*, [x])I < allg([x]%, [x])IP, k = ko = ko((x)), for all sequences ([x]¥) €
C(J, [x]*) and fixed a € R, then Og(J) = p.

(b) If lg(IxI¥ 2, [x1)1 = Bllg([x1%, [x])IP > 0, k > ko = ko((x¥)), for some sequence
([x]%) € €@, [x]*) and some B € R, then Og(J) < p.

(c) Ifthe assumptions of (a) and (b) hold simultaneously for one and the same p, then
Or(J) = p.

The splittings (a) and (c) in Definition 5.5.2 imply the existence of IGA([M]) and there-
fore the feasibility of (5.5.8). We also have the following result.

Theorem 5.5.5. Let ([M], [N]) be a splitting of [A] € IR™" and let IGA([M]) exist. Then
the iteration (5.5.8) is feasible, inclusion monotone and satisfies permanence of enclo-
sure. If, in addition, (5.5.8) is globally convergent with limit [x]*, then S < [x]* for the
solution set S of [A]x = [b].

Proof. The feasibility follows directly from the existence of IGA([M]). Inclusion
monotony results from Theorem 5.4.1(a). Assume now S < [x]°. Choose % € S. Then
there are matrices A € [A], M € [M], N € [N] and a vector b € [b] such that A% = b,
A =M - N.Hence Mx = Nx + b, which implies X € IGA([M], [N][x]° + [b]) = [x]! and,
finally, S < [x]'. An inductive argument proves S < [x]X, k=0, 1,....

If (5.5.8) is globally convergent, we can start with [x]° = % € S. Similarly as above
we cansee X € [x]¥, k=0, 1, ..., whence % € [x]*. Since X € S was arbitrary we get
S < [x]*. O

Next we study global convergence of (5.5.8). We start with a general result which for
the Richardson splitting goes back to Otto Mayer [226].

Theorem 5.5.6. Let ([M], [N]) be a splitting of [A] € IR™" and let IGA([M]) exist.
Then the iteration (5.5.8) is globally convergent to some vector [x]* € IR" if and only
if p(I[M]°] - |[N]]) < 1 with |[M]| as in (5.4.6). In this case the statements of Theo-
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rem 5.5.5 hold, the matrix [A] is regular, and p(| [M]€| - |[N]]) is an upper bound for the
R -factor of the iteration (5.5.8).

Proof. Let P = [[M]]-|[N]l, [x], [y] € IR", [f1([x]) = IGA([M], [N][x] + [B]).
‘<’: From (5.4.4) we get

q([fI(xD), FIyD) < Pq(lx], [y]). (5.5.18)

Since p(P) < 1, by assumption [f] is a P-contraction, hence (5.5.8) is globally conver-
gent by virtue of Theorem 4.2.6.
‘=’: From d([f]([x])) = Pd([x]) we get

d((x]%) = PXd([x]°), k=0,1,... (5.5.19)

for the iteration (5.5.8). Assume that p(P) > 1. Choose [x]° such that d([x]°) is a non-
negative eigenvector of P associated with the eigenvalue p(P). W.l.o.g. assume that
d([x]i*o) <d( [x]gj) holds for at least one index iy ; otherwise rescale [x]° appropriately.
Then (5.5.19) implies d([x]¥) > p(P)¥d([x]°) from which we get the contradiction

. =00 ifp(P) > 1,
d((x];,) o
> d([x]io) if p(P) = 1.

Therefore, p(P) < 1.

Choose A € [A], M € [M], N € [N] such that A = M - N. Then |M'| < |[M]®| by
virtue of (5.4.14). Hence p(M~'N) < p(P) < 1 holdsand (I - M"*N) "M = (M -N)' =
A-1 exists. Since A € [A] was arbitrary, this proves the regularity of [A].

From (5.5.18) we get q([x]¥, [x]*) < P¥q([x]°, [x]*), whence [g([x]¥, [x]*)| <
IPI*Ig([x]°, [x]*)|l for any monotone norm of R™. Thus ||P| is an upper bound for the
R; -factor of the iteration (5.5.8), and Theorem 1.9.12 implies this property for p(P),
too. U

Notice that p(| [M]€] - [[N1)) is only an upper bound for the R;-factor. It can be sharp
but does not need to be so as the following example shows.

Example 5.5.7.
(@) Let [M] =1I = 2[N] € IR, [A] = [M] - [N], [b] = O € IR!. Then the iteration J

in (5.5.8) yields
1

2k+1

1
k+1 _ ~
"= 2[
with limit [x]* = 0. With [x]° = 1 one gets

[x x]k = [x]°

la(a, 01 = 2 < Ry(9, 1x1°) < pUIMIC) - [INI]) = 3,

ie., Ri(J, [x]*) = p(IIM]°] - |[N]]) = 1/2.
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(b) Let

i} (0 10,172 o (1
M =1, [Nl—([o,l/z] . ) [A] = [M] - [N], ”’]‘(_1)'

Then
p(MI°-I[NI)=1/2 <1, [x]* =[1/2,1] (_1)

Starting the iteration J in (5.5.8) with
0 1 s 1 1 2 *
[x]” = [0, 2] ( 1) results in [x]" = [0, 1] ( 1) and [x]° = [x]*.

Starting with
210 1 : 211 1 512 *
x°=2 . yields [%]} = [5/8, 1] 1 and [x]° = [x]".
Now start J with an arbitrary vector [%]° € R?. Since limy_,co [%]% = [x]* there is
an integer ko such that [%]° < [%]% < [x]°, whence
[x]* = [%1% < [X]°72 < [x]? = [x]".

Therefore, R1(J) =0 < p(|[M]G| -|[N]]) = 1/2.

Normally the matrix |[M]¢| in Theorem 5.5.6 is unknown. Therefore, we look for crite-
ria which guarantee p(|[M]G| -|[N]]) < 1.

Theorem 5.5.8. Let ([M], [N]) be a splitting of [A] € IR™". Then
([M]) - |[N]| is an M-matrix (5.5.20)

if and only if
[M] is an H-matrix with p({(M])"|[N]|) < 1. (5.5.21)

If one of these two equivalent conditions is fulfilled, then

pUIMI°I- IINTI) < p(IMDH[IN]) < 1

with |[M]€| as in (5.4.6), and Theorem 5.5.6 can be applied. In particular, the iteration
(5.5.8) is globally convergent.

Proof. Let (5.5.20) hold. Then ([M]) is an M-matrix by virtue of Corollary 1.10.5. Hence
[M] is an H-matrix. From (5.5.20) we get ({[M]) — |[N]])~* = O. Trivially, ({[M]), |[[N])
is a regular splitting of ([M]) — |[N]| which implies the second property of (5.5.21) by
virtue of Theorem 1.10.21.
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Conversely, let (5.5.21) hold. Then the inverse ([M])~! exists and is nonnegative.
From the second property of (5.5.21) we get

([M]) - |[NIDY = (I - ((M])"H|INT)) (M)
=Y (M) HINIY (MDYt 2 0,
k=0

whence ([M]) — |[N]| € Z™" is an M-matrix.

Let now (5.5.20) or, equivalently, (5.5.21) hold. Then |[M]€| < ([M])~! by virtue of
Theorem 5.4.6, and (5.5.21) implies p(|[M]°| - [[N]]) < p({[M])~Y|[N]|) < 1. Therefore,
Theorem 5.5.6 concludes the proof. O
If

([A]) = ([M]) - |[N]l, (5.5.22)
then ([A]) € Z™". The equality (5.5.22) holds for instance for so-called direct splittings
([M], [N]) of [A]. These are splittings with [a];; = [m];; or [a];j = —[n];; forall i, €
{1, ..., n}. Therefore, if the assumptions of Theorem 5.5.8 hold, the matrix [A] is an
H-matrix.

Theorem 5.5.9. Let ([M], [N]) be a splitting of [A] € IR™" and let IGA([M]) exist. If
some starting vector [x]° of the iteration (5.5.8) satisfies

d([x)') < d([x1°) (5.5.23)
or
[x]' ¢ int([x]%), (5.5.24)

then p(|[M]C| - |[N]|) < 1 with |[M]€| as in (5.4.6), i.e., Theorem 5.5.6 can be applied. In
particular, the iteration (5.5.8) is globally convergent to some vector [x]* € IR".

Proof. Define P = |[M]¢|-|[N]| and [fl([x]) = IGA([M], [N][x] + [b]) as in the proof of
Theorem 5.5.6, and let (5.5.23) hold. Together with (5.4.4) we get

d([x1°) > d([x]") = d([f1([x]%)) = Pd([x]°),

whence p(P) < 1 by virtue of Theorem 1.9.13 (a). Thus Theorem 5.5.6 concludes the
proof in the case (5.5.23).
Since (5.5.24) implies (5.5.23), the theorem also holds in this case. O

Remark 5.5.1. In practical computation (5.5.24) has to be replaced by
[X]éomp < int([x]%), (5.5.25)

where [x]° is a machine interval (vector) and [x]’gOmp denotes the k-th iterate obtained
on a computer using machine interval arithmetic. Here we assume that this arithmetic
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obeys the rules of Section 2.7, among them outward rounding and inclusion mono-
tonicity. Since there are only finitely many machine numbers, these rules imply

[X]Iégr%lp = [X]gomp (5.5.26)

for some k provided that (5.5.25) holds. Therefore, (5.5.26) can be used as a stopping
criterion in practical computation, perhaps combined with an inequality k < kpax,
where kpax is @ maximum number of iterations in order to stop within an appropriate
time.

Iterations based on triangular splittings

The Richardson iteration (5.5.12), the Jacobi method (5.5.13), and the Gauss-Seidel
method (5.5.14) are based on triangular splittings. This is the reason why we are go-
ing to study such splittings in detail.

Theorem 5.5.10. Let ([M], [N]) be a triangular splitting of [A] € TR™". Then the itera-
tion (5.5.8) is globally convergent to some vector [x]* € IR" if and only if p({[M])~*|[N]|)
< 1. In addition, the assertions of Theorem 5.5.6 hold.

Proof. Since [M] is a regular triangular matrix it is an H-matrix according to Theo-
rem 3.3.5 (f), and global convergence follows from Theorem 5.5.8.
Conversely, let (5.5.8) be globally convergent to some limit [x]*. Split the matrix
[M] into [M] = [M]p — [M]t, where [M]p denotes its diagonal part and [M] is defined
by the splitting. From Lemma 5.5.1 with [M] and [N][x] + [b] instead of [A], [b] we
obtain
[ = [MIG(INT XS + [B] + [M]r[x]“ ),

whence
d(x1¥ ) = (MY (INTIAxT) + (M 7] d([x)<HY)). (5.5.27)

Since I[M]l‘)ll =([M]p)~! = 0 has diagonal form, the inequality (5.5.27) and ([M]p) = O
imply
([M]p) — [IM]7)d([x]*1) = (IM]) d([x]*1) = [[N]] d([x]%)

and
d(x]*Y) = Pd([x]¥) with P = ([M])"}|[N]| = O.

As in the proof of Theorem 5.5.6 choose [x]° such that d([x]°) is an eigenvector of P
associated with the eigenvalue p = p(P). W.Lo.g. assume d([x]?o) > d([x]fo) for at least
one index ig. Then

d([x]%) = Pkd([x]°) = p*d([x]%)

and
limsup p*d([) = d([xj,) < (),
whence p < 1 follows. The proof terminates by virtue of Theorem 5.5.6. |
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Now we address particular classes of triangular splittings. To this end we need the
following definition.

Definition 5.5.11. Let [C] € IR™" be a regular diagonal matrix. The set Si¢ is defined
as the set of all triangular splittings ([M], [N]) of [A] € IR™" which satisfy

[m]i; = [cli ..
i,j=1,...,n.
[mljj[nl;j =0, i #j

Notice that ([M], [N]) € S|c) implies
[m];; = [aly, [n];; =0 or [m]; =0, [n]; = -[al; (5.5.28)

for each index pair (i, j) with i # j, i.e., ([M], [N]) is ‘nearly’ a direct splitting of [A].
In the sequel we will often use the splitting

[A] = [D] - [E] - [F] of [A] € IR™", (5.5.29)

where [D] = diag([al11, - - ., [alnn) denotes the diagonal part of [A], —[E] its strictly
lower triangular part, and —[F] its strictly upper triangular part. We always assume
that [D] is regular.

Theorem 5.5.12. Let [A], [C] € IR™", where [C] is a regular diagonal matrix. If the
iteration (5.5.8) is globally convergent for some triangular splitting ([M], [N]) € Sic),
then for each splitting ([M], [N]) € Sic]- In this case the limit [x]* is the same for each
splitting from S¢) and

|IN]| < I[N]|  implies  p({[M])""|[N])) < p(<IM])"M[[N]]) < 1. (5.5.30)

Proof. The global convergence together with Theorem 5.5.10 and the equivalence
of (5.5.20) and (5.5.21) imply that the matrix B = ([M]) - |[N]| is an M-matrix. For
([M], [N]) € Sic) we have [m];; = [1i1];;, hence [n];; = [fi];; by virtue of the reduction
rulesin Theorem 2.3.2 (h). Using (5.5.28) we obtain {[M]) - |[N]| = B, and Theorem 5.5.8
implies global convergence of (5.5.8) for ([M], [N]), too.

In order to show equality of the limit [x]* we decompose [M], [M] into [M] =
[Mlp - [M]7 and [M] = [M]p - [M]r, where [M]p = [M]p = [C] is the diagonal part

of the corresponding matrices, and [M]r, [M]r are defined by the splittings. With
Lemma 5.5.1 we get

[x]* = M, (IMI7[x]* + [N][x]* + [b]) = [M];} ((IM]7 + [ND[x]* + [b])
= [MIH((IM] 7 + [ND[xX]* + [b]) = (M, (IM]7[x]* + [N][x]* + [b]).
Thus [x]* is also the limit of (5.5.8) for the splitting ([M], [N]).
The inequality (5.5.30) follows from Theorem 1.10.22 with the regular splittings

(([M1), [[N1]), ({IM]1), |[N]]) of B which is an M-matrix and therefore inverse positive.
O
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Remark 5.5.2.

(a) Incase of global convergence, the splitting ([C] — [E], [N]') € S [c] Vields the small-
est value of p({[M])~|[N]]) (= bound of the R -factor of (5.5.8)) for each splitting
([M], [N]) € Sic) with a lower triangular matrix [M]. In this case [N]’ is an up-
per triangular matrix. Correspondingly, ([C] - [F], [N]") € S¢; yields the smallest
value of p({[M])~*|[N]|) for each splitting ([M], [N]) € S (c] with an upper triangu-
lar matrix [M]. In this case [N]" is a lower triangular matrix.

The largest value of this spectral radius is obtained for ([C], [N]) € S [c]-

(b) The Jacobi method and the Gauss—Seidel method are based on splittings from
Sip;. According to Theorem 5.5.12 both methods are globally convergent if and
only if

py = p({DDULEN + I[FID) < 1.

Thelimit [x]* coincides. For each splitting ([M], [N]) € Sip; with alower triangular
matrix [M] item (a) implies

pas = p(([D1) = ILEI)YIFNI) < p(((MD)HINID < py,

i.e., the Gauss—Seidel method lets us expect the fastest convergence, the Jacobi
method the slowest.

Notice that in the noninterval case, where only x° € R is admitted, the conver-
gence of one of these two methods does not necessarily imply the convergence of
the other one.

Next we show that the limit of the Gauss—-Seidel method is optimal in a certain sense.
To this end we need part (a) of the following lemma.

Lemma5.5.13. Let [a], [b], [c], [d] € IR with O ¢ [d], O ¢ [d] — [c].

@ lal c [d][l—)][c] implies [a] < [b]}%
(b) If, in addition, [c] = 0, [d] > 0, [d] - [c] > O, then
[a] = [b] implies [a] = [b] + [a]lc]
[d1-Tc] d

Proof. (a)Let a € [a]. By virtue of Theorem 4.1.5 there are real numbers be[b],éelc],
d € [d] such that @ = b/(d - ¢). This equation can be transformed to a = (b +ac)/d e
([b] + [a][c])/[d] which proves the assertion.

(b]

(b) From [a] = il and Corollary 2.3.9 we get
(b] + [a]lc] _ [b] [c] _ bl ¢ c
[d] _[d]11+[d]—[c]}_[d]{1+[a_g’4_5”
bif d 4

1 1 ]: [b] (al. -

[d-[c] ~
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Theorem 5.5.14. Assume that the Gauss—-Seidel method is globally convergent to some
limit [x]g, and let the same hold with limit [x]* for (5.5.8) based on another lower tri-
angular splitting ([M], [N]) of [A] € IR™", Then

[x]gs < [x]” (5.5.31)
and
p(([D1) - IEINMF) < p((IM])HINT)) < 1. (5.5.32)

Proof. Let [M]p be the diagonal part of [M] and define [M]r by [M] = [M]p — [M]r.
With the notation (5.5.29) and from d([A]) = d([M]) + d([N]) = d([M]) we get d([D]) >
d([M]p), d([E]) = d([M]7). By virtue of Theorem 2.3.10 (a) there are a diagonal ma-
trix [D] and a strictly lower triangular matrix [E] such that [D] = [M]p — [D], [E] =
[M]T + [E]. Then [A] = [D] - [E] - [F] = [M] - [N] implies

[N] = [D] + [E] + [F]. (5.5.33)

Using Lemma 5.5.13 (componentwise), Remark 5.5.2 (b) and the particular form of the
matrices we get

[X]gs = [DITM([Ex]&s + [Flx]&s + [b])
< IMIH(IM] 7 + [E])[x]&s + [D][X]gs + [Fl[x]gs + [B]}
< IMIH(IM) 7 Ix]gg + (LET[x]Es + [D][X1gs + [F1Ix]gg) + (b1}
= [MI;H{[M]7x]s + [N1[x]gg + [b]} =: [y]. (5.5.34)
Start the iteration (5.5.8) for ([M], [N]) with [x]° = [x]&s- Then

i-1
[x]; = {— Y [ml;j(x]} + (IN][x]gs + [b])i} [Imlg, i=1,...n (5.5.35)
j=1
With (5.5.34) we obtain ([x]¢g)1 < [y]1 = [x]]. Assume now that ([x]%g)x € [x]; holds for
k=1,...,i-1<n.Together with (5.5.34) and (5.5.35) this implies ([x]&g); < [y]i € [x]},
whence [X]&g = [x]° ¢ [x]* follows. By virtue of the inclusion monotony of the method
(Theorem 5.5.5) we finally obtain

(s = 2 € ' < - < pg* with lim [t = (]

This proves (5.5.31).

In order to show (5.5.32) we define p. as the spectral radius of the matrix ([M])~!-
(I[N]] + eeeT). This matrix is positive if € > 0 and therefore has a Perron vector x;.
Since po < 1 by Theorem 5.5.10 we can choose € > 0 so small that p < 1 holds. In this
case we have

(ID] - [ED)pexe = (IM]p — [D] - [M]1 - [E])pexe
> ([M])pexe — (|[D]] + |[E]D)pexe
= (|[N]] + gee™)xe — (ID]] + |[E])pexe
> (|[N]] = |[D]| - [lE1Dxe = |[F]Ixe,
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where the last equality follows from (5.5.33). Therefore, p.x. = {[D] — [E])"|[F]|x¢ =
({[D1) = I[EID" Y| [F]Ix¢, and Theorem 1.9.13 (b) guarantees p(({[D]) — |[E])"}|[F]I) < pe.
The assertion follows with € — 0. O

According to Theorem 5.5.14 the Richardson iteration never yields a tighter enclosure
of the solution set S than the Gauss—Seidel method. Sometimes however, this enclo-
sure can be coarser as the following example shows: Let [A] = ([1/2,3/2] = [D] €
IR, [E] = [F] = O, [b] = 1. Then [x]&g = [2/3, 2] is the limit of the Gauss—Seidel
method while [x]* = [0, 2] is the limit of the Richardson iteration.

Although the limit [x]gg of the Gauss—Seidel method is optimal in the sense of
Theorem 5.5.14, it can differ from [IS. This can be seen by the following example which
originates from J. Garloff.

Example 5.5.15. Let

(1 -1/2 _(-1,1]
[A]_(l/z 1 ) [b]_([—1,1]>'

05 < IGA(LA], [b) = ¢ ({:2 2) € X5 = (S ;D

Notice that [A] is an H-matrix but not an M-matrix.

Then

Iterations based on M-splittings

M-splittings are very restrictive but have many nice properties. In particular, they are
regular splittings. This is the reason why we are going to study them.

Theorem 5.5.16. Let ([M], [N]) be an M-splitting of an M-matrix [A] € IR™". Then
[[M]C] - |[N]] = M~'N = ([M])~Y|[N]| and p(|[M]€| - |[N]|) < 1. Hence Theorem 5.5.6
applies. In particular, (5.5.8) is globally convergent.

Proof. Since [M] isan M-matrix we have |[M]¢|= M~1=([M])~! by Theorem 5.4.34 (b).
The first statement follows now from [N] > O.From A = M — N one sees that (M, N) isa
regular splitting of the inverse positive matrix A. Hence p(|[M] Gl.|[N])) = p(M*UV )<1
by virtue of Theorem 1.10.21. O

Notice that Theorem 5.5.16 can also be proved with Theorem 5.5.8.
In order to prove our next result we need the following definition.

Definition 5.5.17. Let ([M], [N]) be a splitting of [A] € IR™" and let the iteration
(5.5.8) converge globally to some limit [x]*. Then we define the matrices M*, M**,
N*’ N** e ]erxn by

. i * M: ifFx*
= mij, 1f>_c]. <0 = mi;, 1fx]. <0
ij — - ’ ij af =% ’
mij, 1f5j >0 mjj, 1fx]. >0
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— e e
. )y, ifxi <0 e ) M ifX7 <O
n; = e ) Ny =3_ ... .
njj, 1f)_c}. >0 njj, 1ij >0

Theorem 5.5.18. Let ([M], [N]) be an M-splitting of an M-matrix [A] € IR™". If [M] is
a triangular matrix or a degenerate matrix [M] = M € R™", then the limit [x]* of (5.5.8)
is the interval hull of the solution set S of [A]x = [b], i.e., [x]* =[S.

Proof. W.l.o.g. assume that [M] is a lower triangular M-matrix. For upper triangular
M-matrices [M] the proof proceeds similarly. According to Lemma 5.5.1 the iteration
(5.5.8) is equivalent to

[X]fﬁl (mla {[b +Z( [m]u) ]k+1 Zn]u[x } i=1,...,n.

Let [x]* be the limit of the iteration (5.5.8). This limit exists since (5.5.8) is globally
convergent according to Theorem 5.5.16. It satisfies

[xI} = Tl {[b +Z( (m])[x]} +Z[n]1, x]} i=1,...,n.

With M*, N* as in Definition 5.5.17 we get

{b1+2( mu)x +Znu }} i=1,...,n,

ie., (M* - N*)x* = b. Hence x* € S. With the matrices M**, N** as in the same defi-
nition one similarly obtains (M** — N**)x* = b, which shows x* € S. This proves the
assertion in the first case.

Now let [M] = M € R™", According to Theorem 5.4.34 (d) we have [x]* = IGA(M,
[N][x]* + [b]) = M~Y([N][x]* + [b]), which implies x* = M~1(N*x* + b) with N* asin
Definition 5.5.17. Therefore, x* € S, and similarly we get X* € S. O

If [M] in Theorem 5.5.18 is a general M-matrix, then [x]* = [0S can no longer be guar-
anteed as the following example shows.

Example 5.5.19. Let

_ _ [294] [_210] _ _ [1’2]
[A]—[M]—<[_1,0] [2’4]>, N] = 0, [b]_<[-2,2])'

Then 4-(3/2,1)T =(1,1/2)T > 0, hence A is an M-matrix by virtue of Theorem 1.10.4.
Each matrix A € [A] satisfies A < A € Z™", hence A and therefore [A] = [M] are M-
matrices, too. Trivially, ([M], [N]) is an M-splitting of the M-matrix [A]. The limit of
the iteration (5.5.8) is [x]* = IGA([A], [b]) = ([-3/2,4],[-2,3]))T, and for L = {(x, y)T |
x=-5/4,y ¢ R} we get SN L =0 while [x]* n L + 0; cf. Exercise 5.5.5. Since [A] is
regular, the set S is compact and connected. Therefore it lies completely left or right
of L and has a positive distance from it, whence [0S c [x]*.
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Our next theorem relates the limit of two methods of the form (5.5.8).

Theorem 5.5.20. Let ([M], [N]), ([M], [N]) be two M-splittings of an M-matrix [A] €
IR™™" which satisfy
(M] < (M), d([M]) > d([M]) (5.5.36)

or, equivalently,
[N] < [N], d([N]) < d([N)). (5.5.37)

*

If [x]*, [X]* are the corresponding limits of (5.5.8), then [x]* < [X]*.

Proof. We present here only selected parts of the lengthy proof. The details can be
found in Mayer [203].
The equivalence of (5.5.36), (5.5.37) can be seen via

M<MoN=M-A<M-A=N,
M<Me N<N,
d([A]) = d(IM]) + d([N]) = d(¥]) + d((N])

& d([M]) - d([M]) = d([N]) - d([N]).
Since O < d([N]) - d([N]) = N - N — (N - N) the matrix
[R]=[N-§,N-N]
exists and satisfies
[N] = [N]+[R] with[R] 2> 0.
From
[A] = [M] - [N] = [M] - [N] - [R] = [M] - [N]
we get
[M] = [M] - [R].
Since [N] > O, [R] > O we can reformulate ([N] + [R])[X]* as [N][X]* + [R][X]*. In
Mayer [203] we show the subset property in
IGA([M], [N][X]* + [b]) = IGA([M], [N][X]* + [R][X]" + [b])
< IGA(IM] - [R], [N][X]* + [b])
= IGA([M], [N][R]* + [b]) = [X]*. (5.5.38)

With [f1([x]) = IGA([M], [N][x] + [b]) and [x]° = [%]* we obtain [x]! = [f]([x]°) < [X]*,
and by induction [x]¥ < [X]*, k=0, 1,. .., which proves [x]* = limy_[x]¥ € [%]*. O
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Notice that (5.5.38) describes the transfer of [R] from the right-hand side of the interval
linear system to the coefficient matrix. For degenerate linear systems with solution x*
this can be seen as follows:

A=M-N=M-N-R=M-R-N=M-N
=S M=M-R,
x* = M"Y(Nx* + b) = M"Y (Nx* + Rx* + b)
— (M- R (Nx* +b) = M "(Nx* +b).

Since [A] < [M] with d([A]) > d([M]), Theorem 5.5.20 shows that among all M
splittings ([M], [N]) of an M-matrix [A] the interval Gaussian algorithm (which re-
sults from the M-splitting ([A], O) and yields [x]* in one step, of course) delivers the
coarsest enclosure [x]* of the solution set S of [A]x = [b]. We state this result as a
corollary.

Corollary 5.5.21. Let ([M], [N]) be an M-splitting of an M-matrix [A]. Then the associ-
ated limit [x]* of the iteration (5.5.8) satisfies [x]* < IGA([A], [b]), where [b] € TR".

Example 5.5.15 shows that this property can change if [A] is not an M-matrix.

In Theorem 5.5.12 we were able to compare some bounds for the R -factor of (5.5.8)
for two triangular splittings ([M], [N]), ([M], [N]) with additional restrictions. Now we
want to prove a similar result for M-splittings for which [M] and [M] are not neces-
sarily triangular.

Theorem 5.5.22. Let ([M], [N]), ([M], [N]) be two M-splittings of an M-matrix [A] €
IR™", If M < M or, equivalently, N < N then

p('N) = p((M) Y [N]]) < p(M~'N) = p(¢M) " [N]]) < 1.

Proof. The equivalence of the assumptions follows from A = M - N = M - ﬁ the
inequality of the spectral radii follows from Theorem 1.10.22 with (M, N), (M, N) being
interchanged there. O

Example 5.5.23. Let
[ [2,4] [-2,0] (11,2] _([0,2] [0,2]
[A]‘([—l,O] [2,4])’ [b]‘([—z,ZJ)’ [N]‘([o,ll [0,21>’
[M]; = A - t[N], [N];=(1-0t[N], O<t<l.

Then ([M]¢, [N];) is an M-splitting of the M-matrix [A] for each t € [0, 1]. Denote
by [x]; the corresponding limit of (5.5.8) and by S the solution set of the interval lin-
ear system [A]x = [b]. Then t < t implies [M]; < [M]¢, d([M];) = d([M];), hence the
Theorems 5.5.20 and 5.5.22 can be applied and yield

[XI; < [x]; and p(M;'Ny) <p(M;'Ny).
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For t = 0 we have [M]o = diag(4, 4) € R**?, and Theorem 5.5.18 implies [x]§ = [0S =
(-1, 4], [-1.5,3])T. For t = 1 we obtain [x]} = IGA([A], [b]) = ([-1.5, 4], [-2, 3])T.
An easy calculation (cf. Exercise 5.5.6) yields

3-8
4-+8-t

where the spectral radius decreases monotonously. This is confirmed by Table 5.5.1
with the components of the iterate [x]*s which fulfills the stopping criterion

— 1-t -t
M;'N; = (4 ‘

1737\ _
88+ \ 2 4—t) and pUMNo =1~

- xk < 107100 and  R<T - 7| < 10710k (5.5.39)

for the first time starting with [x]° = [b].

Tab. 5.5.1: Results of Example 5.5.23 with outward rounding to three digits after the decimal point.

t Wy [x1;° ks
0 [-1, 4] [-1.5,3] 128
0.7 [-1,4] [-1.5,3] 47
0.8 [-1.001,4] [-1.5,3] 35
0.85 [-1.076,4] [-1.576,3] 29
0.9 [-1.176,4] [-1.676,3] 22
0.95 [-1.312,4] [-1.812,3] 15
1 [-1.5, 4] [-2,3] 1

The symmetric Gauss-Seidel method

The symmetric Gauss—Seidel method is a combination of two Gauss—Seidel steps
(5.5.14), where in the second one the order of the newly computed components is just
reversed. It reads

1 i-1 41 n

X = {[bli— Y lalylx; —Z[ah,-[x],’-‘} [lalis  i=1,2,...,m,
j=1 j+1
i-1 1 n

Xt = {[b]i - Y lalylay " - Z[ah;[x],’-‘“} [lali, i=nn-1,...,1.

j=1 j+1

(5.5.40)

With the splitting [A] = [D] - [E] - [F] of (5.5.29) three half-steps of (5.5.40) are

represented by

(X% = (DI MBI + [FIDa* + (b)),
[X]k+1 = [D]"Y([E] [X]k*'% + [F][X]k+1 +[b]),
(X = (DM (EIDaR 2 + [FIx]** + b))

[vww.ebook3000.con}



http://www.ebook3000.org

5.5 Iterative methods =——— 257

This reveals that the expressions [E][x] k+3 and [F][x]**! + [b] occur twice. Therefore,
work can be saved when computing them only once and storing them for the second
usage. This happens half-step by half-step. With the exception of the first and the last
half-step of the iteration and of n additional divisions per step, the amount of work per
iterate is thus the same as with the ordinary Gauss—Seidel method. While the limits of
both methods will turn out to be the same, the bound for the R;-factor can decrease,
which lets us expect a faster convergence.
We start with an auxiliary result, where we use the following n x n matrices:

Cp := (DD MENl  Cr :=[DD)'I[FII,

(5.5.41)
J:=Cg +Cp, G:=I-Cp)tCpg(I - Cp)1CF.

Lemma 5.5.24. With the notation in (5.5.29) and (5.5.41) we have p(J) < 1 if and only if
p(G) < 1.

Proof. The matrices Cg and Cr are strict triangular matrices. Therefore, p(Cg) =
p(Cr) =0, whence (I - Cp)™* =¥, Ck >0, (I-Cp)* = 0.
Let p(J) < 1. Then similarly as above we can show (I - J)™* > 0. With M = (I -
Cg)(I - Cf), N = CgCr we get
I-J=M-N. (5.5.42)

Since (M, N) is a regular splitting of the inverse positive matrix I — J, Theorem 1.10.21
guarantees p(M~!N) < 1. This implies p(G) < 1 because of

M™'N=(I-Cp) "I~ Cp) ' CeCr = (I-Cp)™'Ce(I - Ce) "' Cr = G.
Assume conversely that p(G) < 1 holds. Then

O0<(I-G)'=(I-I-Cp)tI~Cp)CpCp)!
= ((I- Cp)I - Cp) - CgCr)"*(I - Cp)I - C)
=(I-N)'UI-Cp)I-Cp)

holds, and multiplying with (I — Cg)"2(I - C)~! implies (I - /)" > 0. Since (I, ]) is
a regular splitting of the inverse positive matrix I — J Theorem 1.10.21 proves p(J) =
p(I7)) < 1. O

We need this lemma in our next result.

Theorem 5.5.25. Let [A] € IR™™, [b] € IR". Then the symmetric Gauss—Seidel method
converges globally to some limit [x]* if and only if p(J) < 1, i.e., if and only if the Jacobi
method and therefore the Gauss—Seidel method are globally convergent. In this case the
limits coincide, the method is inclusion monotone and satisfies permanence of enclosure.
In addition S < [x]* for the solution set S of [A]x = [b], and p(G) < 1 is an upper bound
of the R -factor.

If [A] is an M-matrix and p(J) < 1, then [x]* =[S holds for the common limit of the
three methods mentioned above.
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Proof. Let p(J) < 1 hold and define [f]: IR" — IR" by
{ [x]*? = (DI ([E[x]"? + [F1[x] + [B]),

[1(Ix]) = DI (E1X]Y2 + [FI[A1([x]) + [B)),
where the number 1/2 indicates the first half-step, not the power 1/2. The evaluation
proceeds componentwise according to (5.5.40) so that both left-hand sides are defined
in a unique and straightforward way.

Using the standard properties of the Hausdorff distance we obtain for [x], [y] €
IR" and with the notation (5.5.41)
q(Ix1'2, [y1'?) < |[D] " 1g([E1x] 2 + [F1[x] + [b], [Ely]"/? + [F]ly] + [B])

< (D) "Mq([E][x]"2, [E][y1*"?) + q([F][x], +[F]ly])}

< Ceq(IX1M2, 1Y) + Crq((x], [y)).
Therefore, q([x]'/2, [y]'/?) < (I - Cg)"*Crq([x], [y]) and

q(LAXD), IAYD) < d - Cr)~ 1 Crq([x1*?, [y1'/?) < Gq([x], [y)).

Hence [f] is a P-contraction with P := G, as we can see from the assumption and

Lemma 5.5.24. Theorem 4.2.6 guarantees global convergence for (5.5.40) to a limit [x]*,

and as in the proof of Theorem 5.5.6 one can see that the R, -factor is bounded by p(G).
Let, conversely, (5.5.40) be globally convergent. Then

d(Dx]*Y2) = DI EN (] 2) + |[FT1d([x]%)}
= Ced([x]¥*1/?) + Crd([x]"),

i.e., d([x]¥*1/2) > (I - Cg)"1Crd([x]¥). Similarly,
d(x)Y) > (I - Cp) 1 Crd([x]**V?) > Gd([x]Y), k=0,1,....

Now p(G) < 1 can be seen by contradiction as in the proof of Theorem 5.5.6, and
Lemma 5.5.24 implies p(J) < 1. By virtue of Theorem 5.5.12 the limits of the Jacobi
method, the Gauss-Seidel method, and the reverse Gauss—Seidel method [x]¥*! =
[D]7Y([E][x]* + [F]**Y + [B]), k = 0, 1, ..., coincide. Starting the symmetric Gauss—
Seidel method with this common limit [X] proves [x]* = [x]*. The remaining state-
ments of Theorem 5.5.25 are immediate or follow from Remark 5.5.2(b) or Theo-
rem 5.5.18. O

If [A] is not an M-matrix, then [x]* = S is no longer true for the limit of the three
methods mentioned in Theorem 5.5.25, as can be seen from Example 5.5.15.

Theorem 5.5.26. Let the symmetric Gauss—Seidel method converge globally. Then
p(G) < p((I-Cgp)*Cp) <1, (5.5.43)

i.e., the upper bound of the R1 -factor of the symmetric Gauss—Seidel method is not worse
than that of the ordinary Gauss—Seidel method.
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Proof. The global convergence of the symmetric Gauss—Seidel method guarantees
that of the ordinary Gauss—Seidel method by virtue of Theorem 5.5.25. According to
Theorem 5.5.10 or Remark 5.5.2 (b) this implies the right inequality of (5.5.43).

Define the matrix M, = (I - Cg)"*(Cr + cee”), € € R, and p. = p(M,). Both are
positive for € > 0. Since po < 1, we can choose ¢ > 0 sufficiently small such that p, < 1
holds. Let x > 0 be a Perron vector of M. Then M.x = p.x implies

(Cr +eee")x = (I - Cp)pex,

hence

1
Crx < = (Cr+eeel)x = (I - Cg)x
€

follows. From this we get Cgx < (I - Cr)x which transforms into (I - Cr)"1Cgx < x.
Therefore, (I - Cp)"1CgMex = p.(I - Cr)1Cgx < p.x. Theorem 1.9.13 proves p((I —
Cr)"'CgM,) < p.. Let ¢ tend to zero. This shows p(G) < po = p((I - C5)~'Cr). O

Combining the Theorems 5.5.14 and 5.5.26 gives hope that the symmetric Gauss—Seidel
method is faster than all methods (5.5.8) which are based on a triangular splitting.

We test various iterative methods by means of the discretized Love integral equa-
tion; cf. Love [195]. To this end we remind ourselves of the trapezoidal rule

ro="Me@ 2 ¥ s@rimrgm}, n=2=2 (5.5.44)
n=73 8 i:1g g ’ =T .5.
which approximates the integral
b
jg(x) dx, geC*a,b]. (5.5.45)

a

The sum (5.5.44) plus the remainder term —i’—;g” (&) represent the integral (5.5.45),
where ¢ is an appropriate element of [a, b].

Example 5.5.27. The Love integral equation reads
1

1 C
ue) + j aro g M0dt=f, <1, (55.46)

with some given function f. This integral equation is a Fredholm integral equation

of the second kind which occurs in the field of electrostatics. We consider (5.5.46) for

c = -1 and f(x) = 1. The trapezoidal rule applied to the equidistant decomposition
Xo=-1<x1=-1+h<xy=-1+2h<---<xp=1, h:H,

leads to the linear system

h{ Up/2 Un/2 "il uj

= + +
m1+(+1)2 1+ (x;—-1)? 1+ (x; — xj)?

uj — }zl, i=0,1,...,n.
j=1

(5.5.47)
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Here u; denotes the approximation for the value u(x;) of the unknown solution of
(5.5.46). We write (5.5.47) in short form as Az = e with A ¢ Rv+Dx(n+1)|

1
7) ‘f j O’ ’
1 | 1+(x-x5)2 ifj € {0, n}
@0 =0~ 7 2
——, ifjef1,...,n-1},
1+(Xi—Xj)2 ifjed " J
z = (uo, ..., un)T. We show that A is strictly diagonally dominant, hence it is an M-
matrix because a;; < 0 holds for i # j. To this end we define
1/2 -
T =h 5.5.48
n() {1+(x+1)2 1+(x 1)2 ; 1+ (x- x,)z]> ( )

which is the trapezoidal expression for f dt. We are going to show that

1+(x T+(x—-t)2

0<Th(x)<m (5.5.49)

holds for |x| < 1. This implies 0 < %Tn (x;) < 1,1i.e., A is strictly diagonally dominant.
With the remainder term of the trapezoidal rule we get

1

) 1 h? -2 +6(x-&)?
0= [ o T G g

< arctan(1 — x) + arctan(1 + x) + —
3n?

<251rctan1+izﬁ+i <m

B 3n2 2 3n?
forneN, |x| <1, |x - &] < 2, since the fraction behind h?/12 is less than one and the
sum of the two arctangent terms increases for -1 < x < 0 and decreases for 0 < x < 1.
Next we show that [0, 3e] contains the solution x* of (5.5.47): If Ax* = e, then x* =
A~le > 0.In addition,
holdsforne Nandi=0,1, , n. This implies A(3e) > e, whence 3e > A~le = x*.
Thus we can start our iterations w1th [x]° = [0, 3e].

From the Theorems 5.5.16, 5.5.18, and 5.5.25 we know that the Richardson iteration,
the Jacobi iteration, the Gauss—Seidel iteration, and the symmetric Gauss—Seidel iter-
ation converge to x*. Since the entries a;; are certainly not machine numbers we must
compute them using interval arithmetic. This results finally in an interval linear sys-
tem

[Alx=e (5.5.50)

to which our iterative methods are applied. With [x]° = [0, 3e] we got [x]* < int([x]°)
on the computer for all the four methods just mentioned. Therefore, the Theorems 5.5.9
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and 5.5.25 guarantee global convergence also when A is replaced by [A]. By this and
the outward rounding of the machine interval arithmetic, the iterates [x]* do certainly
not contract to x* but contain x* for all k € Ny. In our computations we chose n =
64 and stopped the iteration when the stopping criterion (5.5.26) was fulfilled for the
first time. The results can be seen in Table 5.5.2, where we list k from the stopping
criterion (5.5.26) and the largest diameter d = maxo<i<n d([x]ff) of the corresponding
components [x]g‘.

In passing we note that the interval Gaussian algorithm applied to the computed
matrix [A] and the right-hand side e yields a superset of the final iterates above with
d = 4.662936703 425 658 - 1071, A method for verifying and enclosing the solu-
tion of the original, i.e., undiscretized Love integral equation (5.5.46) can be found for
instance in Klein [166].

Tab. 5.5.2: Results of Example 5.5.27.

Method k d

Richardson 50 1.154631945610163 10714
Jacobi 49  1.154631945610163 - 10714
Gauss-Seidel 30 4.884981308350689 -1071%

sym. Gauss-Seidel 19  4.884981308350689 - 10713

Richardson iteration

The Richardson iteration (5.5.12) is a very simple splitting for which more results can be
proved as for the general iteration (5.5.8). For convenience and w.l.0.g. we will consider
the iteration

X] = [Alx)* + [b], k=0,1,... (5.5.51)

in this subsection instead of (5.5.12). It can be interpreted as the Richardson iteration
(5.5.12) applied to the interval linear system
(I-[ADx = [b] (5.5.52)

with the Richardson splitting (I, [A]). Thus p(I[M]GI - |[N1I) = p(|[A]]), which allows
an easy reformulation of the previous theorems. With

A(x]) = [Al[x] + [b] (5.5.53)

the iteration (5.5.51) reads [x]**! = [f]([x]*) with global convergence if and only if
p([A]D < 1.

We start our studies with existence, uniqueness and representations of fixed
points of f, even in the case p(|[A]]) > 1. Our first result is simply a reformulation of
Theorem 5.5.6.
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Theorem 5.5.28. Let [A] e IR™", [b] € IR". If p(|[A]]) < 1 the function [f] from (5.5.53)
has a unique fixed point [x]*, the iteration (5.5.51) converges globally to [x]*, and a
bound for its R1-factor is p(|[A]]). In addition, S < [x]* holds for the solution set S of
the interval linear system (I — [A])x = [b].

Our second theorem lists some representations of fixed points for particular classes of
matrices.

Theorem 5.5.29. Let [A] € IR™", [b] € IR" with p(|[A]]) < 1. If one of the following
three properties

@ [A]l=-[A],

(ii) [A] = A e R™",

(i) [b] = ~[b]

is fulfilled, then the limit [x]* of (5.5.51) can be represented as

[X]* = X* + 71y [-1,1]

withx* = (I - A)'b, re = = [A]])"Y(ralD| + 1p). (5.5.54)

Proof. (i) The assumption implies A = O, |[A]| = r4. Taking midpoints in the limit
equation
[x]* = [A][x]* + [b] (5.5.55)

leads to x* = b. Similarly, the radius operation yields
T = Ta|[X]* |+ 1p = 1al|X*| + rarxs +1p = 1a|b| + 1ary + 7p.

Solving for ry+ results in (5.5.54).

(ii) Taking the radius on both sides of (5.5.55) results in ry: = |A|ry- + rp Which —
together with r4, = O — leads to the expression for ry« in (5.5.54). The expression for
x* follows from the midpoint operation applied to (5.5.55) with A = A.

(iii) Starting (5.5.51) with the zero-symmetric interval [x]° = |[x]°|[-1, 1] and tak-
ing into account b=0 keeps symmetry in [x]! and, by induction, in all iterates [x]%,
k=0,1,....Therefore, x* = 0 holds, and (5.5.54) follows from [x]* = |[A]| [x]* + [b]
taking the radius on both sides of (5.5.55). O

To our knowledge an explicit formula for [x]* in the case [b] = b € R" is missing.
Restricting [A] slightly and generalizing [b] in Theorem 5.5.29 (iii) yields the following
result, where the Hadamard product .= is used.

Theorem 5.5.30. Let [A] € IR™", [b] € IR", O ¢ int([a];) fori,j=1,...,n, p(|[A]]) <
1.If 0 € [b], then the limit [x]* of (5.5.51) contains O and can be represented as

[X]* = X* + 71y [-1,1]

withx* = (I-S; .+ [[AIDTYD, 1 = (I - [[A]]) trp, (5.5.56)

where S = (sign(a;;)) € R™".
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Proof. Since 0 = A -0 + 0 we have 0 € [x]*. Therefore, |X*| < ry-, and Fee = X, 15 =

I . The assertion follows now from |A| + r4 = |[A]| and Theorem 3.1.5(c) and (f). O
We apply this theorem to two examples.

Example 5.5.31.
(a) Consider (5.5.51) with

_1 [0, 1] 1 _( [0,2]
[A] = 3 ( 4 [_1’0]) and [b] = ([—2,8])'

Here p(|[A]]) = 1/2 < 1, hence Theorem 5.5.30 applies. It yields x* = (2, )T and
re = (4, 8)T, whence [x]* = ([-2, 6], [-6, 10])T.
(b) We apply Theorem 5.5.30 formally to

14] = ([[_zz’fg] A f]l]) and  [b] = (0, 2], 10, 4])".
This time we get r- = (I - |[A]])"Yrp = (1, -2)T. Since ry+ cannot have nega-
tive components, the assumption p(|[A]|) < 1 must be violated. In fact we have
p([[A]]) > 1, and we will show below that the equation [x] = [A][x] + [b] can
only have a solution [x]* for the given matrix if r, = 0. This is not the case in our
example.

Now we take a closer look to matrices [A] > O. If p(|[A]]) = p(Z) < 1, the matrix [B] =
I-[A] is an M-matrix with b;j <1,i=1,...,n,sinceB=I1-A<I-A=BeZM"
and B! =(I-A)"' =Y, Ak > 0.

If, conversely, [B] =1 - (I - [B]) =1 - [A] € IR™" is an M-matrix with bii < 1,
i=1,...,n,thenB= I-A e Z™" whence —Ei]' = g;j = 0 for i # j. By our assumption
on b;j; wehave bjj =1-a;;<1,i=1,...,n,whichleadstoa;; >0,i=1,...,nand
finally to A > O. In addition, for the M-matrix B there is a positive vector u such that
0 < Bu = (I - A)u, which implies Au < u for 4 > 0. Hence Theorem 1.9.13 guarantees
p(|[A]]) = p(A) < 1. Thus we have proved the following auxiliary result.

Lemma 5.5.32. The matrix [A] € IR™" satisfies [A] > O and p(|[A]|) < 1 if and only if
[B] =1-[A]isan M-matrix with b; <1,i=1,...,n.

If [B] € IR™" is an M-matrix without any restrictions to its diagonal entries, then
D Y[B] with D = diag(b11, ..., bpn) € R™" is an M-matrix to which Lemma 5.5.32
applies with D~1[B] instead of [B]. Thus iterations (5.5.51) with [A] > O and interval
linear systems [B]x = [b] with an M-matrix [B] are closely related. In particular, if
[A] = 0 and p(|[A]]) < 1 hold, then the limit [x]* of (5.5.51) is an optimal enclosure of
the solution set S of the interval linear system ([I — [A])x = [b], i.e., [x]* =0S. This fol-
lows from Theorem 5.5.18 since (I, [A]) is an M-splitting of the M-matrix [B] = I - [A],
which is obviously inverse positive. We state this result separately in our next theorem
in which we repeated the representation of [x]* = [x]¥ in Theorem 5.3.15 replacing
there [A] by I - [A].
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Theorem 5.5.33. Let [b] € IR", [A] € IR™", [A] > O, p(|[A]]) < 1. Then the limit [x]* of
(5.5.51) is the interval hull [x]¥ of the solution set of (I - [A])x = [b]. It can be represented
as
[ -A)'b,(I-A)'b] <0, if[b]<0,
x]* =1 [I-A)'b,d-A)'b] 50, if(b]>O0,
[((I-A)"'b,(I-A)"b] >0, if[b]>0.

We do not know how to represent the limit [x]* = [x]¥ by a single expression if [b] €
IR" is arbitrary and [A] > O, p(|[A]]) < 1. But we can construct it by means of finitely
many iterations using the modified sign accord algorithm 5.3.14; cf. Theorem 5.3.15, its
proof and the text preceding Algorithm 5.3.14.

Limits [x]* of (5.5.51) are obviously algebraic solutions of the interval equation
[x] = [A][x] + [b] and, equivalently, fixed points of the interval function

[AI([x]) = [Al[x] + [b]. (5.5.57)

If p(|[A]]) < 1, we already know from Theorem 5.5.28 that [f] has a unique fixed point.
If p(|[A]]) = 1, the iteration (5.5.51) is no longer globally convergent, but fixed points
of [f] can exist as the following example shows.

Example 5.5.34.

(a) Foreachfixed r ¢ [-1, 1] theinterval function [f]([x]) = [-1, r][x] has the infinitely
many fixed points [x]* = [-t, t], t = 0, and no other ones. If -1 < r < 1, then the
solution set S, = {x e R| (1 —a)x =0, a € [-1,r]} = {0} is contained in every
fixed point [x]*.If r = 1, then S; = R, since any real number solves the particular
equation x = 1 - x. Therefore no fixed point of [f]([x]) = [-1, 1][x] can contain
the complete solution set S;. Notice that p(|[A],|) = 1 for [A], = ([-1, r]) € IR™1,
re[-1,1].

(b) Foreach fixed r € [-2, 2] the interval function [f]([x]) = [-2, r][x] has the unique
fixed point [x]* = 0. If -2 < r < 1, then this fixed point contains the solution set
S;={xeR|(1-ax=0,ace[-2,r]}=1{0} while [x]* 2 S; = R in the case
1 < r < 2.Here, p(|[A];]) = 2 > 1 holds for [A], = ([-2, r]) € IR, r € [-2, 2].

This example shows also that the solution set S of the interval linear system (I —
[A])x = [b] does not need to be contained in a fixed point [x]* of [f] from (5.5.57). Our
next result states, however, that there is at least some connection between S and [x]*.

Theorem 5.5.35. Let [A] € IR™", [b] € IR". Denote by S the solution set of the interval
linear system (I — [A])x = [b], and let [x]* be a fixed point of [f] defined in (5.5.57). Then
for any linear system (I — A)x = b with A € [A], b € [b], there is at least one solution
which is contained in [x]*, and S < [x]* holds if and only if I — [A] is regular, i.e., if
I - [A] does not contain any singular matrix.

Proof. Define the function h by h(x) = Ax + b for any fixed A € [A], b € [b]. Then
h(x) € [A][x]* + [b] = [x]* holds for any x € [x]*. By Brouwer’s fixed point theorem
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there is a vector X € [x]* which satisfies X = AX + b. Since X € S this terminates the
first part of the proof. If S < [x]* then S is bounded. Therefore, since we have already
proved that any linear system (I — A)x = b with A € [A] and b € [b] has at least one
solution, I — A must be regular for any A € [A]. If, conversely, I — [A] is regular then
(I - A)x = b is uniquely solvable for any A € [A], b € [b], and the first part of the
theorem guarantees S ¢ [x]*. O

Now we want to generalize the results of Example 5.5.34. For simplicity we will restrict
ourselves to matrices [A] with irreducible absolute value. The reducible case is much
more complicated and is studied in Arndt, Mayer [55].

Lemma 5.5.36. Let [b], [x]* € IR", [A] € IR™™", |[A]]| irreducible, and [x]* = [A][x]* +
[b]. Then either d([x]*) > 0 or d([x]*) = 0. If d([x]*) = O, then d([b]) = O; if d([b]) # O,
then d([x]*) > 0; if p(I[A]]) > 1, then d([x]*) = d([b]) = O.

Proof. From the fixed point equation we get
d([x]*) 2 |[Alld([x]") + d([b]) = |[A]ld([x]") = [[A]*d([x]"), k=1,2,.... (5558)

If d([x] ;‘) > 0 holds for some j and if i is arbitrary, then by Theorem 1.9.2 there is a
power |[A][¥ = (cij) such that c,-,-d([x]]f“) > 0, which implies d([x]{) = ci,-d([x];‘) > 0.
Hence d([x]*) > O follows. From (5.5.58) we get d([b]) = 0 if d([x]*) =0, and d([x]*) # 0
if d([b]) # 0, whence d([x]*) > O by what we have proved up to now. If p(|[A]]) > 1
and d([x]*) > 0 hold, then define the diagonal matrix D € R™" by d;; = d([x]}), i =
1,...,n.From (5.5.58) we get the contradiction

1> mag (AN D);

— -1
max =iy = 107 AN Dles > 141D > 1 0

The example [-1/2,1/2]-[0, 2] + 1 = [0, 2] shows that d([b]) = O does not necessarily
imply d([x]*) = 0.

From the preceding lemma we know that in the case p(|[A]|) > 1, |[A]] irreducible,
a fixed point of [f] from (5.5.57) can only exist if d([b]) = 0. In addition, [x]* must
be degenerate. Therefore, we will study degenerate fixed points of [f] first, even if
p(A]) < 1.

Theorem 5.5.37. Let |[A]| be irreducible and let A € R™" be the matrix which arises

from [A] € IR™" by replacing the nondegenerate columns there by the corresponding

columns of the identity matrix I € R™", In addition, let [f] be defined as in (5.5.57).

(a) Theinterval function [f] has a degenerate fixed point if and only if [b] is degenerate,
i.e., [b] = b € R", and the linear system

x=Ax+h (5.5.59)

is solvable, i.e., b can be represented as a linear combination of the degenerate
columns of I — [A]. In this case there is at least one solution x* of (5.5.59) which
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satisfies
x; =0forallieM, (5.5.60)

where M denotes the set of indices for which the columns of [A] are nondegener-
ate. The degenerate fixed points [x]* = x* of [f] are just the solutions of (5.5.59)
satisfying (5.5.60).

(b) If [A] has no degenerate columns, then [f] has a degenerate fixed point [x]* = x* €
R" if and only if [b] = 0 € R". In this case x* = 0; it is unique in R", i.e., there are
no additional degenerate fixed points of [f].

(c) A degenerate solution [x]* = x* € R" of [f] is unique in R" if and only if either [A]
has no degenerate columns — then b = x* = 0 (cf. (b)) — or the degenerate columns
of I - [A] are linearly independent.

(d) Adegenerate solution [x]* = x* € R of (5.5.57) is unique in IRR", i.e., there are no ad-
ditional possibly nondegenerate fixed points of [f], if and only if one of the following
conditions hold:

@ plAID < 1;
(i) p(|[A]l) > 1 and [x]* = x* is unique in R" (which is studied in (c)).
In particular, [x]* = x* is not unique in TR" if p(|[A]]) = 1.

Proof. (a) Let [x]* = x* € R" be a fixed point of [f]. From d([b]) < d([b]) + d([A]x*) =
d(x*) =0 weget [b] =b € R" and d([A]x") = 0. This latter equality implies x; = O for
i € M. Therefore, the fixed point equation x* = [A]x* + b together with (5.5.60) proves
the only-if-part of (a).

In order to verify the if-part of (a), choose any solution y* of (5.5.59), replace the
components y; by O for every i € M and denote the resulting vector by x*. Since
(5.5.59) is equivalent to (I — A)x = b and since by the particular form of A the i-th
column of I - A is zero for i € M, the vector x* remains a solution of (5.5.59) and is a
fixed point of [f].

(b) If [A] has no degenerate column, then (5.5.60) implies x* = 0, and b = O follows
from (5.5.59).

(c) If [A] has no degenerate columns, the assertion is proved by (b). Otherwise it
follows from (a) by using (5.5.59) and (5.5.60).

(d) In the case p(|[A]l) < 1 the assertion follows from Theorem 5.5.28, in the case
p(I[A]]) > 1 it follows from Lemma 5.5.36. In the case p(|[A]]) = 1 no fixed point is
unique in IR" as we shall see later on. O

Our next result is a direct consequence of Lemma 5.5.36 and Theorem 5.5.37.

Theorem 5.5.38. Let |[A]| be irreducible with p(|[A]]) > 1, and let [f] be defined as in

(5.5.57).

(@) Ifd([b]) # O, then [f] has no fixed point.

(b) If d([b]) = O, then every fixed point [x]* of [f] is degenerate, and existence and
uniqueness of [x]* are completely handled by Theorem 5.5.37.
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In order to prove the main result on (5.5.57) for p(|[A]]) = 1 we need some basic results
which we gather in the subsequent lemma.

Lemma 5.5.39. Let |[A]| be irreducible with p(|[A]|) = 1 and let [x]* € IR" be a fixed

point of [f] from (5.5.57) satisfying d([x]*) > 0. Then the following properties hold.

(a) The vector [b] is degenerate, i.e., [b] = b € R", and d([x]*) = |[A]ld([x]*), i.e.,
d([x]*) is a Perron vector of |[A]|. In particular

X]* =x" + [-v, V] (5.5.61)

with the Perron vector v := d([x]*)/2 = rad([x]*). If A € [A] is such that |A| = |[A]|,
then

X*=AX* +b (5.5.62)
and
(X]* = AlX]* + b = [A][X]" + D, (5.5.63)
in particular,
A[x]* = [A][x]". (5.5.64)

For each nondegenerate symmetric entry [al;,j, of [A] we have )?j*o =0.
(b) If [y]* + [x]* is another fixed point of [f], then

q([x]*, [yI*) = [[Allg(Ix]*, [y]"),

i.e., q([x]*, [y]*) is a Perron vector of |[A]|.

The vector [y]* can be represented as [y]* = y* + [-w, w] with w = 0 or w being
a Perron vector of |[A]|, and |x* — y*| = |[A]| |x* — y*| holds, i.e., either X* = y* or
|x* — y*| is again a Perron vector of |[A]]|.

Proof. (a) Let d([b]) # 0. Then d([x]*) = d([A][x]*) + d([b]) = |[A]ld([x]*) with in-
equality in at least one component. Hence
(I[ATld([x]*));
1 - - - -
=T A
and
1> min (I[ATld([x]"));
i<isn  d([x]f)
By virtue of Theorem 1.9.8 we get p(|A[) < 1, which contradicts our assumption. There-
fore, d([b]) = 0, [b] = b € R", and the same arguments apply for showing d([x]*) =
I[A]l d([x]").
The representation [x]* = x* + [-v, v] with a Perron vector v of |[A]| is a trivial
consequence of what we have already proved.
Let A € [A] be such that |A| = |[A]| holds. Then we get

AX* +[-v,v]+ b = AX* +|A|[-v,v] + b = AX* + A[-v,v] + b
=AX* +[-v,v])+b=A[x]*+b

c[Al[x]" +b = [x]* =x* + [-v, V].
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Since the vector on the left-hand side and the vector on the right-hand side have the
same diameter 2v we can replace ‘<’ by ‘=". This implies immediately (5.5.62), (5.5.63)
and (5.5.64).

If [alipj, = [~aiyjy» Aij,] With some a;yj, > 0, then a;yj, = ajyj, OF diyj, = —Qiyj,-
Change the sign of this entry in A and denote the resulting matrix by A. Then A € [A]
and |A| = |[A]], hence x* = AX* + b by (5.5.62). Subtracting this equation from (5.5.62)
yields (A - A)x* = 0. Since a;; — d;; = 0 for (i, j) # (io, jo) while a;j, — di,j, # O we
must have ij*o =0.

The representation of [y]* is either trivial or follows from (5.5.61). Define q := q([x]*,
[¥]*) + u where u is any Perron vector of |[A]|. Then q > 0 and |[A]|u = u leads to

q = q([A][x]* + [b], [Ally]" + [b]) + u = q([A][x]*, [A]ly]") + u
<1[Allg([x]*, [y]") + u = [[Allg(Ix]", [y]") + |[Allu = |[A]lg. (5.5.65)

If q([x]*, [y]*) # I[A]lq([x]*, [¥]*), then strict inequality holds in (5.5.65) at least
for one component. Hence

L < may (ALl
1<i<n qi
and
1 < min (|[A]|Q)i.
1<i<n qi
This yields the contradiction p(|[A]|) > 1 by the same theorem as above.

Let [y]* = y* + [-w, w] with w = 0 or w being a Perron vector of |[A]|. W.l.o.g.
let w < v. (Otherwise interchange the roles of [x]* and [y]*.) Then gq([x]*, [y]*) =
[X* = y*| + v - w, and from q([x]*, [y]*) = [[Allg([x]*, [y]*) we obtain [x* - y*| =
[[A]lx* =y~

O

We illustrate Lemma 5.5.39 by an example.

[A1=(
1

|[A1|=< ?), and v=(1>
5 1

is a Perron vector of |[A]|. The only matrix A € [A] with |A| = [[A]] is

):

Example 5.5.40. Let

N[N
=)
N[
N=
N———
=
1]
[
I
/-~
|
=
N————

Then

N[=N[=

1l
/
NN
NN
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Therefore,

s 1 1+s
e X = + SV = , SeR.
-1 -1+s

Hence a fixed point [x]* of [f] from (5.5.57) must have the form

(5.5.66)

[x]*:k*+t[—u,u]=< [l+s—t,1+s+t] >, 20

[-1+s-t,-1+s+t]

Since the second row of [A] is degenerate, one can easily see that an interval vector
of the form (5.5.66) satisfies [x]* = [A][x]* + [b] in the second component. In order to
fulfill it in its first component we must have

%[1+s—t,1+s+t]+[0,%][—1+s—t,—1+s+t]:[s—t,s+t]. (5.5.67)

If -1 + s + t < 0, then the upper bound of (5.5.67) reads %(1 +s+t)+0=s+tand
leads to the contradiction -1 + s+t = 0. If -1 + s — t > 0, then the lower bound of
(5.5.67) reads %(1 +S—1t)+0 =s -t and leads to the contradiction -1 +s —t = 0. If

-1+s+t>0 and -1+s-t<0, (5.5.68)
then (5.5.67) reads
sl+s-t,1+s+t]+3[-1+s—t,-1+s+t]=[s—t,s+t],

i.e., (5.5.67) is fulfilled. Since (5.5.68) is equivalent to |1 — s| < t we end up with the
following result: The interval vector [x]* is a fixed point of [f] from (5.5.57) if and only
if

[x]* = (_1>+su+tv[—l,1] with t > |1 - s]. (5.5.69)

The vector [x]* is degenerate if and only if t = 0, hence s = 1 and

It also confirms Lemma 5.5.39 (b). O

Theorem 5.5.41. Let |[A]| be irreducible with p(|[A]]) = 1 and let [f] be defined as in
(5.5.57).



270 = 5 Linear systems of equations

(@) The interval function [f) has a fixed point if and only if the following two properties
hold:
(i) [b]=b eR".
(ii) Thereis a vector x € R" such that

Xx=Ax+b forall A e [A] satisfying |A| = |[A]]. (5.5.70)

(b) If [f] has a fixed point, then for all sufficiently large real numbers t > O the vector
[x]* = x + tv[-1, 1] (X from (5.5.70), v any fixed Perron vector of |[A]|) is also a
fixed point of [f]. In particular, if [f] has a fixed point, then there are infinitely many
ones.

Proof. (a) Let [x]* € IR" be a fixed point of [f]. Then (i) follows from the Lem-
mas 5.5.36 (a) and 5.5.39 (a) together with Theorem 5.5.37 (a). In order to deduce (ii) we
first assume d([x]*) = 0, i.e., [x]* = x* € R". By (5.5.59) we have x* = Ax* + b with A
from Theorem 5.5.37, and by (5.5.60) we obtain x; = 0 for all indices i which number
nondegenerate columns of [A]. Therefore, these columns can be replaced by the
corresponding ones of any A € [A] with |A| = |[A]| without changing the result Ax*.
Since the remaining columns of A are degenerate and thus necessarily coincide with
those of A, we get Ax* = Ax* and finally x* = Ax* + b forall A ¢ [A] with |A| = |[A]].
This proves (i) with X = x*. In the case d([x]*) > O the assertion (ii) follows from
Lemma 5.5.39 (a) with x = x*.

In order to prove the converse, let (i) and (ii) hold and define x* = X with x from (ii).
Let v > 0 be any Perron vector of |[A]| and let [x]* = Xx* + tv[-1, 1] with ¢ > 0. If (5.5.64)
holds for at least one matrix A € [A] such that |A| = |[A]], then

[AlIX]* +b =Ax]* +b = AX* + tv[-1,1]) + b
= AX* + |Altv[-1,1] + b = X* + tv[-1, 1] = [x]*, (5.5.71)
i.e., [x]* is a fixed point of [f]. Now we will prove that (5.5.64) holds for all ¢ > 0 suffi-
ciently large.

By virtue of v > 0 we can choose t > 0 such that x* <0 < x*.If a;; < 0, then
ajj := ajj = —|[aly| € [al;j, and

[alIx]; = aglx];. (5.5.72)

If a;; > 0, then a;; := a;; = |[alj;] € [al;;, and (5.5.72) holds again.
Now let g;; < 0 < a;; hold.

Casel, a;; = 0, i.e,, [al;j = [-ajj, a;;] with some a;; > 0: As at the end of the proof of
Lemma 5.5.39 (a) we get by (ii) x]* = Xj = 0 whence glf‘ = —)_clf‘ and [a];; [x]]?‘ =|[aljl [x]]?‘ =
ajj [x];‘.Therefore, (5.5.72) holds with a;; := a;; = |[al;| = a;j € [alj;.

Case 2, aj; > 0, i.e., aj; = |[al;]: If )Z; = 0, then (5.5.72) holds with ajj = ajj.
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If)?}k > 0, then [a]; [x]]f“ = [min{gi,-x a,]x ha a,]x *].In order to fix the lower bound
we remark that

a;x;

; a,]x o (a; - rad[a],,)(x +tuj) = (az + rad[a],-,-)()?;‘ - tvj)

—rad[a]ijx +taijv; =0

_ rad(aly) 11 (5.5.73)
|ajjl Vj ’ -

which is true for t > O sufficiently large. Hence (5.5.72) holds with a;; := aj;; = |[a]j] €
[alj.

If ¥ <0, then [al;[x]} = ~([aly(~[x]))) = ~(aii(~[x]})) = @;[x]; as in the case
']T* > 0 provided that (5.5.73) holds.

Case 3, aj < 0: Here, [al;[x]] = —((-[aly)[x]}) = —a;[x]; with a;; := -a;; = |[al;l
provided that (5.5.73) is true. Setting a;; := —d;; = a;; = —|[al;j| € [a]; results in (5.5.72).
(b) follows from the proof of (a). O

In Theorem 5.5.41 we showed that there are fixed points of the form
[x]* = x* + tv[-1, 1] (5.5.74)

provided that [f] has a fixed point at all. In our next theorem we prove that all fixed
points of [f] must have this form, and we derive a sharp lower bound for ¢ in (5.5.74)
such that, in fact, [x] = [f]([x]) holds. In addition, we study x* in view of uniqueness.

Theorem 5.5.42. Let |[A]| beirreducible with p(|[A]|) = 1 and choose any Perron vector
v > 0 of |[A]]. Denote by Msym the set of all indices for which the columns of [A] contain
at least one nondegenerate symmetric entry. Construct [B] € IR™" from [A] by replac-
ing the j-th column of [A] by the j-th column of the identity matrix I for all j € Mgy, and
let A € [B] be the unique matrix which satisfies |A| = |[B]]. In addition, let [f] be defined
as in (5.5.57).
(a) The interval function [f] has a fixed point if and only if [b] is degenerate, i.e., [b] =
b € R", and
x=Ax+b (5.5.75)

is solvable. In this case, there is at least one solution x of (5.5.75) which satisfies
=0 forallie Mgyn. (5.5.76)

(b) If [b] is degenerate, i.e., [b] = b € R", then for any solution x of (5.5.75) satisfying
(5.5.76) and for any real number t with
rad([al;;) ' |)?j| |X1|

, 1<i,j<n, d;+0, rad([al;) qeo} (5.5.77)

tzm::max{o, <
|ai,-| Vj Vj

the interval vector [x]* = x + tv[-1, 1] is a fixed point of [f].
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Conversely, if [x]* is any fixed point of [f], then [b] is degenerate, i.e., [b] = b € R",
and [x]* can be written in the form [x]* = x* + tv[-1, 1] where x* solves (5.5.75),
(5.5.76) and t satisfies (5.5.77) with X = x*.

(©) If Meym # 0, i.e., if there are at least two different matrices A, A € [A] with |A| =

|A| = |[A]], then (5.5.75) has at most one solution which satisfies (5.5.76).

(d) If Msym = 0, i.e., if there is exactly one matrix A € [A] with |A| = |[A]|, then A = A,

(5.5.76) is trivially true and one of the following mutually exclusive cases occurs:

(i) p(A) < 1, whence (5.5.75) has a unique solution.

(ii) p(A) =1 and A #+ D Y|[A]|D for every signature matrix D = diag(o4, ..., 05)
with o; € {-1, 1}, whence (5.5.75) has a unique solution.

(iii) p(A) = 1 and A = D~Y|[A]|D for some signature matrix D = diag(o4, ..., 03)
with o; € {-1, 1}. Here, (5.5.75) has no solution if and only if b cannot be rep-
resented as linear combination of the column vectors of I — A. Otherwise it has
infinitely many solutions. They are given by

x* =x+sDty, (5.5.78)
where X is any fixed particular solution of (5.5.75) and s is any real number.

Proof. (a) Let [f] have a fixed point [x]*. Then Theorem 5.5.41 implies [b] = b and
X*=AX*+b (5.5.79)
forall A € [A] with |A| = |[A]]. Define M as in Theorem 5.5.37 (a). Since
)?;0 =0 forjoe Msym M (5.5.80)

(cf. Theorem 5.5.37 (a) for d([x]*) = 0 and Lemma 5.5.39 for d([x]*) > 0) and since the
i-th columns of A and A coincide for i ¢ Mgym, we get AX* = AX*, and (5.5.75), (5.5.76)
follow from (5.5.79), (5.5.80) with x = X := x*.

Let, conversely, [b] = b be degenerate and let x be a solution of (5.5.75) satisfying
(5.5.76). Then Ax = A% by the same arguments as above, and Theorem 5.5.41 (a) implies
the existence of a fixed point of [f].

(b) ‘<’: Let [x]* be a fixed point of [f]. Then [x]* has the form

[x]* =x* + tv[-1,1], t=0. (5.5.81)

For d([x]*) > O this follows from Lemma 5.5.39 since, by virtue of Theorem 1.9.4, the
Perron vector d([x]*)/2 of this lemma can be written as a positive multiple of our arbi-
trary Perron vector v. For d([x]*) = O the representation (5.5.81) follows at once with
t=0.

Now we want to prove (5.5.77) for ¢t in (5.5.81).

If m = 0, then (5.5.77) holds trivially.

If m > 0, then by the definition of m there is some pair (i, j) such that

)E]* #0 and 4g;;#0 and rad([al;) #0 (5.5.82)
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hold together with 5
_ rad([a],-,-) |)zj*| |X1*|

|dij| Uj U]
If d([x]*) = 0, then rad([a];;) # O implies the contradiction ”]i" = 0 by virtue of (5.5.60).
Therefore, d([x]*) > 0, t > 0, and (5.5.64) implies

Alx]* = [Al[Ix]* (5.5.83)

for any A € [A] with |A| = |[A]|. Since a;j [x]; < [al;[x]; would contradict (5.5.83) we
get
a;ilx]; = lalj(x]}. (5.5.84)

From d([x] ].* ) >0, (5.5.82), (5.5.84) and the multiplication table (Tab. 2.2.1) in Section 2.2
we must have )_(]f“ <0< )_(]?" ,i.e., )2]* -tyj<0< )2]?‘ + tvj whence

%1
t> > (5.5.85)
]

If a;; < 0 or a;j > O, then rad([al;j) < |d;|, and together with (5.5.85) we obtain

rad(aly) 1 K1,

lagl v vy
If O € [aljj, then |a;| < rad[a];; whence
_ rad([a],-j) |)2;| |)2]*|

lagl v T v
In addition, (5.5.82), (5.5.84) and the multiplication table mentioned above (Table 2.2.1)
reveal the restrictions

— % —x . ~ ok
ajxj < ayXj ifay <0 < ajj, Xj >0,
aiix; <ayx; ifa;<0<a;, X <0
aijX; jX; 4jj A S (5.5.86)
vl v . = .. .. v
{11])(]. < gu)_(]- if aijj < 0< aij, j >0,
—x p— ® . ~ - 5k
@jXj < ayx; it aij <0< aj, Xj <0.

Expressing the bounds of the intervals [a];j, [x] ]?‘ by means of their midpoint and ra-
dius we can rewrite the first inequality in (5.5.86) by

(ai; +rad([ali) (X - tvj) < (a - rad([al;)(X] + tvy),
which is equivalent to
rad([a]i,-))Z;‘ < djjtv;
and therefore to .
B rad([al;) |Xj|

— — < t. (5.5.87)
|ajl vj
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The remaining three inequalities of (5.5.86) are also equivalent to (5.5.87). This
proves (5.5.77).

‘=’: Now let [b] = b be degenerate and [x]* = x + tv[-1, 1] where X satisfies
(5.5.75), (5.5.76) and t satisfies (5.5.77).If t = 0, then m = 0, [x]* = X, and the definition
of m together with (5.5.76) imply X; = O for rad([a];;) + 0. Hence (5.5.59) follows from
(5.5.75) with x = X, and (5.5.60) holds, too. By Theorem 5.5.37 (a) the vector [x]* = X is
a fixed point of [f]. If t > 0, then d([x]*) > 0. We first construct a matrix A such that

Alx]* = [Allx]*, Ael[Al, |Al=]A] (5.5.88)
holds which, by virtue of A[x]* < [A][x]*, d(A[x]*) = d([A][x]*), is equivalent to
dij[X]; = [a]ij[x]]f‘, ajj € [aly, lagl = |lall fori,j=1,...,n. (5.5.89)

If (5.5.82) does not hold, then a¢;; from (5.5.89) can easily be found using (5.5.76)
in the case d;; = 0, rad([a];;) > 0. Assume now that (5.5.82) is true (which, by the way,
can only happen if m > 0). Then t > m > %, i.e., |xj| < tvj, whence O € [x]]?‘. In this
case d;; can be constructed as in the proof of Theorem 5.5.41. (Note that by virtue of
(5.5.82) not all cases must be considered there.)

From (5.5.75), (5.5.76) we get Ax = Ax. Using (5.5.75) and (5.5.88) the proof termi-
nates now as in (5.5.71).

(c) Assume that there are two solutions x and x of (5.5.75) which satisfy (5.5.76).
Theny = % — x fulfills y = Ay and y; = O for i € Mgy . Construct B from A by replac-
ing the i-th column of A by the zero vector for every i € Msym. Then IB| < |[A]| with
inequality in at least one entry. By virtue of Theorem 1.9.7 we have p(]§) <p(|[A]]) = 1.
Since y; = O for i € Msyy, we obtain y = Ay = By, whence y = 0.

(d) follows from Theorem 1.9.7 taking into account that the kernel of I — A is
spanned by D~'v in the last case of (iii) since A = 1 is a simple eigenvalue of
[[A]| and therefore of A = D1|[A]|D. Notice that in Theorem 1.9.7 we must set
¢ = 0 since A = e/?p(C) has to be one in our situation, and the complex signa-
ture matrix D can be chosen to be real since B := A is real. (This follows from
B = DICD = (by) = (9% ¢cyy) € R™" & ei0=00) ¢ R forall k, | € {1,...,n}.
Choosing k =1 and | = 2, ..., n yields e!® = 71;e!% with 7; € {-1, 1}. Hence
D = ei% diag(1, 13, ..., Tn), and o; can be chosen to be zero since it has no in-
fluence on the representation of B.) O

Example 5.5.40 is an illustration of the last case in Theorem 5.5.42 (d) (iii) with D = I.
It also confirms Theorem 5.5.42 (a).

Case (ii) of Theorem 5.5.42 (d) occurs, e.g., if |[A]| is primitive and if, in addition,
[A] has the form [A] = [-|[A]l, O]. In this case A = —|[A]| has no eigenvalue equal to
one, hence A + D~1|[A]|D for every signature matrix D, and I — 4 is regular.

We close this subsection with a remark on the R;-factor of (5.5.51). From Theo-
rem 5.5.28 we know that p(|[A]|) < 1 is an upper bound for this factor. If [A] > O, we
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can even state a necessary and sufficient criterion for this bound to be sharp. To this
end we need the following lemma.

Lemma 5.5.43. Let [b] € IR", [A] € IR™", p(|[A]]) < 1, i.e., let the iteration ] in (5.5.51)
converge globally to a limit [x]* € IR".
(@) Ifd([x]*) > O and if the sequences ([y]X), ([z]¥) are generated by (5.5.51) with

[y1° cint([x]*) < [x]* < int([z]°), (5.5.90)

then R1(9) = max{R1([y]¥), R1([z]%)}.
(b) If d([x]*) = O and if the sequence ([z]¥) is generated by (5.5.51) with

[x]* < int([2]?), (5.5.91)

then R1(9) = R1([z]").

Proof. (a) Let ([x]%) be an arbitrary sequence generated by (5.5.51). By the assump-
tions, there is an index ko such that [y]° ¢ [x]% < [z]°, whence [y]¥ c [x]ko*k ¢ [z]k.
Theorem 2.5.7 (p) implies

q(Ix1%*, [x]*) < max{q(ly]*, [X]"), q([21", [x]*) }.
If | - | denotes any monotone norm one obtains
lg(Ix1**, [x]*)1 < max{ lg(ly1, D), lq(lz]®, X111}
and
lg(D**%, 1)K = (lg(Dakor, [x])/teko)
(gL, L eskon) )
< max{ lg([yl*, "IV, lg([21%, DI}
From 0 < Ry ([x]¥) < P(I[A]]) < 1 one therefore gets
Ry([x]*) < max{ Ry ([y]"), R (1z]") },

and the definition of the R; -factor of J yields the assertion.
(b) is proved similarly. O

Theorem 5.5.44. Let [b] € IR", [A] € IR", [A] = O, |[A]]| irreducible, p = p(|[A]]) < 1.
Denote by J the iteration (5.5.51). Then R1(J) < p if and only if there are indices s, t such
that

d([Al.s) # 0, d([Al.e) # 0, (I-[AID"'b)s > 0, (I~ [AID"'B) < 0.  (55.92)

In all other cases R1(J) = p holds.
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Proof. Let [x]* be the limit of (5.5.51) and J = {j | d([A].j) # 0}, J' ={1,...,n}\J.
Define A*, A** by

aji, ifx’>0 aii, ifx’ =0
S e MRS E A (5.5.93)
aij, ifx; <0 aij, ifx; <0

Then A*x* + b = x*, A**X* + b = X*.

‘=’ Let R1(J) < p, x' = (I - |[A]])"!h, and assume x]f < 0 forall j € J. Since
I[A]| € [A] we have x < x” and x; < x]f < 0 for j € J. This implies Aj]. = Z*j for these
indices j, and A:j =A.j=A,jforje ] .Thuswehave A* = |[A]|. Choose v as a Perron
vector of A* and define [z]¥ by (5.5.51) starting with [2]° = [x]* + v[-1, 1]. Then

z! = min ([A]([x]* + v[-1, 1]) + [b])
= (Z},E][a]i}-([x]lfk +vj[-1,1]) + Z}.E],[a]ij([)(]}k +vj[-1,1]) + Qi)
= (X, @il - v+ X, llalgls) - v + bi)

=A*(X* ~v)+b=x" - pv

holds. By induction we get z€ = x* — p*v, k=0, 1, ... . Therefore, q([z]¥, [x]*) > pk

whence R1(9) > R([z]¥) > p contradicting the hypothesis.

Similarly, one gets a contradiction if Ry (J) < p and ((I - |[A] |)—1E)]_ >0forallje].
In this case X; > 0 for j € J, A** = |[A]| and Zk=x* +pkv, k=0,1,....

‘<’: Lets, t beasin (5.5.92). First we show that neither A* nor A** equals |[A]].In
contrast, assume A* = |[A]|, for instance. Then x* = (I - |[A]])"'b and (5.5.92) implies
Xs > 0. Since s € J there is a nondegenerate entry [a];,s. By construction of A* we
obtain the contradiction alf‘os = Qj,s < Aiys = |[ai,s]]. Similarly, A** # |[A]].

From Theorem 1.9.7 we get p; := p(A*) < p and p; := p(A**) < p. Choose € > 0 so
small that p; < p{© := p(A4* + gee”) < p and let u‘® be a Perron vector of the positive
matrix A* + cee”. Then A*u® < (A* + eeeT)u'®) = p(f)u(s). Assume that u® is scaled
such that sign(x; - ul@) = signx;" holds for all i with sign x; # 0. Analogously, let v(®)

v,

be a Perron vector of A** + geel with p, < p© := p(A** + geeT) < p, A**v® < plPy(©)
and sign(x; + v\”) = signX; for all i with signx; # 0. Start (5.5.51) with [2]° = [x]* +
[-u®, @], Then
[z]' = [A*(x* - u®) + b, A** (x* + 1) + D]
_ [)_(* _A*u(s)’)—(* +A**U(€)]
c [x* - pPu®, 3 + pPu@] c [21°
The inclusion monotony of interval arithmetic and induction finally imply [z]**! ¢

[z]¥, k=0,1,...,and

[z]* < [x* —p(f)u(g), x* +p(2£)v(€)]. (5.5.94)
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From [x]* < [z]° we get [x]* < [z]¥, k=0, 1, ..., and (5.5.94) guarantees
q([21%, [x]") < sup{(p{™)*u®, (p§) v ®)}

and
R1([21%) < max{p®, p¥} < p. (5.5.95)
In particular, the sequence ([z]¥) plays the same role as in Lemma 5.5.43. The as-
sumption d([x]*) > 0 or d([x]*) = O of this lemma is fulfilled because of Lemma 5.5.36.
If d([x]*) = 0, Lemma 5.5.43 (b) implies Ry (J) < max{p(f),p2 )} <p.Since e >0
can be chosen arbitrarily small we get

R1(J9) <max{p1,p2}<p. (5.5.96)

(If i, 0 denote sufficiently small nonnegative eigenvectors of A* and A**, respec-
tively, associated with the eigenvalues p; respective p,, then (5.5.51) with [x]° = [x]* +
[-it, U] shows that even equality holds in (5.5.96).)

Now let d([x]*) > 0. In order to construct a sequence ([y]k ) as in Lemma 5.5.43 (a)
we define the matrices B*, B** by means of

b - { ai 1f§] 20 b - {a,-,-, lff] >0
aij, 1f5]. <0 aij, 1fx]. <0
Then
B'x"+b=x*, B“¥ +b=%', B'<A*, B <A™
holds and implies
p(f)u(g) = (A" +eeeNHu® > B*u®, p(‘g)v =(A** + ceeNHv® > B**v® (5597)

with the same quantities as above, eventually rescaled such that

*

sign(x +u'®) = signx? if signx’ # 0,

sign(x; - v; >) = signx;

if signx; #0,
x*+u® < x* —p@,
The last inequality is possible since we assumed d([x]*) > 0. With [y]® = [x* + u®,
x* — v®] we get similarly as above
[x]* = [Al[x]* + [b] 2 [Al[y]° + [b] = [y]!

= [B*(x* +u®), B**(x* - v®)] + [b]

2 [x* +p @, x* (s)v(g)] > [y]°,
and by induction

% 2 IR 2 [ + () u®, % - (p$H®), k=0,1,....

Hence R;([y]¥) < max{ p<1‘g),p2 }, and (5.5.95), Lemma 5.5.43 and € — 0 imply R1(J) <
max{p1, p2} < p. (With [x]° as above we even obtain R1(J) = max{p1, p2}.) O
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Krawczyk method for interval linear systems

As in the first subsection we start with the point system (5.5.1). This time we precon-
dition it with some matrix C which, for the moment, we assume to be regular. Then
(5.5.1) is equivalent to the fixed point form

x=Cb+({-CA)x (5.5.98)
or
x=xX+C(b-Ax)+(I-CA)(x-Xx) (5.5.99)

with a fixed vector X. This induces the iterative methods

X =ch+I-CAX, k=0,1,..., (5.5.100)
and
Xl =5+ Ch-A%)+I-CAKX-%), k=0,1,..., (5.5.101)

respectively, where the latter one can be considered as an iterative refinement of x.
If A, b are replaced by interval quantities [A], [b], one immediately gets interval it-
erations for the interval linear system [A]x = [b]. The point matrix C can be thought
of as an approximate inverse of the midpoint A, and X as an approximate solution of
Ax = b. We refer to each of the iterations

¥ = Clb] + (I - CIADIY, k=0,1,..., (5.5.102)
and
[x]F = %+ C([b] - [A]%) + (I - CIAD(X* - %), k=0,1,... (5.5103)

as Krawczyk method, where the second iteration is sometimes more precisely called
residual Krawczyk iteration as in Neumaier [257]. They will be modified and general-
ized to nonlinear systems in Chapter 6. They can be interpreted as the Richardson iter-
ation applied to (C[A])x = C[b] and (C[A])(x — X) = C([b] — [A]X), respectively, i.e., to
a preconditioned system [A]x = [b]. For X = O the iteration (5.5.103) reduces to (5.5.102)
while, conversely, (5.5.103) can be obtained from (5.5.102) by replacing [b], [x]¥, [x]**!
by [b] - [A]%, [x]* - %, [x]¥*! — %, so that results on (5.5.102) can be easily transferred
to (5.5.103) and vice versa.
As in (5.5.10), (5.5.11) one can also iterate with intersections, for instance

[t = {Cb] + (I~ CLADI XY, k=0,1,.... (5.5.104)

Since (5.5.100), (5.5.101) are contained in (5.5.102) and (5.5.103), respectively, we
will consider only the latter ones, pointing out particularities of the previous ones if
necessary.

We start with the simple iteration (5.5.102).
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Theorem 5.5.45. Let [x]° € IR" and denote by [x]* the iterates of (5.5.102) for some
matrices [A] € IR™", C € R™" and some vector [b] € IR". If

X} cxf, i=1,...,n, (5.5.105)

then the following properties hold.

(a) The matrices [A], C are regular.

(b) The iteration (5.5.102) is globally convergent to some limit [x]* which contains the
solution set S of the interval linear system [A]x = [b].

(c) Theiterates [x]* satisfy

X]* ¢ x]* ¢ [x]F e e [x]°,

with limg_eo [X]¥ = [X]*, [x]* as in (b).
If[A] = A € R™", [b] = b € R", then [x]* = x* € R" with Ax* = b.

Proof. (a), (b) follow from the Theorems 5.5.9, 5.5.6, and 5.5.5 applied to C[A], C[b]
instead of [A], [b] and to ([M], [N]) = (I, I — C[A]). Notice that Theorem 5.5.6 implies
regularity of C[A] and therefore also of C and [A].

(c) The proof of Theorem 5.5.6 shows that

[f1([x]) := C[b] + (I - C[A][x] = IGA(, (I - C[A])[x] + C[b]) (5.5.106)

isa P-contraction with P = |I — C[A]|. The assertion follows now from Theorem 4.2.7 (c)
and (d). O
The assumption (5.5.105) does not need to be fulfilled from the start. Then an itera-
tion with e-inflation as in Section 4.3 may help. It leads to [x]** = [f]([x]¥) < [x]X
after finitely many iterations as the Example 4.3.3 and Theorem 4.3.2 show if adapted
appropriately.

Our next theorem starts with an a priori restriction of I — C[A].

Theorem 5.5.46. Let % € R", [x]° € IR and denote by [x]¥ the iterates of (5.5.102) for
some matrices [A] € IR™", C € R™" and some vector [b] € IR". If

1= ClA]l oo < 1, (5.5.107)

then the following properties hold.
(a) The matrices [A], C are regular.
(b) The iteration (5.5.102) is globally convergent to some limit [x]* which satisfies

IC([b] - [A]X)] lloo
1= - ClAN oo

[x]* € [X] :== X+ [-a, ale, wherea :=

If one starts (5.5.102) with [x]° 2 [X], then

xX]* < [x]%, k=0,1,..., and lim [x]* = [x]*.
k—o0
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Proof. The assumption implies p(P) < 1 for P = |I — C[A]|. Therefore, part (a) and the
global convergence in (b) follow from Theorem 5.5.6 applied as in the previous proof.
Start the iteration (5.5.102) with [x]° = %. Then

q(x*, x1°) = q(C[b] + (I - CIADX, X) = q(C[b] - (CIA])X, 0) = |C([b] - [A]%)],

and [x]* ¢ [X] results from Theorem 4.2.7 (b). With [f] as in (5.5.106) the remaining
part of the theorem follows from [x]* = [f1([x]*) < [fI((X]) < [fl([x]°) = [x]! and an
obvious induction. O

The assumption (5.5.107) is certainly fulfilled if C is a sufficiently good approximation
of the inverse of a matrix A € [A] and if the diameter of [4] is sufficiently small. This
follows from

I-ClAlcI-C(A+d([A)[-1,1]) = I - CA+ Cd([A])[-1,1]
~I-A"'A+|Cld([AD[-1, 1] = |Cld([A])[-1, 1].
The Theorems 5.5.45 and 5.5.46 can be easily reformulated and proved for the iteration
(5.5.103), too. As was mentioned in Neumaier [257], p. 125f, the limit [y]* of the residual

iteration (5.5.103) is not better than the limit [x]* of (5.5.102). We extend this result in
Theorem 5.5.47.

Theorem 5.5.47. Let (5.5.102) and (5.5.103) be globally convergent to some limits [x]*
and [y]*, respectively. Then
(x]* < [yl” (5.5.108)

holds with equality if X = x*, C = A1, For arbitrary choices % € [x]*, C! € [A] inequality
is possible in (5.5.108).

Proof. Start (5.5.102) with [x]° = [y]*. Then

[x]' = C[b] + I - CIAD([y]* - % + %)

c C[b] + (I - CIAD([y]* —x) + (I - C[A])x
=X+ C[b] - (C[ADXx + (I - C[AD([y]* - %)
=X+ C([b] - [A]%) + (I - C[AD([y]" - x) = [y]”

holds, and an inductive argument implies [x]* < [y]*.

Ifx=x* C=A"1 weget

AN b+ (I - ATHAD [N

A7Y[b] + Al rad([A])[x]*[-1, 1]

A7Yb] + A7 rad([ADI[x]*][-1, 1]

(x]*
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and
y]* = x* + A7Y([b] - [A]X*) + A"  rad([A])|[x]* - X*|[-1,1]
=x*+AY[b] - (I - A rad([A])[-1, 1])x*
+ Al rad([A]) rad([x]*)[-1, 1]
A7L[b] + A1 rad([A])(1X*| + rad([x]*))[-1, 1]
= A7'[b] + A rad([A])|[x*]I[-1, 1] = [x]*.

The remaining part of the proof follows from the counterexample [A] = [1, 2], C=2/3,
[b] = [-1,0], x = —-1. Here, [x]* = [-1,1/3], and

[y]* = X + C([b] - [A]X) + (I - C[A]([y]* - %)
2 X+ C([b] - [A]X) + (I - CIA])([x]* - %)
=[-13/9,7/9] > [x]*. .

In order to evaluate the quality of an enclosure [x] of the solution set S of an interval
linear system [A]x = [b] it is advantageous to have a so-called inner enclosure [y] of
S which is defined as any interval vector contained in S. In this connection we some-
times more precisely call an enclosure [x] an outer enclosure. If [x] and [y] are known,
the Hausdorff distance q([x], [y]) is certainly an upper bound for the overestimation
of [x] with respect to S. If this bound is small, the enclosure [x] of S is a good one.

Theorem 5.5.48. Let [x]° € IR" and denote by [x]! the first iterate of (5.5.102) for some
matrices [A] € IR™", C € R™" and some vector [b] € IR". Denote by S; the projection
of the solution set S of [A]x = [b] onto the i-th coordinate axis. If

X' cxl?, i=1,...,n, (5.5.109)
holds as in (5.5.105), then the following properties hold with
[z]1 = C[b], [A]=(I-CIADX]°.
(a) The component [z]; satisfies
[zli ={(Cb); | be[b]}, i=1,...,n.
(b) The interval [x]i1 is an outer enclosure of S;, i.e.,
x} =zi+4A; <min(S;) <max(S;) <X} =z +4;, i=1,...,n.

Obviously, d([x]') = d([z]) + d([A]) holds.
() Withy =z+A,y =Z+A, one gets

min(S;) <yi, yi<max(S;), i=1,...,n.

IfX <Yy, then[y] = [y, ¥1 is an inner enclosure of S which satisfies d([y]) = d([z]) -
d([A]) = d([x]*) - 2d((4)).
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Proof. (a) follows from Theorem 4.1.5, the assertion in (b) results from Theorem 5.5.45
or is trivial.
(c) For each x € S there are A € [A], b € [b] such that Ax = b holds, whence

x=Cb+(I-CA)x € [z] + [A]

follows. Therefore, by virtue of (a) and for any fixed index i there are vectors x’, x'' € S
which satisfy
xi=zi+4l, x!'=z+A!

for appropriate vectors A’, A" € [A]. This implies x; < y; and x|’ > y; and finishes the
nontrivial part of the proof. |

Since the inequalities z; + 4; < min(S;) < z; + A; and z; + A; < max(S;) < z; + A; hold,
the diameter d([A]) is a measure for the overestimation of S by [x].If [y] exists, then
d([A]) = q([x]*, [y]) holds.

Notice that Theorem 5.5.48 holds also for the residual iteration (5.5.103). Here, [z] =
C([b] - [A]%) and [A] = (I - C[A])([x]° - %) and a summand %; has to be added on the
right-hand sides in (b) and a summand x has to be added in the definition of y, y in (c).
If d([A]), d([b]), and d([x]°) are small and if % € [x]°, C = A~1, then one can expect
that d([z]) is small and d([A]) is much smaller than d([z]) because of

d([4)) = d(I - CIAI)(IX]° - %)) < d(I - C[ADA(Ix]° - %) = |Cld([ADA([x]°).

Here we used Theorem 3.1.5 (i). Thus d([A]) can be thought to be ‘small of second order’
in this case.

The practical computation of an inner computation [y] along the lines of The-
orem 5.5.48 must be implemented carefully. For instance, for y; we need an upper
bound of z; and of A;. The latter can be obtained evaluating (I - C[A])[x]° in stan-
dard machine interval arithmetic and choosing the upper bound of the computed
result. For the evaluation of z; = min(C[b]); one needs a computation with upward
rounding. The matrix C and - if needed — X can be computed using floating point
arithmetic. The assumption (5.5.109) can be fulfilled when iterating with e-inflation;
cf. again Theorem 4.3.2 and Example 4.3.3.

We mention that Theorem 5.5.48 remains true if assumption (5.5.109) is replaced
by

x]* < [x]° and Sc[x]° (5.5.110)

The simple proof of this modified Theorem 5.5.48 is based on Brouwer’s fixed point
theorem and is left to the reader as Exercise 5.5.12. It remains true for the residual it-
eration (5.5.103) if [z] and [A] are altered as described above. If (5.5.110) holds, then
part (b) of the theorem and an induction implies S < [x]¥, k =1, 2, ..., whence S ¢
[x]* = limy_co[x]¥ follows. This remark can be applied as follows: If (5.5.109) is as-
sumed and if the iteration (5.5.102) is started with [x]° = [%] from Theorem 5.5.46, then
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S € [X]comp, Where [X]comp denotes the computed fixed point of the iteration (5.5.102)
similarly as [x]i‘omp in (5.5.26) of Remark 5.5.1. Therefore, if [f] is defined as in (5.5.106),
then we get [f]([X]comp) = [X]comp ON the computer but only [f]([X]comp) € [X]comp the-
oretically because of the outward rounding of the machine interval arithmetic. This
allows the application of the modified Theorem 5.5.48 with [x]° = [X]comp Which we
will do in our example below.

Now we modify the residual iteration (5.5.103) slightly in order to enclose — hope-
fully better — the symmetric solution set Ssy, of the interval linear system [A]x = [b]
with [A] = [A]T. For A = AT € [A], b € [b] we have

n

(C(b - Ax)); = z Cij(bj - Z aje*e)
=1

j=1
n n j-1
= z Cij(b]' - a,-,-ic,-) - z Z(c,-,-kg + Cie)?j)ajg
j=1 j=1¢=1
n n j-1
€ z cij([blj - aljX;) - z Z(Cij)?e + CieXj)[alje
j=1 j=1¢=1
= 217" = {(C(b - A%); | A= AT € [A], b e [D]}, (5.5.111)
where i = 1, ..., n and where we exploited the symmetry of A and Theorem 4.1.5.
Therefore we can iterate according to
D =%+ (2 + (- CIAD(IX* - %), k=0,1,.... (5.5.112)

For this iteration there is a similar theorem to Theorem 5.5.48. Assume there [A] = [A]T
and replace [z] by [z]%™, S by Ssym and (a) by (5.5.111). The Theorems 5.5.45-5.5.47
hold also for (5.5.112) when reformulated appropriately.

We illustrate the iterations (5.5.103) and (5.5.112) by an example which originates
from Jansson [153].

Example 5.5.49. Let A € R*** be defined by

-758.0284  8.971284 -507.7297 -260.2576

8.971284 -507.7118  7.705539  508.9875
-507.7297  7.705539 -5.192805 -510.2374
-260.2576  508.9875 -510.2374 -259.0101

¢
1l

and [A](t) = [AI())T € IR** by [al;j(t) = d;j + 61,ji—j - t - [-1, 1] using the Kronecker
symbol 6;; and a very small positive parameter ¢. Let X =(1,-1, 1, DT, [pl=b=A4A-%,
and C = A~'. Compute A4, C, b in INTLAB using ordinary floating point arithmetic and
the MATLAB function inv () . This changes the theoretical quantities slightly but does
not change the effect of the example severely. Check the condition (5.5.107) of Theo-
rem 5.5.46 and start the iterations (5.5.103) and (5.5.112) with [X] from this theorem.
Stop the iterations when two successive computed iterates [x]¥, [x]¥*! coincide for
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the first time taking into account Remark 5.5.1. Denote by [x] and [x]¥™ the computed
final outer enclosures resulting from (5.5.103) and (5.5.112), respectively, and by [y] and
[y]?¥™ the corresponding computed final inner enclosures according to Theorem 5.5.48
and its modification for Sgym, . Some expressive quotients are listed for t = 1077 in Ta-
ble 5.5.3, where the results are rounded to 5 digits by chopping. They were obtained
after k + 1 = 5, respectively k + 1 = 7 iterations.

Tab. 5.5.3: Ratio of diameters for t = 1077

sym

d([x])) diylp 4yl ™)
d(ix17"™) dixl)  d(x"™)

1.3123-10° 0.99959 0.97321
1.0166-10° 0.99959 0.99979
2.0278-10% 0.99959 0.99958
1.0115-10°  0.99959 0.99979

S W N -

The third and forth column indicate that [x]; and [x];""" are tight enclosures of S;, and

(Ssym)i, respectively. The second column shows then that (Ssym); is essentially smaller
than S;. Therefore, in this example it is advantageous to use the iteration (5.5.112) if an
enclosure for Sgym is needed. Unfortunately, such a gain of enclosure does not always
happen as the example in Exercise 5.5.14 shows. Trivially, for decreasing ¢ the solution
set S and the symmetric solution set Ssy, must approach each other in Example 5.5.49.
In fact, S = Ssym holds for t = 0. The behavior of S with respect to Sgyn, is indicated by
the second column of Table 5.5.4, where the ratios decrease nearly to one. The last two
columns list the smallest indices k, and ksym, respectively, with which the stopping
criterion (5.5.26) is fulfilled.

Tab. 5.5.4: Minimal ratio of diameters for decreasing t.

. d([x])) oy ) o
i=1,...,4 d([x]l?V"‘) i=1,.,4 d([X];)  i=1,....4 d([x]?ym) 4
1077 1.0115- 103 0.99959 0.97321 4 6
1078 1.0114 - 103 0.99995 0.99729 3 5
1077 1.0111-10° 0.99999 0.99973 3 4
10710 1.0084-103 0.99999 0.99998 3 4
107! 9.7787 - 102 0.99999 0.99999 2 3
10712 7.5349 - 102 0.99999 0.99999 2 3
10713 2.2988- 102 0.99999 0.99999 2 2
10714 2.7169 - 10! 0.99999 0.99999 2 2
1071° 3.9427-10° 0.99999 0.99999 2 2
10716 1.6475-10° 0.99999 0.99999 2 2

[vww.ebook3000.con}



http://www.ebook3000.org

5.5 lterative methods = 285

Exercises

Ex. 5.5.1. Reprove Lemma 5.5.1 starting first with the trivial case of a regular upper
triangular matrix [A]. In the case of a regular lower triangular matrix [A] apply the
preceding result to the upper triangular matrix P[A]PT and the vector P[b], where
P is the permutation matrix in (5.2.42) (denoted by E there). Use P = PT and Theo-
rem 5.4.1(f) in order to see [x] = IGA([A], [b]) = P - IGA(P[A]PT, P[b]) and apply an
index transformation n + 1 — i — i in the arising sum.

Ex. 5.5.2. Prove Theorem 5.5.4.

Ex. 5.5.3. Consider (5.5.8) only for real matrices A, M, N and real vectors b, x°. Define
D,E,F for A e R™" asin (5.5.29) and py, pgs as in Remark 5.5.2 (b). Show that pés =ps
holds if n = 2. (This implies pgs < p; if p; < 1.) Find a matrix A € R>® such that
ps < pcs < 1 holds.

Ex. 5.5.4. Prove the details of Example 5.5.15.
Ex. 5.5.5. Prove the details of Example 5.5.19.
Ex. 5.5.6. Prove the details of Example 5.5.23.
Ex. 5.5.7. Prove the details of Example 5.5.27.

Ex.5.5.8. Let [b] € IR", [A] € IR™", p(|[A]]) < 1, and let [x]* be the limit of the
Richardson iteration [x]¥*! = [A][x]¥ + [b]. Show that [x]* = —[x]* holds if and only
if [b] = —[b]. (Cf. Theorem 5.5.29.)

Ex.5.5.9. Let [b] € IR", [A] € IR™", p(][A]]) < 1 and let [x]* be the limit of the
Richardson iteration [x]¥*! = [A][x]¥ + [b].
(a) Show that there are matrices 4, A € 9[A] such that

[AllX]* = [AX*, AX*] + [-| AL, |Al]ree.

Hint: Prove this equation first for n = 1.
(b) Show by means of (a) that [x]* = [x] is the limit of the Richardson iteration (5.5.51)
if [x] satisfies the coupled linear systems

%= 1A+ AT+ L0AI- |ADry + b
rx = 3(A—A)X+ F(AI+1ADr +1p

or, equivalently,
FA+1ADx+3(A-|ADX + b

™
I

Y
I

1A-1ADx+ LA +1ADx+D
with 4, 4 as in (a).
Conversely, the limit [x]* of (5.5.51) satisfies the preceding linear systems.
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Ex. 5.5.10. Apply the modified sign accord algorithm 5.3.14 to

_([1/8,1/4]  [0,1/4] _ ([-10,-1]
[A]‘< [0,1/2] [1/8, 1/4])’ [b]‘( [2,10] )

in order to compute the solution [x]* of the interval equation [x] = [A][x] + [b].

Ex. 5.5.11. Denote by C* the Moore—Penrose inverse of a matrix C. For C* it is well
known that C*b € R" is the least squares solution of Cx = b of minimal Euclidean
norm (cf. Stoer, Bulirsch [348], p. 220, for example). Show that if [b] = b € R" and if
(5.5.59) is solvable, then x* = (I - A)*b is a fixed point of [f] from (5.5.57).

Ex. 5.5.12. Prove the assertions of Theorem 5.5.48 under the assumptions (5.5.110).

Ex. 5.5.13. Replace the matrix A in Example 5.5.49 by the Pascal matrix

o (7)< (G2 e,
i ilj!

modify P, correspondingly in order to obtain an interval matrix [A](t), and draw up
a similar table to Table 5.5.4.

Ex. 5.5.14 (Mayer, [216]). Let

1 t[-1,1]

[A1() = ( 1

), 0<t<1, [b]=(2,2)T

and consider the interval linear system [A]x = [b].

(a) Show that the solution set S lies completely in the fourth quadrant O, and has
the form of a kite which lies symmetric with respect to the line x, = —x; and has
atrailing end at (2/(1 - t), -2/(1 - t)).

(b) Show that the symmetric solution set Ssym is a connected part of the circle
(x1 — 1)? + (x2 + 1)? = 2 which lies symmetric to the line x, = —x; and con-
tains the point (2, -2).

(c) Show that the limits of the iterations (5.5.103) and (5.5.112) coincide for every t €
[0, 1). Show in addition that they cover the whole plane R? if ¢ tends to one. What
do S and Sgyn, look like in the singular limit case t = 17

Notes to Chapter 5

To 5.1: Details on Leontief’s model can be found in Leontief [191]. Varying input data
in this model are considered in Rohn [297].

To 5.2: An if and only if criterion for the nonconvexity of the solution set S is given
in Rohn [298, 300]. The tolerance solution set and the control solution set are studied
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intensively in Shary [337, 338, 339, 340, 342] and Sharaya [336], where these sets are
partly named tolerable solution set, and controllable solution set, respectively; cf. also
Fiedler et al. [95], Theorem 2.28 and Theorem 2.29 from where we took our notation. A
generalized version of the Oettli-Prager theorem was considered in Heindl [140].

Historical remarks on the symmetric solution set Sy, and additional references
for the description and the enclosure of this set can be found in Mayer [216]. The prob-
lem of considering the hull of Sgyy, seems to be first mentioned by Neumaier in a Christ-
mas letter addressed to Rohn dated December 23, 1985; cf. Rohn [305, 306]. Inspired by
this letter Rohn [306] invented a first method to enclose Sgyr, in 1986. We considered
Rohn’s method in our survey [216]. The curvilinear boundary of S¢ym was remarked ex-
perimentally by Jansson in his 1990 talk at the SCAN conference in Albena, Bulgaria. A
first proof of this form succeeded in 1995 for 2 x 2 matrices by Alefeld, Mayer [37] and a
year later for the general case by Alefeld, Kreinovich, Mayer [28, 30]. Another descrip-
tion using intersections of intervals was given in Mayer [213]. A first description in a
closed form by a variety of inequalities was stated and proved by Hladik [149]. The
form of Theorem 5.2.6 including the various equivalences and the presented proof
goes back to Mayer [217, 219] based on Hladik’s result in [149]. More general depen-
dencies are considered in Alefeld, Kreinovich, Mayer [31, 33], and Popova [276]. The
crucial Theorem 5.2.7 and Corollary 5.2.8 were first presented in Alefeld, Kreinovich,
Mayer [31].

To 5.3: Farkas’ lemma and variants of it including proofs can be found in Schrij-
ver [332]. Its proof here is taken from Suchowitzki, Awdejewa [350], p. 381ff. Nearly all
other results of Section 5.3 are results from Rohn [301]. Theorem 5.3.16 is based on a
result of Hansen [131]. In its present form it goes back to Rohn [302]. It was generalized
in Ning, Kearfott [263]. Additional remarks on the interval hull of the solution set were
given in Neumaier [257].

To 5.4: For the 2 x 2 case the formulae of the interval Gaussian algorithm can be
found already in the pioneering book of Moore [232]. In the general case they are con-
tained in Alefeld [7]. The representation (5.4.4) of [x]€ originates from Schwandt [335].
A survey on criteria for the feasibility of the interval Gaussian algorithm up to 1990
was given in Mayer [205]. The sufficient criterion in Theorem 5.4.10 is published in
Frommer, Mayer [109]. Its generalization in Theorem 5.4.13 goes back to Mayer, Pieper
[220]. The criterion for Hessenberg matrices in Theorem 5.4.19 originates from Mayer
[215] and replaces the more extensive one in Reichmann [290]. Lemma 5.4.23, Theo-
rem 5.4.24, and Corollary 5.4.25 are presented in Frommer [103]. Another criterion is
derived in Frommer, Mayer [110]. The auxiliary result in Lemma 5.4.28 as well as the
succeeding perturbation results in Theorem 5.4.29 and Corollary 5.4.31 are from Neu-
maier and can be found in Neumaier [255]. The negative result in Theorem 5.4.32 is
due to Mayer [214], the Theorems 5.4.36—5.4.40 and Corollary 5.4.41 come from Mayer,
Rohn [221]. In Garloff [115] and Jan Mayer [225] modifications of the interval Gaussian
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algorithm are suggested for improving its feasibility. Block methods are presented in
Garloff [114]. Pivoting is studied in Hebgen [138], Wongwises [364].

The interval Cholesky method together with some basic properties was introduced
in Alefeld, Mayer [35]. Additional conditions for its feasibility and comparisons with
the vector resulting from the interval Gaussian algorithm can be found in Alefeld,
Mayer [41]. All our results on this method are taken from these two papers and from
Alefeld, Mayer [37]. Garloff [116, 117] suggests pivot tightening for the interval Cholesky
method in order to improve its feasibility. A block version of the interval Cholesky
method is considered in Schifer [326, 327]. A sophisticated floating point Cholesky
method is presented in Rump [316].

To 5.5: Most of the results presented in this section are meanwhile standard in inter-
val analysis and can already be found in the books of Alefeld, Herzberger [26] and
Neumaier [257]; see also Neumaier [254, 255] and Mayer [204]. It is an open question
under which conditions R (J) = p(I[M]GI - |[N]]) holds in Theorem 5.5.6. Some basic
ideas can be found in Mayer [201, 202]. Enclosures for at least one solution of a singu-
lar system are considered in Alefeld, Mayer [39, 40]. The algebraic solution of the fixed
point equation [x] = [A][x] + [b] is studied in Shary [341]. The discussion of its form in
the case p(|[A]|) = 1 originates from Mayer, Warnke [222, 223, 224]. A generalization to
reducible matrices |[A]| can be found in Arndt, Mayer [55]. An extension to complex
matrices is considered in Arndt [53].

The contents of Theorem 5.5.48 can be found in Rump [317], its symmetric variant
for the iteration (5.5.112) in Jansson [153]. See also Rump [313, 318]. A way to check
nonsingularity of a matrix A in a floating point system with directed rounding is pre-
sented in Oishi, Rump [265]. In this paper it is also shown how rigorous bounds for the
error |x* — X||co can be computed in a fast way, where x* solves Ax = b exactly and is
unknown, while X is only an approximation of x* and is known.
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6 Nonlinear systems of equations

A nonlinear system of n equations with n variables x1, ..., x, is considered here
either as a zero problem f(x) = 0 of a function f: D ¢ R" — R" or as a fixed point
problem x = g(x) with g: D ¢ R" — R". Newton’s method and the general iteration
method are two traditional methods to approximate a zero of f, and a fixed point of g,
respectively. We will extend them to interval iterations verifying thus a zero or a fixed
point within some iterate. We will get to know additional methods in this chapter.
To this end we assume that f and g always have the required smoothness — at least
continuity. Mostly it is sufficient that f, g € C?(D) holds.

We will start with the interval Newton method with which we will be able to verify
zeros of f and with which we can also decide whether some interval vector does not
contain any zero of f.

6.1 Newton method — one-dimensional case

The traditional one-dimensional Newton method can be derived in several ways,
where xog € D ¢ R is the starting value and f'(x) # O is assumed whenever it is
necessary, in particular, f'(xo) # O.

(i) Linearization: Replace f(x) by its Taylor polynomial f(xo) + f(xo)(x — xo) of de-
gree 1 and substitute the equation f(x) = 0 by f(xo) + f'(x0)(x — xo) = 0. Solve the
latter for x and rename x with x;.

(ii) Geometric way: Intersect the tangent at (xo, f(xo)) of the graph of f with the x-
axis and denote the resulting point by (x1, 0).

(iii) Fixed point iteration: Write the zero problem f(x) = 0 as the equivalent fixed point
equation x = x — f(x)/f'(x) =: g(x) and start the usual fixed point iteration for g
with x = xp.

In all the three derivations replace xo, x1 by Xk, xx+1 ending up with the Newton
method

Xie1 = Xk — fa)/f' (i), k=0,1,.... (6.1.1)

It is well known that this method is locally quadratically convergent provided that
f € C%(D) has a zero x* with f'(x*) # 0.

In order to introduce the interval Newton method we consider f only on the inter-
val [x]°, assume x* € [x]°, choose x° € [x]° and use the Taylor theorem. Then

0 = f(x*) = fX°) + f1(&)(x* - x°), ¢ e [x]° appropriately,

whence

x* =10 = fXO)/f'(&) e (X° - fF&O)/f'((x]) n [x]°.

DOI110.1515/9783110499469-007
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This leads to the following interval Newton method:

choose x* € [x]¥,
[(n)% = %% — f& /1 (x]9), k=0,1,.... (6.1.2)

XK o= [n]* n [x)k,

Stop if the intersection is empty.

With [m] = f'([x]¥) the method is illustrated in Figure 6.1.1.

The intersection in (6.1.2) leads to a sequence of iterates which is monotonously
decreasing with respect to ‘c’.

. [n]
I T )
_¢ g [X]k+1 )

Fig. 6.1.1: One step of the Newton method.
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Theorem 6.1.1. Let D be an open subset of R, f € C1(D), [x]° < D, 0 ¢ f'([x]°), f'
L([x]°) with Lipschitz constant Iy > 0.

(a)

(b)

(0

If [x]° contains a zero x* of f, then the following properties hold for f and the New-

ton method J in (6.1.2).

(@) x* is the only zero of f in [x]°,

(i) x* is contained in each iterate [x]* of (6.1.2),

(iii) [x]**1 < [x]kc-- < [x]' < [x]°,

(iv) d(x]®) < (1= (NI (XIDDA(xTY) < ed(x]9)?, k=0, 1, ..., with
¢ > 0 independent of k,

(V) d(x]¥Y < 21 = NI EARDA(xTY) < §d(x]9)?, k=0,1,...,if
% = x*, with ¢ > 0 as in (iv),

(vi) limgoeo[x]% = x*,

(vii) Ogr(9) = 2, i.e., the interval Newton method is at least quadratically convergent
on [x]°.

The starting interval [x]° contains no zero of f if and only if (6.1.2) stops after finitely

many steps with an empty intersection. In this case there are constants a, b > 0,

which depend on [x]° (and on f) and satisfy the inequality

min{ 7 - x*, X* - n*} < a(d(x]*)*-b, k=0,1,.... (6.1.3)

Unless f(x*) = 0 in case (a) we have X ¢ [x]**! in both cases (a) and (b). In partic-
ular, if ¥ = %, then in each Newton step d([x]¥) is more than halved.

Proof. (a)

(D)
(ii)

follows from 0 ¢ f'([x]°) whence f is strictly monotone on [x]°.
Let x* € [x]¥ for some k € No. Then 0 = f(x*) = f(x*) + f'(&)(x* — %¥) holds for
some & € [x]¥, and x* = Xk — f(xX)/f" (&) € [x]¥*! follows.

(iii) is obvious by vi_rtue of the intersection in (6.1.2).
(iv) W.lo.g.let [f},f;]=f"(Ix]¥)>0.Otherwise consider —f and —f'([x]%). If f(x*) = 0,

then [x]¥*1 = %, This proves the assertion with d([x]¥*¢) =0, ¢=1,2,....If
f(#) > 0, then

Xkl = gk — f&) [f < 3K, (6.1.4)
and x¥*! = max{x¥, ¥ - f(x%)/f}} = X% - f(x*)/f}. The last inequality implies

f&K) = fr (& _k+1) and

d(x)¥1) = (&K - fER) /f}) - <1
< XK — (F/f)(RE = xkety -yt
= (1 - fR/f ) =X < (1 - fi/fd(l x]") (6.1.5)

= (1 = (AN AN A% = d(f' (Ix1%))d([x1%)

If'( [ x10)|

k 2 d 2
< i ]k)|< (x4)? < (f,([ ey @
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The assertion follows with ¢ := Iy /(f "([x]9)). If f(x¥) < 0, the proof proceeds sim-
ilarly and is left to the reader.

(v) Ifxk=xk, then &k — xk*1 < %k — xk = 1d([x]¥). Now the assertion follows from (iv)
with d([x]¥) being replaced by 3d([x]*) in (6.1.5).

(vi) Lety =1 — (f'([x]°))/If"([x]°)|. Then y < 1 since O ¢ f'([x]°). From [x]¥ < [x]°
and the first inequality in (iv) one obtains

d(DA®Yy < (1 = (F'(AO)Y/IF () D d([xT%)
= yd([x]%) < y**1d([x]°) — 0 for k — co. (6.1.6)

Together with (ii) this implies the assertion.
(vii) follows from Theorem 5.5.4 and (iv) since g([x]**1, x*) < d([x]¥*1) < cd([x]¥)? <
4c(q([x]¥, x*))2. For the last inequality we used Theorem 2.5.7 (j) with [b] = [x]¥.

(b) If (6.1.2) stops with empty intersection, then (a) (ii) shows that [x]° cannot contain
azero x* of f.

Assume conversely that [x]° does not contain a zero x* of f and that (6.1.2) does
not stop with empty intersection. Then (iii) and (iv) of (a) still hold, hence the sequence
([x]¥) converges to a point interval [x, x] < [x]°. This can be seen as in the proof of (vi).
In particular, limy_, %% = x holds. Taking the limit k — oo in (6.1.2) and exploiting
the continuity of the intersection operation yields

[x, x] = (x = fO)/f'(Ix, x])) N [x, x],

hence 0 € f(x)/f'([x, x]), i.e., f(x) = 0. This contradicts the assumption.

In order to prove (6.1.3) we first assume [[,’(,f;(] = f'([x]%) > 0 and f(x) > 0 on
[x]°. Then 7% = %X - f(%)/f}, and with |flmin = min{[f(0)| | x € [x]°} and f(¥*) =
FOK) + F1(&) (XK - x¥) for some ¢ € [x]* we get

7k — xk = %k — f(&)[f}, - x* = (1 - F1 @I )E - x5 - ) /F,
= (Fi — ' @)E = xN/f} - F&M
< d(f' (XN [f - FR)IF
< (lf'/(f'([X]O)))(d([X]k))2 ~flmin/If" (X191, (6.1.7)
where we used Theorem 4.1.18 (a) for the last inequality. This relation holds also for

1(1x]°) < 0 and f(x) < O for all x € [x]° as can be seen by replacing f, f' by —f, —-f'. If
f'([x]°) < 0 and f(x) > 0 for all x € [x]°, we get

Xk —nk =Xk — 2K+ f(Z)fl = (1= F1 @I )& = 25 + fN) /f,
= 1= I @I DE* - %) + F&0) /£,
< d(f' (AN AN /If ] - FE /I
< (I /(F (EAONE))? = |flmin/ I (K191,

[vww.ebook3000.con}



http://www.ebook3000.org

6.1 Newton method - one-dimensional case =— 293

which holds also for f'([x]°) > 0 and f(x) < 0 for all x € [x]°. Together with (6.1.7) this
proves (6.1.3) with a = Iy /{(f'([x]°)) and b = |flmin/If' ([x]°)].

(c) follows directly from 7K — % = —f(%X)/f} < 0 if f(&%) - f'([x]%) > 0 and from
xk - nk = f(&%)/f} < 0 if f(&5) - f1([x]%) < 0. O

We comment on part (b) of Theorem 6.1.1 assuming that f has no zero in [x]°. Since
in this case (6.1.6) also holds, the diameter d([x]¥) gets small if there are sufficiently
many iterates. Now (6.1.3) implies 1% < x¥ or x¥ < n* if d([x]¥) is small enough, which
is equivalent to [n]* n [x]X = 0. As in Alefeld [15], property (6.1.3) can be denoted as
quadratic divergence of the Newton method if f has no zero in [x]°.

Remark 6.1.1. As for the traditional simplified Newton method, one can replace
f'([x]¥) in (6.1.2) by any fixed interval [m] with O ¢ [m]. This leads to the Newton-like
method

DIt = G- fE)/Im) n (Y, k=0,1,.... (6.1.8)

One can even iterate by

-k
[x]+t = <>‘<k - %) nixj*, k=o0,1,..., (6.1.9)
or
k[ fGN k _
[x]* = (x —[m] NI ) n[x}, k=0,1,..., (6.1.10)

where in all three iterations % € [x]¥ is required. Notice that 0 € f'([x]°) is allowed in
(6.1.9) and (6.1.10), but 0 ¢ [m] has still to hold.

If %¢ coincides in (6.1.8) and (6.1.9) and if the iterates in (6.1.9) are denoted by
[y]¥ in order to distinguish them from those in (6.1.8), then [y]¥ < [x]¥ can be shown
provided that [x]° = [y]°; cf. Exercise 6.1.1.

The iteration (6.1.10) converges at least quadratically. The other results of Theo-
rem 6.1.1 hold for (6.1.10) similarly. The iterations (6.1.8), (6.1.9) have at least the prop-
erties (a) (i)—(vi) and (b) without (6.1.3) of Theorem 6.1.1. O

Now we will see what happens if 0 € f'([x]) = [)_”, f'] is allowed. In addition to this we
assume x*, X € [x], f(x*) = 0 # f(X). By virtue of the mean value theorem we get

fox)=0=fx) +f (&) (x* -%), §&elx],
hence f'(§) # 0 and

x* :;(_jj:,((_xg) € (M1 UM,)n[x]
with . -
M1={2—@lse[)_",0)}, Mz={)?—]% se(O,f’]},

cf. Figure 6.1.2.
This suggests the following modification of the Newton method using a stack.
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1 2 3 9 x
—4 - M, My
, _5_ . )
» 4 [ |
6 [hl, [hl,

Fig. 6.1.2: Modified Newton method if 0 € f'([x]).

Modified Newton method (0 < f'([x]°) allowed)

Let f, f', [x]° as in Theorem 6.1.1 with the exception of 0 ¢ f'([x]°). Assume that [x]°
contains at most finitely many zeros of f and f’. Let [v] be a vector of dynamic length
n called a stack, and denote by [h]1, [h], intervals or the empty set.

D) n:=1, [v]:=[x]°
(2) if n < 1 then stop with empty stack else [x] := [u],, n:=n-1

(3) if 0 ¢ f([x]) then goto (2) % [x] does not contain any zero of f
(4) choose x € [x] % for instance x = X
(5) if f(x) = O then stop with the zero x* := x

6) j:=1

(@) if 0 ¢ f'([x]) then [h]; := (X — f(X)/f'([x])) N [x]

(b) if 0 € f'([x]) =: [f’, f'] then
case f(x) > O:
if ' # 0 then [h]; := [X - f(R)/f', 00) N [x]
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if f/ + 0 then
iff' #+0thenj:=j+1
[k} = (00, X - f(X)/f'] N [x]
case f(x) < 0:
if f + 0 then [h]; := [% - fR)/f’, 00) N [x]
if f # 0 then
B iff’qéOthenj =j+1
[h]; : - f®/f'1n[x]
(7) fori=1tojdo
if [h]j #0thenn:=n+1, [v], := [h];

(8) goto (2).

Now we will comment on this algorithm.

Remark 6.1.2.

(a) Step (6) (a) is a Newton step.

(b) Step (6) (b) is based on the following equality: if b € R\ {0}, O € [a] € IR, d([a]) >
0, then

If a = 0 or a = 0, then that interval disappears whose bound is undefined.

(c) Instep (6) we cannot have f' = f' =0 simultaneously. In step (6) (a) this is part of
the assumption. In step (6) fb) f'([x]) = 0 implies that f' has infinitely many zeros
in [x] because of d([x]) > 0. (If d([x]) = O then step (6) is not reached because of
the steps (3) and (5)!) The final value of j in step (6) is only 1 or 2.

(d) In a practical realization, step (5) of the algorithm has to be modified and a stop-
ping criterion has to be added, for instance in step (8). Thus one could stop if [v],
has a sufficiently small width. If one is interested in several zeros in [x]° and if
the stopping criterion is true, then the momentary final element [v], of [v] could
be stored in a second vector [w] and n is replaced by n — 1 in order to study the
remaining entries of [v] for zeros. At the end, the vector [w] contains candidates
of small width for zeros of f. Whether these candidates really contain zeros must
be studied separately, for instance in a more refined process. One can also think of
changing the order with which the entries of [v] are considered. So one could fetch
the widest entry of [v] first instead of the last one. In this case one should replace
the terminology ‘stack’ by ‘list’ or another appropriate data structure because of
the ‘last in — first out’ (LIFO) handling of a stack. O

a’

(_Oo, g] U [é oo), ifth>o0,

Q| S

]ae[aJ\{O}}= o )
(—oo,%]U[%,OO), ifb <o0.

In order to prove that the modified Newton method either verifies a zero of f in [x]° or
shows that there cannot be any we need an auxiliary result which is closely related to
the algorithm above and uses its notation without further reference.
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Lemma 6.1.2. Choose X = x in the modified Newton method.
(@) If [x] does not contain a zero of f when executing step (6) of this method, then either
[h]; is empty or

L1 . . (Re([x1))
d([h]j) < Ed([x]) - A([x]) with A([x]) := TN (6.1.11)

holds.
(b) Ifthelast component [v], of the stack does not contain a zero of f , then after finitely
many steps the stack does not contain any subset of [v],.

Proof. (a) Let [h]; # 0. We first consider step (6) (a). If there f(X) > 0 and f'([x]°) > 0
hold, then f increases on [x]. Hence

[h]1 = [x—@ x—@] N[x] ¢ [gx—@]

R f

and . 1
d(th) < % - x -T2 < Lacay - aq)

fl 2

follows. Similarly, if f(X) < 0 and f’([x]°) > 0, then [h]; < [X - f(X)/f’, %] and d([h]1) <
%d([x]) — A([x]). The remaining cases are left to the reader.
Next we address step (6) (b). Let f(X) > 0, f’ # 0. Then f’ < 0 since

0ef'(Ix) and [h]; < [x—]%)_(jl

holds, which implies d([h]1) < %d ([x]) — A([x]) again. This result can be easily shown
for the remaining cases, too. Notice that f'([x]) + O in step (6) as was stated in Re-
mark 6.1.2(c).

(b) Let [y] be a subset of a former interval [x] := [v],. If d([y]) = O, then [y] dis-
appears because of the steps (3) or (5). If d([y]) # 0, then f'([y]) # 0 holds according
to Remark 6.1.2(c). Since [y] < [x], we get A([y]) = A([x]) with A([x]) defined as in
(6.1.11). If [y] is replaced by some interval [h]; # O in step (7), then i is at most 2 and
the total length of such intervals [h]; is bounded by

2-(3d(Iy]) - A(lyD) < d(Iy]) - AlyD) < d(Iy]) - A([x]) = d([y]) - A([v]n)

according to (a). If A([v],) = O, then O € R¢([v],) in contrast to our assumption. There-
fore, A([v],) > 0 holds and a replacement process as just described can occur at most

A1) 7
[AEEH";] times. O

Now we are ready to prove our main result on the modified Newton method.

Theorem 6.1.3. In the modified Newton method there occur exactly three cases:
(1) [x]° does not contain any zero of f. The method stops after finitely many iterations.
(2) [x]° contains a zero of f. This is verified after finitely many iterations in step (5).
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(3) [x]° contains a zero of f and the method does not stop after finitely many itera-
tions. If one denotes by X%, k=0,1,..., every last element of the stack which
is fetched in step (2), then the sequence (x¥) converges monotonously increasing to
the smallest zero x* of f in [x]°.

Proof. We prove the theorem only for X = x.
(1) follows immediately from Lemma 6.1.2 (b). Assume now that neither (1) nor (2)
is valid. As in the proof of Lemma 6.1.2 (a) one can see that

d([h];) < %d([X]) (6.1.12)

holds. According to the construction of [x]¥ we have x¥ < x¥*1 < X9, hence (x¥) con-

verges to some z € [x]°. Lemma 6.1.2 (b) guarantees x* ¢ X%, v=1,2,... for some
subsequence ([x]%) of ([x]¥). From (6.1.12) we get d([x]¥+1) < d([x]%*)/2 evenif k.1 #
ky + 1; cf. Figure 6.1.3.

Therefore, lim,_,o,[x]X = x* holds and implies lim,_,., X = x*, hence

lim x* = z = x*. O
k—oo ~
X1k
: —
e
O — —_
[x]kt [x]kv Fig. 6.1.3: Iterates [x]*v, [x]%v*1, and [x]%v+1.

Exercises

Ex. 6.1.1. Prove the statements of Remark 6.1.1.

6.2 Newton method — multidimensional case

In order to construct the multidimensional interval Newton method we proceed anal-
ogously to the one-dimensional case. To this end we use the multidimensional mean
value theorem 1.6.1 and represent f(x*) = O for f € C1(D) as

0 = fx*) = f(x) +J(x*, H)(x* - X) (6.2.1)

with x*, X € D, J(x,y) = jol f'(x + t(y — x))dt € R™", Assuming J to be regular we get

X* =% -J(x*, 0)7H®) = X - 1GAJ(x*, %), f(%)) € X - IGA(f'([X]°), f(0),  (6.2.2)
provided that x*, X € [x]° ¢ D. With the Newton operator

N([x], %) = X = IGA(f'([x]), f(3)) (6.2.3)
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this induces the interval Newton method
X = N(x)k, #nx)X, k=o0,1,..., (6.2.4)

with %% e [x]¥, [x]® c D. If the intersection in (6.2.4) is empty, the iteration is stopped.
In order to guarantee at least the first step of the method it is tacitly assumed that
IGA(f'([x]°)) exists. This guarantees that also the succeeding iterates exist unless
the intersection is empty. In addition, it implies the regularity of J(x*, X) € f'([x]%);
cf. (5.4.14). This does, however, not guarantee that IGA(f'([x]°)) itself is regular;
cf. fix,y) = (0.5x2 - 0.5y, x + )T, [x]° = ([1, 21, [1, 2])7, and Exercise 5.4.2.
For (6.2.4) we obtain the following result.

Theorem 6.2.1. Let D be an open convex subset of R", f: D c R* — R", f € C}(D). Let
the entries fl’) of f' be represented as expressions from E as in Definition 4.1.2 such that
the interval arithmetic evaluation f'([x]) exists for [x] € I(D). In addition, assume that
IGA(f'([x]°)) exists for some starting vector [x]° < D.

(@) Iff has azero x* € [x]°, then [x]*, k=0, 1, ..., and [x]* := limy_[X]¥ exist and

x*ex]* < x® e xIFc[x°, k=0,1,..., (6.2.5)
holds.
(b) Thereisnozero x* € [x]° if (6.2.4) stops because of empty intersection after finitely
many iterations.

Proof. (a) From (6.2.2) we get x* € [x]!, and induction and the intersection in (6.2.4)
imply the assertion.
(b) follows by contradiction immediately from (a). O

It is unknown whether the converse in (b) holds similarly to in (b) of Theorem 6.1.1.
The convergence of ([x]¥) to a point interval as in the one-dimensional case is not
mandatory as the Example 6.2.2 shows. This example is due to Schwandt [335], p. 85ff;
its proof is left to the reader as Exercise 6.2.1.

Example 6.2.2. Let

2.2
= (530w =g (M),

y ~ 10 \[11,19]
K =%k k=0,1,....Then f has the unique zero
o =<\j1+\/§’ 1+\/§)T
2 2
in [x]° and [x]° = [x]* holds for the iterates [x]¥, k = 0, 1, . . ., of the Newton method.

In particular, [x]* = [x]° is not degenerate.

Unfortunately, Theorem 6.2.1 does not verify a zero x* € [x]° of f nor does it guarantee
uniqueness of such a zero. This changes if [x]° satisfies additional properties.
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Theorem 6.2.3. Let the assumptions of Theorem 6.2.1 be fulfilled. If
N([x]°, x°) < [x]° (6.2.6)
holds, then f has exactly one zero x* € [x]°. We call (6.2.6) the Newton test.

Proof. Let x € [x]°. Then g(x) = x — (J(x, X°))"1f(x) satisfies

g0 = x = J(x, ) (fR°) + J(x, 2°)(x - X°))

= 2% - J(x, ) AZ) € N([x]%, %) < [x]°

by assumption. Therefore, g maps [x]° into itself. Since it is continuous, Brouwer’s
fixed point theorem 1.5.8 applied to g and [x]° guarantees the existence of a fixed
point x* € [x]° of g. This implies f(x*) = 0. In order to prove uniqueness of x* let
y* € [x]° be a second zero of f which differs from x*. Replace ¥ in (6.2.2) by y*. Then
xX* =y* —J(x*,y*)"1f(y*) = y* in contrast to x* # y*. O

Our next theorem provides conditions such that the Newton method either generates
a sequence ([x]¥) which contracts to a point vector x* or stops after finitely many
iterations with an empty intersection. In the first case, x* is the unique zero of f in
[x]°, in the second there is no zero of f in [x]°.

Theorem 6.2.4. Let the assumptions of Theorem 6.2.1 be fulfilled. In addition, let

p(A) <1 hold for A = I -1GA(f'([x]%)) - f'(Ix]°)]
or

p(B) <1 for B =d(IGA(f'((x]°)) - If'([X]°)!.

(@) IGA(f'([x]%)) is regular.

(b) Either f(x*) = 0 or x* ¢ [x]**1.

(c) If f has a zero x* € [x]°, then limy_o[X]¥ = x* for the iterates [x]* of (6.2.4). In
particular, x* is the unique zero of f within [x]°.

(d) The starting interval vector [x]° contains no zero of f if and only if (6.2.4) stops
after finitely many steps with an empty intersection. In this case there are constants
a, b > 0, which depend on [x]° (and f) only, and an index i, which may depend on
the iterate [x]X such that the inequality

min{ N([x]¥, £);, - x§, X - N((x1%, 29, } < ald((x])1%, - b, k=0,1,...
(6.2.7)
holds, provided that f' € L([x]°).

Proof. (a) follows immediately from Theorem 5.4.2(c).

(b) If XX € [x]¥*1, then %K e N([x]¥, xX) = %X — IGA(f'([x]¥), f(%)), whence O ¢
IGA(f'([x]%), f(x¥)) < IGA(f'([x]°)) - f(xX). Theorem 4.1.5 guarantees that there is some
matrix C € IGA(f'([x]°)) such that 0 = Cf(x¥). By virtue of (a) the matrix C is regular
which implies f(x*) = 0.
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(c) Let [x]* = limy_,oo[x]¥ as in Theorem 6.2.1(a). Since the real vectors x* of the
Newton method are contained in the bounded set [x]°, there is a subsequence (k)
with % € [x]®, v=0, 1, . . ., which converges to some vector * € [x]* < [x]°. Replace
k in (6.2.4) by k, and let v tend to infinity. Then

x*, %* € [x]* = N([x]*, ¥*) n [x]* € x* = IGA(f'([x]*)) - f(X*) (6.2.8)

by virtue of Theorem 5.4.1 (h). Hence 0 € IGA(f'([x]?)) - f(x*) holds, which implies
f(%*) = 0 as in (b). Hence N([x]*, #*) = x* and [x]* = limy_eo[X]¥ = limy_co [X]% = %*
follow. Together with (6.2.8) this yields x* = x*. Uniqueness of the zero follows as in
the proof of Theorem 6.2.3.

(d) By virtue of Theorem 6.2.1(b) there remains only one direction to be proved.
Therefore, assume that [x]° does not contain any zero of f but (6.2.4) does not stop
with empty intersection. Then as in (c) one can construct a vector ¥* ¢ [x]° which
satisfies f(x*) = 0, contradicting the assumption.

In order to prove (6.2.7) we first mention that by virtue of the Theorems 4.1.18 and
5.4.2(d) there are positive constants y, x depending only on [x]° such that

IdAGA" (XIleo < YIA(F (X]D)loo < Kld([XD oo (6.2.9)
holds for all [x] c [x]°, whence
d(IGA(f'([x1))) < xee |d([x])llco-
Define g¢ by

8c() = max|Cf(x)li, x ¢ (x1°, C € IGA(f'([x]°)). (6.2.10)

Then g¢ is continuous on [x]°, and so is
g(x) = min{gc(x) | C € IGA(f'([x]°)) }.

Define the constant gmin = minye[xpo g(x). Then gmin is positive. Otherwise there are
% € [x]°, C € IGA(f'([x]°)) such that g;(%) = 0 which implies Cf(%) = 0 and the con-
tradiction f(x) = 0.

Let x, y € [x] ¢ [x]°, C, C € IGA(f'([x])). With J from the multidimensional mean
value theorem 1.6.1 we get

|Cf(x) = Cf(y)l < IC = C| - If)] + 1€l - Ifx) - f(y)
< d(IGA(' ((x]))) - LAXIO)| + HGA(F ((X1O)] - [T, )1 - 1x — y
< {xee [f(x10)] + IGA(F (X1°)] - I (X1 le } (XD oo
< Belld([xDllcos (6.2.11)
where 8 € R is some positive constant which depends only on [x]°. Let [x] < [x]° such

that
ld((xDllco < gmin/(2B) (6.2.12)
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and choose %, ¥ € [x], C, C € IGA(f'([x])). By virtue of (6.2.11) we obtain

8mi

ICf(%) - Cf@)| < Zi“ e. (6.2.13)

Ifip e {1,..., n} satisfies g¢(X) = [Cf(X)|;, (cf. (6.2.10)), then
ICf(®)liy = Gmin > O (6.2.14)
holds, and together with (6.2.13) we get
(CFIiy = (CARO);, + (CFP) = CAR)i,

2 |Cf(7z)|i0 - |Cf(x) - Cf()?)ho > Zmin — min/2
8gmin/2 >0 if (Cf(X)); >0 (6.2.15)

and, similarly,

(Cf@)i, < —ICfX)Niy + ICF(X) = CfD)Niy < ~Zmin + Smin/2
= —gmin/2 <0 if (Cf(X)); <O. (6.2.16)
Hence
sign((Cf(X)); ) = sign((Cf(F))i,) # 0 (6.2.17)

follows. With ¥ € [x] < [x]°, N([x], X) = [n, n] and N'([x], X) = [n', '] := X -
IGA(f'([x])) - f(X) we have

n<n<n<n.

By Theorem 4.1.5 and (a) there are regular matrices C, C € IGA(f'([x])) such that
n' =x-Cf(x), n'=x-Cfx).
With J(x, y) € R™" as above we get

X-n

IA

Xx-n' =x-%+Cf(%)
X - X+ C{f(x) +]J(x,)(Xx-X)}
(I- CI®, %)X - %) + CfR).

Since J(%, X) € f'([x]°) this matrix is regular and

I(I - CJ(%, %)X - %)| = |J(%,X) = OJ(%, X)(X - %)l
< d(IGA(f'([x])) - J(%, X)| - d([x])
< kee [f'(x1%) e |d(XD)IZ, < ae ld(Ix])I%,

follows with some appropriate positive constant a € R which depends only on [x]°.
This implies

X - n < ae [d([xDIZ, + Cf(X). (6.2.18)
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Similarly,
- x < aelld(IxDIZ, - Cf(x). (6.2.19)

If d([x]) satisfies (6.2.12) and [d([x])llco < /822, then (6.2.13)-(6.2.19) with X = X,
y = x imply
iy = Xiy < a | d([XDI3, = 8min/2 < O

if (Cf(x));, > 0, and
Xi, —hj, < a Id(XDIZ, = 8min < ald(XDIZ, - gmin/2 < O

if (Cf(x));, < 0. This proves (6.2.7) with b = gmin/2. O

As in Section 6.1, the inequality (6.2.7) means that N([x]¥, ¥*) n [x]¥ = 0 if f does not
contain a zero in [x]° and if ||d([x]%)|le is small enough.

If Xk = xk, then by virtue of Theorem 6.2.4 (b) at least one component of [x]¥ is
more than halved in [x]**1. So one can hope that ||d([x]¥) |« also becomes small in a
few steps and that the iteration stops soon with empty intersection if [x]° does not con-
tain a zero of f. As in Section 6.1 and Alefeld [17], one can again speak of the quadratic
divergence of the Newton method if f has no zero in [x]°.

Corollary 6.2.5. Theorem 6.2.4(c) holds also if p(B) < 1 isreplaced by p(B) < 2, XX = XX,
k=0,1,....

Proof. Using the multidimensional mean value theorem and the notation there we
obtain

d(x]*Y) < d(N([x)K, %5)) < dAGA(F! ([x1%))) - 1f()]
< d(IGA(f'([x]1°))) - If(x*) + J(K, x*) (%K - x*)]
’ -« a1l 1
< d(GA(f'(1X1°) - G, x)| 5 d([x]°) < 5 Ba([x]")

<iis <%B>k+l d([x1°).

This results in limy_ o, d([x]¥) = 0 and implies limy_,c [x]* = x*. O

Unfortunately, IGA(f'([x]°)) does not always exist even if f'([x]°) contains only
regular matrices. In addition, the assumptions of Theorem 6.2.4 cannot easily be
checked since IGA(f' ([x]?)) is rarely available. If, however, [x]° has small width, then
IGA(f'([x]1°)) - f'([x]°) is approximately the identity matrix which implies p(4) < 1
and p(B) <« 1, i.e., the assumptions of Theorem 6.2.4 can be expected to hold.

As a modification of the Newton method we can iterate according to

DM = N%, R IdF, k=0,1,... (% e ) (6.2.20)
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which fixes the matrix f'([x]°) and is called the simplified Newton method. We leave
it to the reader in Exercise 6.2.3 to show that Theorem 6.2.4 (with the exception of the
inequality (6.2.7)) holds also for the simplified Newton method.

A possibility to avoid the application of the interval Gaussian algorithm and the
computation of IGA(f'([x]°)) consists of iterating by means of a superset [V] of the set
{106y 1 x,y € [x1°) via

= {2 - V] A& N ¥, k=0,1,... (% e [Y). (6-2.21)

If [V] is regular, the Theorems 6.2.3 and 6.2.4 (with the exception of the inequality
(6.2.7)) hold similarly. For details on this Newton-like method we refer to §19 in Ale-
feld, Herzberger [26] and to Exercise 6.2.3.

Exercises

Ex. 6.2.1. Prove the statements in Example 6.2.2.

Ex. 6.2.2. Show that for the matrices A, B in Theorem 6.2.4 the implication p(A) <1 =
p(B) < 2 holds.

Ex. 6.2.3. Prove as many results in this section on the Newton method as possible also
for the simplified Newton method and the Newton-like method (6.2.21).

6.3 Krawczyk method

The Newton method in Section 6.2 depends heavily on the feasibility of the interval
Gaussian algorithm for f'([x]°). As we learnt in Section 5.4, this feasibility is guar-
anteed for particular classes of matrices but may fail even if f'([x]°) is regular and
pivoting is allowed. Therefore, we look for alternatives in order to verify a zero x* of
f: D cR" - R, f € CY(D). One such alternative is given by the so-called Krawczyk
method which we will derive now. To this end, choose C € R™", [x] € D, X € [x] and
assume for the moment that [x] contains a zero x* of f. With the multidimensional
mean value theorem 1.6.1 applied to —Cf(x) and the notation there we obtain

0 = -Cf(x*) = -Cf(x) - CJ(x*, X)(x* - X),
whence

X" =X = Cf(x) + (I - CJ(x™, X)) (x" - X)
€ X — Cf(x) + (I - Cf ([x))([x] - %) =: K([x], %, C) (6.3.1)
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follows. The function K is sometimes called the Krawczyk operator. This relation is
the starting point of the Krawczyk method for nonlinear systems of equations

DR = (2K~ CFER) + (1= Cf () (X = 25) 1 n [xg
= K([x]%, 7%, 0)n[x)¥, k=0,1,... (6.3.2)

with X e [x]. If the intersection in (6.3.2) is empty, the iteration is stopped. If it does
not stop with empty intersection, we call it feasible for [x]°. For C, often an approxima-
tion of (mid(f'([x]°)))~! is used. In this way the last expression of K can be considered
to be quadratically small while the middle term is a correction of % that decreases lin-
early.

Results can be proved for the method which are similar to those in Section 6.2 for
the Newton method.

Theorem 6.3.1. Let D be an open convex subset of R", f: D ¢ R" — R", f € C}(D),

[x]° < D. Let the entries fl’] of f' be represented as expressions from E as in Defini-

tion 4.1.2 such that the interval arithmetic evaluation f'([x]) exists for [x] € I(D). Then

for the Krawczyk method (6.3.2) the following properties hold.

(@) If x* € [x]° is a zero of f and if C is regular, then the Krawczyk method is feasible
for [x]° and satisfies

x* e [x]* = klim XK x¥cx)et e cx]° (6.3.3)

for k=0,1,....Inparticular, each iterate [x]* contains all zeros x* € [x]° of f
and the same holds for the limit [x]*.

(b) IfK([x]°, %°, C) n [x]° = @, then f has no zero in [x]°.

(c) If the Krawczyk test

K([x]°, #°, €) < [x]° (6.3.4)

is valid and if C is regular, then there is at least one zero x* € [x]° of f and (a) holds.
(d) If the strong Krawczyk test

(K(x1°, %%, C))i c [x]?, i=1,...,n, (6.3.5)

is valid, then the matrices f'([x]°) and C are regular, f has exactly one zero x* in
[x]°, and (a) holds. If, in addition,

K = xk (6.3.6)

is chosen in (6.3.2), then the iterates contract to [x]* = x*; this holds also if one
replaces (6.3.6) by

. (6.3.7)

N~

p(II-Cf' (X)) <
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Proof. (a) Choose x ¢ [x]° and define g by g(x) = x — Cf(x). Then we get

g(x) = x = 2+ X° - C{Lf(X°) + J(x, %) (x - X°) }
= %0 - Cf(X°) + (I - CJ(x, 2°))(x - X°)
e K([x]°, 2°, ©). (6.3.8)

If x* € [x]° is a zero of f, then x* = g(x*) € K([x]°, X°, C), hence x* € [x]!, and (6.3.3)
follows by induction and the intersection in (6.3.2).

(b) If f has a zero x* € [x]°, then (6.3.1) implies x* € K([x]°, x°, C), which yields
the contradiction x* € K([x]°, ¥°, C) n [x]° =

(c) From (6.3.8) and (6.3.4) we get g(x) € K([x]°, X%, C)  [x]° for arbitrary x € [x]°.
Therefore, Brouwer’s fixed point theorem 1.5.8 guarantees a fixed point x* € [x]° of g
and thus a zero of f, which implies (a).

(d) The assumption implies

{=CfX°) + (I - CF' ([x19)([x1° = %°) i < ([x]° - %°);, (6.39)

hence C and f'([x]°) are regular by virtue of Theorem 3.1.6 (b), and (c) guarantees
the existence of a zero x* ¢ [x]° as well as (a). In order to prove uniqueness of this
zero, assume that there is another zero y* € [x]° of f. Then the multidimensional
mean value theorem yields f(x*) = 0 = f(y*) + J(x*, y*)(x* — y*), and the regularity of
J(x*,y*) € f'([x]°) implies x* = y*.

If Xk = Xk holds, then X* := limy_,c XX = limy_ oo (XX + X¥)/2 = (x* +X*)/2 = X
follows from (a), whence

d([x]") < d(x* - CFx*) + (I - Cf'(X])([x]* - X))
= d(|I - Cf'((x]") - rad([x]*) - [-1, 1])
=1~ Cf' (X1 d(Ix]%)
<= Cf (X1 d([x]")
<< T=Cf (0)Fd(x]™).

The limit k — oo implies d([x]*) = 0 since p(|I - Cf'([x]°)|) < 1 by virtue of (6.3.9)

and Theorem 3.1.6 (a). This proves [x]* = x* in the case %* = % .
In the case p(|I - Cf'([x]°)]) < 1/2 we choose a convergent subsequence (%4) with
limit x*. Then X* € [x]* and [x]* — X* < d([x]*)[-1, 1] holds, and similar to above we

get
d(x]*) < 1T - Cf' (") d(Ix]*) - 2
< |I-Cf' (X% -2 - d([x]*)
<< T=CF (XK - 2% - d([x)™),

again with the limit 0 if k tends to infinity. The assertion follows now as in the previous
case. (]
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If the Krawczyk test (6.3.4) holds but C is not regular, then nothing can be guaranteed,
as can be seen by the example [x]° = —[x]° = [-r,7] e IR", r>0,x°=x°=0, C= 0,
f arbitrary. If this test holds and if C is regular, then uniqueness of a zero cannot be
deduced. This is demonstrated by the example [x]° = —[x]® = [-r, 7] € IR", r > 0,
#=x0=0,C=1I,f=0.

Notice that the Krawczyk tests (6.3.4) and (6.3.5) are frequently called Moore tests
in the literature. We will use this latter terminology, too, but in a more general setting.

Our next result shows that the Krawczyk operator K([x], X, C) behaves optimally
in some sense if ¥ = X and C = C := (mid(f'([x])))L.

Theorem 6.3.2. With the notation and the assumptions of Theorem 6.3.1 the following

properties hold for arbitrary regular C € R™",

(@) rad(K([x], x, C)) < rad(K([x], X, C)).

(b) If K([x], X, C) < [x] and mid(f'([x])) is regular, then K([x], X, C) < K([x], %, C),
where C = (mid(f'([x])))".

Proof. (a) follows from

rad(K([x], X, C)) = |I - Cf'([x])| rad([x] - X)
= |I - Cf'([x])| rad([x] - %)
< rad((I - Cf'([x]))(Ix] - %)) = rad(K([x], %, C)).

(b) Let [y] = K([x], X, C) < [x] hold. Then
y=x-Cf(x) and rad([y]) =R rad([x]) (6.3.10)

with R = |I - Cf'([x])|. Taking into account Theorem 2.4.8 (a), the Krawczyk test and
(6.3.10) imply

|Cf(X)| = 1X - y| < rad([x]) - rad([y]) = (I - R) rad([x]). (6.3.11)
Define R, A by
R = I - Cf'(Ix])] = 1C(mid(f" ([x]) - ' (IxD))]
= |Clrad(f'([x])) < |CC7M| - |Clrad(f' ([x]))
and

A=|[-CC Y =|CCCcCr-D|<|CCY-|I-cCCh.
By means of Theorem 2.4.4 (a) we get

A+R<|CCY(IT-CCY +|Clrad(f ([x])))
=|CCYR=|I-(I-CCYHR<I+AR,
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hence A(I - R) < R - R. With [y] = K([x], X, C) and (6.3.11) the relation
ly — mid([y])| = |(C - Of(X)| = [(CC™ - DCX)]
< A|Cf(%)| < AU - R) rad([x])
< (R - R)rad([x]) = rad([y]) - rad([y])
follows. This implies [y] < [y] and therefore (b). O

For this optimal choice of X and C we present now conditions which guarantee that
the Krawczyk test is positive. They were stated in Rall [279] and remind of the Newton—
Kantorovich Theorem 1.5.10.

Theorem 6.3.3. With the notation and the assumptions of Theorem 6.3.1 let f'([x]) be
Lipschitz continuous on [x]° € IR" with Lipschitz constant y > 0, i.e.,

la(f' (D), £/ (YDlleo < ¥Ig(IX], YDlleo  for all [x], [y] < [x1°.

Define [x], =xX° - p[-e, e], C = (f'(x°)) (which we assume to exist), and choose B > 0,
1 = 0 such that 1 = [(f' (X)) " f(Z) o> B = [Cllo- If

a=Pyn < 1/4, (6.3.12)

then the Krawczyk test
K([x1,, %%, C) < [x],

is successful for each p such that

1-V1-4a 1+\/1—40z__er

p <rad([x]°) and p” := 2By <ps—y B (6.3.13)

Proof. The assumptions (6.3.12) and (6.3.13) imply
n+Byp’ <pep-Byp>-n=0ep <p<p*. (6.3.14)
From
IK([x]p, X°, C) = X°| < |CAXO)| + I - Cf'(Ix]p)| pe
= ("GOO + [C- I (X°) - f([x]p) | pe
and (6.3.14) we get
HK([x]p, X%, €) = X%l oo < 1 + Byp® < p,

if p < rad([x]°). Hence K([x],, X°, C) € [x],, follows. O

Unfortunately, the bound 1/4 in Theorem 6.3.3 cannot be enlarged in general as the
following example in Rall [279] shows.
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Example 6.3.4. Let fix) =x*> -¢,0<e<1,x°=1,C=Ff&x°)1=1/2,8=|C| =
1/2, 1 = FFEON X0 = 1 - €)/2 2 0, [x]° = X% + 2n[-1, 1] = [, 2 - €]. Since
q(f'([x]), f'([y]) = 2q([x], [y]) we can choose y = 2. Then a = Byn = (1 - €)/2 < 1/2,
and the theorem of Newton—Kantorovich guarantees existence and uniqueness of the
zero x* = /€ € [x]°. Since

5

1
K(x]°, %°, C) = [—5 +2e-8, % - ;£+£2] cix’ o

N[~
IA
™
IN
=Y

i.e., 0 < a < 1/4, the bound 1/4 cannot be increased.

For a comparison with an interval analysis based version of the Newton—Kantoro-
vich theorem in Section 6.5, we notice here already that this latter theorem guarantees
the existence of the solution x* = +/€ in [x]° for the full range [0, 1] of €.

Our next result indicates some sort of quadratic convergence of the Krawczyk method.

Theorem 6.3.5. Let the assumptions of Theorem 6.3.1 hold. If f' satisfies

Id(f" (XD)loo < VIA(XD oo (6.3.15)
for all [x] ¢ D and an appropriate positive number y, then the inequality
Id(K([x], %, O)lloo < @ld([XDI3,,  with & = J|Clleo (6.3.16)

follows provided that X € [x] € D, C regular, C™* € f'([x]).

Proof. By means of Theorem 3.1.5 (i) the assertion follows from

d(K([x], %, 0)) = d(x - f()?)+(I—Cf'([X]))([X]—f())
d((I - ¢f" (D)([x] - %)
< d(I-Cf'(IxD) - d([X]—)?)
=d(C(C™ = f'([x)) d([x])

= |Cld(f' (Ix]) d([xD).- O

By virtue of the Theorems 4.1.16 and 4.1.18 the assumption (6.3.15) is nearly always
fulfilled in contrast to the assumption C! € f’ ([x]¥) forall k = 0, 1, ... during the
iteration (6.3.2).

For f(x) = Ax — b, A e R™", b ¢ R" one gets f'(x) = A. Substituting ¥, f'([x]¥) in
(6.3.2) by x, A and dropping the intersection results in the Krawczyk residual iteration
(5.5.103) for [A] = A, [b] = b. This justifies the terminology ‘Krawczyk iteration’ in
Section 5.5. Notice that there ¥ € [x]* is no longer required.

The number of multiplications for computing K in (6.3.1) is apparently propor-
tional to n3 per iteration. Therefore, one can look for a reduction of this amount
of work. This yields the modification of K due to Alefeld which starts with the re-
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presentation

X* = %= C{f(0) - (CT! = J(x*, ) (x" - %) }
=x-CHf(D) - (C-J(x*, %) - %)}
€ X - CHf() - (C - F(D)([x] - %)}
€ x - IGA(C, f(%) - (C - f'(Ix])([x] - %))
=: A([x],x, C)

with C = C~! and the Alefeld operator A. Here, we tacitly assume that C is regular and
X, x* € [x], f(x*) = 0. This suggests the Alefeld method

Dk = {2~ 1GA(C, f(%) - (C - £ (X1 (xI¥ = £4)) } n [x]k
=A(x]5, 75, &) nxk, k=0,1,... (6.3.17)

with % € [x]X. As with the Krawczyk method the iteration is stopped if the intersection
is empty. Otherwise it is called feasible for [x]°.

For (6.3.17), Theorem 6.3.1 holds similarly with the exception of (6.3.7) and the
regularity of C, which must be assumed in advance.

Theorem 6.3.6. Let the assumptions of Theorem 6.3.1 hold and let C € R™" be regular.

(@) If x* € [x]° is a zero of f then the Alefeld method (6.3.17) is feasible for [x]° and
satisfies

X' € [x]" = lim XK e xf e (]t e e [x]° (6.3.18)

for k=0,1,....Inparticular, each iterate [x]* contains all zeros x* € [x]° of f
and the same holds for the limit [x]*.
(b) If A([x]°, %0, C) n [x]° = @, then there is no zero x* € [x]° of f.
(c) Ifthe Alefeld test
A([x]°, %%, C) < [x]° (6.3.19)

is valid, then f has at least one zero x* ¢ [x]° and (a) holds.
(d) If the strong Alefeld test

A(x1°, 2%, 0)i c [x1?, i=1,...,n (6.3.20)

is valid, then f'([x]°) is regular, f has exactly one zero x* in [x]°, and (a) holds.

Furthermore, if

-k k

Xt =x
is chosen then the iterates contract to [x]* = x*.

Proof. (a), (b), and the existence and uniqueness of x* in (c) follow similarly to The-
orem 6.3.1 with g(x) = x - C~1f(x). The regularity of f'([x]°) in (d) results from Theo-
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rem 3.1.6 (b) and the subset property

= C ) + (0= (D) - 20)
= ~CTHE) +{CHC - F1 XN H([x° - X°)
€ ~CTHE) + CHC - f1("N([x1° - X%}
= —CHfR%) - (C - f'(Ix1°

N(x]° =%+ x%° - x°
c A([x]°, %°, C) - #° c [x]° - *°.

Here, ‘c’ holds componentwise.

In order to prove the convergence to x* in (d) and therefore uniqueness of x*, we
note that the assumption (6.3.20) guarantees the existence of some real number a €
[0, 1) such that d(A([x]°, X°, C)) < a d([x]°) is valid. This implies d([x]) < a d([x]°).
Therefore, the ‘right-hand side’ of the interval Gaussian algorithm satisfies

d(f&") - (€= (A" - xY) < d((C - f(IX1°)[-1, 1] - rad([x]"))
< ad(f(x°) - (C - f'(IXI°)(Ix]° - X°)).

With Theorem 5.4.1(g) we finally get
d([x]?) < d(A([x]*, %, 0)) < ad(A([x]°, X%, ©)) < a®d([x]°),

and an induction yields d([x]¥) < a*¥d([x]°). Thus the limit [x]* satisfies d([x]*) = 0,
and (6.3.18) implies [x]* = x*. O

Another modification of the Krawczyk method originates from Hansen and Sengupta
[132] and is considered by Moore and Qi in [239]. It is a Gauss—Seidel-like method which
is represented as

x]t = M'((x]K, 75, ©), k=0,1,..., (6.3.21)

where M'([x], %, C) is defined for X € [x] and i =1, 2,...,n by

i-1
Mi([x], %, ©) = i = (Cf(0); + Y (I - Cf'(IXD));(Mj([x], %, ©) - %;)

j=1
+ ) (I Cf' (D) (Ixj = %),
j=i
M{([x], x, C) = M;([x], %, C) N [x]; . (63.22)

If the intersection in (6.3.22) is empty for some i, then M’ is not defined. If it is de-
fined, we will call (6.3.21) a Gauss—Seidel-like Krawczyk method and M the Moore-Qi
operator. Although the interval function M’ seems to be more important in view of the
iteration (6.3.21), the Moore—Qi operator M will play a crucial role in the subsequent
Theorem 6.3.7.
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Theorem 6.3.7. Let the assumptions of Theorem 6.3.1 hold. In addition, let C be regular.
(@) If x* € [x]° is a zero of f, then the Gauss-Seidel-like Krawczyk method (6.3.21) is
feasible for [x]° and satisfies

X' e := lim XIFcx]Fcx]F e e [x]° (6.3.23)
—00
for k =0, 1,....Inparticular, each iterate [x]* contains all zeros x* € [x]° of f,

and the same holds for the limit [x]*.
(b) If M'([x]°, X, C) is not defined, then f has no zero in [x]°.
(c) If M'([x]°, %9, C) is defined and if the Moore—Qi test

M([x]°, %%, ©) < [x]° (6.3.24)

is valid, then there is at least one zero x* € [x]° of f, and (a) holds.
(d) Let M'([x]°, X0, C) be defined. If the strong Moore—Qi test

(M([x1°,%°,0)); c [x]?, i=1,...,n, (6.3.25)

isvalid, then Cf'([x]°) is an H-matrix. In particular, f'([x]°) and C are regular, even
if this is not assumed for C from the beginning. In addition, f has exactly one zero
x* in [x]°, and (a) holds.

(e) If the assumptions of (d) hold and if

p(I-Cf(X®) <1 and #*=3%, k=0,1,... (6.3.26)
or 1
(= Cf@IMN < 5, (6.3.27)

*

then f has exactly one zero x* in [x]°, and the sequence in (a) contracts to [x]* = x*.

Proof. (a) Let x* € [x]° be a zero of f and define g by g(x) = x — Cf(x). Then by
virtue of (6.3.8) we have x* = g(x*) € K([x]°, x°, C), hence x} € Ky([x]°, %%, C) =
M1([x]°, %°, C) and x} € M} ([x]°, %°, C) = [x]}. Assume that X; € M]f([x]o,io, C)= [x]j1
forj=1,...,i-1 (< n-1). Then by this induction hypothesis and by (6.3.8) we get

X = gi(x*) = {%° = CAR°) + (I - CJ(x*, ) (x* = 2°) };

e X} - (Cfx®)); + Z(I Cf' (X190 = %)

j=1

i-1
- (Cf(x°)); + Z (I-cf'(Ix] )1,(M'([X] ,%%,0) - %))

+ Z(I - Cf'([X]O))ij([X],Q - ~,(-)) = M;([x]°, X°, C)
j=i
which yields x; € M{([x]°, x°, C) = [x]} . This proves x* € [x]?, and (6.3.23) follows by
induction and the intersection in (6.3.22).
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(b) If f has a zero x* € [x]°, then (a) implies x* € M'([x]°, X%, C), contradicting
the fact that M'([x]°, %°, C) is not defined.

(c) The assumptions of (c) imply M([x]°, %°, C) = M'([x]°, x°, C) + @. Choose x €
M([x]°, %°, C) arhitrarily. By virtue of (6.3.8) and (6.3.24) we obtain similarly to in (a)
with g from there

8i00) € X0 — (CFE); + Y (I - Cf (%) (Mi([x]°, %°, €) - 22)
j=1
i-1

= (CFE%)); + Y (I = Cf' (%) ;(Mj(Ix1°, 2°, €) - X7)

j=1

Z (I - Cf'(IX1°);(IX)) - 7)) = Mi([x]°, 2°, ©).

Therefore, the continuous function g maps M([x]°, X%, C) into itself, hence Brouwer’s
fixed point theorem guarantees a fixed point x* € M([x]°, x°, C) < [x]° of g and thus
a zero of f.

(d) Since (6.3.25) implies (6.3.24), the existence of a zero x* as well as (a) are
proved. We will show that Cf'([x]°) is an H-matrix. Then each matrix Cf' with f' €
f'([x]°) is an H-matrix and therefore regular. This implies the regularity of C and f’,
and finally of f/([x]°). The uniqueness of x* follows then as in the proof of Theo-
rem 6.3.1.

In order to show that Cf'([x]°) is an H-matrix we choose P € Cf'([x]°) such that
(P) = (Cf'([x]°)) and consider the auxiliary sequence ([y]¥) which is defined by

y1°=1d°% ' =1t

It = 2 - (C)); 2(1 Pyl - x9)

j=1

n
+ Z(I— Pyy(lylf - %)), i=1,...,mk=1,2,.... (6.3.28)
j=i
We show by induction that [y]¥*! < [y]* holds for k = 0, 1, ... . For k = O this follows
from (6.3.25), since then [y]* = [x]* = M([x]°, %%, C) < [x]° = [y]°. Assume now that
[y1¥ < [y]*! holds for some k > 1 and [y]¥*? ¢ [y]¥ fori=1,...,s - 1 and some
s €{1,...,n}. Then (6.3.28) implies

VIS = 2 - (CAE)), ZU P)gi(Iylf* - ~°>+z(1 P)si(Iylf - %))

j=1

— (CAX%), + ZU P)si(lylf - %) ZU P)sj(lylf ™t - x7)

j=1

= k.
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This concludes the induction with s = n and guarantees the existence of the limit
[y]* = limy_ e [y]¥. This limit satisfies [y]* < [y]' < [x]°, d([y]*) < d([y]") = d([x]!) <
d([x]%), and

y1* = X° - Cfx%) + (I - P)([y]* - X°)

from which we get
d(ly]*) = II - Pld([y]"). (6.3.29)

Assume now that there is some vector u which satisfies (P)u < 0 < u. Then

(1-11 - puhui < |pului < ) |Pijluj,

j#
holdsfori=1,...,n, whence
u<|I-Plu. (6.3.30)
Choose a > 0 and a signature matrix D such that
[z] = [y]* + [0, a]Du < [x]° = [y]° (6.3.31)

holds. Then d([z]) = d([y]*) + au. We will prove by induction

d([z]) <d([y]%), k=0,1,.... (6.3.32)
For k = 0 the inequality follows from (6.3.31). Assume that it holds for some k > 0 and
that d([z];) < d([y]g‘”) isvalidfori=1,...,s-1andsome s € {1,..., n}. Then for
i =5 weget
s-1 . n -
d(lyls™) = Y 1= Plgd(lylf*™") + Y I - Plsjd([y]¥)

j=1 j=s
s-1 _ n _
> Y |I-Plgd([z])) + Y |I - Plsjd((z]))
j=1 j=s
= (i - Pld([2]), = (d([y]") + all - Plu),
> d([yls) + aus = d([z]s),
where we used (6.3.29)-(6.3.31). This proves (6.3.32).
With k — oo in (6.3.32) we obtain d([y]*) + au = d([z]) < d([y]*), which implies
u = 0 since a was positive. Therefore, by virtue of Theorem 1.10.16 (d), the matrix P is
an H-matrix, and the same holds for Cf’([x]°), too.
(e) The proof proceeds similarly to that for Theorem 6.3.1(d): from (6.3.22) with
[x] = [x]%, % = ¥*, and k — oo we get
[X]* = M,([X]*y )?*’ C) < M([X]*’ )z*, C)
= X" = Cf(x*) + (I - Cf"(IxX]*))([x]* - X*)
= X* = Cf(X*) + I - Cf (IX]")I([x]* - x*)
<X = CfX) + 1T = CF ()1 - %),
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whence
d(Ix]*) < II - Cf' (IOId(x]*) < -+ < 1T = Cf ([x]0)1Fd([x]*).

Therefore, d([x]*) = O in the case (6.3.26).
In the case (6.3.27) we choose a convergent subsequence {5} with limit %*. Then
we proceed similarly to above using [x]* — x* < d([x]*)[-1, 1]. O

Notice that the intersection in (6.3.22) implies M 1’ ([x], x, C) < [x]; so that M;([x], X, C) €
K;([x], x, C) holds for all indices i. This means

M([x], x, C) < K([x], x, C) (6.3.33)

and shows that the Moore—-Qi test is more general than the Krawczyk test, i.e., it cer-
tainly holds if the Krawczyk test is satisfied. The following example by Moore and Qi
[239] indicates that there are cases in which the Krawczyk test fails while the Moore—Qi
test is successful.

Example 6.3.8.
2
_(x7+0.25x; - 0.1725 _{10,0.5]
ﬂx)‘( X2 = 3x1 +0.46 ) [X]‘( [0,1] )
5 (0.25) <0.8 —0.2)
X = , C= .
0.5 2.4 0.4
This yields
_ . (10.03,0.43]
I<([X]’X9 C) - ([_0.02’ O.98]> ¢— [XL
but

[0.03,0.43]

M([x], x, €) = <[0.016, 0.944]

) < int([x]).

Because of outward rounding in practical interval computations one does not obtain
f'([x]¥) exactly but only a superset of it. In addition, the evaluation of f’ per step may
be very costly. Therefore, one is often content with an iteration of the form

]t = (%% = CfEY) + I - ClYD(Ix]* - 5} n [x)¥
:KS([X]k,jzk, [Y],C)ﬂ[x]k, k=0,1,..., (6.3.34)

with the slope-based Krawczyk operator
Ks([x], %, [Y], €) == x - Cf(x) + (I - C[YD)([x] - X), X € [x]. (6.3.35)
Here, [Y] is an n x n interval matrix which satisfies

fx)-fly) e [YI(x-y) forallx,y € [x]. (6.3.36)
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As in Neumaier [257] we call [Y] an (interval) slope matrix generalizing the slope in
Definition 4.1.7. But notice that there s(x, y) was introduced as a real valued function
of x, y € R™ while here [Y] is an interval matrix which may depend on [x] € IR".
Although not necessary, we assume that in the iteration (6.3.34) the slope matrix [Y]
only depends on the starting vector [x]° and remains fixed for the succeeding iterates.
We call the iteration (6.3.34) the slope-based Krawczyk iteration.
Obviously,
JOGy)(x —y) € [YI(x - y) (6.3.37)

holds for all x, y € [x], where ] is again the matrix of the multidimensional mean
value theorem. Trivially, a candidate for [Y] is f'([x]) but every superset of it will do,
too. Such a superset is obtained automatically, for instance, if one computes f'([x])
using machine interval arithmetic.

Theorem 6.3.1 holds again with K being replaced by Ks and with f'([x]°) in (c)
being substituted by [Y]. The KrawczyKk test is replaced by the Moore test, respectively
strong Moore test,

Ko([x1°,%%,[Y],0) < [x]°, resp. Ks([x1°,%%[Y],C)ic[xl?, i=1,...,n.

(6.3.38)
The proof follows the lines of that of Theorem 6.3.1 and is left to the reader. Only the
uniqueness in (d) requires some care: If there are two zeros x*, y* € [x]° of f, then
(6.3.36) implies 0 = f(x*) - f(y*) € [Y](x* — y*). By virtue of Theorem 4.1.5 there is
a matrix ¥ € [Y] such that 0 = f(x*) - f(y*) = Y(x* - y*) holds. Since the second
(= strict) subset property in (6.3.38) guarantees that [Y] is regular, the zeros x* and y*
must coincide.

Newton’s method as well as Krawczyk’s method primarily verify fixed points of
some particular function g associated with a given function f whose zeros are finally
to be looked for. If g is chosen independently of these two methods such that x = g(x)
is equivalent to f(x) = 0 and if g is a P-contraction, one can also iterate via the general
fixed point iteration

X = g(x1%), k=1,2,... (6.3.39)

as considered in Section 4.2, where properties on this method have also been stated;
cf. particularly the Theorems 4.2.6 and 4.2.7.

In practical realizations of all these methods the crucial assumption g([x]?) ¢ [x]°
or, even more restrictively, g([x]°); c [x]?, i=1,...,n,will usually not be fulfilled
in advance. Therefore an iterative process without intersection but with e-inflation as
described in Section 4.3 can help. If a fixed point x* of g is assumed to exist, another
possibility consists in iterating by a traditional (i.e. noninterval) method until a suf-
ficiently good approximation x of x* is attained. Then X is inflated to some interval
vector [x] with X = X and the subset property is tested. A way to find X was given
by Alefeld, Gienger, and Potra in [23]. They start with the classical Newton method
at some point x° € D and refer to the theorem of Newton-Kantorovich which was
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stated as Theorem 1.5.10 in Section 1.5. This theorem requires — among others — the
assumptions

@ I -f Wl <ylx-ylforallx,y e D,y >0,

@) 1) <pB, B>0,

(iif) If' () f O < m,

(iv) 0O<a:=Byn<1/2,

in order to construct the radius r of a ball B(x?, r) ¢ D which contains a unique zero

x* of f. The difficulty in applying this theorem consists in computing the constants

B and y, while 1 can be obtained from the first Newton step. Our aim is to get rid of

the first two constants. To this end we make the following hypotheses on the Newton

sequence (x¥) arising from the starting vector x°.

(1) The sequence (x¥) converges to a zero x* of f.

(2) The assumptions of the theorem of Newton—Kantorovich hold for some fixed xk
instead of x°. (Thus the constants 8, 1, . . . refer to x*)

(3) The norm in this theorem is the maximum norm.

Since
1 =1k = I ) M) oo = Ik = F10F) LK) = XKl = XK = 3Kl

we may assume 7 > 0 which implies & > 0. Otherwise f(x¥) = 0 and we are done. From
(1.5.11) (with x* instead of x°) we get

1 0 1
K = X" oo < Qa)?" = —2an = 2|X**! = XKoo = 214,
7 By2° Byn «
. 1 1
I =Xl € 2= Q@)* = 2am < 1 = I = oo = i

see Figure 6.3.1. Define

(x] = X1 4 e[-1, 1]e, } _ (6.3.40)

[X]k = K([x], x**1, £/ (x¥)1)

Since x¥ ¢ [x], the assumption C~! € f'([x]) of Theorem 6.3.5is fulfilled if C = f'(x*)~1.
If the remaining assumptions of this theorem hold for [x] from (6.3.40), then it implies

Id(x1x)lloo < @ Id(XDIZ, = (Bank) - N -

Now x* € [x] guarantees
x* € [X]k, (6.3.41)

from which we get [x]x € x* + nx[-1, 1]e - (4dni). If x* € int([x]) holds and if ny is
sufficiently small, then one can expect that the crucial assumption

(IxXIg)i c [x)i, i=1,...,n, (6.3.42)
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[x] (containsx*)
|
| Ve
| . Mk
IXo
—————— *:Xk+1

|
I

& | Nk
|

Nk Nk
21k
21

Fig. 6.3.1: Position of two successive iterates.

of Theorem 6.3.1 (d) is fulfilled. In this way one has verified ‘a posteriori’ and ‘construc-
tively’ existence and uniqueness of a zero x* of f in [x] from (6.3.40). As a tool one
has only to construct the Newton sequence (xX) and to use an appropriate stopping
criterion such that 1 = [[x**! - x|, is ‘sufficiently small’. In order to present such a
stopping criterion we require

ld([x]x)llco

K+l
where t is the length of the mantissa of the underlying floating point system with basis
b = 2 and eps is the machine precision, i.e., eps = %b‘”l; cf. Section 2.7, where ¢' =
t-1.
If the hypotheses above are valid then (6.3.41), (6.3.43) and y € [x]x imply

X" =Yoo _ 100l _ 10X0Neo _ (6.3.44)
Kl o )

llx* loo I+ oo
i.e., the relative error with which y € [x]x approximates the zero x* is close to the
machine precision (provided that x* # 0). With

<eps=27", (6.3.43)

¥ =max{y,y} >0 (y from Theorem 6.3.5, y from Theorem 1.5.10)
and C = f'(x¥)! Theorem 6.3.5 yields
ld([xXDklloo < IClleo 1A(XDIZ, < IClloo¥ - 4117
Therefore, (6.3.44) holds (approximately) if

ICllooy - 417

< eps 6.3.45
Wy P (6.3:45)

is valid.
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In order to eliminate C and y from (6.3.45) we represent O as
0 = A0 — 1O (- (D THM)
= fON) = f T - X
from which we get
= 1O THAOE) = o) = 1T o = X ) = - (6.3.46)
By virtue of the multidimensional mean value theorem we obtain
1A = fd ) - 1D = XDl

1
[0t s ok = 1)) - 1 e - )

I 0

1

[ee]

< IOt 4+ O = ) = 10 lloo dE IX* = XMoo

o,

1
2 1 21 2 1 2
< yj tdtn_, = yit Oﬂk_l < 5V M-
0

Together with (6.3.46) this yields ni < | Clleoyn}_,/2, whence |Clloo¥ > 27i/;_, - Since
all our considerations are based on heuristics, we replace ‘>’ by ‘=" in the last inequal-
ity. This allows us to substitute | Clleo = 217k/ ()711%_1) in (6.3.45) in order to get

8n}

— X <eps. (6.3.47)
Il 2,

The inequality (6.3.47) is used as a stopping criterion for the Newton method. If it
is fulfilled for some k = ko, then one constructs [x] from (6.3.40) with x¥o*1, xko and
checks (6.3.42). Practical experiments show that sometimes 1, is already too small in
order to guarantee (6.3.42). Then one constructs [x] in (6.3.40) with /7, k,—1 instead
of nx,, where the geometric mean is based on experience.

We illustrate the method with an example which is taken from Alefeld, Gienger,
Potra [23].

Example 6.3.9 (Discretisation of a nonlinear bvp). Discretize

3 n + 2 — 0
Yy (6.348)
y(0) =0, y(1) = 20
by means of
i
t;i =
n+1 i=0,1,...,n+1
yi=y(t)
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with the boundary values yg = 0, yn+1 = 20, and by means of

Teey _ Vil ~Vi-1 2
y (ti) = ~—5n " O(h?)
i1 = 2Vi + Vie
y”(ti) _ Vi1 h);z + Vi1 + O(hz)
with h = -L- — 0.
Multiply (6.3.48) by h?, delete O(h?), and replace y; by x; with xg := yo =0, Xp41 :=
Vns1 = 20. Introduce x = (x1, ..., xp)T in order to obtain

fix) =3(x2 = 2x1)x1 + x5 = 0,
fi00) =31 = 2 + Xi)Xi + 1 (Xiy1 = X-1)? =0, i=2,...,n-1,
fa(X) = 3(20 = 2Xp + Xp-1)Xn + +(20 — xp_1)* = 0.

Choose the starting vector x° = 10e for the Newton method applied to f = (f;). With
the notation

xK  k-th Newton iterate

k k+1 k
= Ix*** = x|

8k = VMkNMk-1 (geometric mean)
[x]lx asin (6.3.40)

d([x
Tk = % (approximation of the relative error)
X 00

X

we got the results shown in Table 6.3.1. To this end we used INTLAB with eps = 273 =
(2710)53 2 (1073)%-3 =~ 10716 which is half of the MATLAB constant eps; cf. Section 2.7
for a discussion of MATLAB’s eps.

Tab. 6.3.1: Results of Example 6.3.9 rounded appropriately.

n k  n« Nk-1 gk stopwith  ld([xlk)leo  rk
10 7 6.89-10713 3.74.-10°% 1.61-107° i 1.07-107*  5.73.10716
20 7 891-107'"  4.31-107° 6.20-107%  ni 1.42-107%  7.37.10716
50 8 6.32-10713% 8.11-1077 7.16-107!0 p4 1.07-107'%  5.41.10716
100 9 1.78-107%% 1.75.10°% 5.57.10712 gy 1.07-107'%  5.40.10716

The last two columns differ slightly from the results in Alefeld, Gienger, Potra [23] but
show essentially the same magnitude. In the case n = 100 we could only prove [x]x <
[x] instead of the stronger strict subset relation (6.3.42). The solution of the original
nonlinear boundary value problem (6.3.48) is y(t) = 20t3/4.
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Exercises

Ex. 6.3.1. Work out the details of Example 6.3.4.

Ex. 6.3.2. Restate and prove Theorem 6.3.1 for the slope-based Krawczyk iteration
(6.3.34).

Ex. 6.3.3. Recompute Example 6.3.8.

6.4 Hansen-Sengupta method

In [132] Hansen and Sengupta presented a method for verifying and enclosing a zero x*
of afunction f: D ¢ R" — R" which is a nonlinear version of the interval Gauss—Seidel
method applied to the interval linear system

(Cf' (X)) (x = ) = —Cf(%). (6.4.1)

Thus it is defined similarly to the Gauss—Seidel-like Krawczyk method (6.3.21) but dif-
fers from it slightly. It is given by

]! = H'([x], %%, 0), k=0,1,..., (6.4.2)

where H'([x], X, C) is defined for X € [x] and i=1,2,...,nby
i1

Hi([x, %, ) = %i = {(CAR); + Y. (CF(IxD) (H (), %, ©) - )

j=1

+ Y (Cr D)yl - 5}/ (O Oy

j=i+1
H{([x], %, C) = Hy([x], %, C) N [x];. (6.4.3)
Here, we assume O ¢ (Cf’([x]))ii for i = 1, ..., n. If the intersection in (6.4.3) is

empty for some i, then H' is not defined. If it is defined, we will call (6.4.2) the
Hansen-Sengupta method and H the Hansen—Sengupta operator.

Theorem 6.4.1. Let the assumptions of Theorem 6.3.1 hold. In addition, let C be regular

and 0 ¢ (CF'([x]9)); fori=1,...,n.

(@) If x* e [x]° is a zero of f, then the Hansen—Sengupta method (6.4.2) is feasible for
[x]° and satisfies

x* e [x]* = Jim Xk cxf e x]Ft e cx]° (6.4.4)
—00
for k=0,1,....Inparticular, each iterate [x]* contains all zeros x* ¢ [x]° of f,

and the same holds for the limit [x]*.
(b) If H'([x]°, X0, C) is not defined, then f has no zero in [x]°.
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(c) IfH'([x]°, x°, C) is defined and if the Hansen—Sengupta test
H([x1°, %%, C) < [x]° (6.4.5)

is valid, then there is at least one zero x* € [x]° of f, and (a) holds.
(d) Let H'([x]°, %°, C) be defined. If the strong Hansen—Sengupta test

(H([x]°,%°,0);, c [x], i=1,...,n, (6.4.6)

is valid, then Cf'([x]°) is an H-matrix. In particular, f'([x]°) and C are regular even
if this is not assumed for C from the start. In addition, f has exactly one zero x* in
[x]°, and (a) holds.

(e) If the assumptions of (d) hold and if

=% k=o0,1,..., (6.4.7)

*

then f has exactly one zero x* in [x]°, and the sequence in (a) contracts to [x]* = x*.

Proof. Since many steps of the proof are similar to those in the proof of Theorem 6.3.7
we will shorten them a bit.

(a) Let x* € [x]° be a zero of f and define g by g(x) = —Cf(x). Then the multidi-
mensional mean value theorem implies

0=g(x*) =g(x) - CJ(x*, X)(x* - X).

Assume that x; € [x]l.1 fori=1,...,s-1andsomes € {1,...,n}. Then

s—1
xi =50+ {gs(io) - Z(C](X*’XO))SJ'(X; _;(1('))
i

- Y (@250 -5}/ (T, 20)g

j=s+1

-1
€0 {(Cf(xo)) Z(Cf’([X]O)sj([X]j1 - %)

j=1

n
£ Y ()00 - 3D / (e 1),
j=s+1

This shows that x} € H.([x]°, x°, C) = [x]} holds, and finally x* € [x]'. Now (6.4.4)
follows by induction.

(b) follows from (a) as in the proof of Theorem 6.3.7.

(c) The assumptions of (c) imply H([x]°, X%, C) = H'([x]°, X°, C) # 8. Define the
function h: [x]° — R" componentwise by

i-1

hi(x) = X +{gl(xo)—Z(CI(XJO))U(’U(X)—’??)

i=1

= Y (€06 2005 - D} 1 (CT06 70, (6.4.8)

j=i+1
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where J(x, %°) is again the matrix from the multidimensional mean value theorem ap-
plied to f. Since f € C1(D), by assumption this matrix depends continuously on x, and
so does h. Obviously, h(x) € H([x]°, X0, C) < [x]° holds for x € [x]°, hence Brouwer’s
fixed point theorem guarantees a fixed point x* € [x]° of h. A simple reformulation of
(6.4.8) with x = x* = h(x*) yields

0 = g(*°) - CJ(x*, X°)(x* - %°) = g(x*),

whence f(x*) = 0.

(d) We only show that Cf’([x]°) is an H-matrix. The proof is then finished as in
Theorem 6.3.7.

Choose P e Cf'([x]°) such that (P) = (Cf'([x]°)) and consider the auxiliary se-
quence ([y]¥) which is defined by

y1° =[x [yl* =[x,

i-1 n
[yl =x) - {(Cf()?o))i + Y Byl =)+ Y Byl - fc;’)} / Bii»
j=1 j=i+l
i=1,...,n; k=1,2,.... (6.4.9)

Similarly to the proof of Theorem 6.3.7 (d) we see that [y]**! < [y]¥ holds for k =
0,1, .... This guarantees the existence of the limit [y]* = limy_,[y]¥ which satis-
fies [y]* < [y]! < [x]°, d([y]*) < d([y]") = d([x]") < d([x]°), and

W17 = & - {(Cf); + Y By - %D} / B (64.10)

j#i
For the diameter in (6.4.10) we get after some rearrangements
(Pyd([y1") = 0. (6.4.11)
Assume now that there is some vector u which satisfies (P)u < 0 < u. Then

Biilui < Y |Bijlwj,  i=1,...,n, (6.4.12)
j#

holds. Choose a > 0 and a signature matrix D such that

(2] = [y]* + [0, a]Du < [x]° = [y]° (6.4.13)
holds. Then d([z]) = d([y]*) + au. We will prove by induction

d(z]) <d([yl"), k=0,1,.... (6.4.14)

For k = 0 the inequality follows from (6.4.13). Assume that it holds for some k > 0 and
that d([z];) < d([y]f.”l) isvalidfori=1,...,s-1and some s € {1, ..., n}. Then for
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i =5 weget

d(lyls™) = psj|d([y],’f“> + ) |ﬁsj|d<[y]]’f)) / sl

j=s+1

IIM»—- H

p51|d([z1,) + Z |Bsjld(12])) ) / |Pssl

j=s+1

Y Ibsi1(d((yl} )+au,)) / |Bss|

<]#S
> d([yls) + aus = d([z]s),
where we used (6.4.10)—(6.4.13). This proves (6.4.14).

With k — oo in (6.4.14) we obtain d([y]*) + au = d([z]) < d([y]*), which implies
u = 0. Therefore, P is an H-matrix by virtue of Theorem 1.10.16 (d), and the same holds
for Cf'([x]°).

(e) W.Lo.g. assume that 0 < (Cf'([x]*)),; holds. Similarly to in Theorem 6.3.1(c) or
Theorem 6.3.7 (e) we get

(x]; = H{([x]*,X*, C) = Hi([x]*, X*, C)
=X; - {(Cf(x )i +Z},#((;f'([x]*))U,([x]]fk —)Z}i“)} / (Cf’([x]*))ii-

Since X; is the midpoint of the left-hand side [x]; and since 0 ¢ (Cf'([x]*));;, the
expression within braces must be a zero-symmetric interval. This implies {...}/

(CF'(1X1)); = (- H/4(CF(1x°));) whence
b7 =% = () + XL ICF @)l (17 =%}/ 4(CF 0a™))-

Equating the midpoints on the left- and right-hand sides shows that —Cf(x*) = 0,
whence f(x*) = 0. Thus

(X1 =% = = {2l (CF @) (K1 = 5D}/ (S 0a7);) (64.15)
and
(Cf'([x]*)d([x]*) =0
Theorem 1.10.16 (d) implies d([x]*) = O which proves the theorem. 0

We want to compare the Hansen-Sengupta test with the Moore—Qi test. It will turn
out that the former is more general than the latter which, by virtue of (6.3.33), is more
general than the Krawczyk test. We start with an auxiliary result.

Lemma 6.4.2. Let [a], [b], [c] € IR, O ¢ [b].If [a] + (1 — [b])[c] < [c], then [a]/[b] <
[a]l + (1 - [b])[c].
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Proof. Let Z € [a]/[b] be arbitrary. Then there exist a € [a], b € [b] such that z = a/b
holds. Since by the hypothesis we have h(c) :=a + (1 - b)c € [c] for ¢ € [c], Brouwer’s
fixed point theorem guarantees a fixed point c* € [c] of h. Hence @ + (1 - b)c* = c¢*
holds and % = @/b = c* € [c] follows. This implies the assertion. O

As the example [a] = [c] = [-1, 1], [b] = 1/2 shows, the subset hypothesis of
Lemma 6.4.2 is necessary.

Theorem 6.4.3. Let the assumptions of Theorem 6.4.1 hold. If the Moore—Qi test M([x],
X, C) € [x] is satisfied, then H([x], X, C) € M([x], X, C) follows. In particular, the Hansen—
Sengupta test is fulfilled.

Proof. Assume that
Hi([x], %, C) = H{([x], X, C) < M{([x], X, C) = Mi([x], X, C) < [x]; (6.4.16)

holds fori =1,...,s — 1 and some s < n. By virtue of Lemma 6.4.2 this is certainly
true for s = 1. For s > 1 we have

s-1
Hs([x], %, C) = X5 - {(Cf(ff))s + Z(Cf’([x]))sj(H;([x],)Z, C) - %)
j=1
+ ¥ @)}/ e,
j=s+1
s-1
< - { (€0, + T (01D, 04001 7.0 - %)
j=1

+ ) (Cf'([X]))s,-([X]j—)?j)} / (CF (XD

j=s+1
If the right-hand side is abbreviated as X5 + [a]/[b], the Moore-Qi test guarantees
Xs + [a] + (1 - [b])([x]s — Xs) € [x]s. Now Lemma 6.4.2 with [c] = [x]s — X5 implies
Xs + [a]/[b] € Xs + [a] + (1 - [b])([x]s - Xs) = Ms([x], X, C),

hence (6.4.16) follows for s. O
In Goldstejn [120] the following Jacobi-like modification H™4 of the Hansen—-Sen-
gupta operator H is considered.

H,mOd([X], X,C) =X - {(Cf()?))i + z#i(cf'([x]))i]-([x]j - )?j)} / (Cf'([X]))l-i,

i=1,...,n,

H™ ([x], %, €) = H™([x], %, C) n [x], (6.4.17)
where C € R™" is regular, % € [x], and 0 ¢ (Cf'([x]));;, i = 1,...,n. As in (6.4.3),
H™d' s not defined if the intersection in (6.4.17) is empty. If it is defined, we will call

the iteration
[x]*+1 = gmod'([x]k, %X, €), k=0,1,..., (6.4.18)
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the modified Hansen—Sengupta method and H™¢ the modified Hansen—Sengupta
operator. It is left to the reader to show that (6.4.18) has properties similar to those
of (6.4.2) as stated in Theorem 6.4.1.

It is easy to see that H([x], X, C) ¢ H™4([x], x, C) and H'([x], X, C) < Hm"d'([x],
X, C) hold. This guarantees that the modified Hansen—Sengupta test

H™9([x]°, 2%, C) < [x]° (6.4.19)

always implies the Hansen-Sengupta test (6.4.5).

Exercises

Ex. 6.4.1. State and prove a theorem similar to Theorem 6.4.1 also for the modified
Hansen—-Sengupta method (6.4.18).

6.5 Further existence tests

In Sections 6.3 and 6.4 we considered various methods — called tests — for verify-
ing existence and uniqueness of zeros of a given continuously differentiable function
f: D < R" — R". These tests contained as common condition the subset property

T([x],x, C) < [x], (6.5.1)

respectively
Ti([x],x,C) c [x];, i=1,...,n, (6.5.2)

where % € [x] and T € {4, H, H™4 K, K., M}. Here A stands for Alefeld, H for
Hansen-Sengupta, H™¢ for modified Hansen-Sengupta, K for Krawczyk, K for
Moore, and M for Moore—Qi. In the case (6.5.1) there exists at least one zero in [x],
in the case (6.5.2) exactly one. In the present section we will extend these tests, and
we will compare them. We start with the Moore—Kioustelidis test and the Miranda
test which is a modification of the preceding one. Both tests are based on Miranda’s
Theorem 1.5.9. We will use the notation [x]>* for the i-th faces of an interval vector
[x] € IR", i.e.,

X)° = {x e x] | % = xi},
[ = (% e [xX] | % = X ).
It is obvious that the union [J{ [x]>* forms the surface of the n-dimensional box [x].

Since we cannot expect that the crucial Miranda assumption fi(x) - fi(y) <0, i =
1,...n, holds for all x € [x]>*, y € [x]"~ - see Exercise 6.5.1 — we will consider the



326 —— 6 Nonlinear systems of equations

function g(x) = Cf(x) with C = (f'(x*))™!, where x* denotes a zero of f and where we
assume for the moment that f is sufficiently smooth. Expanding f at x* yields

fO0) = FO) + F1 ) (= x7) + 0(I1x = X ¥ loo)s

whence g(x) = x — x* near x* so that Miranda’s assumptions can be expected to be
fulfilled for an interval vector [x] with x* € int([x]). This justifies considering g instead
of f.

Of course, x* is unknown — one does not know if it exists at all! Therefore, the
usual procedure is to iterate with a traditional method in order to approximate a zero
of f, to stop with some vector X, to compute an approximate inverse C of f'(x) (which
we assume to be regular) and to enclose x by an interval vector [x] with d([x]) > 0 and
X =X.

The following result in Moore, Kioustelidis [238] guarantees a zero of f.

Theorem 6.5.1. Letf: DcR" > R", feCY(D),0<reR",XeD, [x]=[Xx-r,x+r]<D.
Let f([x]) and f'([x]) exist and C € R™" be regular. If for g(x) = Cf(x) the conditions

gix+rie?) . gix-rie®) <0 (6.5.3)
2l (CF (L")l < 181X + rie®)) (6.54)
2l (CF X))yl < 181X ~ rie®)] (6:5.5)

holdfori=1,...,n,then f has azero x* € [x]. The conditions (6.5.3)—(6.5.5) are called
the Moore—Kioustelidis test.

Proof. Let x € [x]>*. Then with some ¢ ¢ [x]"* and (6.5.4) we get

gi(x) = «gl()Z + rie<i)) +g;(f)(xl _)21’ ey Xi-1 — )zi—ly 0, Xi+1 _)ZiJrly ey Xn —)zn)T
= gi(k+rie")+ ) g - %))
> gi(x+rie) = Y Igh (I 20, ifgi(X +rie”) 20
and similarly

8i(0) < gix+rie®)+ Y g™ )Iry < 0, if gi(x +rie) <0.

This shows that gi(x), x € [x]"*, has the same sign as g;(x + r;e®®). In particular, it is
zeroif g;(x + r;e) is zero. A similar remark holds for g(x), x € [x]>~, and gi(x - rie®).
This ensures g;(x) - gi(y) < 0 forall x € [x]>*, y € [x]>~, i =1, ..., n. Thus Miranda’s

theorem proves the assertion. O

In practical computation one has to use interval arithmetic evaluations even for (6.5.3)
in order to be sure about the signs. Thus in (6.5.3) one starts with point intervals,
computes with machine interval arithmetic and uses the upper bound for the interval
resulting from the left-hand side. Similarly, one uses the upper bound for the left-hand
side and the lower bound for the right-hand side in (6.5.4) and (6.5.5).
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As a computational simplification one can replace (6.5.4) and (6.5.5) by
2418 (xDijlry < ming |gi(% - rie®)], 18X + rie®)l }. (6.5.6)

This saves computational effort at the expense of restriction. It can be decreased even
further as the following theorem in Frommer, Lang, Schnurr [108] shows.

Theorem 6.5.2. Letf: DcR" - R", fe C1(D),0<reR", % € [x] ¢ D. Let f([x]) and
f'([x]) exist and C € R™" be regular. With g(x) = Cf(x) define

(M) = gi(®) + (CF (X)), (> - ). (657)
If . .
mlk” <0< [mlp', i=1,...,n, (6.5.8)
then f has a zero x* € [x]. We call (6.5.8) the Miranda test.

The proof of this theorem is based on Miranda’s theorem and on the mean value theo-
rem applied to g;, x € [x]"*, and %, similarly to the proof of Theorem 6.5.1. In contrast
to X = x in Theorem 6.5.1, X € [x] is now arbitrary, and only one evaluation of g at
X is required whereas in (6.5.3)-(6.5.5) each component g; is evaluated twice, at the
midpoints of the faces [x]>*.

Notice that for some or all of the indices i € {1, ..., n} the inequality (6.5.8) can
be replaced by

[mlk* <0 < [m]}. (6.5.9)

In order to enforce (6.5.8) in this case just multiply C by an appropriate signature ma-
trix D. It can be easily seen that [m]ic’i in (6.5.7) and (6.5.8) may be replaced by

[mly" = gi([x]"*) (6.5.10)

or by
[m]* = (%) + (Cf (IX]"5)), , (Ix]"* - %) with £ € [x]"%, (6.5.11)
where the subscripts N, C, F indicate ‘naive’, ‘centered’, and ‘face-centered’ tech-
niques, respectively, as introduced in Frommer, Lang [107]. The choice (6.5.11) together
with the test (6.5.8) with [m ] * instead of [m]C is a generalization of (6.5.3)—(6.5.5),

where #* are the orthogonal projections of a single vector ¥ € [x] onto the faces
[x]5*. For this case we get the following result.

Theorem 6.5.3. If (6.5.8) holds for [m]ic’i, then it also holds for [m]j,’i if X are chosen
as orthogonal projections of the vector X € [x] onto the faces [x]"*.

Proof. Since [x]{™* - %* =0, [x]}"* - % = [X];* = X; for j # i,and X* - % = (0, .., 0,
~1,+ ~

X; -%,0,...,0)T ,weget
gi(dh*) = gi(%) + (CI(&, %), , (X>* - %)
= gi(%) + (CJ(x"*, x )”(”‘— %)
€ gi(®X) + (Cf (X)) [] - %)
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and
[l = i) + Y (CF () (X1} - %)
< &%) + (Cf (D) (0™ = %) + Y. (CF (7)) (Da)* - 57)
cgi(®) + (Cf’([x]))i,*([X]i’i -X) = [m]ic’i, 0
The equivalence of the Miranda test (6.5.8), (6.5.9) for [m] ;:t and the Moore—_Kiouste-
lidis test (6.5.3)-(6.5.5) is stated in the subsequent theorem.

Theorem 6.5.4. Let the Miranda test consist of (6.5.8) or (6.5.9) depending on the in-
dex i. Then this test with the face-centered variant [m]?i is equivalent to the Moore—
Kioustelidis test (6.5.3)-(6.5.5) if % in [m]j;i is chosen as orthogonal projection of the
midpoint vector X onto the faces [x]*, i.e., as the midpoint X"* of [x]¥*.

Proof. With r = rad([x]),

i = { Wy iR

e | % ifj #i
X +rie®, ifj=i J

)21' + rie(i), ifj =1
we get

[mly <0 < [mlg* & gi(x7) + Y (Cf (™)) (X =57

j#i
= gi(x - rie®) + Y |Cf (" )([x)j - %) < 0
j#i
< &) + Y (Cf (A7) (I} - 5)
j#i
& (6.5.3)-(6.5.5) holds with
gi(x - rie®) <0 < gi(x + rie®). (6.5.12)

Here we used (6.5.12) and the fact that [x];:’i - *]’:’i and [x]; — X; are zero-symmetric
intervals.

Similarly, we get the equivalence of [m]j,”r <0< [m]j,’_ and (6.5.3)—(6.5.5) with
gi(x +rie®) < 0 < gi(x - rie®). O

As an additional refinement of (6.5.11) and in order to decrease the overestimation of
the ranges Rg([x]>*), one can partition [x]>* into subfaces [x]"* = |J; [x]"** such
that these subfaces are disjoint except for their relative boundaries. Opposite faces
[x]"* can be partitioned independently of each other. The expressions [m] ic’i in (6.5.8)

are then replaced successively by [m]j,_:i’k with

[m]},‘i,k — gi()zi,t,k) + (Cfl([x]i,i,k))i’*([X]i,t,k _ )Zi’t’k),

where ght:k ¢ [x]bEk,
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Next we prepare a test which is based on Theorem 1.5.10 of Newton—-Kantorovich
with || - || = || - o - A difficulty consists in proving the assumptions of this theorem by
means of a computer; cf. the final part of Section 6.3. A bound > O for f "#®~! and
fixed % can be found by enclosing the n solutions of the linear systems f'(%)z = e®,
i=1,...,n, using interval analysis. If the resulting enclosure of f'(x)~! is denoted
by [V], then the constant 8 = || |[V]] |« is certainly a bound as required in (ii) of The-
orem 1.5.10. Similarly, a bound 1 > 0 of ||f’(*)"1f(X)lle can be derived enclosing the
solution y* of f'(X)y = f(X). Remember that 1 is a bound for ||x' — %o, , where x' is the
first Newton iterate when starting with X. In order to construct a Lipschitz constant
y > 0 for f'(x) in D we remark first that the constant t in Theorem 1.5.10 satisfies

t=1_ 1—2a= 21 <2n ifa<1/2.

) By 1+V1i-2a
If [x] = X+ [-2n, 2n]e c D, then B(x, t) c int([x]) ¢ D is guaranteed as required in (v)
of Theorem 1.5.10. Since usually we do not know a Lipschitz constant of f' on D, we
will be content with one on [x] and replace D by int([x]) when applying the theorem
of Newton—Kantorovich. On [x] the Lipschitz constant y can be obtained from

IF'00 = ' (1)lloo = max Z If5; (0 = f;0)]

n n
s ; Z’ ax 0X;j axsax; I
n n
s{gi}’i]; Z axsa ]fz XD - Ix = ylleo
=YX - Yl
with &js € [x] and
n n
y= {naxz Zl aXsaxlfl([x])l
If
a=Byn<1/2 (6.5.13)

holds with this y, then f has a zero in X + ¢[-1, 1]e which is unique there, and in the
case a < 1/2 even in the larger set (X + [-t, t]e) N [x] = X + min{t, 2n}[-1, 1]e, where
t=(1+ V1 -2a)/(By) as in Theorem 1.5.10. We call the computation of a, 8, y and the
test (6.5.13) the Newton—Kantorovich test.

When verifying this test on a computer we must take care in computing appropri-
ate bounds of the constants being involved. For instance, one computes the expres-
sions for a and t using interval arithmetic and chooses the resulting upper bound.
Similarly, one proceeds with ¢ and chooses the resulting lower bound. For details and
improvements see Rall [279].
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Based on Theorem 6.3.3 it is interesting to compare the Newton—Kantorovich test
with the Krawczyk test in Section 6.3. As is indicated in Example 6.3.4, this latter test
seems to be less powerful than the former. If, however, f'([x]) is replaced by the slope
matrix

1
[F'1([x], %) = jD{f'()Z+ ty-x)lyebdidt<f'(x]), xelx, (6.5.14)
0

for f, then Shen and Neumaier showed in [343] that the Newton—-Kantorovich test im-
plies the Krawczyk test if the remaining assumptions of Theorem 6.3.3 are kept with
the exception of (6.3.12), which is replaced by the weaker inequality (6.5.13). The proof
follows essentially the lines of that for Theorem 6.3.3 and is left to the reader as Exer-
cise 6.5.2.

Applied to the Example 6.3.4 the Krawczyk operator with (6.5.14) yields

K([x]°,%°, C) = K([&,2 - €], 1, 1/2)
1

1
- E+§+ 1—[(1+t[—1,1](1—£))dt (1-¢[-1,1]
0
2
:%+§+(1—ze) [-1,1] c [x]° = [e,2 - €]

ifandonlyif 0<e<1,i.e., 0 <a < 1/2 provided that one restricts € to be positive. Thus
the Newton-Kantorovich test and the Krawczyk test are equivalent here, in contrast
to the following example of Shen, Neumaier [343].

Example 6.5.5. Let f(x) = x> -¢,0<e<1,x°=1,C=(f'x°) 1 =1/3,B=|C| =
1/3, n = (f'&°) (X% = (1 - €)/3 2 0, [x]° = [&, 2 - €]. Since |f'(x) - f'(¥)| <
3Ix + y| - Ix — y| < 3max{2]2 — €|, 2|el}|lx — y| = 6(2 - &)|x —yl|, x,y € [x]° we can
choose y = 6(2 — ¢). Then a = Byn = 2(2 - €)(1 - €)/3 < 1/2 holds if and only if
1/2 < € <min{5/2, 1} = 1, i.e., the Newton-Kantorovich test is fulfilled if and only if
1/2 < € < 1. The Krawczyk operator applied with (6.5.14) yields

K([x]°,%°, C) = K([e,2 - €],1,1/3)

1
- 8;2 + 1_1(1“[-1,1](1-3))2 dt‘(l—e) [-1,1]
0
_ )3
_E+2 +((1—£)2+ (@ 38) )[—1,11g[x10=[e,2—s]

if and only if (5 — v17)/2 < € < 1. Therefore, the Krawczyk test holds with the mod-
ification (6.5.14) also for (5 — V17)/2 = 0.438447... < € < 1/2 while the Newton-
Kantorovich test does not. O
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Now we prove a result due to Rall [279] which shows that for f'([x]) the Newton—
Kantorovich test implies the Krawczyk test (in its original form with f'([x]) ) at least
after having carried out some steps of the classical Newton method.

Theorem 6.5.6. Let the assumptions of Theorem 6.3.3 hold with the Lipschitz constant
y for f'([x]) on I([x]°), 2° = X%, Bo = I (X°) o> Mo = [If' (X)X lco>

1
O<ap= ﬁoyflo < 5 (6.5.15)

Denote by (x¥) the Newton sequence starting with x° = X° and define nx, Px, ax recur-
sively by

1 axni Bx 1 ( ak )2
= — s = —, a = — , k=0,1,....
Nk+1 21— ax ﬁk+1 1_ ar k+1 S\1_ K
Then
276 D0 > nier > K42 = X, (6.5.16)
Bierr = If ) Moo, (6.5.17)
0<apr = Bk+1y1’lk+1 < 1/2 (6518)

In addition, there is a positive integer ko such that for [x]ko = xko 4+ 21k, [-e, el, Ci, =
(f' (x*))~1 one has
K([x]*, x*, Cy,) < [x]*.

Proof. We show by induction that (6.5.16)—(6.5.18) holds. For k = -1 these inequalities
are valid by assumption. Let them hold for k — 1. Then
I O ) oo < IF R = F1 Y oo + IF ) oo
< IF O ) oo IF O = F1OK* D)oo I 6K oo + Bi
< IF' R ) oo yraBic + Br = I ) oo aie + Brs

hence [|(f'(x**1))"|oo (1 — ax) < By is valid and (6.5.17) follows from the definition of

ﬁk+1-

Similarly, we have

k2 _ k1 1o ka1y—1 g kel
X2 = X loo = IF ) X ) oo

< Bresn IFOK) + 7OR, XY kT = x9) oo (6.5.19)

From x*+1 = x* — ' (x*)~1f(x*) we get

1
FOKy = —f (k) k1 - Ky = - j £y dit (X4 — xky.
(0]
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Together with (6.5.17) and (6.5.19) this yields

1

"Xk+2 _ Xk+1”00 < Bk+1’1k J||—f’(Xk) +fI(Xk + t(xk+1 _ Xk))"oo dt
0

1
1
Sanithd 37 ﬁaknky
0

1 Ak 1 —k

- = —(-1 2

T 21-a kT ’”‘”<2< +1—ak) "o

( 1173 ) 270Dy = =Dy (6.5.20)

This proves (6.5.16).
By the definition of a1, Br+1, and N1 and by the induction hypothesis for ay
we obtain

a —1(—0(’( )2—1 al —B = B
k+1—2 1-a 2(1-ax 2 kYNk = Nk+1Pk+1Y

as required in (6.5.18). Notice that O < ay < 1/2 implies O < ax/(1 — ax) < 1 and there-

fore 0 < a1 < 1/2.
Next we show that the difference equation

1 2
et = —( il ) , k=0,1,... (6.5.21)
2 \1-ag
is solved by
26%"
ay=————, k=0,1,..., 6.5.22)
T At ey (
where
1-vI-2ap _ 2a0

9= = <1
1++VI-2ap (1++1-2ap)?

if ag € [0, 1/2). We prove (6.5.22) by induction. For k = 0 we have

1-vV1-2ag
20 _ 1+V1-2ap —a
(1+6)? - )2 o
(1+v1-2a9)
With (6.5.21) we get
2 +
w1 < a )2 1 20%" 20
T\ T2\ (17220 ) T (1402
This proves (6.5.22).
By virtue of 6 < 1 we achieve ay < 1/4 for some k = ko, and Theorem 6.3.3 implies
the assertion. O
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Notice that the assumptions of Theorem 6.5.6 already allow the application of the
theorem of Newton—Kantorovich which guarantees a unique zero x* in [x]° and the
convergence of the Newton sequence to x*. The computation of the Krawczyk operator
is therefore not necessary in this situation.

Our next test is based on the mapping degree for the function g(x) = Cf(x) with a
regular matrix C € R™™", It originates from Frommer, Hoxha, Lang [105] and uses the
homotopy

hit,x)=tgx)+(1-t)(x-%x), 0<t<1, xe[x], X €int([x]), (6.5.23)
where [x] € IRR" is given. If
h(t,x)#0 forallt € [0, 1] and all x € 9[x], (6.5.24)

then by virtue of Theorem 1.5.3 (b) the mapping degree deg(int([x]), h(t, -), 0) does not
depend on t, hence

deg(int([x]), g, 0) = deg(int([x]), h(1, -), 0) = deg(int([x]), h(0, -), 0)
= deg(int([x]), x — X, 0) = sign(det(I)) = 1.

This guarantees a zero x* of g and therefore of f in [x] according to Theorem 1.5.3 (c).
In order to verify (6.5.24) we will use interval arithmetic tools.

Theorem 6.5.7. Letf: D R" - R", f € C(D), [x] e (D), X € int([x]), C € R™" regular,
g = Cf. Assume that for some interval function [g]: 1([x]) — IIR" the enclosure property
Rg([y)) < [g](ly]) holds for the range Rg(ly]) of g over any [y] € I([x]). Let [y]¥ < [x],
k=1,...,mand [t} <[0,1],¢=1,...,p,satisfy

m p
ol = w1 10,11 = 18" (6.5.25)
k=1 =1
If for all k and ¢ there exists an index j = j(k, €) € {1, ..., n} such that the mapping
degree test
0¢ [t°- [gli(y1") + (1 - [1°) - (]} - %) (6.5.26)

holds, then f has a zero x* € [x].

Proof. For all k and ¢ the condition (6.5.26) implies 0 ¢ [t]¢ - [g]([y]¥) + (1 - [t]®) -
([y]* - %), whence

m p

0¢( U ([ - 181y1) + (1 = 1) - (y1* - %)) (6.5.27)
k=1 €=1

{z

V]

lz=tg(x)+(1-t)(x-Xx), te[0,1], x € d[x] }. (6.5.28)

This guarantees (6.5.24) and proves the theorem. O
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As an interval function [g]([y]) restricted to I[([y]" ) one can choose for instance the
interval arithmetic evaluation g([y]) = Cf([y]), the two mean value forms

[g)(ly]) = g(®) + &' (xD([y] - %) (6.5.29)
with g'([x]) = Cf'([x]), and
[81(Iy]) = g7) + &' (y1)(Iy] - 74) (6.5.30)
with y* € [y]¥, or the slope-based interval function
[81(Iy]) = g(7) + [YI(Iy] - %) (6.5.31)

with y* € [y]* and [Y]¥ satisfying

g) - g(7") e [V¥(y - %) forally e [y]*.

Here, we tacitly assume that f is sufficiently smooth and that f([y]), f'([y]), and [Y]¥
exist. Notice the differences between (6.5.29) and (6.5.30).

The mapping degree test (6.5.26) cannot be successful if p = 1, since then [t]* =
[0,1] = 1 - [t]!, whence 0 € [£]! - [g]([¥]%) + (1 - [6]Y) - ([y]¥ - X). A first choice for
[y]¥ could be the faces [x]"*, i = 1, ..., n. In this case the following corollary is a
generalization of Theorem 6.5.2 (Miranda test) if there the inequalities are sharpened
to strict inequalities.

Corollary 6.5.8. Let the assumptions of Theorem 6.5.7 hold and choose
PP =Y, P =, i=1,.n,
[t]' =[0,0.5], [t]*=[0.5,1]
(i.e., m = 2n, p = 2 in Theorem 6.5.7). Assume that fori =1,...,n
[gli(Ix]") > 0, [gli([x]"7) <0 (6.532)
holds. Then (6.5.26) is fulfilled with j = j(k, €) = i for k € {2i - 1, 2i}.

Proof. With [x]::’_ -X <0< [x].;:”r — X; the assumption (6.5.32) implies immediqtely
(1€ - [gli([x]™*) + (1 = [¢1%) - ([X]7F = %) > O and [¢]¢ - [gli([x]"7) + (1 - [¢16) - ([x]7 -
X)) <0fore=1,2,i.e., (6.5.26) holds. O

The Moore-Kioustelidis test as well as the Miranda test can only be successful if g;
does not change its sign on [x]* and has opposite sign on [x]"*~. The mapping degree
test is more flexible as the following example from Frommer, Hoxha, Lang [105] and
Frommer, Lang [107] shows.

Example 6.5.9. Define f: R? — R? by

_ _ 2
f(u,v):( 4-2(u-1) >

Q2-w+1)%)2-w-1)?

Then x* = (u*,v*)T = (1 - v2,1 - v2)T is a zero of f.
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(@) Choose [x] =([-1, 1], [-1, 1])T € IIR2. In this interval vector x* is the unique zero
of f. We show that any test based on Miranda’s theorem for [x] must fail since
gi(x) = (Cf(x)); cannot have constant sign on [x]* or [x]"~ for any regular matrix

C= (“ A ) .
y 6

To this end we assume w.l.o.g. that gj(1, 1) € {0, 4} holds for i = 1, 2. Oth-

erwise replace g by Dg with an appropriate regular diagonal matrix. Then

gi(x)gi(y) < 0 implies d;;gi(x) - d;igi(y) < 0 and vice versa for x € [x]>*, y € [x]¥~.

If g(1,1) = Cf(1,1) = C(4, -4)T = 0, then C is singular which is excluded. If

g(1,1)=C(4,-4)T = (4,4)T,thenf=a-1,6=y—-1,hence g(-1,1) = C(~4,4)T =

(-4, -4)T. Therefore, g; and g, change sign on [x]%*.If g(1, 1) = (4, 0)T, then

B=a-1,6=y,and g(-1,1) = (-4,0)7T, g(1,-1) = C(4, 4)T = (8a - 4, 8y)T,

g(-1,-1) = C(-4, -4)T = (-8a + 4, -8y)T. Hence g; changes sign on [x]>*. In

addition, since C is regular, we have y # 0, hence g;(x) changes sign on [x]% . If

g(1,1)=(0,4),thenf=a, 6=y -1, g(-1,1) = (0,-4)T, g(1,-1) = (8a, 8y - 4)T,

g(-1,-1) = (-8a, -8y + 4)T. Hence g, changes sign on [x]>* and g1 on [x]%".

Therefore, the Miranda test cannot be successful.
(b) Now we choose [x] = x* + a([-1, 1], [-1,1])T e IR?, 1 < a < 2+/2,and C = I.

Then g = Cf = f satisfies

1,+
fi( +a,v) = 4-2(-V2 £ a)? = -2a(a ¥ 2V2) <l >0 onfx] ,
<0 on[x]t-

as required by the Miranda theorem. Similarly, for f>(u, x5 + a«) we have f>(u,
x5+ a)=hu)(-a)aF 2vV2)with h(w)=2-(u+1)%, ue xi +a[-1,1]. Since f>(u,
x5 + a)/h(u) differs from f1(x] + a, v) only by a factor 2 and since h(x]) = -4 +
4+/2 >0, h(x]+1)=-9+ 62 < 0, the function f> changes sign on [x]%~ as well
ason [x]%*. Thus the Miranda test cannot be successful. Numerical experiments
in Frommer, Hoxha, Lang [105] (Fig.2) show however that (6.5.26) is fulfilled if
a=298"1 ge(9,10,...,14},if [t]*=[(¢-1)/p,€/p], €=1,...,p, p €{2,10},
and if [y]¥ is chosen according to the following strategy: One starts with the faces
[x]5* and carries on a bisection process along the actual longest edge until the test
is positive or some maximal number of boxes in the bisection process is reached.
For a positive mapping degree test between 4 and 16 subfaces per face are needed
at most. U

Our last test stems from Frommer and Lang [107] and is based on Borsuk’s Theo-
rem 1.5.4 applied to g(x) = Cf(x), C regular, and [x] = x + rad([x])[-1, 1]. Obviously,
X + 6 € 0[x] if and only if x — § € 9d[x]. Therefore, the topological prerequisite of
Borsuk’s theorem is certainly fulfilled. In order to verify the computational one, i.e.,
g(x+68)+Ag(x-6) forallA>0andallx+ 6 € o[x], (6.5.33)

we are going to derive three possibilities:
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(1) From the Cauchy-Schwarz inequality we know that for g(x + ) # O we have

g +8)'g(x - 8)

R P FTe e M (6539
with s(x, §) = 1 if and only if
g(x+6)=Ag(x-6) forsomeA > 0. (6.5.35)
Thus, for the range of s over [x]"* the condition
supRs(x]**) <1, i=1,...,n, (6.5.36)

is equivalent to (6.5.33). It is our first criterion. The condition (6.5.36) is certainly
fulfilled if we can find intervals [b]§, i = 1, ..., n, which satisfy [b]} 2 Rs([x]"*)
and bfg < 1. An example could be

g([x)"H)T - g([x]"7)
VELL (&) X (85([x]0))?
It is obvious that this interval expression lets us expect a tremendous overesti-
mation of Rs([x]"*) due to the dependency of the variables in (6.5.34). Therefore,

a higher order form and/or decompositions of [x]* should be used to enclose
g([x]>*) more tightly; cf. Theorem 4.1.22.

(bl =

(2) The second possibility to apply Borsuk’s theorem starts with
gi(Xx+6)=Agj(x-8), x+6¢€9d[x], A>0, (6.5.37)
which we do not want to be fulfilled. From (6.5.37) we obtain

_ g,-()? + 6)
gi(x-0)

if the denominator differs from zero. Therefore, (6.5.33) holds if

n Rgz ]1 +) ]

ﬂ Ry N e0) =8 fori=1,....n, (6.5.38)
j=

which is our second criterion. Notice that the ranges in the numerator and the de-
nominator are intervals. If 0 € Rg/.([x]"’*), we have to interpret the quotient along
the lines of Section 6.1, cf. particularly Remark 6.1.2 (b). As for the Miranda test,
we use three techniques to enclose the intersection

[vww.ebook3000.con}



http://www.ebook3000.org

6.5 Further existence tests =—— 337

in (6.5.38), a naive, a centered and a face-centered one, which lead to the intervals

n g (X))
,Qg,([x]l o)’
n gi(®) + (Cf'((XD); , ((X]>* = %)
bl := i ,
e ,-Dgf(XH(Cf’ ((xD); . ([x]om = %)
n g (%) + (Cf (X)), , (IX] — %)
[b] := () === - .
-1 8j(XE7) + (Cf'([x]™ )),-,*([X]l’ — xb-)

j=

(3) The third possibility for applying Borsuk’s theorem starts again with (6.5.37) and
evaluates g; around X. Then one gets

(D) + (CI(X + 6,%)); ,6 = A(g;(0) - (C/(X - 6, %)), ,6),
whence

(1-Ngj(%) = - (CUX - 8,%) +J(X +8,%))),
~(COF' @D+ £1(XD)),, (LA™ =)
= —(A+ D(Cf'(IXD); (X" = %).
In the last equality we exploited A > 0. This yields

A-

IT 1g](x)e(cmx])) (Ix]"* - x)

and finally .
A-1 (CF(D); (P = %)
A+l S &)

with the convention

[a) | R if0e]al,
0

0@ otherwise.

Since A > 0 implies (A — 1)/(A + 1) € (-1, 1) and since we do not want A to be
positive we arrive at

bl n(-1,1)=0, i=1,...,n, (6.5.39)
with cf )
n (' ([xD);,. (IX]P+ = %)
= . 6.5.
o Q g,(x) (6.5.40)

Summarizing the computational tests (6.5.36), (6.5.38), and (6.5.39) leads to the fol-
lowing terminology.



338 —— 6 Nonlinear systems of equations

Definition 6.5.10. We say that the Borsuk test is successful if foreach i € {1, ..., n} at
least one of the following conditions holds:

[bli, N (-1,1) =0, (6.5.41)
[b]i; N (0, c0) = 0, (6.5.42)
[b]%. N (0, c0) = 0, (6.5.43)
[b]&. N (0, 00) = 0, (6.5.44)

sup [b]is < 1. (6.5.45)

Notice that we do not require the same condition to be fulfilled for all i simultaneously.

Similar to Miranda’s test, we can replace [b]} by using subfaces. But this time the
subfaces [x]>*k, [x]~k cannot be chosen independently of each other, but must be
symmetric with respect to the midpoint x of the box [x]; cf. Frommer, Lang [106] for
details. While the preconditioned matrix C cannot be changed during the Miranda
test, we have more flexibility in the Borsuk test. In Frommer, Lang [106] the choice
C = C* was allowed to depend on each pair of opposite subfaces [x]*k such that
the function g = C¥ - f points in almost opposite directions on [x]>*k and [x]5—k.
This is approximately achieved if

g" =Cb . f* =(100,1,0,...,0)7 and
g =Ck.f=(-100,1,0,...,0)7,

where f* = f(mid([x]"*%)). Unless already f* = —f~ we cannot obtain g* = -g~ ex-
actly with a regular matrix C*X. In order to construct C¥, one first computes the QR
decompositions (f*, f7) = Qf - Ry and (g*, g7) = Qg - R; and defines (in the usual
MATLAB notation)

cik = (8%, 87,Qq4(:,3:m) - (f*, 7, Qs(s, 3:n))7t

which implies Ct¥f* = (g%, g7, Qq(:, 3:n))e?) = g*, and similarly, C*f~ = g~. If this
matrix is very ill-conditioned, choose C>¥ = I ¢ R™", Frommer and Lang report in [106]
on very good results if such varying preconditioners are applied to Example 6.5.9.

We conclude this section with some comparisons of our tests. In the Sections 6.3
and 6.4 we have already remarked that the Hansen test is more general than the
Moore—-Qi test and the latter is more general than the Krawczyk test. By virtue of The-
orem 6.5.3 we have seen that if the Miranda test for [m]"c’i is successful, it also holds
for [m]jf. In Corollary 6.5.8 we have shown that under mild restrictions a positive
Miranda test (6.5.8) guarantees that the mapping degree test is fulfilled, if applied
appropriately. Now we prove that a positive Krawczyk test implies a positive Miranda
test (6.5.8).

Theorem 6.5.11. Let the notation and the assumptions of the Theorems 6.3.1 and 6.5.1
hold. If the Krawczyk test (6.3.4) is successful, then the centered Miranda test (6.5.8)
(with [m]¢*) is satisfied, too.
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If the conditions
sup{ (I - Cf'([x]));(X; - X;) } = sup{ (I - Cf'([x]));([x)i = %) } (6.5.46)
inf{ (I - Cf'([x]));;(x; — %) } = inf{ (I - Cf'([x]));;([x]; - %) } (6.5.47)
holdfori=1,..., n, then both tests are equivalent.

Proof. Let the Krawczyk test be satisfied. Then by virtue of [x]]':” = [x]j forj # i and

[x]::’_ = x; we have
x; < inf K([x], %, C); (6.5.48)

= inf{ % - gi(0) + (1 - Cf (D)) (x]i — ) + Y.(T - CF' (D)) - ) |

j#i
< inf{ Xi = gi(0) + (I = Cf'([XD)(xi = i) + Z(I - Cf’([X])),-,-([X]j - Xj) } (6.5.49)
j#i
= inf{%; - gi(%) + (x; - %) — Cf (xXD)([X]*~ - %)}
= inf{x; - [m]¢" },
whence _
0> [m]g . (6.5.50)
If (6.5.47) holds, then the inequality in (6.5.49) can be replaced by equality, hence

(6.5.48) and (6.5.50) are equivalent. Similarly, sup K([x], %, C); < X; implies inf [m]’.c’+ >
0 with equality if (6.5.46) is valid. O

Corollary 6.5.12. In each of the following three cases the Krawczyk test (6.3.4) and the
centered Miranda test (6.5.8) are equivalent.
(i) C and [x] are such that inf (I - Cf'([x])),; = 0,i=1,..., n.

(i) X =X and mid(I - Cf'([x]));; 20,i=1, l-l- ., n.
(iii) = X and C = (mid(f'([x]))) .
Proof. (i) implies (6.5.46), (6.5.47).
(ii) yields
sup{ (I - Cf'([x]));;(Ix]i = ) } = [T = Cf' ([x])l;; rad([x];)
= sup{ (I - Cf'([x]));; rad([x];) }
= sup{ (I - Cf'(x]));;(xi — %) }
and
inf{ (I - Cf'([xD));([x]i = X:) } = I = Cf" (XD ii(~ rad([x];))
= inf{ (I - Cf'([x]));(xi — %) }.
Hence (6.5.46) and (6.5.47) hold.

(iii) follows from (ii) since with f'([x]) =: f' + [-rp, rp] and C = (f')~! we have
I-Cf'([x]) = I - +|Cl[-rfr, rp]), whence mid(I - Cf'([x])) = 0. O
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Next we will show that the modified Hansen—-Sengupta test (6.4.19) and the Miranda
test (6.5.8) are equivalent if we supplement this test by its second possibility (6.5.9)
and if we replace the inequality signs by strict inequality. That means, we now require

[m]ii_ <0< [m]iC’Jr or [m]ifr <0< [m]ic’_, i=1,...,n. (6.5.51)

We call (6.5.51) the strict Miranda test. At first glance (6.5.51) seems more flexible than
the modified Hansen—Sengupta test since there

0¢(Cf (X)), i=1,...,n, (6.5.52)

is necessary in order to guarantee the applicability of the method while such a condi-
tion is not needed for the Miranda test. The following lemma shows however, that the
strict version of this test will fail if (6.5.52) is not fulfilled.

Lemma 6.5.13. For [m]iC’i as in (6.5.7) we have the following properties.

If [mlé_ <0< [m]ié+’ then (Cf’([X]))ii >0, (6.5.53)
if (m)2* <0 < [m]%", then (Cf'(IX]));; < O,
hence 0 € (Cf'([x]));; for some i € {1, ..., n} causes the strict Miranda test (6.5.51) to
fail.

Proof. Assume that (6.5.53) is false. Then there is some index ip and some element
d;, € (Cf’([x]))ioi0 such that d;, < 0. Since %; € [x]; we have 0 € [x]; - Xj and O €
Y+, (Cf'(IXD),,;(IX]j - %;), whence (CA(X));, + di, (X, — Xi,) +0 € [m]* for Xj = Xig»

X, 1= Xig- This implies the contradiction

(CfR));, < (CFR));, + diy (xg, = i) < O
< (CfR));, + diy (X, = %i) < (CAR));, O

In order to prove the indicated equivalence of the two tests we need another auxiliary
result.

Lemma 6.5.14. Let [a], [b] € IR, and t € R. Then

[a] > 0and O < t[a] + [b] holds if and only if [a] > 0 and — [b]/[a] <t,  (6.5.54)
[a] < 0and O > t[a] + [b] holds if and only if [a] < 0 and - [b]/[a] < t. (6.5.55)

Proof. Since @ >0 and O < ta + b is equivalent to @ > 0 and —b/a < t, the equivalence
(6.5.54) follows by varying a € [a] and b € [b]. The second equivalence is proved
analogously. O

Theorem 6.5.15. The strict Miranda test (6.5.51) is successful if and only if the modified
Hansen—-Sengupta test (6.4.19) is successful.
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Proof. By virtue of Lemma 6.5.13 we can assume that 0 ¢ (Cf’([x]))l.i holds for i =
1,...,n. As a working hypothesis we suppose in addition that 0 < (Cf’ ([x]));; holds
so that Lemma 6.5.13 implies

i

[mlk™ <0 < [m]y" (6.5.56)
as the relevant part of the strict Miranda test in (6.5.51). Define t* = x; — X;, t~ = x; — X;,

(@) = (Cf (D) [B] = (CFD); + X, (CF (X)) (1 - ).

Obv_iously, tt = [x]::’+ -X=>0,t = [x]::’_ — X; <0, and [a] > 0. Therefore, we have
[m]lC’JL = t*[a] + [b], and (6.5.56) is equivalent to

[mls™ = (~t")(~la]) + [b] < 0 < t*[a] + [b] = [m]}:".

By Lemma 6.5.14 this is equivalent to —[b]/(-[a]) < -t~ and —[b]/[a] < t* which can
be rewritten as

xi < % - [b]/[a] = H™Y([x], %, C),
Xi > % — [b]/[a] = H™Y([x], %, C),

i.e., H?‘Od([x], X, C) ¢ [x];. This also holds if our working hypothesis is replaced by
0> (Cf ([x]))ii. The inequality signs in (6.5.56) then have to be reversed. The details
are left to the reader; cf. also Goldstejn [120]. O

Next we prove that each variant (6.5.42)—(6.5.44) of the Borsuk test holds if the corre-
sponding variant of the Miranda test is satisfied.

Theorem 6.5.16. Let the Miranda test (6.5.8) or its variant (6.5.9) be fulfilled with [m];'\’]i
as in (6.5.10) (resp. [m]ili as in (6.5.7), resp. [m];;i as in (6.5.11)).

Then the corresponding variant (6.5.42) (resp. (6.5.43), resp. (6.5.44)) of the Borsuk
test holds with the same i, [x], X, X%, C.

Proof. Assume that for the Miranda test the naive variant (6.5.10) holds. Then g;([x]"*)/
gi([x]>7) € (-0, 0] follows, which immediately implies (6.5.42). The other variants are
proved similarly. O

Let — mean that test T; implies test T, (eventually by adapting parameters
appropriately) so that test T, is more powerful than test T;. Then we have proved the
scheme in Figure 6.5.1.
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Newton- . Hansen-
Kantorovich () Krawczyk K Moore-Qi > Sengupta
NZ ™

d Miranda trict Mi modified

map. deg. <& [m]é* ¢ strict Mir. > Hansen—s.
© NZ

B | Miranda Moore-
orsuk < [m]i* < | Kioustelidis

Fig. 6.5.1: Implications of tests.

Exercises

Ex. 6.5.1 (Shen, Neumaier [343]). Show by the example

(X1 +x2 | [-&, €]
fo) = <X1 _XZ), (x] = ([—23, 2€]>, £>0,

that the assumptions of Miranda’s theorem 1.5.9 can be violated in arbitrary small
neighborhoods of a zero of f.

Ex. 6.5.2 (Shen, Neumaier [343]). Show that the Newton—Kantorovich test implies
the Krawczyk test if the Krawczyk operator is formulated with [f']([x], X) from (6.5.14)
instead of f'([x]), and if (6.3.12) is weakened to (6.5.13) while the other assumptions
in Theorem 6.3.3 are kept.

6.6 Bisection method

Another very simple, but slow and in practice not recommendable method to verify ze-
ros x* € [x]° of some given function f is based on a continued bisection of the (one- or
multidimensional) interval [x]°, evaluating f at the resulting subintervals, discarding
those intervals [x] for which 0 ¢ f([x]) can be shown and putting the remaining ones
backinto alist. From there they are fetched and bisected anew up to a stage where their
diameter goes below some limit. Then they are tested by means of some of the criteria
in the previous sections whether they contain a zero of f. The algorithm is similar to
that of the modified Newton method in Section 6.1. We list here only its basic form and
restrict ourselves to functions f: D € R — R. Details for practical computation and
generalizations to functions f: D ¢ R™ — R" are left to the reader.
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Bisection method — one-dimensional case

Letf: DS R - R, f e CD), [x]°<D, £ >0 (small). Let [v] be a vector of dynamic
length n called a stack.
@ n:=1, vl = x°
2 [X]:=[lp,n:=n-1
(3) compute f([x])
(@) if 0 ¢ f([x]) then [x] does not contain any zero of f
and is discarded

(b) if O € f([x]) then [x] is a candidate for a zero of f

(i) if d([x]) < € then try to verify a zero
by means of an existence test;
print [x], f([x]) and the result
of the verification (zero, candidate)

(ii) if d([x]) > & then bisect [x] into [x] = [y]* U [y]?
with [y]* < [y]?
ni=n+2, [Vl :=y)?, W=

(4) if n > O then goto (2).

We emphasize that the algorithm delivers only candidates for zeros x* of f if the exis-
tence test in step 3 (b) (i) fails. Another problem can occur if x* is a common endpoint
of two consecutive intervals. This pretends that there are two zeros where only one
exists. Such a situation can be avoided if final consecutive intervals are joined. We
illustrate this phenomenon in Example 6.6.1.

Example 6.6.1. Let f(x) = x> — 5x% — 4x + 20 = (x + 2)(x — 2)(x - 5). We look for the
zeros of f. To this end we consider the Frobenius companion matrix

0 0 -20
F={1 0 4
0 1 5

which has f(x) as characteristic polynomial and therefore the zeros of f as eigen-
values. From Gershgorin’s Theorem 1.8.19 or Theorem 1.3.10 we know that the real
eigenvalues of F are contained in [x]° = [-20, 20]. With € = 10~ we see at once
that a depth of at most 22 bisections will occur since 222 = 4 194 304 > d([x]%)/e =
4000 000. The algorithm computes 10 candidates which partly overlap. After joining
overlapping intervals one obtains the candidates

[-2.00000762939454, -1.99999809265136 ],
[ 1.99998855590820, 2.00001716613770],
[ 4.99997138977050, 5.00002861022950],

for which the zeros must still be verified. During the bisection, the stack length n was
at most 21. The algorithm cycled 183 times through the steps (2)-(4).
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If £ = 10 eps with MATLAB’s machine precision eps, we get

[-2.00000000000001, —1.99999999999999 ],
[ 1.99999999999999, 2.00000000000001],
[ 4.99999999999999, 5.00000000000001],

with 508 cycles and a stack length of at most 53. This time the algorithm delivers 14
partly overlapping intervals which can be joined to the ones being listed above.

Notes to Chapter 6

To 6.1: On the variety of enclosure methods for nonlinear equations we mention here
only Alefeld [6], Alefeld, Potra [43, 44], Alefeld, Potra, Shi [46]. The one-dimensional
interval Newton method is already roughly described (without intersection) in Sunaga
[351]. It is also studied (with intersection) in Moore [232] and Nickel [260]. For its con-
vergence order see Alefeld [12]. The modified interval Newton method can be found
in Alefeld [5]. Neumaier considered parameter dependent systems in Neumaier [256].
Heindl provides computable hypernorm bounds for the error of an approximate solu-
tion to a system of nonlinear equations in Heindl [139].

To 6.2: The interval Newton method in a slightly different form than in this book
seems to go back to Moore [231, 232]. Convergence was proved in Alefeld, Herz-
berger [24]. Theorem 6.2.4 and Corollary 6.2.5 can be found in Alefeld [8]. See also
Mayer [206].

To 6.3: The Krawczyk operator was introduced in Krawczyk [172]. The Krawczyk
test (6.3.4) originates from Moore [233]; see also Moore [234]. An analogue of the
quadratic convergence theorem 6.3.5 for the Alefeld method was proved in Alefeld,
Platz6der [42]. A generalization of the Krawczyk algorithm is contained in Qi [277].

To 6.4: The Hansen—Sengupta method goes back to Hansen, Sengupta [132]. Lemma
6.4.2 and a great number of the proofs in Section 6.4 follow the lines of Neumaier [257].

To 6.5: The contents of this section are mainly contained in Moore, Kioustelidis [238],
Rall [279], Frommer, Hoxha, Lang [105], Frommer, Lang [106, 107], Frommer, Lang,
Schnurr [108]. See also Kioustelidis [163].

The comparisons on existence theorems of Kantorovich, Moore, Miranda, and
Borsuk can be found in Alefeld, Frommer, Heindl, ]J. Mayer [21] and Alefeld, Potra,
Shen [45]. See also Shen, Wolfe [344]. Relations between some of these theorems can
also be found in Neumaier, Shen [259], Schéfer, Schnurr [329], and in Schnurr [330].
A second-derivative test and its comparison with the Kantorovich theorem is presented
in Qi [278]
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7 Eigenvalue problems and related ones

In the present chapter we deal with the verification and enclosure of eigenpairs
(x*, A*) — primarily for a single real matrix A € R™" but on second glance also
for an interval matrix [A] € IR™". In the latter case ‘verification and enclosure’
means that we look for an interval vector [x] and an interval [A] such that for each
matrix A € [A] there is an eigenpair (%*, A*) € [x] x [A]. We will denote this as ‘interval
eigenvalue problem for [A]’.

Since eigenvectors x* are not unique, we will normalize them in many cases by
fixing the n-th component to be equal to one, i.e.,

xi = (e™Tx* = 1.

In this case we will speak of a normalized eigenpair (x*, 1*). The value one can be
replaced by any nonzero value; cf. Mayer [208] for details. The normalization of the n-
th component of x* instead of another one will simplify the notation. It is, of course,
impossible if originally x;; = 0. But if so, we can rewrite the eigenvalue-eigenvector
equation Ax = Ax as PAPT(Px) = A(Px) using an appropriate permutation matrix P
such that (Px*), + 0. This does not change the eigenvalues but influences the original
order of components of x*. Therefore, our normalization can be thought of ‘without
loss of generality’.

We will restrict ourselves to real eigenpairs of real matrices. Such eigenpairs cer-
tainly exist if we consider simple eigenvalues of A € R™" (Section 7.2) or real symmetric
matrices (Section 7.3 and 7.6). For simple eigenvalues we will present a Krawczyk-like
method. For symmetric matrices we will describe a method based on Jacobi transfor-
mations followed by estimations which grow out of Gershgorin’s Theorem 1.8.19 and
Theorem 1.8.25 due to Wilkinson.

Complex eigenvalues of real matrices and eigenvalues of complex matrices do not
cause any severe additional problems but assume a complex interval arithmetic which
we defer to Chapter 9. Multiple eigenvalues of nonsymmetric real matrices are more
difficult to handle. We consider here only double eigenvalues (Section 7.4), which in
practical computation cannot easily be separated from eigenvalues which lie closely
together. We will call this situation ‘nearly double eigenvalues’. It is a special case of
a cluster of eigenvalues defined as a set of eigenvalues which hardly differ in value up
to multiple eigenvalues. It is obvious that all methods for verifying zeros of nonlinear
functions (cf. Chapter 6) can be applied to the function

Ax — Ax
(e™MTx -1

f(X,/\):(

in order to verify normalized eigenpairs. But as in traditional numerics, the simple
form of f suggests methods of their own. As a small extension we will consider the
generalized eigenvalue problem Ax = ABx with a regular matrix B € R™" for sim-
ple eigenvalues in Section 7.5. Moreover we will introduce into the ideas of Behnke

DOI110.1515/9783110499469-008
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(Section 7.6) which can also be used for the nonalgebraic eigenvalue problem. We will
not further pursue this interesting more general topic in our book, but will restrict our-
selves only to clusters of eigenvalues of the generalized algebraic eigenvalue problem.

Enclosures of singular values of real m x n matrices are handled in Section 7.7.
Similar to previous sections, the method starts with an ansatz which consists of an
approximation of the singular values and some error enclosing zero-symmetric inter-
val vector.

Up to now all our problems are particular quadratic systems which we will handle
essentially with the same idea. Therefore, although not practically relevant, we start
this chapter with quadratic systems in Section 7.1, proving a crucial theorem which is
basic for many of the subsequent sections.

We close the chapter with an applied problem in Section 7.8. There, we introduce
an inverse eigenvalue problem and present a method for verifying a solution.

7.1 Quadratic systems

Let

R" - R"
: { (71.1)

x+— g(x)=r+Sx+T(x,x)

with r ¢ R", S € R™", and

R"x R" — R"

X, y) = (Z z tijkxky;') '

j=1k=1

We want to construct an interval vector which, under certain conditions, contains a
fixed point of g. Obviously at most quadratic terms in x; enter into the equation x =
g(x). This justifies the title of this section.

In the following theorem we will use the interval arithmetic evaluation of g(x)
with

n n
(T([x1, yD); Z Z tirlxlklyl; fori=1,...,n.
Theorem 7.1.1. Let g be defined as in (7.1.1), and let
n n
=Iloos 0 =1Sleo> T =1Tlloo = m,ax{z Z|ti,-k|}, (71.2)
1<i<n | !
j=1k=1
o<1, A=(1-0)-4pT>0, (71.3)

B =(1-0-VA)/Q2D)=2p/(1-0+ @’} (714)

Bt =(1-0+VA)/@1).
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(a) Forany e [B~,B*] the function g has at least one fixed point x* in [x]° = [, Ble
and the iteration
X% = g(x]®), k=0,1,..., (7.1.5)

converges to some interval vector [x]* with
x* e xI* < X]P c *Vc...c O, keN. (71.6)

(b) Forany B e [B~, (B~ +B*)/2) the function g has a unique fixed point x* in [x]© =
[-B, Ble, and (7.1.6) holds with [x]* = [x*, x*], i.e., (7.1.5) converges to x*.
(c) Forany B e (8, B*) and [x] = [-B, Ble the function g satisfies

g([x]) < int([x]). (71.7)
Proof. (a) We show that [x] = [-8, B]e satisfies
8([x]) = r+ S[x] + T([x], [x]) < [x] (71.8)

whenever 8 € [f7, f*]. Then Brouwer’s fixed point theorem 1.5.8 implies the first part
of the assertion while the second is trivial by virtue of the Theorems 2.5.5 and 4.1.4.
The inclusion (7.1.8) is equivalent to

-B.Ble>r+ (z 5B, m) : (z y ti,-k[—ﬂ,/m—ﬂ,m)
j=1

j=1k=1 (71.9)

+[-B, B11Sle + [-B*, B*11TI(e, e)

where |T|(x, y) = (X jtijklxjyi) € R". This is equivalent to
Ir| + BISle + B2|T|(e, e) < Be. (7.1.10)

The inequality (7.1.10) certainly holds if

p+po+pir<pB,
whence f € [, B*].
(b) Let [x]* be the limit of (7.1.5). For the diameter we get

d([x]*) = d(g([x]"))
= ISld([x]* >+<Z 3 Itirld([x]; [x] )>,

j=1 k=1

and with
deo = 1d([X]")leo

and

d([x]g [xX1}) < d(IxXTE) 171+ 1IXIR1 (X))
< Bld([xTy) + d(Ix]))}
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we obtain
doo < 0doo + 2BTd - (71.11)

If do, > 0, then (71.11) implies 1 < ¢ + 287, hence

1—0:ﬁ1+ﬁ2
2T 2

B=

which contradicts our assumption. Thus, d, = 0, and x* € [x]* yields [x]* = [x*, x*].
Since each fixed point of g, which is contained in [x]©, remains in [x]®, k € N,
the uniqueness of x* follows from d, = 0.
(c) One can proceed as in (a) ending up with

p+po+piT<p,
which means § € (87, ). |

The assumptions (7.1.3) are needed for the existence of -, B*, and for 8~ > 0. In our
applications we shall have p = 0, ¢ = 0 so that these assumptions are fulfilled.

Instead of a single real quadratic system, one sometimes has to handle several
simultaneously. To this end one considers the interval arithmetic evaluation of g with
respect to x, r, S and T, i.e., interval functions defined by

g([x1, [r], S, [T]) = [r] + [S1[x] + [T]([x], [x])

with [r] € IR", [S] € IR™", and [T] = ([t];) € IR™™". It is clear that an interval
vector [x], which satisfies

8([x], [r], [S], [T)) < [x]

contains for each function g(x,r, S, T) =r+ Sx + T(x, x) with r € [r], S € [S], T € [T]
at least one fixed point. We leave it to the reader as an easy exercise (Exercise 7.1.1) to
reformulate Theorem 7.1.1 for interval data. We only mention that p, o, T have to be

replaced by
| [t i ]k }
1

M=

p =1, o=1M1Sleo, 7= {g?}{z

j=1k

Refer to Section 7.8 for an application of this case.

Exercises

Ex. 7.1.1. Reformulate Theorem 7.1.1 for interval data.

[vww.ebook3000.con}



http://www.ebook3000.org

7.2 AKrawczyk-like method —— 349

7.2 AKrawczyk-like method

We start with a Krawczyk-like method tailored for simple eigenvalues. Let (x*, A*) be
anormalized real eigenpair of A € R™", Let (%, A) with %, = 1 be a real approximation
of this eigenpair which can be obtained by any traditional method such as the inverse
power method with shift, or by the MATLAB function eig, for example. Obviously,
(x*, 1*) solves the equation

fix, A) = ( (eﬁf);xb_( 1) = (7.2.1)
Replacing (x, A) by (X + Ax, A + AA) with
Ax:=x-%, AA:=A-A. (7.2.2)
yields i
fx, A) = f(x, A) + (z?e?njl)l;l —0)?) (3;{) ~ (A/\OAX> o, (23)

We multiply (7.2.3) by some preconditioning matrix —C, which will be determined
later on, and we add (4X) on both sides in order to end up with the fixed point equation

(Z‘j{) - g(Ax, AA), (7.2.4)
where
g(Ax, AN) = —Cf(x, A) + «[In+1 _c <1‘(1e?n;1)1; —(x g Ax)>} (ﬁ;) ' (725)
The construction of g from (7.2.3) shows that
g(Ax, AA) = s(x, A) (7.2.6)
holds for i
506, ) = (; i ;) ~ Cfx, ) = (ﬂ;‘) - Cfx, ). (72.7)

The error (Ax*, AA*) := (x* — X, A* — A) is a solution of (7.2.4).
Now we forget the meaning of (x*, A*) and (%, M), and we consider only the func-
tion g and its interval arithmetic evaluation at

[Ax] = [X]-%, [AA] =[A] -4,

where [x] € IR", [A] € IIR. Then we end up with the following main result of this
section.
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Theorem 7.2.1. Let A € R, 1 € R, X € R", C € R™D*+D) " and define g by (7.2.5).
Let X be normalized by X, = 1. If g fulfills the inclusion

g([Ax], [AA]) < int([Ax]T, [AA]T, (7.2.8)

then the following assertions hold.

(a) C is nonsingular.

(b) There exists exactly one eigenvector x* € X + [Ax] of A which is normalized by
Xp=1.

(c) There exists exactly one eigenvalue A* € A + [AA] of A.

The following items refer to x* from (b) and A* from (c).

(d) The equation Ax* = A*x* holds.

(e) The number A* is a geometrically simple eigenvalue.

6 If(x, A) are sufficiently good approximations of (x*, A*), then it can be guaranteed
that A* is algebraically simple.

(g) If one starts the iteration

([AX](I(+1)

a /\](k+1)) = g([(4xW, (A%, k=0,1,..., (7.2.9)

with ([Ax]©@, [AA]©) = ([Ax], [AA]) from (7.2.8), then the iterates converge satisfy-
ing
((Ax)®D, [AN*D) ¢ ([P, [aAND), k=0,1,...,

and
x*, %) € (%, A) + ([Ax]®, a0, k=0,1,....

In order to prove Theorem 7.2.1 we need the subsequent auxiliary results.

Our first lemma is an immediate consequence of Theorem 3.1.6 (b). It shows that
the last two matrices in (7.2.5) are nonsingular if the crucial subset property (7.2.8) of
Theorem 7.2.1 holds. In particular, it proves part (a) of the theorem.

Lemma 7.2.2. With the notation of Theorem 7.2.1 the assumption (7.2.8) implies that C
and -
A-AI, —(Xx+Ax)
(etmT 0
are nonsingular for all Ax € [Ax].

Our next lemma guarantees that the assumption of Theorem 1.8.3 is fulfilled. Recall
that this theorem states properties which guarantee simplicity of an eigenvalue.

Lemma 7.2.3. Let (x*, A*) be an eigenpair of A € R™" with Ax* € [Ax] € IR". Then
(7.2.8) implies x;; # 0.

Proof. Assume that x;; = 0 holds. Then

A —/Un —Xx* x* Ax* - A*x*
T = = O,
(e(”)) 0 AN 0
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and Lemma 7.2.2 implies the contradiction x* = 0. O

In the next lemma we relate the errors Ax*, AA* to the interval vector which satisfies
(7.2.8).

Lemma 7.2.4. Let (x*,A*) be an eigenpair of A € R™" with Ax* € [Ax] € IR", x;;, = 1.
Then (7.2.8) implies AA* € [AA].

Proof. With s, g from (7.2.7), (7.2.5) define p as the projection

PAN) = grr(Ax*, AD) = Spar(x*, D) = {(j’; ) ~cfix, A)} :
n+1

Then the inclusion (7.2.8) implies p(AA) € int([AA]) for all AA € [AA]. Thus by virtue of
Brouwer’s fixed point theorem there is a fixed point AA € int([AA]) of p. We will show
that AA = AA* holds. Let A = A + AA and define Ay € R" as the leading part of the vector
g(Ax*, AM), ie.,

Aay\ _ . i
(A/i) = g(Ax*, AA).

Let y = % + Ay and assume for the moment AA # AA*, or, equivalently, A # A*. With
(7.2.6) we obtain

Ay\ AR ey (AXTY Ax* - Ax*
(A;J—g(Ax,A/t)—s(x,/l)—(A/i) C( 0 )

Ax* . x*
=<M )_m _;oc(o )

Therefore,

and with A = A + AA we have

Ax* Ax* - Ax*
A * A — * - _ py
soran -se - (31 )-¢(* o)
(A A=A (X -y
IRV S R
This implies the contradiction
P(AA) = AA = gny1(AX7, AA) € int([AA]). O

The following lemma is a kind of counterpart to the previous one where the roles of
Ax* and AA* are exchanged.
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Lemma 7.2.5. Let (x*, A*) be an eigenpair of A € R™" with AA* € [AA] and no re-
striction on x},. Then (7.2.8) implies the existence of some vector Ay* € [Ax] such that
(y*, A*) = (x + Ay*, A*) is an eigenpair of A satisfying Ay* = y* — X € [Ax] and
(Ay* )n =0.
Proof. Let p be the projection defined by

g1(4x, AL*) s1(x, A%)

p(4x) = : = :

8n(Ax, AX™) Sn(x, A*)

For all Ax € [Ax] the inclusion (7.2.8) implies

p(Ax) € int([Ax]), (7.2.10)

hence Brouwer’s fixed point theorem guarantees a fixed point Ay € int([Ax]) of p. Let
y = % + Ay, define AA by means of the equation

.
(7, A%) = g(4y, AN") = ( A;) , (7211)

and assume for the moment
AL # AXF, (7.2.12)
or, equivalently, A+ 1. Let
u(t) =1 -x )y +tx* =y + t(x* - x,y)

and Au(t) = u(t) - x.
If x* — x;y = 0, then x;; # 0 because of x* # 0. Hence y = x*/x;;. This implies

Vn = 1 and, by (7.2.11),
AV \ v e e (AY
(AA*>—S(V,A)—g(Ay,AA)_<M),

contradicting (7.2.12). Therefore, let x* — xjy # 0. Then lim;, |Au(t)[lco = 0o and
Au(0) = Ay ¢ [Ax]. Choose f € R such that Au(f) lies on the boundary 0[Ax] of [Ax],
hence

p(Au(f)) € int([Ax]) (7.2.13)

by virtue of (7.2.10). On the other hand we get

e (Mu®Y (- xDAT - AT
s(u(®), A )_<A)l* ) ¢ ((1—X;E)yn+fx;;-1)

_ Au(f) _ * 7 5 *\ _ Ay
-(4) ra-mip {se.00- (50,

() (o)
L an 1-xiHA-A%))"
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This implies
p(Au(b) = Au(f) € o[Ax],

contradicting (7.2.13). Hence A=A*, and (7.2.11) implies (Ay), = 0. The assertion fol-
lows with y* :=y. O
Our final auxiliary result guarantees existence and uniqueness of an eigenpair of A

within some appropriate set.

Lemma 7.2.6. If (7.2.8) is valid, then there is exactly one eigenpair (x*, A*) € (X, A+
([Ax], [AA]) of A with x* being normalized by x;, = 1.

Proof. The existence of (x*, A*) follows at once from Lemma 7.2.2 and from Brouwer’s
fixed point theorem applied to g or s from (7.2.5) and (7.2.7), respectively.

To prove the uniqueness, assume that there is a second eigenpair (y*, u*) of A
satisfying y;, =1, y* # x* and

(Ay*,Ap*) = (y* - %, u* = A) € ([Ax], [AA)).
Case 1, A* # u*: Assume that A* = A holds. Then

A-ALy =y (v =x"\ _(r=Dy -y =D _,
(eMmT o u =2 0 ’
and Lemma 7.2.2 implies the contradiction y* = x*. Hence A* # A, and analogously

one shows u* # A.
Let

ht)=(1-6O@u* D) +tA* =) = u* —A+tA* —p*), teR,

and notice that

h(t) =0 isequivalentto ¢= ’%

with t differing from zero by the previous conclusions. For z € R and t € R we define
the expressions

A — s e s CA—}Un -2\ | (Ax
8:(Ax, A, A) = s(X, A) + 141 — (e(n))T 0 (AA)’

* b1 *

* * * o * A* - ® ok _a -
u(t) =x*+tly* - x*), v(t)=x +t—h(t) y*-x*), ot)=A+ )

Au(t) = u(t) - %, Av(t) = v(t) - %, Ao(t) = a(t) - A,

(7.2.14)

-,

. 7

where we exclude ¢ = H in the definition of v(t), o(t), Av(t), Ao(t).
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Then Av(t) — Av(t) - (0 —= Du(t) = 0, vu(t) - 1 = 0, and finally

Av() . (Av(t) - Av(t) — (A% - A%) - (0 = Du(t)
Ao(t) Un(t) - Xp

(AR =AX\ (v Ax - Ax
() o) ()
(v
o))’

By virtue of (7.2.8) we get

Su(n (Av(D), Aa(t)) = s(x, A) + (

AX*\ ey R 4754
(M*)‘S(X ,AT) = g(Ax*, AA )emt<[M]>, (7.2.15)

whence Au(0) = Ax* € int ([Ax]). Analogously, Au(1) = Ay* € int ([Ax]).

Therefore, there are real numbers ¢ < 0, t > 1 such that Au(t), Au(t) lie on the
boundary 0[Ax] of [Ax] with Au(t) € int (Ax) for t < t < ¢.

Now we will show

Av(t)\ . ([Ax] B
(Ao(t)) € mt([A/\]) forallt e [t, t]. (7.2.16)

By virtue of (4v(0), Aa(0)) = (Ax*, AA*) and (7.2.15) this relation is certainly true for
t = 0. Assuming

Av(d) [Ax] - -
(Aa(f)) €0 ([A/l]) for some ¢t € [t, t] (7.2.17)
yields the contradiction
Av(b) . . . [ [Ax]
<Aa(f)> = gu@(Av(b), Aa(D)) € g([Ax], [AA]) < int ([A/\]) .

Thus, (7.2.16) is valid.
Next notice that

pr-A
M*_A*

¢ [t t] (7.2.18)

holds. Otherwise let t tend to H # 0. Then h(t) tends to zero and ||Av(t)]« tends
to infinity contradicting (7.2.16). Therefore, (7.2.18) is valid. Together with (7.2.14) it im-
plies h(t) # O for t <t < t. W.lo.g. let h(t) >Ofort <t <t.

We will prove the inequality

A* - A

TGN <t fort<tc<t. (7.2.19)

t<t

Assume that there is a real number t; € [t, ] such that ¢; h(t‘l’} < tis fulfilled. Since
(7.2.19) holds for t = 0, there is some t' € [t, t] satisfying

JA* =4

— =t

h(t")
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This yields
Av(t) = Ax* + ty* - x*) = Au(t) € 9([Ax])

contradicting (7.2.16). Thus the left inequality of (7.2.19) holds, and the right inequality
can be proven analogously.

Choose t = t in (7.2.19). Taking into account ¢t < 0, h(t) > 0, this implies the equiv-
alence

A=A

D)

S A-HU -D+tA - >A* -2

= A-HE - >A-HA*-A)
= u*> A",

This contradicts u* < A*, which is equivalent to the right inequality Z% < tof(7.2.19)
when choosing there t = ¢.

Case 2, A* = u*: Analogously to Case 1 one proves A* = pu* # A, and with

h(t)=A* =1#0,
u(t) =v(t) =x* +tly* - x¥), o(t) =A%,
Au(t) = Av(t) = v(t) - %, Ao(t) = o(t) - A

one can repeat all the steps of the previous case up to (7.2.17) which yields
Au(f) € o([Ax]),

contradicting

Au(t)\ _(Av®d) i )
(Aa(f)> - (Ao({)) = gu(p (Av(D), Ao(D))

. [Ax]
eg([Ax],[A/l])glnt<[AM). O

Now we can prove Theorem 7.2.1.

Proof of Theorem 7.2.1. (a) is contained in Lemma 7.2.2.

(b) The existence of a normalized eigenvector x* € X + [Ax], x}, = 1, follows from
Lemma 7.2.6.

If there are two linearly independent normalized eigenvectors x*, y* € X + [Ax]
which are associated with two eigenvalues A* and u* of A. Then these eigenvalues
are contained in A + [AA] by virtue of Lemma 7.2.4. Hence Lemma 7.2.6 implies A* = u*
and x* = y*, contradicting the linear independence of x*, y*.

(c) The existence of A* € A + [AA] follows again from Lemma 7.2.6. If there is a
second eigenvalue u* with A* # u* € A + [AA], then the Lemmas 7.2.5 and 7.2.6 yield
the contradiction 1* = p*.
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(d) follows from Lemma 7.2.6 and (b), (c).

(e) If A* is not geometrically simple, then there are two linearly independent
eigenvectors x*, y* associated with A*, with x* € X + [Ax] being normalized by
xi = 1. Since ((Ax*)T, AA*)T is a solution of (7.2.4), the assumption (7.2.8) guarantees
Ax* € int([Ax]). Therefore, for £ > 0 sufficiently small, the vector

. {X*+S(£—X*), ify; #0

X* +ey*, ify; =0

is a normalized eigenvector of A associated with A* which is linearly independent of
x* and which satisfies z* € x + [Ax]. This contradicts (b).
(f) Since, by virtue of Lemma 7.2.2, the matrix

A-Al, -x*

™™ o

is nonsingular, the same holds by continuity for
A-A*I, —x*

™™ o

if A approximates A* sufficiently well. Theorem 1.8.3 proves the assertion.
(g) follows from (7.2.8) and from Theorem 4.3.1. O

In Theorem 7.2.1 we assumed A to be a real point matrix. It is easy to see that the
assertions of this theorem remain true if A is replaced by an interval matrix [A]. The
statements then hold for all A € [A] and must be reformulated appropriately.

Unfortunately, Theorem 7.2.1 does not give any hint as to how to choose C and
[Ax], [AA] such that the crucial condition (7.2.8) is fulfilled, nor does it guarantee that
the iterates from (7.2.9) contract to the exact error (Ax*, AA*). One possibility for C
could be

(7.2.20)

C=B71, whereB:(A_M" _X>,

(emT o
or at least C =~ B™1, so that the zero matrix is contained in the matrix within braces

of (7.2.5) if Ax is replaced there by an interval vector which contains the zero vector.
Inspecting the cofactors of B reveals that in the case (7.2.20) C has the block form

Cii Cn2
C= 0 1 (7.2.21)
Cx Cxn

with C1; € R®D*1 ¢, e R, Cy1 € R, €y, € R. Any preconditioning matrix C
of the form (7.2.21) effects
gn([4x], [AA]) = O, (7.2.22)
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if X is normalized by X,, = 1. In particular, this means
Ax%Y -0, k=o0,1,...,

in (7.2.9). Therefore, it seems reasonable to allow only starting vectors [Ax](® with
[Ax]%o) = 0. In this case, the blocks C12, C»2 do not influence the values of g since
they are multiplied by zero. One can shrink the whole problem to an n-dimensional
one, deleting the n-th component of g and of [Ax] and using C = (gi ) € R™" instead
of C.

This results in a new function g, defined by

o s (s (0 -A% AX
8(Ax, AA) = C(AX — AX) + {I— C<B + (O o ))} (AA) (7.2.23)
with
AR = (Axq, ..., Axpor)T (7.2.24)
and
B=((A-ADs1,...,(A=AD), n_1,-X). (7.2.25)

Because of det(C) = —det(C) it is clear that C is nonsingular if and only if C has
this property. In addition, C = B! holds if C = B~1; cf. Exercise 7.2.1.

Theorem 7.2.1 remains valid for the new situation, the proof can be reduced to the
former one: reconstruct g from g via (7.2.21), (7.2.22) with C1, = C5> = 0; let

&(Ax]', [AA)) < int ([él’;]] )

hold and define
[Ax]

[Ax] = ([_g,s]), £>0.

For sufficiently small € we get

gi([Ax], [AA]) cint([Ax]), i=1,...,n-1,
gn+1([Ax], [AA]) < int([AA]),

and, by (7.2.22),
0 = gn([Ax], [AA]) < int([AX]n) = (=€, €).

Hence (7.2.8) is fulfilled for ([Ax], [AA]). Taking into account x}, = X, = 1 and Ax}, =
0 one can replace [Ax], by [Ax], = O in Theorem 7.2.1(b). With these remarks the
analogue of Theorem 7.2.1 is easily seen.

Having chosen C, one can combine the iteration (7.2.9) with e-inflation starting
with [Ax]© =0 and [4A]©@ = 0. If A* is a simple eigenvalue and if the approximations
%, A are sufficiently good, then Example 4.2.10 reveals that g([x], [A]) is a local P-
contraction. This lets us expect that the assumptions of Theorem 4.3.5 hold, hence
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e-inflation is successful, resulting in (7.2.8) after finitely many steps of iterations. In
addition, in this case the iterates (¥ + [Ax]¥, A + [AA]¥) contract to (x*, 1*).

Our next theorem provides an expression for [x]°, [A]° such that (7.2.8) is fulfilled
in advance and the convergence to (x*, A*) is guaranteed.

Theorem 7.2.7. With the notation from Theorem7.2.1, with f from (7.2.1), B from (7.2.20),
and X, = 1 define

A% - A% s

o= ”c( . ) ~ ICFCE Dloo,
A-AI, -x
0=|lh1-C <(e(n)); 0 ) = In+1 — CBllo,
(o)
T =|Cleo (7.2.26)
and assume
o<1, A=(1-0)>-4p1=0. (7.2.27)

Then the numbers

- —(1-0- __ P
B =0-0-VD/Qr) = T,

Bt =(1-0+VA)/22T1)

are nonnegative, and the condition (7.2.8) of Theorem 7.2.1is fulfilled for ([Ax]T, [AA])T =
[-B, Ble € IR™? with arbitrary B € (B8~, B+). In particular, all the assertions of that
theorem hold.

If Bisrestrictedto [B~, (B~ + B*)/2), then the iterates of (7.2.9) converge to the error

(a3)-

Proof. Notice that 0 < 1 implies that C is nonsingular. Now apply Theorem 7.1.1 with

AX - A% A-Al, -%
rZ_C( 0 )) S=IYI+1_C((€(H))T O):

, i=1,...,n+1,

t Cij’ ifj€{1,~-.,n}andk=n+1
=
! 0 otherwise

and notice that

[Ax] 0 [Ax] [Ax]
g([Ax],[A/l])§r+S([AM)+C{<O o )([A/l])}
_ (Ax] [Ax]
ras(2) (49 an) 2
holds because of Theorem 3.1.2 (f). Denote the quantities in (7.1.2) and (7.1.4) by g, 6,

T,
B‘, [3* in order to distinguish them from those in Theorem 7.2.7. Then p = g, 0 = G,
T > 7, hence 7 < 7, * < %, and Theorem 7.1.1 proves the assertion. |
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The subset property in (7.2.28) led us to the representation (7.2.5) for g instead of using
the last expression in (7.2.28) although equality holds there for point intervals and al-
though the quadratic small term of g is better visible by the last expression of (7.2.28).
In practical computation, one can store the major part of the matrix within braces in
(7.2.5) and needs to update only its last column

e | ¢ (’Z +([)AX]>

in each step of the iteration (7.2.9). Apart from the initialization, this effects essentially
two matrix vector multiplications per step and is not more work than iterating with the
interval arithmetic evaluation of the last expression in (7.2.28).

Notice that good approximations (¥, A) ~ (x*,A*) and C~B ! yield p~0,0~0<1
and A = 1 > 0 such that the assumptions (7.2.27) are fulfilled. In order to satisfy the con-
dition (7.2.8), we need B from the open interval (8, 8*) as the proof of Theorem 7.1.1
shows. Uniqueness of (x*, A*) follows then from Theorem 7.2.1. Theorem 7.1.1 guaran-
tees convergence of the iterates (7.2.9) for B even from the closed interval [8~, 8*], but
uniqueness of (x*,A*) only for B € [f~, (B~ + 7)/2). Experience shows that in practi-
cal computation rounding errors often prevent verification when choosing = 7, in
contrast to the theory. Therefore, in our examples we often used the geometric mean

B=gm=\B-(B~+B*)/2 (72.29)

which lies between B~ and (8~ + 8*)/2.
Theorem 7.2.7 holds similarly for & and B from (7.2.23) and (7.2.25). One only has
to replace p, g, T by

p=l1CA% - ADlleos 0=II-CBleo, T =ICllcos

and [Ax] by [AX] € IR™ !, Refer to Alefeld [10] or Mayer [208] for details.

The advantage of g and B is that the dimension is now one less than with g and
B and that X, = 1 = x;; and Ax;}, = 0 hold rigourously since the component [Ax]glk) no
longer occurs in the iteration explicitly and is defined to be zero.

We close this subsection with two examples in which we computed the approxi-
mations of the eigenvalues and eigenvectors by using the MATLAB function eig and
anormalization of the last component of the eigenvectors to be one. The approximate
inverse C of the matrix B in (7.2.20) is obtained by the MATLAB instruction B\ eye (n),
where n is the dimension of B. We verify the eigenpairs by means of INTLAB via (7.2.8)
and Theorem 7.2.7 using the geometric mean B = g, in (7.2.29) and the enclosure
AccDot (-, -, [1) of the accurate dot product of INTLAB for f(%, A) in (7.2.5). We start
the iterative process (7.2.9) with [-g,,, gm]e, and we stop it similarly as in Remark 5.5.1
whenever two successive iterates coincide completely for the first time.

Instead of listing the computed enclosures for the eigenvectors we mention only
upper bounds of their modified relative width g([x]) which we define for [x] € IR" by

q=4q([x])) = max g; (7.2.30)

.....
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with
] axIo/lixlil <1, if O ¢ [x]i, -1 .
d([x]), if 0 € [x];,
Obviously,
sign(x;)|[x];[[1 - g, 1], ifO ¢ [x];,
[x]i ¢ ] , i=1,...,n
[_q’ Q], lfo € [X]ia
holds.
Example 7.2.8. The symmetric matrix
n n-1 n-2 2 1
n-1 n-1 n-2 2 1
n-2 n-2 n-2 ... 2 1
Ap =(ay) = . . . . .. e R™"
2 2 2 .
1 1 1 o1

is defined by aj; = n + 1 — max{i, j}. It is a test matrix from Gregory, Karney [122] whose
eigenvalues are known to be

.1 Qi-na\*t
Ai=5<1—c0572n+1> , 1=1,...,m

cf. also Mayer [210]. We chose n = 100 and verified eigenpairs for A1, An;> and A, after
having ordered the eigenvalues decreasingly. We list our results in Table 7.2.1 where
[A]; denotes the enclosure of the eigenvalue A7. Only k + 1 = 4 iterates had to be
computed in order to fulfill the stopping criterion for i = 1 and i = 50, and five iterates
fori = 100. O

Tab. 7.2.1: Results of Example 7.2.8.

i [Al; q([x])

1 4.09356047468532-10> 8.7-10716
50  0.512002660043 13 3.1-10713
100  0.250061 08272079 1.3-10712
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Our second example illustrates the verification process for an unsymmetric matrix
which occurs in connection with the Riemann hypothesis (cf. Roesler [296]).

Example 7.2.9. Let the (n — 1) x (n — 1) matrix A, be defined by

Ap = (ay) = 5 1 -1
6 -1
-1 7
n-1
with
aij = (i +1)6Gs1)G+n — 1
and

5 1, ifiisadivisor ofj
i = )
v 0 otherwise

Roesler showed in [296] that the Riemann hypothesis is valid if and only if the
determinant det(A,) of A, increases for any € > 0 at most like

det(4,) = O(n! n~1/?*8),  n - co.

Since det(A,) can be represented as the product of the eigenvalues of A, (cf. The-
orem 1.8.1), we get a relationship to the subject of this section. For n = 11, which
means A, € R'%19, we listed in Table 7.2.2 the enclosures [A]; for the eigenvalues A’
and upper bounds g([x]) for the modified relative widths (7.2.30) of the correspond-
ing eigenvectors. Only four iterates had to be computed in order to fulfill the stopping
criterion.

As one might guess, the exact values of A; and A7 are 4 and 5, respectively; cf.
Roesler [296]. O
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Tab. 7.2.2: Results of Example 7.2.9.

i (Al q([x)

1 -0.0197021432975¢ 3.4-10716
2 0.3758517054844,  1.6-107%
3 2.7143151433119%  2.8-107%
4 4.0+[-1,1]-107% 3.1-107%
5 5.0+[-1,1]-107 4.8-1071
6  6.53413206589265  9.6-1071
7 7.31439005801343  1.1-107%
8  8.6559035399390;  7.9-107%
9  9.58868021108415  3.5-107%
10 10.83642941957195 4.7-107%°

In passing, we note that Riemann’s { function is defined in the complex half-plane
Rez > 1 by

X1
{(z) = mZ:l — (7.2.31)

For Rez < 1, z # 1, itis defined as an analytical continuation of (7.2.31). This function
has a simple pole in z = 1 and the only real zeros in -2, -4, -6, . . ., which are usually
called the trivial zeros. Riemann’s hypothesis says that all nontrivial zeros of { are
on the straight line Rez = % . If this hypothesis is true, one could improve some error
estimates on the prime number theorem

X X
(x) = —+o<—), X — 00,
In x In x
where 77(x) denotes the prime-counting function which counts the number of primes
less than or equal to x. In 1914 Hardy showed in [134] that there are infinite zeros of {
on Rez = % .In 1986 Van de Lune, te Riele, and Winter showed in [196] by means of a

vector computer running approximately 1500 hours that in the rectangle
{z|0<Rez<1}n{z|0<Imz <545439823.215}

there are exactly 1500 000 001 zeros of {, and that these zeros are all on the line
_1
Rez = 3.
For some other matrices we realized that the iterative process (7.2.9) as described above
does not work satisfactory. We found out that a crucial obstacle was the approximate
inverse C of the matrix B in (7.2.20), which was often computed too roughly. This was
also the reason why we preferred C = B\ eye (n) instead of applying MATLAB’s func-
tion C = inv (B) . An even higher precision for the inverse C can be achieved when
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using some kind of staggered correction as described in Rump [321], where among
others INTLAB’s exact dot product AccDot (-, -, -) is used based on MATLAB’s cell
concept. We leave it to the reader to experiment with that; cf. Exercise G.3.

Exercises
Ex.7.2.1. Let C = B! for B € R™Vx(+1) from (7.2.20). Prove that C has the block

form (7.2.21) and that
~ C11 ) nxn
C= eR
<C21

with blocks as there satisfies C = B! for B in (7.2.25).

Ex. 7.2.2. Show that Theorem 7.1.1 can also be applied to the function g of Section 7.2
with
p=1CAX - MN)|lws 0=II-CBlew, T=|Cloo-

Ex. 7.2.3. Which statements of Section 7.2 remain true or can be reformulated corre-
spondingly if the normalization X, = 1 is replaced by the Euclidean normalization
~T ~

X'x=1?

7.3 Lohner method

The Lohner method is tailored for verifying and enclosing eigenvalues and — to a
lesser extent — eigenvectors of symmetric matrices A. It is presented in Lohner [193]
and essentially based on a similarity transformation T-1AT and on Gershgorin’s the-
orem 1.8.19 combined with a tricky switching between single and multiple precision
computation and an appropriate application of interval analysis in the later stage
of the algorithm. Eigenvectors are enclosed using Wilkinson’s estimation in Theo-
rem 1.8.25. Since the transformation matrix T results from at least one application of
the Jacobi method for the algebraic eigenvalue problem, we recall this method first.
Its idea is to zero some off-diagonal entry a,; = agp, p < q, of A by means of an
appropriate orthogonal transformation J qu]pq = A’ and to repeat this step with A’
and its succeeding transformed matrices in a prescribed way. The zeros generated in
one step are normally destroyed in the next one. The orthogonal matrices J,; € R™"
are Jacobi (or Givens) rotations (cf. Golub, van Loan [121]) which are defined by
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1
0}
1
c O 0 -s —p
0 1 0
Jpq = : : (73.1)
0 1 0
s O [ —dq
1
0

1 1 1

q

with ¢ =cos ¢, s =sin ¢. The angle ¢ in (7.3.1) is determined such that ¢ € [-m/4, /4]
and a;,q = 0 holds. In our programs we used the so-called row cyclic variant of the
Jacobi method in which (p, q) is chosen in a row cyclic way, i.e., (p, @) runs through
the scheme
1,2) » (1,3) » ... » (1,n)
«—

2,3) - ... - (2,n)

(n-1,n)

row-wise from left to right starting with (1, 2), passing through (1, n) in the first row,
and continuing with (2, 3) in the second row, etc.; one restarts with the index pair
(1, 2) if one has arrived at (n — 1, n). The entries of A’ are computed via the following
procedure, provided that a,4 # 0.

Algorithm 7.3.1 (Jacobi method; one step).

g=r %1 (o100

2apq
1 if6+0
t=tang = { 0+ (signf)v6? + 1
1 if6=0
__ 1 — ot _ PN__S
C_\/1+t2’ s=ct T_tan(z)_1+c
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1o
App = app + tapg

a,; = aj, = ap; +s(ag; - 1ay), j¢1{p,q}

aq]. = a]{q = aq]' - S(apj + Taqj), ] ¢ {ps q}
aj; = aij, 1i,j¢1{p,q =

Notice that sign(8) in the definition of ¢ prevents cancellation. In addition, it is re-
sponsible for ¢ € [-r1/4, m/4], which is necessary for the convergence of the method;
cf. Excercise 7.3.1 otherwise. But an explicit computation of ¢ is not necessary.

Instead of assuming ap, # O for Algorithm 7.3.1, one often uses a threshold variant
of the Jacobi method, skipping the computational process for an index pair (p, q) if
lapq| < ek with g > 0 being some given small number acting as threshold. If |a;;| < e
forall i < j, then & is replaced by some g, € (0, &) such that the sequence {ex}}2,
decreases strictly to zero. Taking into account ]gq = ];,;, it is known (Appendix D,
Forsythe, Henrici [99], Henrici [141]) that the (infinite) row cyclic variant of the Ja-
cobi method converges to the Jordan normal form of A, which, by the symmetry of
A, is a diagonal matrix with the eigenvalues of A as diagonal entries. The product of
the transformation matrices J,4 tends to an orthogonal transformation matrix whose
columns are pairwise orthonormal eigenvectors of A.

In the sequel we will also need the following lemma which provides an enclosure
of T71,

Lemma 7.3.2. Let

Il - CT|ls < 1 hold for C, T € R™™, (7.3.2)
Then C, T are nonsingular, and
_ . I - CTlloo
T leC+[-a,alee’ witha =|Clleo———— .
1-I-CTleo

Proof. The existence of C™1, T~! follows immediately from (7.3.2). By Neumann’s se-
ries, we obtain

T'-C=(I-CT{I-UI-CN}'C
o0
=(I-CT) ) (I-CD¥c,
k=0
hence [T = Clloo < I = CTlloo Y520l = CTI& I Clleo = a. O
Lohner’s method proceeds in several steps.
Step 1. In the first step A is transformed approximately to diagonal form by means of

a nearly orthogonal transformation matrix S. This can be achieved by using any tradi-
tional algorithm in single precision which aims at such a transformation. Lohner uses
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the row cyclic variant of the Jacobi method which he stops with the transformed matrix
D and the transformation matrix S as product of the Jacobi rotations Jp4. The diago-
nal entries of D are obviously approximations of the eigenvalues of A, the columns of
S are pairwise (nearly) orthonormal approximations of corresponding eigenvectors.
With dj; we construct the diagonal matrix D by d;; = d;;. In our programs we applied
MATLAB’s function eig in order to obtain D and S, where D contains the computed
eigenvalues in its diagonal and where S is the computed matrix of eigenvectors. This
matrix may not be orthogonal; it will be orthogonalized in Step 2.

Since we cannot expect that the computed columns of S are ‘perfect’ eigenvec-
tors, we try to improve them in Steps 2-5. Our final transformation matrix T will be
computed in Step 5.

Step 2. Reorthogonalize the columns of S using the Gram-Schmidt method in dou-
ble precision. ‘Double precision’ can be realized using a staggered correction format
as described in Section 2.7. In our programs we applied MATLAB’s cell concept and
INTLAB’s command AccDot; cf. Appendix G. If S is regular and if s; denotes the j-th
column of S, the formulae for the orthogonalization process are the following:

j-1
_ I’j=Sj—Z(t£Sj)tk
_ T P
t1 =s1/Vs1 S1, k=1 , j=2,...,n.
& =ri/\r] 7
Assume that the output in Step 2 is the matrices T1, T> which form the compo-

nents of the staggered correction format such that T = T; + T, is now a better ‘nearly
orthogonal’ matrix.

Step 3. Compute TTAT and split the result into

TTAT =D+ A, (73.3)
with D from Step 1. We get
A =TTAT-D=~ A, := TT(AT - TD), (7.3.4)
using
TTT~1 (73.5)

by virtue of Step 2. The expression within brackets in (7.3.4) is evaluated as
AT, +AT, - T1\D - T,D.

Here the computation must be done with an exact dot product as provided in program-
ming languages like PASCAL-XSC, C-XSC, and by the command AccDot in INTLAB; cf.
Klatte et al. [164, 165], Rump [320]. The final computation of 4, can be done in simple
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precision since we need only an approximation of A; . By virtue of the choice of T we
can expect that the entries of A; and A, are small. By (7.3.4) and (7.3.5) we can assume
that, in addition, A, is symmetric — at least when computed in single precision. In
fact, a small deviation from symmetry does not matter since we still try to improve S
from Step 1. If necessary, just reflect the entries in the strict upper triangle of A, at its
diagonal and denote the new matrix again by 4.

Step 4. With D from Step 1 we consider
A=D+A, (73.6)

instead of D + A; and apply the row cyclic Jacobi method to D + A,. The splitting in
(7.3.6) has the advantage that the entries of 4, are all small and of approximately the
same magnitude. The formulae of the Jacobi method can now be applied as in Algo-
rithm 7.3.1 — essentially in single precision. Only for 8 — particularly in the presence of
an eigenvalue cluster — one should compute

dpp + (AZ)pp —dgq - (AZ)qq
‘exactly’, for instance via the INTLAB command

AccSum( [dpp, (Az)pp, ~dgq, _(Az)qq] )
or via

AccDot ( [dpp, (A2)pps —dgqs —(A2)gq] . ones (4,1)).

Denote by A™" = (a5°") the matrix resulting from A by a single Jacobi rotation which
zeros dpq. Then for the new entries d;}‘w = d}‘;w and dg;?‘” = d}“;w, j=1,...,n,one
can skip the matrix D: For j ¢ {p, q} its entries do not occur in the formulae, and for
apew one gets aye" = dpp + (A2)pp + t(A2)pq. Therefore, if one splits A" into A™Y =
D+ A‘zlew similarly as in (7.3.6), then one only has to update 4, in (7.3.6) which leads
to (A5")pp = (A2)pp + t(A2)pq without using D. This holds similarly for (A5*")gq.

Since A was nearly diagonal, one can expect that d,q is small. This implies 6
in Algorithm 7.3.1 to be large (unless dp, =~ dgq) whence t = 0 and s = 0. Thus the
transformation matrix Jp4 is nearly the identity matrix. Therefore, it makes sense to
consider the deviation from the identity Wy, := Jpq — I instead of J,4. Notice that aside
from (Wpg)pp = Wpglgq = =1, (Wpg)pg = —(Wpq)gp = —S the entries of W), are zero.
The transformation update S™W = I + W™W of the previous transformation matrix
S =1+ W can then be written as SV = S - Jpq = (I + W)(I + Wjq), whence W™V =
W+ Wpq + W - Wpq (still computed in single precision). One can stop if max;,j|a;™| <
eps (machine precision) holds after having run through full Jacobi cycles.

Step 5. Now we combine T from Step 2 with the final transformation matrix S = I + W
of the Jacobi method in Step 4. Since T = T; + T, was computed in double precision
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we do the same for
TS = (Tl + Tz)(]+ W) = Tl + Tz + T1W+ TzW,

in INTLAB for instance via AccDot ( [ T1, T2, T1, T2 1, [L; W; W1, 2) . In staggered
correction format (or as corresponding cells in MATLAB) one gets Ty, T, with T:=Tq +
T, . This computed matrix T is our final transformation matrix which we will apply to
the original matrix A. Its columns are eigenvector approximations which often have
double accuracy.

Step 6. Now we consider the similarity transformation T-1AT. Although we com-
puted precisely, we cannot expect that T~! = TT holds. Even so, T"'AT is normally not
exactly available on a computer. Therefore, we need a tight enclosure of A™Y = T-1AT
by an interval matrix. To this end we split this matrix into A™Y = D + A1, similarly as
in (7.3.6). Then

Ay = T"YWAT - TD) = T"Y(ATy + AT, - T1D - T,D), (73.7)

where the expression in brackets must be enclosed tightly by an interval matrix, for
instance, via INTLAB’s command AccDot, this time with the option [ ]. The inverse
T-1 is enclosed by an interval matrix [T~!] using Lemma 7.3.2 with C = T and single
precision. The assumption (7.3.2) can be expected to be fulfilled because of T T = I.
Then

Tl e [T :=TT + [-a, alee” (73.8)

holds with
n

A= 1T o g 1= M= T Tloo.
In order to guarantee T~! € [T~!] we must compute a , [T~!], and all norms by means
of interval arithmetic. To this end we notice that the factor n/(1-n)=-1+1/(1-n)
increases if 1 does, and the INTLAB command sup (norm( [A],inf) ) delivers an
upper bound of || |[A]] [l for [A] € TR™",
With [T~!] we compute an enclosure [A1] of A1 in (73.7). Then A"V = T-1AT ¢
D + [A;] follows so that we can verify and enclose the eigenvalues of A in our next

step.

Step 7. We apply Gershgorin’s theorem 1.8.19 to D + [A;]. Then the eigenvalues of A
are contained in the union [g] of the Gershgorin intervals

n n
[l = | dii + (Av)ii = Y |[Axlyl, dio+ (Ar)ii + Y [An]yl| i=1,...,n,
j=1 j=1
j#i ji
where the bounds of [g]; must be computed using interval arithmetic or directed
rounding.
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If

n
[glinlJlgli=0 (73.9)
i
then we call a Gershgorin interval [g]; isolated.

Such an isolated interval [g]; contains exactly one eigenvalue A* of A by Theo-
rem 1.8.19 (b). It is algebraically simple. This remark holds trivially for all eigenvalues
of A if the intervals [g];, i = 1, ..., n, are pairwise disjoint. Such pairwise disjoint
Gershgorin intervals are expected when dealing with the inverse eigenvalue problem
described in Section 7.8. Clustering can also be verified by the method above by apply-
ing Theorem 1.8.19 (b) in a straightforward way.

The bounds gj, gi can be improved if one intersects [g]; with additional enclo-
sures based on estimates like those of Theorem 1.8.16.

Step 8: Let A* beasimple eigenvalue of A which is enclosed by an isolated Gershgorin
interval [g];. In order to obtain an enclosure for a corresponding eigenvector x* which
is normalized by (x*)Tx* = 1, apply Theorem 1.8.25 with

T*,i
IT.ill2
A=mid([gl), 6 =A% - A%,

a = min {min{|c||c € [g]j-A}} —n (1 any small number) .
1<j<n

=<
Il

j#
Define B as square root of the right-hand side in (1.8.43). If a > § holds, then x* ¢
X+ [-B, Ble.
If [g]; is not isolated, then consider the connected component [g]€ of [g] to which
[g]; belongs. Here one cannot decide whether [g]¢ contains multiple eigenvalues
and/or two or more separate eigenvalues. We can only enclose a basis of eigenvectors
corresponding to the eigenvalues in [g]¢. For details we refer to Kref3 [176]. O

We close this section with two examples.

Example 7.3.3. The n x n Hilbert matrix H, = (h;;) is defined by h;; = 1/(i +j - 1).
Unfortunately, H, is not representable by machine numbers if n > 1. Therefore, we
multiply H, by the least common multiple ¢, = lem(1, ..., 2n - 1) such that the
entries of the resulting so-called preconditioned Hilbert matrix H:' ¢ = ¢, H, are in-
tegers only and therefore exactly representable in MATLAB (if necessary as floating
point numbers) on a computer for n < 18. Typical values are c1; = 232792560 and
c18 = 144403552893 600. It is well known that H, is symmetric, positive definite,
and very ill-conditioned for linear systems H,x = b. Eigenpairs for H, with smaller
dimension n are listed in Gregory, Karney [122]. The eigenvalues of H, are smaller by
the factor ¢, than those of H:' ¢, the eigenvectors remain the same.



370 — 7 Eigenvalue problems

Using INTLAB for the Lohner method yields the following enclosures [A]; for se-
lected eigenvalues A; . All Gershgorin intervals are isolated. The results are contained
in the Tables 7.3.1 and 7.3.2.

Case n = 11: Here the method needs k = 2 Jacobi cycles until the off-diagonal entries
are smaller than MATLAB’s machine precision eps.
Case n = 18: This time k = 4 Jacobi cycles are necessary. The smallest eigenvalue A,

is particularly difficult to verify. This is already stated in Lohner [193]. O

Tab. 7.3.1: Results of Example 7.3.3 in the case n = 11.

i Al i (Al

1 7.899160434834393 1077 4.130403774512873 - 10
2 1.817 42986496508 - 107 7.25017140086272§ - 10°
3 1.928297327 41842} - 1072 9.38780029417 185 -10°
4 1.249718543026625-10° 10 8.4359863438185) 107
5 5.521279596 42933 - 10° 11 4.131795990 566 005 - 108
6 1.75581598282737;-10°

Tab. 7.3.2: Results of Example 7.3.3 in the case n = 18.
i Al
602 —
1 1.22899 -1071
2 4.7653% -107°
5 8.722494855335 1073
10  1.020114001053 092 - 10°
18  2.722318555347 655 - 101

Example 7.3.4. The Wilkinson matrix W3, ,, € RZ1x(2n+1) js defined by

n 1
1 n-1 1 0
1 n-2 1
W;n+1:(W§,~2n+1))= 1 0 1 :
1 n-2 1
0} 1 n-1 1
1 n
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see Wilkinson [362]. Let n = 10. We want to verify the two largest eigenvalues A5, and
A3, , which are known to differ only in the sixteenth significant digit. Lohner’s method
delivers the enclosures

A3y € [10.746 194182903 3]
and
A3y € [10.746 19418290330 ].

Already one Jacobi cycle transforms the off-diagonal entries below eps, all Gershgorin
intervals are isolated. O

Exercises

Ex. 7.3.1. Show that the row cyclic Jacobi method does not need to converge if the
restriction ¢ € [-m/4, /4] isreplaced by ¢ € [-71/2, /2]. To this end use the example

A=Ay =

O N
oS W O
> O -

from Forsythe, Henrici [99] and choose ¢ = 71/2 for each Jacobi matrix J,4 in order
to zero the nonzero entries in the strict upper triangle. Compute A1, A,, ..., Ag and
show that Ag = Ao holds.

Ex. 7.3.2. Let f € C([0, 1]). Find the coefficients a; of the polynomial p(x) = ap + a1 x +
oo+ ap1x™ 1 such that ||f - plls := {j()l [f(x) - p(0)]? dx}l/2 is minimal. To this end
consider the square ||f — pII% and show that one has to solve the linear system H,a = b,
where H,, is the n x n Hilbert matrix and a = (ag, a1, . . ., an—1)¥. What does b € R"
look like?

7.4 Double or nearly double eigenvalues

While the method in Section 7.2 is tailored for simple eigenvalues, we now address a
real double eigenvalue or two different real eigenvalues with clustering being allowed.
That means, we consider the following three cases:

@ A7+ /1].* are two algebraically simple eigenvalues of A;

() A = /t;‘ is a geometrically and algebraically double eigenvalue of A;

(iii) A = )l]Tk is an algebraically double but geometrically simple eigenvalue of A.

All three cases share the same property: The zero vector together with the real eigen-
vectors of A associated with A7, /1]?‘ € R, and (in case (iii)) the corresponding real
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principal vectors span a two-dimensional subspace V of R" which is invariant with
respect to the mapping represented by A;i.e., w € V implies Aw € V. Any pair u*,v* of
linearly independent vectors from V are called generators of V since each element w
of V can be represented as a linear combination w = yu* + vo*, u,v € R, of u* and v*.
For each pair of generators u*, v* there is a matrix M € R**? such that

AU =U"M (74.)

holds with U* = (u*, v*) € R™2,

In the cases (i) and (ii), u*, v* can be chosen to be eigenvectors x*, y*, in the
case (iii) it is possible to choose u* as eigenvector x* and v* as an associated principal
vector y* of degree two. Then M has the form

Ak
M=]=< : ) (74.2)
0 A].

with x = 0 in the cases (i), (ii) and x = 1 for (iii). If u*, v* are linear combinations of
x*,y*, one can obtain the underlying vectors x*, y* by essentially finding the eigen-
values of the 2 x 2 matrix M and by reducing it to the Jordan normal form (7.4.2).
If M = S1JS holds with some 2 x 2 matrix S and with J from (74.2), then (74.1) is
equivalent to

A(U*S) = (U*S)HS™IMS) = (U*S)]

where the columns of U*S are x* and y*, respectively. Although our aim consists in
computing enclosures of eigenvectors and principal vectors, we will start with the gen-
eral case (7.4.1) where u*, v* are any generators of V. First we remark that it is always
possible to find two components i;, i, out of n > 2 and two generators u*, v* of V
for which

ulf‘l =aq, ulf‘z =B, vlf‘l =y, vlf‘z =6 (74.3)
holds with prescribed values a, B, y, 8 € R provided that (), (%) are linearly inde-
pendent. This makes the generators unique. If u, v are generators which do not yet

satisfy the normalizations (7.4.3), we make the ansatz

u* :d11u+d12u, v* :d21u+d22v

requiring
uil = dlluil + d12Ui1 =a (744)
uj, = dulli, + divi, = B
and
vf =dyuj, +dynvi, =y
1*1 i 11 . (7.4.5)
v = dali, +dvi, =6
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The two 2 x 2 systems (7.4.4), (7.4.5) have the same coefficient matrix

K= (”"1 ”"1> :
uij, Vi,
Therefore, both are uniquely solvable if and only if det K # 0, i.e., u;, v;, — u;, vy, # 0.
This is possible by using the same strategy as in Alefeld, Spreuer [48] and Dongarra,
Moler, Wilkinson [85]: First define i; by

u;, = max|u. (74.6)

1<i<n

The value u;, certainly differs from zero because u, v are generators of V. In particular,
they are linearly independent. With i; define i, via

Ui, Vi, — Uj,Vj, = Eﬁ)ﬁluilvj - ujvy, . (7.4.7)

If the left-hand side of (7.4.7) were zero, then v = ’1 u, hence u, v are linearly depen-
dent contradicting the generator property of u, v. Therefore (7.4.3) is possible. Since
(), (%) are assumed to be linearly independent, the same holds for u*, v*. Hence
they are generators of V. For ease of notation we assume i; = n — 1 and i, = n in the

sequel.
Let
]R2n+4 _ ]R2n+4
f:
z - f(z)
be defined by
Au—mqiu—mov
Up-1—«&
u -
= W', mi1, mar, 07, My, man)’,  flz) = n=h
Av - mppu —myv
Un-1—-Y
Up-06

It is obvious that the vectors u*, v* in the representation
T T T
= ()", myy, myy, (0°)7, mi,, my,)

for a zero z* of f are the generators of V satisfying (7.4.3).

Assume now that we are given real approximations i, i, M of u*, v*, M, which
are gathered in the vector 2 = (iiT, 111, 21, D7, 1, M22) 7. Let 1, ¥ be linearly inde-
pendent. Dongarra, Moler, Wilkinson [85] describe how to obtain i, i, M using the QR
algorithm. We proceed now as in Section 7.2, expanding the function z — Z — Cf(z) at
z, where C € R2m4x2n+4) s some nonsingular preconditioning matrix. Introducing

T T T 5
= (Au’, Amy1, Amy1, Av", Amya, Amyy)” =z -2
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we get
f(z) =0 & Az = g(Az) = —=Cf(Z) + (Ionss — CB)Az + TAz (74.8)

with the (2n + 4) x (2n + 4) matrices

A-mul, - -0 -ty 0 O
(e(m=IHT 0 O 0 0 0
po| 00 o 00 45)
-mqaly 0 0 A-myl, -u -0
0 0 0 (e(mHT 0 O
0 0 0 (emT 0 O
and
0 Au Av 0 O O
0O 0 0 0 0 O
8 0O 0 0 0 0 O
T=Cl o 0 0 0 au v (74.10)
0O 0 0 0 0 O
0O 0 0 0 0 O

which have the same block partitioning. Thus we arrive again at a quadratic function
g, for which Theorem 7.1.1 applies with

r=-Cf(¢), S=I-CB, (74.11)
and
Cij+k-n+1), ifke{n+1,2n+3}andje{l,...,n},
tijk =  Cijek—-n+s), ifke{n+2,2n+4}andje{n+3,...,2n+2}, (7412)
0 otherwise,
i=1,...,2n+4.
Hence
p=l1Cf(2leo, 0 =II-CBlco, } (7413)
7= Tl = |2IC (€7, 0,0, ",0,0)7|, < 2IClco
whereé=(1,...,1)T e R".

Then we get the following result in which we require the normalization (7.4.3) with
a= ﬁnfl, B = ﬁn, Y= l)nfl, 6= ljn. (7.4.14)

Theorem 7.4.1. Let g, p, 0, T be defined as in (7.4.8), (74.13), and let (7.4.14) hold. As-
sume
o<1 and A=(1-0)-4pT >0, (74.15)

and let
B~ =(1-0-VA)/Q1),

Bt =(1-0+VA)/@21).
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(@) IfB € [B~, B*], then g has in [, Ble € R?™** at least one fixed point Az*. With
U*=@W*,v*) and M= (m}f m12>’
my, My
and
T

" =2+ Az" = (W), mi, m3,, W), mi,, m3,)",
the equation (74.1) holds. In particular, u*, v* are linearly independent vectors
which are normalized by (74.14) and which are generators of an invariant two-
dimensional subspace of R".

The iteration

[Az)%D = g([42)%), k=0,1,... (74.16)
converges to some interval vector [Az]* with
Az* € [Az]* < [Az]® c... c[A2]9, k=0,1,.... (74.17)

(b) If B € [B~, (B~ + B*)/2), then g has a unique fixed point Az* in [Az]© = [-B, Ble €
R2™4 | and (74.17) holds with [Az]* = Az*, i.e., (74.16) converges by contracting
to Az*. O

We notice that C™1, B~ exist since ¢ < 1. Choosing C = B! leads to the block form

Cii Ci2 Ci3 Cus
0O 10 O 0 «—n-1 (rowindex)
0 01 0 0 «—n
Cy1 Cu Cuz Cuy
0 0 0 10 —2n+1
0 0 0 01 —2n+2
C71 Cr2 Czz3 Cyy4

n 2 n 2 «— number of columns
whence gij(Az) = 0 fori € {n - 1,n,2n + 1, 2n + 2} and for any Az € R*"** with
satisfying (7.4.14). Thus, as in the previous subsection, it makes sense to start with
interval vectors [Az] for which [Az]; =0,i€{n-1,n,2n+ 1, 2n + 2} holds, shrinking
the matrices and vectors in g to get a new function g: R?" — R2" with modifications
analogous to those in Section 7.2. Essentially, the method (7.4.16) has been presented
in Alefeld, Spreuer [48] in this form.

We want to consider another specialization of (7.4.16). To this end, let m,; = O
and rit1» € {0, 1}. Then M has Jordan normal form, hence 11, 1i12> can be thought
to approximate eigenvalues A*, u*, and i, U can be considered to approximate cor-
responding eigenvectors and/or principal vectors according to the cases (i)-(iii). The
matrix B has the block form

B o A-mgl, -0 -0
B=<B11 B ) withBi=| (™M) o o |, i=1,2.
21 22 (e(n))T 0 0
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Hence B is nonsingular if and only if Bl.‘l.1 exists for i = 1, 2. This certainly holds if one
of the cases (i)—(iii) is handled and if the approximation Z is sufficiently good, as can
be immediately seen from the subsequent result which reminds us of Theorem 1.8.3.

Theorem 7.4.2. Let
A-AT, -u* -v*
Bi=| (e" T 0 0 |eR™MI -1 2,
eMmT o 0

with A}, A5 being two real eigenvalues of A (A} = A being allowed) and with u*, v*
being two real linearly independent vectors from the largest invariant real subspace V
belonging to A7, A5 which satisfy

U, 1 #0, u,vy—-uyv, ,#0. (74.18)

n-1

Let (7.4.1) hold with U* = (u*, v*). Then the following statements are equivalent.

(@) Either A7, A5 are two different algebraically simple eigenvalues of A or A} = A3 is
an algebraically double eigenvalue of A.

(b) By and B, are both nonsingular.

Proof. Let (a) hold and let u*, v* be generators of the invariant two-dimensional sub-
space V associated with A, A;. Assume that u*, v* satisfy (74.18) and that Bj is
singular. (If B3 is singular the proof proceeds analogously.) Then there is a vector
w e R™2\ {0} such that

Biw=0. (74.19)
Decomposing w into w = (W*)T, wpy1, wn+2)T with w* € R" yields
(A - A[I)W* = wpu™ + wpov", (74.20)
wi =0, (74.21)
w; =0. (74.22)

If w* =0, then wpu* + wpyav* = 0. Since u*, v* are linearly independent we get
Wne1 = Wnyp = 0 contradicting w # 0. Therefore, w* # 0 with w},_, # 0 w.l.o.g., whence
by (74.18), (7.4.21), (7.4.22)

* * *
Wpo Upa VUpo
* * * _ * * * S
det Wpo1 Upr Upg |5 Wn—Z(un—lun - unun—l) #0.
* * *
Wy Up Un

Hence u*, v*, w* are linearly independent.

If Wni1 = wneo = 0, then w* is an eigenvector associated with A]. Hence the di-
mension dim V of the invariant subspace V exceeds two, contradicting (a). If wy,1 #
0 or wy,, # 0, represent u*, v* as linear combinations of corresponding eigenvec-
tors / principal vectors x*, y* contained in V. Then (7.4.20) implies

(A=A L)w* = ax* + By*  witha® + p% #0. (7.4.23)
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If A # A and a - B = O, then w* is a principal vector associated with A] or
(A -AjI,)w* isa principal vector associated with A3 although A7, A} are simple eigen-
values. If A7 # A5 and a - B # O, then multiply (7.4.23) by (A — A;1,) and commute both
matrix factors to see that (A — A5I,,)w* is a principal vector associated with Aj. This
again contradicts the simplicity of A].If A} = A is a geometric double eigenvalue, then
w* is a corresponding principal vector of degree two. If A7 = A3 is a geometrically sim-
ple but algebraically double eigenvalue, then w* is a corresponding principal vector
of degree three. Hence in all cases we get dim V > 3 contradicting (a). Therefore, B}
cannot be singular, and (b) is valid.

In order to prove the converse, let (b) hold and assume (a) to be false. Since (7.4.1)
holds for U*, the subspace V spanned by u*, v* is invariant with respect to A. Due
to this fact, u*, v* can be written as linear combinations of two eigenvectors x*, y* of
A or of an eigenvector x* and a corresponding principal vector y* of degree 2. Since
we assumed (a) to be false we must have dim V > 3, hence the Jordan normal form
of A shows that there is a left eigenvector w* of A associated with A} or A; which is
orthogonal to x* and y*. Therefore (w*)Tu* = (w*)Tv* = 0, whence (w*)",0,0)B; =
0 fori =1 ori = 2. This contradicts (b). O

We notice that an analogous theorem also holds in the modified case dealing with &
mentioned above. This can be seen as in the proof of Theorem 1.8.3. For this modifica-
tion, and with 5,1 = 0, B has the form

. B11 0
B=B-= N
(—ﬁllz-" Bzz)

where Bj;, i = 1,2, is A - m;;I, with the columns n — 1 and n being replaced by
—ii, -1, respectively, and where I' = I, - e D (e(=D)T _ o (e(M)T Tts inverse reads

P _( B 0 )
ByymipI'Biy By)
Applying Theorem 7.4.2 with C having the block form

Cq 0
C= 7.4.24
(Czﬁllzf'Q C2> ( )

yields expressions for p, o, T which are essentially identical with the corresponding
quantities in Alefeld, Spreuer [48], (2.11)-(2.13).

For numerical examples we refer to Alefeld, Spreuer [48], where among others the
following one, computed in PASCAL-XSC (cf. Klatte et al. [164]), was presented.
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Example 7.4.3. Consider the 7 x 7 matrix

-6 0 0 -1 -4 -4 0
041 0 0 0 2
014 0 0 00
A=| -1 0 0 -6 -4 -4 0
-4 0 0 -4 -6 -1 0
-4 0 0 -4 -1 -6 0
011 0 0 0 4

with the eigenvalues
AM=6, A=A3=3, Ay=1, As=A¢=-5, A;=-15

and with the corresponding eigenvectors/principal vectors

0 0 0 1
4 1 0 0
L2 -1 -1 0
xt=2| o |,x¥*=| o |[,x¥®*=] o |,x*=] 1 |,
“1 o 0 0 -1
0 0 0 -1
3 0 1 0
1 1 1
0 0
0 0 0
=]-1 [|,x0=]-1 |, x=] 1
-1 1 1
1 -1 1
0 0 0

Here x> is a principal vector associated with A, = A3 = 3 and x°, x® are two linearly
independent eigenvectors belonging to A5 = A¢ = —5. The approximations M, ii, § were
chosen to be

- (—4.999 99999  0.000000 01>
0 -5.00000001 /"’
0.999999 99 1
0.000 00001 0.000 00001
—0.000 00001 —-0.000 00001
= -1 ~x°, U= -0.99999999 |=~x°.
-0.999999 99 0.999 999 99
0.999999 99 -0.999 999 99
0.000 00001 0.000 00001
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The modified method with iy = 4, i, = 5 (instead of iy =n-1=6,i, =n =7) and
with C =~ B~! from (7.4.24) (adapted) yields

-5 0 . [-1,1]-107*2 [-1,0.3]-107%®
0 -5 [-2.6,2.6]-10720 [-1,1]-10712 )"

[-0.1,1] - 10711 [-1.0001 - 0.9999] - 1078
[-1,0.2]-1071° [-2,1.2]-1071°
[-0.2,1]-1071° [-0.3,1]-1071°
x> + 0 , X0+ -0.999 999 99
1.0-1078 0.999999 99
[-1.0001 - 0.0099] - 1078 [0.9999,1.0001] - 1078
[-1,0.2]-1071° [-1,0.3]-1071?

as verified enclosures for
M={ 0o s

from (74.1) and for the generators u* = (1 — 0.5 - 10°8) x> + 0.5 - 10~8 x® and v* =
0.999 999 99 - x°, respectively, which are trivially linear combinations of x>, x® and
satisfy u; = i;, vy = U;, i € {4, 5}. O

7.5 The generalized eigenvalue problem

As is well known, the generalized eigenvalue problem
Ax =ABx, A,Be¢R™", Bnonsingular, (7.5.1)

can be reduced at once to the standard eigenvalue problem by multiplying (7.5.1) with
B~1.In contrast to Sections 1.8 and 7.6 we do not assume here that A, B are symmetric
and that B is positive definite. In practice, because of rounding errors, B~*A normally
cannot be computed exactly, but it can be enclosed ‘solving’, e. g., the n linear systems

B/ =A.j, j=1,...,n, (A,;:j-thcolumnofA)

by the verification methods mentioned in Chapter 5. The resulting inclusions [z} of
2 then yield an enclosure for the columns of B! A, and the eigenvalue/eigenvector
methods of Section 7.2 or 7.3 can be applied to the interval matrix ([z], ..., [z]").
There are also other possibilities to handle (7.5.1). The first one can be used for simple
eigenvalues A = A* of (7.5.1), i.e., for simple eigenvalues of

B 1A x = Ax, (75.2)

although there is no need to require simplicity for A* from the start. But it will turn
out as in Section 7.2 that some matrix that is involved is nonsingular if A* is simple.
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The method proceeds analogously to that in Section 7.2 for the standard eigenvalue
problem. Start with
Ax - /le)

f(X9A):< Xn -1

precondition with —C € RO"*Dx(+1) “chopse an approximation (%, A), %, = 1, for an
eigenpair (x*, A*) of (7.5.1) and expand

s(x, A) = (ji{) -Cf(x,A) at (;) .

Ax* B x* —-X
)T\ =2

Ax
<M> = g(4x, AA),

Then the exact error

is a solution of the equation

where g is defined by

o A-AB -B(x+4x)\]| (4x
g(Ax, AA) = -Cf(x, A) + {IrHl - C((e(”))T 0 )} (A/l)

=s(x, A).

Checking the proofs for the lemmas and theorems in Section 7.2 shows that with
minor modifications the analogue of Theorem 7.2.7 holds with

BI _ (B) € IR(n+1)><n
0
’ 0=

AX - ABX
=
(o)

7=]1Cl-|B'llo, and

s

A-AB -Bx
e™mT o

In+1 - C(

[ee]

" (ICI-IB"])ij - [-1,1] ifjefl,...,n}andifk=n+1,
=
v 0 otherwise,

i=1,...,n+1.

The absolute values arise because of
c —B[Ax] [A2] =
0 ; s

M=
M=

Cishsj[Ax]; ) [AA]

1j

1]
-

Y cishsj[-1, 1][Ax];[4A]

N
M=

-~
Il
—
1l
[

Icis| - bsjl (-1, 1]>[AX]1'[M]-
1

A/~
WM:

-,
I
[

Il
.M=
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In particular, the interval version of Theorem 7.1.1 has to be applied.

Notice that Theorem 1.8.3, which is needed for the proofs, still holds if its matrices
are adapted according to (7.5.1). The modification of g in Section 7.2 also holds; simply
replace B in (7.2.25) by

B=((A-AB).1,...,(A=AB), n1,-BX) e R™", (75.3)

We also remark that A and B can be replaced by interval matrices [A], [B].
Another procedure for (7.5.1) is presented in Section 7.6 provided that A and B are
symmetric and B is positive definite.

Example 7.5.1 (Alefeld [14], modified). Let

10 2 3 1 1 12 1 -1 2 1

2 12 1 2 1 1 14 1 -1 1

A= 3 1 11 1 -1 |, B=| -1 1 16 -1 1
1 2 1 9 1 2 -1 -1 12 -1

1 1 -1 1 15 1 1 1 -1 11

be the matrices from Wilkinson, Reinsch [363], p. 312. To enclose the smallest eigen-
value A* of the generalized eigenvalue problem Ax = ABx we chose

-0.852 365
0.388181
A=0.432787 and x= 1.0
-0.693 249
0.262 649

With the exception of X5 these values coincide with the first six significant digits
of the vector v in Table 3 of Wilkinson, Reinsch [363], p.313, when being divided
by vs. Prescribing the third component of x* by x5 = 1 instead of the n-th one,
one has to move the last column -Bx in (7.5.3) to the third one and to use —B(X +
(Ax1, Ax2, 0, Axy, Axs)T) instead of —B(% + Ax) in the analogue of § of (7.2.23). The
last factor there has to be replaced by (Ax1, Ax,, AA, Axy, Axs)T. The matrix C~ B!
is computed in MATLAB via B \eye (5). Then the modified method described above
delivers the verified enclosures

[-0.8523647246539%]
[ 0.3881806704921}]
A* €[0.4327872110169;] and x*e| [ 1.09 ]
[-0.693 248964367 9; |
[ 0.262649390965 3;]

Here we again used INTLAB and iterated as in Section 7.2. The analogous stopping
criterion was fulfilled for k = 4.

Another example and more details can be found in Alefeld [14].
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Exercises

Ex. 7.5.1. Show that the generalized eigenvalue problem 7.5.1 has exactly n eigenval-
ues if B is regular and if the eigenvalues are counted according to their algebraic
multiplicity.

Show that this is no longer true if B is singular.

Hint: Combine each of the following matrices A;, A, with each of the two singular
matrices B1, B>. Which cases do occur?

A1:12,A2:12;31:10,B2201.
0 3 0 0 0 O 0o 0

7.6 A method due to Behnke

In this section we construct enclosures [A];, i=7,...,s, for a cluster
A Apsay oo A} (76.1)
of eigenvalues of the generalized eigenvalue problem
Ax = ABx, A, B ¢ R™" symmetric, B positive definite, x € R" \ {0}, (7.6.2)

where multiple eigenvalues are admitted.
Denote by A;, i =1,...,n, the eigenvalues of (7.6.2) and assume

A< <Ay <A< <A € A4 < Ay, (76.3)

i.e., the eigenvalues in (7.6.1) are well separated from the other ones. We are going to
present an algorithm due to Behnke [65, 66, 67], which is essentially based on Algo-
rithm 1.8.8 of Bunch, Kaufman, Parlett, on Theorem 1.8.21, and on Corollary 1.8.23.
The Algorithm 1.8.8 is modified in such a way that it can start with a regular interval
matrix [A] = [A]T - preferably of small width — and outputs an interval block diagonal
matrix [D], which for all point matrices A € [A] contains a corresponding block diag-
onal matrix D similar to that in Theorem 1.8.9, which satisfies ind(D) = constant for
all D € [D]. The transition to interval matrices is necessary in order to take rounding
errors into account. With the notation as in Algorithm 1.8.8, in particular with

T
P[AIPT = ({g [[%]] ), P permutation matrix, [E] € IR,

the Modified Algorithm of Bunch, Kaufman, Parlett, proceeds as follows, where the
meaning of r, s is different from that in (7.6.1).
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Algorithm 7.6.1. Choose a € (0, 1) and let m = n;
ifm=1thens=1, P=1, [e]11 = [a)i1;
ifm>1
choose r € {2, ..., m} such that |[a],1]| = maXo<icm|[alirl;
if
[[a]i1] = al[a]n| (7.6.4)
thens =1, P=1, [e]11 = [al11
else
choose p € {1, ..., m}\ {r} such that |[a]y,| = maXi<i<m, izrl[alir| 5
if
lal11l - lalprl = allaln|? (7.6.5)
then s = 1, P =1, [6]11 = [a]11
else
if
[[aly| = alla]p| (7.6.6)
then s = 1 and P such that [e]11 = [a]»
else
choose s = 2 and P such that

(E] = ([0]11 [a]r1> : (76.7)

[alyn  lalw

(notice [al; = [al1r)
if

(s=1and 0 € [e]11) or (s = 2and O € [e]1[e]as - [e]?, = [alr1laln — [al) (7.6.8)

then stop with failure since [E] contains a singular symmetric element; if necessary
change a and restart the algorithm; otherwise choose [E] as diagonal block of [D] in
itsrowsn-m+1i,1ie€{1,s};

redefine m by m - s;

if m > 0 then repeat the steps for

) (B], if[C]=0
[B]" = , (76.9)
(B] - [CI[Egpm]IC]T, if[C]# O
where
1 ’ lfS = 1,
[Eqln] i= el (76.10)
e 1 ([a]n —[a]n) s e
laliilaly - [a)?, \-[aln  [ali1 )’ ’

else terminate the algorithm. O
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Algorithm 7.6.1 provides a decomposition PAPT = LDLT as in Theorem 1.8.9 for ev-
ery matrix A € [A], but not always according to the strategy in the original Bunch-
Kaufman-—Parlett algorithm 1.8.8. Thus the choice of r in Algorithm 7.6.1 cannot guar-
antee |a,1| = maxy<j<n|aj;| for each matrix A € [A]. This does not matter since we are
mainly interested in the number of positive and negative eigenvalues of A € [A].

Let us comment on this algorithm. If it terminates regularly with some block diag-
onal interval matrix [D], then the failure of condition (7.6.8) implies that the elements
ofa 1 x 1 diagonal block are nonzero and do not change their sign, and the same holds
for the determinants det E of the symmetric elements E of a 2 x 2 diagonal block [E].
In the latter case, and in the notation of the algorithm, we get

det E < [[a] 1] - [[alir| - I[a]rn|* < O (76.11)

analogously to (1.8.17) if &1, = &,1 satisfies |é1,| = |[a],1]. Since det E depends contin-
uously on the entries of E and differs from zero at least for symmetric matrices E € [E],
the inequality (7.6.11) holds for arbitrary symmetric elements E of [E]. In particular,
the inverse E~! exists for such elements and so does [E;ylm] which encloses it.

Notice that by virtue of the square the failure of the second condition in (7.6.8)

does not imply regularity of [E] € IR?*? as the example

(s [-1,1]
[E]_<[—1,1] —1/4>

shows.

Based on these remarks ind(D) is constant for all symmetric matrices D € [D],
where in the modified algorithm no eigenvalue zero occurs, and each 2 x 2 block con-
tributes one positive and one negative eigenvalue such that ind(D) = (n1, 0, n — ny)
can be easily computed from D or D. For simplicity we will say that in this case the
interval matrix [D] has n; negative eigenvalues and n — n; positive ones keeping in
mind that we only consider the symmetric matrices in [D].

For regular point matrices [A] = A a failure due to (7.6.8) cannot occur in exact
arithmetic since then zero is an eigenvalue of [D] = D contradicting ind(4) = ind(D).
Therefore, for regular interval matrices [A] of small width one can expect that (7.6.8)
is never fulfilled.

Now we want to outline the algorithm of Behnke for computing bounds of (7.6.1).
It starts with approximations of eigenpairs, computes from them rough bounds for
the cluster, associates with the problem a smaller generalized eigenvalue problem,
encloses the eigenvalues of the new problem by means of bisection and the Modified
Algorithm of Bunch, Kaufman, Parlett and derives bounds from them for the individ-
ual eigenvalues of the cluster. The details read as follows; they will be commented
afterwards.
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Approximations of eigenpairs.

Compute approximate eigenpairs (X,-1, A1)y ooy (Rse1, Ase1) Of the eigenvalue
problem (7.6.2) by your favorite software (for instance MATLAB) assuming (7.6.1)
and (7.6.3) for the eigenvalues and approximate B-orthonormality for the eigen-
vectors. W.1.o.g. assume

Ars1 +0.01|A,_1] < A, ifr>1, (76.12)
As < Agp1 — 0.01|Ag,1| ifs < n, (76.13)

with obvious slight modifications here and in the sequel if A-1 =0o0r A,y = 0.

Rough lower bound a of the cluster.
If r = 1 then choose a = Ay = 0.005|A4]
else choose
a=A,_1 +0.005|A,_1] (7.6.14)

(again with an obvious modification if A,_; = 0) and assume that a is not an eigen-
value of (7.6.2). Notice that (7.6.13) and (7.6.14) imply A,_; < a < A,. But this does
not mean that A,_; < & < A, is fulfilled automatically, since A,_1, A, in (7.6.13),
(7.6.14) are only approximations of eigenvalues. The same holds for a in the case
r = 1. Apply the Modified Algorithm 7.6.1 of Bunch, Kaufman, Parlett to the matrix
[C] = A - aB using machine interval arithmetic. Check whether the resulting block
diagonal matrix [D] has r — 1 negative and n - (r — 1) positive eigenvalues; if not,
change a appropriately and redo the test, or stop with failure.

Sylvester’s law of inertia and Theorem 1.8.21 guarantee a < A, respectively a €
(Ar—l > Ar) .

Rough upper bound « of the cluster.
If s = n then choose @ = A, + 0.005|A,]
else choose
@ = Asy1 —0.005]Asy1 |

(again with an obvious modification if A, = 0, respectively A5, = 0) and assume
that a is not an eigenvalue of (7.6.2). Apply the Modified Algorithm 7.6.1 of Bunch,
Kaufman, Parlett to the matrix [C] = A — aB using machine interval arithmetic.
Check whether the resulting block diagonal matrix [D] has s negative and n — s
positive eigenvalues; if not, change a appropriately and redo the test, or stop with
failure.

By the same reason as in step (2), we obtain A, < &, respectively a € (As, As41)-

Spectral shift and smaller eigenvalue problem.
Let k=s-r+1andchooseje {r,r+1,...,s}. Define

j
w=x, ..., uk=x, U=@!,...,ub.
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()

Compute & using upward rounding and @ using downward rounding.
Define [B] = B and use machine interval arithmetic to compute

[A] = A - A;[B].

Fori=1,...,k compute [y]' = [A]u!, solve the interval linear system Bv' = [y]!
by your favorite interval method, for instance by means of the interval Gaussian
algorithm, and denote the solution by [v]i.

Compute the k x k interval matrices

[4]o = (W)'[BIW) = UT[BIU, [Al: = (w)lyY) = UT[A]L,
[A]y = ((W1HT1yY) s UT(AB1A)U, A=AT ¢ [A], (76.15)
and consider the smaller generalized interval eigenvalue problem
[A]1x = T[A]ox (76.16)
inthecaser=1ors =n,and
([Al2 — a[A]1)x = T([A]1 — a[A]o)x (7.6.17)
in the case 1 < r < s < n. Both include the corresponding point problems, i.e.,
UTAUx =tU"BUx, A=AT €[A], (76.18)
in the first case and
{UT(ABA-ad)Ulx=T{UT(A-aB)Ulx, A=AT c[A], (76.19)
in the second one.
Upper bounds for A;,i=r,...,s.

Case r = 1: Compute enclosures [1]q, ... [T]x for the eigenvalues of all general-
ized eigenvalue problems contained in

[A]1x = T[A]ox. (7.6.20)

To this end choose a starting interval which encloses all eigenvalues of
(7.6.20). Bisect it repeatedly and apply the Modified Algorithm 7.6.1 of Bunch,
Kaufman, Parlett to [A]; — T[A]o, where 7 is the parameter to be replaced by
the bisection values.
Caser > 1: Choose a = & in (7.6.17).
(a) Test whether each symmetric matrix in [C] = [A]; — a[A]o has only posi-
tive eigenvalues. To this end check, for instance, whether

k
cii > ) llclyl (76.21)
j=1
j#i
holdsfori=1,...,k, and use Gershgorin’s theorem. If this is not the case

then stop the algorithm with failure.
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(b) For each fixed index i € {1, ..., k}, compute a common enclosure [T];
for the eigenvalue 1; of each generalized eigenvalue problem contained
in (7.6.17). Do this as in the case r = 1 via bisections and the Modified
Algorithm 7.6.1 of Bunch, Kaufman, Parlett, applied to ([A], — a[A]1) —
T([A]1 — a[A]p), where T is again the parameter which is replaced by the

bisection values.
Test whether & < 11; if not, stop with failure.
In both cases define A, = /i]' FT1, .y A= /ij + Tk using upward rounding.
(6) Lower boundsfor A;,i=r,...,s.
Let v/ = -7.
Case s = n: Compute enclosures [7]], ... [T];( for the eigenvalues of all general-

ized eigenvalue problems contained in
~[A]1x = T'[A]ox

analogously to step (5) and let [7]; = —[7]},, ;,i=1,..., k.
Case s < n: Choose a = & in (7.6.17).

(a) Test similarly as in step (5) whether each symmetric matrix in [C] =
—([A]1 — a[A]p) has only positive eigenvalues. If this is not the case, then
stop the algorithm with failure.

(b) Foreach fixed index i € {1,..., k} compute a common enclosure [T]lf for
the eigenvalue 7] of each generalized eigenvalue problem contained in

([A]2 - alA])x = T'{=([A]1 - a[A]o)}x.

Do this via bisections and the Modified Algorithm 7.6.1 of Bunch, Kauf-
man, Parlett, applied to ([A], — a[A]1) + T'([A]1 — a[A]p), where 7' is
again the parameter which is replaced by the bisection values. Let [1]; =
~[T)}y1»i=1,..., k, asin the case s = n.
Test whether Ty < 5; if not, then stop with failure.

In both cases define A, = }Ij +T1yeees Ag = /Tj + Tk using downward rounding.

Theintervals [A];,i=1,...,s, constructed with the bounds in steps (5) and (6) enclose
the eigenvalues (7.6.1) of the cluster. O

We will comment on the individual steps of the algorithm.

Steps (2), (3). Machine interval arithmetic is applied in order to guarantee a ¢
Ar-1,Ar) and @ € (As, Asy1).

Step (4). Notice that & is computed with upward rounding. It can also be computed
with machine interval arithmetic using the upper bound of the resulting interval. A
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similar remark holds for the computation of @ using downward rounding, and the
lower bound, respectively. Based on machine interval arithmetic the matrix [A] will
normally not be a point matrix but only an enclosure of A — /TjB, and a similar remark
holds for [y]’ and [v]'.

Step (5). We first start with some general remarks. Since the eigenvector approx-
imations %; are nearly B-orthonormal, the matrix Ag = UTBU is approximately
the k x k unit matrix I. Moreover, with (7.6.2) and with the diagonal matrix D; =
diag(Ay, . . ., As) = AjIx we get
Ay = UT(A - A;B)U = UT(BUD, - BUA;)
~D) - ;le k>
A, =UT(A-A;B)B™Y(A - A;B)U
~ ((A - A;B)U)" B 'BU(D; - A;Iy)
~ (BU(D; - A1) UMD - iTi) = (Dx - iTi)?,
C=A; - &Ag =~ Dy~ Ajlx — (2 = A)Ix = Dy — aly = O.
Therefore, the corresponding interval matrices in step (5) are approximately of the
same type. In particular, they can be expected to be nearly diagonal and [C] to be
positive definite. This facilitates the application of Gershgorin’s theorem. In this con-
nection the right-hand side of the Gershgorin test (7.6.21) must be computed carefully
using for example the abs-function of INTLAB, summing up the intervals abs([c];;)
and using the upper bound of this sum.
Case r = 1: We have to compute an initial enclosure [7] for all eigenvalues T of all

generalized eigenvalue problems (7.6.18) with A = AT € [A]. To this end we transform
(7.6.18) equivalently into the standard eigenvalue problem

(UTBU Y (UTAU)x = 1x (76.22)

and notice that 7 is real according to Theorem 1.8.20. We solve the k interval linear sys-
tems [A]oz = ([A]1)+,j,j=1,..., k, for instance with the interval Gaussian algorithm,
and denote the corresponding solutions by [z];. The matrix [H] = ([z]1, ..., [2z]x) €
IR**k encloses the matrix in (7.6.22) for all A € [A]. Hence

(7] = [=II[H]LN, IIEH]

is an enclosure for T in (7.6.18) and (7.6.22) for an arbitrary matrix norm | - | and any
A=AT ¢ [A].
Another enclosure is given by
k _ k
[r] = [miin(hﬁ - _Zumm), mgm(hﬁ + Zuh]m)]
j=1 j=1
j#i j#i

as Gershgorin’s theorem shows, applied to the matrix in (7.6.22).
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Now inflate the enclosure [7] slightly to some interval 73, T;] which contains [7]
in its interior so that 75, 7; are certainly not eigenvalues of (7.6.18). Put [15, T Jona
list L and start the bisection process.

Assume that at some stage of the bisection process the list L contains at most k
intervals [T;;, T;‘M], 0 < ij < ij41 < k, with the following three properties which are
certainly satisfied for the initial interval [, T;].

(1) The bounds ‘r;“j s TZ ., are not eigenvalues of (7.6.18).
(2) Theinterval [7, TZ_ ] contains exactly i; eigenvalues of (7.6.18).
(3) Theinterval [7§, T;‘M] contains exactly ij,1 eigenvalues of (7.6.18).

Then in [T;, Tlf‘m] there are exactly ij,1 — ij eigenvalues of (7.6.18).

The bisection process proceeds as follows:

Fetch some interval [‘r;“j, T?‘M] from the list L and compute the midpoint 7* =
(T;; + T;;_ " )/2. Apply the Modified Algorithm 7.6.1 of Bunch, Kaufman, Parlett to [A]; —
T*[A]o and assume that it terminates regularly. Then zero is not an eigenvalue of
UTAU - t*UTBU for A = AT ¢ [A]. Let n* be the number of negative eigenvalues.
By virtue of Theorem 1.8.21, the interval [7§, T*] contains exactly n* eigenvalues of
(7.6.18).

If n* = ij, then the interval [Tl-*]_ , T*] does not contain an eigenvalue of (7.6.18) and
can be deleted. In this case redefine T; =1* and put [Ti*]_, T?_H] back into the list.

Similarly, if n* = ij,1, redefine T;*j o= T* and put [T;‘)_ , T;;_ +l] back into the list.

If ij < n* <ij,1, thelist contained less than k intervals before the present bisection
took place. Define 7}. = 7* and put the two intervals [TZ, ], [T TZH] back into
the list.

In each of the three cases the new interval bound 7* is not an eigenvalue of
(76.18), and all three properties are fulfilled for each interval which is put into the list.

Run cyclically through the list in order to bisect all intervals before bisecting some
interval again. Stop the bisection process if the length of the intervals are sufficiently
small. If ij,1 = ij + 1, then the interval [T;;, T;“M] contains exactly one eigenvalue
which, in addition, is simple. Notice that multiple and nearly multiple eigenvalues
induce ij,q > ij + 1.

Having finally enclosed the eigenvalues 7; by intervals [1];, i = 1, ..., k, Corol-
lary 1.8.24 guarantees A; — /ij < Ti, hence A; < /ij + T;, for the eigenvalues A; of the
original eigenvalue problem (7.6.2).

Notice that the case r = 1 can also alternatively be treated like the succeeding case
r>1.

Case r > 1: First we remark that the test in (a) ensures the applicability of Theo-
rem 1.8.21 to the interval eigenvalue problem (7.6.17), necessary for the bisection pro-
cess in part (b). In fact, by virtue of the positive eigenvalues it guarantees that each
symmetric matrix out of [A]; — &[A]o is positive definite.

Since we need an initial enclosure of all eigenvalues of (7.6.19), we choose [1] =
[a, @] as a trial and check similarly as above by means of the Modified Algorithm 7.6.1

*
n*»
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of Bunch, Kaufman, Parlett whether the the symmetric matrices in ([A], — &[A]1) -
@&([A]1 — a[A]o) have only positive eigenvalues and those in ([A], — &[A]1) — 5([A]1 -
a&[A]o) have only negative ones. Then Theorem 1.8.21 guarantees that all eigenvalues
T of (7.6.19) are greater than & and less than @&. Success for the first check is expected
since
UT(AB*A - aA)U - aUT(A - aB)U = UT(A - aB)B™*(A - aB)U

is a symmetric positive definite matrix if A = AT, if U has full rank, and if « is not an
eigenvalue of A — aB. The second check could succeed based on the following heuris-
tics. Corollary 1.8.23 (b) with a = &, g = k, i = k guarantees that (&, Tx] contains at
least k eigenvalues of Ax = 7Bx. Therefore, Ar_14i — 7\,- <Tk,i=1,...,k, musthold.
In particular, i = k implies A5 — 7[,- < Tk. Since As - /i,- < @ also holds the trial 7 = @
seems to be appropriate. If the check fails, increase T or stop.

For an initial enclosure [7T] one can, of course, also proceed as in the case r = 1
with [H] being modified correspondingly.

The bisection process is realized as in the case r = 1. Corollary 1.8.23 implies

@< Ar14i = Aj < T (7.6.23)

In practice we computed & using upward rounding so that, for instance, & < A, — A;
cannot be guaranteed in machine arithmetic. If this inequality does not hold, then the
index r — 1 + i must be increased in (7.6.23), but by virtue of the increasing order of the
eigenvalues A; the original right inequality in (7.6.23) still remains true. In addition,

Q<Ar_1+iS?i+/1j, i=1,...,k,

is guaranteed because we used upward rounding when computing 7; + /ij . This round-
ing can be realized in practice as in step (4) using interval arithmetic.

The test & < 71 should work if A,_; and A, are well separated. It is necessary if one
uses an initial enclosure [7] # [4&, ).

Step (6). The remarks for step (5) are similarly valid for step (6).

Case s = n: The algorithm for the case r = 1 in step (5) can be applied to the interval
eigenvalue problem —[A];x = 7'[A]ox with 7’ = -7, hence 7; = -1}, ; and [7]; =
—[1] ;( +1-;- At the end, Corollary 1.8.24 guarantees that there are at least k + 1 - i
eigenvalues —(A - Aj) < T}, ;= —T; or, equivalently, A, - A; > 7;. Therefore, A; + T;
is alower bound for the eigenvalues Ay = As, Ap—1 =As-1, . . s Anr1—(k+1-i) = As—k+i =
Ay—1+i, in particular, for Ay_14;.

The case s = n can alternatively be treated in the same way as the case s < n.

Case s < n: In order to apply Theorem 1.8.21 and Corollary 1.8.23 we must rewrite
(7.6.17) as

([A]l2 = a[A]1)x = (-T){=([A]1 - a[A]o)}x. (7.6.24)
By conclusions similar to those in step (5) we get C=—(41 - EAO) ~—(Dy - al )>0,
i.e. C can be expected to be symmetric and positive definite. The latter is guaran-
teed for each matrix C € —([A]; — @[A]o) by the test in (a) and led us to (7.6.24).
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With 1/ = -7 we can apply the algorithm for r > 1 to (7.6.24), where now -a plays
the same role as a previously. This implies [7]; = —[T];( +1;asinthecases=n. O

We comment on the algorithm for the particular case of a simple eigenvalue A, = A5. To
this end, let X be an approximation of an eigenvector x" associated with the eigenvalue
Ay of Ax = ABx. Assume that % is normalized by x”x = 1. Let A, be an approximation of
A, and compute the matrices in (7.6.18), (7.6.19) with U = X ¢ R". Then [A]o, [A]1, [A], €
IR™1, hence x in (7.6.18), (76.19) is in R! \ {0} and can be deleted by division. Thus

TG@=[T] inthecaser=s=1orr=s=n, (7.6.25)
(Ao
and (A, - alA]
2 — A .
— — — =T inthecasel <r=s<n, 7.6.26
Al —alAl, ") (76.26)

which are initial enclosures of the eigenvalue 7 in (7.6.18), and (7.6.19), respectively,
as required above. After a slight inflation of [7] to [7(), T]] the bisection process in
step (5) of the algorithm is very much simplified: if in the case r = s = 1 the interval
[A]1 — T*[A]o contains zero, the algorithm must stop with lack of decision. If it lies
left of zero, then redefine 7] = 7* otherwise 7 = 7, and put the smaller new interval
[75, T1] backinto the list. Proceed analogously with ([A], — &[A]1) — 7*([A]1 — &[A]o)
in the case 1 < r < n. The bisection process in Step 6 is done analogously.

We illustrate Behnke’s algorithm by his example in Behnke [67]; cf. also Gregory,
Karney [122].

Example 7.6.2. Define the 18 x 18 matrices A, B by

0 if(i+j)=0 mod 19,

aj=4 1 if(i+j)#0 mod 19and (i+j)=k*> mod 19 forak e N,

-1 otherwise,

and
(1 ifi=j,
bij =14 10°% if|i-j =3,
| 0 otherwise.

The matrix A has only the entries —1, 0, 1. The value 1 occurs for
i+je{4,5,6,7,9,11,16,17,20, 23, 24,25, 26, 28, 30, 35, 36}; (7.6.27)

see Exercise 7.6.1. It can be shown that A has the eightfold eigenvalues ++/19 and
the simple eigenvalues +1. The matrix B is an approximation of the identity matrix.
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Therefore, it is not surprising that the eigenvalue problem Ax = ABx has two clusters
of eigenvalues:
M <sAg<Adg < Ag <A €440 < Ags.

We programmed in INTLAB using MATLAB’s function eig in order to get approxi-
mations of eigenpairs of (7.6.2). We computed the cluster indices r, s according to
(7.6.12), (7.6.13), i.e., we started the cluster with r if (7.6.12) was fulfilled, decided that
Aiyi=r+1,r+2,... belonged to this cluster as long as Aic1 + 0.01|A;_1] > A; held
and stopped the cluster with i = s if (7.6.13) was fulfilled for the first time. We used a
mask vector m oflength n in order to characterize the cluster pointsby m(r +j)=j+ 1,
j=0,...,s—rand ‘isolated’ approximations A; by m(i) = 0. We followed the algorithm
through the steps (2)-(4) using the interval Gaussian algorithm for the enclosures [v]i.
For the initial enclosure [7] of the steps (5) and (6), we used Gershgorin intervals in
the cases r = 1 and s = n, and [1] = [&, E] otherwise. After 28 cycles of bisections
we stopped the algorithm since for further cycles the stopping criterion (7.6.8) held
partially. The diameter of the enclosures of the eigenvalues were then about 107°,
the enclosures [A]; themselves were pairwise disjoint so that we could improve 7 by
(7.6.25) and (7.6.26) with a shift of mid([A];) for [A]1, [A],, with the eigenvector ap-
proximations from step (1) of the algorithm, and with a, a, a, @ as in the steps (2)—(4)
there. The result is listed below. In view of MATLAB’s machine precision it is quite
satisfactory.
A1, -A1g € [-4.358 906293 914 3} ]

A2, ~A17 € [-4.358 904 905 898 5§ |
A3, —A16 € [-4.358 903 409 616 4; |
A4, =A1s € [-4.358 900453991 22 ]
As, —A14 € [-4.358 898673 162 8]
A¢, —A13 € [~4.358 895813 10052 ]
A7,-A12 € [~4.358 893709 5639 |
Ag, —A11 € [-4.358 89119506519 ]
A9, —A10 € [-0.999 99933333412 ].

Exercises
Ex.7.6.1. Let p > 2 be a prime number. Show that the squares of the numbers

0,1,...,(p - 1)/2 form - modulo p - already all squares k> mod p, k € N.
Use this result in order to prove (7.6.27).
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7.7 Verification of singular values

In this section we want to verify singular values o; of a rectangular matrix A € R™"
and the corresponding left and right singular vectors ui, v which are columns of the
orthogonal matrices U € R™™, V € R™™ of the singular value decomposition

A=vsuT (7.71)
as described in Theorem 1.7.10. Since (7.7.1) yields
Av o] in{m, n} (772)
) ) i=1,...,min{m,n 7.
ATy = ot

the vectors u’, v’ are eigenvectors of the symmetric matrices ATA € R™" and AAT ¢
R™™  respectively, associated with the eigenvalues ol.z as was already mentioned in
Section 1.7. In this respect one could use the methods in the Sections 7.2 and 7.3 to
enclose u', v’ and o7. Another way consists of considering the function

f' IRn+m+1 N ]Rn+m+1

defined by
Au - ov
fau,v,0)=| ATv - ou (7.7.3)
uTu-1

whose zeros (u*, v*, 0*), 0* # 0, contain a pair of singular vectors u*, v* associated
with the singular value ¢*. The singular vectors are normalized according to

wHTu* =1, wHv =1 (7.74)

which follows from the definition of f and from

Au* =o*v*, ATv* =o*u*,
whence 1 1
(U*)TU* — (U*)TFAM* - F(ATU*)TH* — (u*)Tu* =1.

For 0* = 0 the zeros (u*, v*, ¢*) of f do not necessarily fulfill (v*)Tv* = 1, since
obviously f(u*, 0, 0) = 0 for each right singular vector u* of A which is associated
with 0* = 0 and normalized by (u*)Tu* = 1. In order to force v* to be normalized by
(7.74) even in this case, one can start with the function

Au - ov

ATy -o'u

flu,v,0,0") = (775)

uTu-1
vTv -1
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repeating the steps to follow. The zeros of (7.7.5) trivially fulfill (77.4), and they also
satisfy o = ¢'. This latter equality can be seen from (7.7.4) and from

Au=o0v = viAu=o0vTv=o,

ATv=0'u = uTATv=0uTu=27".

Refer to Alefeld [11] for details.
Introducing approximations i, U, 6 and the differences

Au=u-u, Av=v-0, Ao=0-0

yields the fixed point problem

Au Au Au
Av | = g(Au, Av, Ao) = —Cf(i1, 0,6) +(I-CB)| Av |+ T| Av (7.76)
Ao Ao Ao

with the (m+n+ 1) x (n + m + 1) matrices

A -6In, -D 0 0 Av
B=|-61, AT -u], T=cC 0 0 Au |. (77.7)
2ul 0 0 -AwT o o

This follows analogously to Section 7.2 by preconditioning f with

—Ce IR(m+n+1)><(m+n+1)

adding ((Au)T, Aav)T, AU)T on both sides of the equation 0 = -Cf(u, v, 0), and evalu-
ating the right-hand side at the approximation (i17, 57 6)T. The series terminates after
the third summand of the expansion, hence g is a quadratic function as defined in
(71.1) with r = -Cf(d, U, 6), S =1 - CB, and with T = (¢;j) given by

Ci,m+j ifje{l,...,nfandk=n+m+1,
] Cij-n ifjefn+1,...,n+mlandk=n+m+1,
ijk = e
—Cimen+1 ifj=kefl,...,n},
0 otherwise,
i=1,...,n+m+ 1. Therefore, Theorem 7.1.1 yields a method and at the same time a

criterion for verifying solutions (u*, v*, ¢*) of the singular value problem. We replace
there the notation ¢ by ¢ in order to distinguish it from a singular value. Then with

p = ICf(@, 0, )lcos G =1~ CBloy, and7=]ICl-(1,...,1,1)" e

we get at once the following result.
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Theorem 7.7.1. With the notation above let

6<1, A=(1-06)*-4pT>0,
B~ =(1-6-VA)/Q2r),
Bt =(1-6+VA)/Q1). (77.8)

(@) IfB € [B~, B*], then g has at least one fixed point

Au* [Au]®
Av* | e R™™ 1 in | [Av]° | = [-B, Ble € IR™™L,
Ac* [Aa]°

If,inaddition, 0* =G+ Ac* +0,thenu* =i+ Au* e R, v* =0 +Av* e R™, 0" ¢ R
form a triple of a right singular vector, a left singular vector, and a corresponding
singular value such that the normalizations (7.7.4) are satisfied. The iteration

[Au]’”l
[Av] | = g ([aul, [AvIk, [A0l¥), k=0,1,..., (779)
[AO]k+1
[Aul*
converges to some interval vector | [Av]* | with
[Ao]*
Au* [Au]* [Aulk [Aulk-1 [Au]®
Avt el [av]* | | [Avlk | | [Av)e?t Jc---c| [AV]° |, keN.
Ac* [Ao)* [Ao]k [Ag]kt [A0]°
(7.7.10)
(b) IfB e [B~, (B~ +B*)/2), then g has a unique fixed point
Au* [Au]®
Av* |in | [Av]° | = [-B, Ble € IR™™*L,
AA* [Ao]°
and (7.7.10) holds with
[Aul* Au*
[Av]* | =| Av* |,
[Ao]* Ac*
i.e., the iteration (7.7.9) converges to
Au*
Av* . O
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As in Section 7.2, one normally chooses C =~ B~ so that 6 = 0. If the approximations
it, 0, 6 are sufficiently close to a solution u*, v*, ¢* # 0, the weighted residual r will
be small, hence the assumptions (7.7.8) of Theorem 7.7.1 will be fulfilled. Notice that
0 # 0 certainly holds if O ¢ 6 + [A0]° and that a similar theorem holds if g is based on
(7.7.5).

As we are going to see by the subsequent Theorem 7.7.2 and by continuity argu-
ments, the inverse B~ certainly exists if the approximations i, 0 of the singular
values u*, v* are not too bad and if the corresponding singular value ¢* is simple,
i.e., ifit is a simple eigenvalue of the matrix ATA. We already noticed that the columns
ul,i=1,...,min{m, n}, of the matrix U from (7.7.1) fulfill

ATAY = (a7) ', (7.711)

with o7 being the i-th singular value. Therefore, because U is nonsingular, a singular
value ¢* # 0 is simple if and only if it occurs only once in the matrix ¥ whence, by
virtue of

AATY = (07)?v!, v':i-th column of

a simple nonzero singular value is also a simple nonzero eigenvalue of AAT and vice
versa.

We are now ready to prove the following theorem on the simplicity of singular
values.

Theorem 7.7.2. Let 6* # O be a singular value of A € R™", Then ¢* is simple if and
only if the matrix

A -o*I, -v*
B* = —O‘*In AT —u* € ]R(m+n+1)x(n+m+1)

2T o 0
is nonsingular with u*, v* denoting a right and a left singular vector of A, respectively,

associated with * + 0.

Proof. The idea of the proof is already contained in the proof of Theorem 1.8.3. Let
o* # 0 be simple and assume B* to be singular. Then there is a vector

1

z=| 22 withz! e R", 22 e R™"and 2z’ € R

such that z + 0 and B*z = 0. Hence

Az' - 07 2% = Z'v*, (7.712)
ATZ2 — g%zt = Z'u*, (7.713)
Wzt =o. (7.714)
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If 2’ = 0, then
ATAzl - O.*ATZZ - (0.*)221

whence, by the simplicity of o*, we have z! = au*. Therefore, (7.7.14) implies z! = 0,
and (7.712) together with o* # 0 yields z2 = 0, contradicting z # O.
If z/ + 0, then we get from (7.7.12), (7.7.13)

ATAzl _ (O.*)Zzl _Zlo.*u* :Z’ATU* :Zlo.*u*

hence
(ATA - (0%)21,)z' = 22/ 0™ u™.

Multiplying this equation with ATA — (¢*)?I, and taking into account (7.7.11) shows
that z! is a principal vector of degree two for the symmetric matrix ATA which is im-
possible since ATA is diagonalizable. Therefore, B* is nonsingular.

Assume now, conversely, that B* is nonsingular and ¢* # 0 is a multiple singular
value. According to the discussion preceding Theorem 7.7.2, * occurs multiply in X,
whence there is a second pair @i € R", U € R™ of singular vectors, associated with o*.
With (7.7.2) and by the orthonormality of U, V this yields the contradiction

(@97, @"7",0)B*
=(@)"A-o* @), @)'A" - @), -@) u* - @) v*)=0. O
We finally remark that A can again be replaced by interval matrices [A] € TR™" and
that the complex case (cf. Chapter 9) can be handled analogously.

The subsequent example which we borrowed from Alefeld [11] illustrates the effi-
ciency of the method described in Theorem 7.7.1.

Example 7.7.3. We want to enclose the largest singular value o, of the 5 x 3 matrix

1 6 11
2 7 12
A= 3 8 13
4 9 14
5 10 15

with the approximations ¢; = 0.351 272233 - 102,

0.354557 057

0.201 664911 0.398696 370
u=| 0.516830501 |, U={ 0.442835683
0.831996 092 0.486 974996

0.531114309
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With C = B~ (cf. the paragraphs following the proof of Theorem 7.2.1 for a discussion
of this choice) and a computation in INTLAB similar to Section 7.2 we got

01 €[35.127223333574.0],

[0.354557 057037 63 ]
[0.201664911192/7 ] [0.398696369 99881 |

u* e[ [0.51683050139235]1 |, and v*e| [0.4428356829599;]
[0.83199609159197] [0.486 974995921117
[0.53111430888223]

The stopping criterion (5.5.27) according to Remark 5.5.2 was fulfilled for k = 4.

7.8 An inverse eigenvalue problem

The inverse eigenvalue problem which we want to consider in this section consists in

finding n real numbers c¢;, i = 1,.. ., n, such that the matrix
n
A(C)=Ao+ ) cidi, c=(c)€eR", (7.8.1)
i=1
has prescribed eigenvalues
A <A; <o <A (7.8.2)
for ¢ = c¢* =(c}).Here, A;,1=0,..., n, are given symmetric n x n matrices such that

A(c) = (A(c))T holds. The problem arises — among others — if one wants to find the
spring constants c; in a spring-mass-wall device sketched in Figure 7.8.1, where the
eigenfrequencies of the system and one single spring constant, for instance cgp, are
given.

Co 51 &) Cp-1 Cn

Fig. 7.8.1: A spring-mass-wall device.

The situation is made clearer in the following example.

Example 7.8.1. Let n masses m; be coupled by springs on a straight line and by two
rigid walls standing in parallel as is indicated in Figure 7.8.1.
By Hooke’s law and by Newton’s second law, the system is described by

Bx(t) = -Ax(t), x(t) = (xi(t)) e R"
X(to) = Xo (78.3)

X(to) = Xo
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with x;(t) denoting the distance of the i-th mass from its equilibrium position at the
time ¢, with the mass matrix

B = diag(my, ..., my) € R™"

and with the symmetric n x n matrix

Co +C1 —C1
—C1 C1+C —-C2 0
—C2 Cy +C3 —C3
A=
0 —Cn-2 Cpn-2+Cn1 —Cp-1

—Cn-1 Cn-1+Cn

in which c; are the above-mentioned spring constants. The vectors xo and xo are the
initial values for the displacement x and for the velocity x. A fundamental system of
(7.8.3) is given by

[X(O) | x(t) = vt cos(\Ait) or x(t) = v sin(\|Aib), i=1,...,n}.

It satisfies
A;Bv! = Av'. (7.8.4)

Asis well known, /A; are the eigenfrequencies of the oscillating system. We will intro-
duce a matrix of the form (7.8.1) into (7.8.4). To this end let B = diag(\/mzy, ..., \VMp),
wi = B2v!, and define the symmetric n x n matrices H?, 1 =1, ..., n, by

h(o)_ Co 1fl=]=1
v 0 otherwise

1 ifi=je{l,l+1}
WD =4 1 i) el l+1), A+ 1,0} p, I=1,...,n-1,

0 otherwise

h(n) _ 1 lfl =j =n
0 otherwise

With B~ = (B2)™1, equation (7.8.4) can be written equivalently as

n
Aw! =B 2AB 1w = (B-%H“’)B-% +Y B HOB )wf
=1

which is (7.8.1) with the symmetric matrices A; = B~z HOB"7 . O
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In order to find a verified solution c* € R" of the inverse eigenvalue problem we start

with the function
2 (78.5)
’ c— Alc) - A* o

where A(c) = (A;j(c)) is the vector whose the components are the eigenvalues of A(c),
ordered increasingly like the components of A* = (A]) = A(c*); cf. (7.8.2). If we assume
for the moment that c* exists, then, by Theorem 1.8.2 (b), there is certainly a neigh-
borhood U* of ¢* such that for ¢ € U* the eigenvalues of A(c) are simple and can
therefore be thought to be ordered as required. This neighborhood has been chosen in
(7.8.5) to define f. Trivially, the zeros of f are just the solutions of the inverse eigenvalue
problem.

We want to apply Newton’s method to obtain an approximation of ¢*. To this end
we express the Jacobian f' of f by means of the given matrices A; and by the eigen-
vectors xi(c) of A(c), associated with A;(c) and normalized by

(X'(©)) xi(c) = 1. (7.8.6)

Ir_1 order to avoid ambiguity, we think of sign(x::0 (c)) being fixed for some component
xi.o(c) of x!(c), for instance, ig = n. Although Theorem 7.2.1 (b) was proved assuming
the normalization x, = 1, it is easy to see that its assertion also holds in the present
situation. By virtue of the simplicity of A;(c) one only has to consider

*

where x* is the eigenvector from Theorem 7.2.1(b); cf. also Exercise 1.8.12 and Exer-
cise 7.2.3. Multiplying

with x; =1,

A(c)X'(c) = Ai(0)x'(c)
by (x!(c))T from the left and taking into account (7.8.6) yields

()" A(e)xi(c) = Ai(c).

Differentiating both sides with respect to ¢; results in

i T
agic(jc) - a(xa(cj)) A()xi(c) + (xi())" 4; X(c)
oxi(c

uﬂm%mac
]

T oxi(c)
aCj ’

= (x'(0))"4; X!(c) + 2i(c) (X ()

Differentiating (7.8.6) with respect to c; yields

roxi(c) _
aC]' -

2(xi(c)) 0,
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thus A
i) _ ()" - 4; - xi(0). (7.8.7)
()Cj

Given c, the vectors A(c) and xi(c), i=1,.. ., n, can be computed approximately using

for instance MATLAB. Therefore, the matrix and the right-hand side of the Newton
equation
((xi(c"))T -Aj -xi(c")) (e — by = —(A(ch) - 1%) (7.8.8)

are known at least approximately; hence the Newton iterate ck*! can be computed
from (7.8.8). Stopping the iteration and verifying c¢* can now be done following the
lines of Alefeld [18] or the final part of Section 6.3. In the verification step, f(¢) has to
be enclosed by a tight interval vector, i.e., the eigenvalues of A(¢) have to be enclosed
by one of the methods described in Sections 7.2, 7.3, or 7.6. In addition, an enclosure of
f'(c) isneeded with ¢ varying in an interval vector [c]. This means that the normalized
eigenvectors xi(c), ¢ € [c] have to be enclosed. Again, the methods in the Sections 7.2,
7.3, or 7.6 can be applied, this time on the interval matrix A([c]) = Ao + Y1, [cliA;
showing that enclosure methods are also needed for a whole set of point problems
and not only for a single one.

The following numerical examples are taken from Alefeld, Gienger, Mayer [22].
There it is proved that the inverse eigenvalue problem can have several solutions, a
phenomenon which has already been remarked on in Friedland [101].

We reprogrammed both examples in INTLAB. To this end we store the matrices
Aij,i=1,...,n,in a cell array and proceed similarly as in Example 6.3.9 using the
Newton method (7.8.8) and its stopping criterion (6.3.47). The eigenpairs in (7.8.8) are
computed approximately using MATLAB’s function eig (. ) . At the end we get an ini-
tial enclosure [x] = [c] for c* via (6.3.40) which we verify by means of (6.3.42). For
the computation of the Krawczyk interval vector [x]g = [c]x we make the following
remarks:

We use X = ¢ and the approximate inverse C = Cg of f'(¢) instead of f'(co1q),
where co)q denotes the next to last iterate of the Newton method. We compute Cg in
MATLAB via (7.8.7) as Cx = (x'(¢))T Ajx'(¢)) \ eye (n) . Since c¢* is unknown, we have
to replace A(c) in (7.8.1) by the interval matrix [A]. = A([c]) and, correspondingly, we
need enclosures (x'([c]), Ai([c])), i =1, ..., n, for the i-th eigenpair of all matrices
A € [A]c. To this end we use the Krawczyk-like method in Section 7.2 and proceed
similarly as for the examples there. But notice that we have to replace the point matrix
A now by the interval matrix [A]. and we have to take into account the normalization

xTx=1 (7.8.9)

instead of x,, = 1. We choose the appropriate eigenpair #,A),i=1,...,n, fromthe
MATLABresult eig (Ac), sorting the eigenvalues A = A; ascendingly and normalizing
the eigenvectors x = &' by (7.8.9) and )21,1 >0.Foreachice{1,...,n}thefollowing steps
have to be done:
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For the matrix B in (7.2.20) (used for the approximate midpoint inverse C = Cewp
and the number o in (7.2.26)) we have to substitute the row vector (e™)T by 2%, and
the same vector in (7.2.5) by (2% + Ax)T. The value f(%, A) is now the interval vector

([A]c;( - jf() c ]I]Rn+1
0

(44

for p in (7.2.26). The number 7 there is redefined by 7 = [|Cewp(1, ..., 1, N7 o. We
verify the enclosure of eigenpairs via (7.2.8) and stop the iteration (7.2.9) when two
successive iterates coincide on the computer for the first time. With these enclosures
of eigenpairs we compute an enclosure of f’([c]) in (6.3.1) via ([x]'([c])TAjx!([c])) €
I[]RT[XH .

Having verified c* by [c]g < [c] we improve [c] using the Krawczyk method (6.3.2)
with the preconditioning matrix C = Ck as previously. We choose x* = &k = ¢k and
A([c]%) similarly as above. The remaining steps of the iteration are a copy of the com-
putation of [c]x with an additional final intersection as in (6.3.2).

which also replaces

Example 7.8.2. The matrices A; e R°**,i=0,...,5, are given by

6 1 3 -2 0 2 1 0 -1 1
12 2 0 4 1 0 -4 -1 O
Ao = 321 2 0 |, A = o -4 -2 1 3 |,
-2 0 2 -2 O -1 -1 1 0 5
0O 4 0 0 -3 1 0 3 5 -1
1 2 -3 -1 2 -1 2 1
2 -1 -3 1 O -1 1 0 -6
A= -3 -3 0 -2 2], Asz= o 1 -3 8 -3 |,
O 1 -2 0 6 2 0 8 6 -3
-1 2 1 1 -6 -3 -3 4

The eigenvalues A} are prescribed by
A* =(-10,-5,-1, 4,10)".

As can be seen by a direct computation, the vector c* = (-3, 4, 1, 2, -1)7 is a so-
lution of the problem. It is verified when starting the Newton iteration with c® =

[vww.ebook3000.con}



http://www.ebook3000.org

7.8 Aninverse eigenvalue problem =— 403

(-2.9, 4.1,0.9,2.01, -1.01)T. With this iterative process we got the enclosure
[c] =(-3,4,1,2,-1)T +107'% . [-1, 1] - e.

For the Newton iteration we needed kypewton + 1 = 5 iterates, for the enclosure of eigen-
pairs kewp + 1 = 4 iterates, for the enclosure of c¢* finally k.- + 1 = 3 iterates. Starting
with ¢® = (10, 10, 10, 10, 10)T yields

[-3.87904956418372]
[ 4.305375937 4290811
[ 0.7290629537353]]
[ ]
[ ]

[c]
1.682982 63258351
-1.092532116 503 97
which means that

-3.8790495641837...

4.305375937429 ...
c**=| 0.7290629537353...

1.682982632583 ...
-1.0925321165039...

is another solution of the problem. Here we got knewton = 11, kewp = 3, ke =2. O

Our second example originates from Friedland, Nocedal, Overton [102], where an ap-
proximation of ¢* has been derived.

Example 7.8.3.
0 4 -1 1 1 5 -1 1
4 0o -1 2 1 4 -1 2
-1 -1 0 3 1 3 -1 3
1 2 0 1 2 -1 4
Ap =
1 1 1 1 0 1 -1 5
5 4 2 1 0O -1 6
-1 -1 -1 -1 -1 -1 0o 7

1 2 3 4 5 6 70
Ai=eDeMT  i=1,...,8, A*=(10, 20,30, 40, 50, 60, 70, 80).

Notice that A(c);; = ¢;, i=1, ..., n, while A(c);j = (Ao);j for i #j.
Starting with ¢ = (10, 20, 30, 40, 50, 60, 70, 80)T yields

[11.907 87610247273 ]
[19.705521508089; |
[30.545 498 1869770, ]
[40.062 657 488 448 08 |
[51.587 14029072557 ]
[64.7021314321795 |
[70.170 67582089175 |
[71.31849917021335 |
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with knewton = 5, kewp = 3, k¢+ = 4, similar to Example 7.8.2.
Starting with ¢° = (-10, -10, -30, =30, -50, =50, =70, =70)7 results in

[11.46135429773865]
[78.88082936085435 ]
[68.353399 6028515, ]
[49.8783304117466] |

C|= s
[c] [59.168917 8333923} |
[30.410470 147 540%; ]
[24.8343240143863; |
[37.0123743314903% |
with knewton = 5, Kewp < 4, ke» = 7. O

Exercises

Ex. 7.8.1. Find examples like Example 7.8.2 for yourself and experiment with them.
Start for instance with an n x n symmetric diagonal block matrix A with 1 x 1 and
2 x 2 blocks such that A has n prescribed different eigenvalues A; . Then choose sym-
metric matrices A; € R™" and real numbers c;, i = 1, ..., n, arbitrarily and finally
adapt Ao such that A = Ao + Y, ¢iA; holds.

Notes to Chapter 7

This chapter is a revised and extended version of the author’s contribution ‘Result veri-
fication for eigenvectors and eigenvalues’ to the book Herzberger [144]; cf. pp. 209-276.
The reduction of many proofs to the crucial Theorem 7.1.1 was published by the author
in that book for the first time. But we emphasize that the underlying basic results have
different authorship — cf. the list below. In the present version of our contribution
we made some corrections and extensions, prepared some exercises, enlarged Sec-
tion 7.3 considerably, and added Section 7.6. Another overview on enclosure methods
for eigenpairs is presented in Mayer [207].

To 7.1: The results of this chapter on quadratic systems are completely contained in
Alefeld [13].

To 7.2: Most results of this section originate from Rump [311, 312]. Variants of the
method (partly with preconditioning from the right) and first verification and con-
vergence results are already contained in Krawczyk [171, 173] based on a paper by
Unger [354]. Theorem 7.2.7 goes back to Alefeld [10]. The examples are contained
in Mayer [210]. The eigenvalue problem for an interval matrix [A] as described in
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the beginning of Chapter 7 is mentioned (certainly not for the first time) in Alefeld,
Kreinovich, Mayer [32]. Predecessors are for instance Krawczyk [173] and Deif [81].
Complex eigenpairs are considered in Krawczyk [174] and Griiner [124]. A unified
approach to enclosure methods for eigenpairs was given in Mayer [209].

To 7.3: The idea of applying Jacobi matrices and the details of the method are due to
Lohner [193]. The application of Gershgorin’s theorem in combination with interval
analysis can already be found in Kref3 [176]. Using a Jacobi method in order to enclose
eigenpairs of Hermitian matrices is presented by Fernando and Pont in [94].

To 7.4: Double and nearly double eigenvalues are handled by Alefeld, Spreuer in [48]
whose results are presented in this section. For real symmetric matrices they can also
be handled by Lohner’s method described in Section 7.3; see also Kref3 [176].

To 7.5: The method for the generalized eigenvalue problem and the results on it are in-
troduced in Alefeld [14]. Another method in this respect is studied in Miyajima, Ogita,
Rump, Oishi [229].

To 7.6: Behnke’s method was presented in several papers, among them Behnke [65,
66, 67].

To 7.7: Enclosures for singular values are given in Alefeld [11], for singular values of
interval matrices in Deif [82]. Enclosures for generalized singular values are studied in
Alefeld, Hoffmann, Mayer [27].

To 7.8: Verification and enclosure in connection with the inverse eigenvalue problem
is considered in Alefeld, Mayer [36] and Alefeld, Gienger, Mayer [22].
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8 Automatic differentiation

Automatic differentiation is a technique to compute the value f'(xo) of the derivative
function f’ without knowing an explicit expression f'(x). The value is computed
directly together with the function value f(x(p) running through the formula tree of
f(x). Thus one starts with xo and constants c¢ together with the derivatives 1 and 0
of x and c, respectively, and builds up f(xo) together with f’(xo), applying the cor-
responding rules for the differentiation. This technique should not be mixed up with
symbolic differentiation, which can be found in algebra systems like MAPLE and
which computes an expression f’(x) of f' from that of f first and evaluates f'(x)
at xo afterwards. It also differs from numerical differentiation that only delivers an
approximation of f’(xo) using appropriate values of f.

There are essentially two modes to apply automatic differentiation: the forward
mode and the backward mode. The first can be easily understood while the second
needs fewer operations in some situations. Both can also be applied to functions
f: D =Dy cR™ > R" by computing g—g(xo),xo eD,forie{l,...,n},je{l,...,m}
separately in a similar way. It is easy to see that the interval arithmetical evaluation
3—2([)(]0) at an interval vector [x]° can be computed in the same way providing a
method to obtain the interval arithmetic evaluation f’([x]°) of the Jacobian f’ which
is used in Chapter 6. In addition, the technique can be generalized to compute the
Taylor coefficients ()i := f® (x0)/k!, k=0,1,...,p,of agiven function f: DCR — R,
which are used in particular methods for enclosing solutions of initial value problems
or boundary value problems. Here, one starts as above but supplements the first
derivative of x and ¢ by O for the higher order ones. We tacitly assume in the sequel
that all function values and derivatives exist without mentioning this explicitly. In
addition, we suppose in the whole chapter that f(x) is an expression from the set E
in Definition 4.1.2, or, equivalently, that f is factorable with a fixed factor sequence
Yo f L f™, ..., fS as in Definition 4.1.1.

8.1 Forward mode

In this section we describe the computation of the Taylor coefficients

~ f®(xo)

k= k! ’

k=0,1,...,p (xo € Df CR)

in the so-called forward mode. To this end we start with a trivial but fundamental
lemma which can be proved with elementary knowledge of calculus. Here and in the
sequel we interpret ((f);); always as

1 df%x0) _ 1 dfP()

1 ..
T = — = fG+)
T a0 W dd e g 0

(Hw)j =

DOI110.1515/9783110499469-009
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Lemma 8.1.1. For f(x), g(x) € E and fixed xo € Df N Dg < R we have

@ (1 =f"(xo0).

(B Ni = 1((N1)j_q-

(© (fog)1=(fo8)(x0)=((f">8)-8")(x0) = ((f' > &)o - (8)1, where o denotes the usual
composition of functions.

Based on Lemma 8.1.1 our next result shows how (f)x can be computed recursively for
the operations und functions occurring in E.

Theorem 8.1.2. Fork=0,1,..., p and « € R the following properties hold for functions
f,g:D >R, DCR.
(@ Nk = (P
(b) f + 8= P + (&)
() (f = 8k = Nk — (k-
k
(d) =Y N @y
j=0
k
(e) (flg) = ‘[(f)k - Z(g);(f/g)k_j} / (&0
j=1
k-1
= ‘[(f)k - Z(g)k—j(f/g)j} / (8o, if(g)o#0.
j=0
() (expfo = exp (Mo,
k-1 j
(exp i = 1- 2 ) (expfj(Ni-j
¢ ,ZO ( k) Ik

K .
=y %{(epr)k—j(f)j, k=1.
=1

(8) (Info = In(fo, (Inf)1 = (H1/No>
k-1 ;
(Inf)r = {(f)k -y %(lnf)j(f)k—j} [ (Do, k=2
j=1
(h) (sinf)o = sin(fo, (cosf)o = cos(No,
(sinf)x = ki <1 - i) (cos )j(Ni-j
= k ] ]
(cos i = —ki <1 - i) (sin f)j(Nj-
j=0 k
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i) (arctan f)o = arctan(f)o,

k-1
(arctan f)x = %{(}‘)k - % Zj(arctanf)j(l + ((f)o)z)k_l‘}, k>1.
j=1

+((No)

0 (f)i = (exp(g -InHx, if (Ho > 0.
k-1

(k) F% = { Y (a Ja 1)>(f“),(f)k-;} / o, if (o > 0.
=0

Proof. (a), (b), and (c) are obvious.
(d) The formula is trivially true for k = 0. Let it hold for some k. Then

() = 5 (D1(&)o + (Po@k

(f 8kt =
+
1 k
{ );((8)0)j + Z (M0);((®)1)s ,}
j=0 j=0
1 k
k i1 {Z(J + 1D)(Njr1(k—j + Z(k +1- ])(f)](g)kﬂ—]}
j=0 j=0
1 k+1
k+ 1 {Fl (f))(g k+1 )"’]Z(:) (k+1- ])(f))(g k+1 )}
) {(k + D(Prs1(8)o +]Zo(k * 1)(f)](g)k+1—1}
k+1
=Y - @ks1-
j=0
(e) With (d) we get

(f)k—( ) _io(g),< )_ (g)o( > Z(gh( )_,-
(g)0<£> + l(g)k]@)],

Jj=

hence (e) follows.
(f) From (expf)’ = (expf) - f' we get (exp )1 = (expf)o(f)1 which together with (d)
implies

((exp Ho(N1)s_4

| =

(exp ik = ((epr)1)l< 17

»I»—\ k‘lr—*
T

(exp (P TR Z(expf),(k NP

Il
o

_ %) (epr)j(f)k—j = Z (expf)k_](f)] k>1.

j= 1

[
~

Y g KR

A

~.
Il
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(g) From (Inf)’ = f'/f we get AInf)1 = (H1/(Ho and furthermore

(nfi= (A D1)y s = £ (D1/Do)

= Z(f)] )k11}/(ﬁo

k

1

k

‘[ kz (lnf)lklj}/(f)o
j=1

| =

1 ket
N - T (f)'(k—j)(lnf)k—j} / (No
j=1

k-1
{ Z }E(lnf)i(f)k—i} / (Do, k=2.

(h) From (sinf)’ = (cos )f’ we get (sinf)1 = (cos f)o(f)1 and with (d)
(sinf)x = %((sinf)l)k_1 = %((Cosf)o(f)l) )

k-1 1k1

1
= % cosf),((f)l)k =% Z(k J(cos fj(Ni-j

follows. The remaining part can be shown similarly.
(i) With (e) we get

(arctan f)x = %((arctan]‘)l)kf1 1 ((f)l/ (1+ ((f)o)z)) 1
e 00 L E O 00,00

1+ ((No
1 1
- m{(f)k - j:Oo + D(arctan i (1+((D0)) iy }
k-1

1 1
1 N ((]_)0) {(f)k - %

(j) is obvious.
(k) Equating the two representations

(fa+1)k — %(Oﬂ“l)l)k—l —

a+1’d

Z(f“)j((fh)k,l,]-

Z (arctanf)j(1+((f)o)2)k_j}, k>1.

(0

a+1k1

Z<’< DED D
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and
F* N = (F*Pr = 2(fa)j(f)kj
yields "
o = Ii:{—l 2 ;: Lk —J')}(f“)j(f)k—i
j=
and finally the assertion. O

Notice that we did not mention the functions f(x) = x*> and f(x) = +/x explicitly in our
list above as is done, for instance, in Fischer [97]. These functions are integrated in
f%(x), although it is recommendable to handle them separately when writing software
which uses automatic differentiation. For details we refer to Fischer [97].

In a practical realization of automatic differentiation and of automatic generation
of Taylor coefficients one can work with vectors v € RP*! with vyy1 = (Hk, k=0, ...,p.
An explicit formula tree or an explicit factor sequence of f need not be known by the
user. A separate data type (taylor, e.g.) and the possibility of operator overload-
ing are useful unless the operations for expressions in [E are renamed and applied
as functions or procedures such as plus, minus, etc. MATLAB provides such a pos-
sibility. One can also work with structures, in particular, if only f(xo) and f'(xo) are
required. Thus if the components of a structure are denoted by f.x for the function
value f(xo) = (f)o and f.dx for the derivative f'(x¢) = (f)1 one starts with x.x = xo,
x.dx =1 and c.x = ¢, c.dx = 0 for x and a constant ¢ in an expression f(x) € E, and
one builds up f(xo) and f'(xo) according to the rules in Theorem 8.1.2. As an illustra-
tion consider the following example.

Example 8.1.3. Let f(x) = (x + 5) sin(3x) be evaluated at x = xo = 7 using the factor
sequence f1(x) = x, f2(x) =3, f2(x) = f™(x) =5, f* (%) = fL(x) + P () =x + 5, f>(x) =
200 - f1(x) = 3 - x, f(x) = sin(f>(x)) = sin(3 - x), f7(x) = f5(x) = f4(x) - fo(x) = f(x).
Then

flx=x0=7, fl.dx = dft(xo)/dx =1,
fPx=3, f2.dx = df?(xo)/dx = 0,
fPx=5, f3.dx = df3(xo)/dx = 0,

fAx=flx+fx,  frdx=fldx+f>.dx,
Px=Ff*x flx, fo.dx =f2.dx-flx+f*x-fldx,
f0.x = sin(f° .x), fo.dx = cos(f’.x) - f°.dx,
ffx=f*x-fox, f7.dx = ft.dx-fo.x + f*.x - fO.dx.
Inspecting these formulae one recognizes at once that the values of fi.dx are constant

fori=1,...,m =3, and for i > m they depend linearly on previous values f/.dx,
j < i.In such a linear combination, at most two coefficients are nonzero and then of
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the form f/.x or ¢(f7.x), j < i, depending on the underlying operation: one coefficient
for a unary operation, two for a binary one. These coefficients can be expressed as
oft/of!. Therefore, if one defines the strict lower triangular matrix L € R7*7 and the
vector b € R’ by

off e s e
Iy = o ifj<i , by i 1, ifi=1
0 otherwise 0 otherwise

then the vector h = (f1.dx, ..., f7.dx)T satisfies the equation

h=Lh+b. (8.1.1)
Notice that the vector b contains the ‘starting values’ fi.dx, i = 1, ..., m, while the
corresponding rows of L are zero.Fori=m +1,...,s =7 the components b; are zero,

while the corresponding rows of L are zero with the exception of at most two entries.
The form of L indicates that the components of h can be computed in a forward way.
This justifies the terminology ‘forward mode’.
From (8.1.1) one sees immediately that h can also be computed as

h=(I-L)"'b, (8.1.2)
which will be the starting point for the backward mode in Section 8.2. |
For functions f: D ¢ R" — R a partial derivative ;—)’:j
formulae for the Taylor coefficients with p = 1 and

(x%) can be computed using the

1, ifi=j

(xi)o = X9,  (xi)1 = { i=1,...,n. (8.1.3)

0 otherwise '

Here again one can use vectors v to represent f(x°) together with Vf(x°) = grad(f(x°)),
choosing v € R™! with vy = f(x°) and vj,1 = 9f(x®)/0x;. A datatype like gradient
and the formulae
Vxl-ze("), i=1,...,n,
Vc=0e¢R",
V() = £V,
V(f+g) =V Vg,
V(f-8) = (Vg + Vg,
V(flg) = (N/g - (f/g*)Vg = (I - (f/g)Vg)/8,
Vexp(f) = (exp )V, '
Vin(f) = (WW/f,
Vsin(f) = (cos f)Vf,
V cos(f) = (—sin )Vf,
varctan(f) = (V)/(1 + f?),
V= af Y,
(f,g: D < R" - R) form the basis of a gradient arithmetic.

(8.1.4)
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The Jacobian f'(x°) of a function f: D ¢ R" — RP can be realized as a vector of
gradients using gradient arithmetic for the individual components f; of f and storing
the result f;(x%), (Vi(x°)T,i=1,...,n,as i-throwofa p x (n + 1) matrix.

Exercises

Ex. 8.1.1. Extend Theorem 8.1.2 by the functions sinh x and cosh x.

8.2 Backward mode

Let f: D ¢ R — R be a factorable function with factor sequence f1, ..., f™, ...,f5 as
in Definition 4.1.2. The idea of representing the derivatives h; = ' x%,j=1,...,s,
in the form

h=Lh+b, h=(h)eR, (8.2.1)

as in Example 8.1.3 holds generally. Thus if one defines

of

] o fori>mandj<i,
ij = .
0  otherwise,

one obtains

lip = +1, if fi=+f¢,
lie=1,1; =1, if fi=f¢+f",
lie=1,1; = -1, if fl=ft-f",

lie =f", lir = f*, if fl=ff",
lie=1/f", Ly = —f1/f", if f'=f¢/f",

lie = ¢'(f9), if f'=o(f%), ¢ €T,

and l;; = 0 otherwise. The indices ¢, r < i remind us of ‘left’ and ‘right” again, accord-
ing to the position of the operands involved. The vector b € R® contains the ‘starting
values’ by = 1, b; = 0 otherwise.

Fora function f: D ¢ R" — R with a factor sequence (f¥) similar to that above, the
formulae in (8.1.4) show that in the computation of a fixed partial derivative of(x°)/dx,
the index v enters directly only into the starting values (8.1.3) while the calculation
rules (8.1.4) coincide for all components of grad(f¥) and any fixed k € {n +1, ..., s}.
Therefore, the matrix L in (8.2.1) is independent of v while b; = b} = 0x;/0x, = of i10x,
holdsfori=1,...,n,ie., b=b"=e™ ¢ RS.

In the forward mode the right-hand side Lh + bY in (8.2.1) must be evaluated for
eachb =b",v=1,...,n,if grad f(x°) is required. In the so-called backward mode
one transforms (8.2.1) equivalently to

h=U-L)tp". (8.2.2)
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Since bY equals e no explicit matrix-vector multiplication must be done in (8.2.2) -
at the expense of computing the inverse of a sparse triangular matrix with unit diago-
nal. Thus, h with h; := ofi(x%)/ox,,i=1,...,s, isjust the v-th column of (I - L)~1.

Lemma 8.2.1. Let C = (I - L)™' € R™" with a strictly lower triangular matrix L. Then
the entries cj; of C can be computed as

1’ lf] = i;
Cij =1 Thjer Cilig, i=1-1,i-2,...,1, (8.2.3)
0, ifj>1i,
i
=0y + Z Ciklyj. (8.2.4)
k=j+1

The proof is immediate using C(I - L) = I.

The formula (8.2.4) shows that for the computation of c;;, j < i, the succeeding
entries ¢j j.+1, Cij+2, - - - , Cii must be known. This is the reason why one proceeds back-
ward with respect to j in the middle expression of (8.2.3). This backward procedure is
responsible for the name ‘backward mode’ in automatic differentiation in which we
will compute cgj, j =s,s - 1,..., 1, after having computed and stored the factor
sequence f1(x%), ..., f5(x%). By our preceding remarks (with v = j) the relation

_off(x%)  of(x%)

Csj = = , Jj=1,...,n
S) ()X] aX} ] ’ s Tty

follows. The components d’ := ¢sj can be obtained in the following recursive way.
(1) Compute and store f1(x9), ..., f5(x9).

(2) Initialize
g - 1, ifj=s .
0, ifj<s

(3) Backward step:
For k = s down to m + 1 compute

dt = dt + d~, it f* = e,

dt=dt +d*, d" = d +d¥, if fk=fCxf7,
d":d"+f’-dk,d’:d’+f"-dk, iffk:ft’_fr’

dt = df & (d¥)f), d7 = ' = R @, O fE = fT

dt = dt+ ¢'(ft) - d¥, if fX= (%), € IF.

At the end of the k-loop one gets cg; = d,j=1,...,n.

In order to understand the backward step look at (8.2.4). If, for instance, fk = f¢ —
f", then Iy, = 1, Iy = —1. These entries of L are responsible for the contributions
Csilie = sk = d¥ and csilir = —csi = —dX to the final values df = csp and d” = c,,
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respectively. Therefore, the actual partial sums d¢ and d" are updated to d? + d¥, and
d’ — d*, respectively.

A possible disadvantage of the backward mode is the storage of all values of the
factor sequence (f¥(x°)) that are needed for computing d = (d!) € R".

We want to compare now the amount of work W(f, Vf) to compute f and Vf with
W(f), the amount of work for f alone. To this end we consider one step of (8.1.4), i.e.,
the work from f*=! to f*, if (f¥) is the factor sequence of f. Let ‘A’ denote addition/
subtraction, ‘M’ multiplication/division, ‘F’ the evaluation of an elementary function
¢ € F. Then Table 8.2.1 is immediate.

Tab. 8.2.1: Amount of work.

fk W(fk) W(ka)forward W(ka)backward
variable, constant — — -

+ (unary) 1A nA 1A

+ (binary) 1A nA 2A

. iM nA+2nM 2A+2M

/ 1M nA+2nM 2A+2M

[7) 1F nM+1F 1A+1M+1F

If all operations are weighted equally, one sees at once that for the forward mode we
get

W(f, V)
0 <3n+1, (8.2.5)
while for the backward mode we obtain
W(f, V)
0 <5 (8.2.6)

for functions f: D ¢ R" — R. Thus the backward mode is much less expensive than
the forward mode provided that n > 1. The inequality (8.2.6) illustrates a result by
Baur and Strassen who showed in [61] that for rational functions f in n variables the
complexity for the computation of a function value f(x°) differs from that of the cor-
responding gradient Vf(x°) only by a constant factor which is independent of n.

The example f(x) = H?Zl x; shows that in the forward mode W(f, Vf)/W(f) = O(n)
cannot be improved, the example f(x1, x2) = x1/x, implies 3 < W(f, V)/W(f).

We recommend to test both modes using the Helmholtz energy function

Xi xTAx n1+(1+\/§)bTx
1-bTx ~8bTx 1+(1-+2)bTx’

fx) = ix,- In
i=1

0<x,beR, A=AT ¢ R™"; cf. Fischer [97] or Griewank [123].
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We leave it to the reader to compute the Hessian H of f and the products (Vf)Tv,
Hv for some vector v in both modes with the corresponding work saving in the back-
ward mode. Furthermore, we mention that both methods can be applied to compute
slopes. For details we refer again to Fischer [97].

Notes to Chapter 8

To 8.1: The forward mode of automatic differentiation and, more generally, the au-
tomatic generation of Taylor coefficients, can already be found in Moore [232]. Later
on, it was discussed in various works; cf. Rall [280], Lohner [192], Griewank [123],
Tucker [353], e.g. An algorithmic description is given in Hammer, Hocks, Kulisch,
Ratz [129, 130]. Automatic generation of slopes can be found in Neumaier [257] and of
slopes of higher order in Schnurr [331]. A large bibliography on automatic differentia-
tion can be found in Corliss [79].

To 8.2: Our way to describe the backward mode of automatic differentiation is taken
from Fischer [97]. See also Fischer [98].
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The set C of complex numbers together with an arithmetic on C can be introduced in
many ways. For engineers one usually defines C as the set

C={z=a+ibla,beR, i’=-1}

and an arithmetic as for algebraic terms in IR. A more rigorous definition starts with
pairs (a, b) € R? and an arithmetic which adds and subtracts entrywise but multiplies
by

(a,b)-(c,d) =(ac-bd, ad + bc)

and divides by

(a, b)/(c,d) = <ac +bd bc- ad)

if (¢, d) # (0, 0), cf. for instance Hille [148]. It is obvious that the resulting structures
(C, +,-,-,/) and (R?, +, —, -, /) are isomorphic and can be identified. An algebraic
access consists (up to isomorphism) of the smallest field extension of R such that
x? + 1 = 0 is solvable; cf. Ahlfors [4], for example. It is left to the reader to show that
the set of all 2 x 2 matrices of the particular form

a b
A= ( ), a,beR, (9.0.1)
-b a
together with the usual four matrix operations +, —, -, (.)™! is another realization of

(C, +, -, -, /). It will be (9.0.1) that facilitates the handling of iterative methods for
complex linear systems of equations.

It is standard knowledge in complex calculus that a complex number z = a + ib
can be illustrated geometrically as a point in R? with the x-axis as the real axis and
with the y-axis as the imaginary one. Thus every complex number z can be written in
polar coordinate form z = re'? with ei® := cos @ +isin @, where r = |z| := va? + b2,
¢ € [0, 2mr) with ¢ to be defined arbitrarily if r = 0, and cos ¢ = a/r, sin¢@ = b/r if
r > 0. Both representations, z = a + ib and z = rei?, form the starting point of com-
plex intervals and of a corresponding arithmetic which we will consider in separate
sections. The first representation leads to rectangles in the complex plane, the second
one ends with discs there.

DOI110.1515/9783110499469-010
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9.1 Rectangular complex intervals

We introduce rectangular complex intervals in the following way.

Definition 9.1.1. Let [a], [b] € IR. The set
[z] =[a] +i[b]={a+ib|delal, be[b]}cC

is called a rectangular complex interval. The set of all such intervals is denoted by
ICg. In ICy the relations [z] = [z]', [z] < [z]’, and [z] N [z]’ are defined in the set
theoretic way.

As the terminology indicates, a rectangular complex interval can be represented as a
rectangle in the complex plane. Equality [z] = [a] + i[b] = [z]’ := [a]’ + i[b]’ holds if
and only if [a] = [a]’ and [b] = [b]’, and [z] < [z]' is valid if and only [a] < [a]’ and
[b] < [b]'. Unless [z] N [z]" = 0 this intersection is again an element of ICy.

On ICy we introduce the subsequent operations.

Definition 9.1.2. Let [z] = [a] + i[b], [w] = [c] + i[d] € ICg. Then we define

(2] + [w] = ([a] + [c]) + i([b] + [d]),
[z] - [w] = ([a] - [c]) + i([b] - [d]),
(2] - [w] = ([allc] - [b][d]) + i([a][d] + [b][c]),

lallc)+ bd] [blic] - [alld]
W= = ar T e @

where for the denominator of the division O ¢ [w] is assumed and the square function
of IR is used.

This arithmetic in ICp, is called rectangular arithmetic. If we write [z], [w] € ICg, we
always assume it to hold. It is easy to see that (C, +, —, -, /) is isomorphically embed-
ded in (ICg, +, -, -, /) while (IR, +, —, -, /) is not, although IR is a subset of ICy, of
course. As a counterexample consider for instance 1/[1, 2], which is [0.5, 1] in IR
and [0.25, 2] in ICg.

We will now list some properties of this arithmetic which can be seen directly from
its definition and Theorem 4.1.5.

Theorem 9.1.3. Leto € {+, —,-, /}, [w], [z] € ICk.

(@ {ZoWw|Ze€[z], W e [w]} C [z] o [w] with equality for - € {+, -}.

(b) {z-w |z € [z], W € [w]} = [z] - [w], where the interval hull 0S of S < C is that
superset of S in ICg which has the smallest area.

Theorem 9.1.3 becomes wrong if the hull symbol [J is dropped on the left-hand side
in (b). This can be seen from [z] = [1, 2], [w] = 1 + i. Here [z][w] = [1, 2] + i[1, 2]
while {Zw | 2 € [1,2], w=1+i}={t(1+1i)| 1<t < 2}isadiagonal of the rectan-
gle [z][w]. The counterexample above, Theorem 9.1.3 shows that the (b)-part of this
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theorem becomes wrong for division. The division [z]/[w] can be improved with re-
spect to enclosure if one defines [z]/[w] = [z] - (1/[w]) and if one computes 1/[w] as
0{1/w | w € [w] }. Unfortunately, the computation of this hull is very costly. For details
see Rokne/Lancaster [310].

Our next theorem can be proved directly from the definitions in ICg or from in-
clusion monotony in IR.

Theorem 9.1.4. Let [u], [v], [w], [z] € ICk.

(a) (ICg, +) is a commutative semigroup with neutral elements.

(b) (ICg, +, -) has no zero divisors.

(c) [z] is invertible with respect to + and -, respectively, if and only if (z] = z € C and
[z] = z € C\ {0}, respectively.

(d) 0¢€[z]-I[z], 1 € [z]/[z] (where O ¢ [z] in case of division).

(&) [zl([v] + [w]) < [z][v] + [z][w] (subdistributivity)

z([v] + [w]) = z[v] + z[w] for z € C.
() [u]l <], W] clz] = [u]o[w] < [v]e[z] fore e {+,—,-, /}.

Notice that associativity does not hold for (ICg, -) as the example [v] = [1, 2], [w] =
1+1i, [z] =1 +ishows. Here,
(wllwDlz] = ([1, 2] + [1, 2]D)(1 + 1) = [-1, 1] + [2, 4]i
# [wl(wl(z]) = [1, 2] - 2i = [2, 4]i.

But (ICg, -) is commutative and has a neutral element.
Now we introduce several auxiliary functions for complex rectangular intervals.

Definition 9.1.5.
(a) Let[z] =[a] +i[b], [w] = [c] +i[d] € ICg. Then we define the distance g between
[z] and [w] by
q([z], [w]) = q((a], [c]) + q([b], [d]).
(b) If ([z]x) is a sequence in ICg, then we define limy_,o,[2z]x = [z] if and only if
limy—c0 q([2]k, [2]) = 0.

It is easy to see that for [z]x = [a]x + i[blk, [z] = [a] + i[b] we have limy_, [2]k = [2] if
and onlyif limy_ [alx = [a] and limy_,[b]x = [b]. In addition, (ICg, q) is a complete
metric space.

Definition 9.1.6. Let [z] = [a] + i[b] € ICk.
(a) The midpoint Z = mid([z]) of [z] is defined by

2=(z+2)/2=a+ib.
(b) Theradius r, = rad([z]) of [z] is defined by
rad([z]) = rad([a]) + rad([b]),
its diameter or width d([z]) by d([z]) = 2 rad([z]) = d([a]) + d([b]).
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(c) The absolute value |[z]| of [z] is defined by
l[z]| = q([z], 0) = |[a]| + |[b]I.

Notice that for [z] = z € C the absolute value in ICg does not reduce to the usual
absolute value for complex numbers, i.e., to the Euclidean distance of z and 0 in the
complex plane.

For g, mid, rad, | - | similar properties hold as in Chapter 2.

Theorem 9.1.7. Let [u], [v], [w], [z] € ICg. Then we have

q([u] + [z], [u] + [w]) = q([z], [w]),
q([u] + [z], [v] + [w]) < q([u], [v]) + q([z], [w]),

q([ullz], [ul[w]) < [[ullg([z], [W]), (9.1.1)
[(z] + [w]| < |[2]] + |[w]]
[[ullz]l < |[u]l - |[z]| (91.2)

rad([z] + [w]) = rad([u]) + rad([w])
[[ull rad([z]) < rad([u][z]) < [[u]|rad([z]) + rad([u])I[z]|
rad(u[z]) = |u|rad([z]), ueC
[z] ¢ [w] = rad([w]) - rad([z]) < q([z], [w]) < d([w]) - d([z]).

The proof uses the definition of g, rad, | - | and is left to the reader. Notice that in (9.1.1)
and (9.1.2) strict inequality can hold even if [u] = u € C. Thus these results differ from
those in Chapter 2.

Rectangular complex interval vectors with n components and rectangular com-
plex m x n matrices are defined as vectors resp. matrices of the corresponding size
with rectangular complex intervals as entries. The set of such vectors resp. matrices is
denoted by IC§ resp. ICE™". Addition, subtraction, and multiplication are defined in
a straightforward way with properties literally as in Theorem 3.1.2. Absolute value, dis-
tance, midpoint, radius, diameter are defined entrywise, again with properties similar
to those in Theorem 3.1.5.

Now we introduce a bijective mapping x from ICg resp. ICZ™" onto some partic-
ular classes of real matrices. This mapping was defined in Arndt [52] and can help to
reformulate complex problems as real ones.

Definition 9.1.8. Let [z] = [a] + i[b] € ICg, [a], [b] € IR.
(a) Then k([z]) is defined as

| la] [b] 2%2
K([Z])—(_[b] M)em .

(b) If [v] = [a] + i[b] € ICy with [a], [b] € IR", then we define

x([v])=< [“} {bDemM.

-[b a
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(o) If [C] = [A] +i[B] € ICE™" with [A], [B] € IR™", then

_ [A] [B] 2mx2n
x([cn-(_[B] [A])e]IIR .

Obviously, (a) of Definition 9.1.8 is derived from (9.0.1), and (b) is contained in (c) if
IC} is identified with ICR**.

Theorem 9.1.9. Let [C], [C]' e ICF™", [C]" € ICF. Define the permutation matrix Ps €
R25%25 py Ps = (e(D), eB) e3) |, e(@5-D|e@) o) o®) ' 029 Then we have

(@) «([C]) = Ph(x([c]i))Pn,

(b) x([C] £[C1") =x([C]) = k([C]"),

(©) x([C1-[C1") = x([C]) - k([C1").

Proof. (a) and (b) are obvious by the definition of Ps and of x(-).

With [C] = [A] +i[B], [C]" = [A]" +i[B]", ([A], [B] € IR™", [A]", [B]" € IR™")
the equality in (c) follows directly from [C] - [C]" = [A][A]" - [B][B]" + i([A][B]" +
[B][A]") and the definition of «(-). O

Theorem 9.1.10. Let [C] = [A] + i[B] € ICy" with [A], [B] € IR™" and let

Al I[B]|>
ILBIl 1All)"

(@) If [aliy, - [bliyj, # O for some index pair (io, jo) with io, jo < n, then |[C]| and M are
irreducible simultaneously.

(b) Let p = p(|[C]]) = p(I[A]l + |[B]]). Then p = p(M) holds. The eigenvalues of |[C]| =
|[A]] + |[B]| and those of C~ = |[A]| — |[B]| are eigenvalues of M.

M = [k([C])] = (

Proof. (a) Define J; ={1,...,n},J, ={n+1,...,2n} and let |[C]| be irreducible.
Choose i}, j; € J1 UJ, and define

1= 1= .
iy -n, ifil el ji-n, ifji el
By virtue of the assumption on |[C]| and [al;j,, [blij, thereis a path
i1 > —>is=lp—jo=jt = je1——J1
in the directed graph G(|[C]|) of |[C]|. From this path we will construct a path in the
directed graph G(M) of M which connects i} with j|. To this end define
ip ifi, ; <n and [al;_i #0

ig+n ifi, , <n and [ali_,; =0

~.
~%
1l

ig+n ifi, ,>n and [ali,; #0

i ifi, , >n and [ali ;=0
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fore=2,3,...,s.Similarly, for t =t,t -1, ..., 2 define

je ifj, , <n and [alj,j,, #0
po Leen i sn ana a0

je+n ifj, ,>n and [alj,j,, #0

je ifj,_, >n and [alj,j,, =0

Hence i, € {ig, io + n}, j; € {jo, jo + n}. Since [al;,j, - [bliyj, # O, by assumption iy — jo,
ip — jo +n, ip+n — jo, igp + N — jo + n are edges in G(M), hence
) ) RERE |
is a path in G(M) which connects i} with j|. Thus M is irreducible.
Let now, conversely, M be irreducible and consider an edge i; — i, in G(M). Then

[[aliy,i,| < [[cliy,i s ifiy,i ey
[[bliy,iy-nl < 1[Cliy,iy-nls ifiyeJi, 2 €
0<my i, = o )
[[bliy—n,i,| < 1[C)iy—n,is s ifiyefr, ey
|[a]i1—fl,iz—n| < |[C]i1—n,i2—n|; lf ily iZ € ]2

holds. Let i, j € J;. There is a path in G(M) which connects i with j. Whenever in this
path there is an edge i; — i, with i; € J, or i, € J, replace i; by i; — n in the first case
and i, by iy — n in the second. The result is a path in G(|[C]|) which connects i with
j. Hence |[C]]| is irreducible.

(b) Let € > 0. Then (J[A]| + ceeT) + (|[B]| + eeeT) is irreducible and has a Perron
vector x, associated with the spectral radius p. as eigenvalue. The matrix

M. < [[A]] + eeeT |[B]| + ceeT
€7 \IIB]l + geeT |[A]| + eeT

is irreducible, too, and has the positive eigenvector (x!, xI)T associated with the same
eigenvalue p.. According to the Theorems 1.9.4 and 1.9.5 this eigenvalue must be the
spectral radius of M,. Letting ¢ tend to zero proves p = p(M). If (x, A) is an eigenpair

of |[C]| then
M(X) =A (X) .
X X

Similarly, if (x, A) is an eigenpair of C~ then

u(3)-(3)
-X -X
This concludes the proof. O

As can be seen from the proof of (a), the assumption [al;j, - [b]iyj, # O is not needed
for the direction ‘M irreducible = |[C]| irreducible’. The 1 x 1 matrix [C] = (1) with
M = I, € R?*2 shows that it is needed for the converse direction.
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Exercises

Ex. 9.1.1. Compute the expressions [z] + [z], [z] - [z]', [z] - [z], [z]/[z] for [z] =
[Oy 2] + i[_ly 3]! [Z], = [_1’ 1] + 1[1’ 2]-

Ex. 9.1.2. Show that for [z] = [2, 4] and [z]' = 1 + i the strict subset property {z - z’ |
z € [z], 2 € [z]'} c [2][z]’ holds.

Ex. 9.1.3. Show by means of the example [z] = [-2, -1] + i[-1, 1], [z]’ = [1,2] +
i[-1,1] that O ¢ [z] and O ¢ [z]’ does notimply O ¢ [z] - [z]’.

9.2 Circular complex intervals

Definition 9.2.1. Let Z € C, 0 < r, € R. We call the disc
[21=(,1r,)={z€eC||lz-Z2| <13} (9.2.)

acircular complex interval. It is determined by its midpoint mid([z]) := z and its radius
rad([z]) := r,. The set of all such intervals is denoted by IC¢. In IC¢ the relations
[z] = [z]’ and [z] < [z]" are defined in the set theoretic way.

The notation in (9.2.1) should not be mixed up with the mignitude in Chapter 2.
Notice that [z] := (Z,1,) = [z]' := (Z', ry) holdsifand onlyif Z=Z2" and r, = r»,
and that [z] < [z]’ is valid if and only if |Z — Z'| < rp — r,. The latter can be seen as
in Theorem 2.4.8 (a). A nonempty intersection [z] N [z]’ is generally not an element of
IC¢ if defined in a set theoretic way.
On IC¢ we introduce the following circular arithmetic.

Definition 9.2.2. Let [z] = (2, 1;), [W] = (W, ;) € IC¢. Then we define

(z]

[z] - W] = (Z-W, 1, +T1w),

w] = (2+\7v Ty +Tw),

+

[z] - (W] = (Zz- W, |Z|rw + |WIrz + r21),

el = <| |2 —r§>’

(w]/[z] = [w] -

[Z] ’
where for the denominator of the division 0 ¢ [z], i.e., 1, < |Z] is assumed.

Notice that the bar in Z denotes the conjugate complex number of Z and not the upper
bound of some interval; similarly for the rest of this section.

On a computer the midpoints in the right-hand sides of Definition 9.2.2 are rarely
machine numbers but must be rounded to them. Therefore, in a practical realization
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of the circular arithmetic the radius must take into account this rounding. How this
can be done is implemented in INTLAB (see Appendix G and Rump [320]).

We leave it to the reader to prove results literally as in Theorem 9.1.3 (a) and Theo-
rem 9.1.4 for (IC¢, +, —, -, /). See also Chapter 5 in Alefeld, Herzberger [26] and consider
the circle

(Z+1,%) £ (Wxrye?) = (Z+r,e? W) +rye® =2+ W+ (ry + ry)e'?,
0 < ¢ < 271, (notice the same angle ¢!) which traces the envelope of all discs
(Z+1.%° +W, 1), @ €l0,2m) fixed,
when proving
[zlx[w]={2xW|Z€|z], We[w]}

for the circular arithmetic.

In contrast to (ICg, -), associativity holds in (ICc, -) so that this structure is a
commutative semigroup with a neutral element. But Theorem 9.1.3 (b) does not hold
for ICc if one defines [IS to be that disc which encloses a bounded set S ¢ C optimally
in the sense of smallest radius. This can be seen from the following example.

Example 9.2.3. Let [z] = [w] = (1, 1). Then [u] = [z][w] = (1, 3) encloses S = {ZW |
Z,W e (1, 1)}.But [u]’ = (2, V/8) also does so with a radius that is smaller than that of
[u]. Hence S # [u]. In order to prove S ¢ [u]’ let it € S. Then il = (1 + rel?)(1 + pe'?)
for some r, p € [0, 1], ¢, 8 € [0, 27). Hence
[i-27 = |- 1+re +pe® + rpel@+9)2
=1+r*+p?+1r’p*-2r(1-p*) cose
-2p(1-r?)cosf - 2rp cos(p + 0) + 2rp cos(p - 6)

<4+2r(1-p?) +2p(1 - 1) + 4rp =: f(r, p).

On [0, 1] x [0, 1] we have

of(r, p)
or

Hence f increases in r for fixed p and we get

=21 -p?) —bpr+4p=2(1-p*) +4p(1-1)20.

4<4+2p=f0,p) <flr,p) <f(l,p) = 4+2(1-p°)+4p=8-2(1-p)* <8.
This proves |ii — 2|* < 8, whence i € [u]’. O

Notice that we do not claim [u]’ =[S in our example. In fact, IS = (3/2, 3v/3/2) since
according to the optimal enclosing circular arithmetic in Krier [177], p. 42, we generally
get

(W] :==2w |z € (2, r7), We (W, ry)}

= (ZW(1 +x0), (BIZWI*xE + 2(12WI? + |raW1? + 121wl ®)x0

+ W + |2 + (rr)?) ), (9.2.2)

[vww.ebook3000.con}
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where xg is the (only) nonnegative zero of the polynomial
p(x) = 2|12W|2 X3 + (12W)? + [, W|? + |2ry)?) X2 = (ro1w)? (9.2.3)

if the degree of p is at least 2, and xy = O otherwise. In our example xg is 1/2. The
formulae for this optimal arithmetic differ from that in Definition 9.2.2 by the mul-
tiplication, which is given by (9.2.2) and which is used when computing [z]/[w] :=
[z] - (1/[w]). The drawback of this arithmetic is the computation of xg, of course.

We emphasize that the midpoint equation v = Z - w no longer holds in for-
mula (9.2.2) and thus for [z] and [w] in Example 9.2.3. If one redefines [J in Theo-
rem 9.1.3 (b) to be the smallest disc with midpoint Z - w such that S < (Zw, r), then
Theorem 9.1.3 (b) holds true for IC¢ instead of ICg. This can be seen by choosing
Z =2+ rela8@ = ola8@ (13| 4 1), W = W + 1,28 = etagW)(|yj| + r, ), whence
W = 2w + e!@BZRABW)(1Zr .+ |W|r, + 1y1y) and |2W — ZW| = |Z|rw + W] + rory =
rad([z][w]).

Now we will show that 1 1

— = {7 |Z € [z]} (9.2.4)
[z] Lz
holds provided that O ¢ [z]. In order to prove (9.2.4) we first note that the mapping
f: C\ {0} - C\ {0} with f(z) := 1/z is obviously bijective. Next we show that for a
given disc (Z, r,) with r, < |Z| this function f maps the circle C, = {z | |z - Z| = r;} onto
the circle Cyy = {w € C | |w — W| = r,,} with W = /(|22 - r2) and r,, = 1,/(|2%| - r2). To
this end choose z € C, arbitrarily, say z = Z + rre'® with some 6 € [0, 277). Then

1 z o -r- Zr el
Z+re0  |Z2-12|  |(Z+1e0)(212 - 12)]

z

-
wW| =

1z + re i) Iz
== Tw = Tw =Tw.
|z + e’ |z

This shows 1/z € C,,, and since f is bijective and continuous it maps the closed curve
z=2+rze'?, 0<0<2montoaclosed subcurve of C,, which cannot have any double
point for 0 < @ < 2. This implies f(C,) = Cy. If Z is represented as Z = |Z|e!?, then
zo := Z — (r;/)2])1,€'? lies in the interior of C, because of r, < |Z|. Since

1 3 1 B V4 W
zo (12 -r2/12))ele |22 -1
z z

lies in the interior of C,, and since f is bijective, each path in the interior of C,, with
endpoint w is the image of a path p, in the interior of C, with endpoint zy. Other-
wise p, has to cross the boundary C, in contrast to f being bijective and f(C,) = Cy,.
Therefore, |f~1(w) — 2| < r, for each w with |w — W| < r,,, whence f({Z, r;)) = (W, ).

Notice that (9.2.4) also follows directly using basic knowledge on M6bius transfor-
mations, i.e., on particular conformal mappings in the complex plane. See Ahlfors [4]
and Alefeld, Herzberger [26], for example.
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Since [z] - [w] is not enclosed optimally, we cannot expect that [w]/[z] behaves
differently. Therefore, it makes sense to look for bounds of the quotient

rad([z][w])

rad(S) (9.2.5)

with
S={z2w|zez], we[w]} and rad(S)=max{|z' -2"|/2|2,Zz" €S}. (9.2.6)

The following nice result in this respect originates from Krier [177] and Rump [319]. It
bounds the quotient in (9.2.5) by the constant 1.5.

Theorem 9.2.4. With S and rad(S) as in (9.2.6) we have
rad([z][w]) < ;rad(S). (9.2.7)
Proof. 1f z = 0, then

S={u|i=wre?+rRe!®® 0<r<r,, 0<R<ry,, 0<6, ¢ <2m}

<

is a zero-centered disc with radius |w|r, + r,r,, which coincides with [z][w]. Hence
(9.2.7) holds. Similarly, w = 0 ends up with (9.2.7). If r, = 0, then

S={i|i=wz+|Zre®¥8) 0<r<r,, 0<@<2m}

is again a disc, this time with midpoint Zw and radius |Z|r,, . It coincides again with
[z][w]; similarly for r,, = 0. Therefore, without loss of generality we may assume z # 0,
w+ 0, r, >0, r, >0 from now on. Next we remark that (9.2.7) does not depend on
a fixed nonzero scaling factor for [z] and for [w]. Therefore, we can consider ([z]/Z) -
([w]/w), i.e., without loss of generality we may assume z = w = 1. Since (1 £ r;)(1 +
ry) € S we get

rad(S) > max{(1 +r,)(L +ry) — (L £ r,)(1 £ 1)}, (9.2.8)
where all possible combinations + and — are allowed for the maximum. This implies

[+ r)A+ 1) = A =r)A=ry), ifrs 1y € (0, 1)

rad(S) = = 3 (L+r,)1+ry)—(1-r)1+ry), ifr,>2ryandr,>1

N~

A+r,)Q+ry)-A+r,)(A-1y), ifry>ryandry,>1

Ty + Tw, ifry, r, €(0,1)

= A Iy+ryry, ifry,zry,andr,>1 >0.

Tw+ty, ifry>r,, andr, >1

[vww.ebook3000.con}
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With rad([z][w]) = r; + 1y + 1,1y We finally obtain

1 .
=, ifry, ry €(0,1)
rad([z][w]) . (1/rzl)+(1/rw) :
CradS) 1 @ ifr,>ry, andr; > 1
s frwzr, andr, 21
1
<1+ = i’
1+1 2
which proves (9.2.7). .

Notice that Theorem 9.2.4 also holds if one transfers the circular arithmetic to real
intervals in midpoint-radius form as was done in the MATLAB package INTLAB.

As our remark following Example 9.2.3 shows, strict inequality can hold in (9.2.8).
In our subsequent example we will prove that in particular cases S in (9.2.6) can be
bounded by a cardioid.

Example 9.2.5. Let [z] = [w] = (1, 1) as in Example 9.2.3. Then the boundary 9S of S
in (9.2.6) is a cardioid.
In order to prove this statement we start with
2w = (1 +re?) - (1 + Re'?),
0<r<r,=1,0<R<r,=1,0<0,¢<2m. (9.2.9)

It is easy to see that 9S is a subset of all products in (9.2.9) for which r = r, = 1 and
R =ry = 1. Infact S is the envelope of the family of curves C, defined by

x=u(f, @) =(1+cosB)(1+ cos ) - (sin ) sin ¢
=1+cos@ +cos¢ +cos(d + @),
y =v(0, ¢) = (1 + cos 8)sin ¢ + (sin 6)(1 + cos @)

=sin¢ +sin 6 + sin(0 + @)

with 0 < 6, ¢ < 271. These parametric equations result from the real and the imaginary
partin (9.2.9). As the parameter of a single curve C,,, we choose 8, while ¢ is the family
parameter. (We can interchange these roles, of course.) The envelope E is that curve
x = p(@), y = q(¢p) for which there is a function 6 = f(¢) such that

p(@) =uflp), 9), q(p)=v{f(p), )

with parallel tangential vectors (p’ (@), ¢'(¢))T # 0 and (ug, vg)T. Thus both vectors
must be linearly dependent, i.e.,

det(p:(fp) ue):det<uef:(§0)+u<p ue):det<u<p ue)
q(p) vy vof (p) +vyp Vg Vp Ug

= u(pue - uQU(p =0.
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After some computations this results in
sin(f — @) —sin¢@ +sinf =0,
or, equivalently, in
(1 +cos¢)sinf = (1 + cos 0) sin ¢. (9.2.10)
By squaring both sides one gets
(1 + cos )?(1 - cos? ) = (1 + cos H)*(1 — cos? ). (9.2.11)
For 0 # m and ¢ # 7 the equation (9.2.11) is equivalent to
(1 +cos@)(1-cosB) =(1+cosB)(1-cosep),

ie., to

cos 6 = cos ¢. (9.2.12)
It is obvious that (9.2.12) implies (9.2.11) also for 6 = 7 or ¢ = 7. From (9.2.12) one
gets sin O = + sin ¢. With sin 8§ = —sin ¢ and (9.2.12), equation (9.2.10) becomes (1 +
cos @) sin ¢ = 0 which is only true for particular values of ¢. Therefore, sin 8 = sin ¢
is the only useful solution. It yields the envelope E:

x = u(f(®), @) = (1 + cos ) — sin® @ = 2(1 + cos @) cos @,

y = v(f(®), ) = 2(1 + cos @) sin ¢.
In the complex plane this curve can be written as z(¢) = 2(1 + cos (p)ei‘/’ =2(cos (p)ei‘l’ +
2e'?. A simple calculation shows that the first summand 2(cos ¢)e'? describes a point
P on thecircle C: |z - 1| = 1. The point Z described by z(¢) lies on the ray OP such
that the line segment PZ has constant length 2. Thus E is the conchoid of the circle C

with respect to zero and with a distance PZ which is the diameter of C. Therefore, it
is a cardioid, cf. Strubecker [349] or Bronstein et al. [72]. O

Now we introduce distance, diameter and absolute value in IC(.

Definition 9.2.6.
(a) Let [z] = (2, 1;), [W] = (W, ry) € ICc. Then we define the distance g between [z]
and [w] by
q([z], [W]) = |2 = Wl + |rz — 1yl
(b) If ([z]x) is a sequence in ICg, then we define limy_.[z]x = [z] if and only if
limyeo q([2]k, [2]) = 0.

Obviously, limy_,[2]x = [z] if and only if limy_,o, Zx = Z and limy_,, rad([z]k) = 7.
In addition, (IC¢, q) is a complete metric space.

Definition 9.2.7. Let [z] = (2, ;) € IC¢. Then we define the diameter d([a]) of [z] by
d([a]) = 2r, and the absolute value |[z]| by |[z]| = |Z| + 15.

Theorem 9.1.7 holds literally for IC instead of ICg. In (9.1.1) and (9.1.2) equality holds
if [u] = u € C. We leave the proofs to the reader as Exercise 9.2.8.
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Exercises

Ex. 9.2.1. Compute the expressions [z] + [z], [z] - [2]', [z] - [2]', [2]/[z] for [z] =
(1+1,2), [z =(2i,1).

Ex. 9.2.2. Compute the smallest circular complex interval [z]' which encloses the
rectangular complex interval [z] = [-1, 3] + i[O, 2], i.e., compute the hull in IC¢ of
[z] € ICR. Do the same for a general rectangular complex interval [z].

Ex. 9.2.3. Compute the smallest circular complex interval [z]’ which encloses the in-
tersection of the two intervals [z], [w] € ICc if [z] n [w] # 0.

Ex. 9.2.4. Show by means of the example [z] = (-2, 1), [w] = (2, 1) that O ¢ [z] and
0 ¢ [w] does not imply O ¢ [z] - [w]. This holds, in particular, if one considers only the
projections of [z], [w], [z] - [w] on the real axis if the multiplication is done first in the
complex plane according to Definition 9.2.2 before projecting. What about the multi-
plication [a] - [b] of [a], [b] € IR in this respect if carried out by the real arithmetic in
Definition 2.2.1?

Ex. 9.2.5. Show by induction for [z]x = (Zx, rx) € ICc, k=1,...,m:
m m m m m
[ Ttzlk = [ [¢Zeo rie) = <1‘[2k, [ J0Zl +70) - 1‘[|2k|>.
k=1 k=1 k=1 k=1 k=1

Ex. 9.2.6. Show that the polynomial p from (9.2.3) has exactly one nonnegative zero
if the degree of p is at least 2. To this end consider for instance the signs of p(0) and
p(x) for x > 0 sufficiently large, and show that p is strictly monotonously increasing
for x > 0.

Ex. 9.2.7. Show that in complex analysis the image of any circle through the origin is
a cardioid under the mapping z — z2. Let [z] be any disc with zero at its boundary.
Describe the boundary of the set S = {Zw | Z, w € [z]}.

Ex. 9.2.8. Prove the Theorems 9.1.4 and 9.1.7 for ICg and ICc.

9.3 Applications of complex intervals

We start this section with the fixed point iteration
[z]¥! = [Al[z]¥ + [b], k=0,1..., (9.3.0)

where the entries of [A4] and [b] are from ICg.

Theorem 9.3.1. In ICp the fixed point iteration (9.3.1) is globally convergent if and only
if p(I[A]]) < 1.
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Proof. One possibility to prove Theorem 9.3.1 consists in repeating the steps in the
proof of Theorem 5.5.10.
A second one transfers (9.3.1) to the real problem

[yt [y1k (b]?
([X]m) = k([A]) ([X]k) + (w) (93.2)
with [x]%, [y]%, [b]%, [b]? € IR" and [z] = [x]* + i[y]X, [b] = [b] + i[b]2. Since (9.3.1)
is equivalent to

x([z]Y) = x([Al[z]* + [B]) = k([A])x([2]) + k([b])

and since (9.3.2) is equivalent to

[X]k+1> ( [X]k> ( [b]1>

=x([A]) +

(—[y]"+1 -lylk) " \-[b]?

the iteration (9.3.1) is equivalent to (9.3.2). If p(|[A]]) < 1, the same holds for |k([A])| by
virtue of Theorem 9.1.10 (b). Thus Theorem 5.5.10 can be applied to (9.3.2) and yields

convergence to some limit (([x]*)7, ([y]*)T) which is independent of the starting vector
(X7, (119T) . It is easy to see that

k([2]") = x([ADx([z]") + k([P]) = k([A][2]" + [b])

holds for [z]* = [x]* + i[y]*. This proves the theorem. O

This proof shows how the mapping k can be applied in order to use known real results
when working in ICg.

Theorem 9.3.1 holds also if the entries in (9.3.1) are from ICc. In this case the proof
follows the lines of that for Theorem 5.5.10. It is left to the reader as Exercise 9.3.1.

As a second application of complex intervals we want to simultaneously enclose the
zeros of the polynomial

n

p)=) az", ar,zeC, ap=1,

k=0
provided that
all zeros z; of p are simple and (9.3.3)
pairwise disjoint initial enclosures [z]; € ICg of z; are known. (9.3.4)

The factorization

p@ =[]E-2)=@-z)[]E-2)
j=1 j=1
ji
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yields

pGE) s p()
MLiGi-z) 7 G-l

j# j#

zf =% - (9.3.5)

where Z; is any element of [z];. From (9.3.5) we derive the following two iterative meth-
ods in ICg.

Method 1 (Weierstrass method - total step variant).

(219 :=[z];, i=1,...,n.

Choose z‘f‘ € [z]f.‘,
sk i=1,...,n;
Z.

2] o= {zf.‘— __peE) }n 15[

[T, & - 1215
j#i

Method 2 (Weierstrass method - single step variant).

(219 :=[z];, i=1,...,n.
Choose zf‘ € [z]f.‘ ,
. ) :
[2]¥+ = {zik— . P }m[z]ﬁ‘ k=0,1,....
[T G - 2D [T BF - (219

Notice that if

n i-1 n

0¢ [ -121), resp. 0¢][E -2 [] & - 121,
j=1 j=1 j=i+1
Jj#i

the iterates [Z]Z.‘ are well-defined with z; € [z]l’.“r1 c [z]é‘, i=1,...,n; k=0,1,....
For further properties in the case z; € R we refer to Alefeld, Herzberger [26] and for
the case IC¢ to Petkovic [269].

Exercises

Ex. 9.3.1. Prove Theorem 9.3.1 for IC instead of ICg.

Notes to Chapter 9

To 9.1: Rectangular complex intervals are considered in Alefeld [5]. Definition 9.1.8
and the two succeeding theorems originate from Arndt [52].
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To 9.2: Circular complex intervals are introduced in Henrici [142] and Gargantini,
Henrici [112].

To 9.3: The reduction of complex interval problems to real ones using the mapping x
seems to be first presented in Arndt [52]. The two methods for enclosing complex zeros
of polynomials can be found in Alefeld, Herzberger [26]. Further methods with com-
plex intervals are considered in Petkovi¢ [269] and M. S. Petkovic, L. D. Petkovic [270].
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Final Remarks

In this book we have studied many topics but had to leave at least as many open.
Thus we did not consider enclosures of integrals, of extremal function values, of so-
lutions of integral equations, of initial and boundary value problems for ordinary
differential equations, of corresponding problems for partial differential equations.
We did not give an overview on software for working with interval arithmetic nor
did we raise improper intervals. As a first step towards additional topics we mention
the books of Moore [232, 235], Kulisch, Miranker [184], Atanassova, Herzberger [57],
Herzberger [144].

For enclosures of integrals we refer to Moore [232, 235], Kelch [162], Adams,
Kulisch [2], Petras [271], Moore, Kearfott, Cloud [237].

For optimization problems we cite Bauch et al. [60], Ratschek, Rokne [285], Jans-
son [155], Kearfott [161], Fiedler et al. [95]. Particular aspects of a verification in opti-
mization are considered in the theses of Ratz [289] and Berner [69].

The linear complementarity problem is treated in Schéfer [325, 328], Alefeld,
Chen, Potra [20], Alefeld, Schifer [47]. Mixed complementarity problems can be
found in D. Hammer [128], nonlinear complementarity problems are considered in
Wang [359].

Geometric computations with intervals are contained in Ratschek, Rokne [287]
and Enger [91].

Integral equations were handled in Kaucher, Miranker [159], Klein [166], Gien-
ger [119].

Ideas for the enclosure of operator equations can be found in Kaucher, Mi-
ranker [159] and Moore [236].

For the variety of enclosures in ordinary differential equations we recommend
Moore [232], Kriickeberg [178], Eijgenraam [90], Adams, Lohner [3], Stetter [347], Nickel
[262], Cordes [77], Lohner [192], Corliss [78], Adams, Cordes, Keppler [1], Schulte [334],
Plum [273], Neher [251, 252], Rihm [292, 293], Nedialkov, Jackson, Corliss [248], Nedi-
alkov, Jackson [249], Eble [89], and Nagatou [242].

As a starter for the verification and enclosure of solutions of partial differential
equation we mention Kriickeberg [179], Plum [274], Nakao [246], Alefeld, Mayer [38].
Deeper insight can be obtained by Kaucher, Schulz-Rinne [160], Dobner [84], Nakao
[244, 245], Koeber [168], [169], Nagatou [241], Nakao, Yamamoto, Nagatou [247], Naga-
tou, Hashimoto, Nakao [243], Watanabe et al. [360].

Applications of interval methods in practical computation can be found in T. Maier
[197].
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A Proof of the Jordan normal form

The proof follows the lines in Filippov [96].

Proof. First we show the existence of a Jordan normal form.
Since A represents a linear mapping ¢ from some n dimensional linear space V
into itself, we will base our proof on ¢ instead of A. We will show by induction on the

dimension dim V = n of V that there is a basis {b1, . .., b"} of V which either satisfies
¢(b') = Ab! (A1)
or
p(b) = Ab' + b1, (A.2)

Here A is an eigenvector of ¢, and b’ from (A.1) is a corresponding eigenvector.

If n = 1, then V is spanned by some vector b = b' # 0 which obviously fulfills
(A.D).

Assume now that for each linear space of dimension less than n one can find a
basis as described above.

Case 1, A is singular: Then r =rank(¢) = dim ¢(V) < n. Hence U = ¢(V) together with
the restriction ¢py: U — U, ¢py(x) = ¢(x) fulfill the induction hypothesis, i.e., there
is a basis

(b, ...,b"}, r<n-1 (A3)

of U which satisfies (A.1) and (A.2). We will extend this basis to a corresponding basis
of V which also satisfies (A.1) and (A.2).

To this end, let Q = ker(¢) n U with g = dim Q, where ker(¢) denotes the null
space (= kernel) of ¢. Since A is singular, dim ker(¢) # 0, while g = 0 is possible.
Each nonzero element of Q is an eigenvector of ¢y with respect to the eigenvalue
zero. Therefore, according to the properties of the basis vectors in (A.3), there must
be g basis vectors b’ which span Q and which are head vectors of g Jordan chains
in U.Letu!,i=1,...,q,bethe corresponding end vectors. They coincide with some
basis vectors of (A.3), and as elements of U they are images of some vectors vieVv,
i=1,...,q.Since these vectors v’ satisfy ¢(v') = 0 - v’ + u' they prolong the g Jordan
chains starting in Q.

From dim ker(¢) = n - r there are vectors wie ker(p)\ Q,i=1,...s=n-r-gq,
which together with the basis vectors for Q form a basis of ker ¢.

If renamed and renumbered appropriately, the vectors

b, ..,b", v, ..., wl .o wS (A4)

satisfy (A.1) and (A.2). We will show that they are linearly independent, hence they
form a basis of V. If the basis vectors are reordered appropriately, the matrix which
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represents ¢ has already the Jordan normal form J. If S describes the change of ba-
sis to that in which ¢ is represented by the given matrix A, we obtain J = S™AS as
required in Theorem 1.7.1.

Let

r . q . S .
Z a;b' + Zﬁiu‘ + Z yiw' = 0. (A.5)
i=1 i=1 i=1

Then

r q s r q
Y aip(b) + Y Bip) + Y yipw) = Y aip(b) + Y Pl =0.  (A6)
i=1 i=1 i=1 i=1 i=1

If b does not belong to a Jordan chain with respect to zero, then ¢(b?) = Ab’ or ¢(b') =
Ab! + b1 Inboth cases ¢(b?) is not in the linear subspace spanned by the end vectors
ul, ..., ud.If ¢(b') belongs to a Jordan chain with respect to zero, then ¢p(b’) = b1
w,j=1,...,q.Therefore, (A.6) implies ; =0, i=1,. .., q. Thus the middle sum (A.5)
disappears and the remaining two are zero, since the first sum belongs to U while the
last one does not unless it is zero. Hence ¢; =0,i=1,...,r,andy; =0,i=1,...,s,
which proves the linear independence of the vectors in (A.4).

Case 2, A isregular: Let Ag be an eigenvalue of A. Then A - Aol is singular and has
a Jordan normal form J’ by Case 1. With some transformation matrix S we get J' =
S™1(A - Ao)S = ST1AS - A, hence S1AS = J' + Aol which is a Jordan normal form
of A.

Now we prove the uniqueness of the Jordan normal form.
From
STHA-AD™S = [STHA - ADS]™ = (J - AD™ (A7)

we see that dimker(A — AI)™ = dim ker(J — AI)™. The representation of (J — AI)" shows
immediately that ker(J — AI)™ is spanned by eigenvectors which belong to A and by
the corresponding principal vectors of degree m > 2. Considering m =1, 2, ..., one
can see from (A.7) that for two Jordan normal forms J and J', the number of linearly
independent eigenvectors with respect to the same eigenvalue coincides and so does
the number of the linearly independent principal vectors of degree m > 2 associated
with the same eigenvalue. Therefore, the number and the dimension of the Jordan
blocks associated with the same eigenvalue A are invariants. O
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B Two elementary proofs of Brouwer’s
fixed point theorem

In Section 1.5 we stated Brouwer’s fixed point theorem for the unit ball in R" as Theo-
rem 1.5.7. We proved this theorem by means of the mapping degree. In this appendix
we present two alternative proofs. The first is based on the transformation formula for
multidimensional integrals, the second uses the Sperner Lemma.

For our first proof we start with two preliminary lemmata, where

Iflleo = mgXIIf(X)IIoo

for continuous functions f: D — RR", defined on a compact set D.

LemmaB.1. Let B(0, 1) < R" and f: B(0, 1) — B(0, 1) be continuous. Then there
are functions fi: B(0, 1) — B(0, 1) which are continuously differentiable and satisfy
limy oo llfkc — flloo = 0. If each function fi has a fixed point, then the same holds for f.

Proof. Weierstrass’ approximation theorem 1.4.6 applied to the components of f guar-
antees functions fi: B(0, 1) —» R" such that ||f - file < %, k = 1,2, .... Define
fi = Wkl fx. Then

k k
0] < |f0) = 1 £00)| + | 5700
k —_
kvl k+1

k
PR

whence Ry, (B(0, 1)) € B(0, 1). From |f - filloo < If = filloo + Ik = ficlloo < % + %Ilfklloo <
% we obtain the convergence of (fi) to f.

Let x;, be a fixed point of f. Since B(0, 1) is compact there is a convergent subse-
quence of (x;) which converges to some limit x* € B(0,1). W.Lo.g. let limy_,oo Xp=Xx".
Then we get

IFX*) = x*lloo < IFX™) = fxp) oo + IFXE) = FrX oo + X = X loo-

The right-hand side tends to zero if k tends to infinity, hence f(x*) = x*. O

k -
= m|fk(x) - f)l +

Lemma B.2. There is no function f: B(0, 1) — 0B(0, 1) < R" that is continuously dif-
ferentiable and satisfies f(x) = x for all x € 0B(0, 1).

Proof. Assume that there is a continuously differentiable function f: B(0, 1) —
0B(0, 1) with f(x) = x for all x on the unit sphere 0B(0, 1). Define g(x) = f(x) — x
and f¢(x) = (1 - t)x + tf(x) = x + tg(x). Then

IfeGll2 < A = Olixll2 + LIl <1 - +t =1

for all x € B(0, 1), t € [0, 1]. Hence f;: B(0, 1) — B(0, 1) is a continuously differ-
entiable function which satisfies f;(x) = x for all x on the unit sphere since f(x) = x,
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x € 0B(0, 1), by assumption. Using Theorem 1.6.2 there is a positive constant ¢ such
that |lg(x) — g2 < clx — yll> holds for all x, y € B(0, 1). Choose ¢ € [0, 1/(2¢)] and
assume that f;(¥) = f;(¥) holds for some %, y € B(0, 1) which differ from each other.
Then x - y = —t(g(X) — g(y)) from which we get the contradiction

o - - . o - 1
0 # IX =Yz = tIg(®) - 8Wll2 < telx - ylz < 51X - V2.

Hence f; is injective for t € [0, 1/(2¢)]. Its Jacobian satisfies f[’ (x) =1 + tg'(x), where,
by the continuity of g', there is some positive real number ¢, such that det f;(x) > 0,
t € [0, to]. W.l.o.g. choose to < 1/(2c). Then Ry, (B(0, 1)) is an open set by the inverse
function theorem. We show that Ry, (B(0, 1)) = B(0, 1) holds for ¢ € [0, to]. Otherwise
there is some y € (0Ry,(B(0, 1))) N B(0, 1) and a sequence (x¥) in B(0, 1) such that
limy_eo f(x¥) = y. Since B(0, 1) is compact there is a subsequence of (xX) which is
convergent to some % € B(0, 1). W.L.o.g. let limy_o x* = %. Then f:(%) = y whence
y € fi(B(0, 1)). Since Rf,(B(0, 1)) is open and ¥ € oRy,(B(0, 1)) we must have X ¢
B(0, 1)\ B(0, 1) = 9B(0, 1), whence y = f;(X) = X € 0B(0, 1) contradicting y € B(0, 1).
Define the function v: [0, 1] — R by

u(e) = Jdet F1(x) dx = Jdet([ +tg'(0) dx,
B(0,1) B(0,1)

which is a polynomial in t. For ¢t € [0, tp] we get

u(t) = Jldetft'(x)l dx = J 1dx

B(0,1) Ry, (B(0,1))
= vol(Ry,(B(0, 1))) = vol(B(0, 1)),

where we used the transformation formula for multidimensional integrals. Here,
vol(-) denotes the n-dimensional volume of the set in brackets. The last equal-
ity above shows that the polynomial v is constant for t € [0, to] and therefore
u(t) = vol(B(0, 1)) + 0 for all t € [0, 1]. Since fi(x) = f(x) € 0B(0, 1) for all x € B(0, 1)
we get

L=1fi00l5 = 10 fr00) = Z f10);,

whence

0 c ) i
Za_fl(x) Z (LX), (fl)((x)) j=1,...,n,

i=1 i=1 )

and f{(x)T - f1(x) = 0. From |f1(x)||> = 1 we conclude that fl’ (x)T is singular, hence
detf; (x) =detf] (x)T =0 forall x € B(0, 1). This leads to the contradiction v(1) =0. O

Now we are ready to prove Brouwer’s fixed point theorem.
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First alternative proof of Brouwer’s fixed point theorem

By Lemma B.1 it is sufficient to show that each continuously differentiable function
f: B(0, 1) — B(0, 1) has a fixed point. To this end assume that there is such a function
f which has no fixed point. Then f(x) — x # 0 for all x € B(0, 1) and we can construct a
function h: B(0, 1) — 0B(0, 1) such that h(x) is the intersection of the sphere 0B(0, 1)
with the ray from f(x) through x, i.e., h(x) = f(x) + t(x — f(x)) with t > 0 such that
IR(x)I = 1. This implies [[f(x)[3 + 2¢f(x)T(x - f(x)) + t*|lx - f(x)[3 = 1 with the unique
positive solution
. 1

Ix = fOll3

Using this expression for ¢ we can immediately see that h is continuously differen-

tiable. In addition, h(x) = x for all x € 0B(0, 1). This contradicts Lemma B.2 and
concludes the proof of Brouwer’s fixed point theorem. O

(~F00T (x = f0) + IFOT(x = FONI2 + llx - FOOIZ (A~ IF0IR) ).

Now we prepare our second proof. To this end we start with three definitions. The first
recalls the definition of a simplex.

Definition B.3. Let x°, ..., x" € R". The set

n n
S:{xlx:Zaix’, a; =0, Za,-:l}
i=0 i=0

is called a simplex in R" with the vertices x°, ..., x". The numbers ayg, ..., a, are
called barycentric coordinates (with respect to x°, ..., x™) of the point x € S. The
simplex is nondegenerate if the vectors x* — x°, x2 - x%, ..., x® — x° are linearly in-
dependent. In this case we say that the points x°, . .., x" are in general position and
that S has dimension n. O

Notice that for x € S we have
n . n
X:XO+ZBi(X’—x°), Bi =0, Zﬁisl.
i=1 i=1

By this and a contradiction one easily proves that for a nondegenerate simplex the
barycentric coordinates of a point x € S are unique.

In R! the nondegenerate simplices are line segments, in R? they are triangles,
and in R3 they are tetrahedra.

In our next definition we introduce certain subdivisions of a given simplex.

Definition B.4. Let S ¢ R" be a nondegenerate simplex with the vertices x°, ..., x".
Then for any k € IN the points with the barycentric coordinates ko/k, ..., kn/k, ki €
No, Y1 ki = k, form the vertices of the k-th barycentric subdivision of S (cf. Figure B.1
for S ¢ R? and k = 3). In such a subdivision each nondegenerate simplex of minimal
volume is called a cell (in Figure B.1 there are 9 cells, one of which is shaded). O
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X0 x'  Fig. B.1: Third barycentric subdivision of S ¢ R?
0 1 0 1 with possible values of a Sperner mapping.

In our last definition we consider a particular integer-valued function which is needed
later on.

Definition B.5. Let S ¢ R" be a nondegenerate simplex with the vertices x°, ..., x".

A Sperner mapping m is any mapping m: S — {0, 1, ..., n} with the only restriction
m(x) # i if a; = 0 for the i-th barycentric coordinate of x. The value m(x) is called the
Sperner value. O

Notice that each vertex x/ of a nondegenerate simplex S necessarily has the Sperner
value m(x/) = j since its barycentric coordinates satisfy a; = O for i # j so that the only
possible value which remains for m(x/) is j.

Now we formulate Sperner’s Lemma in which only those cells of a fixed barycen-
tric subdivision of S are counted whose n + 1 vertices attain all n + 1 possible values
of a given Sperner mapping m.

Lemma B.6 (Sperner Lemma; cf. Franklin [100]). Let S < R" be a nondegenerate sim-
plex and let m be a Sperner mapping. Consider an arbitrary k-th barycentric subdivision

of S. Then the number of those cells whose vertices are mapped by m onto {0, 1, ..., n}
is odd.

Proof. We proceed by induction on n. For n = 1, the simplex S is a line segment from
x° to x*. The vertices v, i = 0, . .., k, of the k-th barycentric subdivision satisfy v’ =
x° + (i/k)(x* - x%), i = 0, ..., k. The values of the Sperner mapping m of S are 0
or 1 with m(x®) = 0 and m(x') = 1 (cf. the remark below Definition B.5). Therefore,
the finite sequence m(v°), m@?'), ..., m(v¥) is a sequence of zeros and ones, which

starts with 0 and ends with 1, and its changes from O to 1 must be one more than those
from 1 to 0. This proves the assertion for n = 1 and arbitrary k € IN.

Assume now that the assertion holds for all nondegenerate simplices of dimen-
sion less than n and let S be a nondegenerate simplex of dimension n. Consider its
k-th barycentric subdivision. Let F(£) be the number of cells whose n + 1 vertices
have the Sperner values 0, ..., n — 1 and the additional value ¢ (which occurs twice
if £ # n). The order in which these Sperner values appear does not matter. At the mo-
ment we do not know whether F(¢) # 0 occurs. We are interested in F(n). If we can
show that F(n) is odd, we are done.
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Each cell of the k-th barycentric subdivision contains simplices of dimension
n — 1 as boundary elements. Such boundary elements are called faces. We will com-
pute the number z which counts the occurrence of those faces F, whose n vertices
have the different Sperner values 0, . .., n — 1. For each cell which contributes to F(¢)
there are exactly two such faces Fy, if £ # n and exactly one if £ = n. Hence

n-1
z=2Y) F(€)+F(n).

£=0
We will compute z in a second way: If a face F,, does not completely belong to the
boundary of S it belongs to two cells of the k-th barycentric subdivision of S. There-
fore, it counts twice for z. If it is contained in the boundary of S it lies completely
in that unique face S,_1 of S whose vertices are x°, . .., x""1. This can again be seen
from the remark below Definition B.5 and the admissible Sperner values of the vertices
of Fy,. Therefore, we can express z as

z=F;+Fp

where F; counts the faces F,, which have at least one element in the interior of S and
Fp, counts the corresponding faces in S,_;. Clearly, F; is even. By the induction hy-
potheses F}, is odd, and so are z and F(n). O

Now we prove the following version of Brouwer’s fixed point theorem.

Theorem (Brouwer’s fixed point theorem for simplices). If the function f maps a non-
degenerate simplex S of R" continuously into itself, then it has a fixed point x*.

Proof. Let aj(x),i=0,...,n,bethebarycentric coordinates of x. First we remark that
the fixed point property x* = f(x*) is equivalent to

ai(x*) = a;(f(x*)), i=0,...,n. (B.1)

One direction follows immediately from the uniqueness of the barycentric coordinates
for nondegenerate simplices, the converse direction follows from

Yaix*) =Y ai(f*) =1,  ai(x*) >0, a;(f(x*)) > 0. (B.2)
i=0 i=0

Assume now that f does not have any fixed point. Then for each x € S and y = f(x)
there is an index ip such that a;,(x) < a;,(f(x)) holds whence by a relation analogous
to (B.2) there is an index i; such that a;, (x) > a;, (f(x)). This defines a function m: S —
{0,1,...,n} by

m(x) = min{j | a;(0) > a(fx)) }.

Since m(x) = i implies a;(x) > a;(f(x)) = 0, i.e., aj(x) # 0, the function m is a Sperner
mapping. According to the Sperner lemma, for each k-th barycentric subdivision
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of S there is a cell C; with vertices x°(k), ..., x"(k) which are mapped by m onto
{0, 1, ..., n}. Eventually, by reordering the vertices xi(k),i=0,...,n, for each fixed
k, the ‘onto’-property allows that we may assume

m(xi(k))=i fori=0,...,nandk=1,2,.... (B.3)

Since S is bounded there is a subsequence (k) such that the sequence (x°(k¢))
has a limit x*. With increasing ¢ the cells Ci, contract to x*, i.e., lime_,o xi(ke) = x*,
i=0,...,n, hence lim,_, f(xi(ke)) = f(x*). By (B.3) and the definition of m we get
a; (f(x (k) < a;(x'(k)), whence a;(f(x*)) =limy_,o0 a; (F(x(ke))) < 2i(x*) fori=0, ..., n.
By virtue of (B.1) this means x* = f(x*), contradicting the assumption. O

In order to deduce Brouwer’s fixed point theorem for the closed unit ball B(0, 1) from
the version which we have just proved we proceed similarly as in Theorem 1.5.8, this
time with D = B(0, 1) and with any simplex S enclosing B(0,1).Thus S plays the role
of B(0, p) in the proof of Theorem 1.5.8. We leave the details to the reader.

Exercises

Ex. B.1. Let S be a nondegenerate simplex in R" with the vertices x°, ..., x". Show
that the barycentric coordinates a;(x), i =0, ..., n of x € S are unique.

Ex. B.2. Let S be a nondegenerate simplex in R" with the vertices x°, ..., x". Show
that the barycentric coordinates a;(x), i=0,..., n of x € S depend continuously on x.

Hint: Use the uniqueness of ag(x), ..., a,(x).

Ex. B.3. Deduce Brouwer’s fixed point theorem for the closed unit ball B(0, 1) ¢ R"
from that for nondegenerate simplices S ¢ R". (Give all details of the proof.)
Notes to Appendix B

Both proofs in Appendix B of Brouwer’s fixed point theorem follow the lines of
Franklin [100], where even more proofs of this theorem can be found.

[vww.ebook3000.con}



http://www.ebook3000.org

C Proof of the Newton—-Kantorovich Theorem

We prove here the Newton—-Kantorovich Theorem which was stated as Theorem 1.5.10
using the notation and references there without repeating them. The proof follows the
lines of Ortega, Rheinboldt [267].

Proof. The numbers ¢, t in (1.5.10) are the zeros of the polynomial p(t) = 1 Byt? - t + 1.
First we consider the case 0 < a < 1/2, which implies 7 >0 and 0 < t < t.
Since a is positive, the same holds for ¢, t. In addition, we have

t+t t+t
p'(t)=ﬁyt—1¢o=p’<%), ifes . (o8

Let tx be the k-th Newton iterate for p starting with ¢ty = 0, i.e.,

to =0,
it = ti - 5,((2’;)) =ty - %ﬁg‘t;k; 1 k=0,1,.... (€2
If p'(tx) # O, then
tisr —t= ,(t ){tkp (t) - p(t) — tp'(t) }
= ){p(tk)+p (t)(t - t) + 3p" (t)(t - t)” = 30" (t)(t - 1) }
- %Byﬁy— 1(£ — tr)? (C.3)

holds, where we used the Taylor expansion of p(t) = O at tx. Since (C.2) implies
p(t-1) + p' (tk-1)(tk — ti-1) = O we get

p(tr) 1 ) 1,0 2
t -t =- = - tko1) + ti—1)(tx — tiecq) + 5 ti—1)(tx — ty—
kot = b= = T p’(tk){p( k1) + D' (tk-1) (b — tr-1) + 50" (be1) (b — tr-1)” }
_1 By 2
=37 —Bytk(tk ti-1)”. (C4)
Assertion 1:
to<ty<---<tg<t forall k e Np. (C.5)

We prove (C.5) by induction. For k = 0, we get O = to < t. Assume now that ti < t
is known. Then Byt — 1 < Byt - 1 = -+/1 - 2a < 0 by virtue of (iv), whence (C.3), (C.4)
imply ti < tys1 < t.

Assertion 2: limy_,o, tx = t. From Assertion 1 we see that (tx) is convergent to some

real number ¢ < t. Assume that < t. Then we have p'(f) = Byt — 1 # 0 by virtue of

(C.1) and with (C.3) we get

o 1 R

=L B
2Byt-1
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Dividing by ¢ - { implies
_1 By
2Byt-1
whence 2 - Byt = Byt. Use 2 - Byt = 1 + V1 - 2a in order to obtain the contradiction
t=t>t>t.

(I - E)’

Assertion 3: f’(x)"! exists for all x € B(x°, t), and

B

1= Bylx x| (cé)

If' o~ <

holds.
We start with
IF ) HF O) = F1 OO < IF ) - IF () = £ ol
<BylIx° -x|| < Byt=1-V1i-2a<1 forallx e Bx°,¢).

The Neumann series shows that
1) =IO &) - F1(x) }

has an inverse which can be represented as

F1o07 = YOO HE ) - f1 o) | ()7

i=0

This implies

B
1= Byllx® —x’

where 1 - By[x® — x| = —=p'(IIx° - x||) # 0 for [|x° - x| < ¢ by virtue of (C.1).

IF" 0 < Y (BylIx® = xI)' - B =
i=0

Assertion 4: x* e B(x°, t) and ||x* — x*~1|| < t; — tx_1 . In particular, the Newton iterates
are well defined.
We prove this assertion by induction. Let k = 1. With (iii) we get

Ixt = x°1 = I 6O) OO < =t1 - o
2 o 21-+V1-2w)
1+vi2a 2a

Here, the representation 1 = t; - to follows from (C.2) with ¢, = 0, and the second
inequality holds because the factor behind 7 is greater than one.

Now let the assertion be true up to some k. Then by the induction hypothesis we
get

<n- =t.

k k
I = X0 < Y I =X < Y (b= tiog) = ti— to = . (€7
i=1 i=1
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With g(x) = x — f'(x)"1f(x), x € B(x°, t), and with Assertion 3 we get

It = XK = llg(exd 1)) - gk
= 1861 - F1 (g0 1) A0k 1)) - gk

B ‘ o
) 1 - Byllg(xk-1) - xO| IF g1,

Here, we used the fact that g(x*1) = xX e B(x?, ¢). Since

g(kal) _ kal — _fI(kal)flf(kal)

we obtain
flg* 1) = flg(x™ 1) - FOK1) = F1 RN { gk 1) - Xk}
and
1
It = x4 < m jf’(xk-1 + AT - X)) dA - (g - X1y
1
- jf’(x“) A - {g(* 1) - xk1)
0
1
< m J”fl(xk—l + A(g(xk—l) _ Xk—l)) _f!(Xk—l)n dA
gty — Xk
1
ﬁ k-1 k—12
STY AdAflg(x™*) = x*77
1 - Bylxk - xO| J
_ By kK k=12
= 2Byl —wop T
By

< —  (tk = tie1)? = tir — tke
2(1—Bytk)(k k-1)" = ter — bk

For the third inequality we used (i), for the last inequality we applied the induction
hypothesis and (C.7) combined with 1 - Byt, > 1 — Byt > 0. The last equality follows

from (C.4).
Analogously to (C.7) we can conclude [|x**1 — x°|| < 41 < t, hence x**1 € B(x°, ¢).

Assertion 5: limy_, XK = x* € B(x°, t) with f(x*) = 0. Assertion 4 implies
ktp ) k+p
P =XK< Y I =X < Y (= i) = e - e
i=k+1 i=k+1

Since (t) is convergent, the sequence (x¥) is a Cauchy sequence in B(x°, t). Hence
x* =limy_, x* € B(x?, t) exists, and by virtue of the continuity of f and f’ the Newton
equation —f(x¥) = f/(x¥)(x**1 — xk) tends to —f(x*) = 0 if k tends to infinity.
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Assertion 6: The zero x* of f is unique in B(x°, ) n D if a < 1/2, and in B(x°, ¢) if
a=1/2.

Assume that there is another zero y* of f which lies in B(x°, t) if a < 1/2 and in
B(x%, t)if a = 1/2.

With the Newton iterates x* define the sequence

{ =y,
Yyl =y N, k=0,1,....

Theny*k =y*, k=0,1,....
With tx from (C.2) define the sequence

so=ly* -x°l <t

p(sk) (C.8)
Sk+1=5k—Im, k=0,1,....
We conclude the proof by three major steps.
Assertion 6.1:
1 .
Sk+1 — k1 = —m . %ﬁy(Sk - tk)z >0, if sy # tg, (C.9)
By

st =t = s (6= 38K 1) (s = ). (C.10)

The first formula follows from

_ p(si) —p(tx)
p'(tw)

{p'(t)(sk - ti) + p(te) — p(sk) }

Sk+1 — tke1 = Sk — tk

B 1
p'(tx)
1

= S0 (-3p" (W (s - t)?) -

The second formula results from

ps) 1 .,
Pt M{P (ti)(sk =) = p(sK) }

1
== (p'(t) + p" (O(tx — 1)) (5k — 1)
p (tk){ —

—p(®) - p'(O(sk - O - 1p" (O)(sk - ) }

Sk+1—t=5Sk—t

By
= k- 0ft-t-36i-n}.
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Assertion 6.2:
lim s; =t. (Cay)

k—o00

If so = to =0, then sy = ty, k=0,1,..., byvirtue of (C.8), and (C.11) follows from
Assertion 2.

If so = t, then p(t) = O implies sy = t, k=0, 1, ..., which proves (C.11).

If typ = 0 < sg < t, we show by induction that the inequalities so < §1 <--- < sk <t
and ty < si hold. For k = 0 this is trivial. Assume that they are true up to some integer
k. Since p'(tx) < 0, Assertion 6.1 guarantees Si,1 — txs1 > 0, which proves the last
inequality. By the induction hypothesis we can deduce that p(sx) > 0, whence sx;1 >
sk by (C.8). From

tik—3isk-3t=3(t-0+ 3tk -sK) <0

and (C.10) we get sy;1 — t < 0, which prolongs the first chain of inequalities. Combining
these inequalities with Assertion 2 proves (C.11).

If t < so < t, which does not occur in the case a = 1/2, we show by induction
the inequalities t < sy < --- < $1 < So < t. The case k = 0 is again trivial. From ¢t <
sk < t we can see p(si) < 0, whence sy,1 < S as above. With Assertion 6.1 we obtain
ti — 1sk— 3t < ti — ti/2 — tx/2 = 0, hence (C.10) proves s,1 — t > 0. Thus the inequal-
ities are proved and show that the sequence (si) is convergent to some limit S. From
Assertion 2, (C.1), and (C.8) we see that p($) = 0, hence § = t.

Assertion 6.3: [lyK — xX|| < sy — t.

Again we proceed by induction. For k = 0 the assertion follows from [|y® — x°| =
ly* = x°|| = sg = so — to. If the inequality holds for some integer k, we use Assertion 3
in order to get

% —xe ) = ) = £ O T o) (K - XK + fR) - Fod) M

1 - Bylx* = x|

1
j{f’(xk FAGK — Xk — f1 My Y dr H Iy - XK.
0

Analogously to the proof of Assertion 4 and with the induction hypothesis and (C.9)
we can overestimate this last expression by

1

By J kK k2 By 1 2
———— | AdA |y = x| £ —— - =(Sk — tx)* = Sk+1 — tk+1-
1= Byts J ly I () 5 Sk = )" = Ske1 = tier
Notice that sy = t; implies sx+1 = tx+1, SO that the last equality holds trivially in this
special case. From the last two assertions we finally get [|y* — x*|| = limy_, ||y" - x| =
t — t = 0, which proves the Assertion 6.

It remains to show the error estimate (1.5.11) which we are going to repeat.

Assertion 7: ||x* - x*| < lek(Za)zk, k=0,1,....
We proceed in two major steps.
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Assertion 7.1: tyy1 —t <n-27K.
For k = 0 we have equality. If the inequality holds up to some integer k, we use
tir1 = Zf-(:o(tm —t) < Zf-‘:o n- 271 = 2n(1 - 2751y in order to estimate

1-Bytesr = 1-2a(1 - 27K > 27k 1, (C12)

Together with the induction hypothesis and (C.4) we finally get

By/2

tir2 — tir1 = tirr — )?
k+2 k+1 1_ ﬁytk+1( k+1 k)
2
< Zﬁ_yk/_l n?272k = pa - 2k-%k < . 27k L,

Assertion 7.2: t—ty < /ﬁ(Za)zk.
For k = 0 this inequality follows immediately from

2a <2_a
By +vi-2a) By’

If it holds up to some integer k, we can use (C.3) and (C.12) (with k instead of k + 1) to
see the estimate

t=

,Byl 1 B 1
-k (ﬁyzk)z - ﬁy2k+1

In order to finish the proof for Assertion 7 we look at the proof for Assertion 5.
From there we can conclude [|x**? — x¥|| < t),,, — tx, and for the limit p — co we end
up with

t—tie < 2a)?"2 Qa".

1

By2k

It remains to consider the case a = 0 < min{f, y} for which we use the notation
above. Here, = 0, f(x°) = 0 whence t; = t =0 < t, and x* = x* follows for k=0, 1, ... .
This proves the existence statement of the theorem. The error estimate is trivial now.
In order to prove uniqueness we assume x* # y*. With the notation above we notice
that (C.9), (C.10) still hold, O = t < sq < t is trivial, and s; < s follows from (C.8) as
in the proof of Assertion 6.2. From the inequality |y! - x| < s; - t; = s1, which can
be shown as in the proof of Assertion 6.3, we get the contradiction so = [|y® — x°| =
ly* = x*Il = ly* = x| < s1 < So. 0

I = xM| <t -ty < a)?".

[vww.ebook3000.con}



http://www.ebook3000.org

D Convergence proof of the row cyclic Jacobi method

In this appendix we will prove the convergence of the row cyclic Jacobi method.

Theorem D.1. Let A = AT = Ag € R™". Then the matrices Ay = (ag()), k=0,1,...,0f
the row cyclic Jacobi method converge to the Jordan normal form of A, where the order
of the diagonal entries depend on A.

Proof. The proof of this theorem follows the lines of Forsythe, Henrici [99]. As there,
we will proceed in several steps.

We will denote the entries of Ay to be zeroed by the k-th Jacobi rotation by ai) , =
a® ., pi < qx, sothat a1 = al*}) = 0. A measure for the deviation of A from its
diagonal part is given by the sum

s® =3 (al)?. (D.1)
i#j

Later we will show limy_,o, S® = 0. If k is irrelevant for our momentary argumenta-
tion, we will drop it, writing A and A’ instead of A, Ax,1, and similarly p, g, S as we
already did in the formulae of the Algorithm 7.3.1.

We mention that the multiplication of A with the Jacobi rotation Jp4 from the right
only changes the columns p and g of A, while the multiplication with J gq from the
left changes the corresponding rows. Therefore, the entries in the columns and rows
p, q are called affected, the remaining ones unaffected. Obviously, the latter satisfy
alfj = ajj. From the formulae in Algorithm 7.3.1 and after a simple calculation (cf. Exer-
cise D.1) we get
2 .
aj’

(aj,)” +(aj)* = a3, + aj, (D.2)

12 N2 _ 2
(apj) +(aqj) =ay+a

forj ¢ {p, q}. As in Forsythe, Henrici [99] we will call the entries of the pairs (ap;, ag;)
and (ajp, ajq), j ¢ {p, q}, coupled during the k-th transformation and we speak of
rotated entries ayq, aqp for those two to be zeroed.

From (D.1), (D.2) we obtain

l 2
S-§'=2a2, (D.3)

hence (S®) is monotonically decreasing and trivially bounded from below by zero.
Therefore, the sequence (S(k)) is convergent, and (D.3) implies

. k
klirgo aék),qk =0 (D.4)
for the rotated entries.

Our first lemma shows that coupled entries cannot behave independently of each
other when being transformed.
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LemmaD.2. Lete>0,j ¢ {p,q},
lapl <&, lagl <e. (D.5)

Then
!
lay;l < cog, lagjl < coe (D.6)

holds with the constant co = 1 + V2 which is independent of k, p, qx.

Proof. First we recall that the rotation angle ¢ is restricted to ¢ € [-m/4, m/4]. This
bounds c, s in Algorithm 73.1by ¢ > 1/v2 # 0, s < 1/+2. From the formulae of this
algorithm we get

ay; = apj + S(agj — Tap;) = (1 - ST)ap; + Sdgj = Cap; + Sdg; (D.7)
ag; = agj — S(apj + Tag)) = Cagj - SAp;. (D.8)

Equation (D.8) implies
agj = (ag; +sap))/c. (D.9)

Inserting (D.9) in (D.7) results in

!

! 2 2 !
a,; = (¢ apj +sag; + s”apj)/c = (apj + sag;)/c,

which can be estimated by
lal| < (lap;| +lal;1/V2) - V2 = V2lap| +|al.

Together with (D.5) this yields the first inequality in (D.6) with ¢ = 1 + V2. The second
follows similarly from (D.9). O
For the proof of our next lemma we need the submatrix

Mgfn) _ (af]k)) c 1R(m—l+1)><(m—l+1)’

l1<l<m<n, l<i<m, l<j<m.

Anindex k is said to be associated with (I, m) if (pk, qx) = (I, m). In this case we write
k=1I(l, m). Theindices k1, ka, . . . k, are called cocyclic if they are contained in one and
the same of the intervals [zN, (z+ 1)N — 1], wherez=0,1,2,...and N =n(n-1)/2
is the number of rotations in a full cycle of the Jacobi method. Similarly to (D.1) we

define
(k) (k)y2
Sim = Y, (@)
I<i,jsm
i#j
Obviously,
s®  =2@,)? and s =s® (D.10)
holds.
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LemmaD.3. Let € > 0 and kg such that 2(a§,’i),qk)2 < € for k > ko which is possible

by virtue of (D.4). Let f, g, h be three cocyclic indices associated with the pairs (I, m),
(I,m+1), (Il+1, m+ 1), respectively, where 1 <l < m < n. Assume f > ko. Then the
inequalities

(6)) (h)
Sim <&  Siimer <& (D.11)
imply
S?g,iﬂ < de, (D.12)

where d = dy—; > 0 depends on m — | and on the constant ¢y of Lemma D.2.
Proof. By virtue of cocyclicity the indices f, g, h satisfy f < g = f + 1 < h. We will
decompose the submatrix M ;grzl .1 into appropriate blocks and estimate their entries

accordingly. Since the entries in M 0 are unaffected by the rotation f we get

1+1,m-1
0] _c®
Sl+1,m—1 - SI+1,m—1' (D'13)
The entries ag) = a}{), a) = aff) are coupled for j =1+ 1, ..., m - 1 during the f-th
Jacobi transformation. In addition, a{8) = a{/*) = 0 since a¥) is a rotated entry for f.
Together with (D.2) and (D.13) this implies S{) - 2(a{)? = S, hence
$® <5 < ¢ (D.14)

follows using (D.11). Since (pg, g¢) = (I, m + 1) is a rotated entry for g, our very first
assumption guarantees

|a§’gr)n+1| < Je/2. (D.15)

Now we will consider the entries a](grzl w10 ) =1+1,..., m. After the transformation
g these entries are unaffected by the rotations of the entries in position (I, m + 2),
..., (1, n), which proves (a](.,grfq ) = a](.f’r;i)l = a](.’?n ,1» Where ¢ is cocyclic with f, g, h
and associated with the pair (I + 1, [ + 2) which follows the pair (I, n) in the row cyclic

Jacobi method. We consider the sum

m
t
se= Y (@)%

j=l+1
which is apparently an upper bound for all ((aé(.grim)’)z, j=l+1,...,mIfl+2=
m+1,thent=hands;=sy= (aff)l,ml)2 =(a® D?.If1+2<m+1,then a§?1,m+1’
a), . are coupled during the ¢-th Jacobi transformation while a{) ., is unaffected
forj=1+3,...,m.Therefore, we get
® (® - (O
_ 2 2 2
St = (al+1,m+1) + (al+2,m+l) + Z (aj,m+1)
j=1+3
(1) 2, (D) 2 N (D) )2
+ + +
= (al+1,m+1) + (al+2,m+1) + Z (a}',m+1) = St+1.

j=l+3



454 =—— D The row cyclic Jacobi method

Repeating these ideas leads to sy = s¢41 = ... = Sp. Since in both cases sy, is part of
(h) :
Sl+1,m+l we obtain
(@® ) <se=sp< S <gf2
1 m+1 h l+1 m+1

by means of (D.11). From (D.14) we get |a§]3)| < +/€/2. Taking into account the symmetry
of Ag we apply Lemma D.2 with (p, g) = (I, m + 1) and +/&/2 instead of €. This implies
Ia( m+1| < con/e/2 and

(8 (8) (g) 2 @ 2
Sl m+1 S + 2(al,m+1) +2 Z (a) m+1)
j=l+1
<ete+cie(m-1)=de
withd = dp; =2 +ci(m-1). O

LemmaD.4. S* :=lim_o S® =

Proof. Let 6 > 0 be given and
(apk g)? < (di-day---dn)6/2

for all k > ko = I(1, 2), where we used (D.4) and our previous notation. By virtue of
(D.10) this implies

S;kl_'_l <(dy-dy--- dn_2)715

for k = I(l, 1 + 1) cocyclic with ko and all [ such that 1 < I < n - 1. This means that
(D.11) is fulfilled for all f, g, h > ko cocyclic with ko provided that r = m -1 =1 and
g€ =(dy -+ dnp)"18. Assume that

<(dy-dps1 - dn—z)_16 (D.16)

l l+r

holds for some positive integer r < n — 1 with k = I(l, l + r) cocyclic with ko and all [
such that 1 <1< n-r. Then Lemma D.3 implies

S(k+1) < dr (dr Tt dn—Z)_15 = (dr+1 Tt dn—Z)_15

Ll+r+1

which is (D.16) with r + 1 replacing r. This completes our induction and shows

s{orm=1 < §, where ko + n— 1 =1I(1, n). Since § was arbitrary and ${¢" "1 = sko+n-
the limit S* must be zero. O
Lemma D.5. For each k € N there is a permutation my = (ry(i)) of 1, ..., n such that
. k
I}LIEO|Ank(i) - agi )| =0 (D.17)
holds.
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Proof. Let the eigenvalues A; of A, and therefore of A, be ordered increasingly, fix k,
and denote by Dy = (dg‘)) € R™" the diagonal matrix with d'¥ = al, i=1,...,n.Let
Vi = (vi(i)) be a permutation of 1, ..., n such that the entries a(V’;)(i)’vk(i) are ordered
increasingly. Then Theorem 1.8.18 with A = Dy, B = Ay and the Frobenius norm || - ¢
implies

k .
i = @yt vl < 1Ak = Didlr = (™), i=1,...,n, (D18)
If 7y = (71 (i)) denotes the inverse permutation of v, one can rewrite (D.18) as
Ny - a1 < (S¥HV2, i=1,...,n. (D.19)
Now (D.17) is proved by Lemma D.4. O

In order to terminate the proof of Theorem D.1 it remains to show that 77y in Lemma D.5
can be replaced by a permutation /7 which is independent of k at least for sufficiently
large k. This is obviously true if all eigenvalues of A are identical. Otherwise let
d=min|A; - Ajl, e = (W)Y, (D.20)
Ai#A;
and choose kg such that &, < d/3 holds for all k > kq. Then by virtue of (D.19) every di-
agonal entry a](.;() of Ay is closest to exactly one number of the set A = {A;}. Denote this
eigenvalue by A(k, j). By using the set A we emphasize that we no longer distinguish
between identical eigenvalues. We show that A(k, j) can be chosen independently of
k if k > ko. To this end we remark that during the k-th Jacobi rotation in the diagonal
of Ay only the entries ag‘k), p, and af;?, g, are affected. For simplicity we will mostly omit
the index k. The formulae of Algorithm 7.3.1, ¢ € [-7/4, m/4], and (D.20) imply

lay, — appl = tlapgl < lapgl < €.
From (D.19) and (D.20) we get
Ak, p) — app' < Mnk(p) - app' < &
and similarly
Ak +1, p) = app < &gt
Therefore,
A(k + 1, p) = A(k, p)| < Ak + 1, p) = aby| + b, — appl + lapy — Ak, )|
< Epq1 + 26 < d,

which, by virtue of (D.20), proves A(k + 1, p) = A(k, p). Similarly, we get A(k + 1, q) =
A(k, q), so that A(k + 1,1) = A(k, i) =: A(i) for k > ko and i = 1, ..., n. Then Aq
in (D.17) can be replaced by A(i) whence limy_,,|A(i) — ag‘ )I = 0 follows. With D =
diag(A(1), ..., A(n)) we obtain limy_,,, Ax = D, and since the eigenvalues of Ay are
those of A including their multiplicity, D must be the Jordan normal form of A. The or-
der of the diagonal entries depends on A because the choice of the rotational entries,
Algorithm 7.3.1, and the angle ¢ there are unique. This finishes the proof of Theo-

rem D.1. O
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The convergence of the column cyclic Jacobi method can be proved analogously as was
done in Forsythe, Henrici [99]. The speed of convergence is studied in Henrici [141].

Exercises

Ex. D.1. Prove (D.2).
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E The CORDIC algorithm

The CORDIC algorithm (Coordinate Rotation Digital Computing) aims to compute

elementary functions by a shift-and-add strategy, which means that only shifts of

a bit sequence in the arithmetic logic unit (ALU) and additions of binary numbers

are required in order to approximate values of selected elementary functions such as

sin x, cos x, arctan x, sinh x, cosh x, artanh(y/x), from which additional ones can be

easily derived, for instance In x = 2 artanh ﬁ , e¥=coshx + sinh x. We will explain the

algorithm only for computing sin x, cos x, and refer to Muller [240] for modifications

in order to obtain other functions from IF. We proceed in three steps:

(1) Reduce the argument x by multiples of 77 such that 6 := x - km € [-5, 5], k € Z,
where k is chosen appropriately.

(2) Represent 6 € [-5, 5] as 0 = Y2, diwi, where dy = +1, wy = arctan 27k Here
we assume that wy is taken from a table available for the computer.

(3) Apply the CORDIC algorithm, whose basic form is an iterated application of dila-
tions and rotations.

In view of step (2) we need the following theorem.

Theorem E.1. Let (wy) be a monotonously decreasing sequence of positive real numbers
for which s := Y12 wi < oo exists and which satisfies

(o)
Wi < Z wi, k€ Np. (E.1)
=k+

i=k+1

Let t € [-s, s] be fixed and define (tx) recursively by
to:=0 ;
0 with dy = { Lo Flest (E.2)
tis1 = bty + diwy -1, ifty>t

Then
(o)
t= klim ty = z diwi (E.3)

—00 kZO
holds.

Proof. By virtue of (E.2) we have t; = 211_:01 diw;, k € N. We show by induction
—ZWiSt—tkSZWi (E.4)
i=k i=k

which implies (E.3).
For k = 0 we have ty = 0, hence —-s < t — ty = t < s follows from our assumption
ont.
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Let (E.4) hold for some k. If di = -1, then t; > ¢, t — t; < 0, and

(o)
t—tie =t—(tk —Wi) < Wi < Z Wi
i=k+1

holds, where the last inequality follows from (E.1). Furthermore,

(o] (o0}
t—(tk—Wk)Z—ZWi+Wk=— Z wi
i=k i=k+1

by our induction hypothesis. This proves (E.4) in the case dy = —1. The case dy = 1
can be shown analogously. O

Remark E.1.

(a) The choices wy = % (y > 0), wi = In(1 + 27%), and wy = arctan 27¥ fulfill the
assumptions of Theorem E.1.
We prove this only for wy = arctan 2% leaving the proof for the other two possi-
bilities to the reader in Exercise E.1.
We start with two properties on arctan x (principal value):

arctanx < x forx >0,
arctan(x + y) < arctan x + arctany for x, y > 0.
The first inequality can be seen by means of the function g(x) := arctan x — x which
satisfies g'(x) = —x%/(1 + x?) < 0 and is therefore monotonously decreasing. This

implies —oco = limy— g(x) < g(x) < g(0) =0 for x > 0.
For the second inequality we use the function

h(x) := arctan(x + y) —arctan x — arctany for fixed y > 0,

whose derivative
1 1

1+ (x+y)? 142
is nonpositive. Hence h(x) < h(0) = 0 holds for x > 0.
Obviously (wy) is a monotonously decreasing sequence of positive numbers. Fur-

thermore,
[o0) [oe) o0
S := Z Wy = Z arctan2 X < Z 27k = 2,
k=0 k=0 k=0
in particular, s exists. Finally,

(o] (o] o0
Wy = arctan(Z‘k) = arctan( Z 2") < z arctan(27') = Z Wi.
i i=k+1 i=k+1

h'(x) =

(b) Based on the error estimate
k 00 00 )
OSS—ZWI'= ZWiS 224224{
i=0 i=k+1 i=k+1

thesum s = Z,ﬁ“;o Wi, Wi = arctan(27%) can be approximated arbitrarily well. One
obtains s = 1.743 286 620 472340 0035....
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CORDIC algorithm - basic version (Volder [357])

Let xo, Yo, zo € R be given. Iterate according to

1 ifz=0
dy :=
-1 otherwise

Xeo1 = xi—diyi2t F k=01, (E.5)
Vis1 = Vi + dixi2 7

Zks1 = 2k — dy arctan 27k

Theorem E.2. Let (xx, yk, zx) be constructed by the basic version of the CORDIC algo-
rithm. Assume |zo| < s = Y2, arctan 27X, Then

Xk X0 COS Zp — Yo Sin zo
klim yk | =K-| xosinzg + yocoszg
—00 2k 0
holds with
(o)
K := 1—[ V1 + 272k = 1.646 760 258 121 065 648366 051 . . . .
k=0
The choice
1
Xo = X =0.607 252935008 8812561694..., Yo:=0, z9:=0, |6]<s,
implies
Xk cos
lim | yx |=| sin8
k—o0
Zk 0

Proof. Apply Theorem E.1to wy = arctan 2% ¢ (0, 7] and f = 2, taking into account
Remark E.1. For

to:=0 ) 1, iftg <zg
with dj := E.6
{ tiesr = bk + diwy k { -1, otherwise (E6)
one gets
(o)
lim ¢ = z diwy = zo. (E.7)
k—o00
k=0
Define

X1, 1 cos(dywy) —sin(dxwy) \ [ Xk
Yier)  coswi \sin(diwi)  cos(diwi) ) \ vk

1 coswy  —disinwy\ [ xx
cos Wi \ dj sin wi COS Wy i)'
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Here the matrix effects a counterclockwise rotation of (xi, yx)T with the angle dywy,
and the factor 1/ cos wy > 1 in front means a dilation since wy € (0, 71/4]. From the
definition of wy one gets sin wy = 27 cos wy, hence

( k+ ) ( k k)( )
Yk di2 k 1 Yk
follows. Since

(cosa —sina)_(cosﬁ —sinﬁ):(cos(a+ﬁ) —sin(a+ﬁ)>

sina  cosa sinf  cosf sin(fa+f) cos(a+pf)

one finally obtains

tim (X% = 1"—0[ 1 coszg -sinzo\ [ xo
k=00 \ Vi o coswi J\sinzg  coszo/\yo)"

Now
1 - cos? wy = sin? wy = 272k cos? wy,
whence
1
=V1+22k and 1_[ =K
COS W 1o COS Wik
follow. Notice that the last infinite product exists since
m m 1 ok
=1In 1+2‘2k> =In(1+2~
(1 272

is monotonously increasing and satisfies

m 1@ —2k_2
<32 2Ms322eg

NI;—\

because of In(1 + x) < x for x > 0; cf. Exercise E.2. Hence (u,,) is convergent to some
value u* and

o0
lim e¥n = e¥ = H Vi+22k=K
m—-oo
k=0
exists. Now let zy :=zg — tx, k=1,2,....Then
{ zo =20 -ty togiven asin (E.6)

Zie1 = 20 — tke1 = 20 — tk — dxWi = zx — dgwi

holds with
1 ifzg=20-tx>0
dy :=
-1 otherwise
and effects that zy = zg — ﬂ{:o d;w; converges to zg — zo = 0 because of (E.7). O
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z7=0- tk (Xk+‘1’ yk+1)
dywy

CSD)

tk

VxE +yi X

Fig. E.1: An iteration step of the CORDIC algorithm.

Figure E.1 may illustrate the iterate (xx41, yi+1) if zo = 6. Notice that

T N
(Xk+1 —Xk) (Xk> _ (—dkz )/k> (Xk> _o
Vi1 — Yk Yk di2 7 *xk Vi ’

i.e., both vectors are orthogonal.

— 461

In practice, the basic version of the CORDIC algorithm must be modified in order
to be efficient — see Muller [240] for details. It was implemented in the HP35 pocket
calculator, and in the Intel processors 8087 up to 80468. Nowadays there are faster

algorithms for computing elementary functions; see again Muller [240].

Exercises

Ex. E.1. Prove Remark E.1(a) for wy = y/2¥ (y > 0) and for wy = In(1 + 275).

Ex. E.2. Prove In(1 + x) < x for x > 0.



[vww.ebook3000.con}



http://www.ebook3000.org

F The symmetric solution set -
a proof of Theorem 5.2.6
We prove here the missing converse direction ‘<’ of Theorem 5.2.6 using the notation

of the theorem and its proof ‘=’ in Section 5.2. To this end we need some preparations
which we will present first.

Definition F.1. Let p, p, q,q, G, ¢’ € {0, 1}". Then we define

p=e-p, g=e-q, q'=(0,0,q3,...,q0)", @' =(0,0,43,...,4n)",
Pc=p.-*P, Dr=D-DPcs 4c=9q-*4,  qr=q—dc,
Dc=p.xp, Pr=pP-Pcs qc=4.xq, §r=4-4c
=9 ¢, aq=4-q,
4dc=4+4q, 4 =4 -4qc
pc=p.xq, PrR=p-Pc, dc=4.*p, qr=49-(c,
Pc=p.xq, Pr=DP-Pc, Gc=4-*p, {4r=4-4qc,
qc=49 -*P, qzr=4 -4c
dc=q"+p, dr=3d"-dc

where .+ denotes the Hadamard product as in Section 2.1.

The subscripts remind us of ‘common components’, i.e., components that are one for
both operands simultaneously, and ‘remaining components’.

Definition F.2. Let [A] = [A]T € IR™™", [b] € IR", x € R", p, g € {0, 1}". Then we

define — , —
L} =x"Dy(b - ADgx), Lj=-x"DpADgyx,
L% = x"Dp(b - ADgx), L% =-x"D,ADgx.

The position of the bar in Ly, IZ is the same as with b, b. Notice the missing bar at
‘q’ when defining L}, L. If p; = gj = 1, the entry @;; is missing when computing L}
while it is present when computing Lg.

DOI10.1515/9783110499469-017
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Lemma F.3. With the assumptions and the notations in the Definitions F.1 and F.2 we get
the following properties which (mostly) hold for q and ZZ similarly.

@) pc=Pes P+Pr=P+pPr, Pc=qc, P+qr=q+Dpr.
(b) Let p=0, g = e®, x >0, x; > 0. Then the i-th Oettli-Prager inequality in Theo-
rem 5.2.2(d) is equivalent to

n
0 -0 -
];8 ZOSLe(i) =Xi(bi—ZQinj>,

j=1
L (i)
en) = X,(b, Z )Xi> <0= Le .

(© LY=iP=1% +L,(<Leifx>0).
@ Ly=L5"™ +L; =Ly +Lj,(<Lyifx=0)

q D _ 14a+dr br 1D q _ yb+dr dc
(€) Lp +Lg =Lp."" +Lg, Lgc +Lg. =Lg; " +Lgc-

(F.1)

The proof of Lemma F.3 is based on simple calculations and can be left to the reader.

We are now ready to prove the converse direction ‘<’ of Theorem 5.2.6. To this
end we remark that the property ‘x € S’ is equivalent to the Oettli-Prager inequality
|Ax - b| < rad([A])|x] + rad([b]) according to Theorem 5.2.2.

Proof ‘<’ of Theorem 5.2.6. Assume that a given vector x is an element of S and the
inequalities (5.2.16) hold for 0 # p <jex g with pTq = 0 (which implies g # e). Then
these inequalities are valid for all vectors p, q € {0, 1}" as we saw in the first part of
the proof.

Without loss of generality we assume x > 0. Otherwise replace [A], [b], x by
[B] = Dx[A]IDy = [B]T, [c] = Dy [b], z = Dy x = |x| > O with Dy = diag(01,...,0n) €
R™" where 0; = 1 if sign(x;) = 0, and o0; = sign(x;) otherwise. Then rad([B]) =
rad([A]), rad([c]) = rad([b]), |¢ - Bz| = [Dx(b - Ax)| = |Dyr| = |r|, 2T (D, - Dg)(¢ - Bz) =
xTDy(Dp — Dg)Dyr = xT(D), — Dg)r. Therefore, the inequalities (5.2.14), (5.2.16) hold for
[B], [c], z if they hold for [A], [b], x, and vice versa.

With piq; =0,i=1,...,n,weget|D, — Dg| = Dy + Dy in (5.2.16). Using (5.2.22)
and the Definitions F.1 and F.2 a simple calculation shows that (5.2.16) is equivalent to

Lp<If, Li<L} (F.2)

if 0 # p <1ex g with pTq = 0. If pTq # 0, then (5.2.16) still implies (F.2) because of
ID, — Dgl < Dp + Dg and (5.2.22).

We now present the ideas for the remaining part of our proof: Successively for each
index pair (i, j) with i < j and x;xj > 0 we will replace the entries [a];; and [alj; = [a];j
in [A] simultaneously by some pointintervals [aj;, ajj], [aji, aji] with a;j = aj; € [a];j so
that the inequalities (5.2.14), (5.2.16) still hold. At the end of the complete replacement
process we will apply Theorem 5.2.3 (a), (d) (= Oettli—Prager criterion) to the resulting
final matrix [A]"" = ([A]™%)T ¢ [A] and to [b] in order to obtain a (possibly unsym-
metric) matrix 4 € [A]"®" and a vector b € [b] with Ax = b. From A we can construct
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at once a symmetric matrix ASY™ e [A] which satisfies

Ay = Ax=bh (E3)

and thus implies x € Sgym.
For ease of notation we show how

di2, dz1, dy2, A2 (F4)

and [a]1> = [a]»>1 can be replaced assuming x;1x> > 0. (If x;x, = 0, then [al1> = [al
remains unchanged for the moment, and another entry is considered.) By virtue of
Lemma F.3 (b), we can replace the first two Oettli—Prager inequalities equivalently by
those in (F.1) for i = 1 and i = 2. Therefore, we will enlarge the choice of p and ¢q in
Theorem 5.2.6 by the cases p = 0, g = e and p = 0, g = e® without mentioning
it further. This extension avoids the study of special subcases. Now we consider only
those inequalities (5.2.16) which contain at least one entry of (F.4) explicitly. Taking
into account (5.2.15) there are only three cases for this:

Casel: g=(1,0,%)T, p=(0,0, )T

Case2: g=(0,1,%)7T, p=(0,0, )T

Case3: g=(1,1,%)7T, p=(0,0, %)T

Here “»’ replaces the remaining components of p and g. Notice that for g = (1, 0, )7,
= (0,1, )T the inequalities (F.2) do not contain one of the entries in (F.4) explicitly.
Furthermore, the entries a;, = a1 and a;» = @1 cannot appear in one and the same
of the two inequalities (F.2) because of pTq = 0.
Our first step consists of isolating the entries (F.4) in (F.2). With the notation of
Definition F.1 and aix = a1, A1z = Ay we get

(2)

a1pX1Xy < L o' +Lp L} Case 1 (E.5)
1) 4

anxixy < LjyP + LY - Ly Case2  (F.6)

apxix < (L5 P+ Lo + 10, - LY)/2  Case3  (F7)

and
(
Liﬁi”’ + Lp L} <axx; Casel (F.8)
L:E;w + Lp L} <a1x1%; Case 2 (F.9)
@ ) _
(L™ + Loy + Ly —13)/2 < Gipxax Case3  (F10)

If we can show (which we will do at the end of the proof) that each left-hand side of
(F.8)—(F.10) is less than or equal to each right-hand side of (F.5)—(F.7) (with another ad-
missible choice of p, g), then the same holds for the maximum M, of all such left-hand
sides as compared with the minimum m, of all such right-hand sides. If m, > a;>x1 x5,
we redefine it by ai1,x1x,, knowing by (F.8)-(F.10) that M, < a;x;x,. Similarly, if
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Mg < ay2x1x2, we redefine it by a;,x1x,. Now we choose any number from [M,, m,].
Obviously, it is representable as a1,x1 x> with some number a1, € [a]1,. The inequali-
ties (F.5)—(F.10) hold with a5 in place of a;5, @12, and so do the inequalities (F.2) if we
define a1 = a;,> and replace the entries (F.4) correspondingly. Replacing the entries
[al12, [alz1 in [A] by a1, = ap; results in a matrix [A]' for which the assumptions
of Theorem 5.2.6 are also satisfied. It forms the starting point of our next replacement.
Repeating this process for all entries [a];j, i < j, with x;x; > 0 we finally end up with the
matrix [A]™" which we already mentioned at the beginning. It has degenerate sym-
metric entries a;j = aj; € [a];; whenever x;x; > 0 is true, and it satisfies the inequalities
(5.2.14), (5.2.16). Therefore, a matrix A = (d;) € [A]"" and a vector b € [b] exist with
Ax = b. Trivially, d;; = @;; = ayj if x;xj > 0. If x; = 0 the value of d;; does not matter in the
product Ax. Therefore, we may replace it by @;;, a step towards symmetry. Similarly,
if x; = 0, we replace a;; by dj;, ending up with a symmetric matrix AsY™ ¢ [A] which
satisfies (F.3) and finishes the proof.

It remains to show that each left-hand side of (F.8)—(F.10) is less than or equal to
each right-hand side of (F.5)—(F.7). To this end we have to combine each right-hand side
of (F.5)—(F.7) with each left-hand side of (F.8)-(F.10) which leads to nine combinations.

(1) Case1vs. Casel: Let p, g and p, g be chosen according to Case 1, independently
of each other. We have to show that

)1 p 7] —d —e(2) —
Lo +Ly —~Li<LiyP+L0 - Ly (F.11)
holds. With the notation of Definition F.1 and with Lemma F.3 we get

LS + Lo+ Ly =120 P 10, 4 1, 4 15,
= Lo "+ L+ L v 1,
=L Ly - L+ L)+ L,
Lo L W L+ L

eDipip, | P+, | Br 7 4+0 1)
=L, + Lé’c + Lq; +Lp " +Lp.

Similarly we obtain

Te@4p Tp TG _ 7eD4p+p, | TPHB, | TP , T+ | T
L,y +Lq,+Lﬁ-Le(1) +Lq2 +Lq;+Lﬁc +L1§r

— ) — Al Al _
=L "™ + L7 + Ly + Ly + L.
For the last formula we used the equality g, = q,, §} = G,, which holds by virtue of the
particular form of g and § in Case 1.

Comparing both final expressions and using (F.2) (with (p, q) = (pr, 4), and
(v, q@) = (pr, q.), respectively) and Lemma F.3 (d) proves (F.11).

(2) Case2vs. Case 2: is proved similarly.
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(3) Case1vs.Case2: Let p, § be chosen according to Case 1, and let p, g be chosen
according to Case 2. We have to show that

Le? + L0 Tl <18 + I8 - L (F.12)
holds. With gg = e® + g}, Gr = e + Gy and p¢ = G¢ = G}, we obtain
Lo ? + 15+ L = LSy + L,  + L0 L+ L,
= (Lz<1>+p+qR + Leﬁ)) + (I_ch ) + (Lp+qR ) + (Lq+pR Lgﬁ)

eP+pray o Pe  patbr eP4pray  :dy | rq+br
:L a +(ch+ch )+ (_ Lo+L )
+ L )+ L + L

q+PR ar ar
=L, + L +Le(1 +Le<z> +L +L

Similarly we obtain
(1)
Loy +I0 + LI =LI0r + IEC + L% + Lq{*;> + L"R 7

Lq+pR+LpC+L

a+Px e(1)+L >+L +LpR,

which proves (F.12) as above.

(4) Case3vs.Case3: Let p, g and p, g be chosen according to Case 3. We have to
show that

Lo+ Lo P+ LD L < I8P + 1%, " + I, - LY (F.13)
holds. With g¢ = qc = pc we obtain

e?+p  reW4p P q
Lm Le<2> +L +Lp

q+p e )+q; q+p e )+q; q q
=(L (1)R L. F)+ (L (z)R Lo R)+(L i +L )+(L +L )
= D)y q! (2)
q+Pr q+pr Pc D+qr f dr q+Pr i DR je tdp | pe7Hqp
= Le(l yre@ T (ch L ) + (L qu) + (LpR + LpR) + I—‘e(l) + Lem
ey ce(@ 4 . : B
Lq+pR L + L qR +L qR + Lgf + L§2

=J+pr el =e2)

+ p (€] (2) 1) 4 0(2) 1) 42
= Lo+ Lpi + (Lo + Loy + L %) + (Lg, +LqR)+L

Similarly we obtain

Te@ip  TeW+ =g
Lo+ L5, LP, +L‘Z

Td+pr | TPC , (Te® e<2’ TeW e FeWie® | Fdp\ | FPR
=Lgipe + Lo+ Loy + Loy + 7 )+(Lq;e +L )+ L.,

which proves (F.13) as above.
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(5) Case1vs. Case3: Let p, ¢ be chosen according to Case 1, and let p, g be chosen
according to Case 3. We have to show that

2180 + 218, - 2L < TS0 + I8, P + 10 - LY (F.14)
holds. With G, = ¢, g = e® + (e® + ¢') we obtain

2180 210 + LY = (L8P + 12, + L) + (L5 + 12)

e e e(1)

2)
= (Lo P L%+ L0+ L3, LY+ (L “’+L",)

e@4p4+ q+q e+ e +
= (LS, ™+ L{’,+L{’;+L "+ Ly, 7yt (6(1"+L”)

@4p e+
= Lo TP LT LT L2 ¢ (LT LD + Ly, ).

Similarly, with g, = e® + g/, we get

—p(2) —p(1)
L. %P +1°,"" +L” +2Lq
e e

- (le)*p +IP 4+ L) + (L5 ™ + L)

7ePpep, 7o 7P T4 L T4y, (7eV+P , T
= (Lo +L 4 +Lqi +L; +L;)+ (Le<2) +Lg)
(2) — —§+q’ —al
= oo TP + I + I + LT + L) + (L™ +LY)
qr br
(2) —a+é = =g =
= Lo TP + I + I3 + I + I] ) + T + Ly +L3)

(2)
(Le(l)"'p"'pr +Lp+p’ +L‘I+‘Ir +L‘1r) + (Le(z)"'Pr +Lp' +Lq)
e

(2)
— (Le(1)+p+pr L,;H‘pr +Lq+qr + qu) ( 9(2)+Pr Lzz + Lg)-
Comparing the final expressions one sees that (F.14) certainly holds if
@) 45 B )1 q' —o(1) — —x
Low™ + Ly + Ly, " <L) + L7 + L (F.15)

is true. But this is just Case 1 vs. Case 2 with p, § as above and with p, g there being

replaced by the present p,, e + g!. Therefore, (F.15) holds, and (F.14) is proved.
Case 2 vs. Case 1, Case 3 vs. Case 1, Case 2 vs. Case 3, and Case 3 vs. Case 2 are

proved using the same ideas. O

[vww.ebook3000.con}



http://www.ebook3000.org

G A short introduction to INTLAB

INTLAB (‘Interval laboratory’) is a toolbox for MATLAB written completely in MAT-
LAB code by S. M. Rump [320]. It is easy to handle and allows computing with real
and complex intervals provided that the computer arithmetic satisfies the IEEE 754
arithmetic standard [151], Bohlender, Ullrich [70]. Basic Linear Algebra Subroutines
BLAS 1-3 as described in Lawson et al. [187], Dongarra et al. [86], Dongarra et al. [87]
are involved whenever possible in order to speed up the computation. The implemen-
tation is based on switching between different rounding modes which is invisible to
the user (setround (-1) for rounding downwards, setround (1) for rounding up-
wards, setround (0) for rounding to nearest). Details on INTLAB and further links
can be found at the website http://www.ti3.tuhh.de/rump/ and in Hargreaves [135].

Storage of intervals

The storage of an interval [a] depends on it being real or complex. Real intervals are
stored by their endpoints a, a, complex intervals by their midpoint @ and their radius
rad([a]) = r4. To this end, the datatype intval is introduced which is a structure with
five components (cf. Rump [320]): The component a . complex is Boolean and true
if [a] is complex. So it is the switch for the correct representation. The components
a.inf, a.sup are used for a, a if [a] is real; they are empty for [a] being complex.
The components a.mid, a.radareused for a, r, if [a] is complex; they are empty
for real intervals [a]. This recommends the way to enter an interval. Since a complex
interval [a] = (a, rq) with real midpoint is interpreted as real interval a + rq[-1, 1],
the function cintval (midpoint, radius) should be used in order to get the right
disc in the complex plane. If a complex interval is entered as a rectangle [a, a], it is
stored as the smallest disc enclosing this rectangle using the midpoint @ = (a + a)/2.
An infsup-output of such a disc (a) delivers a rectangle [a] which encloses this disc
best possible.

Arithmetic
Independently of the storage of an interval [a], INTLAB provides two interval arith-
metics: a fast one working with the midpoint a and the radius r, of [a], and a slower

sharp one using the lower bound a and the upper bound a. The user can change the
arithmetic by the commands

DOI110.1515/9783110499469-018
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intvalinit (’'FastIVMult’)
and
intvalinit (’SharpIVMult’)

which can be done in the initialization file startintlab.m, at the beginning of a
program, or during an INTLAB session.

With a = {(a,rg), b = (5, rp) the elementary operations @, ©, ®, @ of the fast
arithmetic are defined by

a@b:(d+5,ra+rb)

aesb={a-b,rg+rp)

aob= (d-B,Idlrb+ra|l3|+rarb)
lob=(b/D,ry/D), D=b*-12,0¢b
aob=ao(leob), 0¢b.

The operations of the second arithmetic are the same as in Section 2.2. The results
coincide in both arithmetics for addition, subtraction and inversion (when computing
exactly). They may differ for multiplication as the subsequent example shows.

<_1y 1) O (1’ 1> = <_1r 3) = [_4’ 2] > [_4! O] = [_29 0] : [0) 2]-

Therefore, in contrast to the second arithmetic the first one is not always optimal con-
cerning inclusion. Nevertheless, the width of the multiplication is overestimated at
most by a factor of 1.5 as was proved in Rump [319]; see also Theorem 9.2.4. This uni-
form factor is best possible as our example shows. Extensive numerical experiments
in Rump [319] indicate, however, that the factor is much smaller in practice, and it
does not perpetuate. Moreover, when machine arithmetic is used, the midpoint-radius
representation allows tighter intervals than the standard arithmetic — see (1, 1073°)
for example when using double precision. Even the multiplication can be better in
machine arithmetic, as is illustrated by Rump’s example [1.2, 1.4] - [9.1, 9.3] which
gives [10, 14] in rounded 2-digit decimal arithmetic while the corresponding opera-
tionaob=(1.3,0.1) ®(9.2,0.1) yields the better result c = (12,1.7) =[10.3, 13.7].
Here we used the formulae

¢=o(a-b),
re = A( + €lE| + |dlrp + ralbl + 7arp),

in which all numbers are interpreted to be machine numbers, 0O(-) means rounding
to the nearest, A(-) means rounding upwards, 7 is the smallest representable denor-
malized positive machine number and ¢ is the machine precision which is 0.05 in the
example. (In IEEE 754 double precision we have = 271974 and £ = 27°3.)
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By virtue of the advantages of the midpoint-radius arithmetic it is not astonishing
that this fast arithmetic is recommended whenever there is nothing serious to prevent
it. Nevertheless, we frequently will use the sharp arithmetic just for demonstration
purposes.

Initialization

The INTLAB package comes with the m-file startintlab.m which must be invoked
from the INTLAB directory during a MATLAB session by typing in startintlab
or, shorter, startup. This file initializes some basic features for INTLAB — among
them the INTLAB path, the arithmetic and the input/output format mostly to be
used. It can be changed by the user. For this book we changed the output for-
mat intvalinit(’Display_’) into intvalinit(’DisplayInfSup’) in
order to see the interval bounds, and we replaced the fast arithmetic initialized by
intvalinit (’FastIVMult’) by the slow but exact one using intvalinit
(" SharpIvmult’). We refer to INTLAB Version 9, which was the current one
when writing this appendix. The basic features are listed in the file contents.m,
which is part of the INTLAB subdirectory intval. The following copy is an extract of
this file.

INTLAB interval toolbox

o0 o0 o

Interval constructors

% intval - Intval constructor

% cintval - Complex intval

% infsup - Infimum/supremum to interval

% midrad - Midpoint/radius to interval

% gradient - Gradient to interval

% hessian - Hessian to interval

% slope - Slope to interval

% spones - Sparse interval of ones

% horzcat - Horizontal concatenation [, 1
% vertcat - Vertical concatenation [ ;1
% cat - Concatenation of arrays

% subsasgn - Subscripted assignment A(i,:) = 1

% subsref - Subscripted reference r = A(3,4)

% tocmplx - Interval to complex

%

%$Display of intervals (rigorous) - shortened

% display - Command window display of interval

(use user defined default)

oe

displaywidth - Set width of display

oe

oe

disp_ - Display with uncertainty
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% infsup - Display infimum and supremum

% midrad - Display midpoint and radius

% realimag - Real and Imaginary part separately

% plotintval - Plots real or complex intervals

%

$Interval arithmetic operations - shortened

% mtimes - Matrix multiply *
% times - Elementwise multiply Lx
% mldivide - Backslash, linear system solving \
% mrdivide - Slash or right division

% rdivide - Elementwise right division ./
% mpower - Matrix power ”
% power - Elementwise power ~
% intersect - Intersection

%  hull - Hull or convex union

%

%$0ther interval operations - shortened

% setround - Set rounding mode

% getround - Get rounding mode

% ctranspose - Complex conjugate transpose !
% transpose - Transpose !
% conj - Conjugate

% abs - Interval absolute value, result real interval
% mag - Magnitude = absolute value, result double
$ mig - Mignitude, result double

% inf - Infimum

% inf - Infimum (for problems with inf)

% sup - Supremum

% mid - Midpoint

% rad - Radius

% diam - Diameter

% real - Real part

% 1imag - Imaginary part

% qgdist - Metric distance

%

$Utility routines - shortened

% pred - Predecessor

% succ - Successor

% isnan - True for Not a Number

% isreal - Interval is real

% isempty - Interval is empty in Matlab sense, i.e. []
% emptyintersect - Check for empty intersection

in mathematical sense

o0

iszero - Interval is zero (componentwise)

o0

o0
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Structural operations - shortened
length - Length
size - Size
dim - Dimension of square matrix
reshape - Reshape
Interval exponential functions - shortened
exp - Exponential
log - Natural logarithm
loglo0 - Logarithm to base 10
sqgr - Square
sgrt - Square root

Interval Comparison

eq - Equal ==
ne - Not equal ~=
gt - Greater than >
ge - Greater than or equal >=
1t - Less than <
le - Less than or equal <=
in - Contained in
in0 - Contained in interior
Verification routines and auxiliary - shortened
verifylss - Verified linear system solver including
rectangular and sparse systems
lssresidual - Improved approximation and inclusion
of residual
plotlinsol - Solution of 2x2 and 3x3 interval
linear systems
verifyeig - Verified eigenvalue clusters
and invariant subspaces
verifyquad - Verified quadrature
verifynlss - Verified nonlinear system solver
verifynlss2 - Verified nonlinear system solver
for double roots
test - Sample nonlinear test functions
inv - Verified inverse of square matrix
typeadj - Type adjustment
typeof - Type for type adjustment

Copyright (c) Siegfried M. Rump,
Head of the Institute for Reliable Computing,

A 00 Jd° A J° I° I I° O° I A I° I A I I A J° I I I I I I I I A I I A N I I P I I P I I A N I I Jo° o°

Hamburg University of Technology
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We recommend that the user prints out the complete file contents .min order to see

what is possible in INTLAB.

Now we want to illustrate some of the preceding commands. But we do not intend
to present an exhaustive description of the toolbox nor to go into too much detail. We
assume that the reader has some elementary knowledge of MATLAB. For briefness, we
will often suppress the MATLAB output although our commands are not terminated

by a semicolon, the correct way to work in the background in MATLAB.

Assignment of intervals
(a) Realintervals
a = intwval (5)

intval(’3.14_")
a = infsup(-3,7)

J]
1

a = midrad(2,5)

00 o0 o0 o0 o° o°

The underscore in input and output produces an interval whose lower bound is one
unit less than the last digit being shown. Correspondingly, the upper bound is one
unit more than the last displayed digit. This results in the interval [3.13, 3.15] above.

(b) Complexintervals
a = intval(5 + 2i)
a = midrad(5+0i,1)
a = cintval(5,1)

a = infsup(1+2i,7+101)

a = midrad(1l+i,2)

assignment of the point interval [5,5]
assignment of the interval [3.13,3.15]

assignment of [-3,7]

in infsup representation
assignment of <2,5> = [-3,7]

in midpoint-radius representation

o0

assignment of the complex
point interval <5+21i,0>

o0

assignment of the real (!)
interval <5,1> = [4,6]
assignment of the complex (!)

o0 of

interval <5,1>

assignment of [a] = [1+421,7+10i]
in infsup representation stored
as enclosure <4+61,5>
assignment of the complex (!)
interval a = <1+1i,2>

00 00 0 0 o0 o0 o0 o°

in midpoint-radius representation
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Bounds, midpoint, radius of an interval

(a) Realintervals ([a] = [-3,7])

a.inf % access to the lower bound -3 of [al
a.sup % access to the upper bound 7 of [a]
inf (a) % access to the lower bound -3 of [al
sup (a) % access to the upper bound 7 of [a]
a.mid % access to the midpoint 2 of [a]
a.rad % access to the radius 5 of [a]
mid(a) % access to the midpoint 2 of [a]
rad(a) % access to the radius 5 of [al

(b) Complex intervals
[al=[-3+1,5+7i] stored as (1 + 4i, 5)
rectangular output: [(1-5)+(4-5)i,(1+5)+(4+5)i]=[-4-1,6+9i]

a.inf % access to the lower bound -4-i

% of the rectangular output
a.sup % access to the upper bound 6491

% of the rectangular output
inf (a) % access to the lower bound -4-i

% of the rectangular output
sup (a) % access to the upper bound 6491

% of the rectangular output
a.mid % access to the midpoint 1+41i of [a]
a.rad % access to the radius 5 of

% the enclosure <1+4i,5> of [a]
mid(a) % access to the midpoint 1+41i of [a]
rad(a) % access to the radius 5 of

% the enclosure <1+41i,5> of [a]

Auxiliary quantities for [a] = [-3, 7], [b] = [5, 9]

s = abs(a) % assignment of the interval [0,7]
$=4{ |x| | xin [a] = [-3,7] }
t = mag(a) % assignment of |[-3,7]| =7
u = mig(a) % assignment of <[-3,7]> = 0
d = diam(a) % assignment of the diameter 10 of [a]
g = qgdist(a,b) % assignment of the Hausdorff distance g = 8
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Conversion

In all our examples we assumed that the data are machine numbers. If not, the
following phenomena are important to know. To this end recall that the decimal
number 0.1 is equal to the periodic dual fraction 0.00011, hence it is not repre-
sentable as a floating point number. In double precision, the binary approximation
(1.10011...0011001 + 27°2) . 27* is used with 52 digits after the dual point. This
rounded to nearest approximation is apparently greater than the original decimal
number 0.1. For internal storage its exponent —4 is transformed to the binary equiv-
alence of -4 + 1023, where 1023 is the bias in IEEE double precision.

intval(0.1) 0.1 is not contained in [a]
output: [0.1000,0.1001]

0.1 is contained in [b]
output: [0.0999,0.1001]

V]
1}
00

oe

b = intval(’0.1")

oe

oe

In the first case INTLAB first converts 0.1 to the nearest machine number and then
assigns this number to the lower and upper bound of [a], i.e., [a] is a point interval
as expected. The output is rounded outward. This pretends that [a] is nondegenerate
and an enclosing interval for 0.1, which is not the case.

In the second case, ' 0.1 is a string which is converted using INTLAB’s con-
version routine str2intval described in Rump [320]. This results in the nearest
nondegenerate machine interval that contains 0.1. So, [b] is nondegenerate in con-
trast to the usual meaning of intval ( ). For the diameter of [a] and [b] and the
corresponding radii we get the following values:

oe

diam(a) [a] is a point interval

ans =

diam(b) % [b] is a nondegenerate interval
ans =
1.3878e-17

rad(b)
ans =
1.3878e-17
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For the nondegenerate interval [b], radius and diameter coincide. This unexpected re-
sult is due to the philosophy of INTLAB to guarantee that the machine interval [a - 7,
a + 4] contains the exact interval [a] = [a, a]. Since in our example the bounds of [b]
differ only in the last bit, the machine number of the midpoint must necessarily be one
of these bounds. In fact, it is the upper one as can be seen by the following commands:

format hex hexadecimal format

0.1 % round to nearest: 3£fb999999999999%a
% exponent: 3fb = 1023 - 4
% mantissa: 999999999999a
inf (b) % lower bound 3£b9999999999999
sup (b) % upper bound 3£fb999999999999%a
mid(b) % midpoint 3fb999999999999%a

default format

oe

format short

In order to follow the philosophy, one must obtain the same result for diam (b) and
rad (b) . For thicker intervals this pathology disappears, of course.

Calling up the functions inf and sup for the intervals [a] and [b] effects another
surprise. In all four cases one obtains the answer ans = 0.1, although one might
expect inf(b) = 0.0999 and sup(b) = 0.1001 . Nevertheless, the INTLAB answer 0.1 is
correct since the bounds are binary numbers which are rounded to the nearest decimal
number for the output, i.e., to 0.1000 in format short. Changing the format to
format long e beforetypingin inf (b) etc. reveals the difference in [a] and [b]:

format long e % floating point format with 15 digits

inf (a)
ans =
1.000000000000000e-001

sup (a)
ans =
1.000000000000000e-001

inf (b)
ans =
9.999999999999999e-002

sup (b)
ans =
1.000000000000000e-001
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Notice that independently of the format, INTLAB internally computes with MATLAB
precision, i.e., with IEEE 754 double precision.

Output format

INTLAB provides several output formats which can be seen by typing in help
format. Some of them can be established by the following commands.

format short scaled fixed point format with 5 digits
floating point format with 5 digits
scaled fixed point format with 15 digits
floating point format with 15 digits

format short e
format long

00 o0 o° o°

format long e

The current format can be changed interactively.

Apart from the format, there are another three ways to influence the output. They
are set by the commands
intvalinit{’'display_ '} display with uncertainty
(e.g., 3.14_)
intvalinit{’displayInfSup’} display infimum/supremum
intvalinit{’displayMidRad’}

o0 o0 o0 o°

display midpoint/radius

The effect of the first one can also be obtained for an interval by the command
disp_ (interval).

Operations and functions

(6.0 + 5 e-1 - 3.5) / (5 * 2.4) % rational expression
ans =

0.2500
exp(l) - ( sgr(sin(3.0)) + sgr(cos(3.0)) ) /

sgrt( cosh(1l)”2 - sinh(1)"2 ) + 1 + log(l)
arithmetic expression

o°  o°

ellipsis ... extends the line
ans =
2.7183
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Vectors, matrices

u = [1,2,3] %
v = u’ %
w = [1;2;3] %
A= [[1,2,3];[4,5,6]]

B = A’

AL’

AxB

C = T7xA

D = infsup(A,C)

in (A, D)

inO (A, D)

isemtpy (intersect (A,D))

0 00 O° A 0 O° A 0 O° A O° O I O° OI° I O JI° I I 0 I I 0 o° o°

Gradient

G INTLAB =— 479

row vector

’ = conjugate transpose vector
= transpose for real vectors
= column vector

column vector

2 x 3 matrix
[ , 1] : separator in a row
[ ; 1 : separator in a column
'’ = conjugate transposed matrix

= transposed for real matrices
.’ = transposed matrix ( = B )
matrix-matrix multiply
scalar * matrix
interval matrix [D] = [A,C]
tests whether A is contained in D
true if result is a 2 x 3 matrix of
ones only
false if this matrix contains at
least one zero
tests whether A is contained in the
interior of D
true if result is a 2 x 3 matrix of
ones only
false if this matrix contains at
least one zero
tests whether the intersection
of A and D is empty
true if result is a 2 x 3 matrix of
ones only
false if this matrix contains at
least one zero

INTLAB provides automatic differentiation in forward mode. It is initialized by the
command gx = gradientinit (x),where xiseither avalue or a variable to which
a value has been assigned. The name gx is arbitrary. This creates a structure with the
components gx . x and gx . dx . The first component contains the value x, the second
contains the value 1 which is the derivative of x. When plugging gx into some func-
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tion f,sayy = f (gx), then the result y also has two components, where y . x con-
tains the value f(x) and y . dx contains the value f’(x) of the corresponding derivative.

x =2 % assignment of the value 2
gx = gradientinit(x) % initialization of automatic
% differentiation
y = sin(pixgx) % y.x = sin(2#pi) =0
y.dx = pixcos(2xpi) = pi

o0 of

(in exact arithmetic)
gradient value y.x =
-2.4493e-016
gradient derivative(s) y.dx =
3.1416
x = intval (2) point interval [2,2]

gx = gradientinit (x) initialization of automatic

%

%

% differentiation
y = sin(pixgx) % y.x = sin(2#pi) =0

% y.dx = pi*cos(2+pi) = pi

% (in exact arithmetic)
intval gradient value y.x = %

1.0e-015 = %

[ -0.2450, -0.2449] %
intval gradient derivative(s) y.dx = %
[ 3.1415, 3.1416] %

The commands AccSum and AccDot

The INTLAB command AccSum abbreviates ‘accurate sum’, is applied to a real vector,
and computes the sum of its components with an error of at most 1 ulp.

The INTLAB command AccDot abbreviates ‘accurate dot product’ and is ap-
plied — among others — to two real vectors x, y of the same length. It is called up by
AccDot (x',y) and computes the dot product s = x”y with an error of at most 1 ulp.
Apart from x, y, it also allows a third parameter K which regulates the precision of s.
This parameter can be a nonnegative integer, the option inf, or the symbol [ 1].
If K = 0, the dot product s is rounded to nearest; if K = 1, the result is faithfully
rounded; if K > 1, the dot product s is computed with K-fold precision and stored
in a cell array of length K as a nonoverlapping sequence. In this case, s can be inter-
preted as being stored in staggered correction format in the sense of Stetter [346]. It
is obvious that AccDot (x’,e,K) (e = ones(length(x),1),K > 1)computes
the sum of the entries of x with K-fold precision.If K = inf, theresult s isstoredina
cell array of a sufficiently large length such that s is represented exactly. If K = [ 1,
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the dot product s is enclosed in an interval where the inclusion is best possible if no
underflow occurs.

The command AccDot works similarly if the vectors x, y are replaced by real ma-
trices A € R™", B ¢ R™", This time each cell s{i} contains an m x n matrix. One of
the matrices A, B is even allowed to be a cell array; interval matrices are forbidden
in INTLAB Version 9. Further interesting information on AccDot can be obtained by
means of INTLAB’s help on this command. In particular, a simple way to get a tight
interval enclosure of s if s is computed with K-fold precision is presented there.

Exercises

Ex. G.1. Compute the expressions of Exercise 2.2.2 using INTLAB.

Ex. G.2. Run the following little INTLAB code and explain its output.

a = infsup(-3+i,5+71)
infsup(a.inf,a.sup)

Ex. G.3. In Rump [321] the following INTLAB code was presented to invert ill-condi-
tioned matrices:

C = inv(A);
for k = 2 : kmax

CA = AccDhot(C,A);

C = AccDot (inv(CA),C, k);
end

Here the MATLAB command inv (A) computes an approximation of the inverse of

A € R™" and the integer kmax bounds the precision.

(a) Read the MATLAB help on cells and the INTLAB help on AccDot.

(b) Test this algorithm for the preconditioned Hilbert matrix Hy = (h;;) € R™" with
the entries hjj = ¢»/(i+j—-1),i,j=1,...,n, where ¢, is the least common mul-
tiple of the denominators 1, ..., 2n — 1. This factor ¢, can be computed, for
instance, by a simple loop in MATLAB using the MATLAB command lcm (-, ).
It guarantees that the matrix Hh ¢ has integer entries and is therefore exactly
representable on a computer — at least if n is not so large; cf. also Example 7.3.3.
According to Gregory, Karney [122] its inverse has the entries

.o . . .o 2
o S () (1
v Cn n-j n-i i-1
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(c)

(d)

—— G INTLAB

For each pair (n, kmax) of parameters compute the spectral condition number
cond(4) = |All, - |A~Y|, with an appropriate command in MATLAB and the error
[[I - C- Al using INTLAB.

Try 5 <n <20 and kmax = 2,...,6.

Repeat (b) with Boothroyd-Dekker matrices B,, whose entries are integers defined

by
n n+i-1 n-1
B)i=— . . s i,j=1,...,n.
Bndi = 7551 ( i1 ) (j—l) b "

Boothroyd—-Dekker matrices are extremely ill-conditioned. Their inverse has the
entries (B;');j = (-1)"(By);j, i.e., B;' is the original matrix B, modified by a
checkerboard-like distribution of plus and minus signs.

Experiment as in (b) with various other ill-conditioned matrices as described, for
instance, in Gregory, Karney [122], Rump [314], or Zielke [367].

Ex. G.4. Write an INTLAB function i AccDot (-, -) which computes an interval dot
product [z] of two interval vectors [x], [y] such that the exact interval result [x]7[y] is
contained in [z] but [z] encloses it possibly tighter than by means of the algorithm

[z]

for

end

= O;
i = l:length([x])
[z] = [z] + [x](i)*[yl(i);

Hint: Use the tight interval enclosure of INTLAB’s accurate dot product AccDot.
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convS
0

as

oS

S 1-m
(S, m)
B(x, r)
B(x,r)
S

S
Scontrol
Sper
Sskew
Ssym
Stol
infS
sup S

-1

-1l
- 1l2
I-1F
I-lls

I lleo

Iy
-1z

o(), 0()

Fp

1(S)

convex hull of a set S of real vectors

empty set

interval hull of a bounded set S

boundary of a set S in a metric space

normed linear space with linear space S and norm || - ||
metric space with set S and metric m(, -)

open ball in a metric space with center x and radius r
closed ball in a metric space with center x and radius r
closure of a set S in a metric space

solution set of an interval linear system [A]x = [b]
control solution set

persymmetric solution set

skew-symmetric solution set

symmetric solution set

tolerance solution set

infimum of an (ordered) set S

supremum of an (ordered) set S

definition

definition

one of the binary machine interval operations +, —, -, /
with outward rounding

absolute value of a number, vector, matrix, interval, interval vector,
or interval matrix

one of the binary interval operations +, —, -, /
Kronecker symbol

integral division

Hadamard product or, equivalently, entrywise product of two matrices
norm

11 norm of a vector or column sum norm of a matrix
Euclidean norm of a vector or spectral norm of a matrix
Frobenius norm

maximum norm scaled with the matrix S~ or corresponding
operator norm

maximum norm of a vector or row sum norm of a matrix
lp norm

scaled maximum norm || - [|p, of a vector or corresponding
operator norm of a matrix

convex union

Landau symbols

set of complex numbers

set of programmable scalar mathematical expressions
set of particular elementary functions

set of binary operations + —-, /

set of unary operations +, —

set of all compact intervals, resp. interval vectors,
resp. interval matrices, contained in the set S

181

76

W W w N N W

160
163
175
175
164
162

76

76

105

77

99
110

10

10

10
76

125

97
125
125

75
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ICc set of circular complex intervals (Z, r,) 423
ICr set of rectangular complex intervals [a] + i[b] 418
ICg set of rectangular complex interval vectors 420
MZ?X’" set of rectangular complex m x m matrices 420
IR set of all compact intervals [a] contained in the set R 75
TR™*" set of interval matrices with m rows and n columns 109
IR" set of interval vectors with n components 109
IR set of all intervals [a] with a,a € Rg 104
IRy set of all machine intervals 104
K set R of reals or set C of complex numbers 1
N set of positive integers 1
No set of nonnegative integers 1
Num particular finite subset of Ng 100
R set of real numbers 1
R* set of positive reals 1
RS set of nonnegative reals 1
Rp particular subset of R containing all normalized floating point numbers 101
Ry set of floating point numbers 100
RMN set of real m x n matrices 1
R" set of vectors with n real components 1
Z set of integers 1
Zy set of machine integers 99
B([al, [b]) Neumaier’s B-function of two intervals [a], [b] 97
x([al) Ratschek’s y-function of an interval [a] 82
d([a]) diameter or, equivalently, width of the interval [a] 75
q([a], [b]) distance of two intervals [a], [b] 93
ra short form of the radius of the interval [a] 75
ry real number max{|al, rq} 89
ra real number min{|al|, rq} 89
[a] < [b] comparison between two intervals [a], [b] 76
[a] > [b] comparison between two intervals [a], [b] 76
[a] > [b] comparison between two intervals [a], [b] 76
[a] < [b] comparison between two intervals [a], [b] 76
[a] compact interval [a, a] 75
[a)? square of the interval [a] 230
[a]! interval division 1/[a] 77
[a]}/2 square root of the interval [a] 230
|[all magnitude or, equivalently, absolute value of the interval [a] 88
a short form of the midpoint of the interval [a] 75
int([a]) interior of the interval [a] 75
{[a]) mignitude of the interval [a] 88
mid([a]) midpoint of the interval [a] 75
rad([a]) radius of the interval [a] 75
a,a lower, resp. upper bound of the interval [a] = [a, a] 75
a;’ with a finite decimal number a and [, u € Noy; interval [a] = [a, @]
witha=al,a=au 75
[x] interval vector with components [x]; 109
[x]€ interval vector resulting from the interval Cholesky method 231
[x]6 interval vector resulting from the interval Gaussian algorithm 193
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x)H interval hull of the solution set S 181
q([A], [B]) distance of two interval matrices [A], [B] 109
ra short form of the radius of the interval matrix [A] 109
ra matrix (r;ii) 110
ra matrix (r;ii) 110
[A] < [B] comparison of two interval matrices [A], [B] 110
[A] interval matrix with bounds A,Z and entries [a]; = [ajj, ajj] 109
[A]T transposed of the interval matrix [A] 110
[Al¥ k-th power of the n x n interval matrix [A] with [A]¥ = [A]¥"1 . [A] 115
(A1 interval matrices occurring in the Gaussian algorithm 193
[A]? interval hull of the set of all inverses A~! with A € [A] 112
[[AIC] particular nonnegative matrix associated with

the interval Cholesky method applied to the interval matrix [A] 231
A short form of the midpoint of the interval matrix [A] 109
([A]) comparison matrix or, equivalently, Ostrowski matrix

of an n x n interval matrix [A] 110
mid([A]) midpoint of the interval matrix [A] 109
rad([A]) radius of the interval matrix [A] 109
I[A]] absolute value of the interval matrix [A] 109
[[A16] particular real matrix associated with the interval Gaussian

algorithm applied to the interval matrix [A] 194
kA k-th power of the n x n interval matrix [A]

with [A]¥ = [A] - [A]k! 115
(M1, [N]) splitting of the interval matrix [A]; [A] = [M] — [N] 243
Nk k-th Taylor coefficient of the function f 407
(x%) sequence of vectors 2
(xx) sequence (of numbers, e.g.) 2
(b)) interval vectors occurring in the Gaussian algorithm 193
[b]"C centered Borsuk intervals 337
[b]; face-centered Borsuk intervals 337
[b]jw midpoint based Borsuk intervals 337
[b]fv naive Borsuk intervals 337
[b]g scalar product based Borsuk intervals 336
[f] interval function 125
[Am([x]) mean value form 129
[m]'.,:’i centered Miranda intervals 327
[m]?i face-centered Miranda intervals 327
[mly* naive Miranda intervals 327
deg(f, D, y) mapping degree of a function f at y with respect to the set D 21
deg(i) = degg([A])(,) degree of the node i

in the undirected graph G([A]) 211
detA determinant of a square matrix A 1
diag(z1,...,2n) diagonal matrix with diagonal entries z4, ..., 2z, 1
ICh([A], [b]) interval vector resulting from the interval Cholesky method;

same as [x]€ 231
IGA([A]) particular interval matrix associated with

the interval Gaussian algorithm 194
IGA([A], [b]) interval vector resulting from the interval Gaussian elimination process

applied to [A] and [b]; same as [x]¢ 193
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ind(A)

(Z,rz7)

(A)

J

G(A) = (N, E)

p(A)
supp(f)

znxn

A= (aj)
A([x], %, C)
AO

AH

Ak

(D)
¢,V
D)
c°®,v)
ck(p)

cko, v

D,

e

ol
fxD)
IR0
flir)
flc(r)
fln(r)
flo([al)
fly
fl(r)
fla(r)
fly
G(A) = (N, E)

Gk = (NX, EX)
H([x], %, C)
H™od([x], %, C)
Hn

index of inertia of a symmetric matrix A

circular complex interval with midpoint Z and radius r,
comparison matrix of a matrix A; Ostrowski matrix

any interval iterative method

undirected graph of a matrix A with the set N of nodes

and the set E of edges

spectral radius of a square matrix A

support of a function f

set of n x n matrices with non-positive off-diagonal entries
matrix with entries a;;

Alefeld operator

zeroth power of a square matrix A; identity matrix
conjugate transpose of a matrix A

k-th power of a square matrix A

transpose of a matrix A

square root of a symmetric positive definite matrix A

k-th leading principal submatrix of the matrix A

j-th column of a matrix A

i-th row of a matrix A

k-th Bernstein polynomial of degree n

set of all output sequences of the interval iterative method J
which converge to [x]*

set of all continuous functions f defined on D

set of all continuous functions f: D —» Y

set of all continuous functions f defined on D

set of all continuous functions f: D - Y

set of all continuous functions f defined on D with continuous
partial derivatives up to the order k

set of all continuous functions f: D — Y with continuous
partial derivatives up to the order k

diagonal matrix diag(zs, ..., z,) associated with a vector z
vector whose components all are one

i-th column of the identity matrix /; i-th coordinate unit vector
interval arithmetic evaluation of f at an interval vector [x]
subset of the domain D of f with fix) e T

floating point number associated with r € Rp

rounding of r by chopping

rounding of r to nearest

particular outward rounding of the interval [a] € IRg
downward directed rounding

particular downward directed rounding of r

particular upward directed rounding of r

upward directed rounding

directed graph of a matrix A with the set N of nodes

and the set E of edges

k-th elimination graph

Hansen-Sengupta operator

modified Hansen-Sengupta operator

Hilbert matrix
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320
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In

Jx, ¥)

Jpq

K([x], %, €)
Ks([x], X, [Y], ©)
L([x]%)

LC

ly

M([x], %, C)

trace(A)
bvp

NaN

ulp

Symbol Index

preconditioned Hilbert matrix

identity matrix

n x n identity matrix

matrix of the multidimensional mean value theorem
Jacobi (or Givens) rotation matrix

Krawczyk operator

slope based Krawczyk operator

set of all functions which are Lipschitz continuous in I([x]°)
lower triangular matrix of the Cholesky decomposition
Lipschitz constant

Moore-Qi operator

i-th moment of a symmetric matrix A and a vector x
multidimensional interval Newton operator

zero matrix or orthant in the cartesian coordinate system of R”
R-order of the method J

Hausdorff metric, Hausdorff distance

range of a function f with domain D

Ry -factor of the sequence (Ix1%

Rp-factor of the method J

Rayleigh quotient of a matrix A with respect to a vector x
slope between x and z

Temple quotient of a matrix A with respect to a vector x
and a real number o

Wilkinson matrix

vector with components x;

nonnegative vector (max{x;, 0})

nonnegative vector (max{-x;, 0})

particular vector

two’s complement of a machine integer z

one’s complement of a machine integer z

trace of the matrix A

boundary value problem

not a number

unit of the last place
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369

28
363
304
314
131

45
131
310

46
298

244

243
243

46
128

46
370

179
179
180
99
99
37
318
100
104
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