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Chapter 1

Preliminaries

The first chapter consists of a short introduction, defines notation and motivates
why Krylov methods are, and will be, a necessary tool to accomplish the computa-
tional tasks of the 21st century. The lacking of simple error analyses of perturbed
Krylov methods will become obvious in Chapter 4. This is compared to the state
of the art in direct methods. To grasp the perfection that has been achieved in this
area, we give an extensive listing of backward analyses, backward errors, condition
numbers and expansions related to the solution process of linear systems of equa-
tions and to the algebraic eigenproblem. We give the basic results along with some
generalizations.

We intend to show how the approach used in this thesis fits into the framework
developed over the last five decades by a variety of authors to access the intrinsic
properties of Krylov methods. We stress that it seems impossible to apply stan-
dard error analysis to understand the finite precision behaviour of Krylov subspace
methods.

1.1 Introduction

Solving mathematical problems is the major area of scientific computation. Many
of these mathematical problems arise in the engineering disciplines when modeling
physical behaviour. Of particular interest are ever more precise models, increasing
computational amount.

The solution process of nonlinear problems frequently is composed of iterated
solution of linearized problems. Other linear problems arise as such. The two main
tasks are the computation of

a) the solution of a linear system of equations and of
b) eigenvalues and eigenvectors of a linear transformation.

In other words, matrices play a star role in numerical computations.

There are two ways to solve problems of this type, direct approaches and iter-
ative approaches. Even though the computation of eigenvalues has to be iterative,
previous reductions to simpler form are mostly based on direct approaches. Di-
rect approaches are more natural and have been used for a long time. Most direct
methods used nowadays are stable and reliable.

Large matrix computations are often based on iterative approaches. A broad
class of iterative methods is given by the class of Krylov subspace methods. Krylov
subspace methods have a variety of favourable characteristics, at least in exact
arithmetic:
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Krylov methods are direct methods. To be more precise, they are coordinate free
variants of some well-known matrix reduction and matrix decomposition algorithms.

Krylov methods are optimal methods. They compute the optimal solution in a
subspace subject to method dependent constraints.

Krylov methods are cheap methods. When considered as iterative methods,
Krylov methods tend to converge fast with mostly linear operation count and stor-
age amount per step to the solution.

Krylov methods are at the heart of mumerical analysis. Krylov methods are
related to structured eigenvalue problems, to orthogonal polynomials, to rational
approximation theory. Amongst others, this enables detailed convergence analysis.

Krylov methods are closely related to each other. In particular, a linear system
solver can be used to extract eigenvalues, and vice versa.

This was the infinite precision part. This was the good news.

Now we switch to bad news. The bad news is the finite precision behaviour of
Krylov methods. One main problem is the lack of useful error analyses, like results
on backward stability. Another problem is the lack of generality of existing error
analyses.

In finite precision, Krylov methods do not terminate after a finite number of
steps. The solutions are not optimal in the subspace constructed. The connection
to related areas used in the convergence analysis is lost. Nevertheless the methods
compute useful results. Solely part of the matrix relations defining the methods in
infinite precision have a finite precision counterpart. Error analysis has to be based
on these relations. Convergence analysis has to be based on these relations.

A unified error analysis has to explain the behaviour of the finite precision Krylov
methods and to include the results derived thus far. Our approach is considered
with the understanding of the behaviour. Error bounds resulting from the analysis
have to be based on the characteristics of the methods. For this reason we will not
consider error bounds. The main result is that a detoriation is always the result of
a convergence of a part of the computed quantities.

1.2 Notation

“The important thing for an error analyst is to settle on a comfortable
notation that does not hinder the thinking process.”

Nicholas J. Higham,
ACCURACY AND STABILITY OF NUMERICAL ALGORITHMS.

Notation becomes an important topic in any broad approach like ours. The presen-
tation has to be understandable and self-explanatory, at the same time in a familiar
and appropriate style. We use standard notation as developed by Wilkinson et.al.
([Wil65, Hou75, Par98, HJI85, HJ94]). A small portion is close to Matlab style
pseudo-code notation.

Notation will be mainly introduced in the context. For better readability we
collect the part of notation valid for the complete thesis or very important for our
approach in this section. The notational conventions are violated sometimes, for
instance when denoting matrix and vector entries. We tried to keep use of one
symbol in different contexts at a minimum.
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The Basics

Capital roman letters stand for matrices, small roman letters stand for vectors, and
small greek letters stand for scalars. Subspaces are denoted by capital calligraphic
letters. Polynomials are denoted by small greek or roman letters. The letters R, C
are used to denote the real and complex fields. The letters N, Z are used to denote
the natural numbers and integers. The letter K is used to denote one of R, C.

Indices are denoted by small roman letters, starting with ¢, j,k,.... Forn € N
we define the set n = {1,...,n}. For z € C the complex conjugate is denoted by
Z. The letter I = I,, denotes the identity matrix of dimension n € N. The columns
of I are denoted by e;, ¢ € n. The elements of I are denoted by §;;, 7,7 € n.
The columns of I are termed standard unit vectors. Whenever the notation e; (or
similar) appears, the dimension should be obvious from the context.

The set of matrices of size n with entries in K is denoted by K"*™. The set of
rectangular matrices is denoted by K™**. The set of vectors of length n is denoted
by K™. The sets K™*" K" form an algebra and a vector space, respectively. The
subset of unitary matrices will be denoted by Y. The set of unitary matrices of size
n is denoted by U(n).

Problem Related

The letter A is reserved for the system matrix of the eigenproblem and the linear
system of equations. The dimension of A is given by n € N. We suppose A € K"*".
The matrix A is large and sparse. Further structure is introduced in the context.
The matrix of right eigenvectors of A is denoted by V', the diagonal matrix of
eigenvalues is denoted by A and the Jordan matrix is denoted by Jn. With this
notation AV = V.Jy. We need to access the right eigenvectors separately. For this
reason we define the columns of V' to be v;, i € n. Note that some v; are principal
vectors and no eigenvectors. The elements of V' are denoted by vj;, j,i € n. We
remark that the vector v; consists of the elements v;;, j € n. We need to access the
left eigenvectors. Since V! is a matrix of left eigenvectors, we define VH = V-
i.e., V=V ~—H. With this notation

VHIA =,V and VIV =VHV =1.
In order to access the entries of VE we define V = ? With this notation
VIA=JvT and VIV=VIVv=I

This convention can be memorised as reflection on the real axis, turning hat to vee
and vice versa. These notations are extended to any bi-orthogonal set.

We need to access some classes of submatrices of a given matrix. For given
A € K" we denote by A;;, 4,j € n the matrix with ith row and jth column
deleted. The notation A;; must not be confused with the element a;; in ith row
and jth column,

a;;j, element of Ain 4th row, jth column,
Aij, A with ith row, jth column deleted.

The short-hand notation A; is used to denote A;;.

Method Related

Krylov methods compute smaller matrices, denoted by C,, € K™*™ m € N. The
computed matrices form a sequence of principal submatrices. For this reason we
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label the leading principal submatrices by size, Cy, € KF*k k € m. With this
notation
_ Ck *
Oy = ( ’ *> .

The matrix C,, is structured. Mostly H,, = C,, is Hessenberg or even T;, = Cp,
tridiagonal. The set of all unreduced Hessenberg matrices is denoted by H. The
subset of unreduced Hessenberg matrices of size m is denoted by H(m). Krylov
methods compute the matrix C), using a basis expanded in every step. We denote
the rectangular matrix whose columns span the basis by Q,,, Q,, € K"*™. The
submatrices of Q,, consisting of the first k columns are denoted by Qp, Qi € K™***,
k € m. The columns of Q) are denoted by ¢;, j € k.

Polynomial Related

We use the letter P to denote the vector space of all polynomials. The eigenvalues
of any matrix A are zeros of the characteristic polynomial x 4(A\) = det(AI — A).
This definition ensures that the term A" has the factor plus one. The minimal
polynomial will be denoted by (X)) = pa(N).

The elements in Krylov subspaces are often described in terms of polynomials
of degree less than the dimension of the space. The subspace of polynomials of
degree less equal k will be denoted by P;. Depending on the context, we need to
distinguish two different normalisations. In the context of the eigenproblem we need
monic polynomials, denoted by ]P’,f. With our definition x4 € P”. In the context of
linear systems we need polynomials with constant term equal one, denoted by IP’;?.

For a more complete overview of the notation used we refer the reader to the
list of symbols in the beginning of this thesis.

1.3 Motivation and History

This thesis is concerned with two problems of linear algebra:
a) find the solution of a linear system of equations

Axr =0,

and
b) find (partial) solutions to the algebraic eigenproblem

Av=uv), o7A=xo".

From an numerical analyst point of view it shows up to be very important to
distinguish between dense and sparse systems. For dense systems the state of the
art almost seems to have reached its final destination. Both roblems mentioned
above are solved in a backward stable manner by a variety of well-known, well-
understood algorithms.

Recent changes, modifications and enhancements are due to a better under-
standing, i.e., due to new results in componentwise structured and relative error
analysis. Examples of such enhancements are Demmel’s results on Cauchy matrices
([Dem00]) and Dhillon’s Relatively Robust Representations ([Dhi9T7]).

Most of the methods for dense systems are included as black-box solvers in
(freely) available software libraries like BLAS/LAPACK. A general start may be
NETLIB ([Net]) and the overview of freely available software for linear algebra that
has been compiled by Dongarra ([Don]).

The picture is not that rosy when we are looking at sparse systems. Most direct
methods lead to storage problems due to fill-in and numerical instabilities due to
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restrictions on the pivoting strategies. We stress that no entirely direct method
for the eigenproblem can exist. Nevertheless we name a method that applies to
the eigenproblem a direct method, when it is based on the iterated application of a
direct method. An example of such a method is the QR-iteration.

The so-called classical iterative methods like Jacobi, Gaufl—Seidel and SOR in
general are converging to slowly to the solution to be of practical use. Krylov
subspace methods are direct methods (they terminate after a finite number of steps,
at least in theory) and improve over the classical iterative methods in the sense of
being optimal. Krylov methods are frequently the method of choice for large sparse
problems.

Past

Krylov methods were developed in the early fifties. The first papers were Lanczos’
papers published in 1950 and 1952 on his method of minimised iterations (cf. [Lan50,
Lan52]), Arnoldi’s paper published in 1951 based on Lanczos’ ideas (cf. [Arn51])
and the joint paper by Hestenes and Stiefel published in 1952 (cf. [HS52]).

It was realized soon that the methods where not competitive to the other direct
methods in terms of accuracy and stability. Due to a lack of better understanding
they were abandoned, or only used in conjunction with complete reorthogonalisa-
tion, which made them less competitive. Nevertheless, the methods appeared in
textbooks for the first time (cf. [Wil65, Hou75]).

In the seventies Reid was among the first to realize that CG interpreted as
iterative method was superior to direct approaches for certain matrices, especially
when used with preconditioning (cf. [Rei71]). At roughly the same time Paige gave
the first detailed error analysis for the symmetric Lanczos method (cf. [Pai71]). The
first public available code for Lanczos methods by Cullum and Willoughby dates
back to the the end of the seventies (cf. [CW85a, CW85b]).

During the eighties a group consisting mainly of researchers around Parlett
made use of Paige’s results to obtain new error analyses and to develop more stable
algorithms. This progress came in form of a series of Ph.D. theses (cf. [Sco78, Gre81,
Grc81, Sim82, Day93]). Bai’s analysis of the nonsymmetric Lanczos method (cf.
[Bai94]) and Strakos’ work dates also to this period. Paige’s analysis was contained
for the first time in the republished version of Parlett’s book (cf. [Par98]). Also
contained is part of the work that builds upon this analysis.

The release of a textbook touching error analysis for Krylov subspace methods
for the first time paved way for similar results to occur in a variety of textbooks
(cf. [Gre97, Dem97, TB97, Meu99]). The topics covered are mainly results.

State of the Art

Nowadays, Krylov methods have gained widespread recognition. They have even
been elected one of the ten best algorithms ever, see ([TTAO00]). In this list (ordered
by date) they appear as third item,

3. 1950: Krylov Subspace Iteration Method. A technique for rapidly
solving the linear equations that abound in scientific computation.

Nevertheless, up to now, no black-box solver based on Krylov subspace methods
exists. Packages for the solution of real-world problems refuse to contain Krylov
methods, the reasons for this being the non-predictable behaviour with respect to
success and, more seriously, time.

We think that the area of Krylov methods is approaching a state where it be-
comes useful to collect the results known to form a basis for future examination.
This, in turn, might help to reach a state where the understanding and development
of algorithms based on Krylov subspaces will also be satisfactory.
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Active Research and Future Work

There are several areas of active research in the development and understanding of
Krylov methods. In the authors opinion the main areas are given as follows:

Preconditioning. Krylov methods are only competitive when used with precon-
ditioning. Since Reid published his paper (cf. [Rei71]) this is, maybe by far,
the most important area.

Restart, Truncation, Look-Ahead. These new types of methods are introduced
to fill the gap between fast and controllable Krylov methods. In the field of
eigenproblem methods, implicit restart has become state of the art, as example
we mention Lehoucq’s and Sorensen’s ARPACK (cf. [LSY98]).

Generalisation. New methods have been introduced recently that are very close to
Krylov methods. These methods include the rational Krylov method, inner-
outer iterations (which itself are just a form of preconditioning) and Galerkin
approaches like Jacobi-Davidson (cf. [SvdV95, FSvdV96, SvdV95)).

Inexact Methods. In some applications accurate matrix vector products are very
costly. It is currently an active line of research to find out how accurate the
matrix vector products have to be in which stage of the algorithm to achieve
the result up to a specified accuracy.

Error Analysis. The usual definition of a backward error is not appropriate for
all Krylov methods. Backward error analysis has been applied successfully
to GMRES by Rozloznik (cf. [Roz97]). Progress towards a different type
of backward error analysis has only been made for the symmetric Lanczos
method and CG (cf. [Gre89, GS92]).

Unification. Approaches are seldom as general as they might have been. Many
methods, their convergence theory, their error analysis, can be understood
from a broader point of view.

This thesis is mainly concerned with the last two areas. The first two areas are
developing too rapidly to be included. The major problem of error analysis lies in
the non-normality of the matrices. The approaches that are the most promising are
pseudospectra, the field of values and the degree of normality [TT94, TT96, Tre93,
Tre99, Tre97].

Recent publications concerned with the last topic are the paper by Cullum and
Greenbaum ([CG96]) on similarities of GMRES/FOM with BiCG/QMR, the paper
by Hochbruck and Lubich ([HL98]) on Krylov methods in a nutshell and the work
of Eiermann and Ernst ([EE99]) on the relations between MR and OR approaches.
Another approach using an engineering viewpoint is the work of Schonauer and
Weiss [SW95].

To our knowledge, no unified approach has been considered for the error analysis
of Krylov subspace methods in finite precision. This will be our main concern.

1.4 Finite Precision and Error Analysis

We distinguish between three categories of error:

Data Errors. These types of error are due to imprecise measurement of the data
or due to simplified models.

Method Errors. These types of error are due to discretisations and finite termi-
nation of infinite representations.



1.4. FINITE PRECISION AND ERROR ANALYSIS 7

Rounding Errors. These types of error are due to the finite precision nature of
computer arithmetic.

We consider only rounding errors as source of error, i.e., we assume that all calcu-
lations apart from the rounding errors occurring in the application of the methods
are ezact.

1.4.1 Floating Point Models

Computer arithmetic can only represent a finite subset of the natural, real and
complex numbers. The representation of N and Z by N,, = N/nN and Z, =
Z/nZ introduces only one type of error, the so-called wrap-around. The computer
representation inherits most algebraic properties of N and Z.

The representation of R has been standardised in the eighties and is ruled by the
ANSI/IEEE standards 754 and 854 ([IEE85b, IEE85¢, IEES87]). The set F used to
represent R consists of so-called floating point numbers. The field C is a subdivision
algebra over R and is usually modelled by F2. A number in I consists of an array of
fixed bit-length. One bit is reserved for the sign, a fixed number of bits represents
the mantissa and the remaining bits are used to encode the exponent.

The mathematical result of an operation on floating point numbers only in trivial
cases is part of F. The computer implementation of the mathematical operations
introduces new types of errors. When the true result is not part of F, it has to
be rounded to a number in F. Numbers that are too small and too large to be
representable are said to underflow and overflow, respectively.

To distinguish the true mathematical result form the computed floating point
result we use the notation already used by Wilkinson (cf. [Wil63], section 7, page
4, equation (7.1)). Wilkinson used the notation fI(<term>) to denote the result of
the floating point evaluation of <term>. Evaluation is assumed to be from left to
right.

One part of theory is to develop rounding error models capturing the important
features of the computer arithmetic in use, the other is to have models at hand that
predict how solutions change when the data is perturbed according to these models.
The very complicated behaviour of finite precision computations is modelled by
making some assumptions on the distribution and size of absolute and relative
erTors.

ANSI/IEEE arithmetic

The ANSI/IEEE standards 754 and 854 define two formats of floating point num-
bers, four rounding modes and the return value of the four basic machine operations
{+,-,%,/} and the square root. Furthermore, they introduce Inf and NaN (Not a
Number) and exception handling to deal with the implications of underflow and
overflow.

The formats are single precision with 32 bits and double precision with 64 bits.
The rounding modes are round to nearest (nearest), round toward plus infinity
(upward), round toward minus infinity (downward) and round to zero (chop). The
four basic operations and the square root are defined to deliver the floating point
number that is closest to the true result relative to the rounding mode.

The largest and smallest floating point number and the maximal relative distance
between two floating point numbers are used to describe the behaviour of the floating
point arithmetic. The smallest (denormalised) floating point number v is given by

Vsingle = 27 %% ~ 140130107,
Viouble = 27107 ~4.94066 - 107324,
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respectively. The relative distance is the distance between one and its floating point
successor. This number is labelled unit roundoff and has a last bit in the mantissa
equal to one, all other bits except the implicit one are equal to zero. The unit
roundoff u is given by

Usingle — 2723 ~ 1.19209 - 1077,
Udouble = 27°%2~2.22045-10716,

In standard mode the rounding is set to nearest. With this rounding mode half the
unit roundoff u is the maximal relative error that can occur in a rounding operation.
The resulting number

€single — 2_24 ~ 5.96046 - ].0_87
€double = 2793~ 1.11022-10716,

is called the machine precision. When any other rounding mode is used, the result-
ing machine precision is equal to the unit roundoff.

Attention: in the open literature several contradictory definitions can be found.
We use two of the most popular to give an example of the loss of the algebraic
properties when computing in floating point:

Example 1.1 (Loss of Algebraic Properties) In floating point computations
the usual algebraic properties no longer hold. As an example, consider the quantities
defined as follows:

€ = max{fi(l+z)=1}
€ = r;lellrb}{fl(lJrzfl):x}.

With the above definitions € # e.

Model accounting for underflow

The ANSI/IEEE standard is also an error model. This model is hard to use, since
the complexity of the model and the arithmetic is essentially the same. Furthermore,
the model consists of discrete points and is thus non-continuous. In order to get rid
of this non-continuous character we consider the errors as unknowns and simply use
the bounds on the basic operations that are implied by the ANSI/ITEEE standard.

Let o denote one of the five basic operations. The rounding errors fulfil the
following:

fllaob)=(aob)(1+8)+p  l<e |ul<v.

The additive term g is only relevant in case an underflow occurs and is not neces-
sary in case of addition and subtraction when considering ANSI/TEEE arithmetic,
because the gradual underflow prevents the results in the denormalised range from
being incorrect. This model is seldom used because of the additive term.

Model not accounting for underflow

The model above is correct and useful, but not accounting for underflow makes it
far more easy to develop error bounds, and underflow can be taken care of using
exception handling. The new model looks as follows:

Let o denote one of the five basic operations. As long as no underflow occurs,
the rounding errors fulfil the following;:

(aob)

fllaob) =(aob)(1+6) = (1‘5‘—52)’
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This model is the one that is mainly used in error analyses. In the following we act
as if we have an extension valid also for complex arithmetic. Given an example of
complex arithmetic it is easy to find such (slightly larger) constants.

Using the error model

Wilkinson is the main source of inspiration to numerical analysts. Wilkinson used a
straight, problem dependent notation. Often he assumes that ne < 1.01 or similar.
His style of error analysis gives very sharp results that very much depend on the
actual algorithm and the machine used.

Another style of error analysis uses Landau’s O—notation. This analysis is easier
to follow and better to enhance in order to apply to different algorithms and ma-
chines. The drawback is that the hidden constants may become important. When
a new type of algorithm or more sophisticated analysis is used, it may become
necessary to redo any prior analysis.

Recent approaches to error analysis use different classes of bounded variables.
A nice example of such an error analysis is given in Higham (cf. [Hig96]). From
this three major styles that are used to capture the distribution of errors in more
complex formula we chose the notation used in Higham.

Higham uses 4, §; to denote quantities bounded by the machine precision, |4;| < e.
From the error model it is obvious that many expressions involving products of sums
of one and ¢ occur. To bound the distance of the result from one, a new class of
variables is defined by

(1+6) ' =1+6,.
1

n
i=

As long as ne < 1, the variables constructed this manner fulfil

ne
0, <
‘n|*1—ne

=Y.

The class of variables is extended to all variables with this bound. Variables with
this new bound that occur in expressions can be handled easily and fulfil simple
algebraic rules:

Lemma 1.2 ([Hig96], Lemma 3.3, page 74) For any positive integer k let 0y
denote a quantity bounded according to |0x| < v = ke/(1 — ke). The following
relations hold:

(IT4+0:)(1+0;) = 140k,
1+0, { 14 Okyy, J<k,
1+6; 14+ Okyoj, J>FK,
VYi < Vmin(k,j)s
ive < Vik,
<

Ve + Y+ VRV Vktji-

The above results are an excerpt from Higham’s book [Hig96].

1.4.2 Error Analysis

Suppose we want to compute f(p) = x, where p is a given set of parameters. Instead
of the true solution x we compute T = x + Ax. The quantity Ax is known as the
forward error. The goal is to show that Az is small. The error models describe the
errors in the atomic steps

ro=p, fi(zo,....,xi—1) =z, f(p)=xp=2
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every algorithm is composed of. These atomic steps are supposed to be given by
the five standard operations.

There are essentially two approaches to determine a bound on the overall error
Az, namely forward error analysis and backward error analysis combined with
perturbation theory. The advantage of splitting the error analysis into two parts
is that the backward error analysis is independent of the sensitivity on the data,
and the perturbation theoretic part is independent of the algorithm and has to be
carried out only once for all algorithms.

Forward Error Analysis

Forward error analysis tries to keep track of the intermediate (local) errors Az,
fi(*%Ov e a‘%ifl) =X + Ax’h

to obtain a bound on the overall (global) error Az. First-order forward error anal-
ysis is closely linked to bounding products of Jacobians of the composing functions
fi (cf. [Hig96], pp. 82). The bounds obtained are usually pessimistic. An example of
successful application of forward error analysis is the application to matrix inversion
by von Neumann and Goldstine (cf. [vVNG4T7]).

Backward Error Analysis

Backward error analysis takes another approach. Backward error analysis was intro-
duced by Wilkinson and tries to change the data such that the computed solution is
exact for the modified problem. The numerical analyst has to modify the parameters
p of the problem, that is, given Az, determine any or all Ap with

flp+ Ap) =z + Ax.

Mostly we seek Ap with special structure, for example with minimal norm. The
quantity Ap is a backward error. First-order backward error analysis is closely
linked to solve large (under-determined) systems (cf. [Hig96], pp. 82). Backward
error analysis gives very successful results in the context of dense linear systems.

Stability of Algorithms

Closely linked to error analysis is the stability of the algorithm. An algorithm is
forward stable, when it computes solutions that are close to the exact solution, i.e.,
when the forward error is small. An algorithm is backward stable, when it computes
solutions that are exact solutions of a nearby problem, i.e., when the backward error
is small. There are examples of algorithms that are forward stable without being
backward stable.

We already noted that backward error analysis is independent of data sensitivity.
In turn, backward error analysis gives no information directly on the forward error.
This has to be done using perturbation theory.

1.4.3 Perturbation Theory

Perturbation theory tries to determine how the solution changes when the param-
eters are perturbed. The question we are interested in is the following: Given Ap,
how does the deviation

Az = f(p+ Ap) — f(p)
look like?
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In general, the task is the computation of measures when the perturbations
stem from a prescribed set. We are interested in measuring the change in data,
when we are perturbing the parameter according to a given set. The question is,
given a set of parameter variations P = {Ap} how does the set of solution variations
X ={Az: f(p+ Ap) = x + Az} look like? There are two main approaches.

a) Algebra.

The idea is to insert a generic perturbation Ap and then to determine resulting
conditions on

Az = f(p+ Ap) — f(p).

If this approach works, we usually obtain sharp bounds.
b) Calculus.
The idea is to use a parameterisation p(t) of p, such that

p(0) =p, ple) =p+ Ap=p(0) +ep(0) + O(€).

We define the variation on z as Az = Axz(e) = f(p(e)) — f(p(0)). Computing
derivatives with respect to ¢ gives the linearisation at zero,

d d
%Af(t) = %f(p(t))
We estimate the variation Ax = Az(e) by the first term in the Taylor expansion,
eAz(0). The approach based on calculus is more often applicable, but naturally
delivers only first-order bounds.

We are often only interested in bounding the amplification factor between a
change in parameter and resulting change in the solution. This task is accomplished
by condition numbers.

Condition Numbers

A condition number is a bound on the set of changes computed using perturbation
theory. A variety of useful condition numbers can be defined, see Wilkinson (cf.
[Wil63], section 37, p.29). We define the normwise condition number with respect
to scalar z to be

A
k.(x) = inf sup { '” jj'e J(p+ Ap) = ¢ + Ax, [|Ap] < }
€ X

Accordingly we define the componentwise condition number with respect to non-
negative z to be

Axl.
cond, (x) = inf sup {max ||x—T|l€ s flp+ Ap) =+ Az, |Ap| < ez} .

e>0

A condition number is called absolute, when z = 1, and relative, when z = ||p|,
z = |p|. If f is differentiable, a condition number can be obtained from its derivative.
Combining backward error analysis with perturbation theory gives information on
the forward error Axz. This relation is usually stated in informal manner as a rule
of thumb:

forward error <  condition number x  backward error.

When the condition number is small, backward stable algorithms are also forward
stable. A problem is termed ill-conditioned when the condition number is large,
and ill-posed when the condition number is infinite. Ill-posed problems can not be
solved in finite precision.
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1.5 Solution of Linear Systems

In this section, the linear system under consideration will be denoted by
Ar =0,

where we assume that A € K"*™ and b € K" are given and we seek a solution
x € K". This solution is unique when A is reqular. For regular A, the entries x;
of the solution z depend analytically on the entries of A and b. This is known as
Cramer’s rule,
= det(al, N ¢ 7 b, Ait1ye- -y an)
! det(A)
This relation is merely of theoretical interest.

The error analysis for linear systems of equations splits up into backward error
analysis and application of results from perturbation theory, i.e., derivation of con-
dition numbers. We start with stating the main results from perturbation theory.
The results presented can be found in the textbook of Chaitin-Chatelin and Frayssé
and in the textbook of Higham (cf. [CCF96, Hig96]).

1.5.1 Perturbation Theory
The linear system and the related perturbed system will be denoted by
Az =b and AF =",

respectively. We suppose again that A € K™*" and b € K™ are given, and we seek
z € K™. For notational purposes we define the differences

AA=A— A, Ar=F—x and Ab=0b—b.

We interpret & as an approximate solution of Az = b and denote the corresponding
residual by r = b — Az. With these notations established, we are enabled to state
a sequence of well-known results:

Lemma 1.3 (Rigal, Gaches) The normwise backward error of an approzimate
solution T of a linear system Ax = b can be expressed as

Na,3(Z) = min{e: (A+AA)Z =b+ Ab, ||AA| <ea, ||Ab]| <8}
o as]
aof[z]| + 8
A perturbation that achieves equality is given by
—a B
AA = —— ol Ab= ——7,
aofjzl| + 8 allzl| + 3

where v is a vector dual to I, i.e., chosen such that vE = ||Z|| and |v||lq = 1.

Proof. The proof can be found in the original paper of Rigal and Gaches, dating
back to 1967 (cf. [RG67]), and in the textbook of Chaitin-Chatelin and Frayssé (cf.
[CCF96], p. 74). Here | - ||4 is the dual norm to || - ||, defined by

ol = mae 2
z||lg = max .
w0 |v]|
]
For the particular choice @ = ||Al| and 3 = ||b|| we obtain the normwise relative

backward error.
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Lemma 1.4 (Turing) The normuwise condition number of the linear system Az =
b can be expressed as

A ~ ~
Kapg(A,x) = iggsup { |||x:|0|”e tAT =0, [|AA] < ea, [|AD| < eﬁ}
_ AT (alel +8)
]

Proof. This condition number has its origins in the works of Turing. The proof
of the lemma can be found in the textbook of Chaitin-Chatelin and Frayssé (cf.
[CCF96], p. 50). O

The same approach works componentwise. Here, we suppose that we are given a
nonnegative matrix £ € R and a nonnegative vector f € R that are the entrywise
bounds for the perturbations in A and b, respectively. Then the following can be
shown to hold true:

Lemma 1.5 (Oettli, Prager) The componentwise backward error of an approxi-
mate solution & of a linear system Ax = b can be expressed as
wpf(r) = min{e: (A+AA)Z=b+ Ab, |AA| <€eE, |Ab| <ef}
|b— Az|,

= max

o (B[4 f);
A perturbation that achieves equality is given by

AA = diag (M) FE diag ( Zs ) ,

T |1‘|1

Ab = diag(W) I

3

Proof. This result is due to Oettli and Prager and dates back to 1964 (cf. [OP64]).
The proof again may be found in the textbook of Chaitin-Chatelin and Frayssé (cf.
[CCF96], p. 74). O

Similar to the normwise analysis we define
|b— Az|,
(|A[ || + [o]);

as the componentwise relative backward error.

wyalp| (%) = max

Lemma 1.6 (Rohn) The componentwise condition number of the linear system
Ax = b can be expressed as

i |l
(AT (E ||+ f

condg ; (A,x) = i1>1£sup {max e: AT =b, |AA| < €eE, |Ab| < ef}
);

= Imax
i

Proof. For a proof we refer the reader to the textbook of Chaitin-Chatelin and
Frayssé (cf. [CCF96], p. 50). O

The componentwise condition number originates from work by Rohn. All backward
errors and condition numbers do not depend on any structure. We briefly remark
that the condition number and the backward error with respect to structured per-
turbations may be significantly smaller than indicated by the general results.
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1.5.2 Decompositions and Error Analysis

The naive solution of a linear system Az = b by application of Cramer’s rule
directly to the matrix A and the left-hand side b involves too much work. As
preceeding, or better, pre-processing step the linear system is transformed to a
couple of linear systems which are simpler to solve, i.e., we first reformulate the
equation Ax = b. The idea that turned out to be very successful is to decompose
or factor the matrix A. Whenever determinants are cheaply computable, Cramer’s
rule becomes applicable. We seek a factorisation as a sequence of triangular or
mixed triangular and orthogonal (unitary) matrices.

Triangular Decompositions

The oldest idea for the solution of a linear system consists of replacing A by a
product of triangular matrices. The decompositional approach with triangular or
block triangular matrices is known as Gaussian elimination. We distinguish be-
tween Gaussian elimination (GE), GE with partial pivoting (GEPP) and GE with
complete pivoting (GECP),

A=LU  PA=LU  PAQ=LU.

The matrix L is lower triangular, the matrix U is upper triangular, P and @ are
permutation matrices. To fix the number of equations and the number of unknowns,
usually the diagonal elements of L are set to one.

All results on decompositions are based on the following lemma:

Lemma 1.7 ([Hig96], Lemma 8.4, page 154) Ify = (C—Zf:_f a;b;) /by, is eval-
uated in floating point arithmetic, then, no matter what the order of evaluation,

bky( _C_Zazz +91)

where 7 is the computed solution and \9,(:)| < for alli. If by, = 1, so there is no
division, then \9,(;)\ < k-1 for alli.

The backward error analysis is the same for all forms of GE. First, permute the
system matrix A <« PAQ. Then suppose we have already permuted A, such that
A = LU holds true. We have the following bound regardless of the GE variant
used. The following holds true:

Lemma 1.8 ([Hig96], Theorem 9.3, page 175) Suppose we have computed tri-
angular factors L and U. Then the following backward bound holds true:

A+AA=LU, |AAl <7, L0

For the solution of linear systems by GE one can prove the following bound:

Lemma 1.9 ([Hig96], Theorem 9.4, page 175) Suppose we have computed tri-
angular factors L and U. Suppose further that we have used forward and backward
substitution to compute an approrimate solution . Then we obtain the backward
bound

(A+AA)Z=b, |AA] < s |LI|T].
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How are these a posteriori bounds that involve the a priori unknown quantities L
and U related to the original data? When the computed triangular factors satisfy

ILI[U] ~ |LU| = |Al

the algorithm is backward stable. When the LU decomposition is carried out in
infinite precision, we can measure the so-called growth factor, defined as

k
max; ;& [l |

pn(A) =

max; ; ai;|

The upper index k in agf) is used to denote the elements of A in the kth step of the
LU decomposition. Using the definition of the growth factor, Wilkinson proved the
following theorem:

Lemma 1.10 ([Hig96], Theorem 9.5, page 176) Let the growth factor be de-
fined as above. Then the approximate solution T to the linear system Ax = b
obtained by GE and forward and backward substitution satisfies

(A+AA)Z =b, [|AA]e < 20° Y00 Alloo-

This lemma uses the element growth in an exact computation to bound the errors
in a finite precision computation. We refer to the comment in Higham’s book (cf.
[Hig96], page 176).

GE, GEPP and GECP applied to a general matrix have growth factors with

pSE < oo, pCEPP < gn=1 = ,GECP £ n1/2(9.31/2.  p1/n—1y

respectively. The first two bounds are sharp.

Special Forms of Triangular Decomposition

If the LU decomposition of A without pivoting exists, i.e., when all leading principal
minors are nonzero, we define the LDMT and LDMH decompositions

A=LDM",  A=LDM",

where L and M are lower triangular matrices with unit diagonal, D is a diagonal
matrix. When A is symmetric or Hermitian, this decomposition reduces to the
LDLT or LDLH decomposition,

A=LDL", A=LDLH.

When A is symmetric positive definite (SPD) or Hermitian positive definite (HPD),
we can choose C' = L+/D resulting in the Cholesky decomposition, given by

A=cCC7T, A=CCH,

The LDLT decomposition can be interpreted as a generalisation of the Cholesky
decomposition. This decomposition is sometimes termed the rational Cholesky
decomposition because of its suitability in fields other than R or C.

When A is symmetric indefinite, there exist at least two well-known methods
that compute a generalised LDLT decomposition, namely Aasen’s method and the
Bunch-Kaufmann decomposition. The error analysis for these decompositions is
similar to the error analysis of GE. We only state one well-known backward result:
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Theorem 1.11 ([Hig96], Theorem 10.3, page 206) If Cholesky factorisation ap-
plied to the symmetric positive definite matriv A € R"™™™ runs to completion then
the computed factor C' satisfies

CCT =A+AA,  |AA <~ua|C|ICT.
Furthermore, the right-hand side can be bounded normwise using
HENCTT < (1 = nnsr) A
and componentwise using
ICICTT < (1= yngr)~Hdd",  di = Vag.

Proof. All results can be found in Higham’s book. The normwise bound can be
found on page 206, the componentwise bound in the proof of Theorem 10.5, page
207. O

Bounds similar to the corresponding ones in the analysis of GE hold true for the
solution of linear systems using Cholesky decomposition. We note that the growth
factor in GE for A SPD is one.

Triangular Decomposition for Matrices with Special Structure

Special structure has impacts on the bounds of the growth factor. This may be the
non-zero pattern of the matrix or other properties. The matrices we are mainly
concerned with are Hessenberg and tridiagonal matrices. We collect some useful
results in the following lemma:

Lemma 1.12 Let A € C™*™ be diagonally dominant by rows or columns. Then
GE works and the growth factor is bounded by p, < 2. GEPP requires no row
interchanges.

Let H € C™*™ be an upper Hessenberg matriz. Then for the growth factor pP in
GEPP p? <n holds true.

Let T € R™™ be a nonsingular tridiagonal matriz. If any of the following
conditions holds, then T has an LU factorisation and |L||U| = |LU|:

(a) T is symmetric positive definite;

(b) T is totally nonnegative, or equivalently, L >0 and U > 0;

(¢c) T is an M-matriz, or equivalently, L and U have positive diagonal elements
and nonpositive off-diagonal elements;

(d) T is sign equivalent to a matriz of type (a)—(c), that is, T = S1T'So, where
181 = 18] = 1.

Suppose further that the unit roundoff u is sufficiently small. Then GE for
solving Tx = b succeeds and the computed solution T satisfies

du+ 3u? + v’

- _
(T+AT)E=b,  |AT] < ————

7.

Proof. These results are an excerpt of theorems in Higham’s book ([Hig96]). The
result on diagonal dominance is Theorem 9.8, page 181, the Hessenberg result is
Theorem 9.9, page 182, the conditions for |L||U| = |LU| for tridiagonals are collected
in Theorem 9.11, page 184 and the bound on the computed solution is Theorem
9.13, page 185.

LR decomposition is very stable for so-called M-matrices. M-matrices enjoy very
special properties. These properties can, to some extent, generalised from the set
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of M-matrices to the so-called H-matrices. H-matrices are defined with the aid of
Ostrowski’s comparison matrix M(A),

M(A) = abs(D) — abs(4 — D), D = diag(A).

A matrix A is an H-matrix when M(A) is an M-matrix. The set of equimodular
matrices w(A) to a given M-matrix A is defined by

w(A) = {H, M(H) = A}.

For H-matrices special bounds for the growth factor exist.

Orthogonal Decompositions

We can write any matrix as product of an orthogonal or unitary matrix and a
triangular matrix, i.e.,

A=QR or A=LQ.

The matrix R is upper triangular, L is lower triangular, @ is unitary. The first
is known as QR decomposition, the latter as LQ decomposition. The first @ in
general is not equal to the second ). There is no need for A to be square, so in the
following we assume A € K™*" m > n. The formerly triangular matrices L and R
are sometimes termed trapezoidal matrices.

There are several ways to obtain the QR decomposition of a given matrix A.
The QR decomposition can be computed by means of Householder reflectors (House-
holder QR), by means of Givens rotators (Givens QR), by means of Givens-Kahan
rotators or by means of classical or modified Gram-Schmidt on the columns of A.

We state some results along the lines of Higham (cf. [Hig96]). First we state the
result on the stability of the QR decomposition using Householder reflectors and
the backward error analysis of a subsequent solution of a linear system.

Lemma 1.13 ([Hig96], Theorem 18.4, page 368) Let R € R™*" be the com-
puted upper trapezoidal QR factor of A € R™*™ obtained via the Householder QR
algorithm. Then there exists an orthogonal Q € R™*™ such that

A+ AA=QR,

where ||AAllr < nyem||AllF and |AA| < mnyenG|A|, with ||G||p = 1. The matriz
Q is given explicitly as Q = (PyPn_1...P1)T, where Py, is the Householder matriz
that corresponds to the exact application of the kth step of the algorithm to Ay.

Lemma 1.14 ([Hig96], Theorem 18.5, page 369) Let A € R™*™ be nonsingu-
lar. Suppose we solve the system Ax = b with the aid of a QR factorisation computed
by the Householder algorithm. The computed T satisfies

(A+AA)Z = b+ Ab,

where
|AA] < nQ%nG|A|7 |Ab| < nz%nG|b|, IGllF =1.

Very similar bounds hold true, when the Givens QR variant is used.

Lemma 1.15 ([Hig96], Theorem 18.9, page 375) Let R € R"™*" be the com-
puted upper trapezoidal QR factor of A € R™*™ obtained via the Givens QR al-
gorithm, with any standard choice and ordering of rotations. Then there exists an
orthogonal @Q € R™*™ sych that

A+ AA=QR,
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where [AAlF < Yo |Allr and [AA] € My GIAL with |Glr = 1. The
matriz Q is a product of Givens rotations, the kth of which corresponds to the exact
application of the kth step of the algorithm to Ay.

QR decomposition via Householder reflections or Givens rotations is normwise back-
ward stable. These methods usually fail to be componentwise backward stable, be-
cause of the occurring matrices G with ||G||p = 1. Classical Gram—Schmidt, short
CGS, is numerically unstable. The only thing one can prove is that the computed
QR decomposition has a small backward error:

Lemma 1.16 ([Hig96], page 381) Let Q and R be the computed factors of the
QR decomposition. For CGS the following bound holds:

A+ AA=QR, |AA]2 < cul|Allz,

where ¢ depends only on the dimensions m,n.

Paige and Bjork worked on the correspondence of MGS-QR to Householder-QR for
an augmented matrix (cf. [BP92]). The correspondence holds in infinite as well as
in finite precision and is given by

A=QR, PT(g) - (13)

where the Householder reflectors are given by the matrices

e
I —pypi, pk=( 0 >

This result can be used to obtain a backward error result on MGS-QR, which
shows that the R factor is as stable as the R factor in a Householder or Givens
computation, only the computed @ factor deviates. In this paper, also an example
how to obtain a better () factor from the computed @ factor is given.

Lemma 1.17 ([Hig96], Theorem 18.12, page 379) Suppose that the MGS method
is applied to A € R™*™ of rank n, yielding computed matrices Q € R™*™ and
R € R"*™. Then there are constants ¢; = c¢;(m,n) such that

A+ AA =QR, |AAilz < ciul|A|2,
1QTQ — I|2 < courz(A) + O((urz(A))?),

and there exists an orthonormal matriz Q such that
A+ AAy =QR, |AAs| <c3uGlA|, ||G|F=1.

As already mentioned, for some methods the computation of QR decomposition is
normwise backward stable, but not componentwise. To better understand the sensi-
tivity of QR decompositions, Stewart considered normwise, Zha and Sun considered
componentwise sensitivity analysis of perturbed QR decompositions,

A=QR, A+AA=(Q+ AQ)(R+ AR).
In the normwise case, for sufficiently small AA,

|AR], 1AA]
A < A
ma"{' T T e A T
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holds true, where ¢, is a constant. In the componentwise case the perturbation
AA is assumed to be bounded by |[AA| < eG|A|, G > 0, ||G||loc = 1. Then, for
sufficiently small e,

AR
max {|AQ|OO, ”7”} < empcond(R™1) 4+ O(€?)
[1B]o0
holds true, where ¢, ,, is a constant depending on m and n and cond(A4) = || |[A71||A] || co-

The componentwise condition number of the factors of the QR decomposition is de-
fined to be
¢(A) = cond(R™) = || |RI|R™| ]| o-

These results are stated in [Hig96], pages 382-383.

Structured Error Analysis

Many algorithms make extensive use of known structure, simply to perform better.
This introduces only errors that are of the same structure. But the preceeding
analyses only took the norm or the componentwise absolute value into account. We
remark that for many classes of matrices like symmetric, skew-symmetric, Toeplitz,
Hankel, Bezout, banded matrices suitable condition numbers and backward errors
can be defined and bounded or even explicitly computed.

Generalised Inverses

The inverse of a matrix is only defined as long the matrix is regular. This regularity
necessarily implies that the matrix is moreover square. Under various circumstances
generalisations taking the place of the matrix inverse exist. All these will be termed
generalised inverses. Frequently, given the equation Az = b, we are interested in a
linear mapping X, such that x = Xb is a solution whenever a solution exists, i.e.,
when b € range(A). This is equivalent to the fulfilment of the condition AX A = A.
The most prominent among all generalised inverses X is the classical Moore-Penrose
inverse or pseudo-inverse. The pseudo-inverse A of A € K™*" is given by the
matrix X uniquely defined by the following four axioms:

I) AXA = A, (1) (AX)H
(II) XAX = X, (IV) (XA)H

AX,
XA.

When the matrix is square, also the following condition is of interest:
(V) XA = AX

Any matrix X that fulfils a subset 1 of the equations (I-V) is termed an 71—
inverse and is denoted by A". The Moore-Penrose pseudo-inverse is thus given
by AT = A{LILILIVE A matrix fulfilling the important condition (I) is also known
as a g-inverse or condition one inverse. Any matrix AU is a least-squares gener-
alised inverse and any matrix AUV} is a minimum norm generalised inverse. The
so-called group inverse AULVY exists and is uniquely defined when rank(A2?) =
rank(A). The group inverse is denoted by A%.

When A is square, but not necessarily rank(A?) = rank(A), we can still find a
generalised inverse that fulfils the conditions (IT), (V) and

(D) AMY — Ak

where k is the index ind(A) of the matrix A, i.e., the smallest non-negative integer
k such that rank(A*+1) = rank(A*). This matrix is denoted by AP and is termed
the Drazin inverse of A. The Drazin inverse is uniquely defined by these axioms,
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but in general does not fulfil condition (I), i.e., is not a g-inverse. The group inverse
is merely a special case of the Drazin inverse, where ind(A) = 1. This can be seen
since in this case conditions (D) and (V) imply condition (I). The Drazin inverse is
important in areas where algebraic structure (group structure) has to be taken into
account.

1.6 The Algebraic Eigenproblem

The algebraic eigenvalue problem, or shorter and more precise, the algebraic eigen-
problem, is the following. Given a matrix A € K"*" we seek a scalar A and a
(non-zero) vector v, such that

Av =0vA

holds true. This is a partial eigenproblem. The scalar A is termed an eigenvalue,
the corresponding vector v is termed the right eigenvector or simply eigenvector.
Sometimes we also seek vectors 0 or ©7 such that with the value A as above

A= " or oTA=M"T

holds true. In this case, the vectors 97 and ©7 are termed right eigenvectors. The
algebraic eigenvalue problem is not a linear problem, since it involves a product
of two unknowns. Nevertheless, it is a linear algebra problem since it clarifies the
properties of a linear operator. Depending on the domain of application, we might
be interested in different quantities. We might want to compute all or only a few
eigenvalues, only the eigenvalues or also the corresponding right, and maybe even
the left eigenvectors.
We start with the properties of the eigenvalues. All eigenvalues are due to

Av=vA & (A[—-Aw=0
= xa(A\)=det(A\I—A)=0

roots of the characteristic polynomial y = x 4 of A. The eigenvalues depend analyt-
ically on the matrix entries. Counting with multiplicity, every matrix A € K™*" has
n eigenvalues. If the root of the characteristic polynomial is simple, the eigenvalue
is termed simple, and multiple otherwise. The multiplicity of an eigenvalue inter-
preted as root of the characteristic polynomial is termed its algebraic multiplicity.
The set of all eigenvalues is the spectrum of A and denoted by A = A(A). The value

A) =
p(A) A%)w

is the spectral radius of the matrix A.

Now we switch to the eigenvectors. When A is an eigenvalue of A, the preceeding
computations also show that AI — A is rank deficient. Every non-zero vector in the
nullspace is an eigenvector to eigenvalue A. Since the nullspace is at least one-
dimensional, this implies that for every eigenvalue A there must exist at least one
right eigenvector v (and one left eigenvector 7). The dimension of the nullspace
of A\l — A is termed the geometric multiplicity of the eigenvalue A\. The geometric
multiplicity is less or equal to the algebraic multiplicity.

With these definitions at hand, we can classify eigenvalues in more detail. An
eigenvalue A is termed derogatory when the geometric multiplicity is larger than one
and else non-derogatory. When the geometric multiplicity is strictly less than the
algebraic multiplicity, the eigenvalue is defective. When the geometric multiplicity
is equal to the algebraic multiplicity but greater than one, the eigenvalue is semi-
simple. These terms extend naturally to matrices.
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1.6.1 Related Decompositions and Their Uniqueness

As already mentioned, we may be interested only in eigenvalues, or in both eigen-
values and eigenvectors. We may be interested in eigenvalues and in a stable basis
of the corresponding invariant subspaces. These tasks are solved by the computa-
tion of the Jordan and Schur decompositions. To introduce these normal forms,
we observe that a so-called similarity transformation

K™ - K™ A— Ax = X TAX
does not alter the characteristic polynomial (and thus the eigenvalues),
det(\ — A) = det(X 1) det(A — A) det(X) = det(\] — Ax)
and changes the eigenvectors in prescribed ways,
Ax (X ') = X1 Av = \(X o).

By definition of the eigenvalues it is obvious that the eigenvalues of an upper (or
lower) triangular matrix appear on the diagonal. When the matrix is overmore
diagonal, we explicitly know the eigenvectors. So we seek for a similarity transfor-
mation that maps the given matrix to a matrix that is ‘as close as possible’ to a
diagonal matrix. This results in the Jordan decomposition. When we impose the
restriction that the similarity transformation is a unitary one, we obtain the Schur
decomposition.

Jordan Decomposition

This decomposition is for theoretical purposes of eminent interest. As example, it
can be used to express the solutions to some ordinary value problems algebraically.
In contrast, it is almost non-computable numerically because of inherent instability
and thus only of minor interest when it comes to scientific computing. The Jordan
normal form reveals that ‘as close as possible’ to a diagonal matrix in general is a
merely bi-diagonal matrix with ones and zeros on the off-diagonal.

Theorem 1.18 (The Jordan Normal Form) Every matriz A € K™*" is simi-
lar to a so-called Jordan matrix

Jy =V 1AV
This relation can be stated alternatively as
A=VLHhV & AV=VJy & V%A=V L

The Jordan matrix Jo» = Jx, @ -+ @ Jy, s composed of a direct sum of smaller

Jordan blocks
Al

Iy, = A = MNIy, + Ny,

' 1
A
The matrices Ny, are nilpotent, where ¢; is not only the dimension, but also the
smallest integer k such that NZ =0.
The Jordan matriz is unique up to permutations of the Jordan blocks. There
may occur multiple Jordan blocks of different sizes to one value .
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Proof. The proof can be found in most textbooks on linear algebra, see for instance
the textbook by Horn and Johnson (cf. [HJ85], Theorem 3.1.11, page 126) or the
treatise of the eigenproblem by Chatelin (cf. [Cha93], Theorem 1.6.7, page 25). O

By inspection, the scalars \;,7 € [ are the eigenvalues. To every Jordan block
corresponds one right and one left eigenvector given by a column of V' or V, defined
by V= V1 respectively. The columns of V or V that are no eigenvectors are
termed generalised eigenvectors or principal vectors. Despite this fact we refer to the
matrix V as the matrix of eigenvectors or simply as eigenmatriz. The index of the
matrix N, corresponds to the dimension of the largest Jordan block to eigenvalue
A and will be termed the ascent of A.

The Jordan decomposition, when written in the form

A= "Vi(Ay + NV,
¢

where V;, and ‘7@ consist of the columns of V and V corresponding to distinct Ay,
is known as the spectral decomposition of A. Sometimes this notion is used only
in conjunction with Hermitian matrices (cf. [SS90], page 19), sometimes also in the
general case (cf. [Cha93], Theorem 1.7.1, page 27). The matrices N, are nilpotent,
Nf = 0, where ¢ is the ascent of the eigenvalue A, i.e., the size of the largest Jordan
block to eigenvalue A.

We denote the diagonal of the Jordan matrix by A. When A is diagonalisable,
the Jordan matrix is diagonal, i.e., A = Jj. A is diagonalisable when all eigenvalues
are semi-simple, and A is also termed semi-simple. A is not diagonalisable when A
is defective, i.e., when there exists at least one defective eigenvalue. Diagonalisable
matrices are also called non-defective.

The Jordan matriz is determined uniquely up to permutations of the Jordan
blocks. In contrast, the eigenmatriz that transforms A to Jordan normal form is
not uniquely defined. We derive a theorem on the class of transformations that map
a given eigenmatrix to another eigenmatrix.

Theorem 1.19 (Non-Uniqueness of the Eigenmatrix) FEigenmatrices are not
uniquely defined. Let V' be an eigenmatriz that maps A to Jordan normal form
V=LAV = Jx. Denote by T = T (Jp) the set of regular matrices that commute with
the Jordan normal form Jp of A. Denote by V the set of eigenmatrices that map A
to the same Jordan matriz.

The set of eigenmatrices V has the representation
V =VT = {VT, TeT}.

The set T can be described explicitly. It is a subset of the set of regular block
matrices partitioned according to the Jordan blocks J;, © € k in the Jordan matriz
J = Ja,

J1 Ty - T
Ik T o Tk
The matrices T;; on the off-diagonals may be rectangular. The subset is then deter-

mined by choosing the block entry T;; as a zero matrixz of appropriate dimensions
when J; and J; correspond to different eigenvalues, and upper triangular Toeplitz
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else. When T;; is rectangular, we mean by upper triangular a matriz of type

* e %
0 0 x * O .
Ti; = or Ty O ’(;
0 0 0 x i
0 . 0

Furthermore, we can decompose every matriz T € T using a block LR-type decom-
position with partial pivoting into

PT=LR < T=PTLR

Here, L is block lower triangular with identity matrices on the diagonal blocks, R
is block upper triangular. The upper triangular blocks of R and the strict lower
triangular blocks of L are again upper triangular Toeplitz. The matriz P is a block
permutation that mizes only rows corresponding to equal sized Jordan blocks to the
same eigenvalue.

Proof. This theorem is based on some ideas of Zemke (cf. [Zem97]). Two different
eigenmatrices V, V to the same Jordan matrix must necessarily fulfil

VIV =VINnWw = N[V i=vv-ij,. (1.1)

This proves that the matrix T' = VV~! commutes with the Jordan matrix and is
regular. We write a generic T' as block matrix. Multiplication by a block-diagonal
matrix from the left is a multiplication of the block columns, multiplication from
the right is a multiplication of the block rows. A typical block equation resulting
from equation (1.1) thus has the form

Jsz] = Tiij <~ JZT” — TZ‘ij =0.

The Sylvester equation has a unique zero solution when the eigenvalues of J; and
J; are different. In the other case, observe that AI;T;; — T;;Al; is in the kernel and
can be removed,

(A + Ni)Tyy = Ty (M + Nj) - & NiTiy = Ti; Nj.

The matrices N; and IV; in the remaining part of the equation can be interpreted
as up-shift and right-shift operator, respectively. Thus the matrix 7;; has to be
Toeplitz. Since the shifts introduce zeros in the last row and first column, respec-
tively, the lower part is filled with zeros and we have described our set. In this
representation it is not easy to see which block matrices T' are regular. This fault
is removed by the LR-type decomposition which we introduce now.

We consider block Gaussian elimination. A block elimination step like

I 0 Tii Tiiv1 \ _ ( Tii T i1
~Tip1: Tt 1) \Tisri Tiprin 0 Tigri1 — D137y ' i

is only possible when the diagonal block Tj; is regular. Since the blocks are upper
triangular Toeplitz, T;; is regular when the element on the diagonal is non-zero.
When all other blocks to the same eigenvalue are of smaller size, the regularity of
T implies the regularity of T;;. This is best seen with the aid of a little picture.
Figure 1.1 plots a small example of a matrix T" of the class 7 for a Jordan matrix
that has only one eigenvalue A and four Jordan blocks, one large sized, two equally
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Tro Tiz || T4

T2 1 T2
T3 13
Ty Ty Ty

Figure 1.1: A typical member of the class 7°

sized and one small sized. The matrix T in the figure may be considered a typical
example of one diagonal block occurring in a more general matrix 7" where all other
blocks in the row and column are zero. When looking at the first column, obviously
T11 has to be regular, since otherwise the matrix 7" would contain a zero column.
This, in turn, is impossible, since T is regular. When looking at the first columns
of the following block columns, we observe that we can eliminate the entries in the
first row. When the next block would have again been larger in size, this would
imply that also T2 would be regular, and so forth.

Regular matrices can be used in a block elimination step. The rectangular
matrices can be embedded into larger (singular) matrices and are no problem in
the elimination steps. We only have to show that the structure is not destroyed,

e., it remains to show that upper triangular Toeplitz matrices form a group. The
sum of two upper triangular Toeplitz matrices is again an upper triangular Toeplitz
matrix. We identify upper triangular Toeplitz matrices with there first row, i.e., we
define a mapping

t1y o tip t11 To
KTLXTL _>I[<77/7 T: ... E —

ton tin Tn—1

If
[
N

The numbering scheme is chosen such that the matrix entries ¢;; correspond to the
vector entries 7;_;. The matrix product T,, = 1175 of two upper triangular Toeplitz
matrices 17, To can be written as

(p) _ (1) (2) (1) (2) 1) @) 1), (2) @)
t Zt Zt t Z —i ] k Z (J i)— = Ti—i

Thus, the product again is an upper triangular Toeplitz matrix. As mentioned, the
inverse exists, provided 7y is non-zero.

Now, it is easy to see that the inverse of an upper triangular matrix contains the
inverses of arbitrary diagonal blocks in the same position. Since a Toeplitz matrix
may be characterised by the property that every diagonal block of the same size
has the same elements, obviously the inverse of an (invertible) upper triangular
Toeplitz matrix is an upper triangular Toeplitz matrix. Thus these matrices form
a group.
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In our example in figure 1.1, there are two Jordan blocks of the same size to the
same eigenvalue. The regularity of T' implies that the first column of the second and
third block column are linearly independent. After elimination of the elements in the
first row, we observe that the linear independence is equivalent to the assumption
that the matrix T, formed out of the elements 75’ in the diagonals of the matrices

Tijv
_ (Tézz) Tézg) >
D =
Té32) TéSi%) ’

has to be regular. When it is regular, it can be decomposed with application of
GEPP. So, at least one of 7'(522) or 7'(532) must be non-zero. This implies that also at
least one of Ty or T35 must be non-singular and can be moved by a block perturba-
tion to take place in the diagonal. This naturally extends to higher dimensions, i.e.,
several equal sized Jordan blocks. In any case, we can block-eliminate the matrices

in the lower triangular and succeed with the next submatrix in the same manner.
This finishes the proof. [J

When we take a Jordan decomposition, we can easily obtain what we will refer to
as a partial Jordan decomposition by stripping off some columns and corresponding
rows of the Jordan blocks and the corresponding columns of V. The resulting
equation should have the form

AV, =V, J,, (1.2)

where J, € K"™*™ is a smaller sized Jordan matrix and V, € K"*™ spans the
corresponding invariant subspace. We may ask for conditions such that the converse
also holds true. That is, given an equation of type (1.2), is it possible to construct a
matrix V' such that equation (1.2) is a corresponding partial Jordan decomposition?
The following example clarifies that this is not possible in every case.

Example 1.20 (Non-Extendable Partial Decomposition) The matrix A, given
explicitly by

OO OO O
OO OO >
O OO O O
OO >»H= OO
O >H= O OO
> = O O = O

has a partial Jordan decomposition. Here, the matrix V), is defined by the first five
standard unit vectors, the Jordan matrix .J, is the leading five by five submatrix of
A. This partial Jordan decomposition can not be extended to a complete Jordan
decomposition without altering some columns of V,,. To see this, assume the con-
trary. Obviously, the complete Jordan decomposition has two Jordan blocks, one
of size two, one of size four. Let the complete Jordan decomposition be given by

A 0= o) ("),

Evaluating the last column, to be more precise, the second entry, we can conclude
that the last entry of w must be zero. The fifth entry shows that the last entry
must be one. This is impossible.

Nevertheless, there exist partial Jordan decompositions in the space spanned by
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Vp. One such partial Jordan decomposition results when we set a new V, to

1 0 01 O
01 0 0 1
0 0 1 0 O
Vp = [e1,e2,e3,eqa+e€1,65 + €3] = 00010
0 0 0 0 1
0 0 0 0 O

This partial Jordan decomposition can be extended to a complete Jordan decom-
position by adding the sixth standard unit vector eg.

The example clearly reveals that partial Jordan decompositions exist that can not
be extended without altering columns. The second part of the example raises new
questions. Is it always possible to find another basis of V), such that an extendable
partial Jordan decomposition results? When it is possible, how many columns have
to be altered? The next example will shed some more light on these questions.

Example 1.21 (Non-Extendable Partial Decomposition, IT) Let us focus once
again on Example 1.20. We choose the partial Jordan decomposition that is defined
by the third to fifth standard unit vectors.

Then a short computation shows that it is not possible to expand this decompo-
sition to a complete Jordan decomposition without adding information about the
first two standard unit vectors.

Next, we state a theorem on the general case. It will show up that the previous two
examples are precisely the interesting special cases.

Theorem 1.22 Let A € K"*". Let J,, V},, be a right partial Jordan decomposition
AV, =V, dp, J, e K™V, e K"™  full rank

of A. Then this decomposition can be expanded to form a complete Jordan decom-
position
AV =V J, JeK™" VeK"™" regular,

such that the columns of V}, form a subset of the columns of V in case:

a) All eigenvalues of J, are distinct from the remaining eigenvalues of A.

b) All Jordan blocks of Jp, to eigenvalues that are also eigenvalues of A are the
largest Jordan blocks of A.

When all Jordan blocks of A are contained in Jp, and all but the maximal one
have already mazimal size, a partial Jordan decomposition in the space spanned by
Vp can be found that can be extended. When the non-mazimal one is not the largest
Jordan block, a size-drop by one leads to the same conclusion.

In general, the extension to a complete Jordan decomposition is impossible with-
out altering the space spanned by V,, i.e., without adding information from the
orthogonal complement.

An analogue holds true for a left partial Jordan decomposition.

Proof. Obviously, b) implies a). Nevertheless, we will prove the statements in the
order they occur in the theorem. Let V, denote a matrix whose columns form a
basis of the orthogonal complement of V,,. The requirement that the pair (J,, V)
is a right partial Jordan decomposition can be stated in the following form:

AV, Vo) =(V, m({;’ jé) (13)
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When the eigenvalues of J,, and of B are distinct, the Sylvester equation J,Y =Y B =
X has a unique solution Y and the transformation

(Vy Vo) =(V, w(é ‘Iy)z(vp V.- VY).

results in the new relation

new new J O
This proves statement a). From now on, we assume w.l.o.g. that A has only one
eigenvalue. Let the Jordan decomposition of B be given by J, = W~!BW. Then
we can go on to transform equation (1.3) via the change of basis

o = (] )= v, e

to the simpler form

new new J chw
A, v = v, v (0 ).

In other words, we may assume that the trailing block matrix B in equation (1.3)
already s in Jordan normal form. The proof of b) is based on adding new columns
to the partial Jordan decomposition without altering previously computed columns
too much.

For sake of simplicity, we assume that J = J, is only one single Jordan block
and set V =1V, 0 = V,(:,1) and o = X (:,1). With this notation,

AV §)=(V @)(g i‘) (1.4)

holds true. When « is identically zero, we have found a second eigenvector to the
eigenvalue . This increases the number of Jordan blocks to the same eigenvalue by
one and we split the blocks X;; to deal with this new situation. Otherwise, there is
a unique largest integer j such that a; # 0. When we choose V "V = VT', where
T is the regular upper triangular Toeplitz matrix

a] .. al O CEEEEY O
Q; (65}
T = 0
Q; (65}
Qj

defined by the entries of the vector «, we obtain the new form
new 7y — new 7 J 6.7
A(V v)=(V 0) < Y >

of equation (1.4). When j equals the last entry of a we have expanded the Jordan
block by one. When j is not equal to the last entry, we can form v "% =0 — v}y,
which is non-zero because the columns of V' and ¢ are linearly independent, and an
etgenvector, since

AT = AT — 0lEY) = MB — vPEY) + 0P — vl = Ag e,
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In the first case, we expand the Toeplitz matrix T' by one column and row and
invert it to recover the original V', in the second case we simply invert T to recover
the original V. This proves that we can transform equation (1.4) to take the form

A(V ,Enew):(v @new) J 5jk?€k ,
0 A
where ey, is the kth unit vector of length k, where k is the last entry of o, § ;5 denotes
Kronecker delta. In a similar manner we can show that in case of several Jordan
blocks in Jp,, lets say [ Jordan blocks, we can transform the equation

o\ [ Jp «

AV 0)=(V v)<0 >\> (1.5)

by setting
T
VneW:V
T,

to take the form

new ~\ new -~ ']P c

A(V 0)=(V v)<0 A), (1.6)

where the vector ¢ has at most one non-zero component in the set of entries cor-
responding to the [ distinct Jordan blocks. As before, we assume that they are
scaled to equal one. The ones in the last entries of the partitioned vector can be
removed by subtracting a portion of V "V from ©. We assume w.l.o.g. that these
entries are already removed. We remark that this form is the form that was used
as Example 1.20.

We assume that the Jordan blocks appear sorted by ascending size. This ensures
that the transformation of the class 7 defined by

7 E®D

mixed __ new .
v =V -1 pa=LD ’

T
where the matrices E(*! are ‘shifted’ identity matrices,
Bl — (0 7@ )€ Kkixkl’

where k; is the size of the ith Jordan block, maps equation (1.6) to the form

mixed 5\ _ mixed Jp Ck
AV 0)=(V U)<O )\>'
This, in turn, implies that the largest Jordan block is extended by one. When we
are in situation b), this is impossible, thus in this case the vector ¢ must be identical
zero. Induction proves that we do not need any transformations of the form (1.7),
i.e., we do not have to mix up invariant subspaces of Jordan blocks.

When we have only one Jordan block that has to be extended, we know that we
only add information from the space we already have constructed. This, of course,
is always the case when we only have to extend the maximal Jordan block. If the
block to be extended is not the maximal one, but we have to extend only once, we
have not gained any information on the orthogonal complement and thus mix only
known information.
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In general, we might have to mix information on the orthogonal complement
gained in such a step with the information in V,, when we construct the next col-
umn. This finishes the proof. [J

Theorem 1.19 might be of use when one wants to investigate optimal scalings of
the eigenmatrix in the mon-diagonalisable case. In the diagonalisable case it is
well-known that a scaling such that left and right eigenvectors have unit length
is nearly optimal. Theorem 1.22 shows that the a partial Jordan decomposition,
i.e., a restriction to a subspace, might result in a different condition number of the
columns of the eigenmatrix.

Theorem 1.22 also shows that the Jordan normal form may be constructed
iteratively by adding columns like in the proof of the theorem. The proof clearly
reveals that the Jordan normal form is by no means continuous. When we use
only unitary (orthogonal) similarity transformations, this fault is removed. The
resulting Schur decomposition is more stable than the Jordan decomposition and
to be preferred in finite precision.

Schur Decomposition

When we restrict the class of similarity transformations to unitary matrices, we still
can find a similar upper triangular matrix. This matrix is known as a Schur normal
form.

Theorem 1.23 (The Schur Normal Form) Any matriz A € K"*™ is similar to
an upper triangular matrix,

A=URU'=URU".

Here, U is unitary. The diagonal elements of R are the eigenvalues of A and may
appear in any given order along the diagonal. A change in the ordering usually
changes the strictly upper triangular part of R and the columns of U, the so-called
Schur vectors. Fvery such decomposition is known as a Schur decomposition of A.

The Jordan normal form and the Schur normal from are closely related to each
other. In important special cases these normal forms coincide. One such class of
matrices is the class of normal matrices. Normal matrices are matrices that fulfil
AAT = AH A ie., they commute with their conjugate transpose (this includes
selfadjoint and Hermitian matrices). The theorem can be used to prove that normal
matrices can be decomposed as

A=VAVH

with A diagonal and VHV = I, that is, V is unitary. This follows by inserting the
Schur decomposition and using the fact that A and A¥ commute.

The most prominent members of the class of normal matrices are the Hermitian
matrices, defined by A € K"*", A = AH and the real symmetric matrices, defined
by A € R"*" A = AT. These matrices are related to quadratic forms and have
only real eigenvalues. This is the basis for the following theorem, taken from [HJ85)
(page 179, Theorem 4.2.11):

Theorem 1.24 (Courant-Fischer) Let A € K"*" be a Hermitian matriz with
eigenvalues A\ < Ag <--- < Ay, and let k € n. Let S; C C" denote a subspace of
C™ of dimension j. Then

. 2H Az
Ay = ming, maXgzes, poy g
(1.8)
) " Az
= maxs, _, MiNgzes,, T H..
k+1 k41 2Hay
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The cases k =1 and k = n are also known as the Rayleigh-Ritz theorem.

As already mentioned, the Schur form is more stable than the Jordan normal form
and should be computed when we are interested only in the eigenvalues and the
corresponding invariant subspaces and not explicitely in the eigenvectors. The Jor-
dan normal form has advantages when we wish to express polynomials, e.g. powers
of A in an easy to follow way.

The Schur and Jordan normal forms are shift-invariant, because of the similarity
transformation. When we drop the property of shift-invariance, i.e., the constraint
that the matrix is obtained by the application of a similarity transformation, we can
compute unitary bases for the left and right space such that the matrix is mapped
to a diagonal form. This is known as the singular value decomposition of A.

Singular Value Decomposition

When we force unitary bases of the left and right space and a diagonal matrix in
the middle, we obtain the singular value decomposition.

Theorem 1.25 (Singular value decomposition) Every A € K™*™ can be de-
composed into

A=UsvT,
where U and V' are unitary and ¥ is diagonal. The diagonal elements of ¥ are
non-negative and often assumed sorted according to magnitude,

012022+ 2 Onin,,, = 0.
The values o; in the diagonal of ¥ are the so-called singular values.

The singular vales contain a lot of information about the matrix. The smallest
singular value, denoted by omin, is the distance to singularity (in || - ||2). More
general, the distance to the space of matrices with the same dimensions and rank
less k is given by oy.

When A € K™*" is symmetric positive definite (SPD) or Hermitian positive
definite (HPD), i.e., when

Az >0 Vao#0ecK,

the SVD, Schur and Jordan form coincide. When A is symmetric or Hermitian
indefinite, we obtain the SVD from the Schur/Jordan normal form by moving minus
signs from the diagonal to the columns of one side.

In any case, the singular value decomposition is closely connected to the eigen-
decomposition of selfadjoint (and thus normal) matrices, since we have that

AfA = VIUHUSVE = vyyHyzvH
AAR = UxnVHYVRUH = USHRUH,

The squared singular values (and some additional zeros) are the eigenvalues of the
Hermitian positive semi-definite matrices A7 A and AAH | the left and right singular
vectors are the eigenvectors. This interpretation is based on the normal equations
and was first used by Beltrami. Another connection that was noted for the first
time by Jordan is the so-called Jordan- Wielandt form (here only for square A)

(G 0)m (v 5) sl )6 5)

In this way, the SVD can be interpreted as the generalisation of the spectral de-
composition to general rectangular matrices.

Thus, in view of Theorem 1.24, it appears natural to interpret the singular values
as maximal, respectively, minimal amplification factors on subspaces.
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Theorem 1.26 Let A € K™*™ with singular values o1 > 09 > -+ > 0y, where
p =min{n,m}. Let k € p. Let S; C C™ denote a subspace of C™ of dimension j.
Then the singular values can be characterised by

. JAals

O = Ining, maXgzes, H:EHQ
(1.9)

_ : [ A2

= maxs,, .., DMNgeS,, i1 HxHQ

1.6.2 Necessary Definitions

In this section we introduce the working horses of perturbation theory for the al-
gebraic eigenproblem. The main tools are spectral projectors, the separation of
matrices and the (reduced) resolvent. We start with the definition of the spectral
projectors. They will be of use in the investigation of the stability of the eigenprob-
lem. The investigation is usually based on a splitting of the entire spectrum into
two distinct parts. This parts may consist of one single eigenvalue or a cluster of
close eigenvalues, and the remaining part. Usually both sets have, in some sense,
to be well separated in order to apply perturbation theory. This is where the sepa-
ration of matrices comes into play. Our representation is based to some extent on
the treatise of Chatelin (cf. [Cha93]) and on the joint paper of Bai, Demmel and
McKenney (cf. [BDM91]).

Spectral Projectors

Based on the Jordan normal form we define the spectral projectors onto the subspace
associated with an eigenvalue A. We assume w.l.o.g. that the eigenvalue A we are
interested in corresponds to the leading blocks of the Jordan matrix.

Definition 1.27 (Spectral Projector I) The spectral projectors or Frobenius co-
variants are given by the matrices

b I 0\ on
P)‘:P_V(O 0>V.

More general, we can think of the spectral projector as the matrix A in Jordan
normal form where we replace the Jordan matrix by a diagonal matrix that has
ones in places of the eigenvalue A and zeros elsewhere. Naturally, the following
holds true:

Lemma 1.28 Let Py denote the spectral projector to eigenvalue A. Then

Y P=1, P =P, VK, Py Py, =0 VX #)\j.
A=A(A)

We additionally denote by V) the subset of the columns of V' that spans the right
invariant subspace to A. The subset of the rows of the inverse of V, VH = y-1
that spans the adjoint basis of the left invariant subspace to A is denoted by IA/AH .
These notions are extended to the case of a cluster.

The spectral projectors can alternatively be defined using the Schur form. The
Schur form is advantageous when we are interested in actually computing the spec-
tral projectors.

Definition 1.29 (Spectral Projector II) Suppose A has the (partial) Schur form

_ A A H
A—U( 0 A22>U .
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Here, the desired eigenvalue (or the cluster under investigation) is assumed to be
contained in the block A;;. Let R be the solution of the Sylvester equation

A11R — RAgy = Ajo.

This equation has a unique solution when the spectra of A;; and Aso are disjoint.
The right and left invariant subspace associated with A1 are given by

U(é), (I R)UM.

The spectral projector is given by the outer product of left and right invariant
subspace,
_ I H_ I R\ g
P—U(0>(I R)U —U(O 0>U .

Lemma 1.30 Definition 1.27 and Definition 1.29 are equivalent.

Proof. As most textbooks use only one of these definitions we give the short proof
for their equivalence. We can assume that the Jordan normal form of the partial
block Schur form is given by

All A12 X1 Z o Xl 7 Jl 0
0 A 0 Xo/) 0 X, 0 Jy)°
This implies that the Jordan normal forms of the diagonal blocks are given by

AnXi = XqJy, A Xy = Xody, = X{1A22 = J2X51~

This knowledge can be used to derive an explicit expression for the matrix Z in
terms of the matrix R previously defined,

AnZ 4+ ApXo =2y, = AnZX; '+ A =20X, = ZX; " Ag.

By comparison with the definition of R we observe that R = —ZX5 ! The inverse
of the block eigenvector matrix is given by

X, z\ ' (X7 =x7'zx;'\ (XU X{'R
0 X Lo X! Lo x;t )
Thus, A has the Jordan normal form
o (Xy ZN\(Jh 0\ /(X' X{'R\,n
A_U<o X2><O J2)< 0o X! v
and the spectral projector is given by
_ X, Z\/(I o\ /[/X{' X{'R\ .u
P )0 (8 )

U(%l) (X' X'R)yUA.

This finishes the proof of the equivalence. [

Later on, the norm of the spectral projector is used as a measure of the condition
of an eigenvalue (or cluster). In case of the 2-norm we can express this norm by
means of angles between the invariant subspaces and their orthogonal complements.
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Angles between subspaces are defined by choosing orthogonal bases U and V' and
computing the singular values of the product UH# V.

We denote the right invariant subspace we are interested in by R, its complement
by R., the left invariant subspace by £ and its complement by L.. Then, it is easy
to show that the Euclidian norm of the spectral projector may be expressed as

IPll2 = csc(@min(R,Re)) = esc(Omin(L, Le))
= sec(Omax(R,L)) = sec(Omax(Re;Le)),

where we have defined the angles 8 using the singular values o previously mentioned:
Omax = acos(Omin), Omin = acos(Tmax)-

The interpretation using angles between subspaces can better be memorised.
Apart from the spectral projectors, we additionally define the matrix

D:(A—)J)P:V(JE)O) 8>VH.

This matrix may have several Jordan blocks to eigenvalue zero, one for every Jordan
block to eigenvalue A of the original matrix A. The matrix is nilpotent, where £ is
the smallest integer such that D¢ = 0. This is the ascent of the eigenvalue \.

The Separation of Matrices

In the definition of the spectral projector based on the Schur form we already
observed the dependency on the solution of a Sylvester equation. Obviously the
norm of the spectral projector is large, when this solution is a large-normed solution.
For this reason we introduce the separation of matrices:

Definition 1.31 (The Separation of Matrices) Let matrices A € K"*", B €

K™*™ and a norm || - || be given. Then the separation of the matrices A and B in
the norm || - || is defined to be
JAX - XB|
sep(4,B)= min ————.
p(4, B) Xeknxm 1]
In case of the Frobenius norm, || - || = || - ||F, the separation can be expressed in

terms of singular values of a larger matrix:
sepp(A,B) = opin(I® A— BT @ I).

Following Chatelin (cf. [Cha93], page 77), we express the solution X of the Sylvester
equation AX — X B = R with right-hand side R by

X =(A,B)"'R.

Using this terminology, the separation might be expressed as sep(A, B) = ||(A, B) 1.
When m = 1 or n = 1, this expression collapses to the so-called resolvent. The re-

solvent has some very interesting features and deserves an extra section.

The Resolvent
The resolvent of A is defined for any z € C, z ¢ A(A) by

R(z) = (2 — A)~L.



34 CHAPTER 1. PRELIMINARIES

The matrix R(z) is also known as spectral transformation. When z comes close to
an eigenvalue, the norm of the resolvent grows. We will show later on that the
norm of the resolvent is closely connected to the backward error of an approximate
eigenvalue.

The resolvent is not defined when we choose z = A\ as an eigenvalue. In this
case, we still can compute the Drazin inverse

S=5\= (M- AP

The resulting matrix is known as the reduced resolvent. When we refrain from the
usage of the Drazin inverse, we can derive the reduced resolvent with the aid of the
spectral decomposition. It is easy to show that

0 0

SZSA:V(O (AT — Jy)~!

) VH = Vo(N — Jo) VA,

where J5 is the Jordan matrix of the Jordan blocks to the other eigenvalues. The
reduced resolvent has the following properties:

Lemma 1.32 Let S be the reduced resolvent as defined above. Let || - || denote an
operator norm. Then the norm of S can be bounded as follows:

dist(A, A\ {AD) " = p(8) < [IS] < V2l Valll(AT = J2) 1. (1.10)
Furthermore, equality holds true when the matriz A is normal and || - || = || - ||2-

This lemma proves that the norm of S can not be large, when the eigenvalue A is
well separated form the remaining part of the spectrum and the eigenvector matrix
is not too ill-conditioned.

The resolvent is a holomorphic function in res(A), where res(A) is defined to be
C\ A(A). This enables us to expand the resolvent into different series.

Theorem 1.33 (Expansions of the Resolvent) The resolvent has a Taylor ex-

pansion in the circle |z — zo| < p(R(20)) 7!,

R(z) = (20— 2)F [R(z0)] . (1.11)
k=0
The resolvent has a Taylor expansion at oo for all |z] > p(A),
1 A"
R(z) ==Y [—] : (1.12)
k=0

We are putting these expansions together to obtain a Laurent series. In the neigh-
bourhood of an eigenvalue \ the resolvent can be expanded in a Laurent series at
A,

~

—1
P D*
R =
()= — + eV

+§:(A—z)ksk“. (1.13)
k=0

~
Il

As a by-product we obtain that for all z in res(A),

lx—1

k
R(z)=Y" ZfiAA + kz_:l G _D;)k“ . (1.14)
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Proof. Suppose that z,zy are not contained in the spectrum of A. Then the
identity (z9 —2)I = (20 — A) — (21 — A) proves the so-called first resolvent equation

R(2) — R(20) = (20 — 2)R(z0)R(z).
By algebraic transformations we arrive at the formal expression
R(2) = R(20) [T — (20 — 2)R(20)] .

The use of the (formal) inverse on the right-hand side is justified when |z — zg| <
p(R(20))~!. This enables us to insert a Neumann series for the matrix inverse,

resulting in
oo

R(z) = R(z0) ) (20 — 2)R(z0)]",

k=0

which is just the Taylor expansion given as equation (1.11). The second expansion
follows by the observation that for any |z| > p(A) the series

oo

w15 [

k=0

is convergent, and, furthermore, R(z)(zI — A) = I, i.e., R(z) = R(z). The other
two expansions follow by a simple re-writing of the resolvent. First, we write the
resolvent as R(z) = R(z)P + R(z)(I — P). The term R(z)P can be written as

R()P=V (W _0‘]1)_1 8) vH,

We substitute Z = z — A\. Then the projected resolvent becomes

[(z=XNI— (=AD" 0

R(z)P=V ( 5 0

) vH = (zP - D)t

When |z—A| = |Z] > p(D) =0, i.e., when z # A, we can apply the second expansion
and obtain the expression

1 &[(Dp 1P P &K D
= = —_—. 1.1
R(z)P z)\kZ_OL/\} zf)\—’—];(z—/\)k*l (1.15)

The second term R(z)(I — P) can be expressed in terms of a perturbed reduced
resolvent,

. 0 0 o H . . .
R(z)(I-P)=V (O (2] — J2)—1) Vv = Zh_r)n (R(2)(I — P)) = S.
This shows that when |z — A| < p(Sx)~!, this term can be handled by the first

expansion,
o0

R()(I = P) =3 (A= 2)* [S,).
k=0
The last expansion follows simply by writing the resolvent as a sum of projections
onto the different eigenspaces, R(z) = > R(z)P), and plugging in the result stated
in equation (1.15). This finishes the proof. [J

All the results and proofs may also be found in the textbook of Chatelin (cf.
[Cha93]). Note that we have defined the resolvent in a slightly different way, thus
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some signs differ. The first expansion is Proposition 2.2.2, page 64. Equation
(1.13) is stated in Theorem 2.2.10, page 70 and equation (1.14) is stated in Corol-
lary 2.2.12, page 71. In Chapter 2 we algebraically prove the expansion stated in
equation (1.14).

Depending on the application we have in mind, different expansions can be used
in different contexts. These expansions can be used to investigate the limiting
behaviour of matrix powers, the behaviour of operators when we are close to an
eigenvalue, or the dependence of the sensitivity of one eigenvalue on the other
eigenvalues, i.e., the cross-sensitivity of the whole spectrum.

The resolvent can be used to express the spectral projectors:

1
P:—.
211 r

R(z)dz.

Here, T" is any closed Jordan curve enclosing the eigenvalue of interest that does
not contain any other points of the spectrum. This integral is known as a Taylor-
Dunford integral. With this notation the last result can be interpreted as the residue
theorem applied to the meromorphic function res(z).

The definition of the spectral projector and the reduced resolvent is based on
knowledge on the right and left invariant subspaces. We can define a partial inverse
that presupposes only knowledge about the right invariant subspace V,,. We only
need an adjoint basis of V,,, denoted by V. Then the partial inverse with respect
to V, is defined by

Y =V,(VEAV, - AI)T'VE.

This is of importance when one wishes to explicitely compute condition numbers of
eigenspaces and only a basis for the right invariant subspace is at hand (cf. [Cha93],
page 76).

Most important is the special case of an orthonormal basis. Let (Q,, Q,) be an
orthonormal basis of K™*", such that @, is an orthonormal basis of V,, and @, is
an orthonormal basis of the orthogonal complement VpJ-. Then, a superscript + is
used to denote the partial inverse

Y =Q.(QFAQ, — M)TIQH.

This partial inverse occurs in the bound of the variation of an eigenspace.

The notation established thus far allows only a distinction into one eigenvalue
on the one hand and the remaining part of the spectrum on the other. This fault is
removed by a block wise approach. Chatelin defines a block reduced resolvent and
a partial block inverse (cf. [Cha93], pages 76-79). These notions are of importance
in case we are interested in the perturbation of a cluster of eigenvalues.

1.6.3 Perturbation Theory

Perturbation becomes rather complicated, since the problem is non-linear and we
can define several residuals, depending on the quantities we want to turn into exact
solutions of a perturbed problem. Suppose that the unperturbed and the corre-
sponding perturbed system are given by

Av = v and AD = D

We consider the case that we are given \ as an approximate eigenvalue and ¥ as
corresponding approximate eigenvector to A. We define in analogy to the linear
system case the residual r = 0\ — Av.
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Backward Errors

Expressions for the backward errors can easily be derived. The equation Av = vA
is nothing but a linear system of equations with a special right-hand side. Thus,
we can apply the backward error theory of linear systems of equations also in the
eigenproblem case. In strict analogy to the linear system of equations case the
following holds true:

Lemma 1.34 Let A € K*"*". Denote by A an approximate eigenvalue and by v an
approximate eigenvector. ~
Then the backward error of an approximate eigenpair (A, ) is given by

n(\, %) = min{e: (A+AA)D =0), |AA| <eal
A — DA r
- Yo - o (110
The backward error of an approximate eigenvector v is given by
n(v) = min{e: (A4+ AA)D =0, |AA] <ea, TN €K}
= n(R(v;A4),0). (1.17)
Here, R(7; A) denotes the Rayleigh quotient of the vector v, defined by
I A~
R(3) = R(#;4) = %
The backward error of an approximate eigenvalue \ is given by
n(A) = min{e: (A+AAw =v), [|[AA]| <e TFv#0e K}
1AL = A7~ = R (1.18)

All expressions involving approzimate eigenvectors are easy to compute, the back-
ward error of an approximate eigenvalue involves the inversion of a shifted matriz.
Moreover, when the approximation is fairly close, this shifted matriz is close to a
singular matrizx.

Proof. The results may be found in the textbook by Chaitin-Chatelin and Frayssé
(cf. [CCF96]). Equation (1.16) follows upon application of the backward error result
of Lemma 1.3 to the linear system Av = vA. Here, we have set the perturbation
in the right-hand side equal to zero. The result (1.17) is obvious, since n(v) =
minyeg (A, ). This minimisation,

R = argmin || A0 — 0],
A€K

is solved by the Rayleigh quotient R. The last equation (1.18) holds true, when A
is an eigenvalue of A. Otherwise, we use the property that

() = min n(A, v).

Upon inversion of A — A, the result (1.18) follows by definition of the operator
norm. [

We note that when we measure the backward error in the 2-norm, the singular
values of shifted A come into play, because [|[R(X) !5 = oumin(A] — A).

All of this is not helpful when we ask for the minimal perturbation in case of an
eigentriple. Obviously it is possible to have two perturbations of sizes that can be
measured by application of the lemma, but the perturbations to achieve equality
may not coincide. The backward error for an eigentriple is given by the following
theorem due to Kahan, Parlett and Jiang:
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Lemma 1.35 ([KPJ82], Theorem 2°) Let A and two unit vectors © and v,
with WH # 0, be given. For any scalar X define residual vectors
r=9A—Av  and =X - @A
Then the 2-norm backward error of the eigentriple is given by
Hy = minfe: Ao = o), @A = ", [|AA]ly <€}

max{|[r[2, |72}

Na(X, 0,

and the Frobenius norm backward error of the eigentriple is given by
e\ 0, 07) = min{e: Av = o), @7 A= o, |AA|p < €}

VIrlls + 172 — (ot — @ A5)2.

The Frobenius norm backward error is achieved by exactly one perturbation AA.
The obvious choice for A is the Rayleigh quotient

oH AD
wHp

A = R, 0 =

This choice leads to a simple structure of the perturbation that achieves the mini-
mum for both norms, we have that

AA = 7" +arH.

In contrast to the single-sided (including the Hermitian) case, this perturbation is
not the minimal one. Nevertheless, the authors show that the minimal value is
not far away from the Rayleigh quotient when the vectors ¢ and @ are close to
eigenvectors.

A very special case is the formulation of Lemma 1.35 for (nonsymmetric) tridi-
agonal matrices that are leading (or trailing) submatrices of a larger tridiagonal
matrix.

Lemma 1.36 ([KPJSZ], Corollary 2) Let (0,5, 5™) be an eigentriple of the tridi-
agonal matriz T; € KI*J that is the leading block of a tridiagonal matriz T), € KF*k,
with 8% s =1, where

ar M ar M
sz B1 oo T, B

Yi—1 e M-
Bi—1 Br—1 i

Then, for all k > j,

w0 (@) ne()”

ﬂ,s, s H ,-Y,g, é
—ATk = ]J6'+1< > + {j<
Isfi3 "\ 0 15113 \0

where
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Moreover

S 5. 5|2 5.2
”Ale”2 — max{wﬂ J|, h/{ .7| }’ ||AT]¢”F — |ﬂj JQ‘ + |7JA 32| .
[Isll2 " [I3]l2 [Is[13 15113

Especially, both norms are independent of k > j.

The lemma shows that eigentriples will persist when the matrix is enlarged whenever
the left and right residual is small.

We shortly mention that it is possible to give an expression for the component-
wise backward error of an approximate eigenpair. This follows by application of the
Oettli-Prager theorem to the eigenequation Av = v interpreted as linear system.
Again the perturbation in the right-hand side is zero.

Lemma 1.37 Let A € K"*". Denote by X an approximate eigenvalue and by v an
approximate eigenvector. Let r = 0\ — AU denote the residual. ~

Then the componentwise backward error of an approximate eigenpair (A, 0) is
given by

c(\, D)

min {e (A4 AA)G =), |AA| < eE}

Il
i (Eo])

Accordingly, componentwise backward errors c(v) and () for single quantities may
be derived by minimisation of ¢(\, D) over all A and v.

Proof. The proof follows by Lemma 1.5, when setting the perturbation in the
right-hand side of Av = 9\ to zero. [J

Eigenvalue and Eigenspace Expansions

Well-known examples show that the eigenvalues of a Jordan block of size n subject to
a generic perturbation of size € move in the worst-case with size comparable to {/e.
For large values of n, this makes perturbation theory unappealing. The situation
changes when we consider the arithmetic mean of the eigenvalues. We remark that
the arithmetic mean of the eigenvalues is given by the trace of the matrix divided
by size. Thus, usually the arithmetic mean of the eigenvalues is to be preferred. A
remarkable exception is the Lidskii—Vishik-Lyusternik perturbation theory, where
the explicit computation of the leading terms of the eigenvalue expansion in terms
of Schur complements of submatrices of the perturbation matrix AA is considered.
This perturbation theory may be found in the paper by Moro, Burke and Overton
(cf. [MBO9T]).

The non-linearity of the eigenproblem makes it hard to obtain other expres-
sions than expansions of perturbed quantities in terms of known quantities. We set
A(t) = A+tAA. Then, A(0) = A and A(1) = A = A+ AA holds true. We try
to find expansions in powers of ¢ that describe the variation of invariant subspaces,
(clusters of) eigenvalues and the spectral projector. The most famous amongst
these expansions are the so-called Rellich-Kato and Rayleigh-Schrédinger expan-
sions. The following results are excerpts from the book of Chatelin (cf. [Cha93],
pages 85-89).

The Rellich-Kato expansion expresses the arithmetic mean of a cluster of eigen-
values of a perturbed matrix and the associated spectral projector in terms of the
perturbation, the arithmetic mean of the unperturbed matrix and associated spec-
tral projector. The Rellich-Kato expansion is merely of theoretical interest.
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Lemma 1.38 (Rellich-Kato Expansion) Let P represent the spectral projection
of A € K"*"™ associated with the eigenvalue A of index £ and multiplicity m. Let T’
be a Jordan curve drawn in res(A) and isolating \. Define formally

Rit,2) = (- A®)~",  Plt)= L/F}w,z) dz.

T %m

Then, for every t with |t| < max,er p(AAR(2))~! we have the expansions
P(t)=P — Ztk_l ZS(pl)AAS(p2) o AAS®E)
k=2 *

and
1 <1
Ao(t) = A — 37 = trace [AA5<P1>AAS<P2> . AAs@k)]
m
k=1 *

where A(t) is the arithmetic mean of the perturbed eigenvalues and

k
*{pizul, ik Zpikl},
i=1

SO =p P =pr 5@ —=gr when p >0
D=(A- )P and S = link R(z)(I — P).

This lemma is included just to show that it is possible to expand the arithmetic
mean and the spectral projector of any perturbed eigenvalue, including even the
derogatory and defective cases. The next expansion is computationally of more use.
It shows how to expand an eigenspace and a corresponding basis. This expansion
is known as the Rayleigh—Schrédinger expansion:

Lemma 1.39 (Rayleigh—Schrédinger Expansion) Let A € K"*" be given. Let
a subspace relation be given by AV =V B, where B € K™*™. Let (V,V.) be a basis
for K"*™. Now, we consider the family of matrices A(t) = A+ tAA. Suppose that
the eigenspace can be expanded. Let the formal expansion be given by

V(i)=Y Zt*,  B(t)=> Cpt*.
k=0 k=0

Then the coefficients fulfil formally the sets of equations

Cy =B, Cr = WH(AZk +AAZ_4),
k—1

Zy =V, Zr =% (> Zr-iCi — AAZy_1).
1=1

Here, (W, W,.) is an adjoint basis of (V,V.), where W not necessarily is the left
invariant subspace, and 33,

Y =V.(WHAV,WH AV,)"'wH
is a block partial inverse to the block of eigenvalues we are interested in.

Proof. Let the subspace relation be given by A(¢t)V (t) = V(¢)B(t). We assume
that WHV () = I holds true for all ¢, which is possible for AA small enough. Then
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we can set B(t) = WH A(¢)V(¢). Inserting the expansion gives

(A+tAA) i Zth = <§: Zktk> <§: C’iti>
k=0 1=0

k=0

] 00 k
AZy+ > (AZp+ AAZ ) tF = ( Zk_iq) tk.
0

k=1 k=0

The proof proceeds by comparing coefficients of t*. O

The two expansions are excerpts form the book of Chatelin. She shows that the
disc |t| < p~! belongs to the domain of analyticity of B(t) and V(t), where p is
obtained by

i
= —||]2||AA R .
p = T A A max | ()

Here, IT = VW is the (oblique) projector defined by the adjoint spaces V and W.
When W =V spans the right invariant subspace, we obtain the spectral projector,
II = P. When p < 1, i.e., when the perturbation AA is sufficiently small, we
have that the invariant subspace V= V(1) and subspace representation B of the
perturbed matrix A are given by

o0
V=> 7%, B=VHAV.
k=0

She also shows that the coefficients in the expansion decay geometrically, i.e., like
1Zell2 < ag®,  [|Ckll2 < Bg"

where the rate ¢ is a constant strictly larger than p and (naturally) strictly less than
one (cf. [Cha93], page 89).

Complete Eigensystems

Without any knowledge on eigenvectors or eigenvalues we can only obtain very
crude and in general pessimistic bounds on the variation of the eigenvalues. The
classical theorems on the variation of the spectrum or single eigenvalues that do
not need any information about the matrix A are the theorems of Ostrowski and
Elsner. These theorems may be found in the textbook of Stewart and Sun (cf.
[SS90], pages 167-170).

With knowledge on the eigenvalues and eigenvectors or other properties of a
‘near-by’ problem one can do significantly better. Many results on the entire spec-
trum are based on instances of the following theorem:

Theorem 1.40 (Bauer, Fike) Let A € K"*". Let A be an eigenvalue of A =
A+ AA. Then, for any choice of a reqular matriz Q € K™*™ and all consistent
norms || - || the following bound holds true:

QA = A)7'QI = QT RAQIT! < Q7T AAQ).

Proof. When X is an eigenvalue of A, there is nothing to prove. From now on
we suppose that X is no eigenvalue of A. Let © denote any eigenvector of A to
eigenvalue A. This vector may not be uniquely defined, but at least one eigenvector
must exist. Then (A — A)o = AA®D holds true. We multiply this equation by Q!
and transform ¥ = QQ 19 to obtain

QM —A)QQ o = Q' AAQQ'D.
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Our assumption that \ is not contained in the spectrum of A implies that the matrix
Q 1(M\ — A)Q is non-singular and thus can be inverted. Defining y = Q~'% and
taking norms we obtain

IR (A = 4)71QQ ™ AAQ] Iy
107 (A = A)7'Q[Q~* A4Ql [y

Upon division by |[(Al — Q~1AQ)~||||y|| we obtain the desired result. (]

Iyl <
<

This theorem is more or less a variation of Theorem II in the original paper of
Bauer and Fike (cf. [BF60]). To simplify subsequent steps we followed Stewart and
Sun (cf. [SS90], Theorem 1.6, page 171) in adding the similarity transformation.
Actually, the proof implies a slightly stronger, but less usable result:

Lemma 1.41 ([BF60], Theorem I) Let A, AA and R(\) be defined as in The-
orem 1.40. Then for all consistent matriz norms the following holds true:

IRVAA[ ™ < p(RA)AA) ™ < 1.

Proof. We observe that the vector @ is an eigenvector of the matrix R(A\)AA to
the eigenvalue one. The spectral radius is defined to be the mazimal modulus of
all eigenvalues. This finishes the proof. [J

The general result of Theorem 1.40 leaves some freedom in the choice of the matrix @
and the norm. Taking @) as eigenvector matrix V', we obtain the following corollary:

Corollary 1.42 ([BF60], Theorem IIIa) Let A, AA be defined as in Theorem 1.40.
Let the Jordan decomposition of A be given as A = VJV~L. Then for all consistent
matriz norms and all eigenvalues A\ of A = A+ AA the following holds true:

I = )7 < [V AAV] < /(V)AA]. (1.19)

Let || - ||, be a Holder norm. Then there exists an eigenvalue A of A with index
m = m) such that

A=A A=A
ST S A= A
holds true.

Let A be diagonalisable and || - || be an axis-oriented norm. Then there exists
an eigenvalue A of A such that

<IVTIAAV ], < s(V)AA], (1.20)

min\;\ - < HV‘lAAVH < k(V)||AA] (1.21)
holds true.

Proof. Equation (1.19) follows directly from Theorem 1.40. To prove equation
(1.20), we have to show that

. A=Al A=A
mm-—78m—— =

m—1.% - mll’l? S ||(5\I— J)_lH_l
D Sral PED RN Dl P :

for all Holder norms. We stress that m depends on A. First, note that for all
block-diagonal matrices B = By @ - -- @ By, ||B||, = max;{||B,||,}. We partition
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T =1x1®- - @z accordingly. One direction follows by definition,

Bz||P B p B p
Bl T = {10l IR
A A W P BE
ST T T T
U Telp Tl ERER
< P p _ 1Py
< o LB+ [ Belar) = max( 52}

Now, suppose the maximal block is given by B;. Equality is attained by choosing
2 in the form

z=(0 - 0 2T 0 - 0)",
where the vector x; attains equality for the block Bj, i.e., z; fulfils ||Bjz;|, =
|BjlIpllz;llp- Let Jy be the largest Jordan block to the eigenvalue A of size m. The

result (1.20) follows, since the norm of the matrix (Jy —AI)~! can be bounded using
the triangle inequality and a Neumann series:

I =AD" = I =N T+ A= NN,
(A=A s A=A A=) P A — A7

The proof for the validity of equation (1.21) is obvious. The results and proofs may
also be found in the book by Stewart and Sun (cf. [SS90]) and in an early preprint
of Li (cf. [Li85]). O

The result (1.21) is often quoted as ‘the’ Bauer—Fike theorem. The corollary shows
that it may be possible that an eigenvalue of a perturbed matrix has its origin not in
the closest eigenvalue of the original matrix, but in a Jordan block whose eigenvalue
is further apart, but more sensitive to perturbations.

Instead of the Jordan form we can use the Schur form. For any norm we define
the departure from normality v(A) of A by

v(A) = m}%n{HR — diag(R)||, R is a Schur form of A}.
The Schur form leads to the following corollary, originally due to Henrici:

Corollary 1.43 (Henrici) Let ||-|| be a norm on C"*" such that ||C|| > ||C||2 for
all C € C"*™. Let v(A) be the departure from normality measured in this norm.
Then for every eigenvalue \ of A there is an eigenvalue A of A such that

(v(a) 1A —~A|) () A
S5 (vt R - )

Proof. The proof proceeds analogously to the proof of Corollary 1.42 and can
be found written out in the book of Stewart and Sun (cf. [SS90], Theorem 1.9,
page 172). O

We can set AA to A without diagonal and use the || - ||« norm in the Bauer-Fike
theorem. This leads to the result first proven by Gerschgorin:

Corollary 1.44 (Gerschgorin) For A € K"*™ [et

=3 layl and  Gi(A)={z€C:|o~aul < 7).
JFi
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Then

Moreover, if m of the Gerschgorin disks G;(A) are isolated from the other n —m
disks, then there are precisely m eigenvalues of A in their union.

Proof. The first part follows directly from the Bauer-Fike theorem as mentioned
above. That every connected component of m circles contains precisely m eigenval-
ues follows by a simple continuity argument. [

The Bauer—Fike approach can be generalised, which seems to be unknown yet.

Theorem 1.45 (“Unsymmetric” Bauer-Fike Theorem) Let all notation be as
defined in Theorem 1.40. Furthermore, let W € K"*" be any regular matriz. Then
the following holds true:

WA = A)7'QI™ = [WTRNQ| ™ < QT AAW].

Proof. The proof is quite analogous to the proof of Theorem 1.40. The only dif-
ference is that we substitute WW ~1% and not QQ 1% for #. O

This theorem can be used to bring the resolvent or the perturbation matrix into
some canonical form not necessarily related to similarity transformations. The use
of the SVD of the (inverted) resolvent for instance results in the following corollary:

Corollary 1.46 Let all notation be as in Theorem 1.45. Let USVH = X — A be
the singular value decomposition of the matriz \I — A. Then the following holds
true:

=77 < U aav) < [UTIVIHAALL

When || - || is azis-oriented, this implies

omin(\ — A) < [UTAAV(| < [[UT [V [[|AA].

Let || - || be any unitarily invariant norm. Then the following bound holds true:
=17 < a4
For the special choice of the 2-norm, || - || = || - ||2, this implies that

Fmin(A — 4) = (ax(RO)) < 24

holds true. This result, of course, is obvious by definition of the backward error for
an approximate eigenvalue. For the special choice of the Frobenius norm, | - | =
I - |7, we obtain the new result

" -1/2
— < ||AAl p.
(Z 02> < A4l

=1 *

Proof. The results follow upon taking Q@ =U and W =V. O

When the matrix A is normal or even Hermitian, we can do significantly better.
We state the well-known theorems of Wielandt-Hoffman and Weyl.
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Theorem 1.47 (Wielandt, Hoffman) Let A and A be normal. Let 7 denote a
permutation of the set n. Then the following holds true:

min_ [37 Re) — Ml < [ AA] 7
[

Proof. The proof may be found in volume one of the textbook by Horn and John-
son (cf. [HJ85], Theorem 6.3.5, page 368). O

The theorem is not true when the Frobenius norm is replaced by an arbitrary
unitarily invariant norm. For Hermitian matrices this theorem can be generalised
to arbitrary unitarily invariant norms with the aid of symmetric gauge functions
and the following Theorem by Mirsky:

Theorem 1.48 (Mirsky) Let A € K"*™  and let gl € K™ be a perturbation
of A, A=A+ AA. Let A= USVH and A = USVH denote the singular value
decomposition of A and A. Then for all unitarily invariant norms || - || the following
holds true: R

I3 - =] < |AA].

Proof. The proof may be found in the book by Stewart and Sun (cf. [SS90], The-
orem 4.11, pages 204f). O

Because of the one-to-one correspondence between symmetric gauge functions (cf.
[SS90], Definition 3.3, page 75) and unitarily invariant norms (cf. [SS90], Theo-
rem 3.6, page 78) this implies the following theorem for Hermitian matrices:

Theorem 1.49 Let A and A be Hermitian. Then for all symmetric gauge functions
1A - Alls < [|AA]lg

holds true. The special case of the 2-norm is also known as the Theorem of Weyl,
min [A — A| < [|AA|.

The special case of the Frobenius norm improves over the Wielandt-Hoffman theo-
rem for normal matrices,

Y A=A < AA|r,
i=1

since now the ordering is explicitely given.
Proof. The result may be found in the book of Stewart and Sun (cf. [SS90], Corol-
lary 4.12, page 205). O

In case of Hermitian matrices the eigenvalues can be characterised using Theo-
rem 1.24. This implies the stronger version of the Theorem of Weyl:

Lemma 1.50 (Weyl) Let A € K™*" and A € K™ ™ be Hermitian with eigenvalues
XN and X\;. Let eminfmd €max denote the minimal and maximal eigenvalue of the
perturbation AA = A — A. Then the following holds true:

;\7: € [Ai + €min, Ai + €max)-

This lemma is a corollary of an even stronger result which may be found in the
book by Stewart and Sun (cf. [SS90], Theorem 4.8, page 202).
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Semi-Simple Eigenvalues

Let A\ be a semi-simple eigenvalue of A with right eigenvector v and left eigenvector
" such that ©#v # 0. Let A = A + AA be the perturbed matrix. A first order
bound for the simple eigenvalue A is based on the observation that the Rayleigh
quotient provides a first-order approximation to the perturbed eigenvalue 5\,

i1 (A+ AAw

= AR AA
oAl
o AA

= A+ 0(IAA]?).

This is proven algebraically in the textbook of Stewart and Sun (cf. [SS90], Theorem
2.3, page 183). The first-order behaviour shows that the derivatives of A with respect
to the matrix entries are given by

oA ’Dﬂ)j
8@1‘]‘ @HU

This shows that the condition of the eigenvalues depends on the variation of all n?
entries of A. As Wilkinson ([Wil65], page 89) pointed out, it might be necessary
to observe all n? derivatives to unseal all the mysteries of eigenvalue perturbations.
For all n eigenvalues this would sum up to n? important data.

The first-order representation directly implies a condition number. A crude
norm estimation gives the first-order bound

>

[a][]lv]]

o] -

A=Al < kW AA]+O(IAAP), k() =

The quantity k(\) is known as the Wilkinson condition number of the simple eigen-
value A. It measures the secant of the angle between ¢ and v. Observe that in
the class of non-derogatory matrices iff ¥ and v are eigenvectors to a non-simple
Jordan block, they are orthogonal. Nevertheless, they may even be arbitrarily close
to orthogonality for a semi-simple eigenvalue (cf. [SS90], page 185f).

When the norm is the 2-norm, the Wilkinson condition number () is closely
related to the condition of a specially scaled eigenmatrix V' as follows:

Lemma 1.51 (Nearly Optimal Scalings) Let V € K"*™ be an eigenmatriz of
the matriv A € K™*™. Let | - ||, be a Héolder norm. Then the condition r,(V) =
VI IV, of V' is bounded from below by the Wilkinson condition of the eigen-
values,

max Kp(A) < Kp(V). (1.22)

Now, let || - ||2 be the 2-norm. Suppose that V' has been scaled by a diagonal scaling
V — VD such that the jth column has unit length. Then, furthermore

max ka(A) < ka(V) < nmax Ka(X) (1.23)

holds true. Next, consider the scaling such that the jth column has length \/k();).
With this particular scaling, the last bound can be sharpened to give

max i2(\) < r2(V) < ZA:@()\) < nmax z(X). (1.24)

Proof. The first inequality (1.22) follows from the observation that for all j € n,
[0l < IV Ipllejllp = IVl and (vl < [IVIplle;llp = V]|, holds true. Thus,
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the first equality in general holds true, i.e., independent of scalings. The other two
inequalities hold true, since upon setting VH = V! we can conclude that

1
2

VIVl < IVIFIVIF = <Z ||vi||§> > llojli3 (1.25)
i i

holds true. In case V has columns of unit length, i.e., in case of inequality (1.23),

we observe that

[9il2/[vill2
|0 vi

Ka(Ni) = = [|9:]]2-

Hence, with |lv;|| = 1, the last part of equation (1.25) can be bounded by

Vi [ < gy = namsca(3,),

When the columns of V' are scaled such that ||v;]|2 = \/K2(\;), we observe that also
the rows of VH = V~1 are scaled this way, since

f}i V; ~
ra(rg) = Lolellvilz - 2ms

|07 v4

Thus, the columns of V and the rows of V¥ = V—1 are equilibrated, ||v;]| = ||o7]] =
V/£(A;). In this case, the last part of equation (1.25) can be bounded by

\/Z H2(/\Z)\/Z KQ(}\rL) = ZHQ()\:L)

This finishes the proof. [J

The last scaling was introduced by Wilkinson (cf. [Wil65], pages 88—-89). Demmel
invented the (simpler) scaling of V, |lv;|| = 1 for all ¢ € n. This scaling is used in
tools like LAPACK and Matlab.

The Wilkinson condition number of a semi-simple eigenvalue A is closely linked
to the limes of the resolvent, we have that

[ ERPY
oo ~ ARG

This is readily verified when we bring to mind the Laurent expansion of the resolvent
in a punctured neighbourhood of A of equation (1.13). Thus, the first-order bound
for semi-simple eigenvalues is usually stated in terms of the norm of the associated
spectral projector. We state the first-order bound and a global bound:

Theorem 1.52 Let A\ be a simple eigenvalue of A € K"*". Let P denote the
spectral projector onto the eigenspace associated with X\. Let A = A+ AA. Then
there exists an eigenvalue A of A, such that

A=Al < [IPll2| A4z + O(|AA])

holds true. The first-order bound can be turned into a global bound by multiplication
by the dimension n: .
(A=Al < nl[Pll2[|AA]]2.
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The proof for this theorem can be found in the paper by Bauer and Fike (cf. [BF60]).
This is a slightly stronger result than the before mentioned one.

We switch to eigenvectors. An eigenvector is not uniquely defined, since with
v € K" every av, a € K non-zero is an eigenvector to the same eigenvalue. The
linear space spanned by an eigenvector is turned by an angle when the matrix A
is subject to a perturbation. When the corresponding eigenvalue is simple, we can
find a normwise and mixed condition number and a bound on the variation of the
angle between the unperturbed and the perturbed eigenvector.

The relative normwise condition number of a simple eigenvector is linked to a
partial inverse, defined by

S=V (A -WHav) wH, (1.26)

where (v, V) and (w, W) are adjoint bases of K™, where v is the unperturbed eigen-
vector and w is any vector such that w™v = 1. Then, by direct calculation or by
application of the Rayleigh-Schrodinger expansion, to first-order

Av ~ YXAAv

holds true.

Theorem 1.53 Let (\,v) be a simple eigenpair of A € K"™*". Let A= A+ AA be
a perturbation of A. Let ¥ be defined as in equation (1.26). Then, the normwise
condition number of v is given by

k(v) = af X,
and the mixed condition number of v is given by

_ IIZIERl

[[0]]oo

r(v)

The normwise condition number in full generality has its origins in the works of
Chatelin (cf. [Cha93, CCF96]). The mixed condition number is due to Geurts (cf.
[CCFI6], page 63).

When the basis (v, V') has been chosen unitary, the perturbation Av = YA Av is
such that ||Av|ls = tan gives the tangent of the angle between the space spanned
by v and ©. This choice of a basis is due to Stewart and ensures that the condition of
the eigenvalue and the eigenvector are not necessarily related. This is in contrast to
the choice of Wilkinson, who proposed to use the left eigenvector as w (cf. [CCF96],
pages 63-64).

Clustered Eigenvalues

More interesting is the case of a multiple eigenvalue or cluster and corresponding
invariant subspace. We give a summary of the bounds that apply to clusters (in-
cluding multiple eigenvalues) and invariant subspaces. When we are talking about
a cluster of close eigenvalues, we have to be sure that no other eigenvalues come
close when perturbing. So it seems natural to restrict the size of the perturbation
AA in order to investigate only clusters perturbed such that no other eigenvalues
interact significantly. Let A be in partial Schur form like in Definition 1.29. Then
this is the case, as long as the spectra of A;; and Ass remain disjoint, which is the
case, when

sepp (A11, Azz)

[AA]F <
4Pl

(1.27)
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holds true. Here, P is the spectral projector onto the eigenspace associated with the
spectrum of Aq;. The proof can be found in an article by Stewart (cf. [Ste73]). The
expansion of the single eigenvalues in general would have to be based on fractional
powers of the perturbation. In the following, A is the arithmetic mean of the
eigenvalues that are part of the cluster. This average of the eigenvalues can be
computed by means of the trace,

Ae = trace(411)/m, e = trace(;lll)/m.

Here, the cluster is assumed to be of size m with the Schur forms of A and A chosen
such that the correspond to the matrices Ay; and A1, respectively.

Theorem 1.54 Let A € K™ ™ be perturbed to A = A + AA. Let \. be the mean
of the eigenvalues of the cluster we are interested in. Let \. denote the mean of the
perturbed cluster. Then, a first-order bound is given by

A = Acl < [I1Pll2llAAll2 + O(|AA]3).
As long as condition (1.27) holds true, a global bound is given by
Ae = Al <2/ P2 AA]|2.

In other words, this bound holds as long as the cluster remains disjoint from the
remaining part of the spectrum.

Proof. The proof for the first order bound may be found in the book by Kato
(cf. [Kat66]). The proof for the global bound may be found in the aforementioned
article (cf. [Ste73]). O

Similarly, we can obtain bounds for the variation of an associated invariant subspace:

Theorem 1.55 Let all notation be as in Theorem 1.54. LetV denote the invariant
subspace associated with the cluster, and let V denote the invariant subspace asso-
ciated with the perturbed cluster. Then, the maximal angle 6 = Hmax(V,f}) between
V and V is bounded to first-order by

AAAIE oAl
< - AA|%).
o< ZCIE L o(laAl)

Moreover, as long as condition (1.27) holds true, we have the global bound

2[AAllr )
sep — 4[| P|l2[| AA| F

0 < atan (
Condition (1.27) ensures that the denominator on the right-hand side of the global
bound is positive.

Proof. The proofs may be found in an article by Demmel (cf. [Dem86]). O

All the results without proofs may be found in LAPACK working note 13 (cf.
[BDMO1)).

1.6.4 Subspaces and Projectors

Krylov methods are projection methods. Thus, we summarise the basic results on
projectors. A matrix P is a projector when P2 = P holds true. Therefore, we can
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write K™ = ker(P) @ ran(P). In other words, a projector is defined by two spaces,
M =ker(P) and S = ran(P). We say that the projector P is onto M,

Px e M,

and along (parallel) to S
x—Pres.

This point of view is based on two spaces of (in general) different dimensions. When
we switch to the orthogonal complement £ = S, we obtain a description involving
two spaces of the same dimension:

PreM, z—PzxlL.

We now say that the projector is onto M and orthogonal to L. We can write down
the projector in matrix form by choosing bases:

M =span(M), L =span(L).
The matrix representation of P, if it is defined, is given by
P=MIAM)1LH.

A projector is defined iff no vector in M is orthogonal to £. When the spaces M
and L are different, we talk of an oblique projector. A better choice of bases would
be biorthogonal (adjoint) bases,

LM =1.

Then the oblique projector takes the simple form P = M L. When the spaces are
equal and we have chosen an orthogonal basis,

MM =1,

we name the projector an orthogonal projector. An orthogonal projector is Hermi-
tian, since P = M M™. In contrast to an oblique projector, an orthogonal projector
always exists, because no vector can be orthogonal to itself.

1.7 Miscellaneous

In this section we collect some material that is related to the field of Krylov methods
and paves way for some of the results. Krylov methods are related to polynomials,
more precise, infinite precision Krylov subspace methods may be defined using
polynomials. Thus, we give some basic facts on polynomials.

Like Krylov methods, polynomials, especially orthogonal polynomials, or more
general, orthogonal functions, are closely related to three-term recurrences, i.e., to
finite difference equations. One of the most interesting phenomena, the deviation
of a short-term recurrence from the infinite precision counterpart can already be
observed in the simpler example of the so-called Bessel labyrinth.

1.7.1 Polynomials

The set of all polynomials is a linear vector space which we denote by P. We
heavily use three finite dimensional subsets of P. First, we define the subspace of
all polynomials of degree less k, denoted by Pi_;. In context of Krylov methods for
the solution of the algebraic eigenproblem we minimise certain expressions over the
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set P,fjll, the set of monic polynomials of degree less k. In context of the solution
of linear systems this role is played by the set IE”,S_17 the set of polynomials with
constant term equal to one, ¢g = 1. These sets are no subspaces.

For simplicity we say that the zero polynomial, p(A) = 0 has all values as root
with infinite multiplicity. The degree of the zero polynomial is minus infinity. The
characteristic polynomial of a matrix,

X(A) = xa(A) =det (M - A),

is defined such that x4 € P!. By Cayley-Hamilton x4(A4) = 0. The smallest
polynomial with the same feature is the minimal polynomial of the matrix. The
minimal polynomial is given by

p=na(N) = [JO=20)",

where the product is over all distinct eigenvalues and the power k; is the size of the
largest Jordan block to eigenvalue A;.

Now, we switch to orthogonal polynomials. Orthogonal polynomials are given
by the constraint

<pk?ap]> = 5kj7

where (-, -) is some scalar product in P. Frequently, the scalar product is an integral

%mﬁ=4w@m@mwwx

where w is a non-negative weight function. A discrete evaluation is formally written
in the same form,

(Pesp) ;w%m%MMA(MM)UMU

The occurring integral

/f du(zx /fdu

is known as the Stieltjes integral (or Riemann-Stieltjes integral) with the integrating
function u.

The existence of orthogonal polynomials is equivalent to the existence of a three-
term recurrence. This follows from the representation of xp(z) in the basis of the

orthogonal polynomials,
k+1

xpk Z ijpg

Upon application of the inner product <', pj) we obtain that
(zpr(x), pj(2)) = cr;
holds true. By our orthogonality assumption,
ckj = (wpr(@),pj (2)) = (pr(x), zp;(2)) =0 Vj<k—1,

since xp;(x) is a polynomial of degree less or equal j + 1. This leaves us with a
recurrence where at most three coefficients are non-zero, i.e., we obtain a three-term
recurrence

Ck,k+1pk+1($) = Tk(iﬂ) = (éE - Ckk)pk(x) - Ck,k—lpk—l(iﬂ)-
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The coefficients can be computed as

k-1 = (xpr(z),pr-1(x)),
e = {app(x), pr(x)) and
cerr1r = |kl = Vire(@), re(x)).

This Gram-Schmidt procedure in the linear space of polynomials is known as Stielt-
jes procedure. We just remark that orthogonal polynomials have connections to
Gauss quadrature, to continued fractions and to Padé approximation.

1.7.2 Finite Difference Equations

Finite difference equations were the source of inspiration for Leibniz to invent dif-
ferential calculus in 1715. In the works of Casorati (1835-1890) many analogies
between differential and difference calculus are recognised, the most interesting
among them being the notion of the Casoratian or Casorati determinant, the dif-
ference calculus counterpart to the Wronskian or Wronski determinant (cf. [Jar]).
Finite difference equations are closely related to the matrices arising in Krylov sub-
space methods.

1.7.3 Short-Term Recurrences: An Example

Three-term recurrences (and coupled two term recurrences) form the core of short-
term Krylov subspace methods like the Lanczos method and CG. Originally, three-
term recurrences arise in the efficient computation of orthogonal functions, mostly
polynomials, such as the Chebychev, Legendre or Laguerre polynomials.

It is well known that the straight-forward computation of orthogonal functions
need not be stable. As an example we consider the so-called Bessel labyrinth
(“Besselscher Irrgarten”, cf. [DH93], pages 167-173). The Bessel functions are
special functions that fulfil the three-term recurrence

2k
J]H_l(fb) = ;Jk(z) — Jk_l(x), k Z 1.

The Neumann functions fulfil the same three-term recurrence, and small rounding
errors introduced in the computation lead to a deviation from the Bessel part to
the Neumann part and vice versa. This can be seen in figure 1.2.

The given three-term recurrence is evaluated with two given starting values Jo(z)
and Jy () at the point = 2.13 up to Joz(x). We evaluate the recurrence backward
with the last two values. The sketched forward-backward evaluation is carried
out repeatedly several times. The ‘exact’ Bessel functions Jy are decreasing with
growing k and the Neumann functions are rapidly increasing. In a forward sweep,
small rounding errors are blown up such that the dominant Neumann functions
overlap the Bessel functions. In a backward sweep the Bessel functions overlap the
Neumann functions. This causes the plot shown in figure 1.2. We have adopted
the figure and the example from the book by Deuflhard and Hohmann, where the
starting values and a detailed error analysis can be found (cf. [DH93], pages 167
169).

To understand the problem in full generality, we consider all solutions of the
homogeneous three-term recurrence. The solution set is a subspace of all maps from
N to R. The solution set is two-dimensional, since any solution of the recurrence is
determined uniquely by two starting values. In the example, a set of independent
solutions is given by the Bessel and Neumann functions.
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Bessel-Neumann labyrinth due to execution in finite precision
70 T T T T

natural logarithm of absolute value

| |
0 5 10 15 20 25
number k of (k—1)th Bessel function

Figure 1.2: The Bessel labyrinth

We show how to construct two independent solutions. We think of the three-
term recurrence in the form

rpr(z) = arprt1(x) + bkpr(w) + ag—1pr—1(x), E>1 (1.28)
xpo(x) = aipi(x)+ bopo(x). (1.29)

Equation (1.28) is merely a slightly re-written form of a three-term recurrence. The
additional equation (1.29) fixes one degree of freedom. We suppose that all a; > 0.

When we impose the starting value po(z) = 1, we have a unique solution
{rr}72y- The second solution will only fulfil equation (1.28). One such solution
{ri}32, is determined by the initial conditions ro(z) = 0 and r;(z) = ay*. The re-
sulting polynomials could also have been obtained by equating the integral formula

(@) /Rwdu(y).

r—y
The polynomials {r;}?°, are the associated polynomials.
Whether two solutions to a three-term recurrence are linear dependent or not can
be checked with the aid of the Casorati determinant. The Casorati determinant in

difference calculus corresponds to the Wronski determinant in differential calculus.
The Casorati determinant Cy, g+1 of {pr}72, and {ry}32, in step k is defined by

Cri+1[0s7] = ar (Pr17h — PETh+1) -

Both sets {pi}3>, and {ri}32, defined above fulfil equation (1.28). We multiply
the equation for py(x) with r;(y) and subtract the equation for r(y) multiplied by
pr(z). This results in

(@ —ype(@)ri(y) = (arprt1(x) + bepr(®) + ak—1pk—1(2))re(y)
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= (arrry1(y) + orrr(y) + ar—17x-1(y))pr(z)
= akPr+1(2)7%(Y) — Th41(Y)PK (7))
ap—1(Pr(x)rr—1(y) — 76 (y)Pr—1()).

Setting y = x proves that the Casorati determinant does not depend on £ and is
given by Cj rt+1[p,7] = —1. Replacing r; by pr and summing yields the famous
Christoffel-Darbouz formula

(z —y) Z_: Pr(2)Pk(Y) = an—1(pn(@)Pn-1(y) — po—1(2)Pn(y))-
k=0

These results can be found in the lecture notes by Koelink for a SIAM Activity
Group Summer School in Spain (cf. [Koe00], pages 9-11).

We merely remark that the coeflicients occurring in equations (1.28) and (1.29)
may be arranged in the form of a Jacobi matriz, such that the solution set {p}72,
corresponds (in some un-specified manner) to the whole matrix and the associated
polynomial solution set {rj}72, corresponds (in the same un-specified manner) to
the Jacobi matrix consisting of the previous one, where the first row and first column
is left out. This has many similarities with the decision scheme invented by Cullum
and Willoughby to identify spurious Ritz values in the finite precision symmetric
Lanczos method.

The solution to a perturbed three-term recurrence, i.e., the solution of an in-
homogeneous three-term recurrence can be computed using the convolution with
a discrete Green function. The discrete Green function is defined similarly to its
differential calculus analogue. The Kronecker delta d; plays the role of a discrete
delta distribution.

We think of a three-term recurrence for a fixed value x, and write the general
inhomogeneous recurrence in the form

Dk = kPk—1 + bppr—2 + ck, k>1, b #0. (1.30)
The discrete Green function is defined by

(GG, i k>
G(J”“):{ GH(jk), if k<j '

where G~ (j, k) and G (j, k) are the solutions of the special inhomogeneous three-
term recurrences

G_(j7k)_akG_(j7k_1)_ka_(j7k_2) = 5j
G (k) —axGt(j, k= 1) = bp G (j,k —2) = —brdjk—2.

The solution to the inhomogeneous equation (1.30) with starting values py = ¢ and
p1 = c1 is then given by the convolution

k k
pe=>_c;GUk)=> ;G (jk), keN
j=0

Jj=0

with the Green function. This corresponds to the infinite dimensional (differential
calculus) case.

Now we consider perturbed three-term recurrences. Let the perturbed recurrence
be given by (relatively) perturbed starting values

Po =po(l+6p), p1=pi(1+61)



1.7. MISCELLANEOUS 55

and (relatively) perturbed coefficients
dk:ak(l—i—ak), Bkzbk(1+ﬁk)7 k> 1.

Then the absolute error Apy = pr — px fulfils the inhomogeneous three-term recur-
rence
Apy = apApp—1 + bpApp_o + By, k>1

where the error terms Ej, are defined by

Ey = aparpr—1 + BibrPr—2 = aragpr—1 + Bebrpr—2.
The absolute error of a three-term recurrence can be computed by the convolution
of the Green function with the error terms, i.e., by

k
Api = E;G(j,k)-
§=0
The discrete Green function gives information on the absolute condition number of

the three-term recurrence subject to relative perturbations.
The relative errors 6, = Apy/py, fulfil the inhomogeneous three-term recurrence

axPk— brpi—
0, = FPk—1 01+ kPk 29]@72 +ex, k>1
Pk
where the relative error terms ¢, are given by
Ey akPr—1 bepr—2
€= — R oy + Bk .
Pk Pk Pk

Thus, we can express the relative error in the form of a convolution

k
0 =Y exR(j, k)
j=0

with some sort of ‘relative’ discrete Green function

R(j, k) = 2L, k).
Pk

The ‘relative’ discrete Green function gives information on the relative condition
number of the three-term recurrence subject to relative perturbations.

The solutions can be distinguished into minimal solutions and dominant solu-
tions. A solution {px}72, is called minimal, if

lim — =0 V ¢, independent of py.

k—oo qg
All other independent solutions are termed dominant solutions. These dominant
solutions can be computed stable by the three-term recurrence. The minimal so-
lutions can not be computed in a stable way using the three-term recurrence (at
least not using the straight-forward approach). The convergence of Krylov meth-
ods is linked to minimal solutions. The trick that does work for simple three-term
recurrences (i.e., those where the coeflicients are known a priori, in contrast to the
coeflicients in Krylov subspace methods, whose are computed whilst executing the
algorithm) is known as Miller’s method and is based on a backward evaluation of
the three-term recurrence.

The definition of the discrete Green function and its use to express the absolute
and relative errors of a perturbed three-term recurrence is an excerpt from (the
German edition of) the book by Deuflhard and Hohmann (cf. [DH93], pages 164—
166, 169-171).
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Chapter 2

Krylov Subspace Methods
and Matrix Structure

Krylov methods are iterative methods. In every step they expand a basis and
corresponding matrix representation. These matrices have a nested structure. In
most cases the old matrix will be a submatrix of the new one.

Krylov methods are iterative eigenproblem and linear system solvers. We have
to ask ourselves how a bordering of a matrix changes intrinsic properties like eigen-
values and eigenvectors.

Krylov methods are a subset of the set of iterative methods. The matrix repre-
sentations are restricted to the class of Hessenberg matrices. The matrix represen-
tations of the so-called short-term Krylov methods are even restricted to the class
of tridiagonal matrices.

Execution in finite precision does not destroy the structure of the matrix repre-
sentations. So we have a connection between Krylov methods and matrix structure.
Knowledge on matrix structure is knowledge on (finite precision) Krylov methods
and vice versa.

In this chapter we derive results which are necessary for our approach. To
simplify and to shorten, we always examine the most general setting. We start at
general matrices and stop at symmetric tridiagonals.

At the same time we aim at justifying part of mathematical folklore on the size
of eigenvector entries and on the shape of eigenvectors.

We remark that various results can be extended to the classes of block Hessen-
berg, block tridiagonal and banded matrices.

2.1 An Algebraic Identity

In this section we pave the way for a variety of nice results that enlighten the
relations between eigenvalues of a matrix and of its principal submatrices. Our
approach is based on the adjugate and on the Jordan normal form.
Let A € K"*™. The adjugate, or (classical) adjoint, of A is defined as the matrix
of cofactors o

B=adjA & by =(—1)"det Aj;.

Laplace expansion proves the important relation
adjAA=AadjA=det Al (2.1)

We remark that the adjugate is defined by rational functions and exists even when A
is singular. The adjugate is more stable than the inverse, i.e., its condition number

o7
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in 2-norm is given by the ratio of the second smallest and largest singular value (cf.
[Ste98]). It is well-known that the adjugate is connected to compound matrices.
Let the Jordan decomposition of A been given by

AV =VJy < A=V VL

We need to access the rows of V! later on, and since these are conjugated left
eigenvectors, we define the matrix

vH = V7l e, v=vH
With this matrix we assure validity of the two relations
VHEA=,2VH  and VAV =VHV =1T.

In other words, the columns of V are left eigenvectors, scaled such that they form
a bi-orthonormal set to the right eigenvectors of A.

Let A be not contained in the spectrum of A. Then the inverse of A\ — A can
be expressed in terms of the Jordan decomposition as

M -A) =V Vv ii=vi, Vi

We use the Jordan normal form and equation (2.1) to express the adjugate of A\T— A,

adj (M — A) = det (M — A) (M — A)~"
= xaWA-4)7"
= V[xa(\) (N —Jy) ] VH. (2.2)

We take a closer look at the matrix in the middle. First we consider (A — Jj)~.
The structure for one single Jordan block Jy, of size k is given by

A=X)"" =) o A=x)TF
A=x)""
N —J\,) ' =E =
A=)
Let S denote the sign matrix
1
-1
S=8"1= 1
(-

We express the adjugate with the aid of compound matrices,
adj A= SC,,_1(AT)S.
Define E = @, E;. We transform equation (2.2) by moving the sign matrices,

P=C, (M —AT) (SV)G(VHS)

= (SV) [xa (V) E] (V15). (2.3)

The elements of the compound matrix P are polynomials in A of the form

Dij = Pij ()\, A) = det Lji; where L= —-A. (24)
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The elements of G are obviously given by rational functions in A, since
G=xa(\)-(®:F;).

Many terms cancel, and the elements of G turn out to be polynomials in .

The algebraic identity (2.3) relates polynomials of submatrices to polynomials
of the matrix and left and right eigenvectors.

We remark that only the diagonal elements of the left-hand side are characteristic
polynomials, of principal submatrices. We consider two interpretations of equation
(2.3).

When A has a multiple eigenvalue, one can raise the question whether a prin-
cipal submatrix inherits this eigenvalue. We derive lower bounds on the algebraic
multiplicity with the aid of equation (2.3).

Suppose A; is fixed. Let a; denote the algebraic multiplicity of eigenvalue ;.
The entries inside the upper triangular part of the first Jordan blocks without sign
matrices are given by

XaWA =) =TT = 2™, (2.5)

9

a;:{ «; 1#£1

Q] — T 1=1"

where

The index 7 is determined by the position in the matrix, i.e., we have m = j —i+1
for position (i,7). We determine the matrix position with 7 maximal, and divide
equation (2.3) by the factor

(A=),

After computing the limes A — Ay at least one element in the resulting matrix has
non-zero value ¢ defined by

KO = -2" =
i#1
The remaining entries are zero. All non-zero entries are in the 7 — 1th diagonal.
The number of non-zero entries corresponds to the number of Jordan blocks that
have maximal size given by 7.
We have proven validity of the following theorem:

Theorem 2.1 Let A € K"*™. Let the Jordan decomposition of A be given by A =
VAV = VJI\VE . Suppose that the Jordan blocks are sorted first by eigenvalues
and then by descending block size. Let c = xffl)()\l), where a1 denotes the algebraic
multiplicity of \1. Let m denote the size of the first Jordan block. Let P be the
transposed matriz of minors of A\I — A.

Then the following relation holds true:

M
: _ T—a1p rH
Jim (A=A P = (SV) Lo e
(0]
where
0 0 c 1
0O --- 0 0 -1
M=1. . . .1 S = )
0O --- 0 0 +1

and O is a zero matrix of appropriate size.
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The number of blocks M is the number of Jordan blocks of A1 of maximal size. The
other Jordan blocks of A; do not play a role in this equation.

The right-hand side of (2.6) is well-defined, thus the left-hand side is well-defined
and the polynomial

A=) " | P

divides all entries of P. Depending on the right-hand side the factor may have
higher multiplicity.

The entries interpreted as polynomials in A have A\ as root with multiplicity
greater equal oy — 7.

Remark 2.2 As interesting byproduct we note that the polynomials (2.4) in cer-
tain cases must have a multiple root A\. This is of general interest even only the
diagonal elements are characteristic polynomials.

The polynomials (2.4) can be used to make propositions on the Jordan normal form
based on the structure of A. In some cases we can restrict the class of possible
Jordan normal forms to a subclass or in other cases exclude a subclass.

For certain structured matrices (for example many zeros) the degrees of the
polynomials can be given explicitly. This observation is based on the Laplace ex-
pansion or the Leibniz formula for the determinant, or the representation of the
determinant as a double sum of minors.

The next theorem is based on the observation that the ith diagonal element of
P is the characteristic polynomial x 4, () of the ith principal submatrix of A of size
n— 1.

Theorem 2.3 Let A € K". Let A be an eigenvalue of A with k Jordan blocks of
sizes nj,j € k.

Then all principal submatrices A;, i € n have A as an eigenvalue of algebraic
multiplicity at least

k
MNmin = § Uz — Nmax,
Jj=1

where Nmax = max;(n;) is the size of the largest Jordan block.

Suppose we know the locations of the zero components of the eigenvectors. When
some of components of the left and right eigenvectors are zero, the multiplicity of
some eigenvalues of A; may be higher. If on the other hand the multiplicity is larger
than predicted, the vectors must have zero components.

We observe that the multiplicity is not only determined by the sizes and numbers of
the Jordan blocks, but can be higher depending on possible zeros in the eigenvectors
and principal vectors.

We now restrict ourselves to the case of no zero elements in the eigenvectors and
principal vectors, i.e., we take a closer look at the generic case.

The algebraic multiplicity of an inherited eigenvalue with algebraic multiplicity
a = a(A) and geometric multiplicity v = v(\) is given by «a — 7, where 7 is the size
of the largest block in the Jordan decomposition.

The combinatorial evaluation of the

Y
possible partitions of the eigenspace into Jordan blocks proves that when we restrict
ourselves to the case that we only know the algebraic and geometric multiplicity
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of an eigenvalue, we can only show that the algebraic multiplicity for a principal
submatrix is at least

mmm:a_(a_'y_‘_l):ry_l

We formulate this result as

Theorem 2.4 Let A € K™"*™. Let \ be an eigenvalue of A with geometric multi-
plicity .
Then all principal submatrices A;, i € n have X as an eigenvalue of algebraic
multiplicity at least
Mpmin =7 — 1.
Additional knowledge of the algebraic multiplicity can not be used to sharpen the
bound any further.

The intimate connection stated in Theorem 2.3 between zeros eigenvector compo-
nents and multiple eigenvalues of submatrices can be extended to non-zero eigenvec-
tor components. In the next section we derive formulae shedding light on relations
between eigenvalues and eigenvectors.

2.2 Eigenvalue — Eigenvector Relations

We have shown that some eigenvalues of A are eigenvalues of principal submatrices.

The proof rests upon equation (2.6). Up to now we neglected the non-zero eigen-

vector components. In this section we keep track of all eigenvector components.
In the sequel we will heavily use the notation

V=v"I e, VHV=VHV =T

We also access the entries of the left eigenvectors. For this reason we introduce
the shorthand notation # = ¢. This may be memorised as reflection on the real
axis, turning hat to vee and vice versa. This notation corresponds to the matrix
definition _
V=vV=V-H=vT e, VIV=VIV=I

As consequence of (2.6) we have to consider a sum of rank one matrices which
are built of the left and right eigenvectors. We remark that no principal vectors
can occur in these equations. For ease of understanding we refer to the following
clarifying picture.

Ui (4,7)

Figure 2.1: How vectors are selected from the eigensystem

We will derive a variety of results from equation (2.6). As first example we re-derive
the well-known result (cf. [Tho66, TM68, CW80]) for a simple eigenvalue.
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Example 2.5 (simple eigenvalue) Let A € K™"*™. Let \; be a simple eigenvalue
of A. Let 9/ and v; be the corresponding left and right eigenvectors with 6/7v; = 1.
Then the well-known relation

adj()\lI—A) = Xiq()\l)UlOlH
= [ =) wif (2.7)
s#l

holds true. This result could have been obtained using only equation (2.1) and the
definition of the trace of a matrix.

This first example is the basis for more results. We multiply equation (2.7) from
the left by el and from the right by e; to obtain another well-known eigenvalue-
eigenvector relation.

Example 2.6 (same index) Let A € K"*™. Let A; be a simple eigenvalue of
A. Let 91 and v; be the corresponding left and right eigenvectors with 91y, = 1.
Define v, ; = As(A4;). Then

HVs,i (A —vsi) _ Hys,i (At = vs)
Hs;ﬁl ()‘l - )‘S) H)\S;é)\l ()‘l - )\s)
holds true. We observe that in the non-normal case the condition of the eigenvalue

comes into play. In the normal case we can express the sizes of the eigenvector
elements using only the eigenvalues of the matrix and some principal submatrices,

WWA-H%AN_%Q
! H/\S;é/\l (M=)

The next result uses different indices. It seems to be less known, maybe because of
the unhandy polynomials (2.4).

Vi1V =

Example 2.7 (different indices) Let A € K"*". Let A\; be a simple eigenvalue
of A. Let 9 and v; be the corresponding left and right eigenvectors with 61v; = 1.
hen Ay A A A
ot = (1)) PO AL (e PG
Hs;él (/\l - )‘s) H,\S;&)\l (/\l - /\s)

This example contains the polynomials p;;(A;; A).

Example 2.7 shows that it is possible to construct the eigenvector components iter-
atively. The computation involves the polynomials (2.4). A special case where this
makes sense will be considered later on.

The next theorem is important for Hessenberg and tridiagonal matrices and
applies to all non-derogatory eigenvalues.

Theorem 2.8 Let A € K" ™. Let \j = A\y1 = ... = Ny be a geometrically
simple eigenvalue of A. Let k + 1 be the algebraic multiplicity of \. Let f)ﬁ_k and
v; be the corresponding left and right eigenvectors with appropriate normalisation.
Then
Griy_ Pi(A A)

HAS;éA, O‘l - )‘S)

holds true. Again the polynomials pj;(\i; A) are involved.
This setting matches every eigenvalue of non-derogatory A.

ViU 14k = (—1)
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Remark 2.9 In the generic case all matrices are non-derogatory. This can been
seen when comparing the dimension of all non-derogatory matrices with the dimen-
sion of the derogatory ones using Schur decomposition (cf. [Dem]).

If the matrix is diagonalisable (which is easy to see in the normal case, hard to
see if the eigenvalues are merely separated, and mostly impossible to see if we have
multiple eigenvalues) we can get rid of the messy polynomials.

Example 2.10 (diagonalisable matrix) Let A € K"*™ be diagonalisable. Sup-
pose \; = Aj41 = ... = Ak is a multiple eigenvalue with algebraic multiplicity
k+ 1. Then
k WA
> vt = (1)U Py Qi )
t=1 H)\‘,#)\l ()\l - >\9)

holds true. We remark that the polynomial pj;(A;; A) has a kth root A;. Thus the
kth derivative p;’;) (M\i; A) is well-defined and non-zero.

The last theorem and example are just instances of a more general example with
all Jordan blocks to eigenvalue A; equal sized.

Example 2.11 (equal sized Jordan blocks) Let A € K"*™ have p equal sized
Jordan blocks to eigenvalue \; = A\j11 = ... = A4 with algebraic multiplicity
k+1=p-q. Then

P (k+1=q)(y .
D v gPitrg-1 = (1) £ i )
=1 HAS#)\, ()‘l - )‘8)

holds true.

When A is normal, the left and right eigenvectors are identical.

Example 2.12 (the envelope) Let A € K™*™ be normal. Let v,; = As(4;).
Then the envelope of the eigenspace associated with a multiple eigenvalue is given

by
Z |U' |2 = HVSJ;&AL (Al _ VS7i)
" HAS;A)\,, (/\l - )‘S>

m

2.3 Hessenberg Matrices

An important class of matrices are so-called upper Hessenberg matrices. An upper
Hessenberg matrix is a matrix having all elements equal to zero below the first
sub-diagonal. Analogously lower Hessenberg matrices may be defined. We restrict
ourselves to the case of upper Hessenberg matrices.

We term a Hessenberg matrix unreduced when the sub-diagonal compromises
only of non-zero elements. A general Hessenberg matrix is the direct sum of unre-
duced Hessenberg matrices. We define H(m) to be the set of all unreduced upper
Hessenberg matrices of size m, and the set of all unreduced upper Hessenberg ma-
trices

H = UmeNH(m)

Schur’s Theorem states that every matrix A € K"*" is unitarily similar to an
upper triangular matrix,

Q"AQ=R=A+N.
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Abel’s Theorem implies that in general the Schur form can not be computed by
means of a finite sequence of algebraic transformations, i.e., the Schur form can
only be approrimated.

Hessenberg matrices are close to triangular matrices. Indeed, every matrix A €
K™*™ is unitary similar to the direct sum of unreduced Hessenberg matrices,

QHAQ=H=a,HY, HY cH.

This Hessenberg form may be computed by applying Householder reflectors or
Givens rotators. This proves that a Hessenberg form can be computed by means of
a finite sequence of algebraic operations.

This approach is norm-wise stable when implemented in finite precision due to
the multiplicative use of orthogonal matrices.

We have gained a computable decomposition at the cost of one additional sub-
diagonal. We remark that the Hessenberg form is not destroyed in a GR algorithm
applied subsequently, and even accelerates computation.

Another approach is to compute () columnwise. This approach is known as
Gram-Schmidt and is based on induction.

We re-state the unitarian similarity in an equivalent subspace form,

QTAQ=H = AQ=QH. (2.8)

We consider the leading part of this subspace equation, such that the Hessenberg
matrix is unreduced and @) may be rectangular.

We interprete the last equation columnwise, i.e., we form (2.8) e to obtain the
relation

k+1
Age = Z%’hjk &
j=1
k
Qet1hit1e = 15 = Agp — quhjk~ (2.9)
j=1
The moments h;;, fulfil
hjk = (qj, Aqx) VY j € E, |hkt1.k] = [Irell- (2.10)

We can compute the entries of H and the columns of @) using the relations (2.9+2.10).
If we fix the sub-diagonal to be real positive, i.e., hyt1, = ||rg| we obtain Q@ with
q as first column and an unreduced Hessenberg matrix H.

The process may break down before step n in case a zero vector occurs. We can
choose a new starting vector of unit length orthogonal to the computed columns
of Q. This process is much less stable than the direct version. The next theorem
states that the computed @ (and H) is unique.

Theorem 2.13 (Implicit @ Theorem) Let A € K"*™. Let ¢ = ¢1 € K" have
unit norm. This uniquely determines an orthonormal matriz QQ with g1 as first
column and H € H with positive real sub-diagonal such that

AQ =QH
holds true. The implicitly defined @ in general will be rectangular, Q € K™*™.

Proof. The existence of orthonormal @) and Hessenberg H follows by induction.
The starting vector g; is orthonormal by definition. Suppose the vectors g; com-
puted by Gram-Schmidt are orthonormal for j € k. The vector r; and thus gx1 is
orthogonal to the previous vectors, since

(@5,7x) = (a5, Aqr) — by = 0.
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The choice of hj41  ensures gy orthonormal. The resulting H is unreduced upper
Hessenberg.
The uniqueness follows by contradiction. Suppose

AQQ(%I :) APP(% :)

with H,G € H and @, P orthonormal holds true. Suppose w.l.o.g. that H € H(m)
and G € H(l) with m < [. Then W = PHQ fulfils

G x H *
(o *>W:PHAQ:W<O *>.

The first column of W is the first unit vector e;. By induction on the columns of

W using
k
G *
Wr1hey1e = ( 0 *> wg, — ijhjk,
j=1

we observe that W has the form
R x
w=(5 1)

with R € K™*™ upper triangular. By analogous induction on the columns of
WH = QHP, it follows that W has the form

D 0 0
wH=10 R *
0 0 «x

with D € K™*™ diagonal and R € K"~ 0x(m=1) ypper triangular. W is orthonor-

mal and thus
D 0\|_ 7
o RrRJ)|I "

We note that I = m, since G is unreduced. The relation DGD~! = H together
with the real positivity of the sub-diagonals proves uniqueness. [

In analogy to the orthogonal projection onto Hessenberg form we may consider an
oblique projection onto Hessenberg form, namely

Q'AQ=0Q"4AQ=H = AQ=QH.

There is no need for a direct method of this type. The extension of Gram-Schmidt
to this setting makes perfect sense.

2.3.1 The Eigendecomposition

A Hessenberg matrix has a very special structure. This structure is reflected in the
structure of the inverse and the eigendecomposition.

Unreduced Hessenberg matrices are non-derogatory, i.e., every eigenvalue cor-
responds to one single Jordan block. This becomes obvious when considering the
rank deficiency of shifted H € H(m),

rank (H — 0I) > m — 1,

since the first m — 1 columns are linearly independent. Whenever H — 61 becomes
rank deficient, 0 is an eigenvalue and has geometric multiplicity one.
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We denote the Jordan decomposition of H € H(m) by
HS =SJo, ie, H=SJgS '

Like before we define R K
St =671 je, S=65H,

This may be considered as the unique left eigenvector matrix with the properties
SHH = JgSH,  SHS=8HS=1.
The eigenvectors can not be arbitrary. This is proven in the next theorem.

Theorem 2.14 (Non-zero components in eigenvectors) Let H € H(m). Let
0 be an eigenvalue of H. Let s be the right eigenvector to eigenvalue 0. Let 7 be
the left eigenvector to eigenvalue 6.

Then the last component of s and the first component of §7 are both non-zero.

Proof. The proof follows by contradiction. Suppose s is a right eigenvector with
last component zero,
Hs=s0, e, Ls.

The last row of H has to be orthogonal to s. Since H is unreduced upper Hessen-
berg, this implies e,,_1 L s. By induction all components are zero, and s is the
null-vector. The proof for the left eigenvector is analogous. [J

From now on we focus on Hessenberg matrices related to another matrix A by
unitary or general similarity. We consider only the leading unreduced part of the
subspace equations as constructed by Gram-Schmidt.
The eigenvalues and eigenvectors of the unreduced Hessenberg matrix are related
to those of A via
AQ=QH = AQS=QSJe.

This indicates that we have computed part of the eigenvectors and eigenvalues of
A. Let the eigendecomposition of A been given by

A=VIV =V V.

Suppose the Jordan decompositions of A and H can be chosen such that the vectors
@S are contained in the columns of V. Conditions when this is possible are stated in
Theorem 1.22. We denote the submatrix compromising of the columns of a matrix
V in the index set p by V(). Thus QS = V(i) for some index set p of cardinality
m. We observe that

VAQS = VIV (4) = I(n)

This ensures that

VHQ = I1()S".

Finally we re-write QS = V(i) as S = Q¥V(1). We have shown that in certain
cases the relations

VHQ=1(w)S" and S =Q"V(u)
are valid. Interpreted componentwise we see that
Vidi s =07Q and s;=0Q%v (2.11)

holds true. In any case eigenvectors fulfilling these relations can be found.
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We have proven that in some cases in the iterative computation of the unreduced
Hessenberg matrix we fix the leading entries of the eigenvectors of ultimate H in
implicit form, i.e.,

ki = (qk, Vi), Skj = (k> Vi)- (2.12)

Knowledge on eigenvectors of A enables us to compute the leading entries of eigen-
vectors of H without knowing the trailing part of H. In a later section we prove a
similar result when we know the eigenvalue \.

We need to access submatrices of Hessenberg matrices. For this reason we extend
our notation.

2.3.2 Submatrices and Eigenvectors

We define the principal submatrices

Qi+l o
i = < m.
H, H(HH]) i<j i,jeEm

We are interested in eigenvalues and eigenvectors. We denote the eigendecomposi-
tion of the submatrix H;.; by H;.;S:; = SijJi;j. The left eigenvectors are defined
by

Si:j = SZ_jH, i.e., S'IH]H = szglhg and SgSZJ = Slhggl] =1.

We can use prolonged versions of eigenvectors of submatrices as estimations for
the true eigenvectors. The residuals of these approximate eigenvectors have a nice
structure in two cases.

Theorem 2.15 Let H € H(m). Split H = Hy.,, into

H _ ( Hl:k * > — (lek * >
Lm hrsigerer  Hyiim )~ \ M Hpir1am )

Consider the prolonged right eigenvectors of the leading part Hi.; as approximate
right eigenvectors of H. The residual is given by the rank one matriz

Hiy.p, * Si:k Sk J
M Hyiim 0 0 ) rk

= hpt1periier Stk
The prolonged left eigenvectors of the trailing part Hy, 1., have the rank-one resid-

ual
( 5 ) ( s ) ( 5 )
Sk+1:m M lik—i-l:m R Sk+1:m

oH T
= D1 kSiimeres -

Both cases are interesting for backward error analyses. When some part of the
residual becomes small, it does not move any longer in backward sense. The caveat
is that the condition of the eigenvectors might grow. Only when the condition
growth is bounded, this result is useful.

We can extend the results slightly by applying the full eigenvector matrix from
the other side. This results in the following.



68 CHAPTER 2. KRYLOV METHODS AND MATRIX STRUCTURE

Theorem 2.16 Let H € H(m). Suppose H partitioned as in the last theorem.
Denote the eigendecompositions as before. The inner product of the full left eigen-
vectors S{.  with the prolonged leading right eigenvectors Sy fulfils

R S, . S,
Dt (555) = 8t (%)

SH T
= Pkg1,6ST:mCh+1€E Stik-

The inner product of the prolonged left leading eigenvectors S’,ﬁ_l:m with the full
right eigenvectors Si..,, fulfils

o \" o \"
~ S mJ m J| m & S m
<5k+1:m) = L kol <Sk+1:m> !

S H T
= 1,65k 1:m €165 S1im-

This theorem states in a compact form many useful eigenvalue - eigenvector relations
based on submatrices. These relations clarify the dependencies between the quality
of a prolonged eigenvector as approximation and the sizes of certain eigenvector
components.

The distance between an eigenvalue 9§k) of a leading submatrix Hi.; and an
eigenvalue Ggm) of the full matrix H., in terms of eigenvector components for
example is described by

m k ~(m H S(-k) ~(m k
(91( ) — 9§ )) (SE )) 6 = hk+1,k3](g+)1,i81(6j)’

There is some freedom in this relation. We might choose the eigenvalue of H,,
nearest to the eigenvalue of interest of Hi.j.

The next section is concerned with another approach to eigenvalue eigenvector
relations.

2.3.3 Eigenvalue — Eigenvector Relations

We enhance the results on the connection between eigenvalues and eigenvectors
obtained in the preceeding sections.

We have shown that there is a certain relation between eigenvalues and eigen-
vectors involving polynomials evaluated at eigenvalues.

To be more precise, let H € H(m). Let 6 be an eigenvalue of H and §7 = 37
and s the corresponding eigenvectors. Let the algebraic multiplicity of 8 be k + 1.
Then we have shown in Theorem 2.8 that

i Di(0; H)
(=17 5(0)s(j) = —Hel#ga —4,

We adopted notation to Hessenberg matrices, S=85Hand §=5"T.

For Hessenberg matrices some polynomials p;;(0; H) can be evaluated explicitly.
Whenever i < j the new matrix inside the determinant is a block upper diagonal
matrix whose determinant is simply the product of the determinants of the blocks,
in this case the determinants of smaller Hessenberg matrices or upper triangular
matrices.

We consider two important examples.

Example 2.17 (omitting first row and last column) Let H € H(m). Let the
matrix of polynomials P be defined as in (2.4). Let L = 6I — H. The polynomial



2.3. HESSENBERG MATRICES 69

Pm1 is constant and can be evaluated as follows,

pm1(6; H) = det Ly,
—ha1 0 —hap - —ham—1
_ 0 —hso :
: . 0 — hm—1,m—1
0 0 ~Ponm—1

H —hpgrg = (1) H ESHE

To be conforming with previous notation we used

(1P = (T )P = (1)

Whenever an upper triangular matrix occurs inside the determinant of the polyno-
mial, the unknowns play no role. It turns out that we can evaluate explicitly half
of the polynomials.

Example 2.18 (row index less than column index) Let H € H(m). Let the
matrix of polynomials P be defined as in (2.4). Let ¢ < j. Let L = I — H. The
polynomial pj; has degree (i — 1) 4+ (m — j) and can be evaluated as follows,
pji(e;H) = det Lij
0 — Hyyq *
= Rit1:5-1
0 01 — Hj i 1m

= det(ﬂ[ — Hl:i—l) det(RHl:j_l) det(GI — Hj+1;m)
(=" X, (0) [ [ diag(Hij, —1)x, 4000 (6).-

Example 2.18 simplifies the relation between characteristic polynomials of subma-
trices, sub-diagonal elements and eigenvector entries.

Theorem 2.19 Let H € H(m). Let i < j. Let 0 be an eigenvalue of H with
multiplicity k + 1. Let s be the unique right eigenvector and 3 be the unique left
eigenvector to eigenvalue 6. Then

J—1

/. . XH i— XH m

5(i)s(j) = [W(a)] H hig1, (2.13)
1=i

Hi.m
holds true.

Among these relations of special interest is the case of index pairs (i, m), (1,m) and
(1,m), (1,7). They can be used to derive relations between eigenvalues and a single
eigenvector. The dependency on multiplicity is removed. The three index pairs of
interest are

S(i)s(m) = [X’Ziiz; @] Hm (2.14)

Hi.m

m—1
$(L)s(m) = [ D ( ] [T resin (2.15)
=1

Hy:m
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XH, XHjt1:m
k:+1
Hlm

s()s(j) = H ESHE (2.16)

We remark that equation (2.15) provides a second proof that the last component
of a right eigenvector and the first component of a left eigenvector are non-zero.
The right-hand side is non-zero by assumption that H is unreduced and is finite by
construction. Thus the left hand side has to be non-zero.

Dividing equation (2.14) by equation (2.15) we obtain a useful characterisation
of the left eigenvector.

Theorem 2.20 (Construction of left eigenvectors) Let H € H(m). Let 0 be
an eigenvalue of H. Then § = § defined by non-zero 3(1) and the relations

(7’) XHi 1 (0)

= oo, Viem,
(1) 121 bty

is (up to scaling) the unique left eigenvector of H to eigenvalue 6.

W | e

Dividing equation (2.16) by equation (2.15) we obtain an analogous characterisation
of the right eigenvector.

Theorem 2.21 (Construction of right eigenvectors) Let H € H(m). Let 0
be an eigenvalue of H. Then s defined by non-zero s(m) and the relations

SG) _ Xtyean(0)
S(m) H;ij.l,.l hl,lfl

is (up to scaling) the unique right eigenvector of H to eigenvalue 6.

Vjem,

The last two theorems reflect the Hessenberg structure. Suppose the eigenvalue 6 is
given. Then the left eigenvector can be computed whilst computing the Hessenberg
matrix column by column, whereas the right eigenvector depends from the beginning
on on the whole matrix.

We apply the last two results to unreduced Hessenberg matrices that have been
constructed by Gram-Schmidt.

Equation (2.11) shows the relations between components of eigenvectors of H
and eigenvectors of A. Inserted into the two theorems we obtain the following
theorem:

Theorem 2.22 Let A € K™ ™ fulfil the conditions of Theorem 1.22. Let H €
H(m). Let AQ = QH.

Then
. 0.V . o (As .
(Vis qry1) = %(w&ﬁ and  (vi,qk—1) = Xfﬁih()<vian>
ITi=i P || (A
hold true.

Suppose A is diagonalisable. We multiply the first set of quantities by the right

eigenvectors,
k+1

H hig 1,000, Qrr1) = X, (Ai)vi(0i, qu)-
1=1
After summing up the equations we obtain the shorter and more familiar expression

k1
Qe+1 H hivig = X, (A)qr.

We obtained an explicit expression for the recurrence vectors g;.
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2.3.4 Mathematical Folklore

This section is concerned with a bunch of observations and rules of thumb on Hes-
senberg matrices. More precisely, we consider the shape of the eigenvectors and the
size of the eigenvector components.

What can be said about the absolute size of the entries of the eigenvectors? We
first consider zero entries, and then switch to small entries.

When a zero component occurs in a left eigenvector 57, we have seen that
the corresponding eigenvalue is also an eigenvalue of a smaller leading Hessenberg
matrix. At the same time a zero in a right eigenvector implies that the corresponding
eigenvalue is also an eigenvalue of the a smaller trailing Hessenberg matrix.

When switching to small components, we see that this remains true approxi-
mately. This has been considered in more detail in a previous section.

From now on we focus on the left eigenvectors. We have derived an explicit
recurrence for the components of left eigenvectors, which uses only the leading part
of the final Hessenberg matrix H and the exact final eigenvalue 6.

Suppose that H is well-conditioned, i.e., close to normal. Suppose that 6 is
well-separated from the remaining part of the spectrum. Then the polynomials
which form the basis for the recurrence are well-conditioned and prune to small
perturbations in 6.

In the generic case well-separated eigenvalues are well approximated by some
eigenvalues of some submatrices. The preceeding considerations imply that the
eigenvector components will be small when hitting the border of such a matrix.

The polynomial recurrences imply that the eigenvector components in the generic
case will be distributed logarithmically. The convergence history is stored in the
final eigenvector.

When we switch to clustered eigenvalues, the picture changes. We propose a
dynamic interpretation. In the beginning none of the eigenvalues will be approx-
imated well. When the first eigenvalue approximates the cluster, the eigenvector
corresponding to the approximation 6 will have small last components.

When the second eigenvalue becomes approximated, the polynomial will be very
sensitive to small perturbations. Both eigenvectors will look nearly identical. In the
beginning the size of the components will decrease until the polynomial becomes
sensitive. Then the size of the components will start to increase again. When two
approximations are close to the cluster, the polynomials become sensitive and so
forth.

Also in this case the convergence will be stored in the eigenvector components.
But in contrast to a simple eigenvalue, the point where the eigenvector has a max-
imum is the point where the leading submatrix will provide a good approximation
to the cluster.

The same holds true for the backward interpretation and right eigenvectors.

2.4 'Tridiagonal Matrices

Matrices that are upper and lower Hessenberg are tridiagonal matrices. All results
obtained thus far apply to tridiagonal matrices.
The elements of tridiagonal matrices will be denoted by

alr M

Ty = tridiag(8, a,y) = b
V-1
Br—1 i
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The dimension of T will in general be given by m. We extend all notation developed
for Hessenberg matrices to tridiagonals. In contrast to Hessenberg matrices we term
a tridiagonal matrix unreduced when all elements along the sub- and super-diagonal
are NoN-zero.

The eigendecomposition of general tridiagonal T" will be denoted by

TS=SJo < T=25Jg5"'.

In case of normal T the eigenvector matrix is unitary. In case of diagonalisable T
the Jordan form is denoted by the diagonal matrix ©.
Like before we define

S=95"  with ST = JoS” and SHS=8"S=1

as special left eigenvector matrix.
We collect the knowledge on unreduced tridiagonals as corollary.

Corollary 2.23 Unreduced tridiagonals are upper and lower unreduced Hessenberg
matrices. This implies the following:

o Tridiagonals are non-derogatory. This implies that normal tridiagonal matri-
ces have simple eigenvalues.

e The last and first components of the unique eigenvectors are non-zero. When
a component of an eigenvector s is zero, the trailing (leading) principal subma-
triz has the trailing (leading) part of s as eigenvector to the same eigenvalue.

e Knowing the final eigenvalue the eigenvectors can be computed with the aid of
trailing and leading submatrices, i.e., we have forward and backward expres-
sions for the eigenvector components.

Proof. The results follow by application of Theorem 2.14, Theorem 2.20 and The-
orem 2.21, since unreduced tridiagonals are upper and lower unreduced Hessenberg
matrices. [J

We considered the Gram-Schmidt process to construct a Hessenberg matrix H and
an orthonormal matrix ). The so-called two-sided Gram-Schmidt process uses two
sequences of vectors to project the matrix simultaneously onto an upper and a lower
Hessenberg matrix, i.e., onto a tridiagonal matrix.

Two-sided Gram-Schmidt assumes the existence of a matrix @) such that

Q'AQ=T & AQ=QT.

We define QF = Q~!. We consider the leading part of T, i.e., we assume that
T = T, is unreduced. We choose ¢; and ¢; with (G1,q1) = 1. We consider the
iterations

1Bk = Tk = Agr — Gl — Vh—1Qk—1,
AH CH _ AH ~H ~H
Ve+14p1 = T =4k A — G o — Gi—1Bk—1,

with 0k = (P, 78)-

This iteration may fail to produce unreduced 7. When A and T are self-adjoint
this process collapses to a single recurrence and is always executable.

The residual of prolonged left and right eigenvectors has a nice structure when
we use trailing or leading principal submatrices. A low rank structure occurs also
when considering prolonged eigenvectors of principal submatrices in the middle.
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Let T;.;, @ < j be a principal submatrix somewhere in the middle. Let the
eigendecomposition of Tj.; be given by

Ti:jSi:j = Si:jJi:j~

The residual when we apply the prolonged middle eigenvectors to T;, is given by

T
Th.i—1 Yi—1€i—1€7 0 0 0
T T
Bi—1e1e;_4 155 Vj€j—it1€] Si:j - Sii | Jisj
T
0 Biere;_i Tjt1:m 0 0

T T
=Yi—1€i-1€1 Si:j + Bij€j—1€;_;115i:j-

Essentially the same holds true for the prolonged left eigenvectors. We obtain in all
cases a low-rank residual. In other words:

Theorem 2.24 Let T = T,, € K™*™ be unreduced tridiagonal. Let the eigende-
composition of T and of a middle principal submatriz be defined as stated above.

The departure of the Tight partial eigensystem from the right exact one is given
by the low-rank matrix

0 0
Tm Si;j - Si:j Ji:j
0 0

T T
= Yi-1€i—1€1 Sij + Bjej—iv1€; Sij-

The departure of the left partial eigensystem form the left exact one is given by the
low-rank matriz

H H

AO A
Si;j Tm - Jz’:j Si:j
0

_ GH , T GH T
= fi1Sigereiq + 755 —iv1€511-

These results may be interpreted column-, row- and componentwise to give backward
bounds on single eigenvector approximations.

These results also give backward bounds on the eigensystem when the matrix is
prolonged to either direction.

They can be used to describe the setting in case of multiple eigenvalues. The
shape of the eigenvectors will reflect the number of eigenvalues close to each other.
Together with the polynomial evaluations of the eigenvectors in terms of submatrices
we observe that we can find a basis of eigenvectors that are non-zero only in a single
region.

In the consideration of the residual of prolonged eigenvectors of Hessenberg ma-
trices we obtained some useful eigenvector - eigenvalue relations. The complex
relations stated in Theorem 2.24 multiplied from the other side by the full eigenvec-
tor matrix again result in eigenvalue - eigenvector relations. We obtain the following
theorem.

Theorem 2.25 Let T = T, € K™*™ be unreduced tridiagonal. Let T;.; be any
principal submatriz with i < j. Let the eigendecomposition be given as T;.;S;; =
Ji:5 S5

Then the following relations hold among the eigenvectors, the prolonged eigen-
vectors and the Jordan forms. First we state the relation in terms of the full left
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etgenvector matriz and the partial right eigenvector matrix:

0 0
Jl:msf:[m Si:j - S{{m Siij Jiij
0 0

&GH T &oH T
= Yi-151m€i-1€1 Si;  +  BiSiime€i—i+1€;j Sij-

The corresponding result involving the partial left eigenvector matriz and the full
right eigenvector matriz is similar:

AO H AO H
Si:j Sl:mjl:m - Ji:j Si:j Sl:m
0 0

GH T GH T
= ﬂi—lsz’;jelei_lslzm + ’YjSi;jej—i+1ej+1slzm-

Again these relations may be interpreted colum-, row- and componentwise.

2.4.1 Mathematical Folklore

The size of eigenvector components and the shape of eigenvectors is also of interest
in case of tridiagonal matrices.

The residual bounds show that in case of small eigenvector components two
matrices, a trailing and a leading have eigenvalues close to the corresponding eigen-
value. The polynomial representation together with the stability considerations of
the polynomial evaluation ensures that there are eigenvectors of principal subma-
trices, that are candidates for eigenvectors with small residual.

Parlett was one of the researchers to find more rigid proofs. His work is restricted
to the case of symmetric tridiagonals. He proved that it is sufficient to compute
eigenvectors of some leading and trailing submatrices to obtain a nearly orthogonal
basis for the subspace, and furthermore to have a small residual when these vectors
are used as approximate eigenvectors.

He stated that it was better to use the bisectors as approximate eigenvectors.
This is natural, since their shape is better matching with the eigenvector represen-
tation in terms of characteristic polynomials of leading, trailing and middle subma-
trices.

2.5 Rectangular Matrices

We compute candidates for invariant subspaces column by column. The basis vec-
tors form rectangular matrices. In case of the methods using orthogonal bases the
resulting matrices will have orthonormal columns, or at least locally orthonormal
columns. Most methods result in basis vectors that have approximately unit length.

For reasons of completeness we state some basic results on relations between
singular values and singular vectors that can easily be obtained.

2.5.1 Singular Value — Singular Vector Relations

We are interested in rectangular matrices Q € K™**. Let the SVD of @ be given as
Q=Uswt, UclU(n), ek W euk).
We denote the short SVD by

Q=UXoWH, Uy e K™F 5, e KF*F,
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The short SVD is obtained by discarding the null-space.
Using the equation

(or 8) (G S )= G 5) (5 5)

we could obtain relations between the eigenvalues, i.e., the singular values, and the
eigenvectors, i.e., the left and right singular vectors. Here we have additionally
defined the matrices

X 0

Wy =(W 0) eK"”" and 21<0 0

> E K’I’LXTL.
This is possible and involved. There is a better approach which gives the same
results.

Another way of embedding singular value decompositions into symmetric eigen-
value problems is given by

QQ =wxHuufswh = wx?wH,
We set
A=Q"Q, V=W

Since A is selfadjoint, we observe that V= W, and thus V = W. The matrix of
eigenvalues is given by A = %2, Principal submatrices of A are given by

A= (Qujm1 Qi) (Qujo1 Qi)

and correspond to erasing one column in ). We denote the singular values of such
Q with jth column erased by 7.
Proceeding this manner we obtain that for a simple singular value o; the relation

‘w'l|2 _ HUZQ _0;2
S

and in case of a multiple singular value the relation

S gt = Heigm %~ %
gt - ¥ 92 95
t Hosgéo'l Ul2 - 02

hold true. We do not obtain relations on changes in the left singular vectors, but

they actually do not change. They change when we erase rows, and in this case we
can use the other representation, namely

¥2 0
A:QQH=U<O O)UH.

Here we have to be careful with the n — k zero eigenvalues.
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Chapter 3

Krylov Subspace Methods
in Infinite Precision

In this chapter we re-derive the commonly known Krylov subspace methods. We in-
troduce a general framework intended to fit the investigation of their finite precision
behaviour.

Having defined simple and block Krylov subspaces we study the properties of
different bases and representations. We introduce the fundamental notion of a
Krylov subspace decomposition, which will form the basis for our unified approach.
Then we turn attention to the actual methods.

We introduce Krylov methods divided according to their application. First we
dicuss the methods for the algebraic eigenproblem. Then we focus on methods used
in the solution process of sparse linear systems.

We restrict ourselves to the basic methods.

3.1 Krylov Subspaces

Krylov subspaces are named after Russian naval engineer Aleksei Nikolaevich Krylov
(*1863 — 71945). In 1931 Krylov published a paper (cf. [Kpsi31]) on a method to
compute the coefficients of the characteristic polynomial. In this paper Krylov
subspaces were used for the first time.

For more information on Aleksei Nikolaevich Krylov see (cf. [Bot, oMal).

Definition 3.1 A Krylov subspace, short Krylov space, is a subspace of K™ spanned
by a sequence of Krylov vectors, short Krylov sequence

Al Ae K™, qge K", kem,
We denote this (sub)space by
K=K(A,q) =K, =K (4, q) =span {q,Aq, A?q, ... ,Am_lq} c K™
The Krylov vectors can be computed iteratively,
Akg=A (Akflq) , k<m.
This leads to a sequence of nested subspaces
span{0} =Ko C K1 C Ko C...C Ky, AKp1 CKr VEkem.
The dimensions are bounded by

0=dimky <...<dimK,,—1 <dimK,, <m. (3.1)

7
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Definition 3.2 We refer to the matrix
K=K(A,q) =Kpn=Kpn(Aq = [q,Aq A%, ..., A" q) e K™,

whose columns span the Krylov space as the Krylov matriz. The Krylov vectors
are the columns of the Krylov matrix.

Krylov matrices characterise the vectors in Krylov subspaces. Every vector x in a
Krylov subspace Ky can be written as a linear combination of columns of Ky, that
is

reKy & x=Kyz, zecKk (3.2)

The dimension of a Krylov subspace is given by the rank of the Krylov matrix,
dim(/Cy) = rank(Ky).
Krylov subspaces are furthermore connected to polynomial spaces, we have
ey & z=pp_1(A)q, pr_1 € Pr_1. (3.3)

The coefficients of the polynomial pi_; defined in equation (3.3) are the components
of the vector z defined in equation (3.2),

k
Pro1(0) =21+ 4 208 =200 (3.4)
j=1

Lemma 3.3 Suppose dim(Ky) = k. Then equation (3.4) defines an isomorphism
g K — Pr_a

between the spaces Ky, the kth Krylov space, and Py_1, the space of polynomials of
degree less k.

The condition dim(Kj) = k is valid for k = 0. The bound (3.1) reveals that there
must be a first index m > 0 with

m = dim(K,,) = dim(Kpp41)-
Then we have equivalence

A"qek,y & Kn=Knpy VI0IEN
& AKX, = K.

Thus KC,,, is an invariant subspace of A. Furthermore we formulate the characteri-
sations using the Krylov matrix, (3.2), and the polynomial space, (3.3),

AMqeK,, & AMq=K,z
& Kni (12) -0
Aad pm(A)q =0, pmc P::~
We summarise the results obtained:

Theorem 3.4 Suppose m = dim(KC,,). The following conditions are equivalent:

dim(K,,) = dim(Kpq1) & AK, =K
& pm(A)qg=0, pmeP]. (3.5)

The index m is the dimension of the smallest invariant subspace of A that contains
the starting vector q.
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There is a unique index m with these properties. We will refer to m as the maximal
reachable dimension.

Krylov spaces are subspaces of K", thus m < n. Equation (3.5) shows that the
index m can be estimated by finding monic polynomials of small degree with

p(A)g=0 <= p(4)=0.

Well-known polynomials with the latter property are the characteristic polynomial
x4 of A (by Cayley-Hamilton) and the minimal polynomial p4 of A.

The stronger condition involving the vector g is precisely the definition of 14 4,
the minimal polynomial of A with respect to the vector q.

This gives us

Theorem 3.5 FEvery Krylov sequence ceases to expand the Krylov subspace after a
finite number of steps. More exact, as long as

k<m=degpa,q < degua < degxa=n,

we have that
k = dim(Ky) = rank(Kp).

The Krylov spaces defined thus far will be called simple Krylov subspaces.

We will also consider block Krylov subspaces. Block Krylov subspaces are ob-
tained in analogue to simple Krylov spaces, the only change being that ¢ is a block
vector.

Definition 3.6 A block Krylov subspace is a subspace of K™ spanned by a sequence
of block Krylov vectors
AFlg, Ae KV, qe K™ kem.

The number b denotes the block size.

The block size usually remains fixed. Varying block sizes occur when deflation is
used, i.e., when A*~1¢ becomes rank deficient.

The idea behind block methods is to capture multiple eigenvalues and clusters of
eigenvalues, since it is well-known that in this case the matrix of moments is better
conditioned than a single eigenvalue.

Many of the results obtained for simple Krylov subspaces can be extended to
results on block Krylov subspaces. Special care has to be taken for the dimensions
of matrices involved.

When speaking of a Krylov space we distinguish between simple and block
Krylov spaces only when necessary.

Having defined the spaces, we have to choose a representation, i.e., we have to
choose a basis for C,,.

3.2 Krylov Subspace Bases

In the following m = deg ;14,4 denotes maximal reachable dimension. The sizes of
matrices given occur when considering simple Krylov spaces.

A natural basis for the Krylov space is given by the Krylov vectors, i.e., by the
columns of the Krylov matrix.

In the sequel we will use somewhat sloppy the formulation ‘the basis X’ as
abbreviation of the more precise formulation ‘the basis formed by the columns of
X
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Definition 3.7 We will refer to the basis K, as the natural Krylov basis. We call
any basis QU™ of the Krylov space K,,, a (general) Krylov basis.

As we will see in the context of the power method, the first choice leads to a badly
conditioned basis. There exist various other bases, each has its own advantages.
The relation between a general and the natural basis can be expressed as matrix
equation
QUBM™ =K, B ¢ K™,

The transformation matrix B("™) is a non-singular matrix and Q™ and K,, have
both full (column) rank.
We additionally require any basis

e to be computed during execution of the (block) algorithm and
e to be such that the already computed basis (block) vectors remain unaltered.

The vectors spanning the general Krylov basis, i.e., the columns of Q,, = Q"™), are
denoted by gx, k € m. We define the submatrices

Qe =[q1,---,qx) YVEkem.
We are not free in choosing @,,. We have to ensure
Kr =span(Qr) Yk em. (3.6)
Suppose the relations between the bases Kj, and @, k € m are given by
QwB® =K, BW® ¢ KF<F,

Equation (3.6) imposes restrictions on the structure of the basis transformations.
Consider two subsequent basis transformations B®*), B*+1) We know that

Quit B* = Kyeyy = [Ky, A%q] = [QuB®, A%q| . (3.7)

Next partition Q11 and B*+1),

B+
Qr11B*Y = [Qk, grid] ( k. Gkl ) (3.8)
Tka1  Sk+1

Ignoring the last column in equation (3.7)

QkB;(ck-’_l) +@ur1riy = QuBY,
& Qk (B(k) - B](ck-‘rl)) = Qre1Thar- (3.9)
We partition the pseudo-inverse of Q1 as follows,
i QI
Q11 Qur1 = ( ¢ >[Qk,qm] . (3.10)
k41
Applying Q¥ to equation (3.9) leads to
I (B(’“) - B,‘f*”) =0, (3.11)

and as consequence
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Lemma 3.8 The basis transformations B¥) | k € m
QwB® = K,  such that Kp= span(Qy),

are leading principal submatrices of the basis transformation B,, = B™) | i.e., with
the notation of equation (3.8),

B,=B{ =B® vE<m,
The basis transformations are upper (block) triangular matrices, i.e.
R,=B, Vkem.

Proof. The first part is just equation (3.11) re-written. The second part follows
noting that the left-hand side of equation (3.9) vanishes, and thus

T
0= qr+17)41-

Keep in mind that gr4+1 # 0 and thus g1 = 0. O

From now on we will focus on iteratively computable bases, i.e., bases @Q,, satisfying
QmRm = Kma
with R,, non-singular upper (block) triangular.

Definition 3.9 A Krylov basis @, fulfilling the relation

with R, non-singular upper (block) triangular will be called a (block) Hessenberg
basis of IC,,.

The triangular structure is natural, since the kth basis vector g can only be a
combination of vectors available at step k. The proof, especially equation (3.10),
helps to answer the following question:

How to choose triangular basis transformations when we do not want to compute
the natural Krylov basis explicitly?

Remark 3.10 Sufficient conditions to ensure triangular basis transformations are
a) An orthogonal (orthonormal) basis @, i.e., Q,, such that

er{Qm = Dm (Q{—,{—LQm = Im)

holds true.
b) A biorthogonal (biorthonormal) basis Qy,, i.e., @m such that with a second
matrix Q,,

Qng =Dp, (Qng = Im)

holds true. )
¢) A basis @, such that with a second matrix @,

Qng =Ln
holds true where L,, is lower triangular.

Biorthogonality is sometimes called duality for reasons of brevity.
The most common used and from a numerical viewpoint favourable bases are
orthonormal bases.
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Definition 3.11 An orthonormal (block) Hessenberg basis @,

is referred to as (block) Arnoldi basis of ICp,.

The orthonormal Arnoldi basis @,, can (in principle) be computed by means of
(block) QR decomposition of K,,. This is of interest only for theoretical purposes.
The simple Arnoldi basis is unique up to sign. A block Arnoldi basis is unique
up to the choice of an orthonormal basis for each block vector. These are direct
consequences of the underlying QR decompositions.
The orthonormality condition

Qng = Iy
reveals that the upper (block) triangular matrix R,
KIK,, = REQNQ, R, = RER,,

is the (block) Cholesky factor of the (block) Cholesky decomposition of KX K,,.
This relates existence and uniqueness as well as stability of the (block) Arnoldi basis
to the existence, uniqueness and stability of a (block) Cholesky decomposition. An
Arnoldi basis always exists.

The orthogonality condition

QinQm = Dim
in similar fashion is related to the LDLT decomposition
KN Ky =REQEQmRy = R D Ry,
We remark that in case of selfadjoint A the matrix K K,, is a Hankel matrix.

Definition 3.12 A generalised orthonormal (block) Hessenberg basis Q.,,
is referred to as generalised Arnoldi basis of ICp,.

This generalised orthonormality will be of interest in the solution process of linear
systems. Frequent choices for Z include Z = A7 A, and if A HPD, Z = A.

Construction of a generalised Arnoldi basis is related to the Cholesky decompo-
sition

When we use two (block) Hessenberg bases Q,, Qm,
of two Krylov spaces IC,,, K,

Km =span(K,,) and K, = span(K,,),

with additional constraint that the two bases Q,,, @,, are biorthonormal,

we see that the (block) triangular matrices R,,, R,, are just factors of a (block) LR,
decomposition of the matrix

KiK., = REQPQ,.R,, = RER,,.
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This relates existence, uniqueness and stability of two bi-orthonormal (block) Hes-
senberg bases to the existence, uniqueness and stability of a (block) LR decompo-
sition.
Merely bi-orthogonal bases Q,, @m,
QanQm =Dn
lead to the LDMT decomposition
KMK,, = REQEQ,,R,, = RED,,R,,.

We remark that when K, = K,,,(4, q), and Ko = Ko (AH [ §), the matrix KﬁKm
again is a Hankel matrix.

Bi-orthogonal Hessenberg bases are important for the non-symmetric Lanczos
algorithms.

Definition 3.13 Bi-orthogonal (block) Hessenberg bases Qm, Qm,
QmRm =K, QmRm = Ama Qf@Qm =1,
of two Krylov spaces K,, and K,, will be referred to as (block) Lanczos bases.

We see that bi-orthogonal Lanczos bases need not exist (because of occurrence of
zero pivots in the decomposition, a so-called serious breakdown).

Remark 3.14 The connection of Arnoldi and Lanczos bases to matrix decompo-
sitions gives insight in the methods of Arnoldi and Lanczos to be defined later
on.

3.3 Krylov Subspace Decompositions

The sizes of matrices given in the following occur when considering simple Krylov
spaces.
We know that A maps the kth Krylov subspace Ky onto the (k + 1)st Krylov
subspace Kp41,
AR, C Kgy1- (3.12)

To be more precise,
lq, AKk] = K41

Inserting any two Krylov bases (not necessarily qgkﬂ) = q) gives

QU+ g+ {q, AQ™) B(’“)]

[q’AQ(k)} (é B(()k)>7

where the dimension of the identity matrix is given by the block size of the starting
vector. Since B*) is a basis transformation and thus non-singular we obtain the
marvellous relation

[q7AQ(k)] — QU+ plk+1) (é (B(’?))_l> _ (3.13)

This proves that we have computed a decomposition of the matrix [q, AQ(k)].
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Furthermore we have expressed the equation as one step of a recurrence in the
new basis vectors. The matrix representation of the subspace inclusion (3.12) in
the chosen bases is given by

AQW) = QD k) o) ¢ h+xk,

Expressed in equivalent rank-one update formulation,
AQH — Ql(ck-i-l)c(k) i qfi'iﬁ” <Q(k))T7 ok ¢ ghxk (g(k)>T c Kixk,

The matrices Q(k), C®) and the (block) vector ¢®) are defined by the relations

(j Q<k>> _ <§ (f(;ff))T) _ Bl (é (B(g))_1>_ (3.14)

Definition 3.15 Following Stewart ([Ste01]), we will call the subspace equation
AQ(k) _ Q(kH)Q(k)
a Krylov subspace decomposition, short a Krylov decomposition.

The connection given by equation (3.14) between basis transformations and Krylov
decompositions relates the existence, uniqueness and stability of the Krylov decom-
positions to the existence, uniqueness and stability of the basis transformations.

Remark 3.16 Two Krylov bases uniquely define a Krylov decomposition.
Use again the partitioning

(Q(kﬂ))T QUHY — (Q(k)>H |:Ql(qk+1) q(kﬂ)} =Ipp

(q(k+1))H il

of the pseudo-inverse of Q*+1),
The matrices C*) and C®) can be expressed in terms of basis vectors and the
system matrix A,

(@)’

(q(k:Jrl))H

ok _ (Qw))H AQP.

Matters simplify when we are restricting ourselves to Hessenberg bases.

AQ(’“),

Lemma 3.17 Choosing a (block) Hessenberg basis (with fized block size)

leads to a Krylov decomposition
AQm = chmv
AQr = Qri1Ch = QuCr + qrirchrirer YV k< m, (3.15)

where C), = Q(k) and C), = C*) are (block) Hessenberg matrices. Furthermore they
are leading (principal) submatrices of Cp, .
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Proof. Define
I 0

The basis transformations Ry of a Hessenberg basis are upper triangular matrices.
Thus X}, is upper triangular. The matrices C), (Cj) are defined as X, with first
column (and last row) missing. This shows they are (block) Hessenberg.

For the second part it suffices to show that X}, is a principal submatrix of X 1.
This is true, because for triangular matrices a) inversion as well as b) building prod-
ucts commutes with forming principal submatrices. [J

Definition 3.18 The Krylov decomposition (3.15) using a Hessenberg basis will
be called a Hessenberg decomposition.

Equation (3.13) reveals that a Hessenberg decomposition is related to the (block)
GR decomposition of a slightly extended matrix,

(¢, AQk] = Qk+1Rk11 (é (R;?)_1> . (3.16)

The characteristic polynomials of the matrices C} are of special interest in a
general Hessenberg decomposition. They give the explicit relation between the
starting vector ¢ and the basis vectors:

Theorem 3.19 The sequence of basis vectors qi of a simple Hessenberg decompo-
sition

AQm = chmv
AQk Qr+1C), = Q0 + chs1,kqeyrer YV k<m, (3.17)

can be expressed in terms of A, q and the characteristic polynomials of Cy,

k

gor1 [ ] ej1s = xe (A) g
j=1

Proof. We use induction. Trivially

g2C21 = (A - 0111) q1 = X, (A) q.

Assume
-1

aQ H Civ1,j =X, (A)q VIek.
j=1

Forming (3.17) ey gives

k
Agk = > @ik = Qri1Chi1k
=1

Using induction hypothesis, multiplying by
-1

k—1 k—1
H Cj+1,j = H Cj+1,5 H Cj+1,5
j=1 j=l

j=1
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we have to show that
k—1 k—1 .
(A= curD)xc, (A) = xer, (A) an [] ei415 = xon (A).
=1 j=l

But this is just the expression for the block-wise determinant of

A - 011] —021]

Ik@A*CE@I _ —0.12[ A—CQQI
: —cpk—11
—ClkI _CQkI oo A— CkkI

evaluated using Laplace expansion by last row. This block-wise determinant is well-
defined since A commutes with all polynomials in A. OJ

The question how to find a Hessenberg basis and thus a Hessenberg decomposi-
tion was already discussed in Remark 3.10. We will consider the first two variants.
Using the orthogonal Arnoldi basis

of the Krylov space we have
Ch,=Qf 1 AQr, Cp=QFAQ, Y k<m,

i.e., the matrices C}, are principal submatrices of a matrix that is unitarian similar
to A.

Definition 3.20 The Krylov decomposition using the orthogonal Arnoldi basis will
be called the Arnoldi decomposition.

Since the Arnoldi basis is a Hessenberg basis, we know that C} is a Hessenberg
matrix. This matrix is unique up to sign (see also Theorem 2.13), because the GR
decomposition (3.16) becomes a QR decomposition,

(¢, AQk] = Qrr1Rr 41 (é (R;?)1> .

The QR decomposition is unique up to sign.
The bases Q),, using merely Z-orthogonality,

QmRm = Nm, QgZQm =1,

lead to Krylov decompositions that look similar to a Arnoldi decomposition.

Definition 3.21 A Krylov decomposition using a Z-orthogonal basis will be called
a generalised Arnoldi decomposition.

This decomposition is unique provided Z is HPD.
Using two bi-orthogonal Lanczos bases Q.,, Qm,

QiR = Ki, QpRi =Ky,
of two Krylov spaces

Ky, = span(Ky), Ki = Span(f(k),
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we have R R
Ch = Q11 AQr, Ck = Q' AQy.

The matrices C}, are again principal submatrices of a matrix, but the similarity no
longer is a unitary one.
Furthermore, when we span the second Krylov space by A i.e.

’Ck = ’Ck(AH7 Cj) = Spa’n(Kk)a
both Cy, and CH = QF Ay, are (block) Hessenberg, i.e., Cy is (block) tridiagonal.

Definition 3.22 The Krylov decomposition(s) using two bi-orthogonal or dual
Lanczos bases will (both) be called Lanczos decomposition.

The Arnoldi, Hessenberg and Lanczos decompositions are often introduced in terms
of spaces and projectors.

The Arnoldi decomposition is based on orthogonal projection. The orthogonal
projector onto K will be denoted by Q, i.e.

Qrr € Ky
r—Qrr L K.

The orthogonal projector Qy of the Arnoldi decomposition is given by Q,QF.
General Hessenberg decompositions are based on oblique projections. The oblique
projector onto Ky, orthogonal to £ will be denoted by Py, i.e.

Prxr € /Ck
.’E—Pk.’t 1L ,Ck

For all Hessenberg decompositions it is possible to find a sequence of spaces L.
One could choose for example the spaces L spanned by the first & rows of the
pseudo-inverse of Qri1 (Qm).

In case of a generalised Arnoldi decomposition the space £y is given by Z K.
The corresponding oblique projector is given by QkaH Z.

In case of a Lanczos decomposition the space Ly is itself a Krylov space. The
oblique projector Py of a Lanczos decomposition is given by QkaH .

Remark 3.23 Our notation of orthogonal and oblique projectors is in diametrical
opposition to the notation used in the book of Saad ([Saa92]).

Orthogonal projection chooses the minimal element, i.e.
lz = Qrarl| = min flz —yl.

Krylov subspace methods are based on Hessenberg decompositions. Hessen-
berg decompositions can be implemented using the abstract algorithm presented in
Algorithm 3.1.

The computed Hessenberg decomposition is used to derive information on the
eigendecomposition or to compute approximate solutions to linear systems.

Practical Krylov methods often differ from the abstract algorithm in mixing up
the computation of the moments with purging the residual vector or only implicitly
performing the Hessenberg decomposition.

Krylov linear system solvers frequently require the solution of small Hessenberg
systems involving the computed Cj. A natural approach is to find a recurrence that
directly computes a decomposition of C}, instead of Cj.
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input : A, rg
output: Cy, Qf for all k € N
for k € Ndo
Normalise rg_1:
Q. — Th—1/Chk—1
Expand the Hessenberg basis:
Qr «— [Qr-1, ]

Expand the Krylov subspace:
T < Agp
for j € k do
Compute cj,
end for
Purge ry:
Tk < Tk — Zj q5Cik
end for

Algorithm 3.1: Generic Hessenberg decomposition

3.4 Krylov Subspace Methods

Definition 3.24 A Krylov subspace method, or Krylov method for short, is a method
that returns a sequence of approximations from a sequence of Krylov subspaces
]Ck, k € m.

This definition is slightly more general than the commonly used one. Our defini-
tion includes the power method and the subspace iteration in the class of Krylov
methods.

We can represent the approximations in any basis. Assume we have chosen to
use the Hessenberg basis @,

AQm = Qanu
AQy, Qit1Cr = QrCk + Grr1chiker ¥k <m.

The different Krylov methods result from different moments c;y.

For the moment lets assume we denote the sequence of approximations by y*),
k € m. The approximation y*) from the kth Krylov space K can be represented
in the Hessenberg basis @, as

y*® = Qps® YV kem.
Next we multiply the Hessenberg decomposition by s(*). This leads to

Ay®™ = AQps™ = Qu11C,s™ = QiCrs™ + grprchirpef s

This equation relates the action of A on y*) to the action of C) (Cy) on s,
For s*) to be computable we need to impose additional restrictions. This is
done by projection. Krylov subspace methods are composed of two components,

ie.
Krylov method = Krylov decomposition + projection

First we consider Krylov methods for the algebraic eigenvalue problem.
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3.5 Krylov Methods for the Eigenproblem

The latest (block) vector in the Krylov basis tends to approximate the dominant
eigenvector (invariant subspace). This feature is used to compute the dominant
eigenspace. This is done in the power method and its block variant, the subspace
iteration.

Part of the sequence of nested subspaces tends to approximate invariant sub-
spaces of A. Efficient methods for extracting this information are the methods of
Lanczos and Arnoldi. These methods are (bi)orthogonal projection methods.

The key idea in such projection methods is to solve a small eigenproblem ob-
tained by the projection

(A, 1) — (AQk, Qr) — (QF AQk, Q7 Q1) = (QF Q1110 QF Q)

of the pencil (A, I). The first step of this projection is the result of restricting the
space to K in the chosen Hessenberg basis.

The matrix Qk of the second projection step is introduced to balance the number
of unknowns and equations.

Sometimes a singular projection is used, this holds true especially in methods
that use only the last vectors generated. In this case only the eigenvectors corre-
sponding to non-zero eigenvalues of the projected eigenproblem are used.

We present an abstract formulation of a Krylov subspace method for the solution
of the eigenproblem. We assume the Krylov space to be spanned by A and the
(unnormalised) starting vector rg. The resulting algorithm is Algorithm 3.2.

input : A, rg
output: Cy, Q, Sk, Jék) forall k e N
for k € Ndo

Compute Hessenberg decomposition:
AQr = QkCk + Qrt1Ck+1,16r
Compute projection of pencil:
Qf (A, DQr = (QFf Qi1 Cy,, Q' Q1)
Compute eigendecomposition:
QFQp11C, Sy, = QkHQkSkJ(E)k)
Compute approximate eigenvectors:
Yy — QrSk
end for

Algorithm 3.2: Generic Krylov eigensolver

Since in general the simple eigenproblem is easier to solve, we intend to use an

orthonormal or bi-orthonormal projection matrix Q. This leads to the simpler
algorithm in Algorithm 3.3.
In most Hessenberg decompositions defined thus far we explicitly know how to
choose Qk In the Arnoldi decomposmon we use Qk = @y, in a generalised Arnoldi
decomposition we use Qk = ZHQ;, and in case of a Lanczos decomposition the
bases Qk, Q. are bi-orthonormal by construction.

In any of these cases the projected pencil

(QFAQk, QF Q1) = (QF Qr41Cy, QF Q1) = (Ci, 1)

has a very simple structure. We have to solve a simple eigenproblem involving the
matrix C} of the Hessenberg decomposition.
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input : A, rg
output: Ci, Qr, Sk, ch) for all k € N
for k € Ndo

Compute Hessenberg decomposition:
AQr = QrCl + Qkt1Cr1,k€]

Compute eigendecomposition:
CiSi = S

Compute approximate eigenvectors:
Yi < QrSk

end for

Algorithm 3.3: Bi-orthonormal Krylov eigensolver

In case of an orthogonal projection C is the result of a Ritz-Galerkin method.
For this reason we define

Definition 3.25 The eigenvalues of C} resulting from (bi)orthogonal projection
are named Ritz values and the prolonged eigenvectors are named Ritz vectors. The
characteristic polynomials

XCh, (9) = det (01 — Ck)
of the Hessenberg matrices C}, are labelled Ritz polynomials.

The Ritz polynomials are sometimes also called Lanczos, Hankel or Hadamard poly-
nomials.

Krylov subspace methods are polynomial methods. The polynomials chosen to
built a new basis vector are just the characteristic polynomials of the Hessenberg
matrices C. This obviously follows from the recurrence relation of the basis vectors.

3.5.1 The Power Method

The power method is one of the oldest methods known for computing eigenvalue
estimates. It uses the natural Krylov basis with additional scaling to avoid underflow
and overflow. We denote the scaled Krylov vectors by ¢k, and the decomposition
by

AQy = Qr+1N,, = Qu Nk + vpqyiref, ¥V keN. (3.18)

The matrix Ny, takes care of the normalising factors v; and is given by

0 0
%1 0
Nk = Vo
. 0
0 Vi1 0

For regular A and non-zero ¢ this recurrence can be carried out for all k € N.
We use a singular projection to obtain a smaller eigenproblem. We project the
Hessenberg decomposition with the singular matrix

N H
Of = [0,...,07%} e Kkxn,



3.5. KRYLOV METHODS FOR THE EIGENPROBLEM 91
This leads to the small (singular) pencil
(0F 4@, QffQr) = (QF QuiiN,, Qff k)

= (o, wattu) (o, aa))
QN1 vk ai )\ @ Qe af ar

The only non-trivial solution is the last unit vector s = er. This leads to the
approximate eigenvector

Y = Qrsp = Qrer = qx.

The approximate eigenvalue is given by

0, — VkaQkH i QEA%
L=

af qr alqp ’

which is just the Rayleigh quotient of yi = gy.

A variant of the power method is given with Algorithm 3.4. In this variant the
recurrence vectors are normalised to have unit length. Another frequent choice is
normalisation by largest entry.

input : A, rg
output: Ny, Qp for all k € N

for £k € Ndo
Ve—1 < [[re—1]|
gk 7”1%1/ka1
T — Agy
Ok — (q> k)
end for

Algorithm 3.4: Power method

We assume A not to be nilpotent and the starting vector not to be contained in
the null-space of A. Once invoked, the power method will continue forever.
Given A and gy, the Rayleigh quotient 0, of ¢; minimises the residual

Aqr — qr05

with respect to Euclidian norm. Simultaneously the residual is orthogonal to the
approximate eigenvector qi. This is obvious by derivation, but is also an intrinsic
property of the Rayleigh quotient.

We now focus on the rate of convergence to an eigenvector. Defining ¢ = ¢
to be the normalised rg, the recurrence of the basis vectors can be stated more
condensed as

k
qk+1 H vj = AFq (3.19)
j=1
The power method is a monomial method.

There are two ways to analyse the behaviour of the vectors qi. The first way is
to insert the Jordan normal form of A,

A=VJ\V =V VE,

into equation (3.19). This results in

k
G [[ i =V () V=V (Ja) Vg

j=1
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Remark 3.26 We can choose the Jordan decomposition such that we have at most
one Jordan block with non-zero part V¢ for every eigenvalue.

We first analyse the behaviour for a single Jordan block Jy = Jx. We assume
w.l.o.g. that k > [, where [ is the size of the Jordan block. Define

Z®) = ().

The matrix Z*) is upper triangular.
Suppose s > i. The components of the upper triangular part of Z®*) are given

by
(k) kN \k—i
Rii+i (z) A

. k s 5(5—1).....(i+1))\s—i
(s)Ak (k—i)(k—i—1)-----(k—s+1)

= (k> NSO ).

S

Choose s to be the largest index such that the corresponding part of VH q is non-
zero. This part behaves asymptotically like

k
(( )Ak_s) (0(1) O(k™Y) - Ok,
S
Apart from normalisation, this vector converges to the first unit vector e;. The
part corresponding to the subspace associated with the eigenvalue A converges to
the unique eigenvector.

Next consider two Jordan blocks of two eigenvalues different in absolute value,

w.lo.g. labelled |A1] > [Az,
)\1 k—s1 1 S1—S82
O(kr7°2) | — —
( ) (A2> <A2>

() (Cp) |
oo )

The part corresponding to the eigenvalue smaller in absolute value vanishes.

The vectors generated converge to a mixture of eigenvectors corresponding to
maximal |A|. If only one eigenvalue of maximal modulus exists, the method con-
verges to the corresponding eigenvector.

When there are several distinct eigenvalues of maximal modulus,

Al = X2l =... =N,

we often observe periodicity and quasi-periodicity in the computed vectors (cf.
[KGLI7)).
Another way is to insert the Schur decomposition,

k k
k
gt [[ri=U M+ N Ug=U <Z <Z>AlN’”> Utly.
j=1 1=0

The matrix IV is a nilpotent matrix which is zero in case of a normal matrix. Again
we observe convergence to the eigenvector(s) of maximal modulus.

Remark 3.27 We see that non-normality (i.e., huge N*~! compared to A') causes
late convergence of the method and huge intermediate quantities.
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If the eigenvalue largest in absolute value is simple, and there is a substantial gap
between the first two eigenvalues, we observe fast convergence. When all eigenvalues
are simple and well separated in absolute value we can use deflation to compute one
eigenvalue after the other.

The power method can be applied to shifted and inverted A. In this case the
power method is called inverse iteration. The shifts may vary from step to step
since the eigenvectors remain unaltered by shifts. This idea is due to Wielandt and
was analysed mainly by Wilkinson. Some history of Wielandt’s and Wilkinson’s
work on the power method and inverse iteration may be found in three articles by
Ipsen (cf. [Ips96al, [Ips96b], [Ips97]).

The power method delivers estimates to one eigenvalue. Yet the decomposition
does contain more information on A. Assume the Hessenberg decomposition (3.18)
is available. Assume further that & < m, such that Q has full rank. Multiply
(3.18) from the left by QL to obtain

QL AQ = Ny + vk Qlar 1eF.

For simplicity assume further that we do not use any normalisation, i.e. Q@ = K.
This leads to a unit lower diagonal in Ny and thus K ,];AK k 1S a companion matrix.

Remark 3.28 The coefficients of the characteristic polynomial of K ,IAK L are re-
lated to the Krylov basis via

Xicar, (0) = 0F — a0 — a2 ol € B,
Lar,

where a*) = K;Akq, i.e., the coefficients minimise || Ka(®) — A¥q].

As we will see, the roots of these polynomials approximate eigenvalues of A. The
pseudo-inverse becomes economic when using an orthonormal basis. The method
we sketched here is the Arnoldi method. A related derivation of the Arnoldi method
is given in the books of Demmel ([Dem97]) and Meurant (cf. [Meu99]). The latter
grants it to C. Vuik.

3.5.2 Subspace Iteration

The power method works best for matrices with a large gap between largest and
second largest eigenvalue. If this gap is small, a better alternative might be the
block power method, better known as subspace iteration, also known as simultaneous
iteration.

Subspace iteration performs block Hessenberg decomposition

AQr, = Qry1Ny, = QuNi + qrviel YV keN.

The Hessenberg decomposition computed in subspace iteration is similar to the
Hessenberg decomposition computed in the power method, but now Ny is a block
matrix, the normaliser v}, is a small matrix and the vectors g are block vectors.

To maintain linear independence a factorisation of the block vectors is used.
The first code developed in 1957 by Bauer is known as ‘Treppeniteration’ (stair-
case iteration) and was based on the LR decomposition. When a complete set of
vectors spanning K" is used, this code was superseded 1958 by the LR iteration
by Rutishauser. The next step was to use orthogonal transformations, i.e., the QR
decomposition, which resulted 1961 in Francis’ and Kublanovskaya’s QR iteration.
Both the LR and QR iterations work on a full set of vectors and are considered to
be direct methods.
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The subspace iteration code used today, for example SRRIT (cf. [BS97]), per-
forms a QR decomposition of the block vectors Ai***qy,

it
Qer1ve = A" qg.

Additionally a Schur decomposition is applied from time to time, such that the
columns of ¢ tend to approximate Schur vectors. Without this Schur step the
block vector ¢ will tend to approximate a random basis of the invariant subspace
of maximal modulus.

When the decomposition step is left out to often, i.e., when iter is to large, the
block vector g may become badly conditioned regarded as basis.

3.5.3 The Arnoldi Method

The Arnoldi method is simply the computation of the Arnoldi decomposition

AQm = QmHma
AQr = Qri1H, = QpHy + hir1 kqrrre; Yk <m, (3.20)

of the Krylov space IC;,. In the following Hj will always denote the Hessenberg
matrix obtained in the Arnoldi decomposition.

One algorithmic implementation of the Arnoldi method, to be precise, the vari-
ant where modified Gram-Schmidt is used to orthogonalise the basis vectors, i.e.,
MGS-Arnoldi, is given by Algorithm 3.5.

input : A, rg
output: Hy, Q for all k € N

for £k € Ndo
hi k-1 — ||re—1]|
Gk — Th—1/Pk k-1
Tk — Agy,
for j €k do
hjr < (qj, k)
Te < Tk — Qi
end for
end for

Algorithm 3.5: Arnoldi method (MGS variant)

This algorithm is an example of mixing up the steps of computing the moments
with the purification of the residual vector. This change corresponds to choos-
ing MGS (Modified Gram-Schmidt) instead of CGS (Classical Gram-Schmidt) as
orthogonalisation technique.

As first observation concerning the domain of useful indices we state:

Theorem 3.29 (breakdown of the Arnoldi method) The Arnoldi method is
applicable as long as

dim () =k <m=degua, < degus <n.

The subspace spanned by Q. is an invariant subspace of A, and all eigenvalues of
H,, are eigenvalues of A.

Proof. The first part is trivial. Let the Jordan decompositions of Hy, k € m be
given as

H,S® =8s®J8) vk em.
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Define the matrices of generalised Ritz vectors
Y =Q,,S* Vkem.
The algorithm breaks down in step m with hy,,11,, = 0. In this case
AQp = QuH,, =AY —y(m jim,

Hence all eigenvalues of H,, are eigenvalues of A. [J

Even when hj1 5 is far from zero, parts of the eigensystem
k k k
J(Sj)v Y(k):[yg )77y1(§) )

of Hy, might deliver good approximations.
Suppose k fixed. We can measure how well the jth right Ritz pair

9]' = 0§»k), Y; = kaj = kag‘k)a Cij = Sj0j7

approximates a right eigenpair without forming ¥ = Y (*), Multiplying (3.20) by
s; leads to
Ay; —y;0; = Qi (Hisj — 570;) + hioget oGrr1 Skj-
Taking norms we obtain
[ Ay; = yi0; 1l = hks1 k5]
Keep in mind that
lgrall =1 and  [ly;ll = |Qrs;ll = lls;ll =1

by construction. We can also think of a component-wise bound, since simple appli-
cation of component-wise absolute value leads to the similar bound

|Ay; — yi0;] = |Prks1,x5k5] - |qhs1] -

It turns out that for outliers the size of the residuals |hgy1 kSk;| very soon
becomes negligible.
The Ritz value is the Rayleigh quotient of the Ritz vector,

yi'Ay; —0; =yl (Ay; —y;6;)

= y;IQk+1hk+1,k5kj
= Y Qf qry1hus1 ek = 0.
We present the results in matrix formulation:
Theorem 3.30 The approximation error of the kth Ritz decomposition
k
Y® =@Qus®, g,

is given by a rank one matriz composed of the residual of the Arnoldi decomposition
and the last row of S,

Ay — Y(k)Jék) = Qe ket ST

The Jordan matrix of Hy, is the generalised Rayleigh quotient

(y(k))TAy(k) _ <5<k>>‘1 QF AQrs™® = 7).
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As we have already shown in the section on the power method:

Remark 3.31 The coefficients of the characteristic polynomial of Hy are related
to the Krylov bases of subsequent steps via

X, (0) = ok _ agk)gk—l _ agk)ek—Q L a")(1k)>
where

a®) = K,];Akq.

We know that application of the pseudo-inverse delivers the solution with minimal
(2-norm) residual

|A*q — Ka™ || = min. (3.21)
We use the correspondence of polynomials in A and vectors in the Krylov space to
obtain

Abqg— K,a®| = min |A%q — Kral| = min | K ¢
4% = Kra™|| min [[A%g — Kyal| = min [[Kypa |0 )|
= min |pe(A)q]l = Ixm, (Al (3.22)
PrEP

Equation (3.22) proves:

Theorem 3.32 (minimisation property of the Arnoldi method) The
Ritz polynomials computed in the Arnoldi method minimise

k k
LT R0 = llaker TT Airsll = lxm (Al = min_|[px(A)gl| (3.23)
j=1 j=1 prEPS

over the space IP’,f of all monic polynomials of degree less equal k.

We re-state that we can interprete one step of the Arnoldi decomposition as QR
decomposition

_ 17 (1 0
[Q17AQWL] - [qlaAKmRm} - Km-‘rl (0 Rm1>

1 0
= Qm+1Rm+1'<0 le)

of the matrix [q1, AQm].
Recall that the Hessenberg matrices Hj and H, of the Arnoldi decomposition
are defined by

_ (e Hy, B (1 0
lex, ] = (0 hk+1,k-e{) = Rt <0 R;l) ' (3.24)

These two observations are important in the analysis of the finite precision be-
haviour.

We know that the Arnoldi method delivers Hessenberg matrices. The next
remark clarifies the interplay between Hessenberg matrices and the Arnoldi method.

Remark 3.33 Every unreduced upper Hessenberg matrix can be inserted into an
Arnoldi decomposition,

HmIm = ImHm7
HmInL,k = Im,k—‘—lﬂk = Im,,ka + hk+1,ke%1 VE<m.
This is achieved for unreduced lower Hessenberg matrices by choosing a flipped

identity. This reveals once again that all unreduced Hessenberg matrices are non-
derogatory.
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This remark helps to predict the observable behaviour.

The Arnoldi method was originally based on Lanczos ideas. It was developed
by and named after Walter Edwin Arnoldi (*1917 — 11996). Arnoldi published his
method in 1951 (cf. [Arn51]).

Saad also considered a block variant of the Arnoldi method. In this method the
matrix Cy, = Hj, becomes block Hessenberg (cf. [Saa80]).

3.5.4 The Symmetric Lanczos Method

The symmetric Lanczos method is Arnoldi’s method applied to selfadjoint matrices.
When the Arnoldi method is applied to a selfadjoint matrix A = A", the Hessenberg
matrix obtained must be selfadjoint, i.e., tridiagonal, since

Hy=QfAQr = H' =T}

is selfadjoint and tridiagonal.

The symmetric Lanczos method differs from the Arnoldi method in three re-
spects. First, the low storage costs. We only need three basis vectors and three
moments per step. Second, the preservation of structure. This implies that both A
and T} have an orthogonal eigenbasis. Third, its connection to orthogonal polyno-
mials.

Like the Arnoldi method, its epigone, the symmetric Lanczos method, can be
written as Arnoldi decomposition

AQm = Qme7
AQr = QriiTy = QiTh + Brdrsrer ¥V k <m. (3.25)

The matrix T} is composed of recurrence coefficients,

ay B

Ty, = tridiagy (6,0, 0) = | 7' 2
- Br—1

Br-1 (73]

We now state an algorithmic implementation of the symmetric Lanczos method
with Algorithm 3.6.

input : A, rg
output: Tj, Q for all k € N
go <0
for k € Ndo
Br—1  llre—1l|

Gk — Tr—1/Br—1

T — Agy

ok < (qk, k)

Tk < Tk — QpQr — Br—1qr—1
end for

Algorithm 3.6: Lanczos method (symmetric variant)

The matrix T} obtained in Algorithm 3.6 is an unreduced selfadjoint tridiagonal
matrix with real positive off-diagonal elements.
All results obtained for the Arnoldi method hold:
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Theorem 3.34 (breakdown of symmetric Lanczos) The symmetric
Lanczos method is applicable as long as

dim(Ky) =k <m=degpa,q, <degpa <n.

The subspace spanned by Q. is an invariant subspace of A, and all eigenvalues of
T, are eigenvalues of A.

The selfadjointness has consequences on the approximation error:

Theorem 3.35 The approximation error of the kth Ritz decomposition
vy k) — ng(k)7 @(lf)7

is given by a rank one matriz composed of residual of the Arnoldi decomposition
and the last row of the unitary S*),

AY® _y®e® — g, 8l SH),

The matriz of Ritz values is the generalised Rayleigh quotient
(y(k))H Ay — o)

Furthermore we can bound the distance to the nearest eigenvalue,

[ Ay; — ;6]

A=b;] <
A= o]

= 1Bkskiart1ll = 1Brski| < |Bl-
The minimisation property holds:

Theorem 3.36 (minimisation property of symmetric Lanczos) The
Ritz polynomials computed in the symmetric Lanczos method minimise

k k
IT 1851 = llgrsr TT 851l = Ixzc(A)g) | = min [[px(A)g]
j=1 j=1 PrEP;

k

over the space IF’,f of all monic polynomials of degree less equal k.

The connection to orthogonal polynomials is a direct consequence of the three-
term recurrence and the orthonormality of the basis vectors:

Theorem 3.37 (orthogonality of the Ritz polynomials) The sequence of char-
acteristic polynomials xr = x1, Ssatisfies the three-term recurrence

Br1Xk+1(A) = (A = ag) xk(A) = Brxp—1(A).

The polynomials x1. are orthogonal with respect to the inner product

(Xks Xj)s = /EXJ' du. (3.26)

This inner product is a Stieltjes integral with integrating function

u\) =Y

%

o " HO - ).
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Proof. This is merely a change in notation. We define the Stieltjes integral
H 2
[ rovaun = " =3[l £,
This integral has the integrating function

u(A) = Z

%

o q> HO = \).

We can interprete the integral (3.26) as Rayleigh quotient of a matrix function,
k !
/HM du=q"xi (AN =o' a 1] 55 ][] 8-
j=1 j=1

The orthonormality of the recurrence vectors simplifies the last line to

K
/EXI du =i ] 18,

Jj=1

which proves the orthogonality of the polynomials ;. O

The symmetric (and non-symmetric) Lanczos method was developed by and
named after Cornelius Lanczos (Kornél Lowy, Kornél Lanczos, ¥*1893 — 11974). He
published two papers (cf. [Lan50, Lan52]) on ‘the method of minimised iterations’.
These papers formed the basis for a variety of Krylov methods, the most prominent
among them the symmetric and non-symmetric Lanczos method as well as some
form of BiCG.

Blocked and banded variants of the symmetric Lanczos methods have been con-
sidered by Ericsson and Ruhe, by Underwood and Golub, by Cullum and Donath
and by Parlett and Kahan (cf. [ER80, Und75]).

3.5.5 The Non-Symmetric Lanczos Method

We have defined two orthogonal projection methods. The Arnoldi method applies
to general matrices, but uses long recurrences. The symmetric Lanczos method uses
short recurrences, but applies only to selfadjoint matrices.

Using an oblique projection method it is possible to obtain a method that re-
covers short recurrences and applies to general matrices. This method is the non-
symmetric Lanczos method.

The non-symmetric Lanczos method relies on a Lanczos decomposition and cor-
responds to a Petrov-Galerkin approach. The Lanczos decomposition is based on
two Krylov spaces K and K, usually

ICm = ICm (A’q) = {Q7AQa"'7Am_1q} ’

Kn = Kum(A%,4) = {3,A%G,...(AT)"""g}.
The starting vectors are assumed bi-orthonormal, i.e., §7q = 1.

We already noted that the matrix C,, resulting from the oblique projection
underlying the non-symmetric Lanczos method is tridiagonal, T}, = C,,. In contrast
to the symmetric Lanczos method T, is a general tridiagonal matrix.

We denote diagonal elements by ay, sub-diagonal elements by (5 and super-
diagonal elements by g, i.e.

ar M

T, = tridiag, (3,0,7) = | 7'
TYm—1
ﬁm—l O



100 CHAPTER 3. KRYLOV METHODS IN INFINITE PRECISION

The resulting Lanczos decomposition

AQm = Qme7
AQr = QriTy, = QrTr + qri1fBrer Yk <m, (3.27)

need not exist due to breakdown of the underlying LR decomposition of the Hankel
matrix. Assume for the moment that no breakdown occurs.

The non-symmetric Lanczos method also computes a second Lanczos decompo-
sition. This Lanczos decomposition is related to A%,

AHQm = Qmea
ARQ, = QuaTy = QuTy + Griafrel Yk <m. (3.28)
For reasons of readability we introduced the matrices Tk = TkH , k € m. The

elements of T’f are denoted with a small hat, and correspond to the elements of T}
by & = ag, B =7k and J = Br.

This is also a more general form, where we allow for non-bi-orthonormal bases.
In this variant the computed bases @i, Qi are bi-orthonormal, i.e., such that

QanQm = Im

holds true.
We are now able to state an algorithmic implementation. The general algorithm
for a non-symmetric Lanczos method is given with Algorithm 3.7.

input : A, rg, 7o
output: T), Qp, Qy for all k € N
g 0, Go<0
for k € N do
Br—1Yk—1 — (Pk—1,Tk—1)
ak — Th—1/Br—1
Gk — Tr—1/Tr—1
Ty — Agy
P — AH g,
ar — (Qr, k) = (Tk, Q)
Tk < Tk — Opqk — Yk—149k—1
P T — Qe — Br—14r—1
end for

Algorithm 3.7: Lanczos method (non-symmetric variant)

We have some freedom in choosing the off-diagonal elements (5, and 7. All we have
to ensure is that the relation

Bryk =7 I}j Tk
holds true. The most common choices, and their advantages and disadvantages, are
collected in the following remark:

Remark 3.38 a) Setting

SH
Tk Tk

ﬂk: Tkl k = ’
Irell, e

ensures that the columns of Q; have unit length. The columns of Q) can vary in
magnitude.
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b) Setting

~H

R T Tk
Br =/ |PErk], =,
Br

ensures that the columns of @ multiplied by |yo| and the columns of Qr multiplied
by |Bo| have the same length.
c) Setting

B = lIrell, vk = IFkll,  wi = 7rs

with additional diagonal matrix 2 ensures that the columns of Qi and the columns
of Q. have unit length.

This last variant leads to a new algorithm. This algorithm uses the Lanczos
decomposition

AQr — Qi ' Ty = Brgriier
AT Qr — Qu (Q—k)_l T = Vwdenref,
obviously with different tridiagonal T}, given by
aip WM
T, = w21 a2

WEVk—1
wiBr—1 ay

Projection leads to the pencil
(A, 1) — (QF AQy, QF Qx) = (U0 ' Th, Q) = (T, ).

We have to solve a general eigenvalue problem (a matrix pencil). This variant is
due to Day. The implicit scaling can also be used to scale the vectors differently.

The three choices have no influence on the breakdown of the method:

Theorem 3.39 (breakdown of the Lanczos method) The non-symmetric Lanc-
zos method breaks down in case

~H
Trpa1Tm+1 = 0.

Two cases of breakdown can be distinguished. The first is the case of a lucky break-
down
fme1 =0  or 71y =0.

In this case we have computed a left or right invariant subspace of A. All eigenvalues
of Ty, are eigenvalues of A. Additionally we can compute the corresponding left or
right eigenvectors.

The second is the case of a serious breakdown

~H o
Frt1Tm+1 =0 and g1 # 0 # T
In this case the algorithm can no longer be continued using short-term recurrences.

The residual of an un-normalised Ritz pair can be measured with the use of
computed quantities:

Ay; — Y05 = Brqr+15k;-
Since @y in general will be non-orthogonal, this gives only a crude estimation of

actual convergence. Nevertheless the right-hand side still gives the backward error
of the un-normalised Ritz pair.
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Remark 3.40 We have a one-to-one correspondence between Krylov subspaces
built with A” and Krylov subspaces built with A”. By inspection

Ko (A7,4) = K (AT, G).
Under mild circumstances this holds true even numerically.

Spanning the second Krylov space with AT instead of A¥ does not impose restric-
tions on the class of possible algorithms.

It is possible to extend the non-symmetric Lanczos method to deal with serious
breakdowns. This can be done by threshold pivoting in computing the LDMT
decomposition of the Hankel matrix.

Methods that try to cope with the occurrence of serious breakdowns are known
as Lanczos with look-ahead. Look-ahead leads to block tridiagonal matrices Ty with
varying block-size. A blocked variant of the non-symmetric Lanczos method named
ABLE has been considered by Bai, Day and Ye (cf. [BDY99)).

The symmetric Lanczos may be extended by using so-called J-Symmetry. When-
ever we have a relation of type

AJ =JA"  or AJ = JAT

we can construct the second basis without using A# or A”. Explicit knowledge of
the matrix J allows to generalise the symmetric Lanczos method to a method for
symplectic A, skew-symmetric A and so forth.

3.6 Krylov Methods for Solving Linear Systems

Krylov subspace methods seek approximations from a Krylov subspace. Suppose
that we already have an approximation to A~'b, i.e. & ~ A~'b. If such pre-
information is lacking, set & = 0.

We can think of a transformation of the linear system to the new linear system

The solution of the system Ay = b is given by y = & + x. We choose the starting
vector ¢ = ¢; in direction of the residual ro = b — AzZ.
Suppose we have chosen a Hessenberg decomposition

AQm = chm;
AQr = Qrn1Cj = QrCr + qk+1ck+1,ke;‘f VkE<m

of the Krylov subspace K, (A4, q).
The kth approximation xj € Ky for x = A~1ry can be expressed in terms of the
new basis,
Ty = kak, 2k € Kk

The task is to find a computable expression for zy.
There are essentially two approaches. The first is related to the matrix Cj,

—TrE = AfL'k- —To == AQk:Zk - leIHTOH

Qr(Crzi — e1||rol]) + Qug1Chr ik 2k

We partition the pseudo-inverse of Q1 as follows,

H

Q;HQkﬂ = (qQk ) (Qk, Q1) = Ty

k+1
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We apply QkH to the left. This yields

—Qfr), = Cyzy, — exlro]-
When we set
2z = Cp ea|roll,

we annihilate the projected residual. This is a Galerkin approach. To be more
precise, we projected the linear system onto a smaller linear system

(A,70) (AQr; Qkllroller)
(Q4 AQw, Qi Qrllroller) = (Ci, [Irolle),
using a second matrix Qg (bi)orthogonal to Q.

The kth residual r; of the transformed system Ax = rg is the residual of the
original system Ay = b, since

—
—

rp =19 — Az =b— A(Z + 1) = b— Ays.

Here we used the short-hand notation y = T + xk.

When the spaces spanned by @ and Qk are equal, this is known as a Bubnov-
Galerkin approach. When the spaces spanned by Qj, and @y, are different, this is
known as a Petrov-Galerkin approach.

In case of a Bubnov-Galerkin approach usually the same basis is used, i.e.,
Qk = Q. Furthermore usually an orthonormal basis is chosen.

Definition 3.41 Methods using the Bubnov Galerkin approach with orthonormal
Qr are termed OR (orthogonal residual) methods for obvious reasons.

Methods using the Petrov-Galerkin approach with bi-orthonormal or dual Qk
and @y are termed QOR (quasi-orthogonal residual) methods.

We remark that when A is HPD, we can interpret the OR orthogonality
(Azp —r0,y) =0 Vye Ky

as minimisation in the A-norm.

The second approach is related to the matrix C,. For this reason we re-name the
coordinate vector, the approximate solution and the residual z;,, z,, r;,, respectively,
1= Az, —ro = AQkzy — Qr1e1|roll

= Qr+1(Crzy, —exllrol))-

When we set
2, = Clexllroll,

we minimise the residual of the small overdetermined system
Chzy —ellroll.

This approach corresponds to the projection of the linear system onto the overde-
termined system

(Aro) = (AQu, Qellroller)
— (QF14Qu Q1 Qulroller) = (e lrollen).

Afterwards the solution with minimal residual is computed.
This minimisation does not necessarily minimise the true residual, since we only
have validity of the following,

| =il = [[Azy — 7ol < Q41 llCyz), — exlirollll-
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Definition 3.42 Methods using the projection onto an overdetermined system and
the minimisation approach as stated above are termed QMR (quasi-minimal resid-
ual) methods.

When the matrix ) is orthonormal, the true residual is minimised. QMR
methods using an orthonormal basis @, are termed MR (minimal residual) methods.

The MR approach computes z; with
|AQkzr — 70|l = min ||AQxrz — ro|.
z€Kk

We remark that this condition is equivalent to the residual being orthogonal to
AKy, i.e., to the QOR approach

ro — Al‘k 1L A’Ck(A,q)

The relations between OR and MR, or more general between QOR and QMR, have
been considered in more detail. We state two approaches.

Remark 3.43 When changing the inner product, MR (QMR) in general can be
interpreted as special form of OR (QOR) (cf. [EE99]).

When applying residual smoothing to an OR (QOR) method, we obtain a MR
(QMR) method (cf. [Wei94, SW95]).

The OR and QOR approaches rely on the iterated solution of small systems with
system matrix Ci. The Hessenberg structure of Cy admits the computation of a
decomposition along with the computation of the coefficients. We can compute for
example the LR decomposition

Cr = BrRi, Ciy1,k = bkg1 kTkk-

Note that By is bidiagonal since C; is Hessenberg. We define the matrix of direction
vectors P, = Q. R,,}. The Hessenberg decomposition can be transformed to read

APm = QmBm;
AP, = QB+ Qk+1bk+1$k€{ V k< m.

This is a Krylov decomposition with different bases, in contrast to the Krylov
decompositions used for the solution of the eigenproblem.

The Krylov decomposition and the relation Qy = Py Ry, define two coupled recur-
rences in the bases @ and Pj,. This approach supposes knowledge of the recurrence
parameters in the triangular matrices By and Ry.

Definition 3.44 We define a split Hessenberg decomposition to be a sequence of
matrix equations that can be expressed as a single Hessenberg decomposition.

Due to the one-to-one correspondence between Krylov and polynomial spaces
we can express the approximate solutions zj also using polynomials and the Krylov
matrix,

r, €Ky & xp = Kisk = T = pk(A)q.

The residual can also be expressed as polynomial, since it lies in a Krylov space,

,
T =10 — Az = Kyl|roller — AKypsp = Kiqa (H O}L) € Kiy1-

—S

We remark that this offers another possibility to expand the Krylov space. Instead
of expanding the basis with Agqy, we can use the kth residual ry.
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Definition 3.45 The polynomials pj defined by

Tk

Troll ~ pr(A)g = (1 — AG(A)) g,

are termed residual polynomials.
The residual polynomials by derivation fulfil the consistency condition
pr(0) =1, e, p,cP.
The QOR approach may be stated as
0=Qffri = Q' pr(A)g, pr € P,
and the QMR approach may be stated as
1O ri ]l = 1QF pi(A)gll = min [|QF p(A)ql|  p € PY.

In the following we tried to use established standard forms of the algorithms we
consider. The presentation of the algorithms was inspired by the books of Saad,
Greenbaum, Golub/van Loan and Vof (cf. [Saa92, Saa96, Gre97, GvL96, Vof393]).

3.6.1 Richardson Iteration and Polynomial Acceleration

The Richardson iteration for the iterative solution of
Ar=rg=b— Az
is usually stated in its fixed-point form
Tpr1 = (I — A)xyg + ro.

This may be transformed (via —ry = Az — rg) to read

AX, = XppBp + Ry,
~R;, = Xpw1B), = Xi.By — Tpi1ep
where
1
-1 1
By =

-1 1
This builds a Krylov subspace, the basis is composed of the residual vectors. It is an
unusual representation of the basis expansion, because we have hidden the implicit
action of A.

Nevertheless we obtain a matrix equation that has enough similarities to a
Krylov decomposition to talk of a generalised Krylov decomposition. In place of
the (general) Hessenberg matrix we obtain the bidiagonal matrix By.

When Chebychev acceleration (or more general, acceleration using orthogonal
polynomials) is used, we obtain a similar relation with a tridiagonal matrix Ty,
in place of the bidiagonal matrix By. This tridiagonal matrix is composed of the
recurrence coeflicients.

In case of Chebychev acceleration, where we assume the eigenvalues of I — A in
the open interval (—1,1), the recurrence looks like

7Rka = Xk+1zk = Xka - xk_Hez. (329)
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The tridiagonal matrix T} is composed of the recurrence coefficients of the three-
term recurrence of the Chebychev polynomials. The matrix T} is given by

.o—1

-1 2

The matrix Dy, on the left-hand side of equation (3.29) is a diagonal matrix. The

non-zero elements are simply the diagonal elements of Tj,. We may divide by this
diagonal matrix of factors.

The recurrence (3.29) holds true in more generality. Consider a three-term
recurrence for orthogonal polynomials with non-constant recurrence coefficients,

(bO = 17
= mA+ (1 —m),
Srr1 = Ok(ra A+ (1 —Yk41)) Pk

+ (1-906k)pk—1, VEkeN.

Accelerating the Richardson iteration with this orthogonal polynomials we obtain
a recurrence formula with the same structure as (3.29).
The tridiagonal matrix T} now is given by

1 1-6
m- |1 8o
1— 0
-1 &

Additionally, we introduce the shorthand notation §; = 1. Dy is again a diagonal
matrix, the diagonal elements are given by the products d;; = ~;d;, i.e., by the
diagonal of T} multiplied by some residual damping factors ;.

Again we might transform the tridiagonal by diagonal scaling from the right to
a tridiagonal with unit diagonal.

Chebychev acceleration uses v, = 1 for all k and §; = 2 for all k& > 1.

More general forms of acceleration (i.e., using non-orthogonal polynomials) are
possible. They lead to a recurrence with a Hessenberg matrix in place of the tridi-
agonal,

~RiDy = Xp1H, < Rp=-Xp1H,D;" (3.30)

The question that naturally arises is how to compute the acceleration parameters,
i.e., the recurrence coefficients. It is obvious that the columns of H, D, ' and thus
of H, have to sum up to zero, since the true solution has to be reproduced.

The following Krylov methods use acceleration parameters computed during the
algorithm. Even though some of them will have a form like (3.30), all are derived
using solely Krylov decompositions introduced before.

3.6.2 Orthores/Orthomin/Orthodir

Consider the Hessenberg decomposition

AQm = QmCmv
AQk Qr+1C, = QrCr + ck+1,qu+1e£ Vk<m. (3.31)
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In the last section we noted that Hessenberg matrices with zero column sums are
useful in the solution process of linear systems. This usefulness can be extended to
a certain class of Hessenberg decompositions. The constructive proof is as follows.

The system
T

y'Cp = ael,

has a unique solution y, provided C, is non-singular. Ignoring last column we
conclude that
yTmel = O

If the kth component in the vector y is zero, the matrix Z obtained from C,,_; by
deleting kth row must be singular. This matrix is block diagonal,

_ Ck,1 *
z_( - R).

The second block R is an upper triangular matrix with diagonal elements c¢;11 ;,
k < j < m. Since we assume Cp, to be an unreduced Hessenberg matrix, Ck_1
must be singular.

When all C, are non-singular, we can scale the matrix C,,, by D = diag(y),

C,(,?) «— DC,,D~'. Suppose w.lo.g. that we already have scaled the Hessenberg
decomposition, hence

eTng),l =0, & eTC,(CO) = —c,(ﬁzljkez Vk<m. (3.32)
We restate (3.31) in form
AQr = QO = Q0 = 41" O = (Qr —arnae”) G (333)
Furthermore we choose a such that ¢; = 9. Then the OR approach corresponds to
2 = <C’,(€O)>_1 el.

With x, = Qrzr we obtain

-1
—r = Axp —1rg = cfﬂl,quHeZZk = fq;H_leTC,iO) (C’,io)) €1 = —Qk+1,

i.e., the vectors g are just the residuals r;_;. For this reason we re-name the scaled
basis vectors rq, ..., ,n_1 instead of q1, ..., ¢mn,

AR,, = R,CY,

ARk = Rk+1Q,(€0) = RkC,(CO) - TkeTC]EO)
= (Rk — TkeT) C,io) Vk<m. (3.34)

Note that we introduced the trivial approximation xy = 0. Next consider equation
(3.34) multiplied from the left by A=,

R, = AileHQ;(CO)
= [x—xo,...,x—xk]géo)
= (9U€T — Xiy1) Q;io),
R, = —XpCV Vik<m. (3.35)

Equations (3.34) and (3.35) together form the basis of a method known as Orthores.
As we can see, Orthores consists of two long-term recurrences. Orthores was first
derived by Young and Jea (cf. [YJ80]).
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Equation (3.35) reveals that Orthores can be interpreted as polynomial accel-
erated Richardson iteration. The acceleration parameters are computed by the
algorithm and do not have to be supplied by the user.

The method can be modified realizing that Orthores uses LDMT decomposition
of already scaled C}%. Considering equations (3.32) gives

1 0
11
L c” = DM}
1 1 --- 1
where Dy = —diag(c;?i, . 701(321, ) and M, ,fl is upper triangular with unit diagonal.
Realize further that
1 0 1 0\~
1 1 _ -1
. =L;'=
1
11 1 0 -1 1

Thus we have computed the LDMT decompositions of C’,(CO),
) = LDy M},

where Dy, is diagonal and both Ly and Mj are triangular with unit diagonal. We
re-write the Hessenberg decomposition,

AR,, = RnLn.D,MY
AR,M D 1 = R,L,.

Defining the direction vectors pg, ..., pm—1 already mentioned before,
Pn =R, M H (3.36)
we obtain the Krylov decomposition

APmD;,l = RmLm
AP.D;! Rpy1Ly = RpLy, — el (3.37)

We restate (3.36) in form
Ry = PuM VEecm (3.38)
The update of the approximations x is given by
P.D;' = —Xj 1Ly = — XLy + ey Yk <m. (3.39)

The coupled recurrences (3.37), (3.38) and (3.39) define the method known as Or-
thomin. Orthomin was first derived by Vinsome (cf. [Vin76]).

A third method can be obtained by consideration of a different scaling of a
Hessenberg decomposition. Suppose w.l.o.g. that we have scaled a Hessenberg de-
composition such that

AP,, = P,Cp,
AP, = Py1C) = P.Cy +prelr VYV Ek<m. (3.40)
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This corresponds to a scaling of the unreduced Hessenberg matrix to have a unit
lower diagonal. The naming of the basis changes, because the basis vectors are used
as direction vectors, which are usually named pg, p1, - . ., Pm—1 instead of q1, g2, . . ., @m.-

Suppose the solution z = A~ 'ry of the linear system Az = r is in the Krylov
space K,,. Then it has a basis representation

T =Tm = Punzm, zm:(ao,...,am,l)T e K™.
This shows that in principle we can update the approximate solutions zj via
Thy1 = T + Pr, PrDo=—Xpp1L, YVEk<m. (3.41)
The residuals satisfy
Tht1 = Tk — Qg Apg, APyDo = Rep1L, Yk <m. (3.42)

The recurrences (3.40), (3.41) and (3.42) define the method known as Orthodir.
Orthodir was first derived by Young and Jea (cf. [YJ80]). Another name for this
method is GCR, (Generalised Conjugate Residuals).

The difference between GCR and Orthomin is the difference between restart
and truncation. The restarted variant is called GCR([), and the variant where the
recurrence (3.40) is truncated is called Orthomin(l).

We decided to give a general approach to these three methods, with all relations
between them. Now we consider the implementational details.

Orthores is normally implemented using a scaled Arnoldi decomposition. The
scaling just turns orthonormality into orthogonality. Orthores breaks down when
one of the un-scaled Hessenberg matrices Hy, is singular.

In this case zero is in the field of values of A,

Hpz=0 = 29Hpz=2"QFAQrz=y"Ay=0.

Suppose that zero is outside the field of values of A. A breakdown in Orthores
indicates we have computed the exact solution.

Orthores should remind of orthogonal residuals. Orthores using a scaled Arnoldi
decomposition corresponds to the OR approach.

Orthomin uses the matrices M in equation (3.38) and D;l in equations (3.37)
and (3.39). Orthodir uses the matrices C}, in equation (3.40) and D,, in equations
(3.41) and (3.42).

For these quantities to be computable, Orthomin and Orthodir are normally
implemented using the MR approach.

Suppose we are interested in minimising the residual in the 2-norm. Both meth-
ods perform in step k+1 a line search along search direction py. Locally minimising
corresponds to

Irsall = Il — ax Apy ]| = min.

The locally optimal «y is given by

_(Apk, i)
(Apk, Apr)”

We remark that caution has to be taken in the field of complex values, since the
function

f(a) = ||T]€ - CYApkH = <7’k,7‘k> - CY<’I"k,Apk> - a<Apk7Tk> + aa<Apka Apk>

is not holomorphic. Using Wirtinger derivatives we obtain the unique solution,

Lj@) = (o, Ape) + B Ape, Api),

Lja) = ~(Apri) + ol Aps, Api).
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When all Ap; are orthogonal, local minimisation is sufficient to compute the
global minimal residual.

This leads to choosing M,f and O}, such that we obtain orthogonal Ap;, or
equivalently, A% A-orthogonal p;,

(pispj) ama = (pi, A Apj) = (Api, Ap;) = 8;i(Ap;, Ap;).
We denote the elements of M/, by

1 Bor - Dok
1 :
ME, = ;
i—1,k
1

In other words, we re-write the update formula (3.38) for Orthomin with shifted
index and last column equated in the more convenient form

k—1
P =Tk — ijﬂjk-
§=0
Setting
<Apj, ATk>
<Apj ) Apj>
leads to the desired orthogonal Ap; (the A¥ A-orthogonal p;). Setting the diagonal

matrix D;l = D, with « as chosen above, we have obtained the usual form of
Algorithm 3.8 of Orthomin.

Bik =

input : A, b, T
output: Lk, Dk7 M]g{, Rk, Pk, Xk
rg — b—AZ, pg—T0, To— T
for £ € Ndo
g1 (Apr—1,7%-1)/(APr—1, APr_1)
Tk < Tk—1 + Qk—1Pk—1
Tk Th—1 — 1 Apr_1
for j < k do
Bjk < (Apj, Arx) /(Apj, Ap;)
end for
Dk Tk — Z?;& DBk
end for

Algorithm 3.8: Orthomin

The update for the residuals shows that by induction
k-1 k—1

re=ri— Y iApi=1o— Y aiAp;
i=j i=0

holds true. Since the direction vectors are A A-orthogonal, we see that by applying
Ap; from the left,

k—1
(Apj,mi) = (Apj, 5 — > aiApi) = (Apj,7;) — a;(Ap;, Ap;) =0V j < k.

=3
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The last equality follows by definition of ;. Especially we have the identity

(Apg, k) (A(rg — 25;3 DiBjk)s k) (Arg, )

ak: = =

(Apk, Apr,) (Apk, Apx) (Ap, Apg)’
This expression can be used as an alternative means of computation of ay. There
is also an alternative expression for the Gy;,
(Apj, Ar)
(Apj, Ap;)
Ly = rjs Arg)
a;  (Ap;, Ap;)
(Apj, Ap;) (rj —Tjt1, Ark)
(rj, Arj)  (Apj, Apj)
(rj —rjq1, Arg)
<rj’ Arj >

We observe that the kth residual is orthogonal to A times the old residuals,

Br; =

j—1
(Afrp )y = (e, Arg) = (re, Alps + Y pilly)) =0 ¥ j < k.
=0

From now on we focus on Orthodir. We denote the non-trivial elements of C},
by Bij,

Boo Bo1 -+ Bok

1
a=| "
1 Bk

We re-write the update formula (3.40) for Orthodir in the same manner we already
did for Orthomin,

k—1

Pk = Apr—1 — ijﬁjk-

j=0
The only difference between the update formulae of the direction vectors p; in
Orthomin and Orthodir is the choice of the next vector to be orthogonalised. In
case of Orthomin we choose the residual rg, in case of Orthodir we choose Apg_1.

In this case we achieve orthogonal Ap; (A¥ A-orthogonal p;) by setting

(Apj, A%p—1)
(Ap;, Ap;)

Orthodir should remind of orthogonal (search) directions. We just obtained the
convenient form of Orthodir given by Algorithm 3.9.
All three algorithms more or less implicitly use a Krylov decomposition. Two of
them, namely Orthomin and Orthores, break down when one of the computed
matrices becomes singular.

A natural idea is to explicitly use a Krylov decomposition. This is done by the
methods introduced in the next section.

Bk =

3.6.3 FOM/GMRES

Consider the case that we explicitly compute the Arnoldi decomposition

AQm = QmHmv
AQr = Qri1H, = QrHy + hir1kqrrre; Yk<m
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input : A b, %
output: C,go), Ly, Dy, Ri, Py, X
ro < b—AZ, po<ro To— T

for £ € Ndo
Qg1 < <Apk—1,Tk—1>/<Apk—1,Apk—1>
Tk« Th—1 + Qp—1Dk—1
T ¢ Th—1 — Qp—1Apr_1

for j < k do
Bik < (Apj, A’pr—1)/(Ap;, Ap;)
end for
pr— Apr—1 — Z?;& DBk
end for

Algorithm 3.9: Orthodir

and directly use the OR and MR approaches.
We first consider the OR approach. We have to find z, = Qg2 with orthogonal
residual,

Hyz, — eq||roll = QkH (Azp —19) = —erk =0.

The Hessenberg structure of Hy enables us to compute a Givens QR decomposition
Hy =URy,  UyHy =Ry

of the matrices Hy, iteratively. The orthogonal matrix Uy is composed of the Givens
rotations,

j=1 0 I

We only need to compute one Givens rotation per step. Afterwards the system is
solved by applying the Givens rotations to the left-hand side and backward substi-
tution,

szk = ||T‘0HU;§61.

The resulting algorithm is Algorithm 3.10.

input : A, rg
output: Hk, Qk, Zk, Xk

for £ € Ndo
hik—1 — ||re—1ll
Gk — Th—1/PE -1
Tk — Aqp
for j € k do
ik (a5, 7k)
T < Tk — qihjk
end for
Solve Hyz = ||1o]lex
T — Q2
end for

Algorithm 3.10: FOM
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This method was developed by Saad and Schultz (cf. [SS86]) and is known as FOM
(Full Orthogonalisation Method).
The MR approach is handled similar. We have to find 2;, = Qrz;, with minimal
residual,
|H 2 — ex bl = | Az, — b]l = min

The solution of this minimal residual problem is again computed using an orthogonal
decomposition
Hy, = Uil Wy, Wy =Upn Hy,

of H,, apparently with the same Givens rotations,

LA 0 -
Ueir =[] G, , Gj:<J. J‘>.
j=1 0 I

The decompositions can easily be updated using the old decomposition. Only the
last column vector of Hj, is influenced by the next Givens rotation.

Algorithm 3.11 stores the elements of the QR decomposed Hessenberg matrices
in the upper triangular matrices W, but only the upper part Wy, is used for the
backward substitution. For simplicity the last column of W, is denoted by wy.

input : A, rg
output: H;, Qx+1, Gk, ...

ay — |roll

for £k € Ndo
Compute AQr = Qr1H,,
wy < Hyep
for j < k do

Wy, k (G S Wy, k
Wjt1,k ;. —C¢ Wj+1,k

end for

Vi <4/ wiy + wi+1,k

Ck — Wik / Vi, Sk < Whe1k/Vk

Wik < Vg, Wey1,k < 0

Qp < CpQg, Q41 < SpQf

if agy1 =~ 0 then
Solve Wiz, = (a1, .., o)
Ly Qkék

endif

end for

T

Algorithm 3.11: GMRES

This method was developed by Saad and Schultz (cf. [SS86]) and is known as GM-
RES (Generalised Minimal RESidual).

Both methods deliver the exact solution z,, = x in case the Arnoldi recurrence
breaks down, because

ﬂjn = (H,;Ll 0) and A.’Em —To = Qm (zm - H'r;,lel”?ﬂoll) = O

In FOM some iterates may not be defined, since the matrix Hy may be singular
even though A is regular. This can not occur when zero is outside the field of values
of A.
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We note that in both the OR and MR approach orthogonal decompositions
using Givens rotations are used. The relation between these methods becomes
more obvious when we look at the intimate relations between FOM and GMRES.

The first £k —1 Givens matrices G; in both algorithms are the same. To be more

precise,
(Lk 0> 7 ( [Jka: ) ( Rk )
0 1 =k hk Lke{ hk 1,1965 ’

The next Givens rotation annihilates the non-zero element in the last row and has
influences only on the last column.
We are interested in the residual of the MR solution z;. We observe that

Ukt (Hyzyp — |lroller) = Wiz — [[rol|Ukt1e
= —|roll (s1-++- - sk)ext1.

The OR solution z; inserted into the minimal residual equation leads to

U, 0 R U, 0
(% D) e -tmlen = (5, )=l (B 9

T
= Dpg1k€) ZhCht1-

The OR solution is given by
2z, = Ry 'Uper,

and thus
ekT.zk = efR,ZlUkHroHel = r,;kl (CIREEEE Sk—1) ||7oll-

Note that the next Givens matrix G annihilates the element hy1 k, i.e.

r v Tk Pget1,k
k =) = a=— s=
P11,k 0 iz U,

where vy = /13, 4 hi ., } is the 2-norm of the vector consisting solely of the non-

zero elements of the last two rows. Thus we can express the residual as

Rtk
I7ollhks1ker zhents = [rol = (s - Sk—1) €kt1
Tkk
= —[lroll— (51 sk) exs1.
Ck

We know that both @ and Uy do not change the length of the residuals. This
implies that as long ¢ # 0, the residuals of FOM and GMRES fulfil

[
VL= (el /gl

This result remains valid for methods of type QOR and QMR, when we consider
the quasi-residuals

lrxll =

G = Crar — |[roller  and ¢, = Cyzp — [|rolley

instead of the true residuals.

Mathematically we have equivalence between the methods Orthores and FOM,
and between the methods Orthomin, Orthodir and GMRES. On the other hand
FOM and GMRES are superior in both storage requirements and concerning nu-
merical stability.
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3.6.4 Truncated and Restarted Methods

The inherent complexity and work space requirements in the recurrences based on
the Arnoldi decomposition are O(m?). These recurrences, the so-called long-term
recurrences restrict the range of possible applications for those methods.

There are essentially two ideas to overcome complexity restrictions. First we
can truncate the sequence, i.e., we only orthogonalise against s terms. Secondly we
can restart the method when necessary.

We first consider restart techniques. In explicit restarts the computed Krylov
decomposition is discarded, and the last generated approximation is used as new
starting vector.

In implicit restarts the computed Krylov decomposition is transformed to a
smaller Krylov decomposition. Usually this is done by dividing the eigenvalues into
good and bad ones; the bad ones are removed.

According to the number of vectors used in the restart we distinguish thin and
thick restart. If only some vectors are used, we speak of thin restart, else of thick
restart.

Methods using explicit thin restart are GCR(m), FOM(m), GMRES(m). These
methods just restart with the last approximation as starting vector.

In a thick restart we do not throw away all information, we use a portion of the
knowledge obtained thus far. Often implicit thick restart is used, for example in
ARPACK.

Now we loose some words on truncated methods. We already mentioned the
truncated variant of Orthomin, namely Orthomin(m).

Other methods of this class are IOM and DIOM (direct IOM). These methods
are contained in the book of Saad ([Saa96]). IOM and DIOM use truncation of the
orthogonalisation in FOM.

Also GMRES can be truncated, leading to Quasi-GMRES and DQGMRES (di-
rect Quasi-GMRES). Also Quasi-GMRES and DQGMRES may be found in the
book of Saad ([Saa96]).

New variants of truncated methods throw away only specific vectors, methods
of this class are GCRO and GCROT. Here, like in the implicitly restarted methods,
the eigenvalues and singular values play a major role.

The ideas of restart and truncation may be used simultaneously. This field is
still developing, so we will not discuss restarted and truncated methods any further.

We just mention that both fit into our approach. The Krylov decompositions
obtained are still Hessenberg decompositions. The upper triangular part of the
Hessenberg matrices obtained changes, to be more precise, the matrices are block-
diagonal, when restart is used, and banded, when truncation is used.

3.6.5 CG/CR

In this section we restrict ourselves to Hermitian A and the symmetric Lanczos
decomposition

AQm = Qme7
AQy Qri1Ty = QrTh + Brarirer Yk <m.

We consider the methods Orthores, Orthomin and Orthodir. They simplify to short
recurrences.

We first consider the OR, approach. The assembly of the Orthores variant is
obvious. The Orthomin and Orthodir variants require further thinking. We only
consider Orthomin.
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The direction vectors in the Orthomin variant have a special property. Remem-
ber that they are computed via

Ppn =R, M1,

We observe that due to the orthogonality of the residuals, D, = RIR,, is a diagonal
matrix.
We apply the matrix of direction vectors to both sides of A,
PHAP, = M 'REAR, M, # = M 'RER,,C,,M,," = M,,*D,L,,D,,.
The result is a lower triangular matrix. Since A is selfadjoint, this matrix is also
upper triangular and thus a diagonal matrix. We can state this relation alternatively
as

(pi, Apj) =0 Vi#j.
This orthogonality with respect to A is known as A-conjugacy.
When A is furthermore HPD (HND), A~! uniquely defines

|zlla-1 = V2, @) a1 = V(A 1e, ),

a scalar-product and a norm, the A~ '-norm. The A~'-norm of the residual, i.e.,
the A-norm of the error,

IPks1lla—r = [A(@ — zps1) a1 = [l — zpsalla
can be used in the local minimisation
|lre — arApgl| = min.
The optimal ay, in the A~'-norm is given by

~ (Ape,ri)ar (P Tr)
A = =

(Apr, Aprya—r  (Api.pi)’

Usually the alternative formula for a4, is used,

 (Arg,e)ar (TreTR)
o = =

(Apr, Apr)a-1 (Apr,pr)’

The A-conjugacy fixes the choice of the 8y = —Bk4y1.k,

B = <rk+1 — rkaArkH)A—l _ <7"k+1,7"k+1>

(Th, Arg) a—1 (T, k)

The method we just sketched here is known as the CG method, short, CG. The
name CG stands for conjugate gradients. The reason is that CG is usually defined
with the help of the auxiliary functional
L u H
fl@) = 2% Az — x"rg.
This function is real differentiable and the condition for a stationary point is equiv-
alent for = to be a solution of the system, i.e.

f(x)=Ax —ry=0.

The residuals are the gradients of the functional, and the search directions are
obtained by conjugating the residuals, thus conjugate gradients.
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input : A, b, xg
output: Rk, Pk, Lk, Dk, Mé{

ro « b — Axg, po < 10

for k € Ny do
ag < (T, 7k) /(P> APr)
Th+1 < Tk + QP
Thyl < Tk — QpApg
B = (Th+1, Th41)/(Thes Tk)
Pk+1 < Th+1 + BrPr

end for

Algorithm 3.12: CG, Omin variant

The local minimisation in the A~!-norm corresponds to the orthogonal approach
of OR, i.e., CG is equivalent to Orthores and thus FOM. The striking advantage of
using less matrix vector multiplies is superseded by the fact that CG now minimises
the error like MR.

The Orthomin variant of CG, or short, the Omin variant, follows as Algo-
rithm 3.12.

The MR approach is handled similarly. Orthomin for this class of matrices is
known as CR (conjugate residual method). We only consider the Orthomin variant
of CR. The algorithm for CR is given by Algorithm 3.13.

input : A, b, xo
output: Rk, Pk, Lk, Dk, Mé{

ro b — Axg, po < 1o

for £k € Ny do
ap — (Arg, i)/ (Apk, Apk)
Th+1 < Tk + QP
Thyl < Tk — QpApg
B (Arii1, 1)/ (Arg, Ti)
Pk+1 < Th+1 + Bebr

end for

Algorithm 3.13: CR, Omin variant

The other methods, i.e., Orthores and Orthodir can also be applied. The resulting
variants of CG and CR are not that well-known.

Also a variant using LR decomposition of the tridiagonal matrix of the Lanczos
method is used. This method is named D-Lanczos (direct Lanczos) by Saad. It
corresponds to a simple scaling in ordinary CG (the Omin variant).

Due to the tridiagonal structure of the matrix in the Lanczos method, the long-
term recurrences of the general methods become short-term recurrences. We sum-
marise the properties of the three possible implementations of CG (and also CR).
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Remark 3.46 (Differences in the recurrences)

Orthodir, also known as Odir, is given by one three-term recurrence in the direc-
tion vectors p; and by two two-term recurrences in the residual vectors r; and
in the iterates x;.

Odir is immune to breakdowns, since the three-term recurrence still expands
the search space when the iterates stagnate. Odir applies to all selfadjoint
matrices.

Orthomin, also known as Omin, is given by three two-term recurrences in the
direction vectors pj, in the residual vectors r; and in the iterates x;.
Omin breaks down when one «; becomes zero, indicating that zero is in the
field of values of A. Omin in general applies only to HPD (HND) matrices.
Orthores, also known as Ores, is given by two three-term recurrences in both the
residual vectors r; and in the iterates x;.
Ores is equivalent to Omin. This can be seen by obtaining Ores from Omin

by removing the direction vector recurrence.

The connection between the Omin variant of CG and the symmetric Lanczos method
in matrix form

AQk — QrTyx = My,
is given by

—1
M, = (—aiSllrk=all)  reef
CG
k—1
= —co k1€,
_agGl

— Lanczos T
= ﬁk qk+1€L
1 CG
Lanczos k—2
O cG caG -

Q-1 Qg

The original CG and CR methods (the Omin variants) were developed indepen-
dently by Hestenes and Stiefel and published in ([HS52]). It is noteworthy that this
paper was published roughly the same time than Lanczos both papers appeared.

The connection between CG and the Lanczos method can be found in the books
of Householder (cf. [Hou75]) and Saad (cf. [Saa96]).

3.6.6 SymmLQ/MinRes

Odir is quite unstable, and due to the (implicit) triangular decomposition, the Omin
and Ores variants apply only to A HPD (HND).

A possible improvement is the use of pivoting or the Bunch-Kaufmann decom-
position. The latter variant is known as SymmBK. We will not discuss pivoting or
SymmBK any further.

Another and simpler cure is to proceed like in FOM/GMRES. We can compute
the (symmetric) Arnoldi decomposition using the Lanczos method,

AQm = Qmey
AQx Qu1T), = QiTr + Brqesref, ¥k <m, (3.43)

and use orthogonal decomposition of T}, (T),) afterwards to compute the OR and
MR solutions.
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We first consider the OR approach. The decomposition used is a LQ decompo-
sition of T},,. We use a sequence of Givens rotations G,

j = ( Cj Sj )
- R _ R )
Sj Cj

to erase the upper diagonal of T,,,

m—1 Ij—l
Tm = Lm,Um = Lm H Gj
Jj=1 Imfjfl

The lower triangular matrix L., has only three non-zero diagonals.
The Givens rotations used imply that the L(Q decompositions of previous steps
are given by

k—1 ijl

Tk:ikUkEikH Gj
j=1 Ip—j1

The next Givens rotation that decomposes Tx1 only alters the last column of Ly,
i.e., the diagonal element l;. All other elements are not altered by the following
rotations, we have

lll
121 l22

L= |1l Il ; lkk:\/iik+5l§'

le—1k-1
lek—2  legr—1 ik

We define a new orthogonal basis W,,,, given by
W = QuUL.
Obviously the first k¥ — 1 columns of the bases,
Wi = [Wi_1, 9] = QuU,

are equal to the first kK — 1 columns of W,,.
Using this basis, the (symmetric) Arnoldi decomposition becomes

A Wm = Q m L m
AW, = QuLk + qri1Brer UL

The equations for the OR solution with unusual notation Z
Tk = |Irollex,
is transformed to the equations
Lizk = LpUpzp = lroller.
We denote the ultimate solution vector of
Linzm =llroller by zm= (G - Gm)"-
We observe that due to the Givens decomposition

=(G - G G)T, where G = G
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The intermediate quantities may not be useful in representing the solutions, since
Ty and thus L may be singular or badly conditioned. It is better to update the
solution in terms of the columns of Wy,

= Wiar = 2p—1 + (owy.

The kth CG iterate is given by a small correction to xx_1,

SymmLQ -
=z + CrWi

SymmlL .
R Crg [ ek

2$6

The CG solution is computed solely in a last step when the desired accuracy has
been reached. An implementation of SymmLQ where the computation of the CG
solution occurs outside the main loop is given by Algorithm 3.14.

input : A, b, xg
output: Ty, Ly, G, Qp, ...

1o b — Az, qo + 0, Bo « |[roll, 1+ 70/Bo
c_1+—1,8.1—0,c0——1,5—0

C*l <_0a CO(_ -1

for k € N do

Expand Arnoldi basis
Tk — Agr
g« (qr, k)
Tk Tk — QxQr — Br—1qr—1
Bre — lIrell
Qet1 < T/ Br

Expand L-factor
Ik — —Cp—10k — Sp—1CK—20k—1
ik — /2 + 07
leo—1 < Sk—10k — Ck—1Ck—20k—1
leo—2 + Sk—20k—1

Compute Givens rotation
ek Uik /lkk
sk < Br/lkk

Expand SymmL(Q basis
Wk < CEWg + Skqk+1
W41 < SkWk — CrGri1

Expand z < (zx—1, (k)
Ck — — (e k—2Ck—2 + U o—1Ch—1) /lick
T Tp—1 + CWg

end for

xSIG — Typy—1 + CmuN}m/Cm

Algorithm 3.14: SymmLQ

The MR approach, similar to GMRES, uses QR factorisation. The matrix T, is
factorised,

T, = UlﬁquH-

The resulting factors correspond to the factors obtained in SymmLQ. This is an
implication of T} being Hermitian. The minimal residual solution

zj, = arg min [Tz — |[rolles|| = arg min || L'z — ||ro[|Ug1ae1]
z€Kk z€Kk
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can be computed by backward substitution,

2z, = L Iroll (I k11 Ukre1) -

The left-hand side of this equation can be updated with the Givens rotations in-
volved, only the last elements have to be stored.
We additionally introduce the matrices

Vi = QL M.
This corresponds to a transformation of the symmetric Arnoldi decomposition

AQm = Qme
AQr = QunTy = QearUF LY

to a new Krylov decomposition in two bases. When we represent the solution in
the basis Vj, instead of Q; we obtain Algorithm 3.15 for MinRes. We additionally
use the fact that §; € R, i.e., that T} is real symmetric, and thus the elements of
L} are real.

input : A, g, b

output: 7', Ly, G;, Vi,

To <—b—A.’1?07p0<—’l“0

for £k € Ndo
q < Aq
Q. QH(Jk
q—q— arqr — Br—1qr-1
B — lall
lgk — —crag — cpCp_10k-1
lpk — \/Z,%k + 32
Lk k=1 < SkOk — CrCr—1Br—1
lkk—2 — sk—1Pk—1
Cht1 — Uik /lik
Sk+1 < Bi/lkk
U — (gt — o k—2Vk—2 — Uk e—1Vk—1) /Ui
Tk < Tk—1 + Ck+1MkVk
Nk+1 < Sk+17k

end for

Algorithm 3.15: MinRes

Not all basis vectors g; and v; have to be stored, it suffices to store the last three
vectors. The same holds true for the inverse of Lj and the right-hand side. Thus
MinRes and SymmLQ can be implemented using solely short-term recurrences.

3.6.7 Biores/Biomin/Biodir

The non-symmetric Lanczos method computes two Hessenberg decompositions in
the bi-orthogonal bases @, and Qy,,

AQm = Qmea AHQm = Qme
AQr = QpnTy, APQr = QiniTy

where T}, = TH and QTHan =1
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We can apply Orthores, Orthomin and Orthodir to both decompositions. The re-
sulting three new methods are usually termed Biores, Biomin and Biodir. Some au-
thors refer to them as Lanczos/Orthores, Lanczos/Orthomin and Lanczos/Orthodir.

We first consider Biores and Biomin. Biores and Biomin are based on scaled
tridiagonals with column sums equal zero. The scaled decompositions are denoted
by
ARk = Rk+1l§€0) and AHRk = Rk—i-li;f)-

As before the scaled basis vectors are the residuals, suppose they are given by
Ry =QnD, and R, =Q.D,.

We will not dicuss Biores any further. We just mention that Biores breaks down
when one matrix T} is singular. In contrast to the orthogonal approach this does
not necessarily imply that zero is in the field of values of A.

Orthomin and Orthodir use a set of direction vectors. The undefined scalars are
obtained by minimisation along the direction vectors. Local minimisation is still
possible, but the recurrence coefficients needed for the global minimisation turn out
to be not computable.

The resort is in the LDMT decompositions of Ty(,? ) and Tfy? ), given by
7O = 11D, M7  and T = L,D,, M.
The LDMT decompositions are used to define the direction vectors p; and p;,

Ry =P,M® and R, =P,M"

m*

We observe that the direction vectors p;, p; are A bi-conjugate, since

PHAP, = M;'REAR,,M,% = M,'D;D,L[,D,,
= DEL{D,D, M.

The bi-orthogonality and bi-conjugacy relations suffice to derive a unique recur-
rence. This corresponds to the self-adjoint CG case, where we observed that the
direction vectors in the Orthomin variant are A-conjugate.
The resulting set of equations is given by
APD;' = Ry 1Ly, R, = PyMH,

AB.D' = RpnLy, R, = PB.MH.
We have to fix the unknowns in the matrices D, and ﬁm, M,, and M,,. Let D,,
and D,, be given by
Qg OA[O
D;Ll = and ﬁfnl =

Qm—1 Am—1

This implies that the residual recurrences are given by
Tht1 = Tk — QkApk, Pre1 = Pr— APy
By the bi-orthogonality

(P, k)

0= <fk77nk+1> = <72k,7'k - akApk>? i'e'7 ak = <7¢‘k Apk> '
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Analogously

X . . . X (Th> The)
0= (g, Prg1) = (T, 7 — ap AT Pr), e, = ——r—.
( +1) = ( ) T AT pe)

We know that M,, and M,, are both bidiagonal with unit diagonal. Assume they
are given by

L =0 1 —f

MH = o M = 1

—Bm—2 o —Bm—2
1 1

This implies that the direction vector recurrences are given by

Pkl = Tkt1 + PPk, Pri1 = Trer + Brbr-

We use the A bi-conjugacy of the direction vectors to simplify the representation of
ap,
_ (ProrR) (P> Tk) _ (o)
(P, Apr) (P — Br—1Pe—1. Apk) (k> Apr)
The corresponding simplification of &; proves that & = ay.
The bi-conjugacy is used to obtain a representation of S,

) ) ' P, Ar
0= (P> Apr+1) = Dk, ATrs1 + Bepr)), e, fBp = W

This representation is changed using the bi-orthogonality, the relation
~ ~ — A H~A H ~ 1 . ~
Prp1 =7k — APy & AP = —a—k(ﬁcﬂ — %)
and the expression for aj into

By = i (Prt1 = P, 1) _ (Pht1,Tht1)
ar  (Pr, Apr) (e, T8

Similarly we obtain that G = 3.

Biomin is commonly known as bi-conjugate gradients or BiCG, sometimes as

BCG. BiCG was already contained in Lanczos first paper. The form used here was
derived by Fletcher. An algorithm for BiCG is given in Algorithm 3.16.
Observe that BiCG solves two systems of equations, one with A as system matrix,
and one with A” as system matrix. A lucky breakdown of the left recurrence is
no longer a lucky one, since we are mostly interested in solving the right system of
equations.

The BiCG recurrences can be expressed in alternate matrix form,

Tkt = Tk—apdApr & APD. = Rpply,
feyr = fr—opAfp, o APPD; = RypLy,
Prt1r = Tkt Bkpe & Rrp = Prlg,
Prtr = Trpr+ OGPk & Rrp = Pipilg

This can be transformed to the two three-term recurrence form of the non-symmetric
Lanczos method.

We will not consider Biodir. All three methods use short recurrences like the
corresponding variants of CG, i.e., like Ores, Omin and Odir.
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input : A, g, b, Tg, b
OutPUt: Xk, ka le Rk, ka Pk)a Dou LB

To <—b—A£L’0,p0<—T0
’r‘Ao — B - AH‘f?(), ]50 — 720
for k € Ny do
Compute ay:
ag — (P, k) /{Pr, ADk)
Update the solution vectors:
Tgt1 < Tk + OkPk
Ty1 — Tk + APk
Update the residual vectors:
Try1 < Tk — e Apy,
Pry1 — P — APy,
Compute Sg:
B = (g1, 1)/ Py Te)
Update the direction vectors:
Pht1 < Tkt1 + BipPk
Pr+1 < Trt1 + BiPr
end for

Algorithm 3.16: BiCG, Omin variant

We remark that the algorithm for BiCG might also have been obtained by
consideration of preconditioned CG for the system

0 A z\ _ (b p_ 0 I
A0 x) \b)’ O\l 0/
Note that the preconditioner P is an indefinite preconditioner.

3.6.8 QOR/QMR

We can use the Lanczos decomposition directly to solve the right system of equa-
tions. The QOR and QMR approaches are similar to FOM and GMRES, with the
exception of the non-orthogonal bases.

The Galerkin approach QOR is similar to the symmetric variant SymmLQ),
i.e., we compute the Lanczos decompositions and perform an LQ decomposition.
Again there is no need to store all basis vectors and rotations. This approach is
mathematical equivalent to the BiCG variants Biores, Biomin and Biodir. Usually
Biomin is preferred.

We consider the approach of computing the solution of the overdetermined sys-
tem

Tz, = lIrolles (3.44)

with minimal residual. This minimal residual is in general not the true residual,

since we use non-orthogonal bases in the non-symmetric Lanczos method. Never-

theless, a residual is minimised. This residual is usually termed quasi-residual.
The relation between residual and quasi-residual is given by

Azy —ro = Qre1(Thz — [Iroller)-

The minimal residual solution to the overdetermined system (3.44) is computed
by QR decomposition of T',. The QR decomposition is computed with Givens
rotations. The algorithm is along the lines of general GMRES and symmetric
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MinRes. Similar to MinRes, we can throw away old matrix entries, old basis vectors
and old Givens rotations.

The method we sketched is termed quasi-minimal residual or QMR. QMR was
invented by Freund and Nachtigal. We decided to give only an abstract algorithm
for QMR, Algorithm 3.17.

input : A, o, b
OUtlet: Ik? Qk+17 Qka Uk? Rk7 gkﬂ zk;

ro b — Axo, g1 — ro/||70l|

for k € Ndo
Update the Lanczos decomposition:
AQk = Qk+1lk
Update the minimal residual equation:
2y = argmin, ||z — [|rofle: ]
Update the kth approximation:
Ty = Qk%k
end for

Algorithm 3.17: QMR

Freund and Nachtigal also implemented a recurrence based on a splitting of the
matrix T',. This variant uses two coupled short-term recurrences.

3.6.9 Look-Ahead

One main problem with nonsymmetric short-term recurrences is the possibility of
serious breakdowns of the underlying recurrence. We note that even though the
next coefficients are not defined, the space is still expanded.

We may think of a method that expands the Krylov space for a while, and then
uses pivoting in the underlying triangular decomposition of the Hankel matrix. The
class of methods we just defined are known as look-ahead methods.

It may happen that a pivoting cures the breakdown only when reaching the
dimension of A. This case will be termed incurable breakdown. All other cases are
termed curable breakdown.

Numerical experiments show that most serious breakdowns are curable. The
number of look-ahead steps necessary is in the average at most four.

Different look-ahead techniques have been obtained by the connection of the
underlying unsymmetric Lanczos method to Padé tables, rational approximation,
block-polynomials and FOP (formal orthogonal polynomials). Despite all effort no
ultimate form of look-ahead has developed yet.

We only remark that most look-ahead methods do not destroy the Hessenberg
structure of the Krylov decomposition, and thus fit into our framework. The for-
merly tridiagonal matrices fill up, stairs appear on the upper part.

3.6.10 Lanczos-Type Product Methods

BiCG has very irregular convergence properties. The sizes of residuals and iterates
vary greatly in magnitude. The need for the Hermitian of A turns out to be a severe
restriction since in many cases only matrix-vector products and not the entries of
A are accessible.

The basis vectors can be expressed as polynomials in A times the starting vector.
These polynomials are the characteristic polynomials of the Hessenberg matrices
involved, and thus the polynomials are almost the same for both the left and right
recurrence.
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Suppose the residual vectors rg, 7 and the direction vectors py, pr generated
by BiCG are given by the polynomial representations

e = pr(A)ro, Tk pr(AT )iy,
pr = mr(A)po, e = TE(AT)po.

We only need the inner products of the residual vectors and the direction vectors.
Sonneveld observed that the inner products can be transformed to a form without
the need for A” by squaring the polynomials,

(Frore) = (p(AT)Fo, pr(A)ro) = (Fo, p(A)ro),
Prpr) = (m(AT)po, m(A)po) = (Po, 72 (A)po)-

This allows us to express the coeflicients of the recurrence with the aid of the left

residuals and direction vectors and one additional right vector, since pg = 79. We

obtain a new method when we can find a recurrence of the squared polynomials.
The BiCG polynomials fulfil the recurrences

Pk+1 = Pk — QATk, Tyl = Pet1 + BeTk.
The squared polynomials fulfil the recurrences
Pevr = (pr— Ofk)\ﬁk)Q2 = pi — 200 A0k + OZ NPT,
Tipr = (pkr1+Beme)” = piyy + 28kprami + Bimy.

We need recurrences for the mixed terms. It is sufficient to use a third recurrence,
since

okTk = pr(pk + Br—1Tk—1) = P + Br—1PETh—1,

He goes on to define the recurrence vectors
e = pi(Aro, pr = m(Apo, @ = prr1(A)TE(A)ro.

The algorithm sketched is named Conjugate Gradient Squared, short CGS, because
of the squaring of the (Bi)CG polynomials. Using solely three recurrence vectors
the algorithm looks as follows,

Tht1 = Tk — ATy +20k—1qk—1 — 0k Apr),
i = rp+ Bp—1qp—1 — arApg, (3.45)
Pht1 = The1 + 26kqk + Bipk.

For reasons of efficiency he sets up = rx + OBr_1qkx_1. We state the resulting CGS
recurrences together with the alternate matrix form,

g =up —opApry & Qr=Uiy— AP,D,

Xpy1Ly = —(Uy + Qp) Do

Ry+1Ly = A(Uk + Qi) Da

Uk+1 = Rg+1 + Qr+1Np

Py = Upt1 + Q41 Ng + Pry1 Nge.

Try1 = Tr + og(up + qi)
The1 = Tk — apA(ug, + qx)
Uk+1 = Tk+1 + Bk

Prt1 = Uky1 + Brl(qr + Brpr)

to e

The final version of the algorithm for CGS is given by Algorithm 3.18.
These recurrences can not be transformed to a Hessenberg decomposition solely in
Ry;.. This becomes obvious when looking at the expansion tree

ro,u0,p0 € Ki, @ € Ks
r,u,L,p1 € Ks, @1 € Ky
ro,u2,p2 € Ks, g2 € Ke.
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input : A, xg, b, 7
OUtPUt: XkaRk7Qk,PkaUk7LkaDa7NﬂaNﬁ2

ro +— b — Axg, po 10, Ug < T

for k € Ny do
ag — (o, k) /(T0, Apr)
qr — up — apApy,
Tpt1 — g + g (up + qr)
Tha1 < Tk — o A(ug + qr)
6k — <7207rk+1>/<72077ﬂk>
U1 < Tht1 + Brqr
Pr+1 — U1 + OBk (qr + Bepr)
end for

Algorithm 3.18: CGS

The residuals r; are only defined in Krylov subspaces with odd dimensions. The
recurrences can be expressed as a Hessenberg decomposition in the mixed basis
Ry, Q. We denote the basis by Woy, i.e we define the matrix

WQm = |:T03 qo,---yTm, qm:| .
This defines the Hessenberg decomposition

AWZm = WQmCQm
AWy, Wi Ch, VE<2m

in smplicit form. The coefficients of the Hessenberg matrix are never ezplicitly given.
They may be constructed by the recurrences. It is obvious that they are given by
algebraic expressions in the CGS coefficients o, 35, j € m.

The coefficients may be computed by removing py from the set of recurrences
(3.45). We use induction to obtain

P = Bi_ipk—1+7k+ 2861081

koo
= Y T8 (rnei +2Bk-1—iqe—1-2)-

i=0 j=1

This representation of py is inserted into the remaining two recurrences.

This is an interesting case of a Hessenberg decomposition where the Hessenberg
matrix is structured and not sparse, i.e., not tridiagonal, banded or blocked.

CGS is a Lanczos-type product method, short LTPM. Lanczos-type product
methods are based on the non-symmetric Lanczos algorithm and use products of
polynomials for the recurrence of the residuals. Another example of a Lanczos-type
product method is BICGSTAB (BiCG Stabilised) by van der Vorst. BICGSTAB is
based on the recurrence

e = pe(A)Yr(4),  Yegpr(A) = (1 — wpd)vr(N),

where pj is the usual polynomial for the residual recurrence of BiCG. The first
polynomial 1y is assumed constant.
The value of wy, is chosen to minimise the residual

wy, = argmin [|(I — wA)(ry — ax Apy) |-
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input : A, xg, b, 7
output: X, Ry, Py, Qg, . ..

ro b — Axg, po — 10

for k € Ny do

ag — (o,7k)/(T0, Apr)

qr — T — apApy

wr < (qr, Aqr)/(Aqr, Aqk)

Th+1 < Tk + QP + Wik

Thyl < Qr — WrpAgy

B (ar(Po, 1))/ (Wi (o, 7))

D1 — Tha1 — Br(Pk — wiApy)
end for

Algorithm 3.19: BiCGSTAB

We will not go further into the details. The final algorithm for BICGSTAB is given
by Algorithm 3.19.
Again we consider the expansion tree for the BICGSTAB recurrences,

ro,po € Ki, q@ € Ko,
r,pr € K3, ¢ € Ky,
ro,p2 € Ks, q@ € Kg.

We conclude that again we have implicitly defined a Hessenberg decomposition in
the basis Wy,

Wom = |:7'Oa qoy -+ Tm, Qm:|-

The coefficients of the Hessenberg matrix may be derived by removing the depen-
dency on pg. This can be done by induction on the equation

Pk =Tk + Br—1(Pk—1 — Wh—1A4pr—1).

The resulting matrix depends algebraically on the recurrence coefficients.

Other Lanczos-type product methods include BiCGstab(l), which is based on
higher degree polynomials, CGS2, shifted CGS and Transpose-Free QMR, short
TFQMR. We remark that TFQMR is not connected to QMR. TFQMR is obtained
by consideration of the implicit Hessenberg decomposition we already noted. The
idea behind TFQMR is to transform every second vector, which is not a residual
for the original system, to a residual in the original system. The coefficients of the
recurrence are chosen such that they are minimisers for the quasi-residuals.

LTPMs are distinguished by the second polynomial used in the recurrence of
the residual vectors. They are also referred to as smoothing techniques, since they
smooth the irregular behaviour of BiCG.

All these methods can be transformed to a Hessenberg decomposition by intro-
ducing larger basis matrices with auxiliary vectors. The coefficients of the Hessen-
berg matrices are defined implicitly by the recurrence coefficients.

3.6.11 CGNR/CGNE

The methods based on the Arnoldi and non-symmetric Lanczos decompositions
apply to general matrices. But these methods have limitations. The long-term
recurrences suffer from severe time and memory limitations. The short-term recur-
rences based on the non-symmetric Lanczos decomposition suffer from breakdown
and irregular convergence.
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None of these problems occur in case A is Hermitian. The short-term recurrences
based on the symmetric Lanczos decomposition impose no restrictions on storage
and time and are immune to breakdown.

We want to obtain short-term recurrences without breakdown for general matri-
ces. We consider the normal equations of type 1 and 2,

AT Az = Ay and AARy =ry,  where Ay =z,

In both cases the resulting system has a system matrix that is HPD. The solutions
of both systems are the solution of the original system.

We apply CG with small modifications to solve these systems. The resulting
two methods are termed CGN methods. CGN stands for CG applied to the normal
equations.

The idea of using CG on the normal equations of type 1 was already discussed
by Hestenes and Stiefel. The resulting method is termed CGNR. CGNR minimises
the residual, since CG minimises the error in the norm

we — A" roll ama = || Az — 1ol = [|7s]]-

We consider the Omin variant of CG. CGNR can be simplified. We observe that
the residual of the normal equation is given by

wy, = Ao — AP Axy, = AT (b — Axy) = Ay,
The notation wy should remind of wrong residual.

We define s, = Ap. The computation of oy in the CG method turns into

= Wk k) {wkwg) (W W)
(A" Apy,pk)  (Ape, Ape) — (Sk Sk)
This enables us to express the recurrences in the residuals 7. The resulting algo-
rithm for CGNR is given by Algorithm 3.20.

input : A, o, b
output: Ry, Wy, Sk, ...
ro < b— ALBQ, wo < AHT()7 Po < Wo
for k € Ny do
sk« Apg
ay — (Wi, wk) /(Sk, Sk)
Th+1 < Tk + QP
Tk+1 < Tk — QkSk
Wiy — A7
B (Wit1, Wt1) / (W, )
Ph+1 < Wet1 + Bk
end for

Algorithm 3.20: CGNR

When we use the normal equations of type 2, we obtain the method known as CGNE.
CGNE was derived by Craig and is also known as Craig’s method. CGNE minimises
the error, since CG minimises the error of the normal equation approximation in
the norm
lye — yllaam = [lzn — |-

Here we denoted the kth approximation to the solution of the normal equation by
yr and defined x, = Afy,. Also CGNE can be simplified. The residual of the
normal equation is the original residual, since

T = b*ALL’k :bfAAHyk.
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Denote the direction vectors by si. Define pr = A¥s;,. Then the computation of
ay is given by
) (reerk) (TR TE)
ak - — = .
<pk77pk>

<AAHSk,Sk> <AHSk,AHSk>
We drop the update of y; and use solely the update of the desired solution xy,
Yer1 =Yk +agsy & apy1 = 3 + ap A sy = 2 + agpe

We can get rid of the direction vectors s, since the update of the direction vectors
is given by

Ska1l =Tr1 + Besk & pre1r = ATreg + Brp.
Algorithm 3.21 is the resulting implementation of CGNE.

input : A, xg, b
output: Xy, Rg, Py, ...

ro < b — Axg, po — Afrg
for k € Ny do
ag < Tk, k) /(D> PE)
Th+1 < Tk + QP
Thyl < Tk — QpApg
B = (Th+1, Th41)/(Ths Tk)
Prt1 — ATrg i + Brpe
end for

Algorithm 3.21: CGNE

We remark that despite the fact that both algorithms never explicitly form the
normal equations, an implicit squaring of the condition number can be observed in
praxis.

3.7 Krylov Methods and Preconditioning

Krylov methods are based on a starting vector and a matrix to span the Krylov
space. The matrix used to span the Krylov space in most cases is the matrix of
some inverted, shifted, or more generally preconditioned problem.

Preconditioning is mainly used in context of linear systems of equations. We
distinguish between left, right and two-sided preconditioning.

Left preconditioning is the multiplication of the system of equations with a ma-
trix P,

P, Ax = Pjb.

Left preconditioning tries to achieve PA =~ I.
Right preconditioning substitutes the solution vectors with pre-multiplied vectors
Y,
AP.y=0b, Py=uz.
Right preconditioning tries to achieve AP, = I.
Two-sided preconditioning uses both ideas of preconditioning,

PAPu=0b, Pwu=uzx.

Two-sided preconditioning tries to achieve P AP, = I. This form of preconditioning
comes mainly in symmetric fashion, for instance when the preconditioning matrices
are the factors of an incomplete Cholesky factorisation.
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Preconditioning can be applied to all methods. It is never necessary to form the
preconditioned matrix explicitly, mostly we use an approximation to A and have to
solve a linear system with this approximation in every step.

Often used preconditioners include incomplete factorisations, like the ILU, ICC
and ILQ preconditioners. Another common choice is one or more steps of a basic
iterative method, like Jacobi, SOR or SSOR. Polynomials in A are used as pre-
conditioners. These choices usually have a small defect in the solution of the linear
system with the preconditioning matrix.

Another Krylov method may be used as preconditioner. This choice leads to
methods known as inner-outer iterations. Here the size of the defect is varying from
step to step. It is better for the analysis, to express the complete process as one
new single Krylov method.

Very simple preconditioners in the solution of the eigenproblem are shifts. To-
gether with inversion we obtain the shift and invert approach often used in Krylov
methods for the eigenproblem. This may be generalised by applying non-constant
shifts. The methods obtained are referred to as rational Krylov methods.

Krylov methods are always used with preconditioning. We will not consider
preconditioning in our approach, since this would make the error analysis almost
intractable.
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Chapter 4

A Unified Approach

At first glance the behaviour of Krylov methods in finite precision is entirely dif-
ferent from the behaviour in infinite precision. This holds true especially when we
consider short-term recurrences. Surprisingly we still obtain good approximations.

Common to all Krylov methods is that the underlying Krylov decomposition
is fulfilled approximately. The other properties, like orthogonality, duality and A-
conjugacy of vector recurrences, are more or less no longer present. This has severe
impacts. Finite precision Krylov eigensolvers often return multiple instances of
simple eigenvalues. The bounds indicating that a Ritz value has converged to a
certain accuracy may grow, as if the Ritz value starts to diverge. Finite precision
Krylov linear system solvers still compute approximations with a small residual. In
many cases the number of steps necessary is a moderate multiple of the dimension
of the matrix.

In infinite precision the derivation of the methods and the convergence analysis
was based on (orthogonal) polynomials and the connection to optimisation. In
finite precision we decided to focus on a matrix analysis approach based on Krylov
decompositions. First we classify the Krylov methods. Then we show how our
Krylov decomposition approach can be used for describing the behavior of finite
precision Krylov methods. We show why and how orthogonality is lost, and develop
recurrences and backward formula describing the propagation of the error terms.

4.1 Classification

All Krylov methods introduced in Chapter 3 are explicitly, or at least implicitly,
based on Hessenberg decompositions,

AQm = QmCm
AQr = QunCrp = QiCk+ qus1Chs1ieh
= QrCr + My VEk<m.

The matrix M}, collecting the newest quantities is introduced for reasons of brevity.
The matrix C,, is given by the projection Qf,{AQm, with a second basis Qm. The
methods can be classified according to several respects.

Depending on the projection, i.e. on the bases used, we distinguish between
singular, orthogonal and dual methods. Depending on the field of application we
distinguish between eigenproblem solvers and linear system solvers. The linear
system solvers are divided further into QOR and QMR methods. Depending on the
length of the vector recurrence used, we distinguish between short-term recurrences
and long-term recurrences.

133



134 CHAPTER 4. A UNIFIED APPROACH

These distinctions suffice to classify the basic Krylov methods. The resulting
classification scheme is given as Table 4.1. The singular projections are left out.

eigenproblem solvers

’ || orthogonal | dual |
short recurrence symmetric Lanczos dual Lanczos
long recurrence Arnoldi —

linear system solvers (QOR)

] || orthogonal | dual |
short recurrence SymmLQ/CG BiCG
long recurrence FOM/Orthores —

linear system solvers (QMR)

‘ | | orthogonal | dual |

short recurrence MinRes/CR QMR
long recurrence || GMRES/Orthodir/Orthomin —

Table 4.1: Classification of the basic Krylov methods

There are recurrences that use a single Hessenberg decomposition for constructing a
basis, and methods that use two Hessenberg decompositions to construct two bases.

Using block matrices all basic methods can be transformed into one simple
matrix recurrence. We assume the step k fixed and leave the subscripts out. After
we have transformed the linear system solvers to their eigenproblem counterpart,
all methods fulfil

(5 ) (an §)=(an ) (W &)= (i W)

In case of an orthogonal method Q Q and QP Q = I, in case of a bi-orthogonal
method QH @ = I with a second matrix Q In case of a long-term recurrence the
matrix C will be Hessenberg, in case of a short-term recurrence C = T will be
tridiagonal.

Not contained in this classification scheme are generalisations, like the modified
CG methods based on the normal equations, CGNE and CGNR. Also not contained
is the important class of Lanczos type product methods (LTPMs).

The Lanczos type product methods are based on the dual Lanczos method.

They have in common that they do not use the transpose (Hermitian) of A, and
use short recurrences. LTPMs are classified according to the polynomial they use
to construct the sequence of residual vectors.
The residual polynomial of an LTPM is composed as a product of the ordinary
residual polynomial py and a second polynomial ¢5. A subclass, the quasi-minimal
residual Lanczos-type product methods, or QMRLTPMs, minimise and iterate in
terms of the quasi-residual instead of terms of the true residual.

The orthogonal short-term recurrences are the most desirable ones. The meth-
ods we stated only apply to Hermitian A. For many normal matrices short-term
recurrences are known, for instance for symplectic or skew-symmetric matrices.

Faber and Manteuffel have analysed the conditions for the existence of an or-
thogonal short-term recurrence in detail. The results may be found in the Faber
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squared variants

| LTPM H relation of second polynomial to original polynomial |
CGS P = Pk
CGS2 = pi
shifted CGS O = (1 - akt)pk_l

stabilised variants

| LTPM ‘ recursion formula for second minimising polynomial |
BICGSTAB G = (1 — apt)dr—1
BICGXMR2 || ¢ = (Bk +vt)Pp—1+ (1 — Br)Pr—2

(1= apt)pr_1, k even
BICGSTAB2 | ¢k = { (B + Vet)dr—1 + (1 = Br)dr—2, Kk odd
(1= caxl) i1, kmod ¢ =1
(

. Br +vit)dr—1 + (1 — Br)pr—2, kmod £ =2
BiCGstab(¥) ok = i )

f/—dimensional minimisation, kmod /¢ =1/

QMR variants

| LTPM H minimises the quasi-residual polynomial of

TFQMR CGS
QMRCGSTAB || BICGSTAB

Table 4.2: Classification of the Lanczos-type product methods

and Manteuffel paper (cf. [FM84]) and in the books of Greenbaum and Saad (cf
[Gre97, Saa96]). The results are disillusioning, since only for very special classes of
matrices such recurrences can exist. Hence, only orthogonal or short-term recur-
rences can be used on general A.

It can be shown that in principle for every matrix A there exist two starting
vectors such that two dual short-term recurrences work without any breakdown,
but there seems to be no easy way to construct these vectors without knowing the
solution one wishes to compute. Nevertheless, some look-ahead technique would
have to be used in any case, to ensure the numerical stability.

In the analysis of finite precision Krylov methods another classification scheme
is valuable. In this case we will distinguish between methods directly based on
Hessenberg decompositions, methods based on two recurrences similar to Orthomin,
and LTPMs. The errors in this three classes behave similar and can, to some extent,
be analysed simultaneously. This will be done in part in the next section.

4.2 Finite Precision Krylov Methods

We already know that infinite precision Krylov methods are based on Hessenberg
decompositions,

AQm = chm
AQr = Qr41Ch = QrCr + qk+16k+1,ke£ YV k<m. (4.1)

What about the finite precision Krylov methods?
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In this section we analyse how the Hessenberg decomposition framework changes
due to execution in finite precision. In finite precision the order of execution is
crucial. To emphasise this, we re-order the Hessenberg decomposition,

Mk = Qk+lck+1,ke£ = AQk — chk~ (42)
We refer to equation (4.2) as the governing equation of the Krylov method.

input : A, rg
output: Cy, Q for all k € N

for k € Ndo
Compute the next iterate: rp «— Agg
Compute the next column of moments:
for j € J(k) do
ik < (45 Tk)
end for
Compute the purged residual:
Tk < Tl = D jeg(k) GCik
Compute the normalisation constant
and the new basis vector:
Qk+1Ck4+1,k < Tk
end for

Algorithm 4.1: Direct Hessenberg decomposition

A broad class of methods uses the recurrence (4.1) directly to compute the basis
vectors @ and the projected matrix C). This class compromises of the methods
for the eigenproblem and many methods for the solution of linear systems. The
Hessenberg decomposition together with a bi-orthonormal basis Qm is the means of
computation. We can represent all methods in this class in the abstract framework
given by Algorithm 4.1.

The notion J(k) is used to denote a set of indices. In case of a long-term
recurrence like the Arnoldi algorithm, J(k) = k. In case of a short-term recurrence
like the Lanczos algorithm, J(k) = {k — 1,k}. In case of restarts and truncation
the sets J(k) vary.

Methods implemented in this manner have two essential features. First, the
non-zero entries (j,k) (j € J(k)) of the last computed column of Cy will be ap-
proximately equal to the corresponding entries in the exact projection, i.e.

<(jj,Aqk> ~ Cijk or ejT (QkHAQk — Ok> Cp ~ 0.

In long-term recurrences the non-zero entries are just the upper triangular part.
In short-term recurrences the non-zero entries are given by the main and upper
diagonal. Using error analysis, we can prove the forward error bound

ek — (@5, Aaw)| < v20ld7 || Alla] ¥ 5 € T (k).

Second, the vector recurrence

Qr1Ck+1,k = Agqr — Z qiCik + fx
Je€J (k)

will be fulfilled approximately. This means that the vector fj, introduced for bal-
ancing the local errors, is small. The actual size depends on the method. By
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application of Lemma 1.7, that is, Lemma 8.4 in Higham ([Hig96], p. 154) we
obtain the bound

|fk| 7n|A||Qk| +7nnz(ck)|Qk+1||ck|

<
< YlAllge] + Ve+1|Qrtllck]-

This bound holds regardless of order of evaluation.

These two features imply two other. The recurrence can be interpreted as finite
precision two-sided Gram-Schmidt. This implies that the computed vectors gx11
are approximately bi-orthogonal to the set {¢;},j € J(k),

QJH%H ~ 0.

This will be termed local orthogonality (local duality). This local orthogonality
ensures that the subdiagonal elements of the Hessenberg matrices are to some extent
close to the moments. We will not quantify this closeness because of its problem
dependence.

From now on we focus on our matrix approach. We introduce the error matrix

Fk:[flw--afk}

collecting the local errors and obtain the finite precision variant of the governing
equation,

My = AQ — QrCr + Fy, & AQk — QkCr = My — Fy. (4.3)

This proves that the quantities computed in a finite precision Krylov method fulfil
a finite precision analogue of a Hessenberg decomposition.

The first form of (4.3) shows how A, Q) and Cj and the unknown error term
Fy form the rank-one matrix M. The second form shows that when regarded
as subspace equation in Qy, the residual is composed of M}, (rank-one, changing)
and Fj (small, trailing columns unaltered). This equation is pictorially given by
figure 4.1.

Ck

Figure 4.1: The governing equation in finite precision

The error term F}, can be bounded as follows:

Theorem 4.1 Let A € K"*". Suppose that a Krylov algorithm based on the direct
approach of Algorithm 4.1 has been used and results in the perturbed Hessenberg
decomposition

AQr — Qr1C), = —F}.
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Then the error matriz Fy, can be bounded by

< WlAlQk| + |Qk+1ICy| Dy
< Wl AllQk| 4+ Ve1|Qr+1IC |
§ "anax(n,k-‘rl) (|A||Qk| + |Qk+1||Qk|) )

| |

regardless of order of evaluation. Here the diagonal matriz D, is defined as

72
D, =
Vk+1

Furthermore, this error analysis is independent of a right diagonal scaling. This
feature can be used to scale the basis vectors to unit length.

Proof. The proof follows by iterated application of Lemma 1.7, i.e. by Lemma 8.4
in Higham. Note that the bounds can be sharpened in case of sparse A, since we
did not exploit the sparsity of A. OJ

This approach is directly comparable to the error analysis approach when consid-
ering GE or other triangular decompositions (cf. [Hig96]). The main difference
between the Krylov subspace method error analysis and the GE error analysis is
the lack of such notion as a growth factor in Krylov subspace methods.

Remark 4.2 The CGS and MGS variants of Arnoldi, most Lanczos variants and
methods based on those are based on Algorithm 4.1, e.g. FOM, GMRES, MinRes,
SymmLQ.

Furthermore, Orthores and Orthodir are based on Algorithm 4.1, e.g. Orthores,
Orthodir, CG-Ores, CG-Odir, CR-Ores, CR-Odir, Biores, Biodir.

The matrix F), need not to be small in an absolute sense. This becomes obvious
when considering the methods based on Orthores. The implicit scaling depends on
the computed matrices C. This scaling may magnify the errors.

Methods that do not use an explicit Hessenberg decomposition consist of two or
more coupled recurrences for spanning the basis. There are two types of methods
that do not use the Hessenberg decomposition directly. On one hand, we have the
methods based on Orthomin, i.e. Orthomin, CG-Omin, CR-Omin and Biomin, the
Orthomin variant of BiCG. On the other hand, we have the LTPMs, the Lanczos-
type product methods. It is easy to show that we can transform coupled finite
precision recurrences to exhibit the form (4.3).

We will show that the methods based on Orthomin have an error term that is
composed of two terms, namely the errors of the of the residual recurrence times A
and the errors of the direction recurrence times a lower triangular matrix times the
computed CY.

This follows by consideration of the finite precision recurrences

AP.Do = Rppr Ly, + F, Ry = PoMH + F7),
We insert the second equation into the first one and obtain the perturbed Hessenberg
decomposition

ARy — F"YM "D, = Ry L, +F™
= AR, -F") = RO +FPL el
= AR, = Rk+1Q§:) — Fy,
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where we have defined F} by
~F. = ARY + FP L.

We obtain an equation that has formally the same structure than in case of a
direct Hessenberg decomposition. The error matrix is the sum of two relative error
matrices.

A nice result can be obtained when we scale the residuals, i.e. the basis vectors
to have length one. Let the diagonal scaling matrix be given as

D, = diag({|rs]|2)-
Then the scaled decomposition looks like
AQy — QuniC, = —AF" DY — FD D, L DO, (4.4)

If we can show that the error vectors decay (and possibly grow) like the residual
vectors, i.e. if we can show that

P)p- R) y—
IES DY = g(k)e  and  |ES DY & hik)e

hold true for some slowly growing functions g and &, the error term can be bounded
by
I1Fxll < g(k)ellAll + h(k)el|Cill - 1D, Ly D

If we can show further that ||Cy|| = || A||, we observe that the bound growth mainly
depends on the elements of

D L ip-1— [l )
ke (|7’z|| ij

A similar result on the perturbation of the Hessenberg decomposition holds true
for the LTPMs. The error matrix Fj in all cases is composed of the relative errors
of the single recurrences times the factors used. Our general approach will be based
on the finite precision analogue (4.3) of a Hessenberg decomposition.

4.3 Outline of Error Analysis

In the last section we have shown that finite precision Krylov methods result in
perturbed Hessenberg decompositions

AQr — QiCr = My, — Fy,

with F} small compared to A, Cy and Q. Additionally, Fy may be relative in some
sense. This justifies the use perturbed Hessenberg decompositions, or more general,
perturbed Krylov decompositions, as basis for an error model. In the remaining
part of this chapter we pre-assume only that the governing equation is fulfilled
approximately.

A Krylov method consists of a Krylov decomposition and a projection with a
second dual basis. Duality follows by induction and is very sensitive to rounding
errors. This will be the part we have to examine, that is, we have to investigate
when and how orthonormality, bi-orthonormality or duality is lost. The error anal-
ysis of finite precision Krylov methods is intimately connected to the orthogonality
properties of the basis vectors. We will mainly consider eigenproblem methods.

We consider two basic approaches to perturbed Krylov decompositions: First we
construct examples of perturbed Krylov decompositions and categorise the occur-
ring behaviour. Then we look for connections to related areas. We can diminish the
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resulting gap between observed and predicted behaviour taking the special structure
into account.

The iterative character of the governing equation is used to construct a prop-
agation formula for the loss of orthogonality. This forms the basis for two back-
ward analysis approaches. Both approaches are based on splittings of the matrix
Wy = QkH Qk, an additive and a multiplicative splitting.

We analyse the linear system, namely the Sylvester equation, underlying every
Krylov decomposition according to condition and sensitivity. This linear system is
a linear system in (). We analyse how the Schur and Jordan normal forms of A
and C can be used to express the Schur and Jordan normal form of the Sylvester
equation.

For theoretical purposes of more interest is the deviation in the basis vectors,
and not only the size of deviation in inner products. For this reason we consider
yet another forward error analysis approach. The Schur and Jordan normal forms
of the Sylvester equation indicate the importance of the eigenvalues. We analyse
the influences of the errors on the new basis vector giy1 in terms of the eigende-
compositions of the system matrix A and the condensed matrix Cj. This forward
error analysis approach shows that we have a mangling of several methods. The
second method converges to a sophisticated mixture of desired but yet unconverged
and already converged data.

We may ask how the error vector of a certain step affects the recurrence from
this step on. This question is addressed in one section. In another section we
explore different stopping criteria and their relations to desired values. The main
result we whish to prove is that a loss of orthogonality implies prior convergence of
the method.

The preceeding analyses are then used to define a class of new Krylov methods
that only make sense in a finite precision environment. Here, a level of linear in-
dependency between basis vectors is defined such that the resulting matrices are
stmilar to slightly perturbed projections. In these new methods the level is com-
puted, or more cheaply, guessed. The basis vectors are re-orthogonalised whenever
the computed level indicates the necessity to do so.

4.4 Where are we?

In this section we are interested in constructing examples of perturbed Krylov de-
compositions. The examples help in understanding the behaviour to be expected in
a finite precision run of a Krylov method. To determine behaviour that can occur
in a finite precision Krylov method we use the governing equation as simple model.
We construct a series of examples of approximately fulfilled governing equations.
We start with a very simple example and refine it until it reflects enough of the ob-
served behaviour. We stress that no example comes from an actual finite precision
computation.

Every exact governing equation can be perturbed into an approximate. This
does not help in understanding what goes wrong. But it serves as the building
block for the first example.

Example 4.3 (glued invariant subspaces) A nice example with remarkable fea-
tures is constructed using exact governing equations

AQ; —QiCi=0, icl

One may think of them as if obtained using a Krylov method of the class investi-
gated. These equations are glued together by introducing small errors. We define
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the block matrix C,, by

Cr+An Agp Ags e Ay
Ay Ca + Ao Ag3 e Ay
Cpm = 0 Asp Cs + As3 :
: Ay
0 e 0 A1 Cr+ Ay

The block perturbations A;; have to fit the method characteristics. In case of a
symmetric method the perturbations have to be symmetric, i.e.

Njgp1=Al,, Viel—1 Ay=0 Vl]i—j>1

They have to be rank matching, i.e. for a block method of block-size one they have
to fulfil the constraints

Aijy1i = (51‘61651_ Viel-—1.

With correctly chosen perturbations we can construct

AQu = QuCrn = AlQr,...Q = [@1,... Q1| C

ZQjAjl, ey ZQjAjl
J J

= Fma

an equation of type (4.3).

This first example may be enhanced by not only perturbing C,,, but also A and
Q... This leads to a model showing essentially the same behaviour.

We could use a single subspace. This shows that we can expect eigenvalue
clusters approximating simple and well-conditioned eigenvalues, especially when
there are zero blocks in the upper part of C,,. At the same time we can expect the
columns of @Q),,, to be linearly dependent, by no means orthogonal.

We remark that the orthogonality pattern in folQm and the small components
in the subdiagonal of (), are closely connected to the occurrence of multiple eigen-
values. Local orthogonality turns out to play a crucial role in the error analysis
of short term recurrences. These observations clearly reveal what can be expected
from a error analysis using this model of behaviour. The good news is, numerical
experiments suggest that finite precision Krylov methods behave like this.

We state an enhancement of the first example for short-term recurrences. In
this case we can flip the tridiagonal from both sides, thus reordering the elements.

Example 4.4 (one flipped subspace) We restrict attention to short-term meth-
ods. We use one single subspace

AQ - QC =0.
We build a matrix Cy, like in Example 4.3, where the Q; are chosen from Q and

flipped Q alternating. The matrices C; change accordingly. In this restricted ex-
ample we additionally have local orthogonality.

The first two examples suffer from two cross-connected limitations. These are
the occurrence of small subdiagonal elements in C,,, and the block-structure of the
loss of orthogonality in Qﬁ@m-

We can extend this model further by allowing arbitrary similarity transforma-
tions in A and C,,.
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Example 4.5 (similarity transformations) We construct a perturbed govern-
ing equation with the aid of similarity transformations that change the errors in
prescribed ways,

AQp — QumCrn = Fy,
& U (UAUYUQwm — QW W'C,,W)W™! = F,
& (DAY UQW -UQ.W (W 'C,2W) = UF,, W
& AQp — QuCy = Fp,.

The subspaces need not be from the same class than the Krylov method investigated.
This is done by finding the right transformations. The errors in A and C,, have
to be chosen to fit the requirements of the methods (structure of C,,, i.e. the rank
requirements, the symmetry).

This example removes a fault of the previous examples, i.e. the occurrence of small
lower diagonal elements which would lead to acceptance of the computed C',, before
step m and thus to early termination of the algorithm.

Suppose a similarity transformation has been chosen such that the lower diagonal
elements are not small. Then again we observe linearly dependent basis vectors
and multiple instances of simple eigenvalues. The convergence of the Ritz values
becomes blurred, i.e. smeared over the blocks.

It is an active line of research to find out whether these examples are rich enough
in modelling the possible behaviour. If this would turn out to be true, then all
computed eigenpairs (eigentriples) would correspond to different slightly perturbed
A. Formulated in yet another fashion: the behaviour of a finite precision method
might correspond to the behaviour of the exact (infinite precision) method when
applied to a larger matrix which has only eigentriples that in backward sense are
close to eigentriples of A.

This question has been answered positively only for the finite precision symmet-
ric Lanczos method by Greenbaum (cf. [Gre89], Theorem 1’, page 51). Even in this
case the bound proven to be correct seems to be an unrealistic overestimate. In
case of long-term recurrences based on the Arnoldi method even part of the usual
backward error analysis seems to work correctly. An example of such an analysis
may be found in the Ph.d. thesis of Rozloznik and the papers cited therein (cf.
[Roz97]).

4.5 Perturbed Krylov Decompositions

In this section we are concerned with different interpretations and alternate formu-
lations of perturbed Krylov decompositions of type

AQk — chk + F, = M. (4.5)

There are various interpretations of equation (4.5). The first interpretations and
observations make no assumption on the structure of C'y. The last observation relies
on the Hessenberg structure of the matrix Cj.

Most natural is the interpretation of equation (4.5) as subspace relation. The
residual is given by My — Fj. As we have seen in Chapter 1, this residual can be
interpreted as backward error bound when @ has orthonormal columns. Further-
more, if A and Cy are symmetric, we can use a theorem of Kahan to bound the
distance of the eigenvalues of C to some eigenvalues of A,

Ai = 0] < [[My — Fi|l < lexyirlllgerall +O0(e) FiVj.
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A similar bound involving the smallest singular value of @ holds true when Qg
has full column rank. When @y, is rank deficient, we can think of splitting @)} into
several parts with full rank. Accordingly we would have to split C} and to use
known relations between C} and the splitting matrices.

We can think of the subspace equation (4.5) as an exact subspace equation for
perturbed A. We assume the existence of the pseudo-inverse of @, i.e. we assume
that @ has full rank. Then we can formulate the exact subspace relation

(A — (M}, — Fk)QL) Qr — QrCr = AQp — My + Fy, — Q1,Cy, = 0.
This proves that the eigenvalues of C} are among the eigenvalues of
Ay =A— (M — Fp)QL.

This point of view brings in structured homotopic perturbation theory. Researchers
at CERFACS used homotopic perturbation theory as a tool for the understanding
of the Arnoldi method and other Krylov methods (cf. [CC00, CCTP00]).

In all cases the candidate for the invariant subspace is spanned by the columns
of Q. The matrix @Qf is determined linearly by the matrices A and Cj and the
right-hand side M} — Fj. This linear equation is known as Sylvester equation and
can be re-written to expose its linear character,

(Iy ® A — Cf @ I,)vec(Qy) = vec(My, — Fy).

The condition of the Sylvester equation is given by the separation of the matrices
A and Cy. The separation of two matrices A and C}, has been defined in Chapter 1
to be

. NAX — Xy
sep(4, C) = min ——————.
X X1

The norm may be arbitrary, of special interest are the cases of the 2-norm and the
Frobenius norm. The Frobenius norm can be expressed in terms of singular values,
the equality

sepp(A,Cr) = omin(Ir @ A — CF @ I,)

holds true. The exact computation of the separation has a computational amount
of O(n®k3) and is usually cheaply estimated using O(n?k) operations (cf. [BDM91]).
In the context of large sparse systems and Krylov methods such a computational
amount is prohibitive.

Krylov decompositions, or more general, subspace equations, are closely con-
nected to block similarity of block matrices and perturbations of these. This follows
by rewriting equation (4.5) by adding a trivial block row and column as

<C’k O)(Ik O><Ik 0><C’k O)_O
F, A Qr Iy Qr I M, A) 7

This is an exact subspace equation in higher dimension. The triangular block matrix
can be inverted explicitly,

(6 n) (6 2)
Qk In N _Qk In .

This is similar to a block Gauf§ algorithm. This far, we know that the block matrices
with Fj, and with M}, in the lower left corner are block similar,

Cey 0 _ Iy, 0 Cy 0 I O
M, A) \-Qr I, F, AJ\Qr I,/
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The block similarity implies that we have a change in the eigenvectors of the block
matrix. For the moment, we restrict ourselves to the infinite precision case. In
infinite precision, the block matrix Jordan normal form is given by

(GO0 0)-( Ok 8

Due to the block similarity the eigenvectors of the block matrix are changed like

Lo 0N[/S. 0y ([ S 0\ _ [ Sk 0
—Qr In 0 V) \-QSx V) -V V)

At this point, the matrix of Ritz vectors naturally enters the scene. The condition
of the block eigenvector matrix changes, depending on the convergence of Yj to
parts of VvH , the matrix of left eigenvectors of A.

In finite precision the matrix F} is interpreted as a perturbation. This is not
rigid, since the deviation alters the entries of C. But, for a limited number of steps,
the influence on Cj may be negligible. In the finite precision case, we use in step k
the eigenvector matrix

Se 0\ _ (S 0\ _ [ SE o\
—QSx V) \-Y V) \VHQ, VH
corresponding to the unperturbed block matrix as approximate eigenvector matrix.

How is this quantity related to the exact eigenvector matrix?
We assume X} to be the solution of the Sylvester equation

AXk — XkC’k = F}.

Then the eigendecomposition of the perturbed block matrix is given by

Cr 0 Sk 0y Sk 0 Jo O

F, A —XiS, V) \ XSy V Jyn 0)°
After transforming the eigenvectors according to the block similarity we obtain the
true eigenvector matrix

(@ V)= (@l o)
—(Qk+Xp)Sk V) T\ VHQr+Xp) VH ‘

The error in the eigenvector matrix depends crucially on the magnitude of X;. The
magnitude of X can be bounded using the separation of A and C}, we have that

[ Xkl < sep(A, Ck) || Fil

holds true.

These comments reveal that the error analysis of finite precision Krylov subspace
methods is closely related to eigenvector sensitivity of block matrices. We remark
that this connection is well-known and may be found in the textbook by Horn
and Johnson (cf. [HJ94], Theorem 4.4.22). In the block matrix interpretation the
computed matrix C comes into play like the system matrix A, they can not be
distinguished any more. This may be considered as an indicator that part of the
computed quantities tries actually to converge to itself.

All considerations thus far were independent of any special structure. Thus, in
general, the results will be weak, since knowledge, for instance on the Hessenberg
structure and the length of the columns of @} is not used. This far, only static
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information has been used. The next result, to some extent, honours the iterative
character of the methods.

It is possible to construct other Krylov decompositions with the aid of polyno-
mials. These Krylov decompositions may be subject to a larger perturbation, but
due to the special structure they provide useful information. The results rely on
the fact that polynomials of Hessenberg matrices have a very special structure.

We first derive an expression on the accuracy of the subspace spanned by the
columns of @) as approximate invariant subspace of polynomials of A. The polyno-
mial case is treated as linear combination of the monomial case. Our proof is based
on the factorisation

al+1 o bl+1 _ al+1 o alb+ (Ilb ey abl o bl+1
l
= (Z ak_ibi> (a—b) (4.6)
=0

of the bivariate polynomial a!T* —b!*1. This result can be generalised for commuting
matrices. Observe that

IeA) (Clel)=CleoA=(Clal)(A)

holds true, i.e. the matrices I ® A and Cf ® I commute. The powers of these
matrices can be transformed to powers in A and C}', respectively, since

(A@B)H_l _ Al+1 ®Bl+1

holds true for general square A and B. We apply the polynomial factorisation (4.6)
to the term

l .
(A" —(ChH' el = | (oA (Cfel)|(IeA-Clal).
=0

Next, we apply both sides of this matrix equation to the vector vec(Qy) and subse-
quently use the governing equation

(I®A—Cl&I)vec(Qy) = vec(My, — Fy).

We re-write the Sylvester form to an ordinary matrix equation and state the result
as lemma.

Lemma 4.6 Let A € K™ " and Cy, € KF** be general matrices. Suppose that the
equation

AQy — QrCl = My, — Fy,
holds true for some matrices Qp, My, Fj, € K"**. Then for alll € N

l
AFIQp — QO = AT (M, — F)C,

=0
= Z AV CE - Z ARCE (4.7)
=0 =0

holds true.

Summing monomials we obtain a similar result for polynomials in A. We refuse
to state this result in full generality, since we are only interested in a specially
structured case. In what follows, the matrix C}, is an upper unreduced Hessenberg
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matrix and My is given by a rank-one matrix that has the structure My = rkeg for
some 7 € K". Let I; denote the matrix consisting of the first j columns of I. Let
Z; denote the space spanned by the first j standard unit vectors eq,...,e;,

Z; = span(l;) = span(ey, ..., e;).

Multiplication with an unreduced upper Hessenberg matrix C} maps any vector
zj €1, j <k, to a vector z;41 € Zj41, i.e. by induction

C’,in C Ij+i~
When we take a closer look at the columns of M;C},
MkC]chj = Tk€£Ij+i7

we observe that the columns 1,...,j are zero when j +¢ < k. This proves that the
first K — i — 1 columns are identical zero. Now, an easy calculation shows that

1 * *
0 C21 *
C}’j*lel:c‘k...ck Ol=cC---C 0o |l= ... =
—— : —— .
k—1 times | - k—2 times | - *
0 ¢

holds true, where ( is given by

k—1
(= H Cp+1,p-
p=1

Thus, we have shown that

Mk(],gel = MkC,iel = ... = Mk05_261 = 0,

k—1
k—1
Mka €1 = Tk H Cp+1,p
p=1

holds true. More generally, we observe that

MkC’gel = MkC,iel = e = Mkcllzililel = 0,

k—1
M,.CF e, = r c
Vg e = Tk p+1,p
p=l

holds true.
Putting all this together, we have proven the following result:

Theorem 4.7 Let A € K"*". Let Cy € H(k). Let My be given as the rank-one
matriz M, = ck+1,qu+1e£, Suppose that the equation

AQy — QrCr = My, — Fy,
holds true for some matrices Qy, Fj, € K"k, Then forl € k
k k—1

AFLQ - QO = Hcp+1,p Qrr1e] — ZAk_l_iFkC;ifl
p=l =0
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holds true.
Suppose further that x € Pr_;y1 is given by
k—1 _
X\ = g A 4 Zaj)\J.
j=0

Then by linearity arguments in the polynomial case

k
X(A)Q = Qix(Ci)li = kg [ [[eprrn | torrel
p=l
kil j . . .
= Y iy ARG (4.8)
=0 i=0

holds true. We stress the fact that the constant term ag of the polynomial x has no
influence on the right-hand side of equation (4.8).

Two cases deserve special attention. The first case is if the polynomial x is chosen
such that

X(Cp) =U <(él :) Ut (4.9)

holds true for some unitary matrix U € K¥*¥. Then this polynomial can be used to
construct a smaller Krylov decomposition with a change of the set of basis vectors.
We state this case as a corollary:

Corollary 4.8 Let A, Cy, My, Qr and Fy, be given as in the preceeding theorem.
Suppose that the polynomial x has been chosen such that equation (4.9) holds. Define

Q= QUIL.
Then

kil i
X(A)Q = QG = Gadipaiel =Y ajp y ARG
=0 i=0

holds true. Here we have used the abbreviations
k
Gi+1 = Qht1, Cl+1,] = Oj—1+1 H Cpr1p oand Fy=FRUIL.
p=l
This corollary forms the basis of implicitly restarted methods, like the implicitly
restarted Arnoldi method, IRA or IRAM for short.
The other case that deserves special attention is the general case for [ = 1.
The result in this case becomes a useful tool in the convergence analysis of Krylov

subspace methods, especially in the solution process of linear systems [TY00]. We
also state this case as a corollary:

Corollary 4.9 Let A, Cy, My, QrQ and Fy, be given as in Theorem 4.7. Suppose
further that Il =1 and x € Py, is given by

k—1
X = A+ "N
=0

Then

k k-1 j
X(A)gr — Qrx(Cr)er = ag (H Cp+1,p> Qr+1 — Zaj+l ZAJ*ZFkCiel

p=1 §=0 i=0
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holds true. Setting x = xc, annihilates the second term,

k k—1 J
xc, (A)q — (H Cp+1,p> 1 = — Y a1 Y AR Cler. (4.10)
p=1 =0 i=0

When det(Cy) # 0, we can construct a polynomial xx—1 € Pr—1 such that xx—1(Ck) =
HTOHC’k_l. Defining xj, = ||7“0||Qk0k_161,

k—1 J
chfl(A)q1 — T = — Z Q41 ZAJ_ZFkCIdel- (4.11)
=0 i=0

holds true. In both cases the coefficients a; depend on Cj.

The right-hand sides of equations (4.10) and (4.11) are zero in infinite precision.
In finite precision they describe the occurring deviation. The error terms are com-
plicated, because of the dependence of the coefficients of the polynomials x ¢, and
Xk—1 on the computed matrices C. For this reason we take another approach in
the next sections to understand the local and global deviation occurring in finite
precision.

4.6 Deviation from Nowhere?

In infinite precision, Krylov methods are based on Hessenberg decompositions. The
computation of the decomposition is chosen such that by an inductive argument
certain relations among all basis vectors hold true. We focus on the most impor-
tant relations among the basis vectors, i.e. the orthogonality and bi-orthogonality
relations.

In finite precision, the Hessenberg decomposition has to be replaced by a per-
turbed variant. In this section we examine what happens to the other relations. It
is obvious that when the (bi-)orthogonality is not forced explicitly by the method,
it will cease to hold. This was the reason why the methods were often used with
full re-(bi-)orthogonalisation in the sixties.

In this section we examine the dependencies between computed quantities and
the loss of orthogonality. First, we develop a recurrence formula for the loss of
orthogonality. Here, the modus operandi is based on an iterative point of view
which is more suitable to the iterative use of the methods. We conclude with two
backward results, based on an additive and a multiplicative splitting of the matrix
of the loss of orthogonality.

We consider long-term recurrences that fulfil the relation

AQr = Q1 Cy, — F,, (4.12)

and coupled recurrences based on (4.12) and a second perturbed Hessenberg de-
composition that additionally fulfils the relation

AR Q) = Qua Oy, — Fr. (4.13)

These coupled recurrences usually will be short-term recurrences.

For reasons of brevity we introduce the matrix W,, = QTHan In infinite pre-
cision this matrix is identical to the identity matrix I,,. The columns of W,, are
denoted by w;, I € m, and the elements by wj;, [,j € m. Leading submatrices of
order k are denoted by W.

We start with the relations between the matrix Wiy = QkHﬂQkH and the
computed quantities.
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Lemma 4.10 (The Error Relations) In case of a long-term recurrence the ma-
triz Wiy, = QkHHQkH fulfils the relation

Wk-ﬁ-le = QkH+1AQk - QkH+1Fk~ (4~14)

In case of coupled (short-term) recurrences the matric Wiy = QfHQk_H addition-
ally fulfils the relation

~H ~ ~
C Wis1 = QF AQry1 — FiF Q1. (4.15)

This implies that in case of coupled (short-term) recurrences Wi41 = Q,Ij+1Qk+1
fulfils the fundamental relation

~H « .
Co Wis1k — Wi rs1Cp = QF Fr — FF Q. (4.16)

Proof. Equation (4.14) is obtained by left multiplication of the perturbed Hessen-
berg decomposition (4.12) with Qfﬂ. For latter purposes we strip of the last row
to obtain an equation involving quadratic matrices,

Wir1Cp = QFAQ), — QF . (4.17)

Now we consider the case of two coupled (short-term) recurrences. We transform
the second perturbed Hessenberg decomposition (4.13) by multiplication with Qf
from the left. Forming the Hermitian of the resulting equation we derive equation
(4.15). We strip of the last column to obtain an equation involving quadratic
matrices,

~H « N
Cy Wis1k = QF AQr — B Q. (4.18)

Subtracting equation (4.17) from equation (4.18) we arrive at equation (4.16). This
finishes the proof. [J

We intend to show that for any Hessenberg decomposition the loss of orthogonality
or other deviation is a natural consequence of the recurrence. We first restrict
ourself to dual methods, i.e. methods where in infinite precision beQm = I, holds
true.

The first approach is a simple forward error analysis. It relates the loss of
orthogonality, given by the matrix Wy — Ix41, to the influences. It results in two
simple amplification recurrences. The trick is to insert the computed C} on both
sides of the equations.

Lemma 4.11 (The Error Sources) In case of a long-term recurrence the rela-
tion A A
(Werr = I ) = (QF14Q1 - C4) = QL P (4.19)

holds true. In case of coupled (short-term) recurrences, additionally the relation

CH
Cy (Wk+1,k — Ik+1,k) - (Wk,k+1 — Ik,k-i—l)gk =

. . . (4.20)
Crp — CH + Qi F, — FEQy

holds true.

Proof. The relation (4.19) follows by subtracting C, on both sides of (4.14). The
relation (4.20) follows by subtracting

. H
O — Cy, = Cp Ik — Inp1Cy,
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on both sides of (4.16). O

The lemma above stated more informally says that the loss of orthogonality weighted
by the computed matrix C}, is equal to the sum of the projection error and a small
error term.

This far, all considerations did not honour the iterative character of the methods.
This fault is removed by the transformation of the Hessenberg decomposition to the
form of the governing equation,

My, = grricrrrker, = AQ — QiCr + Fy.

When we multiply the Hessenberg decomposition from the left by QkH , we obtain
an iterative matrixz expression for the loss of orthogonality.

Theorem 4.12 (The Matrix Error Recurrences) A matriz expression of the
recurrence of the loss of orthogonality is given by

QEM, = QFAQL—QFQwCr +QFF,
= (QkHAQk - Ck)
- (Wk — Ik.)Ck
+ QfFy. (4.21)

In case of methods based on coupled (short-term) recurrences the loss of orthogonal-
ity additionally fulfils

Qi My — M{Qr = (C“;? - Ck)
+ CH (Wk - Ik> - (Wk - Ik)Ck
n ( i, F,ﬁ@k) . (4.22)

Next, we multiply equations (4.21) and (4.22) from the right by ey, and right-divide
them by c41,5. This results in a vector recurrence for the loss of orthogonality.

Corollary 4.13 (The Vector Error Recurrences) A wvector expression of the
recurrence of the loss of orthogonality is given by

Qfqry = (QkHAQk — QI Qper, + fok) C;Zil,k
(QkHAqk - Ck) C/;-Ql-l,k
— ((I/V;€ — Ik)0k>01;+11,k

+ (QkH fk) Citipe (4.23)

This is a recurrence on the columns of the matrix W,, — I,,.
In case of methods based on coupled (short-term) recurrences the loss of orthog-
onality additionally fulfils

Ql gk = (wak — Wier + Q fo — Ff g + M;fqzc) C;Zim
(C‘fek - Ck) Cl;ll,k

+ (é}f(wk - €k) - (Wk - Ik)6k> cl;—&l-l,k
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+ (Qkak - sz%) Cetin
+ (M,f qk> itiee (4.24)

Like before, this is a recurrence on the columns of the matriz W,, — I,,. Analogously
we obtain a second recurrence on the rows of the matriz W, — I,.

In case of a method based on coupled (short-term) recurrences we observe that the
term involving M}, has no influence on the first £ — 1 equations, hence

a1 = (GJTCJfQEQk — " Qrer + ¢ fr — f]qu) Cot1k
ol k
- (Saat - atues )it
=1 =1
~H rH —1
+ (qj Je = fj Qk) Ch+1,k

holds true for all j < k. The kth equation has the additional term ék+17kq,€{+1qk.
Usually, the method will be such that we have local orthogonality or local duality
and this term is negligible.

Representations (4.23) and (4.24) reveal three sources for the occurrence of any
loss of orthogonality. When we consider methods based on long-term recurrences,
the first ingredient is the accuracy of the last computed column of Cj,

QF Agy, — c1, = (QkHAQk - Ck) ek.

In a long-term recurrence like Arnoldi, this is just the way of computation of the
components of C. In this case it seems justified that this part is small. In case of
coupled (short-term) recurrences, the first ingredient measures tridiagonal structure
and whether the matrices Cj, and C}, are adjoint,

C,fek —CL = (C‘f — Ck) ek

Usually this part is identical zero, even in finite precision.
The second ingredient in case of long-term recurrences is the loss of orthogonality
that occurred prior to step k times the last computed column of Cf,

- (QkHQk — Ik) cx=— (Wi — It) ck.

For coupled (short-term) recurrences it is the amplification of the loss of orthogo-
nality that occurred prior to step k by the matrices C,f and C, according to

Cil(wy — ex) — (Wi — ), = (C'/f(Wk — 1) — (Wi — Ik)ck> e

These parts are the ones that may cause severe deviation. We remark that they
depend on the computed matrices C',f and Cj.

The third and last ingredient is a measure of the orthogonality of the actual error
on the previously computed basis vectors, QkH fx- The actual error in general will
be small. The size of this term mostly depends on the length of the basis vectors.
All three terms are summed up and amplified by the inverse of residual estimator
c,;il x- It is well-known that deviation may occur when any ci41,5 becomes small
(cf. [GvL96]).

The methods that are not bi-orthogonal can be inserted into this setting by
replacing the identity by X}, where Xj is the exact left hand side of the pencil of
the projection. Essentially the same results hold true.
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Remark 4.14 The only terms we have influence on are the accuracy of the vector
recurrence and the accuracy of the non-zero moments. Suppose these terms are ‘as
small as possible’ and ‘random’. Then a severe deviation can only arise due to the
remaining term. This remaining term is given by

—(Wk - Ik)Ck o0 CH (Wk - Ik) - (Wk - Ik) Ch.

Thus, severe deterioration is due mainly to the amplification of previous errors.
Furthermore, this amplification is intrinsic, i.e. we can not influence the essential
behaviour without modifying the matrices Cj and C{.

So, we can finally give a partial answer to the question raised in the title of this
section:

Yes, a deviation from the exact quantities may occur, but we know
precisely where it has its origins.

We might be interested in an explicit computation of the matrix of the loss of
orthogonality.

Lemma 4.15 (Explicit Computation of W1 — I;;11) The matric Wyy1—1Ix 41
in any case fulfils the linear system of equations

(CF @ Inp1)vec(Wis1 — Tep1) = vee(Qp1 AQr — Cy)
— wvee(QE. Fy). (4.25)

Equation (4.25) enables us to compute explicitly the matriz Wiy1 — Ix+1 whenever
we have access to the matrices Qi1 AQr — C), and QfL | Fy.

In case of coupled (short-term) recurrences the matriz Wy — I, additionally fulfils
the system of equations
vee(Cy, — CH)
vee(ME Qi — QF My,)
— vee( B Qi — QF Fy) (4.26)

(Ik & ék — Cg ® Ik)vec(Wk — Ik)

Proof. Equations (4.25) and (4.26) are just the Sylvester equational forms of equa-
tions (4.19) and (4.22). O

Normally, we have no information at hand on the lower part of the matrix QkH 1 AQK—
C).. Usually, we have some extra information about the diagonal elements of
Wiy1—Ik+1. For some rows of the huge linear systems we can bound the right-hand
side. This is used in an additive splitting of Wy11 — Ix11. We emphasise that the
additive splitting approach does not depend on the rank of Wi 1.

We consider two special cases. First, we consider as an example the Arnoldi
method. In this case we know that the matrix Wy, is HPD. By the normalisation
we know that the diagonal elements of W1 — Ix41 are close to zero. This fixes the
degrees of freedom.

Theorem 4.16 (The Loss in Arnoldi’s Method) Let A € K"*™. Let the ma-
trices Qry1, Qr and C), be computed by the Arnoldi method in finite precision.
Suppose that the error matriz F), defined by

AQy — Qp1Cy = —Fy

has small columns. Suppose further that the computed moments are accurate, i.e.
that
' Agy = cj, Vj €k
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The columns of Qry1 will approzimately have unit length. Let Ry be defined to be

the restriction operator
Ry : KEFDkE _, g(k+1)k/2

that maps vec(C),) onto the vector that consists of the elements of C, from the
strictly upper triangular part, indexed by columns.

Then
Ry ((CF ® Ii1)vee(Wis1 — Iny1)) = Ri(vec(QFAQx — Cy))
—  Ru(vec(Qf\ 1 Fr)),
diag(Wg41 — Ig41) = small

is an R-linear system of equations of size (k + 1)k/2 that describes the loss of
orthogonality in Arnoldi’s method as the solution vector of a matriz equation which
system matrix is composed of the computed moments and the right hand-side consists
solely of boundable small quantities.

Proof. We first count the number of unknowns and equations. The numbers
are collected in Table 4.3. The number of unknowns is due to the symmetry of
Wit = W,ﬁl.

unknowns in Wiy : 1+2+---+k+(k+1)
equations from (4.25) : 142+ +k
equations from normalisation : (k+1)

Table 4.3: The number of unknowns and equations for Arnoldi’s method

The arising system is square and of size (k 4+ 1)k/2. When K = R, the system
is linear, since in this case the unknowns in Wj 1 are connected via w;; = wj;,
i,7 € k+ 1. When K = C, we can still construct a real linear system of equations
by doubling the dimension, but the corresponding complex system of equations is
not C—linear. This is due to the fact that conjugation is R-linear, but not C—linear
and the elements in Wy, are connected via w;; = wy;, 4,5 € k+1. [

In general, this approach results in formulae for the loss of local orthogonality. In
this approach we use the fact that the diagonal elements are close to one by the
normalisation and the computed moments are accurate. It is applicable to restarted
and truncated methods and the symmetric Lanczos method. When W1 no longer
is Hermitian we have coupled recurrences. This again fixes the degrees of freedom
and can be applied to ensure local duality in the (non-symmetric) Lanczos method.

As second case, we consider the (non-symmetric) Lanczos method. In case of
such coupled short-term recurrences we can use a different approach of additive
splitting to obtain information on the global orthogonality. This approach is based
on the special structure of the computed matrices and an additive splitting of the
smaller matrix Wy — I, = QkHQk — Ii.

Theorem 4.17 (Paige, Bai) Suppose that C‘,? = Cy, = Ty is tridiagonal. Suppose
further that Wy, — I, = Ly + Dy, + Ry, where Ly, is used to denote the strictly lower
triangular part, Dy, the diagonal and Ry, the strictly upper triangular part of Wi, — I
Then equation (4.22) can be transformed to the form
Te Ry — Ry T, = triu(QkHMk — M]ka)

'EI‘iu(TkL},C - Lka)

— triu(Tka — Dka)
— trin(QE Fy, — FEQy). (4.27)
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The right-hand side may be re-written to the more instructive form
TRy — Ry T = QEM, — By
= QkHMk - (Eloc + Erec) ) (428)

where the right total error matrix Fio splits into right local error matrix Fio. and
right recurrence error matrix Ey... These error matrices are given by

Eioe = diag(wji1,;7 — wjj-17i-1)
+  diag((wj+1,541 — wj5) V5, 1) (4.29)
Eoe = trlu(QkHFk - F]ka) (430)

We remark that we have an implicit connection between the right local orthogonality
and the right global orthogonality.
Similarly we obtain formulae for the lower triangular part, we have that

TpLy — LT, = MEQy — Eo
= Mlg{Qk - (Eloc + Erec); (431)
where the left total error Etot splits into left local error Eloc and left recurrence

error Fio.. These error matrices are given by explicit expressions similar to the
previously defined error matrices.

Proof. In the special case CH = Cy, = T} equation (4.22) takes the form
Te(Wi — Ii) — (Wi — L) Ti = QF My, — M Qi — Qf Fre + ¥ Q.

When we insert the splitting Wy, — Iy, = Ly + Dy, + Ry, and consider only the upper
triangular part, equation (4.27) follows, since

triu(TkRk) =TiRy, and triu(Rka.) = R,T},.

A short computation results in the explicit representation of the error matrices.
We stress that, for sake of simplicity, in the theorem we have used the additional
quantity yo = 0. O

The theorem proves that the global loss of orthogonality depends on the non-
orthogonality of the error vectors and the local loss of orthogonality, measured
by some sort of first discrete derivative of v;w;; (and Bjw;;).

The next theorem uses knowledge on the eigenvectors of T} to gain information
on the way how orthogonality is lost and in which direction the loss occurs, tailored
for coupled short-term recurrences.

Theorem 4.18 (Paige, Bai) Let all notations be as in the last theorem. We de-
fine the error quantities

_ oH . _ JHE
€ij = 85" FrotS;, €ij = 85" Brots; (4.32)

for some left and right eigenvectors §f{ and sj. In most cases these error quantities
will be small.
Then loss of orthogonality goes hand in hand with convergence, i.e.

9 Qo1 Brsky = €jj €7 = Vndkjls1V;- (4.33)

Transforming the relations further to

~H €jj €jj ~H
f = , = i 4.34
Yi Qk+1 5k8kj R Qi+1Y;j ( )

shows that the loss of orthogonality that occurs when a left/right Ritz pair is con-
verging, is mainly in direction of the right/left Ritz vector.
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Proof. We multiply equation (4.28) from the left by a left eigenvector 8 and from
the right by a right eigenvector s;. This removes the dependence on the matrix T}
and we obtain the equation

(0; — 0;) 87 Rysj = 0 @1 Brswg — 81 Eror ;.

We set ¢ = j. Then the left-hand side is zero. By definition of ¢;; the remaining
equality is the first equation in (4.33).

Similarly, for the other recurrence, by applying eigenvectors of T} to equation
(4.31) we obtain the set of equations

(0; — 0;) 87 Li.s; = yénid1y; — 57 Eroys;.

We again set ¢ = j and obtain the second equation in (4.33).

The only remarkable thing about the reordering of the equations (4.33) to obtain
the equations (4.34) is the fact that the denominators can become zero only in case
of an exact breakdown. [J

Theorem 4.18 is one of the main results of Paige’s analysis. The setting of the
theorem can be extended to take also care of the principal vectors. But in finite
precision, particularly with regard to the impacts of the theorem just proven, the
occurrence of multiple eigenvalues is unlikely. Thus we restrict ourselves to the
diagonalisable case.

The error quantities can also be used to express the accuracy of the (unnor-
malised) Rayleigh quotients. An easy calculation shows that

0 a1 Bese; = G Mys;
= 9/ (AQk — QiTi + F) 5,
97" (Ay; — y;05) + 55" Fis,
= 9] Ay; —9]7y;0; + 9] Frs;

holds true. A similar formula holds true for the second recurrence.

Theorem 4.19 (Paige) Let all notations be as above. Despite any loss of orthog-
onality the absolute error of the unnormalised Rayleigh quotients

Z)JHij - Z)fyjej = €jj — Z)JHFij

remains small. Because of the equality in this equations, this proves that the relative
error of the Rayleigh quotients

ngyJ o €5 — Q;{Fij

9i'y;

will be very large, when the inner product of left and right Ritz vector is very small,
and vice versa.

An expression shedding light on the behaviour of these inner products is the formula
that can be obtained by forming 7(4.28)s;:

Theorem 4.20 (Paige) Let all notations be as before. The inner product of a left
and right Ritz vector weighted by the distance between the corresponding Ritz values
is given by

N Skj Ski A A 7
(91 — Hj)yfyj = E“‘S—I: —€jj— — Sfl(QkHFk — F]f]Qk)Sj (435)

Skj
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Proof. The multiplication of equation (4.28) with eigenvectors from both sides
results in

0:—0) 9y, = 07 qur1Brsky — ?Q;J(ZkJrlﬁkski
— 3(QIFr — B Qu)s;.

By Theorem 4.18, equation (4.33), equation (4.35) follows. O

We observe that orthogonality can get lost when several Ritz values form a cluster.
In this case the loss of orthogonality will take part in the space spanned by the
corresponding Ritz vectors. This suggests that at least one inner product will be
large. When the Ritz values are well separated, loss of orthogonality can still occur
when s; and sy; are very different in magnitude. In this case one Ritz pair has a
small backward residual estimator and the other one has not converged yet.

We focus on the loss of orthogonality. It turns out to be advantageous to multiply
the matrix QHQy, from the left and the right with the left and right eigenvectors.
The deviation of the resulting matrix Y,f Y} from the identity matrix splits into

VY, — Iy = SE(Ly, + Dy + Ry)Sh.
We define the matrices
Xk = SgIRkSk and Xk = SELkSk

Neglecting the middle term involving the diagonal Dy, the departure from the
identity can be measured by the expressions X and Xk By derivation it is obvious
that the analysis for X}, will be similar to the analysis for Xj. Now, the question
is, how can we measure the size or determine the behaviour of X7

Paige solved this problem with the use of the eigenvector — eigenvalue relations
of Chapter 2. He used the results for Hermitian matrices stated in the paper by
Thompson and McEnteggert (cf. [TM68]). A simplification for symmetric tridiago-
nals similar to our simplification of the Hessenberg case is included in Paige’s thesis
(cf. [PaiTl])). Paige’s analysis is contained in his 1980 paper (cf. [Pai80]).

The equations in (4.34) can be transformed to matrix form, the first equation is
transformed to

€11
BrSk1
Y g1 = S{TQ airr = : 5
€k
BrSkk

or equivalently, to

€11
1

Br

. 1
Qf i1 = Sk( diag(sg1, ..., Skk))

€kk

In the following we use upper indices (1) to denote the size of the matrix T; whose
eigenvectors s; and error quantities €;; we are interested in. The preceeding repre-
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2 k
[r( )7... rl,(c )]7

(1—
611 )/@ 155 1)

sentation is used to express the columns of Ry =

A S)_
Qlfil% =1
k (1-1
7’1() = = 6111) 1/5l 151111
0 0
0 0
-1
E11 )/ﬁl 131( 1,%
Si_1 0
_ (1-1)
- 61111/61 1511l1
0 0

0
To simplify notation and to grasp the correct dimensions we define some auxiliary
matrix notations. We define abbreviations for the augmented matrices

Si-1 0
Sl(f)l = e Kkxk,
0 0
diag(el ;S;—1) 0
Dl(f)l = ﬂl—l ( ) € Kkaa
0 1
and i .
g = (7Y 5 0 - 0) eKE
With these abbreviations the relation may be stated as
k k K\ L (k
= s (05) e

-1
We note that the factor (Dl(f)l) can either be interpreted as an amplification

factor for the small errors gl(f)l, or as scaling of the eigenvectors Sy to have a last

component equal to 3,_ 11. The matrix of eigenvectors scaled to have last element
equal to 5, 11 will be denoted by

ak) k )\
6= s (o)
and the amplified errors will be denoted by
(k) _ W\ (k
gl( )1 = (Dl(f)l) 91(7)1'

We use the Kronecker product formulation of the unknown quantities Xy,

X, = S’ngkSk =
vee(X) = (SF @ SH)vec(Ry) = (Sk @ Si)Tvec(Ry).
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We define the shorthand notations
k k ~ ~(k ~(k
Gk: g(() )77gl(g_)1:| Gk:[gé )7"'ag](g_)1 .
This gives a first expression of the quantities in Xy:

Theorem 4.21 Let all notations be as before. The amplification of the local errors,
that is the local loss of orthogonality and the recurrence errors is given by

S§Y
) ) )
vee(Xy) = (Sp®Sp)T b vec(G)

= (Sy® Sk)T vec(Gy).

(k)
Sk-1
This expression is solely in terms of left and right eigenvectors of the condensed
matrices T; of steps one to k. The amplification is large in magnitude, when a small

residual bound Blsl(;-) has occurred previously.

One weakness of the theorem above is the dependence on all eigenvector components
of all steps. We are mainly interested in eigenvalues, not in eigenvectors. Thus we
seek alternate formulations that do not rely on all eigenvector components. As
first step, note that the second matrix — matrix product in the theorem can be
reformulated to take the form

S sg”
(SkenT’
SFS®,
The diagonal of the second matrix consists of block matrices formed of prolonged

right eigenvector matrices Sl(k) and left eigenvector matrices 5',{ By Theorem 2.25
in Chapter 2 it follows that

0
= B (Ske) (elTSl(’“’) (4.36)

ST k) &T a(k) 1(k 5 STer\"
JeSESM — ST = g (S,Zel+1)( l l)

holds true. Here the matrix Jl(k) is defined to be the prolonged Jordan matrix

® _ (S O
w=(30).
The prolongation is such that the resulting matrix is invertible when 7; is invertible.
The relation (4.36) can be stated equivalently as

(1o 5 - 5% @ 1) vee(55) = vee (81 (5T evin) (e 57)).

Let .
Jhl = (I ®Jr—JP® I)
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denote the inverse of the huge matrix of distances of Ritz values. From the compu-
tations thus far it follows that

vl SES0) = (D 01) el S50
_ (Dl(k) - I)il TR vec (@ (S’kTeH_l) (elTSl(k)>)
_ ki (Dl(k) ® ])_1 vee (ﬂl (Stews1) (ezTSl(k)D

— Rl yec ((Sg€l+1) Bi <€;‘F51(k)> (Dl(k)>—1>

— R yec ((S;{elﬂ) (8)T>
= vee (550))
holds true. The matrix J*! is defined by the constraint
(J’“J)fl (0 er)=(pPer) ()
and is given by
gl = (I @ Jy — (D)1 I DM 1)71 :
Everything simplifies, when we only have degenerate Jordan blocks. In this case
the diagonal scaling does not alter the matrix J*! i.e. we have that in this case

(k)

Jkt = JkL holds true. Furthermore, in the diagonalisable case the matrix S@(l)

implicitly defined in the last line takes the explicit form

S(@k()l) = |:(®k - egl))ilglzjel-‘rh ) (("‘:)k - el(l))ilglzjel-‘rh 07 s 70
~——

[ columns k — | columns

Now we are able to state the correlation between the quantities describing local
errors and the quantities governing the behaviour of the Ritz vectors in another
form:

Theorem 4.22 Let all notations be as previously defined. The amplification of the
local errors can be expressed alternatively as

= (k
S5
(k)
vee(Xg) = (S’k®I)T ew vec(Gy,)
&(k)
S@(k—l)
k) &(k k) &k ) &(k
551)5((93@ 5&1) S((a<)1> T 521) S((a<)k—1>
k) &(k k) &(k k) &(k
- 852)5((9(2” 852)5((9()0 81(62)Sé)<)’“’1> vec(Gy,).
k) &(k k :v(k k «:k
Sgk)s((a()m S;k) S@()m T Sl(ck)S(e()k—l)

In this expression, the entries of the amplifying matriz are composed of products
of elements of the eigenvector matrices solely of step k and, at least in the diago-
nalisable case, the inverses of all distances of Ritz values prior step k to those of
step k.
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We made the observation that all elements of the huge matrix in the last theo-
rem are composed of products of left and right eigenvector components. In the
diagonalisable case, a way of writing the matrix elements is the notation

() )

k) S(k) . I+1,j°141,i

S141,jRe0m = (9(k)—9l)> :
J P {p,ick}

Here, the index p denotes the column (some elements are zero), [ the block—column,
i the row and j the block—row. The entries of the left hand side are related to those
of the right hand side via

k—1 ! ®)

TR - N s ) p
3; Rpsj = Z S141,5 5141, Z W
=1 =17 U

When j = i, the elements can be transformed to a representation composed solely
of eigenvalues uﬁ, ) of tridiagonals that are principal submatrices of T}, since by
application of our eigenvalue — eigenvector relations of Chapter 2, Theorem 2.19,

page 69,

Sl+1 J l+1 J X/ J
Tr:k

I, ( 6k _ 14D )
)

H@é] (e(k)

{9§l+2.k) }jEk;H U {93(;) }jq

(k) v(k) N |:XT1;1XT1+2;kj|(9(k)>

(z+1)}
{W tek—1

holds true. Hence,

k) .(k (k) (+1)
Sl(+)1,JSl(+)17J _ H" <9j Ve >

(k) o k 1 k k
0 — 6 (608 = 68) Moy (65 — 07)

k +1
sy, (95' -yt ))
®) _ ) B oMY’
(657 = 04)) T, (65— 61)

In element-wise notation this takes the form

k—1 ! O

T _ Z (k) (k) e

55 Rij = 141 35l+17J Z OO)
=1 9]' — 0y

(k) (I+1)
_ “i: ) iy, (47 -0")
(k)

_ (k> (k) _ &))"
=1 p=1 9j 9 Hé;ﬁj Dj (0_7 - 0[ )

From these expressions we can conclude that orthogonality is lost, when one of three
equivalent conditions emerge. There is some small residual bound, a Ritz value of
step I, [ < k is close to an Ritz value of step k, and, the third condition, there do
exist two close Ritz values. We remark that it is possible to expand the analysis to
some extent to deal with the case of clusters of Ritz values.

We switch back to the general case and consider the third error analysis ap-
proach. It relies on a backward error analysis and is based on a multiplicative
splitting of the matrix Wy = QkH Qr. This approach enables us to derive bounds,
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but only applies as long as the basis vectors remain linear independent. The bounds
are based on computed quantities and relate the computed pencil to a perturbation
of an exact pencil. This exact pencil in general looses the simple Hessenberg struc-
ture. This approach is based on Simon’s thesis, Theorem 2.3, page 40, Theorem
2.4, page 42 and Day’s thesis, Theorem 7, page 64 (cf. [Sim82, Day93]).

We first give a version of the main theorem using an LU-type decomposition:

Theorem 4.23 (Simon, Day) Let A € K"*", O, € K% and M;, € K**F,
where M, = Ck+17ka+1€£, be given. Suppose that

AQr — QrCr = My, — F,

holds true for some Qy, Fj, € K"**. Suppose that Wy11 = QkHHQkH (for some
matrix Qk+1 € K"X(k“)) can be decomposed without pivoting, Wii11 = I%kHHRkH.
Thus, obviously Wy, = RkH Ry.. Denote by C,jim the matriz that is triangular similar

to the computed Cl, )
CkSIm = RkC;@Rlzl.

Observe that the triangular similarity assures that the matriz CF™ is Hessenberg.
Define the exact oblique projection

(CE9t 1) = (PH AP, PEP,) = (R;TQFAQLR Y, Ry T Wi R Y)

of A. Then C’,fim may be interpreted as a perturbation of C*2ct,

t i p—H AH T p—1 H—H AH -1
Cyest =™ = Ck+1,kRk Qy Qk+1ekRk *Rk Qy FkRk
T1,k+1
Ck+1,k . T SH -1
= MLk : eF — P PR (4.37)
Tkk
Tk k+1

The perturbation can be bounded normwise by
IO = O™ |2 < 1B 2l By M2 (len 1,6 QF nsll2 = QR Fill2)-
Proof. The implicitly in the theorem defined projection matrices
Py = QiR ", Py = QrRy"

are bi-orthogonal, since PIfIPk = R;HQAkHQkR,;l = Ii. Thus, the oblique projec-
tion of (A, I) onto the pencil

(A, 1) — (P AP, P P,) = (CF**, I)
is exact. As a next step, we transform the pre-multiplied equation
QEAQ, — Q1 QO = QF My, — QI Fy, (4.38)

by inserting the LU decomposition of W = QkH Qr = I%kH Ry. When we multiply
equation (4.38) by the inverses of the triangular factors form the left and the right,
we obtain

PHAP, — RL.CLR,* = PHMR.' — PEF.R,’
= i p P Poyi Ryieriry, — PUFLR;.

Equation (4.37) follows, since the matrices Pk+1 and Pyy1, defined in analogue to
Py and Py, are bi-orthogonal. The bound follows upon application of norms. [
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This theorem may be interpreted as finding the closest Hessenberg decomposition
to the computed one, such that the eigenvalues are good approximations, even if
this implies that the eigenvectors are bad. It is an indicator that this will be the
case whenever the loss of orthogonality has reached some limit.

The ingredients of the bound are of particular interest. The part depending on
the norms of the inverses of the triangular factors, H]A%,;l 2/ R " |2, is comparable to
the growth factor in the LU decomposition. When the matrix Q,? Q. is Hermitian,
we can bound this part by a constant. The remaining part measures the new loss
of orthogonality corresponding to the last step times the next off-diagonal element
and the accuracy of the recurrence. This implies that when the loss is moderate,
the computed eigenvalues are as accurate as one can hope for.

Some comments on the behaviour of the eigenvectors are in order. The trian-
gular similarity transformation maps the computed eigenvectors onto the improved
eigenvectors

sim

5j

= Rys;.

The loss of orthogonality W as well as the size of the elements of the triangular
factors is usually gradual. It is gradual in the sense of having small elements close
to the main diagonal and large elements further apart. The eigenvectors corre-
sponding to well-converged Ritz values do not change drastically, since the sizes of
the elements are also graded. The eigenvectors corresponding to unconverged Ritz
values are changed. The main change is that the first component is damped, as if
the finite precision run corresponds to an exact one with a different starting vector
with a small component in direction of the corresponding eigenvector. This leads to
a delay of the convergence of the unconverged Ritz values. This, in turn, matches
the behaviour typically observed in finite precision when using a method based on
short-term recurrences.

Roughly speaking, we might say that the triangular similarity transformation
‘twists’ the tridiagonal matrix of a short-term recurrence like the Lanczos process
to a Hessenberg matrix. The finite precision run produces tridiagonal matrices.
Adding a grain of salt, we can think of the twist moving along the anti-diagonal to
the other side producing copies of the converging Ritz values. This is not predicted
by the theorem, since at that point the linear dependence among the basis vectors
is lost completely.

We might use any matrix Qk+1 and any triangular decomposition for this ap-
proach. As example we might use the LDMT decomposition. The assumption
that the decomposition exists is always the drawback of the multiplicative splitting
approach.

Corollary 4.24 (Day) Let A € K™*" T € KF*F Q€ KF*F and M, € KP¥F,
where My, = Brqpr1er, be given. Suppose that

AQy — Qi ' Ty = My, — Fy,

holds true for some Qp, Fr € K"k, Assume that Wy, = QkH+1Qk+1 (for some ma-

trix Qk+1 S K"X(””l)) can be decomposed without pwoting, Wil = f/k+15~2k+1Rk+1,
Thus, obviously Wi, = LpQiRy. Denote by (C,jim, Q) the pencil that is triangular
similar to the computed pencil (Ty, ),

(C}Sim, Qk) = (Qkngllelezl, Qk)

Observe that the triangular similarity assures that the matriz C,fim 1s Hessenberg.
Define the exact oblique projection

(C]éexact’ﬁk) = (PISIAPk,p]g—IPk> = (ﬁ;leHAQkRgl,IA/?WkR;l)
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of the pencil (A, I). Then the pencil (C5™, Qk) may be interpreted as a perturba-
tion of the pencil (CX2t, Q)y,),

ot O = AL el Ry - L QE LR,
T1,k+1

= T% o : el — PEFRR; . (4.39)
Tk k+1

The perturbation can be bounded normuwise by

1G22 = O™ |2 < 1L Izl By Hl2 (188 QK arsa |2 = 1QK Eill2).

Proof. That the pencil (C,jim,ﬁk) is similar to the pencil (Ty, ) follows by a
straight calculation,

(Tk7Qk> & (Q;lTk,Ik)
= (RkﬂllekR;l,Ik)
<~ (QkRkQEITkRgl,Qk)

The proof for the remaining part of the corollary is along the lines of the proof for
Theorem 4.23. The only difference is the occurrence of the diagonal scaling matrix
Q. O

The corollary is tailored to work for Day’s variant of the Lanczos method that
projects the pencil (A4, I) to the pencil (T}, ). This corollary is the key result of
Day’s thesis and serves as basis for Day’s semiduality algorithm.

Both, the theorem and the corollary, rest upon strong assumptions in the sense
that they require Wy to be decomposable without pivoting, i.e. such that all leading
principal minors are non-zero. This can be weakened by applying GEPP or even
GECP. We state the result based on GECP as a second corollary:

Corollary 4.25 Let A, Cy, My, Qr and Fy be given as in Theorem 4.23. Suppose
that Wy, = Qk Qr (for some matrix Qk € K"**) can be decomposed with GECP,
Wi, = O1Lx RiOs. Denote by CF™ the matriz that is similar to the computed Ct,

Cf™ = Ry0,C, 05 Ry

Observe that when Oy # I the matriz CF™ will, in general, no longer be a Hessen-
berg matriz. Define the exact oblique projection

(Cet I) = (PH AP, I P) = (L, ' 01QF AQrO2 Ry Y L ' O1 W00 R,
of A. Then C’ljim may be interpreted as a perturbation of CZxact,
ogxact _ C«ksim _ Ck+1,ki;101QkHQk+1€£O2Rlzl _ ﬁ;101QkHFk02R’;1
The perturbation can be bounded normwise by
Gt = ™l < 1Ly N2l Ry Hl2 w11 QR anall2 = QK Fill2).

Proof. The proof is along the lines of the proof of Theorem 4.23. The formulation
expressing the first perturbation term in elements of the triangular factor Ry in
general will not be possible, since the pivoting strategy might destroy the structure
between two successive matrices P = L;;'0,Q and P . O
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To be applicable, the result of Theorem 4.23 has to be tailored to fit the character-
istics of the method to be used. These results have to be used with caution, since
there is a natural trade-off between a strong theorem and its domain of applicability.
The stronger the bound becomes, the more knowledge on the loss of orthogonality
has to be inserted to be of practical use. In case of an orthogonal basis, i.e. in case
of the Arnoldi method, including as a special case the symmetric Lanczos method,
Wi = QF Qy, is HPD. Instead of the LU decomposition the Cholesky decomposition
should be preferred. In this case the norm of R,:l in the bounds is less equal 2,
which simplifies the analysis substantially.

This type of backward error analysis requires some justification. First of all, they
do not result in backward error formula, since they express the occurring loss of
orthogonality and the accuracy of the returned approximations in terms of computed
quantities. That is, simply using the results obtained, we have no clue why some
of the methods converge beyond the point where the assumptions of the theorems
are violated. Then, we can not predict by theory if they are good in describing the
actual behaviour. Even if numerical experiments suggest so, it would be nice to
actually prove that a backward error analysis can not apply and that the results of
this section are in some sense optimal.

For this reason, we first try to apply the standard backward error analysis to the
Sylvester equation. This is done in the next section and should clarify the role that
a standard error analysis can take. Then, in the proximate section, the recurrence
of the basis vectors is analysed in more detail. This analysis results in statements
that reveal the restrictions of all possible error analysis approaches.

4.7 The Sylvester Equation

In this section we interprete the governing equation
AQk — chk = Mk — Fk (440)

as a linear equation in ). This linear equation, i.e. the Sylvester equation, is
an ordinary matrix equation in higher dimension nk. We re-write the governing
equation using the Kronecker product and the vec operator,

Iy ® A — CF @ I,)vec(Qy) = vec(Mj, — Fy).

The system matrix is known as the Kronecker sum of the matrices A and —CY .

We want to apply stability analysis to the huge matrix of the Sylvester equation.
We are interested in the Schur and Jordan normal forms. The Schur form can easily
be obtained. Let the Schur forms of A and C}' be given as

AU =UR and CIw,, = Wi.Ry..
Then the matrix of the Sylvester equation has Schur form

(I, A-CT L)W, oU) Wiy ® AU — CFW, @ U

Wi, UR—WiLR, @ U
= WpeU)(I®R—RrR®1,).

The matrix I ® R — Ry ® I,, is upper triangular by inspection. The matrix Wj @ U
is unitary, since

(Wi @ U)(W @ U)H (Wi @ UY(WH @ UH)
= WWHeUU"
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Thus we have computed the Schur decomposition. This already shows that the
eigenvalues are given by the numbers A\; — 6;, 7 € n,j € k.
The Schur vectors are the columns of the matrix Wi ® U,

WU = [’LUl ® U1, w ®uz,...,wk®un].

We observe that the right Schur vectors of the large matrix compromise of the right
Schur vectors of A and some sort of left Schur vectors of C.

Now we focus on the Jordan normal form of the matrix of the Sylvester equation.
Suppose that the Jordan normal forms of A and C{ are given by

AV = VJA and Cng = ZkJ@.

We use the Jordan normal form of C'kT, the transpose of Cj. The Jordan normal
form of the transpose can be obtained from the Jordan normal form of the matrix
Ck»

S,fC’k = J@S’f? -~ C’,CTSV;{ = Skjg

Every Jordan block is similar to its transpose via

0 0 1
1 4 A

where J is the flip-matrix

J=J 1=
1

The matrix Zj, of the eigendecomposition of C’kT is obtained from the matrix Sj by
a simple re-ordering of the column vectors. We use this strange re-ordering because
it simplifies notation.

We go on to proceed like in case of the Schur form,

(L, @A-CIRL)Z®V) = ZyAV -ClZ,oV

ZQ@VIyN —ZpJo @V
= (Zp V)i ® Jr — Jo ® I,).

The second huge matrix in the product of the right-hand side,
L ®JIy—Jo®I,, (4.41)

in general is no Jordan matrix. Nevertheless, the eigenvectors of the Kronecker sum
must to be constructible using the columns of V' = Z; ® V| i.e. the vectors

Ui = z; ® v; = vec (UIZJT)

as trial vectors. We distinguish the four cases that a simple (non-simple) block meets
a simple (non-simple) block and state the results as a series of three examples, one
lemma and two conjectures.

Example 4.26 (simple block meets simple block) Let A € K"*". Let C{ €
K***_ Let \; and v; be an eigenpair corresponding to a one by one Jordan block
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of A. Let 6; and z; be an eigenpair corresponding to a one by one Jordan block of
Cg. Then the trial vector ¥;; and \;; defined by

S _ T —
V45 = 2j @ v = vec (vizj ), Aij = X — 05,

is an eigenpair of the Kronecker sum of A and —C{, since

(Ir®A— cF I,) vec (vizT) = vec (Aviz;‘ﬁ — viZ;‘-FCk)

j
(A — 0;) vec (vzz]T) .

This first example is covered by the following two examples. The first example is
important when A and C}, are both diagonalisable, which is the generic case when
considering matrices that are subject to small perturbations.

Example 4.27 (non-simple block meets simple block) Let A and C,{ be given
as in the preceeding example. Let J; be an ¢ x £ Jordan block of A,
A1

i

1
Ai

Suppose the corresponding subspace is spanned by
Vi = [viy .- vige—1], AV, = Vi d;.

Let 6; and z; be an eigenpair corresponding to a one by one Jordan block of CF.
Then the block trial vector

2z QVi= [z ®vi,...,2 @ vige—1],
compromising of the trial vectors
2j ® Vigp—1 = vec (Vigp_12, ), pEL

as columns spans an invariant subspace of the Kronecker sum of A and —C,{ to the
eigenvalue \;; = A; — 0, since

(Ik®A—C’,f®In)zj®Vi = ZJ(X)AVZ*C]ZWZJ(X)‘/@
= Zj@‘/;Ji—Zjej(@Vvi
= (Zj ® V;)(JZ - 9]».7@).

The columns of the block vector, i.e. the trial vectors, are the eigenvector of the
Jordan block and the corresponding principal vectors, respectively.

For the next example it is useful to observe that the negative of a Jordan block has
the Jordan decomposition

—Jy=8J_,\8

where S is the sign matrix with diagonal elements alternating between plus and
minus ones that already appeared in Chapter 2.
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Example 4.28 (simple block meets non-simple block) Let A and Cg be given
as in the preceeding examples. Let \; and v; be an eigenpair corresponding to a
one by one Jordan block of A. Let J; be an ¢ x ¢ Jordan block of C},

Then the sign-changed block trial vector
(Zj ® ’UZ)S = ZJS ® (— [Zj ® Vi, —Zj+1 [029] Vgyoony :l:ZjJrg,l X Ui],
compromising of the sign-changed trial vectors
(=1)P 1tz ®@v; = (—1)P tvec (vizﬁp_l) , pel

spans an invariant subspace of the Kronecker sum of A and —C} to the eigenvalue
Aij = A; — 05, since

e Z]'S R vy N\; — ZijS@ V;
= (ZjS@’Ui)()\iIg—i-J_gj).

The columns of the block vector, i.e. the sign-changed trial vectors, are the eigen-
vector of the Jordan block and the corresponding principal vectors, respectively.

The next example is a little bit more involved and covers the previous three. We
split our approach into three smaller steps. In a first step, we construct in a first
lemma a set of eigenvectors. Then, in the second step, we go on to construct in a
second lemma a set of principal vectors that correspond to the eigenvectors already
constructed. In the last step, we count the vectors constructed to make sure we
have found the entire Jordan decomposition.

For ease of understanding we numerate the vectors simply by single indices.
This corresponds to A and C,CT having only one single Jordan block. The sizes of
the blocks are denoted as before by £4 and £¢, the subscript denoting the matrix
the index originates from. Since the trial vectors form a basis of the space, the
eigenvectors and the principal vectors have be representable by linear combinations
of them.

The eigenvectors in this representation can be found almost immediately:

Lemma 4.29 A set of min(£4, {c) unnormalised eigenvectors is given by

1
Zzl,pﬂ ®uvp, le{l,...,min(l4,lc)}.

p=1

Proof. These vectors are eigenvectors. This follows by straight calculation:

! !
(Ih®@A-Cl ®1,) Z Zept1 QUp = Z Zi—p+1 ® Avp

p=1 p=1

l
T
- E Ci 21—p+1 @ vp

p=1
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l
= N—0)) a0y

p=1

l
+ § Zl—p+1 @ Vp—1
p=1

l
- D ap®u
p=1
l
= N=6)) a1 @0,

p=1

In the above, indices which are zero refer to the zero vector. By construction the
number of eigenvectors of this type is min(¢4, ¢¢). O

We aim at constructing principal vectors of highest degree. Our ansatz is based on
linear combinations of trial vectors. To derive the explicit formula for the principal
vectors, we use a slightly different point of view, which is best introduced using a
small picture. We think of the trial vectors as the nodes of a grid, as is shown in
figure 4.2.
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Figure 4.2: The two-dimensional generalised eigenvector grid

Figure 4.2 is a small example, the Jordan block of A is of size five and the Jordan
block of C}, is of size four. Every grid point corresponds to one of the trial vectors,
sorted by degree. The grid point in the upper left corner for instance corresponds
to the trial vector composed of the principal vectors of highest degree, i.e. of degree
five and four, respectively. The plus and minus signs indicate how a single element
is transported through the grid.

The anti-diagonals of the grid deserve attention, since the constructed eigenvec-
tors are composed merely of trial vectors corresponding to diagonal elements. We
observe that when we form any linear combination of trial vectors whose nodes are
along one anti-diagonal, application of the Kronecker sum maps the anti-diagonal
to the next anti-diagonal, the new coefficient vector is the discrete derivative of the
old coeflicient vector.
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We think of the grid prolonged to all sides and define the value for entries
outside the grid range to be zero. We interprete the coefficient vectors along the
anti-diagonals as arithmetic functions f : N — N, f:n — f(n). By inspection
we see that the next anti-diagonal is computed as Af (n) = f(n+1) — f (n), i.e.
we compute the discrete derivative of the function f. Our requirement that the last
values in the range k are equal reads as

Af@) = AATH) ()

= const Vie€k.

When we look at a single nonzero element somewhere in the grid, we see that it is
propagated in terms of binomial coefficients. We define the binomial coefficients as
usual to be

<r>: r(r—l)...(r—k+1)/k! E20 6 oreg
k 0 k<0 ’

As a natural consequence of the observation of the binomial coefficients we try to
find a starting vector composed of binomial coefficients. This approach seems to
work, when the k£ non-zero elements of the starting vector along one anti-diagonal
are given by the Hadamard (Schur) product

f = fleft © fright
of the two length k vectors

g (5 (T (2))
o= (122 (220)(75))

The ith non-zero component, i € k is given by the product of two binomial coeffi-

cients ki1 )
. n — 11— m —1
f(2)=< i—1 )(kz)

This arithmetic function is defined for all values, because outside the range one of
the vectors, the left or right, is zero by definition of the binomial coefficients. To
use the discrete derivative we pad the vector with n — k zeros on the left and m — k
zeros on the right, such that the length of the vector now is m + n — k.

and

Conjecture 4.30 (non-simple block meets non-simple block) The principal
vectors of degree s are given by the discrete derivatives

A%F (i) i(—l)s_jG)f(Hj)

=0

o (0 EETEES)

=0

where s runs from zero up to n+m — (2k — 1) = n+m — 2k + 1. The last vector
constructed this manner has constant coeflicients along the anti-diagonal in the
range of interest, i.e. is one of the eigenvectors previously constructed.
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The proof might be based on the (n+m — 2k + 2)th derivative. When the resulting
coeflicients in the range of interest are zero, our conjecture has been proven to be
correct. In this case we have exactly min(£4, £¢) Jordan blocks of sizes

(ba+Lc)—2k+1, where 1 <k <min({4,lc).

Thus, we would have constructed a complete Jordan decomposition of the Kronecker
sum, since

min(£a,lc)
bo-Le = Z (€A+€C)—2k+1
k=1
= min (£a,lc) - (€a+lc) —min (4, 0c)?

holds true.

Conjecture 4.31 (Kronecker sum: Jordan normal form) A Jordan normal
form of the Kronecker sum of A € K"*" and —C¥ € KF*¥,

L, A-Cl®I,,
can be constructed from the Jordan normal forms of A and CF,
AV =V Jy and ctz=12Js.

The right eigenvector matrix is given implicitly by the vectors constructed in exam-
ples (4.26)—(4.28), Lemma 4.29 and Conjecture 4.30. In complete analogy, also a
left eigenvector matrix can be constructed by interchanging the roles of A and Cj.

Proof. This theorem is unproven only because of the lacking proof for Conjec-
ture 4.30. O

We have proven that the eigenvalues of the Kronecker sum of A and C{ are given
by A;j —6;. When A and (), are both normal, also the Kronecker sum is normal and
the condition number is given by

_ max; ; |)\1 — 0J|
min; ; [Ai — 0;]"

The matrix Cj is used as an approximation to the matrix A, and so in case of
convergence the condition number of the Kronecker sum tends to infinity. Even
when A and C} are non-normal, the Kronecker sum will become singular whenever
there are two indices ig € n, jo € m such that A\;; —6;, = 0.

Higham considered backward error analysis of the Sylvester equation (cf. [Hig93]).
He gives bounds for the backward error of an approximate solution of the Sylvester
equation. He also gives a new condition number that supersedes the obvious choice
of a condition number based on the interpretation as a linear system. The inter-
esting thing about the analysis is the dependence of the backward error and the
condition number on the (approximate) solution Q. The backward error of the
Sylvester equation AQ — QC = M, where A € K"*" C € K™*™ Q, M € K**™
and m < n, is defined as

n(Q) = min{e: (A+AA)Q — Q(C +AC) =M + AM,
|AAllp < ea, [AC|F < e, [AM||p < en}

The occurring error matrices again fulfil a Sylvester equation, namely

(AAQ — QAC) — AM = R= M — (AQ — QC).
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This equation can be re-written using the vec operator,

vec(AA)
et

(@79 1) —1(1n Q) ) | LB

vec(AM)
L

= vec(R)

This is a linear equation Bv = r. The backward error can be bounded using the
minimal residual solution Bfr of this equation, that is by

L
V3

Neglecting the influence of the right-hand side, i.e. the cross-dependencies between
the matrix B and the residual of the approximate solution, we observe that the
bound depends mainly on the smallest singular value of B times the Frobenius
norm of the residual. The smallest singular value of B can be expressed using the

smallest singular value o, = 0,,,(Q) of the approzimate solution Q,

|BTr[l2 < n2(Q) < || BTr[l2 < || BT||2]|r||2.

1B|l2 = (a®07, + u?)~1/2.

For the direct proof we refer to Higham’s paper (cf. [Hig93], equation (3.7)). In
our case we set p to zero, i.e. we are not concerned with any perturbations of the
right-hand side. This implies that an upper bound for the backward error is given
by

72(Q) < (aomin(Q)) | R/ p-

The minimal perturbation to achieve equality is small, as long as the matrix Q has
approximately orthonormal columns. The derivation of this bound clearly reveals
that this bound may grossly overestimate the size of the minimal perturbation
necessary to achieve equality.

Apart from the results based on constructing polynomial subspace equations,
the stability analysis in this section did not honour the special structure of the
right-hand side and the iterative character of the methods. In the next section we
will derive some results that make extensive use of the structure.

4.8 The Computed Basis Vectors

In this section we are interested in the local and global deviation of the computed
basis vectors ¢;. We state a variety of results expressing the deviation in terms of
different computed quantities.

We again use the governing equation

AQk — chk = Mk — Fk (4.42)

as the starting point of our examination. The convergence analysis in infinite pre-
cision is based on the eigendecomposition, thus we proceed by diagonalising the
governing equation.

Multiplying (4.42) by 9 from the left and by s; from the right we obtain the
set

()\i — ej)@lHQij = ’lA)Zqu+1Ck+1)kSkj — ﬁg{Fij Vien,jek (4.43)

of equations. Here we have assumed that both A and C} are diagonalisable.
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Reordering the set of equations (4.43), we obtain the set

()\z — QJ)TA)zHQkSJ + @kaSJ

0 g = : Vien,jek
Ch+1,kSkj
i N -0, X 1
= ofQ, [77} s; + 01 Fy {7] 5. (4.44)
Cht1,k5kj Ch41,k5kj

The vector y; = Qrs; is the computed jth Ritz vector. This result relates a devia-
tion to convergence of a Ritz pair. The result applies also to non-diagonalisable A
and CY, since for every eigenvalue at least one eigenvector must exist.

Theorem 4.32 Let A € K"™*". Let 9 be a left eigenvector of A to eigenvalue ;.
Let ¢ = q1 be the starting vector of a Krylov method that computed the perturbed
Hessenberg decomposition

AQm - QmCm = qm+lcm+17me?7; — Fi.

Let s; be a right eigenvector of Cy, to eigenvalue 05, and y; = Qrs; the corresponding
Ritz vector.

When (A; — Hj)ﬁiHyj becomes as small as @kasj, the basis vector qx41 starts
to deviate in direction 0},

Vi Gk+1 =

Ck+1,kSkj
The size of deviation is proportional to the inverse of the last component of s;.

In other words, a deviation can only occur when the method is converging. Fur-
thermore, the denominator ci41,x5k; is frequently used as indicator for convergence
in eigenproblem solvers. When the rounding errors are random, we almost surely
have a deviation in case of observable convergence.

When C}, is diagonalisable, we can say more about size and shape of the devia-
tion. The matrix of eigenvectors S = Sy of course is invertible. We use this fact to
express the [th unit vector in terms of eigenvector entries:

k
I=85"1=88T = ¢ =588T¢= Zéljsj.

Jj=1

Here again we used the shorthand notation § = 3.
We are interested in the contribution of the error between steps [ and £+ 1. For
this reason we introduce the representation

k .
Ch1,k5k;jS1j Ai —0; s —e
D vy )T
% 7 Ck+1,kSkj

j=1

of the Ith unit vector. We sum up equations (4.44) to pick up the single equation

k . k ,
Ck+1,kSkjSlj | ~H _AH ~H Sy 4
Z A — 0, U Q1 = U @ + 0 F Z (Ai — 9j> 55 - (4.45)

Jj=1 Jj=1

For | = 1 we obtain a formula that reveals how the errors affect the recurrence from
the beginning.
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Theorem 4.33 Let A € K™, Let 91 be a left eigenvector of A to eigenvalue ;.
Let ¢ = q1 be the starting vector of a Krylov method that computed the perturbed
Hessenberg decomposition

AQm - chm = qurlcm—&-l,meE - Fn7,~

Assume Cy, k € m diagonalisable. Assume further that the right eigenvectors s,
j € k of Cy are normalised such that éjrsj = §§Isj = 1, where §§I, j € k denotes
the left eigenvector to eigenvalue 0;.

Then the part of the finite precision recurrence of the basis vectors in direction
of OF is given by

k . k .
Ck+1,k5kj815 | ~H ~H ~H 514
————— | Ui qr+1 = 0; q+ U;" Fy, 5

Z )\z — 9]_ i dk+ i 4 i Z )\1 — 0]_ J

j=1 j=1

Theorem 4.33 sheds some more light on the deviation. It can be interpreted as
follows: A deviation in direction of the ith eigenvector 91 of A can only occur
when an eigenvalue 0; approaches the corresponding eigenvalue ;. The size of the
deviation depends on the size of the first component of the left eigenvector 3; of Cj,
and the shape and size of the right eigenvector s;. When a Ritz value is converging,
the eigenvector component is damped when no errors are present. In the presence
of errors the picture changes. When we assume the Ritz value to be simple, we
observe the rate of deviation we already mentioned in Theorem 4.32. This rate may
be a crude overestimate in case of several close Ritz values.

We are usually more interested in Ritz values, than in Ritz vectors and thus in
eigenvectors of Cj. It turns out that it is possible to express part of the left-hand
side in terms of Ritz values and sub-diagonal elements instead solely in terms of
eigenvectors.

To see this, observe that the quantity cp41,xsk;5; can be expressed in terms
of Ritz values and sub-diagonal elements. To be more precise, we have proven in
Chapter 2 that in case of diagonalisable Hessenberg matrices the relations

Hi;zl cpr1p ] (91(1_1) - 9§‘k))
ITiz; (9§’“> - 9§k))
(H];;ll Cp+1,p) Xci-1(6;)

SkjSi; =

= Viek
Xc, (05)
hold true. Thus, in the most interesting case [ =1,
k—1 k
G s = I[—1 cps1p e ¢ b — Il—1 cpt1p
kjS1j = — o .e. k+1,kSkjS1j = — 7,
Y Xe, (0;) o Xe, (65)

holds true. This proves the following theorem:

Theorem 4.34 Let A € K™, Let 91 be a left eigenvector of A to eigenvalue ;.
Let ¢ = q1 be the starting vector of a Krylov method that computed the perturbed
Hessenberg decomposition

AQm - chm = qm+1cm+1,me?n - Fm'

Assume Cy, k € m diagonalisable. Assume further that the right eigenvectors sj,
j € k of Cy are normalised such that SJTsj = §§Isj = 1, where §§I, j € k denotes
the left eigenvector to eigenvalue 0;.
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Then the part of the finite precision recurrence of the basis vectors in direction
of 0 is given by

i HI; Lotp H g1 = 02q + 01 Fy, i( = >5
o (00— 0y | e =P R 2 (5,

We remark that close to every matriz with a non-simple Jordan block there is a
diagonalisable matrixz with ill-conditioned eigenvectors.

The quantity xg, (05) (Ai — 0;) is simply the first nonzero term in the Taylor ex-
pansion around 6; of x¢, evaluated at A;, i.e.

XCh (/\Z) = XC (GJ)
+ X/C;c (ej) ()\i - 9])
L XG 2(%‘) (i — 0,

where ¢;; lies somewhere between \; and 6;. Of course, since the x are polynomials,
we can determine the complete Taylor expansion and give another representation,
since many terms cancel.

The explicit expression of the expansion after cancellation took place is easily
obtained using a slightly different point of view. It is simple calculation to show
that when A; # 6, for all ¢,

XCi, (/\ )
H[;ﬁ]( f)

holds true. Thus, using the theory of polynomial interpolation, we observe that
we have obtained nothing but an interpolating polynomial in Lagrange form that
interpolates a constant function,

()‘ - 9])

k _ 1 i HZ;&;( 0)
zz: Xck ()\z 0;) B xer (Ai) = Hfgéj(ej —0¢)
1
xcw(Ai)

Our recurrence is then transformed into the equation

k

i R R S14

o qry1 = ),gcki() o g + 0 Fy, Z ()\Asijg.> sil |, (4.46)
Hp:l Cp+1,p j=1 v J

a formula revealing explicitly the forward error in the finite precision counterpart
to the evaluation in infinite precision given in formula (2.11).

This formula clearly reveals that we will almost never compute a zero vector
when using a Krylov method in finite precision. A second message is that unless
the Arnoldi vectors are stored and orthogonalised explicitly, the orthogonality will
become lost whenever the method converges, and from formula (4.46) we see in
which direction the deviation occurs.

We can collect all eigenparts to rebuild the vectors gr4i. This results in the
following theorem:

Theorem 4.35 Let A € K*"*". Let ¢ = ¢ be the starting vector of a Krylov
method that computed the perturbed Hessenberg decomposition

AQm - chm = Qm+lcm+1,me£ - Fm
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Assume A and Cy, k € m diagonalisable. Assume further that the right eigenvectors
Vi, 1 EN ofA and s;, j € k of Cy, are normalised such that 97 v; = 1 and ETSJ =1,
where 9, i € n and s] , j € k is used to denote the left eigenvectors.

Then the (k 4+ 1)th basis vector has the representation

k -~
s
%+1=—{¥ii___ }:vﬂ;ﬁk E:(Au?a>sj : (4.47)
i J

Hp 1 Cp+1,p j=1

This implies that the (k + 1)st basis vector qit1 is the exact (k+ 1)st basis vector
for a perturbed starting vector and a different Krylov method. Furthermore, this
theoretical Krylov method in general uses a different way to compute the matrices
Cy.

Theorem 4.35 implies that as long as no Ritz pair has converged and the matrices
C} are computed in a stable manner, the computed basis vectors will be close to
the exact ones.

From now on we focus on the error term on the right-hand side of equation
(4.46). We want to derive a different representation of the complicated looking
error term, given by the vector

k <
1.
Fk E ()\i]9>8] Ekak.
g J

j=1

First we consider the [th component w;; of the composed vector wy, where [ € k is
arbitrary. This component is given by

k S k 5148
T T 1j 15515
Wik = €] Wk = €] g ( >sj :E ( .
Ai —0; =\ -9

j=1

Again we make use of our eigenvector — eigenvalue relations we have obtained in
Chapter 2. We know that

-1
(M=) o) X1 (6)

51581 =
I Xe, (05)

holds true. The second tool again is polynomial interpolation. We rewrite another
interpolation polynomial slightly (note that [ < k):

k
Z XCL+1 k )
—0;)

= X, (05) (N

This proves that the above mentioned /th component of wy is given by

l—
Wy = i ( 515815 ) _ (Hp:11 CP+1,p) XCHM(/\Z-)
Ai =0 Xc (M)

Jj=1

We express the final result for the recurrence as theorem:



176 CHAPTER 4. A UNIFIED APPROACH

Theorem 4.36 Let A € K"™*". Let 91 be a left eigenvector of A to eigenvalue ;.
Let ¢ = q1 be the starting vector of a Krylov method that computed the perturbed
Hessenberg decomposition

AQm - chm = qurlcm—&-l,meE - Fn7,~

Then the part of the finite precision recurrence of the basis vectors in direction
of OF is given by

XCH—I k oH
0;' i

. C s
0 qryr = M Vi 1 +Z
Hp 1 Cp+1,p

(4.48)
Hp 1Cp+1,p

Proof. The derivation of the result covers only the cases where Cy, k € m is di-
agonalisable. This restriction is not necessary, which will follow by the proof of the
next theorem. [J

We noted that in infinite precision the basis vectors fulfil a recurrence that involves
a polynomial of the matrix A. By summing the eigenparts we conclude that the
finite precision methods still fulfils a perturbed equation of that type.

As we already mentioned, this result applies to general A and general unreduced
Hessenberg Cy:

Theorem 4.37 Let A € K*"*". Let ¢ = ¢q1 be the starting vector of a Krylov
method that computed the perturbed Hessenberg decomposition

AQm - QmCTn, == Qm+1cm+1,me£ - Fm

The vectors q; constructed to serve as a basis obey the relation

XC Xc
Qos1 = _ ACE\LH) q+ Z ACi41e \ 17 k fl
Hp 1Cp+1p Hp 1Cp+1p
This is stmilar to the relation
Xcy (A)
dk+1 = kki q
Hp:l Cp+1,p

that holds true in infinite precision. We stress the fact that the polynomials x ¢,
depend on the vectors constructed and thus differ from the exact ones whenever
Fy # 0. This also can be expected when several methods are used that compute
different Fj.

Proof. The proof relies on induction and on the structure of the Kronecker sum
of A and Cj. We know that in case of a simple (non-block) Krylov method Cj, is
unreduced upper Hessenberg. Thus, the Sylvester equation

([k ®A-CF® In) vec (Qg) = vec (M, — Fy)

corresponds to the huge linear system

(A*Cn[) —ca1l 0 0 q1
. . q2
—ci12l (A — 0221) —csol . : q3
: : 0
—c1,p—11 e —cp—2,h—11 (A—ch_1,p-11) —cpr—1l Q-1

—cikl —carl e —Cr—1,k1 (A — crid) qx
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0 f1

0 f

0 f3

= . Ck+1,k — :
0 fr—1

Qk+1 fr

For ¢; there is nothing to prove. Using the first row, for g» the result obviously
holds true,

A—cpl I (A (A
poAmenD T xa () xen ()
Co1 C21 C21 C21

Next, assume that

Xcl+1] 1 )

Hp 1 Cp+1,p

Ji

MEETRIIN >

Hp 1 Cp+1,p

holds true for all j < k. Then using the last row and our induction hypothesis,
indicated by (%),

k—1
ChilkQht1 = —cjrg; + (A —cerd) qr + fr
j=1
k-1 i—1
(*) ch—l(A) t XCL+1;]'71(A)
= —Cjk Q1+ -1 Ji
j=1 Hp 1%+1,p 1=1 Hp:l Cp+1,p
k-1
XCi_i (A Xc. A
+  (A—cpd) [7;:1 () @+ e (4) To| |+ Je
p=1 Cp+1,p =1 Hp:l Cp+1,p
k
XCJ (A) Xci 1 (4)
= D S b (A= owd) S | @
j=1 Hp 1Cp+1p [L=1 cpt1p
k-1 &
Xc y (A) XCiy1: 71(A)
+ DD e+ (A ewd) |
1 j=l Hp 1 Cpt+1p p=L Cp+1,p

=2
; <: Xck:kl(A)fk>
H];;Ii Cp+1,p
_ Xck(A)(h + a [XCZ+1:k(A)fl
=1

k—1
Hp:l Cp+1,p

k—1
Hp:l Cp+1,p

The last line follows by block Laplace expansion of the block determinant by last
row for the matrix and all trailing principal submatrices. This block determinant is
well-defined, since all block entries of the Kronecker sum of A and kaT commute
and the determinant is uniquely defined for commutative rings. We stress the fact
that we have used expansion by cofactors and not by minors which are related by

Xc; -1 (A) k—j  Xc; ., (A)
KO g =y G
Hp:l Cp+1,p p=1 "Cp+1i,p

This finishes the proof. [

The finite precision version can be seen as a the additive mixture of several runs of
the method simultaneously, where the runs 2 to k take part with a starting vector



178 CHAPTER 4. A UNIFIED APPROACH

that has a small norm. In other words, a finite precision Krylov methods behaves
as if it were invoked several times (once every new step) with a new starting vector,
the result obtained is the sum of all runs implicitly done in the method. We remark
that the overlay of these methods is used in the normalisation step, i.e. the single
methods use different normalisations.

We note that Theorem 4.37 together with Corollary 4.9 implies a nice identity
we just want to state as a corollary:

Corollary 4.38 Let A € K" ™. Let C), € Hy. Let Fy, € K™% be such that for
some Qi € K™% and My, = rkez, r, € K™

AQr — QrCr = My, — Fy,

holds true. Let the coefficients of the characteristic polynomial xc, of Cy be given
by

k
Xop (A) = det(\ T, — Ci) = Y oM.
j=0

Then the identity

k-1 J j—1 i k
Zj:O Qjt1 Zi:O A chk e = Z XCit1:k (A) fl

k k
Hp:l Cp+1,p =1 Hp:l Cp+1,p

holds true. The left-hand side reveals the influences of the coefficients of the charac-
teristic polynomial, whereas the right-hand side reveals the influences of the columns
of the error matrix Fj,.

The error vectors f; have severe impacts on the behaviour of the methods. The
preceeding considerations where in some sense related to a forward approach. From
the theorems in this section it is quite obvious that only in very limited cases the
methods can be predicted beyond the step where the first Ritz pair has converged.
Using the computed quantities, the errors can be described quite accurate. This
backward approach is considered in the next section in more detail.

4.9 Impacts of the (th Error

Let us once again consider the set of equations (4.44),
. . Ai —6; . 1
RN I P I
Chk+1,kSkj Chk+1,kSkj

Similarly to the formulae showing how the errors are amplified in the methods, a
formula expressing the error of the lth step in terms of quantities computed later
on can be obtained, because we can deduce from

I=85"1=88T = ¢ =585T¢

k
E 5155
j=1

that the [th standard unit vector can alternatively be represented by

k

Ck+1,kSkjS1j
E R g = e

C Ski
D CRFLkSk

Carefully choosing the appropriate linear combination of equations from (4.44), this
results in
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Theorem 4.39 Let A € K™, Let 911 be a left eigenvector of A to eigenvalue ).
Assume that a finite precision Krylov method computed the perturbed Hessenberg
decomposition
AQm - chm = Qm-l-lcm-‘rl,meﬁ — .

Suppose that Cy, k € m is diagonalisable. Assume further that the right eigenvectors
sj, J € k of Cy, are normalised such that éfsj = §§Isj =1, where §JH, Jj € k denotes
the left eigenvector to eigenvalue 8;.

Then the part of the error vector of step | < k in direction of 9 can be recovered
from the exact quantities of A and the in step k computed approximations,

k k
o fi = Z (65— Xo) 8130y | =07 Qi | D (0; — M) iy (4.49)

j=1

The error vectors f;, | < k can, even in the non-diagonalisable case, be recovered
by forming the linear combination

k
Zg 1j7; = Ri(STer) (4.50)

of the residuals r; of step k. Here we have defined the matriz Ry, of residual vectors
rj to be R = Yy Jo — AYy.

Proof. The expression resulting from forming the appropriate linear combination
is given by
k

< ~H
E Ck+1,kSkjSlj | Uy Qk+1 =
j=1

(Ni — 0;) 3050 y; | +0/"fi (4.51)

<.
—_

k
~H
E ) 81585 | + 057 fi-

The bracket on the left-hand side turns out to be zero, since by definition of S’T
Sy ! obviously SkS = Ij,. Thus the inner product of the vectors e, g, and S er,
i.e. the sum Z?:l Sk;815, is zero whenever I < k.

For the second part, observe that the multiplication of the governing equation
with S}, results in

—FkSk = AYk — YkJ@ — Mk.Sk
—FkSk(S’gel) = (AYk — YkJ@ - MkSk)(S’,fel)
*fl = (AYk — YkJ@)(Sgel)

This finishes the proof. O

We have products of left and right eigenvector components on both sides of equation
(4.51). Again we can express these parts of the equation with the products of
eigenvector components replaced by fractions composed of off-diagonal elements
and Ritz values. First, we focus on the left-hand side, even though we already know
that the sum is zero. By previous considerations the summands inside the brackets
can be expressed like

k
B (Hp:l CPJrl,P) XCia (ej)
Ch41,kSkjS1j =
Y Xe, (05)

Viek. (4.52)

This gives rise to the following corollary:
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Corollary 4.40 Let all notations be defined as before. As a direct consequence of
the bi-orthogonality of the eigenvectors, for alll < k

II(%+1W j{:ﬁfﬂ:&gﬁl =0 (4.53)

2o (0)
holds true.

The eigenvalues of A played no role in determining the size of the term arising in the
right-hand side of equation (4.52). This enables us to consider a more geometric ap-
proach towards a better understanding of this term. Following Wilkinson ([Wil63],
chapter 2, section 7, pages 38-41), we can interpret the right-hand side as the first
order perturbation term of the simple zero §; when we perturb the polynomial x¢,
by e times the polynomial x¢, , times a constant factor. In other words, when we

examine the zeros 0; of

Xck =Xc, T ¢ Hcp-‘rl,l) XCi—1» (4'54)
p=l

we observe that for sufficiently small € they behave according to

<I12:16p+1m) Xc -, (6;)
Xc, (05)

So, the sum on the left-hand side of equation (4.53) is the sum of the condition
numbers of the single zeros 6; when the characteristic polynomial is subject to a
structured perturbation as indicated by equation (4.54). Equation (4.53) proves that
the single perturbations are by no means unstructured, since they have to sum up
to zero.

From now on, we focus on the right-hand side of equation (4.49). The vectors
(0; — \i) 8158, consist of products having the form

9~j :0j+6 +O(€2).

(lgj — )\i> 8158¢j, lek. (4.55)

These expressions can, in general, no longer be transformed using the eigenvector —
eigenvalue relations, since in case of Hessenberg matrices the occurring polynomials
are only easily computable whenever [ < ¢. There are two special cases we want
to focus on. In the first case we stick to the case of a Hessenberg matrix, which
seems to fix [ = 1, i.e. we are analysing the impacts of the first error vector on the
recurrence. In this case the terms (4.55) can be transformed into

o—
(Hp:ll C:D+17;D> XCoyr:k (9])

V/iek.
Xc, (05)

(05 — i) 815805 = (05 — \s)

Again, we may interpret this term as the condition number for the sensitivity of the
characteristic polynomial x ¢, when subject to a structured perturbation. This time
the perturbations are weighted by the distances of the Ritz values to an eigenvalue.
But, more interesting is the interpretation of the sum as a polynomial interpolation.
When ¢ > 2, we can re-write the sum with constant factors left out according to

k XCI+1 k - XCoq1: k ()‘1 ) (9J B )‘2)
D0, n - LT STy

Jj=1
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Yr—r42(0;)
Z o e

Xck

k (A — 0,
_ 1 Z Hs;éj( ) 1/%—@-1—2(9]')

Xcy (i) = Tlor; (65 = 65)
Yr—rr2(Ni) 0
XCh (/\t) .

In the above, we have used the abbreviation

¢k—€+2(9) = ~XCet1:k (9) (9 - )‘i)Q'

The characteristic polynomial x¢,,,, has degree k — £ by definition. Thus, the
polynomial 15,42 has degree k—¢+2. Interpolation is ezact, whenever the number
of nodes exceeds the degree of the polynomial interpolated. Hence the last line
follows, since the assumption ¢ > 2 implies k > k — ¢ 4+ 2. This proves that most of
the entries of the vector are zero.

The first two entries can still be re-written as an interpolation of the polynomial
Yr—_¢t2, but this time interpolation is not exact, and thus these entries in general
will not vanish. Nevertheless, this interpolational point of view might help in under-
standing the occurring phenomena, especially the sizes of the eigenvector entries.
Observe furthermore that the proof did not depend on the fact that the polynomi-
als x¢,,,,, are characteristic polynomials of submatrices. This observation is the
key result to extend the preceeding considerations. Thus far, they can be used to
shed some light on the relations between the first error vector f; and subsequently
computed iterates:

Lemma 4.41 Let all notations be defined as stated in the last theorem. Then the
part of the first error vector in direction v can be expressed with the aid of the
first two entries of the eigenvectors of step k > 1 and the first two computed basis

vectors,

k
i = 0 (2;;>
(

<
I

—

Q
™)
=

- wow (el §>T 53)

Here, the polynomials (1 and (o are given by
G(0) = =X, (0)(0—N)*  and
GO) = —caxeos, (0)(0 —\)%

Furthermore, we used the short-hand notation L [p] () to denote the value of the
(Lagrange) interpolation polynomial that interpolates the function p at the nodes 0,
j €k, evaluated at ),

;Z 9_9) p(0;).

j=1 Z#J
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This shows that the first error vector corresponds to an error in an interpolation
process. The error vector is damped when the characteristic polynomial xc, has a
small value at A\; and the interpolation processes are more accurate.

In case of [ = 1 the interpolation terms can be handled explicitely. It is a well-
known fact that the Newton form of the interpolation polynomial can be used to
express the interpolation error explicitly. We are interested in the interpolation of
a polynomial p at knots 0, j € k and wish to evaluate the resulting polynomial at
some value A. Then one can show that the interpolation error is given by the next
summand in the interpolation at knot A, i.e. by

(p—LPHA) =wN)p[01,...,0k Al

Here, the notation w(\) is used to denote the knot-polynomial, which simplifies in
our case to the characteristic polynomial of CY,

k
w(A) = H(/\ —0;) = xc, (M)

The notation p[01,...,0, A] is used to denote the divided difference of p at knots
0;, j € k and A. Since both polynomials (i, {2 are zero when evaluated at A;, we
know that the interpolation error is equal to the negated evaluated interpolation
polynomial at A;, i.e.

—L[G] (M) = xoo(N) Glbr, -5 0k, A,
=L[GI(N) = xc,(\) b, ..., Ok, Ail-

To obtain a more convenient expression for the divided difference, we generalise
the well-known formula for the error in the real interpolation of sufficiently smooth
functions to the complex case. For this generalisation it is necessary to observe that
the polynomials (; and (5 have degrees k + 1 and k, respectively.

Lemma 4.42 Let §; € C, j € k be k point in the complex plane. Let an additional
distinct point A € C and a polynomial p € Py, be given. Then the interpolation error
can be expressed as follows:

p™(&)

(- L) =

Here, £ is some value contained in the convexr hull of the points 0;, 7 € k and A.
This implies that the divided difference p[01,...,0k, A] can be expressed as

(k)
p[017"'50k7>‘]:p k|(§)7

obuviously for the same value &.

Proof. The proof is along the lines of the proof for the real case. We consider the
auxiliary function

f) == LPHA) = aw(d).

Here, we choose the constant a such that A is a root of f. We observe that the
function f is a polynomial of degree less equal k + 1 by construction. Furthermore,
this polynomial has % root at the knots 0;, j € k£ and one at A. By Lucas’ theorem
we know that the roots of the derivative of a polynomial are contained in the convex
hull of the roots of the polynomial, and thus we have a nested sequence of convex
hulls containing all roots of all derivative. Next, we form the kth derivative. When
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this derivative is zero, we can choose any point £ in the complex plane, otherwise
we choose £ to be the unique root. In any case, we obtain that

0= f"(€) =p"(€) — 0 ak!

holds true. This determines the constant « and shows that the interpolation error
is given by
(k)
P (&)
(0~ L)) =)

This proves the first proposition of the lemma. Together with the Newton-type
interpolation error formula, this proves the second proposition. [

We will not consider this approach in full detail. We only state the reformulation
of Lemma 4.41 arising from the last lemma:

Lemma 4.43 Let all notation be as in Lemma 4.41. Denote the k — 1 roots of the

characteristic polynomial of Co.i, by 9](2:]6), j€k—1. Then

’lA)Hf —_ Cl [017"'79163)\2'] 4 61,1{(11
i CQ [017"‘76163)\1'] @f[qQ
T
(@O (o
KO\ P 0H qo

<<k 18 - (2 + T 65—2:“))T (H @ ) (4.56)

C21

holds true. The value £ is contained in the convex hull of the eigenvalues of Cy and
Ai. To be more precise, € is uniquely determined to be the arithmetic mean of the
eigenvalues of Cy, and \;,

. At en & 25;11 9§2:k) i + trace(Cy,) (4.57)
- k+1 n kE+1 ’

Proof. The first two lines are immediate consequences of Lemma 4.42. For the
third line, observe that the polynomial (; has degree k+1 and has k—1 roots at the

eigenvalues 052:’“), j € k=1 of Cs.; and a double root at \;. The leading coefficient
is minus one. Thus, the explicit expression of the kth derivative is given by

k—1
YC)(f) = —(k+1!Ie+k! 2&_,_2%2%)

Jj=1

B

k20— ¢ > (9](2:@,5)

Jj=1

Similarly, the polynomial (s has degree k and leading coefficient —co;. Thus, the

the kth derivative of (5 is constant and given by
k
é ) = —klcor.

To derive the explicit representation of & we observe that simple algebraic transfor-
mations on the governing equation ensure the validity of the relation

co10 go = (N — c11)0 g1 + 07 f1. (4.58)
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Comparing the coefficients of the scalar products in (4.56) and (4.58), we obtain
the relation

k—1
2:k
e — A= (k4 1)E— (20 + > 07).
j=1
This proves the first part of equation (4.57). The second part follows by the invari-
ance of the trace of a matrix under similarity transformations. Assume that the
eigendecomposition of the trailing principal submatrix Cs.; is given by

527:]:{[;0221652:]6 — J2:k~

The matrix C}, is block-similar to the matrix

1 ! 1 o *
C =" .
< S2:k> k ( S2:k> ( * J2:k:)

2:k)

The latter has trace c11 + 25;11 0 . This shows that this sum is indeed the trace

(
J
of C, which finishes the proof. [

Instead, we focus on the natural extension of Lemma 4.41 to all error vectors and all
Krylov methods, obviously with different polynomials. The polynomials are given
by the polynomials py; defined in the derivation of the eigenvalue — eigenvector
relations, i.e. by

po = det Ly, where L =0I— C}.

The case | < ¢ can be handled by previous considerations. The case [ > ¢ can be
handled by expansion of the determinant using Leibniz’ formula,

det(A) = Z (‘USgn(U) Haia(i)-
i=1

o€eS,

The matrix Ly looks in case [ > £ as follows:

By * * *
_ * * —Cu * (k—1)x(k—1)
Ly = 0 Bi,., = . € K ;
0 0 * Bk—l

where B, for some integer z, denotes a matrix that has symbolically the form

0+ % * * *
* 0+% % *
B, = . . € K**%,
0 . . *
0 0 * O+

The symbol « is used to denote the negative of some block, row, column or entry of
the original matrix C. Such a part is independent of the variable #. This implies
that whenever cy; is non-zero, the polynomial py;, given by

k—3
pa =det Lyy = cg 0"72 + 3 a0, (4.59)
j=0

has exactly degree k — 2. Thus, in case of [ > ¢, the sum in the parentheses in the
second line of equation (4.51),

(0 — Ai)31j8¢5,

k
=1

J
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will, in the generic case, be non-zero. Whenever the degree of the polynomial py; is
strictly less than k — 2, the sum will be zero. This implies that in case of a generic
Hessenberg matrix we also obtain again a relation that builds upon a Hessenberg
matrix. A refined analysis actually proves that in the special case of a truncated
recurrence we also obtain again a truncated recurrence. The last observation in turn
implies that in case of a short-term recurrence again a short-term recurrence evolves.
We state the corresponding results for the case of C), = Hj being a Hessenberg
matrix, e.g. for the Arnoldi method, and for the case of Cy = T} being a tridiagonal
matrix, e.g. for the Lanczos method.

Theorem 4.44 Let A € K"*™. Suppose the relation
Fr = QrCr — AQk + My,

holds true for some Fk,Qk € K"k Oy € H(k) and My € K"¥*, where My =
rkeg Furthermore, let 91 be a left eigenvector of A and \; be the corresponding
eigenvalue. Suppose that C’k is diagonalisable.

Then with the notation of Lemma 4.41

T ~
i, 51 o q1
ol = Z 0, — \;) :
=1 S141,5 of g
T ~
1 L [Cul () Uszh
T xa ) : .
' L [Gr1] (N) 0F qiia
(k) T . R
1 UZHCH C11 T Uqul
_ 7 om e _ )
k! -1, V; qr—1 Cl—1, v qi—1
e A%Hm (k+1)§—v @inJl
<z+1z Vi Qi1 Cl+1,1 Uz qi+1

holds true. Here, the polynomials (g, £ € L+ 1 are defined by
Ca(0) = —pu(0)(0 — X)) where  py =det Ly, L=6I—Cy.

The constant v is given by

-1 k—1
v=2\; + Ze‘gl:l—l) + Zggl+1:k)
j=1 j=1

and the value of € again is equal to the arithmetic mean of \; and the eigenvalues

of Ck,

(Mt S 0 et S50+ trace(Cr)
k+1 k+1

Proof. First, we investigate the kth derivative of polynomials (; where ¢ < [. From

equation (4.59) we can conclude that the polynomial ¢y has (maximal) degree k and

that the leading term is given by c¢y. The case £ = [+1 is treated analogously, using

the eigenvector — eigenvalue relation. In the remaining case ¢ = [, the polynomial

(y takes the form

Cll(e) = _XCI:Z—I(H)XCH—I:k(a)(e_)\i)Z

-1 k—1
_ k+1 ) z : (1:1-1) 2 : (I4+1:k) k

j=1 j=1
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This fixes the kth derivative. The explicit expression for £ follows, since again by
simple algebraic transformations the governing equation ensures that

T ~H
C1] U,

. : o
= el o gy
cu— A oHq

~H
Cl4+1,1 Vi qi41

holds true. By comparison of the coefficients, £ has to be the arithmetic mean of
A; and the eigenvalues of C. [

The theorem simplifies when we are using a short-term recurrence, for example
when we analyse the symmetric or unsymmetric Lanczos method:

Theorem 4.45 Let matrices and notation be defined as in Theorem 4.44 and Lemma 4.41.
Suppose that the matrixz Cy, = Ty, is tridiagonal, diagonalisable and given by

a; N
T, = | B e KMk,
V-1
Br—1 g
Then
T .
Y k S1-1,5 ol g1
U T S (PO ETN Ui q
=1 S141,5 o g
T ~
1 L[G-1] (M) UzHgl—l
= o 0w L[G] (Ni) Ui q
XA\ £[G4a] (M) o qria
(k) T ~H T
-1 ]g—l Ui Iqlz—1 V-1 U Ql 1
= g d"® g | = | k+1DE—v vz a
’ ¢® o g B o g1
1+1

holds true. Here, the polynomials (;—1, (; and (41 are given explicitely by the
exTpressions

Cl—l(e) = _pl—l,l(e)(e - /\i)2
= _’n_lelzl—Z(a)XTH»l:k(0)(0 - >‘i)2’
Q) = —pu(0)(0 — Xi)?
= _XTl:L—l(a)XTH-l:k(e)(e - )‘i)2ﬂ
CH—I(Q) _pl+1,l(9)(0 - /\i)2

7ﬂlXT1:L—1 (Q)XTHWV« (9)(9 - >‘7)2
The value of the auxiliary constant v is

-1 k—1
v =2\ + Ze§1:l_1) + Z 9§l+1:k)
j=1 j=1
and & 1s given explicitely by

Ai +Z§ 1193(” Y + o "‘Z] 1 ]Hl:k) _ A; + trace(Ty)
k+1 k+1

€
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Proof. The proof is completely analogous to the proof for Theorem 4.44. (I

The last two theorems clearly reveal the domain of influence of the local error vec-
tors. Depending on the type of method, i.e. the length of the underlying recurrence,
this domain is restricted to the same class. The relations confirm that there is a
strong connection between Krylov methods and interpolation, and that the local
errors are closely linked to the errors in a Lagrange-type interpolation. The results
are also, not to say, especially, of interest in case of infinite precision arithmetic.
In this case the right-hand side is zero, and the interpolation error vector must be
orthogonal to the first components of the final right eigenvector to eigenvalue A;.
We briefly mention the idea to write equation (4.44) in the alternate form

X X T
1 Uszh Usz1 S15
0 qry1 = R (Ni—0;) | + : - (4.60)
s J N ~
o qp oF f Skj

With the results of this and the preceeding section in mind, formula (4.60) explains
very nicely the influences of the single quantities on the part of the next basis vector
Qr+1 in direction of the left eigenvector 9 of the original A. From the error analysis
point of view we may regard the parts of the local error vectors in direction of
as constant and obtain a model that fits nicely the observed behaviour.

This way of representing the relations is of interest in the so-called inexact Krylov
methods, in which the errors are allowed to grow, depending on the decay of the
residuals of the quantities to be computed. Usually inexact Krylov methods are
used in context of the solution of linear systems. Similar conclusions also hold in
the context of eigenvalue computations. This is based on two observations. First,
assume that the method in infinite precision arithmetic succeeds to compute the
final Hessenberg decomposition

AQm = QmCm

Now, observe that in this case the vector

is a left eigenvector of C,,. The next observation is that this vector is computed
componentwise starting with the first component. In finite precision, equation (4.60)
reveals the influences of the error vectors f; on the next component of the computed
left eigenvector. We assume that the Ritz values are more accurate than the Ritz
vectors, which is usually the case. Furthermore, we assume that we can neglect
the errors in previously computed components. Then, the deviation from the exact
counterpart can be described componentwise by

A N d
oty ol a2 S S Z 197 il

When the eigenvector elements decay, the error vectors may be allowed to grow
without spoiling the accuracy of 9 Q1. Caution has to be used in the non-
normal case, since we basically ignored the effects of the angles between left and
right eigenvectors, i.e. the eigenvalue conditions.

4.10 Measures of Convergence and Deviation

In this section we exploit the results of the preceeding sections to understand the
intimate relations between a convergence and a deviation, which not necessarily
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implies a deterioration of the process. The results presented are, to some extent,
rather rules of thumb than strict mathematical theory. Despite lack of rigour, most
observations could be treated and quantified by specialised perturbation theory. We
first consider the methods for the eigenproblem. We are interested in the accuracy
of Ritz values, Ritz pairs or even Ritz triplets. We aim at comparing the exact (a
priori unknown) quantities with their (a posteriori known) approximations. Then
we switch to the (Q)OR methods and briefly consider (Q)MR methods.

All insights are based on the general and very simple idea to look for quantities
that are supposed to become small in infinite precision. Then, in a subsequent step,
the appropriate linear combination of equations from the set of equations (4.44) is
formed. There are always (at least) two ways to construe the resulting formulae.
The first way is similar to the approach used in Section 4.8 and exhibits the impacts
of a convergence onto the deviation of the recurrence of the basis vectors. The
second way is of interest in the context of attainable accuracy. Here, the quantities
are ordered differently. The component measuring the convergence is written as an
overlap of a term involving the next basis vector, which is usually precisely the term
used as estimator for convergence, and an (amplified) error term.

The set of equations (4.44) applies directly in case we are interested in the
eigenvalues of the matrix A. In the beginning, when no deviation occurred, it
makes perfect sense to measure the terms (\; — 0;)9y;. In infinite precision these
terms will converge to zero. We depict the case that the Ritz pair (8;,y;) is chosen
as the closest one in backward sense to the (left) eigen-pair among all possible Ritz
pairs. Then the deviation of the computed basis vector qiy1 from the exact one is
described by
(i — 0;)0y; + 0" Frs;

Cht1,k5kj '
Suppose that no substantial deviation occurred. Then at least one of the terms
(N — Hj)@{{ y; will converge. The behaviour of the recurrence is dominated by the
error terms 97 Fj,s;, when

o8 s = (4.61)

|(Xi = 0;)0] ;] ~ 6] Frs;.

This will usually spoil the convergence. The best we can hope for, i.e. the least
attainable accuracy is given by the size of |01 Fys;|.

To give a grasp of the intimate connections between convergence and deviation
we give two pictures obtained by a finite precision run of the symmetric Lanczos
method. The matrix A is a Poisson matrix of order 100, i.e. the discrete Laplace op-
erator on the unit square. The starting vector was created by computing a random
vector and modifying the lower bits such that resulting vector upon multiplication
by 100 had only small integer components. The finite precision run was on an IBM
RS 6000 machine using Matlab 5.3 with IEEE double precision. Machine precision
was 2793 a2 1.1102-107'6. A second run using Maple V 5.1 was done in exact arith-
metic with the same matrix and the same starting vector. The resulting quantities,
i.e. the tridiagonal matrix 7" and the basis ) were transferred to Matlab by round-
ing them, such that the relative error in the entries is at the level of the machine
precision.

The first picture, given by figure 4.3, plots on the right-hand side the upper
triangular part of the matrix QkH Q1. — I in semilogarithmical scale. This plot clearly
depicts the occurring loss of orthogonality. The left-hand side plots for the same
run the magnitudes of all residual estimators of all steps in semilogarithmical scale.
In step k we have k residual estimators, thus, also this matrix is triangular. The
residual estimators are plotted sorted according to the values of the corresponding
real eigenvalues.
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Poisson on unit square: convergence and loss of orthogonality

60
convergence

loss of orthogonality

Figure 4.3: Symmetric Lanczos, loss versus convergence (1)

In the second picture, given by figure 4.4, the left-hand side plots the difference
between the in finite precision computed (Matlab) and exact (Maple) quantities.
The right-hand side of the plot is chosen like in the preceeding example. We observe
that the computed residual estimators start to differ from the exact ones a while
after the loss of orthogonality started. To be more precise, the deviation in the
residual estimators started when the first cluster of Ritz values appears. This,
apparently, is not obvious from the picture, but follows upon application of Paige’s
analysis.

The pictures suggest that the deviation in the matrix CY is a second order effect
and the loss might be monitored by knowledge of the infinite precision behaviour.
We give an outline of some ideas in that direction.

In exact arithmetic, the Ritz vector will converge to (a multiple of) the right
eigenvector v; of A. To be more precise, when the Krylov methods runs to comple-
tion and the vector 9 Q,, is a left eigenvector of C,,,

This implies that in exact arithmetic

(Ai - ej(.’“)) o Qps; (9J(‘m) - ej(‘k)) (ggm))H (S%)k)) _(m)

®) = ®) = Sk41,5
ck—i—l,kskj Ck+1,k8kj

holds true. Neglecting the influences of the errors in prior steps, a deviation occurs
when -
(m) Ui Fs;

k+1,5 7~ (k) *
Ck+1,k S,
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Poisson on unit square: deviation and loss of orthogonality
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holds true. This is due to the fact that in case of successful termination of the infinite
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Next, suppose that the first £ components of the final left eigen-
J

Figure 4.4: Symmetric Lanczos, exact versus floating point
A — 651

Since we have control over the size of F),, this is the best result we could

This is of interest in a theoretical forward error approach, when we know the exact
left and right eigenvectors of C}, for all steps k. In this form, it does not tell anything
about the attainable accuracy of Ritz values. Results in that direction are based
on another observation. We can choose ¥; and v; such that the sequence of Ritz
vectors y; converges to v; and furthermore

precision Krylov method the computed Ritz vectors are eigenvectors. Suppose that
hope to achieve. When we look at the case of an early termination, i.e. the estimated
residual implies a backward error small enough to consider the Ritz pair as close
approximation to an eigenpair, the norm ||F,|| my be replaced for any consistent
norm by ||Fy||. To have a rather crude estimate of the attainable accuracy, we can

vector §§-m) of Cy, are close to the kth left eigenvector s

way, the Ritz value 0

converges to ;.
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use the condition of the computed Ritz value,
[Ai = 051 Z k(601 F%],
or as a better estimate,

~ k
1550 (S 1 illsus1) 820 B

A — 051 2 - > —
B 15755 |37 551

These estimates do only work as long as the basis vectors have not deviated too
much from the exact ones. This is the case when no significant convergence has
taken place. Therefore, the estimation works at least for one Ritz value, to be
precise, for the fastest converging one. When the eigenvalue \ is well separated
from the other eigenvalues and has a small condition number, the convergence of
the whole process to other eigenvalues is not spoiled, only delayed, and similar
conclusions can be drawn for the second Ritz value.

The bounds obtained stem from eigenvector components. In most cases we have
no easily accessible information on the real accuracy of the eigenvalues at hand.
We observe that a measurable convergence of Ritz values is closely connected to
the convergence of the corresponding right Ritz vectors. Perturbation theory can
be used to gain more information whenever information on gaps in the spectrum
and the conditioning of eigenspaces is at hand, for instance when the matrices are
symmetric and we apply Temple-Kato bounds.

For simple Krylov subspace methods, the natural measure of convergence of a
Ritz pair is given by the distance between the eigenvalue and the Ritz value times
the scalar product of left eigenvector and right Ritz vector. Because of its close
relation with the backward error, a natural estimator of convergence of a Ritz
pair is given by the size of the estimated residual, i.e. the last component of the
eigenvector corresponding to the Ritz pair we investigate.

To treat a more general case, instead of diagonalising the governing equation
(4.3) to obtain the set of equations (4.44), we block-diagonalise equation (4.3) to
obtain the set

~ ~ ~ N —1 _
0 qry1 = (Ix, 07 QuS; — 0 QuS;Jo, + 0 FiS;) (ef S;) (Crrin) bo(4.62)

of equations. We replace the absolute values of the quantities occurring in the simple
Krylov subspace method case by the singular values of the blocks occurring in the
block Krylov subspace methods. Again we can relate convergence to a deviation. A
more thorough treatment of block Krylov subspaces will be part of future research.

Similar to the approach used in Section 4.8, we alternatively can describe the
deviation in terms of the left eigenvector components of successive solution vectors
2k, 2. We first consider the methods that are based on the (Q)OR approach. We
assume for the moment that the matrix C}, is diagonalisable. The solution vector z
can be described by the inverse of C}, applied to a multiple of the first unit vector
ey of appropriate length,

k

= C;ler = 5,0, 5 er = S’eﬁ

2k

HTOH j=1

Using this representation, we obtain a new expression for the estimated residual,
since the (pre-multiplied) last component of this vector is given by
Ck+1,k%kk

7ol - Ckﬂke{c{%l = Ck+1,k€£5k@z§131{€1
0

_ Slyska Hz 1Cl+1z
= Ck+1k )

j=1 JXCk
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We proceed by forming linear combinations of the equations from the set (4.44), for
convenience stated once again explicitely:

N . Xi —0; . 1
0 qrgr = 0] Qx [#} s + 0} Fy, {7] Sj-
Ch41,kSkj Ch41,kSkj
In context of the (Q)OR methods, we use the identity
ko k y
2k _ ﬂs'z(Ck—o—l,kSljSkj) ( Ai —0; )5
||7"0H X 9]‘ J X ()\i - Qj) Hj CkJrLkSkj J

J=1 Jj=1

to choose the coefficients of the linear combination. This results in the following
theorem:

Theorem 4.46 Let A € K"*". We are interested in the solution x = A™'b of the
linear system Ax =b. Suppose a finite precision Krylov method with starting vector
q = q1 = b/||ro|| resulted in the perturbed Krylov decomposition

AQr — QiCr = My, — Fy,

where Q, Fy, € K%, C € H(k) and My, is given by My, = cpi1 kqri161 € KP<F.
Suppose further that A and Cy, are diagonalisable. Let 9 be a left eigenvector of A
to eigenvalue X\;. Let sj , 85 and 8; denote the jth left eigenvector, right eigenvector
and eigenvalue of Cy, respectively. We assume that an (Q)OR solution exists, i.e.
that Cy, is non-singular. Let zj, = C'k_lel||r0|| and T, = Qrzk.-

Then the recurrence of the basis vectors can be described as a mixture of eigen-
components of the solution in step k and amplified errors,

k § k §
Ck+1,k515Skj | ~H ~H 514
~ g | Vi k1= +0;" Fl <> S;
j; (Xi —0;)06; i H H ]; (\i—0;)0;) ™

We observe that small eigenparts in the solution x = A~'b will not be computed
accurately whenever they are less in magnitude than the error terms on the right-
hand side.

The representation of the perturbed process can be better understood in terms of
interpolating functions. By the transformation of the first term using the eigenvector
— eigenvalue relations, we arrive at

x>

k k
Ck+1, ksljskj _ Z lel Cl+1,1
= (\i—0) — X, (05)(Ai — 05)0;
This is nothing but interpolation of the function z=! at knots 6, j € k. As in the
last section, when all eigenvalues are real it is possible to express the interpolation
error in terms of derivatives. We proceed similarly for the components wy of the
kth error amplification vector,

The eigenvector — eigenvalue relations assure that

Wy = i & _ i HCPJFLPXCH—Lk (ej)
(Ai = 0;)0; < X, (0;) (O — 05) 6

j=1
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holds true. Again we obtain interpolating functions for the inverse, this time
weighted by trailing characteristic polynomials.

To better understand the impacts of a convergence towards the true solution, it
is more convenient to express the error in terms of the eigenbasis suggested by the
computed C. The error in direction 9/ is given by

o (x—zp) = oAb — |rol|0f Quzk
Irollof Q@x (A Ik = CY) e

At this point we insert the representation in terms of the eigenvectors s,

W' —Cier = (SAT'ST - 50,187 e
k . <
— RENANEY I I
- ¥ < % ) 5.

This proves that the error, split into eigencomponents, can be written as

f}ZH(gs—xk) ~H u 815 315
IR P> (2-%)
_ sH a Ck+1,k515Skj Ai — 6,
- O ;( (0—9]-))\2- ) <0k+1,k5kj> %

We use the (rather strange) notation 0 — 6, to simplify the understanding of subse-
quent steps. The last line holds true, since by algebraic manipulation

i )\7, —9]'
0;  (0—0;)\

1
Ai
holds true. We insert this expression into the set of equations (4.44) to obtain the
following theorem:

Theorem 4.47 Let A € K"*". We are interested in the solution x = A~'b of the
linear system Ax = b. Suppose a finite precision Krylov method with starting vector
q = q1 = b/||ro|| resulted in the perturbed Krylov decomposition

AQr — QiCr = My, — Fy,

where Qy, F), € K% Cy € H(k) and My, is given by My = Ck+1,kq19+1e£ € KXk,
Suppose further that A and Cj, are diagonalisable. Let 9 be a left eigenvector of A
to eigenvalue \;. Let éf, s; and 0; denote the jth left eigenvector, right eigenvector
and eigenvalue of Cy, respectively. We assume that an (Q)OR solution exists, i.e.
that Cy, is non-singular. Let z, = C,;161||7"0|| and xp = Qrzk.

Then the recurrence of the basis vectors in direction 9 can be split into a term
involving the kth error x — xy and an error term,

k .

k . ~ ~ ~
3 Gttty ot aus _ (@ — ) | O F Z( 515 )s
0—(9]' Ai ||T0|| A = O_9j J

=1

This can be re-written to expose its dependency on determinants of trailing subma-
trices of Cl,

@ﬁjfﬂ :Hp(o) (aﬁﬂﬁo—”xw)+ilxlfm;k(m (jﬁ)]

p=1Cp+1,p =1 Hp:l Cp+1,p
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Proof. The first equation is the linear combination suggested by the preceeding
argumentations. The re-writing is based on the eigenvalue — eigenvector relations.
The first term in brackets can be re-written using

k

k B k k
Z Ck+1,k5155kj Z Hp 1 Cp+1,p Hp:1 Cp+1,p

0—0, X 0)(0=6;) —  xc,(0)

Jj=1

Similarly, we proceed with the error vector components:

zk: 31 513 _ zk: (H;;:ll CP+1»P> Xcl+1:k(0j) _ (H;;:ll CP+1,P) Xcl+1:k(0)
: Xe, (05)(0 —0;) xc, (0)

j=1 7j=1

This finishes the proof. [J

This result comes in a similar flavour as the results in Section 4.8. There, the re-
currence was re-written to expose its additive character as overlay of several (exact)
methods with wrong normalisation, here, the recurrence is re-written in terms of the
actual and estimated error with identical conclusions. We observe that we have an
overlap of several methods. Before we go into the details, we sum up the equations
to arrive at a vector recurrence:

Corollary 4.48 Let A € K"™*". We are interested in the solution v = A~b of the
linear system Ax = b. Suppose a finite precision Krylov method with starting vector
q = q1 = b/||ro|| resulted in the perturbed Krylov decomposition

AQr — QiCr = My, — Fy,

where Q, Fy, € K"k, Oy € H(k) and My, is given by My, = cpi1kqr+161 € KP¥F.
We assume that an (Q)OR solution exists, i.e. that Cy is non-singular. Let z, =
C;lelHroH, T = Qrzr and T, = b — Axy,.

Then the recurrence of the basis vectors (pre-multiplied with A=) can be written

as
= 0 r—x
1qk+1' l}Ck( ) ( k) E :

XCip1\Y) k 1f
[l—1 o1 Ioll

Hp 1 Cp+1,p

If we are merely interested in the basis vectors, we obtain a recurrence involving the
true residuals ry,

X (0) - XCop 1 (
Wt = () * 2 [ fl] |

p=1Cp+1,p =1 Hp 1 Cp+1,p

This representation can be used to reveal when and why the error terms dominate
the recurrence, based on the size of the true residual.

Proof. In the diagonalisable case, the proof follows by summing the results in
the last theorem. The proof for the general case follows by the proof for the next
theorem. [J

Some comments are in order. The recurrence behaves as if in every step a new a
Krylov method is invoked and the basis vectors are normalised by considering only
the additive overlay of the basis vectors of the single methods. In the beginning,
the first run, started with the vector ¢ = ¢; dominates the recurrence. The other
runs are started with amplified error vectors, f;/¢;. Clearly, we have a domination
of the recurrence by errors, whenever ¢; is considerably small. The other case where
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the errors gain influence is when the method is (partially) converging, that is when
(parts of) the approximate solution vectors tend to the true solution. In most
methods, these two cases coincide.

We re-consider the result from a slightly different point of view. When the
terms are sorted differently, we obtain a representation of the computed errors and
residuals,

Theorem 4.49 Let A € K"*". We are interested in the solution x = A~'b of the
linear system Ax =b. Suppose a finite precision Krylov method with starting vector
q = q1 = b/||ro|| resulted in the perturbed Krylov decomposition

AQr — QiCr = My, — Fy,

where Qy, Fr € K™% C) € H(k) and My, is given by My = cpy1 xqrr1er € KP<k,
We assume that an (Q)OR solution exists, i.e. that Cy is non-singular. Let z, =
Ck_lelHroH, T = Qrzr and 1, = b — Axy.

Then the kth true error x — x is composed of two terms, namely

-1
T—T H];:I Cp+1,p A1 k (Hp:l CP+17:D) XCuy1:x (0)

= qk+1 —
7ol X, (0) ! ; X (0)

AN

This implies that the true residual vy can be expressed by

-1
Tk Hg:l Cp+1,p k (Hp:l cp+Lp) XCiiak (O)

= qk+1 — l
roll ~ e, (0) ; X (0)

Clearly, we can ask when and why the computed quantities are dominated by errors
and the recurrence might be stopped since we already have reached the ultimately
attainable accuracy. To complete this task, we have to compare the magnitudes of
the vectors

k
(H C;DJrly;D) qrk+1 and det Cl+1:k fl lek.
l

This theorem is useful mostly in context of backward error analysis, since it is based
on the computed basis vectors.

Proof. We already have claimed that the results hold true also in the general,
non-diagonalisable case. This follows by a direct proof. We multiply the perturbed
Krylov decomposition by the scaled solution vector to obtain

k

= ck+1’qu+1e£C,;161 - Z efC,;lelfl. (463)
=1

Aﬁk—b

||7‘0||

The definition of the classical adjoint ensures that the entries of interest of the
inverse of the Hessenberg matrix C}, are given by

el adj(—Ck)er
det(—Ck)
(Hi)_zll C;D-i-l,p) XCit1:k (O)
XCr, (0) .

Inserted into equation (4.63), this is precisely the representation given in the theo-
rem. [

761T0k_161 = elT (*Ck)_l el
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When the matrices Cj, become singular, the size of the residuals grows. This seems
to be no problem, since both the part depending on the next basis vector, as well as
the error vectors are amplified. But, the size of the error vectors in many methods
depends heavily on the size of the residuals, e.g. Orthores. So, indeed, nearly
singular C}, are almost surely bad news.

This direct proof is also possible for (Q)MR solutions, but this time we have no
such nice representation of the elements of the pseudo-inverse:

Lemma 4.50 Let A € K", We are interested in the solution x = A~'b of the
linear system Ax = b. Suppose a finite precision Krylov method with starting vector
q = q1 = b/||ro|| resulted in the perturbed Krylov decomposition

AQr — QiCr = My, — Fy,

where Q, Fr € K™% C) € H(k) and My, is given by My = cp41 xqri1et € KM<k,
Let z, = Cheil|roll, 2, = Qrzy and 1y = b — Az,
Then the true error x — x;, can be expressed as composed of the terms

L — T

k
W = Ck+1,kA_1CIk+1€ZQ;T€€1 - ZelTQLelA_lfl.
0

=1

Similarly, the true residual can be expressed as

k

T

”T—:ﬁ = cri1pdriierCler — Z el Clerfi.
=1

To summarise the results obtained in this section, there is a certain measure of
convergence for every method and a measure of the deviation, like the loss of or-
thogonality or bi-orthogonality. Moreover, when the right way of measurement has
been chosen, the convergence and the deviation are reciprocals of each other.

4.11 Re-Orthogonalisation Techniques

The previous sections have shown that in general we can not hope to compute
bases that reflect the infinite precision behaviour. The most obvious remedy is to
use the methods with full re-orthogonalisation or some other form of re-inforcing the
lost infinite precision structure. This was proposed soon after the methods itself
had been published in the early years by Lanczos and Wilkinson. This has one
major drawback, they are no longer competitive with the direct methods developed
roughly the same time.

It is less well-known that this approach does not reconstitute the infinite preci-
sion behaviour. Consider as an example a matrix A with (geometrically) multiple
eigenvalues. The re-orthogonalisation, for instance in the method of Arnoldi, can
not prevent any deviation orthogonal to the converging Ritz vector. When we make
the natural assumption that errors occur in direction of the remaining eigenspace,
we observe that the method computes a small cluster of Ritz values located nearby
the multiple eigenvalue. At the same time, the existence of non-zero error vectors
will cause the Ritz values to move in small circles around the exact eigenvalues.
Because of the representation of the eigenvector components as polynomials in Ritz
values, this implies a large error in the relative accuracy of small eigenvector com-
ponents. We feel that this point is worth mentioning, since many authors use the
methods with (multiple) re-orthogonalisation as a model for the (unknown) infinite
precision behaviour.
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Nevertheless, the re-orthogonalisation can ensure backward stability. The pre-
ceeding argumentations actually explain when the original matrix has to be per-
turbed, and if so, how the perturbation affects the number of Ritz values in a cluster
and how to measure the accuracy of the computed Ritz values depending on the
step.

The analysis of how orthogonality is lost enables another approach. Based on the
error analysis of the last sections, Scott, Grear, Simon and Bai developed methods
subsumed as semiorthogonalisation techniques. At the time of writing the tech-
niques apply only to Lanczos methods and are known as LanPR, LanSO, LanPRO
and ABLE. In infinite precision the methods reduce to classical Krylov meth-
ods. In finite precision they enforce a level of linear independency sufficient to
achieve backward stability. The methods are built upon the error analysis of the
preceeding sections. Matrix perturbation theory is used to determine computable
conditions how long the computed matrices are close to orthogonal or oblique pro-
jections. Whenever such a condition is violated, the basis vectors are (partially)
re-orthogonalised.

The first method, Lanczos with selective orthogonalisation, LanSO for short, was
developed by Scott and Parlett. This method applies to the symmetric Lanczos
algorithm and is based on Paige’s observation that the loss of orthogonality is
entirely in direction of the converging Ritz vector. Based on heuristic arguments,
the next basis vector is orthogonalised against all Ritz vectors that have converged
in the sense of |Bxskj| < v/€, where € denotes the machine precision.

The next method was developed by Grcar, also for the symmetric Lanczos
method. His method is known as Lanczos with periodic reorthogonalisation, LanPR
for short. He gives a sophisticated scheme that models the loss of orthogonality by
keeping track of a vector of length n. When one of the components of this vector
exceeds the square root of the machine precision, a complete re-orthogonalisation
against all previously constructed basis vectors is invoked.

Cheaper and more elegant is the method developed by Simon. Simon was the
first who observed that the computed matrix T} is close to an exact projection of
the matrix A as long as the level of linear dependency, defined by

1Q2Q), — Ii|| = level of linear dependency

does not exceed the square root of the machine precision. His ideas where gener-
alised by Day to the non-symmetric Lanczos method. The level of linear depen-
dency can be measured by Gerschgorins circle theorem or M-Matrix, to be more
precise, using H-Matrix theory on the matrix Wy = QH Q. of the loss of orthogo-
nality. These mathematical tools of trade are used to derive conditions how long
Wi admits Cholesky, LDLT, LDMT decomposition. Simon was also the one who
recognised that LanPR and LanSO were just instances of such methods.

These approaches are ‘as is’ very cumbersome to apply to methods for the solu-
tion of linear systems, especially to the LTPMs. Thus far, nobody considered the
application to truncated methods relying on Hessenberg structure, mostly methods
based on the Arnoldi recurrence. Block methods have only been considered by Bai
et.al. in the package ABLE.

The last idea that does not seem to fit into the scheme ‘re-orthogonalisation
techniques’ is to use the methods ‘as is’, i.e. with no re-orthogonalisation at all.
Only the stopping criteria and the picking of information from the computed ma-
trices is adapted to the finite precision behaviour. Methods of this class have been
developed and implemented by Cullum and Willoughby, but the algorithms are re-
stricted to the Lanczos variants. These methods are based on picking eigenvalues
and labelling them as ‘true’ or ‘spurious’ which can be considered as a form of
semi-orthogonalisation by hand. It is remarkable that their approach of identifying
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spurious eigenvalues is based on a comparison of the eigenvalues of C, and those of
Cs.,. An eigenvalue is labelled spurious, when it is an eigenvalue of both matrices.
By the preceeding error analysis, this is always the case, when the deviation is such
that the amplified errors result in Ritz values. What might be considered a major
drawback is that eigenvalues, whose corresponding eigencomponents in the starting
vector are below a certain threshold, are also labelled spurious. This is, to some
extent, justified, since the resulting Ritz vector consists mainly of amplified errors.



Chapter 5

Krylov Subspace Methods
in Finite Precision

In our derivation of the well-known Krylov methods as well in the proofs concerned
with statements on their behaviour the implicitly defined relations, like, e.g. the
orthogonality of the basis vectors, shows up to be very important. Chapter 4
reveals that these relations usually will not hold in a finite precision environment.
The results of Chapter 4 also imply that the methods will cease to converge at
least when the error matrix Fj has grown so large that the backward error of the
approximate solution is at about the same size.

Chapter 4 provides hints how to measure stability and how to ensure accuracy. In
the following we will use this knowledge to broaden and to unify the understanding
of the Krylov methods introduced in Chapter 3. We mainly give hints towards
existing literature on the subject and summarize the main results. We give some
numerical experiments to show up characteristic behaviour. What is typical in
numerical experiments is that a Krylov method deteriorates precisely when the
backward error becomes small.

5.1 Krylov Methods for the Eigenproblem

We distinguish between short-term and long-term methods and divide them fur-
ther into singular, orthogonal and bi-orthogonal methods. In long-term methods
(Arnoldi based) the orthogonality is typically enforced by explicit calculation. A
cure for the loss of orthogonality is, due to the accessibility of all computed basis
vectors, complete re-orthogonalisation. In short-term methods (Lanczos based) typ-
ically several copies of Ritz values are computed that correspond to single eigenval-
ues of A. Every time a Ritz pair converges, we observe a deterioration of the process.
This process essentially spoils the ultimately attainable accuracy and slows down
the convergence of the unconverged eigenvalues. Yet, due to the smaller amount
of storage and operations these methods are still competitive with the long-term
methods. The dual short-term methods suffer from near-breakdowns that cause
the error matrix FJ to grow unboundedly and thus may prevent accurate solutions.
We stress the fact that up to now no a-priori choice for the off-diagonal elements
of the unsymmetric T} is known that delivers optimal results.

This is the trade-off between the three main approaches, i.e., the generally ap-
plicable Arnoldi method using an orthogonal projection and long-term recurrences,
the (with some restrictions) generally applicable dual Lanczos method using obligue
projections and short-term recurrences, and the intersection of both, the symmetric
or Hermitian Lanczos method that applies only to symmetric or Hermitian A. This

199
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trade-off is best explained with the aid of a little picture:

| generally applicable Krylov method

fast Krylov method | choose two ...

S

| robust Krylov method

Figure 5.1: Trade-off between fast, robust and general applicable

In the sequel, we will often use one of the main results of the last section, namely
that the basis vectors are constructed by

qk+1 = Xck q+ Z

XCz+1 k fl
Hp 1 Cp+1,p

)

Hp 1 Cp+1,p

where x ¢, denotes the characteristic polynomial of the Hessenberg matrix computed
by the method in use.

5.1.1 The Power Method

The power method might be considered one of the ‘simplest’ Krylov methods. Thus,
we might suspect that the error analysis is also very simple. Over more, the finite
precision power method paves way for the understanding of the more complicated
looking results of the other Krylov methods. The first analysis of the finite precision
power method is included in the the textbook by Wilkinson (cf. [Wil65]).

The finite precision power method can be interpreted locally as if we apply the
exact power method to a perturbed starting vector. We know that the character-
istic polynomials of the Hessenberg matrices constructed in the power method are
monomials:

Ak k L
Qet1 = — Qg+ Z i
szl Cp+1,p =1 Hp 1Cp+lp
Ak k -1
= — 0 <q+z <Hcp+1p>A fi )
Hp:l Cp+1,p =1 p=1

Some of the components in the ‘new’ starting vector in direction of smaller eigen-
values are amplified such that the recurrence is slowed down. In any case, the
constructed basis vectors ¢; can not easily be related to a single perturbed matrix
A and a single perturbed starting vector. This implies that the basis vectors ¢; are
not computed in a backward stable manner in the finite precision power method.
Nevertheless, in case of a single, well separated eigenvalue of maximal modulus,
the recurrence is more likely to converge to the unique eigenvector in finite precision.
In case of a multiple or clustered eigenvalue of maximal modulus the recurrence will
also work, problems occur when there are distinct eigenvalues having approximately
the same (maximal) modulus. In infinite precision in this case we usually look for
a polynomial of small degree in A instead of the linear polynomial A — 0;1 that
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maps the constructed vector to the zero vector, see the example of Wilkinson for
complex conjugate eigenvalues of real matrices (cf. [Wil65], chapter 9, section 12).
Depending on the degree of the polynomial we are looking for and the condition of
the eigenvalues and the normality of A the estimated polynomials may vary greatly
in the finite precision case.

The power method frequently is used with deflation to compute several eigen-
values with descending moduli. It is well-known that in infinite precision deflation
by erasing the component in direction of the exact eigenvector is sufficient, whereas
in finite precision we have to erase the corresponding component several times be-
cause the error vectors bring in a non-zero component and the method will otherwise
result in computing the dominant eigenvalue, i.e., the eigenvalue of maximal mod-
ulus twice. When the dominant eigenvalue is defective, convergence even in infinite
precision is slow.

In the context of large sparse matrices mostly Wielandt deflation is used. Wielandt
deflation changes the original matrix A by a rank-one update,

A— A— vy, where  yfv =1.

The new matrix is only implicitly defined and not computed explicitly. The action
of the transformed matrix on a vector ¢ can be simulated by computing

(A= Xoy™)g = Ag — Xy qu.

The special case y = 0 is known as Hotelling deflation. This choice of y makes sense
in the normal case, since then y = ¢ = v is available for free. Hotelling deflation
might not be a good choice. The textbook of Saad contains a section on how to
choose the optimal y. Wielandt deflation has a natural extension to the case that
several eigenvalues have to be deflated. This extension is known as Schur- Wielandt
deflation because it is based on the (partial) Schur form AYy = YRy of A. Schur-
Wielandt deflation changes the matrix by a rank-k update with &k (approximate)
Schur vectors y;,

A— A-Y,RY,, where YY) = I,.

All these forms of deflation can be incorporated in the error vectors and have the
main effect to cause the error matrix Fj to grow.

The general message for the finite precision power method and its epigone, the
finite precision inverse iteration with shifts is that the small parts in dominant
eigenspaces are amplified. The dominant eigenspaces are what we are looking for.
Depending on the point of view, this may be beneficial, i.e., when we have no part
of the dominant eigenspace in the starting vector, or not, i.e., when we aim for the
eigenvalue of second largest modulus and deflation has to be done (almost) every
step.

5.1.2 Subspace Iteration

The subspace iteration is just the block variant of the power method, thus nearly
the same observations apply. In contrast to the simple variant, deflation is not
useful. Instead techniques known as locking and purging have to be used. Locking
just freezes the Schur vectors in the partial Schur form that are considered as being
converged. Subspace iteration is known to be very robust. The price one has to
pay for this robustness is that subspace iteration is slower than the other Krylov
subspaces.

Available packages are LOPSI by Jennings and Stewart dating to 1981 (cf.
[SJ81]), EB12 by Duff and Scott dating to 1993 (cf. [DS93, DS95]) and SRRIT
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by Bai and Stewart dating to 1997 (cf. [BS97]). All these packages are coded in
FORTRAN 77 and have been published in ACM TOMS.

The major effort in subspace iteration is in selecting the appropriate size of
the subspace and in a good decision rule how often to re-orthogonalise the vec-
tors. Moreover, a cheap and effective locking and purging strategy has to be used.
The codes mentioned above can be viewed as the working horses when a stable
algorithm for the computation of a few selected eigenvalues and eigenvectors for
(non-symmetric) matrices is needed.

Finite precision subspace iteration is considered a stable, but slow method to
approximate eigenvalues. Similar to the power method, the finite precision errors
are beneficial in ‘enriching’ the space such that usually all eigenvalues of interest
can be found. We stress that the convergence rate and the computed eigenvalue
approximations only weakly depend on the vectors spanning the actual starting
subspace, provided that errors in all directions occur. This seems to be the generic
case when we neglect diagonal and block-diagonal matrices A.

5.1.3 The Arnoldi Method

“Now it is essential that the c¢; should remain strictly orthogonal to
working accuracy or there will be no guarantee that c,4; is null to
working accuracy. The difficulty which arises should not be attributed to
the cumulative effect of rounding errors.”

James Hardy Wilkinson,
THE ALGEBRAIC EIGENVALUE PROBLEM (1965).

We have shown that the Arnoldi method is closely connected to one of the best-
understood and very stable algorithms, namely, the QR decomposition. More pre-
cise, we have shown in Chapter 3 that the (abstract) Arnoldi method can be ob-
tained from the QR decompositions of the Krylov matrices of subsequent steps,

[q, AQk] = Qi1 Rr41 <(1) R21> = Qr41 ( (1) Hk> .

This is an éterated QR decomposition of the augmented matriz [q, AQy]. This is also
the way of computation in finite precision. Hence, the matrix is not fully defined
in the early stages, but is computed column by column in the algorithm. Thus, it is
an obvious idea to divide the errors into first order and second order effects. The
error analysis and a monitoring of errors is divided accordingly. This distinction
measures in the first stage how much the basis deviates and in the second stage
whether the QR decomposition fails to produce an orthogonal basis Q. Both, the
first as well as the second stage may be empty.

The first stage has to incorporate the expansion of the basis. This basis expan-
sion in step k is given by the perturbed relation

Xp + AXy, = AQy.

The error matrix AXy is the result of a matrix product and can thus be bounded
by
[AX] < Wl AQkll,  [AXy] < | AllQkl-

It remains to understand the loss of orthogonality. This loss is due to the QR
decomposition.

Despite the fact that in infinite precision ‘the’ Arnoldi method is uniquely de-
fined (up to some signs), there does exist a variety of different implementations
of the Arnoldi method. The behaviour of these implementations differs extremely
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when executed in finite precision. The menagerie of orthogonalisation schemes
available causes a whole bunch of implementations. Among those orthogonalisation
schemes we find schemes based on Householder reflectors, Givens rotations, the gen-
eralised Givens-Kahan rotations, CGS (classical Gram-Schmidt), MGS (modified
Gram-Schmidt), IGS({) (iterated Gram-Schmidt, ¢ times) and as special case of
the latter, DOGS (double orthogonalisation Gram-Schmidt, i.e., IGS(2)). Iterated
Gram-Schmidt can be further divided into iterated classical and iterated modified
Gram-Schmidt. Iterated Gram-Schmidt algorithms, especially the classical variant,
are useful when orthogonalisation schemes are implemented on parallel architectures
and are currently an area of active research.

This implies that the main ingredient of the error analysis of a finite precision
implementation of the Arnoldi method is the error analysis of the orthogonalisation
scheme used. The information needed about the Householder, Givens and MGS
QR decomposition is easily accessible in modern textbooks on numerical linear
algebra (cf. [Hig96]), compare the results presented in Chapter 1. The results of
the error analysis of Householder QR are summarised in Lemma 1.13, Lemma 1.15
does the same for Givens QR, and some results on CGS and MGS are collected in
Lemma 1.16 and Lemma 1.17.

We need to define error matrices AY,¢ and AY), to measure the accuracy of the
QR decomposition used. We use an exactly orthogonal Qj,,; to define AY, by

Yi = [g, Xkl Yi + AYy = Qjyq Brta-
The computed Q factor Q41 is used to define AYj by
Yi =[¢, Xi], Y+ AY: = Qpy1Rir1.
In the Householder variant, the error matrix AY;¢ is bounded by
[AY e < (k4 DvenllYellp,  [AYE] < n(k + DyenGlYel,  IGllr = 1.
In the Givens variant, the error matrix AY¢ is bounded by
IAY e < Yemrran) IYellrs  [AYE] < myeansyGIYEl, IGllF =1

In the MGS variant, the error matrices AY,¢ and AY}, and the loss of orthogonality
are bounded by

[AY [ < cae]|Yillr,
QK Qx — Il < caera(Yy) + O((er2(Y3))?)
|AY] < e3eGlYi|, |GllF=1.
In the CGS variant, we can only bound the error matrix AYy,

|AYillF < cacll Vil .

Here, a term ¢, ¢; denotes a small constant independent of n. For MGS, explicit
constants can be found in the paper by Giraud and Langou (cf. [GL02b]). We can
put these pieces together to obtain the perturbed Krylov decomposition

AQy — Qp1 Hy, = —Fy.

The error matrix Fj can be bounded by adding the bounds for the error matrices
AXk, AY]CZ
IFell < |AXg] + [|AY:]l.



204 CHAPTER 5. KRYLOV METHODS IN FINITE PRECISION

We stress that in some implementations (especially in the Householder variant),
the basis vectors are only implicitly defined and can be ‘better’ than it would be
possible in case the exact columns are known and stored in finite precision.

The MGS variant of Arnoldi has been analysed by Rozloznik in his thesis (cf.
[Roz97]). It is well known, compare Lemma 1.17, that the computed @ factor
will loose orthogonality depending on the condition of the matrix to be factorised.
Rozloznik showed that the condition of the augmented matrix [q, AQj] depends
on the condition of A and on the norm of the residual for the minimal solution
min, ||¢ — AQkz||2. To be more precise, he showed that as long as this minimum is
not too small and the machine precision is small enough,

V21k(A)

r([g, AQk]) < min, ||¢ — AQxz||2

holds true (cf. [Roz97], equation (5.5), page 38). This, in turn, can be used to
bound the loss of orthogonality. When we are only interested in the eigenvalues, we
need no error analysis of the Q factor, since the analysis shows that the computed
R factor, i.e., the matrix H, and thus Hy, is close to the R factor constructed by
Householder QR.

The iterated CGS or MGS variants recently have caught attention by Czech and
French researchers. Two times iterated Gram-Schmidt is known to be stable when
we only have two vectors we want to orthogonalise against each other. This result
is known as Kahan’s “twice is enough” algorithm (cf. [Par98], page 115/116) and is
based on the observation that the loss of accuracy is due to a cancellation which can
only occur once. Giraud, Langou and Rozloznik proved that this “twice is enough”
algorithm is also stable in the case of several vectors (cf. [GLR02b]). Based on these
results, interesting relations for the singular values of the computed @ have been
obtained (cf. [GL02b, GL02a, GLR02a]).

A very interesting relation of the singular values of F), defined by

FnEQn_ fm

and the singular values of the matrix A whose columns are to be orthogonalised
by MGS was presented by Langou at the Milovy Conference (cf. [Lan02]). When
we label the singular values of A in decreasing order with negative indices, i.e.,
o_1 <---<o0_y, the relation takes the simple form

2cu

oi(Fn)o-i(A) 3 1 - cuk(A)

||A||2 Vié€n.

Here, ¢ = 18.53n%/2 is a moderate constant and u denotes the unit roundoff. This
shows that the singular values of Q,, deviate one after the other from the singular
values of the exact unitary Q¢, without even interfering each other.

In the CGS QR decomposition little seems to be known. CGS seems to be too
unstable to be incorporated into a finite precision Krylov method based on Arnoldi.
Nevertheless, figure 5.2 and figure 5.3 depict that the loss of orthogonality is by no
means random, it occurs shortly after the first Ritz value has converged to sufficient
accuracy in any variant.

We have grouped the orthogonalisation schemes into three groups. Those, where
we know that the orthogonality is not lost (up to machine precision). Those, where
we know that a loss occurs, but at the same time we can describe, how and in which
direction. The last group, at the time of writing only the CGS Arnoldi variant,
consists of methods where we know that orthogonality is lost, and we do not know
when and how.
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The results on the QR decomposition stated above clearly reveal that the House-
holder and Givens variants of the Arnoldi method will result in approximately or-
thogonal (unitary) bases Q. Thus, they are in the first group. This information
suffices to show that the eigenvalues of Hy tend to approximate the eigenvalues of
A and that the estimated (eigen)residuals are close to the exact (eigen)residuals.
What is less known, is that despite the methods deliver accurate results, the com-
puted space may be very far away from the exact Krylov subspace defined by the
starting vector (or any other starting vector). We will come back to this point later
on.

In case of (iterated) MGS and iterated CGS, we have cheap estimators at hand
to conclude how long the algorithm will produce accurate results. We already
mentioned that orthogonality is lost in (classical) Gram-Schmidt when severe can-
cellation occurs. In general, there is no easy way to see when this will be the case.
When Gram-Schmidt is applied to the augmented matrix [¢, AQx], we can relate the
loss of orthogonality to the convergence of Ritz values. The loss will be in direction
of the left eigenvector. This knowledge may be used to invent a re-orthogonalisation
scheme to be incorporated into finite precision CGS Arnoldi.

We now switch to some explanatory numerical experiments. We have chosen
small sized toy problems that reflect enough of the numerical behaviour and allow
the explicit computation of the interesting quantities with backward stable algo-
rithms for dense systems. Essentially the same phenomena show up in case of large
sparse matrices, but then we can not compute the quantities we want to focus on.

Figure 5.2 and figure 5.3 show the results of a run of finite precision CGS, finite
precision MGS and finite precision DOGS Arnoldi. DOGS is an abbreviation for
double orthogonalisation Gram-Schmidt. The plots contain three different kinds
of curves plotted in a semilogarithmical scale on the y axis. For better readability,
three dotted straight lines are plotted additionally at the levels one, /€ and e.

In both plots, the matrix A has been constructed from a diagonal matrix D of size
100, with diagonal elements equidistant between zero and one. The normal matrix
A used in the first plot was constructed by randomly choosing an unitary similarity
transformation U and setting A = UX DU. The non-normal matrix A used in the
second plot was constructed by randomly choosing a similarity transformation X
and setting A = X' DX. All transformations where computed in Matlab 6.3 with
ANSI/IEEE floating point arithmetic, thus the eigenvalues of the resulting matrices
are only close to the elements of D. The computed (non-unitary) transformation
X had the approximate condition number x(X) ~ 1.1244 - 103.

The plots show the convergence to the largest eigenvalue Apax = 1. This conver-
gence is measured by the distance to the two Ritz values 0. and 0. 1 closest
t0 Amax, in the legends of the figures denoted by real convergence. These two curves
are plotted with dashed lines (— —). This is the information we are really interested
in. The information we have at hand is the size of the last entry of the eigenvector
Smax times the last component hyy1 of the expanded Hessenberg matrix A ;. In
infinite precision, as well as in the early stages of the finite precision algorithm, this
is a bound on the backward error of the Ritz pair, i.e., a scaled residual. In the
legends, this (hopefully) approximate bound is called the estimated residual. The
three curves resulting from the three Arnoldi variants used are scaled by ||| 4]||2 and
plotted with solid lines (—).

In finite precision they describe, together with the unknown errors, the part of
the basis vectors in direction of the left eigenvector 0. of A to eigenvalue Apax,

~H ~H
(/\max - emax) UmaxYmax UmaXstmax

Rk+1 kSk max

ﬁxlzaquﬁLl = (51)

In the legends the part of the basis vector giy1 in direction of Oyax is called the
actual eigenpart. The three curves resulting from the three Arnoldi variants used
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are scaled by |||A|||2 plotted with solid dotted lines (—). The starting vector was
the same randomly chosen vector for all three runs.

All curves in both figures behave very similar in the early stages of all three
Arnoldi variants used. This is natural, since the error vectors are small in all
variants and where not yet amplified by the convergence of a Ritz pair.

By previous considerations, there are circumstances when the parts 92 g1
are behaving similar to the (left) eigenvectors of the (exact) final H,, (cf. Chap-
ter 1, Theorem 1.22, page 26, Chapter 2, equation (2.11), page 66, Theorem 2.22,
page 70). Furthermore, parts of the eigenvectors of leading submatrices are good
approximations of the final eigenvectors, as is obvious by the description of the
eigenvectors using polynomial recurrences (cf. Chapter 2, Theorem 2.20, page 70).
When A is normal, the left and right eigenvectors coincide, thus we may expect
these parts of the basis vectors to decrease with the components of sy.x. When A
is non-normal, the dependencies are not that obvious. These results are used in the
sequel to interpret the plots and to highlight special phenomena.

In the first figure, i.e., figure 5.2, we are in the case of Arnoldi applied to a normal
matrix A. The convergence of the first Ritz pair takes place in steps 1 to 51. Until
step 51, the quantities computed behave almost as if they where computed in infinite
precision. The largest Ritz value 0y, converges to the largest eigenvalue Ay with
approximately geometric convergence rate. The estimate hpi1,5Skmax decreases
with a rate in size approximately equal to the square root of the convergence of 6y,.x
to Amax- This can be interpreted using a Temple-Kato type bound, since the largest
eigenvalue is well-separated from the second largest eigenvalue. The size of the part
of the next basis vector gr11 in direction of the (left) eigenvector Omax = Umax
decreases at a similar rate. When we assume that the lower diagonal elements
hjt1,; do not become small and the resulting Hessenberg matrix is normal, this
can be predicted by perturbation theory. Suppose for simplicity that the conditions
of Theorem 1.22 are fulfilled. Then, the leading components of the final §5$2( =
O Q. = Smax are given (Chapter 2, Theorem 2.20, page 70) by the polynomial

recurrences

é%@((k) B ka_l(aggi) YV kem,
Sma

= k-1
() TL e
whereas the last components of the intermediate s, = sﬁ,’fgx are given by

k
Smax (k) _ XHk—l(al(na)‘x). vV k€ m.

«§5§§x(1) ;:11 hiy1a

For indices, where the leading characteristic polynomial is insensitive to small
changes in 6,,x, the components do not vary greatly. This is especially the case
for the leading components since then the degree of the polynomial is small and
there is only one root close to the final 6,,,. Another difference is the scaling
by the first component. In infinite precision, when we consider only one maximal
well-separated eigenvalue and 0 _q; is large enough, the trailing components will
be small. Thus, we may expect the scaling to be negligible.

The picture changes when we move on in the algorithm. Next, we discuss the
behaviour of the three Arnoldi variations under consideration in steps 51 to 74.
The Ritz value 0, does not move any more, which follows readably from equation
(5.1). This is the first difference from the infinite precision Arnoldi method. The
other, more important difference is that in the CGS and MGS variants the part of
the basis vectors in direction of the (left) eigenvector starts to increase with a rate
inverse proportional to the rate of Ari1 kSkmax. Only the DOGS variant manages
to reflect the expected infinite precision behaviour. This describes in detail the
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Arnoldi: normal matrix, equidistant eigenvalues
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Figure 5.2: Arnoldi, normal matrix, equidistant eigenvalues

occurring loss of orthogonality. Nevertheless, the rate of the estimate hji1 kS max
behaves as if the basis vectors where unperturbed. This is linked to the normality of
the matrix A. The perturbation mostly in direction of the eigenvector vyax = Omax
has only the effect of moving the other Ritz values slightly (this is not visible in the
picture).

In steps 74 to 100, the picture changes again. In the CGS variant the estimate
Pk+1,65k max Moves up in magnitude for a few steps and remains at a level of mag-
nitude approximately equal to 107'°. The true distance between 6.« and Apax is
even slightly larger, almost 10~!%. The size of the next basis vector g1 in direc-
tion of the eigenvector 0.y is all the time at the same high constant level, only
slightly lower than one. This is in contrast to the MGS and the DOGS variants
of Arnoldi. Here, the estimates hjp41 55k max continue to decrease comparable to
each other (and to the infinite precision counterparts). The minimal distance of the
largest Ritz value Oy, to the largest eigenvalue Ap.x moves around the machine
precision. This comes as no surprise for DOGS Arnoldi, since the DOGS Arnoldi
variant is stable enough to ensure that orthogonality is maintained up to the order
of the machine precision. When the Ritz vector is close to the right eigenvector,
the same accuracy is attained by keeping the loss of orthogonality restricted, such
that Ogaqu+1hk+17kskmax ~ @gakasmax holds true. This is true, because the
restriction, together with equation (5.1), implies that

‘)‘max - QmaX||ﬁgaxymaX| ~ 2|ﬁgaka3maX| = O(5|||A|||2)

holds true. The picture reveals that the MGS Arnoldi variant assures the validity
of the restriction for the first converging Ritz pair.

Now, we switch to the second figure, i.e., figure 5.3. Here, we investigate what
happens when we apply the three variants CGS, MGS and DOGS of floating point
Arnoldi to a non-normal matrix. The line styles are all chosen as in the preceeding
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figure. That is, we plot the quantities we labelled real convergence with dashed lines
(= —), the quantities we labelled estimated residuals with solid lines (—) and the
quantities we labelled the actual eigenpart with solid dotted lines (—).

In the case of the normal matrix A we successfully identified three stages of the
finite precision behaviour. In figure 5.3, the first stage is easily identified to take
place in steps 1 to 50. At that point, the CGS variant completely looses track. The
MGS and DOGS variants do much better.

The second and third stage can not be identified with the aid of the picture.
The part of the basis vectors in direction of the left eigenvector does not decrease,
thus we can not see, that the MGS variant alters this part significantly. We observe
that the CGS variant clearly perturbs this part, since we obtain an almost constant
solid-dotted line between steps 50 and 100. Also the in the CGS variant computed
Ritz values Opmax are only correct to the order of the square root /€ of the machine
precision, resulting in the almost constant dashed line. The estimates My 1 kSk max
from the CGS variant are smaller than the distance between 0, and Ayax and are
still decreasing.

Arnoldi: non—-normal matrix, equidistant eigenvalues
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Figure 5.3: Arnoldi, non-normal matrix, equidistant eigenvalues

We give some rather philosophical comments on the behaviour finite precision
Arnoldi. We have to distinguish between normal and non-normal matrices, or to
be more precise, between normal and non-normal eigenvalues. This will become
obvious in a moment. Assume that the left eigenvectors ©; are normalised, such
that ||9;]|2 = 1. The relations

(X — 0;) 0 y; + 0 Fys;
Pkt1,k5k;5

~H
Uy dk+1 =
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show that a deviation from the theoretical quantities occurs every time a Ritz pair
is converging. Thus, convergence can not exceed a certain limit, since with the
usual normalisation of the basis vectors ||g;||2 ~ 1,

1~ lgrsall > 197 qrga|

surely is an upper bound. What happens after this bound has been ‘reached’,
depends on the normality of the eigenpair, since in the normal case the left eigen-
vector is also the right eigenvector. Then, at least as late as [0/ g1 1| ~ 1, i.e., when
Qk+1 = cb; = cv;, |¢| =1, a second Ritz value approximating \; has to emerge.

This can only happen, when the orthogonalisation scheme is not strong enough
to ensure sufficiently orthogonal basis vectors. But the good news in this case is,
that still we only will compute a second Ritz pair approximating the same eigen-
pair. If the orthogonalisation scheme is strong enough to prevent a repeated copy,
which is the case for all orthogonalisation schemes we (numerically) investigated,
the computed Ritz pair looses already gained accuracy. In the non-normal case, the
divergence is still bounded from above,

1~ e |l > 19 arral,

but we no longer have the nice interpretation we had in the normal case.

We now switch to the accuracy of the computed basis. The computed basis
deviates whenever there is a cluster. As an example, we consider a multiple deroga-
tory eigenvalue. The starting vector defines only one eigenvector that should be
computed. The finite precision recurrence for the basis vectors,

qk+1 = Xck q+ Z

XCz+1 k fl
Hp 1 Cp+1,p

Hp 1 Cp+1,p

)

shows that any errors in direction of the eigenspace of the derogatory eigenvalue
orthogonal to the eigenvector defined by the starting vector will eventually blow up
and naturally are not removed by the orthogonalisation. That these error compo-
nents will blow up follows from the identity

i —0;) 0 y; + ﬁzHFij.
Piet1,k5k;5

Vi Qk+1 =

It is easy to extend this observation to clusters of eigenvalues, since for clusters,
(i — Gj)f)f y; will be small for all eigenvalues )A; in the cluster, when one Ritz value
approximates one eigenvalue in the cluster.

This proves that even if the computed matrices Qi are orthogonal to machine
precision, different methods will often result in very different @, since the error
vectors f; of two implementations are usually not related. The same holds true
for one implementation applied first to a given starting vector ¢ and any slightly
perturbed vector ¢ = q + Agq.

This shows that all variants of finite precision Arnoldi are not forward stable in
computing the Krylov space and corresponding basis. We may ask for classes of
matrices such that finite precision Arnoldi stably computes the Krylov space and
basis. This class corresponds to the class of matrices, such that convergence of
all Ritz values is delayed until the last step. Accordingly, the basis and space is
accurate as long as no convergence occurred.

The Householder Arnoldi variant does not lie, i.e., the bounds on the accuracy
of the computed Ritz values (the estimated residuals) returned are close to the
true residuals as long as they are slightly larger than the backward error. The
convergence to single eigenvalues is comparable to the convergence of the infinite
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precision Arnoldi method. The same remarks apply to the Givens variant. With
respect to these remarks, we might consider the finite precision Householder and
Givens implementations for the computation of approximate eigenvalues ‘backward
stable’.

5.1.4 The Symmetric Lanczos Method

“[..]. However in computations comparing the accuracy of the computed
eigenvalues with the loss of orthogonality and the bounds on this, it
was found in many cases that several eigenvalues converged to great
accuracy despite complete loss of orthogonality. Startling examples of
this occurred when the number of steps far exceeded the dimension of
the matrix, as in such cases it often happens that repeated eigenvalues
of the tri-diagonal matrix correspond accurately with single eigenvalues
of the original matrix.”

Christopher Conway Paige,
THE COMPUTATION OF EIGENVALUES AND EIGENVECTORS OF
VERY LARGE SPARSE MATRICES (1971, page 87).

The history of the error analysis of the symmetric Lanczos algorithm is closely
connected to a complete series of theses starting with Paige’s thesis in 1971 (cf.
[Pai71]), followed by the theses of Scott (cf. [Sco78], 1978), Grear (cf. [Gre81],
1981) and Simon (cf. [Sim82], 1982). Until 1971, it was believed that maintaining
global orthogonality is crucial. Unfortunately, global orthogonality and even
linear independency of the computed basis vectors is lost shortly after the first
Ritz pair has converged. As remedy, the Lanczos method was implemented with
full re-orthogonalisation and all computed vectors had to be stored. The resulting
algorithm is termed LanFO for short.

Inspired by observations made in the late sixties and the analysis of LanFO (cf.
[Pai69, Pai70]), Paige was the first to give a detailed error analysis explaining that
the computed eigenpairs are close to exact eigenpairs in case only local orthogonality
is maintained, i.e., he showed that local orthogonality is sufficient. To be more
precise, he showed that to every cluster of Ritz values there corresponds (at least)
one close eigenvalue, and that the estimated residuals are close to the true residuals.
Paige’s results can be summarised as follows:

a) A classification and criticism of the different implementations (including the
classical and modified Gram-Schmidt variants) of the finite precision symmetric
Lanczos method (cf. [Pai71, Pai72]). He pointed out the importance to compute a
symmetric tridiagonal.

b) The proof that the error matrix Fj in AQy = Q411 — F is small. Paige
gave an explicit normwise bound and introduced the additive splitting that forms
the core of Theorem 4.17 (cf. [Pai71, Pai76]).

c) Paige used the splitting and the relations given in Theorem 4.18, Theorem 4.21
and Theorem 4.22 to show that the Ritz values converge to eigenvalues even if they
appear in multiple copies and the Ritz vectors deviate substantially from unit length
(cf. [PaiTl, Pai80]).

Moreover, he showed that the Ritz values are contained in a slightly enlarged
version of the field of values of A, which is important for the convergence of CG.
These results are not included in Chapter 4, since they only apply to the symmetric
Lanczos method. The results in the article (cf. [Pai80]) are slightly stronger than
the results included in his thesis. We mention that a couple of results, some of them
on the deviation of the norm of Ritz vectors that correspond to clusters, are only
published in his thesis.
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Another approach was successfully used by Cullum and Willoughby (cf. [CW85a,
CW85b]). They tried to distinguish ‘good’ Ritz values from ‘spurious’ Ritz values.
Their approach is based on the connection of the Lanczos algorithm to the CG
method by Hestenes and Stiefel. They proved that Ritz values that are also Ritz
values of the tridiagonal matrix consisting of the second to last row and column
are due to the finite precision. If they are close to another converged Ritz value
they are accepted as duplicate, otherwise they are marked as spurious. This can be
compared with the role of the associated polynomials in the example of the Bessel
labyrinth given in Chapter 1. Paige’s analysis proves that no spurious Ritz values
exist.

Cullum and Willoughby where the first that attempted an interpretation of the
so-called Lanczos phenomenon (cf. [CW80]). The Lanczos phenomenon consists in
the following: Every eigenvalue of A tends to occur (under some circumstances) as
a Ritz value of T}, for ‘large’ k, k ~ cn, 3 < ¢ < 5. The interpretation is again based
on the connection of the Lanczos algorithm to the CG method.

Among other results, Paige showed that loss of orthogonality is in direction of
converging Ritz vectors. This knowledge was used by Parlett and Scott to derive
a variant of the Lanczos algorithm that re-orthogonalises against converging Ritz
vectors whenever necessary. This variant is known as Lanczos with selective re-
orthogonalisation or LanSO for short.

Grcar analysed in more detail the way orthogonality is lost and was the first to
show that loss of orthogonality occurs in groups of vectors of the Arnoldi basis. He
derived a strategy using one vector of length n to store estimators on the deviation of
the recurrence, and to re-orthogonalise when one of these has grown to a prescribed
size. This variant of the Lanczos algorithm is known as Lanczos with periodical
re-orthogonalisation, or LanPR for short. He also was one of the first to give hints
to examples of matrices where the Lanczos algorithm ‘as is’, i.e., without any re-
orthogonalisation, works fine.

Simon analysed the underlying three-term recurrence. He formed the Green
function and derived a recurrence for the errors Wy = QkH Qr. This error recur-
rence is basically a generalised Casorati determinant. The error recurrence was
first discovered by Takashi and Natori and later independently rediscovered by Si-
mon (cf. [Sim82, Sim84]). When looking more closely, this recurrence is already
contained in Paige’s thesis. Simon used Gersgorin disks and Cholesky decomposi-
tion of the error matrix W}, to derive a variant of Lanczos he named Lanczos with
partial re-orthogonalisation, or LanPRO for short. This multiplicative (Cholesky)
decomposition is the core of Theorem 4.23. Simon was the first to realize that
LanSO and LanPRO are variants of the larger class of Lanczos algorithms where
semi-orthogonality of the basis vectors is maintained. The basis vectors are labelled
semi-orthogonal if the condition ||QH gj11]]2 < /e is fulfilled.

Greenbaum showed that every finite precision recurrence may be continued to
lead to a value B4, = 0 after at least n + m steps

AQn-i-m = Qn+an+m - Fn-‘rma Fn+m = [Fk, F/?]

with some additional perturbations f{ (cf. [Gre89], see also [GS92]). She concluded
from the results obtained by Paige that the size of the additional error vectors f}*
can be bounded by

O(n+m®BIAIve)  or O ((n+m)® Vel Al Ve)

where cpax 18 the maximal size of a cluster of Ritz values that has not converged
yet (cf. [Gre89], Theorem 1’, page 51). This, of course, is a very weak bound.

A result of Paige implies that the eigenvalues of T),1,, are bounded by these
expressions. We remarked that every Hessenberg matrix (symmetric tridiagonal



212 CHAPTER 5. KRYLOV METHODS IN FINITE PRECISION

matrix) is re-constructed by application of the infinite precision Arnoldi method
(symmetric Lanczos method). Thus, Greenbaum concluded that the finite precision
Lanczos algorithm behaves like an infinite precision algorithm applied to a larger
matrix A € K(+m)x((n+m) whoge eigenvalues lie in clusters around the eigenvalues
of the original A € K®*™. The numerical experiments carried out in the paper
with Strakos (cf. [GS92]) suggest that the crude bounds on the diameter of these
intervals may be replaced by O(||Alle). Unfortunately, no rigorous proof has been
found yet to support this assumption.

In contrast to the general case in the Arnoldi method, the left eigenvector o of A
is always equal to the right eigenvector v, because the symmetric Lanczos method
is restricted to symmetric (or Hermitian) matrices A. A major distinction from the
finite precision Arnoldi method is that the loss of orthogonality can happen ‘freely’
in the finite precision symmetric Lanczos method, since we never compute the inner
products of basis vectors whose indices are far apart from each other. Thus, the
loss of orthogonality will be recovered when the quantity v ¢, approaches the
‘sky’, since once v g1 = O(1), a new Ritz value has to emerge and so forth. This
will become clear in the following examples.

Again, we give two plots resulting from a toy-sized problem. The problem has
been carefully chosen, such that the convergence of the largest Ritz value is very
fast and thus also the loss of orthogonality occurs almost immediate. The matrix
A has been chosen such that A € R199%100 with elements randomly chosen (except
for the symmetry constraint) such that all {a;;};%2, fulfil a;; € [0,1]. This ensures
that A is non-negative, so we can apply Perron-Frobenius theory to conclude that
the spectral radius is equal to the largest eigenvalue, the so-called Perron root.

With this special choice, the matrix A may be considered as a perturbation of
the rank-one matrix

1 - 1
E=-|: . ], A=E+AE.
1 ... 1

We sketch the general case where A € K™*" is chosen to fit the mentioned con-
straints. The matrix F has only one non-zero eigenvalue n/2 to the eigenvector
e, where e is the vector of all ones. In our case, the non-zero eigenvalue of F is
50 = 100/2.

The coefficients of the symmetric matrix 2AE are independent and identically
distributed (iid) random variables in the range [—1,1]. The normalised (A\/y/n)
eigenvalues have limiting (n — oo) semicircle distribution given by

0, x & [-1,1],
P(x) = { %«/1 — 22, zel-1,1].

This result is known as Wigner’s Semicircle Law. Thus, we may expect the eigenval-
ues of AE to be approximately semicircle distributed in the range [—v/n/2,/n/2] =
[-5,5].

By taking a closer look at Weyl’s Theorem and by preceeding arguments we may
expect the largest eigenvalue of A somewhere near 50, the second largest eigenvalue
near 5 and the remaining part of the eigenvalues in the interval [—5,5]. The eigen-
vector by Perron-Frobenius theory has only non-negative entries and perturbation
theory ensures that it will be close to e. In our example, the Perron root was given
by 50.5877, the second largest eigenvalue was given by 4.1676 and the angle between
the computed Perron vector and e was 0.0379.

We chose a non-negative random starting vector. By Kaniel-Paige-Saad theory
we expect a very fast convergence towards the largest eigenvalue. The convergence
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history is shown in the first figure, figure 5.4. The line styles have been chosen as
in the examples for finite precision Arnoldi, that is, we plot the quantities |Amax —
Omax!|/|||A]||2 we labelled real convergence with dashed lines (— —), the quantities
|8k Sk max| we labelled estimated residuals with solid lines (—) and the quantities
vE agri1/|||Alll2 we labelled the actual eigenpart with solid dotted lines (—).

We observe a fast and almost linear convergence in the semilogarithmic plot in
steps 1 to 5. In step 5 the Ritz value 0, has converged to the largest eigenvalue
Amax with a relative accuracy up to machine precision. In this first range, the
actual eigenpart and the estimated residual are in theory and in the numerical
experiment close to each other with magnitude more or less given by the square
root of the distance between 6., and Apa.x. The last component sj.x of the
actual spmax is given by (Chapter 2, Theorem 2.20, page 70)

sEL(k)  xr (B5)

BONTY IS | !

Symmetric Lanczos: non—negative matrix, largest eigenvalue
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|
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step number of floating point symmetric Lanczos

Figure 5.4: Symmetric Lanczos, non-negative matrix, Apax

With our choice of starting vector, the scaling by sgfgx(l) will not vary greatly

with k. The evaluation at value HI(IQX of the characteristic polynomial of Tj_1
is insensitive to perturbations of roots (i.e., Ritz values) that are far away from
9&2)(. The result, i.e., that s;max becomes only sensitive when errors cause a new
Ritz value close to Opax, also follows from the eigenvector — eigenvalue relations of

Chapter 2, since for symmetric matrices T}

(5.2)

m.

(Sl(ck) )2 _ XT,C,I(HI(I’QX) _ I, (gr(fgx _ 95}@—1))
ax X, (6552 T, oo (9192}( - 6§k))
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holds true. In other words, as long as there is no other Ritz value close to GI(QX, the
estimated residual curve decreases as the infinite precision counterpart would have
done.

This, together with a bound on the errors vgaXstmax, implies that the curve
corresponding to the part of ¢x41 in direction of the eigenvector vy, will start to
increase as long as it has not reached substantial magnitude. This can be observed
in between steps 5 and 11. Remember that all the curves are only defined for
integer values. Keeping this in mind, we observe that we can ‘erase the wrong
edges’ between steps 5 and 6 in the v, g1 curve and in the (relative) distance
between 6, and A\pax. The increase in direction of the eigenvector causes the loss
of orthogonality shown in figure 5.5.

Symmetric Lanczos: non—negative matrix, convergence and loss of orthogonality

30

convergence
15

loss of orthogonality

Figure 5.5: Symmetric Lanczos, loss versus convergence (II)

As already mentioned, a new Ritz value has to appear that converges to the same
eigenvalue Ay ax. This happens in step 11. Remember that the rate of convergence
of the first converging Ritz value was almost linear and took about 5.5 steps. Then it
is obvious that the next Ritz value (as long as no other Ritz values interact with the
convergence) appears at step 11, the next one at step 22 and so forth. This is nicely
to see in the picture. We shortly go on to explain some important aspects of the
behaviour observable in the plot. Every Ritz value that has converged to attainable
accuracy can not move very far away once the estimated residual is small. This is
known as Paige’s Persistence Theorem and is the result of the backward errors of
tridiagonal eigensystems introduced in Chapter 2 and the perturbation theory of
Chapter 1. The convergence of the Ritz values follows again approximately Kaniel-
Paige-Saad Theory. This can be seen by introducing a ‘magic perturbation’. This
perturbation is defined by first multiplying the perturbed Krylov decomposition
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from the right by the matrix factor (I — Smaxs2,.),

AQy — QiTy = My, — Fy,

resulting in

where Q) = Qg (It — SmaxsSH,.), T, =Ty — SmaxOmaxSk,,. and the new error matrix
is defined by F, = Fro(I1, — SmaxsH ) + My smaxsil, .. We note that the error matrix
has maximal growth given by |Gk Sk max|||@k+1] = | Bk Sk max| and that the matrix Ty
has the same eigenvalues and eigenvectors as T}, with the exception of 6,,x, which
has been replaced by zero.

As a last step, we transform the (non-tridiagonal) T}, to tridiagonal form by a
similarity transformation U and set Q3% = QrU. We seek U such that local or-
thogonality is not spoiled. This can be achieved using Householder transformations
backwards on T},

UTpevut =1,

Let sf&éffl) denote the reduced vector consisting of the first k — 1 elements of S ax.

Then, the first & — 1 components of the last column of Hermitian T}, are given by
Wk—1 = Sk maxSmax T Bk—1€k—1-

This shows that the last column of U, given by the last column of the first House-
holder matrix H defined by Hwi—1 = ||wk—1]|2€x—1, is very close to the last unit
vector eg_i1. Furthermore, S;_1 — ||wk—1]|2 is small. The size of the error matrix
is not altered by multiplication with a unitary matrix. The recurrence continues
without touching and altering the other quantities we have already transformed,
especially, M U = M. We only have increased the bound on the error matrix
and removed the largest Ritz value. Putting things together, this implies that the
newest Ritz value will converge approximately like its predecessors with about the
same rate of convergence.

Once we have several Ritz values approximating one eigenvalue, the correspond-
ing estimated residual curves (i sx; will all move in a similar fashion, since they only
differ in the point of evaluation of the polynomials given in equation (5.2). That is,
when a new Ritz value is converging and then as long as no new Ritz value appears,
the curves are decreasing, and when a new Ritz value comes close, the curves are
all increasing. Since [isy; is used as estimate for the residual, we may (wrongly)
think that we are far away from desired accuracy when we are in the latter case.

Next, we consider a more complicated case. The first case resulted in such
beautiful pictures, because no other Ritz value converged substantially in the steps
1 to 30. We focus on the interactions between converging Ritz values. To do so
without discarding previously obtained information, we simply plot the curves for
the convergence of the second largest eigenvalue of the same matriz A. To better
see the interactions with the convergence of the largest eigenvalue, we also plot the
curves corresponding to this case in a dotted line style. The convergence of the
second largest eigenvalue takes more steps, we chose to show steps 1 to 80. The
resulting plot is given by figure 5.6.

We summarise the main changes. The curves are only irritated every time the
deviation in the basis vectors is largest, i.e., every time a new Ritz value starts to
converge to the largest eigenvalue. This effect is due to the normalisation of the
basis vectors.

Let us assume that the basis vectors are expanded in the eigenbasis, ¢; = a;;v;,
where aj; = vl gj. Then by Theorem 4.32, page 172, the loss in direction of vmax
adds to the (un-normalised) vector ry = Brqr+1 expanding the Krylov space,

H H

H (Amax - gmax)vmaxymax vmakasmaX

maxk = + :
Sk max Sk max

v
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Symmetric Lanczos: non—negative matrix, second largest eigenvalue
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Figure 5.6: Symmetric Lanczos, non-negative matrix, Apmax —1

It appeals to be more natural to consider only the first summand. Since the nor-
malisation can not distinguish which part of the vector ry comes from errors and
which is locally correct, the norm of 7 measures mainly the dominating errors in
direction of vmax and results in o ;41 having too small magnitude for all j # max.
This is corrected once the convergence of this newly arisen Ritz value takes place.

Depending on the distance of the Ritz value to the converging one, i.e., on the
gap between two neighbouring Ritz values, the residual estimator curves may move
up slightly. This follows by the normalisation of the eigenvectors and also by the
representation of the last components according to the eigenvector — eigenvalue
relations of Chapter 2 as stated above, equation (5.2),

(Sz(ckr)naxﬂ)Z _ XTk—l(gffa)uxq) _ IT; (91(2:«—1 _ e;kl)? )

(k) B k B\’
X,Tk (emax—l) Hj;émaxfl (er(na)»xfl - 0] )

Here, with some abuse of notation, 6, —1 is not necessarily the second largest Ritz
value, but the first Ritz value that converges to the second largest eigenvalue of A,
denoted Apax —1. We label the Ritz values approximating the largest eigenvalue by
Omax,i- When a new Ritz value Op,,x ; close to Apax occurs, the term

(e(k) ) —Q(k_l) )

max — max —1
k k
(Bfad 1 = O )

dominates the representation and causes a jump in the quantity sj max—1 of height
approximately given by 4/dist/sep, where dist denotes the distance between two

successive Ritz values Gr(f;(lll and 9&’2)(_1 that approximate the second largest

eigenvalue A\pax —1, and sep denotes the (smallest) spectral separation between the
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(k)

approximations Gﬁfa)xyi and 0, /. _,, approximating the largest eigenvalues Apx and
)\max —1-

This proves that the distraction of the curve sj; depends on the square root of
the speed of convergence (dist) divided by the separation (sep) to the other, faster
converging, Ritz value. The curve 35y, also depends on the norms 3y, of the residual
vectors. The computed fy is (by previously stated arguments) dominated by errors
in direction of the eigenvector vy,x corresponding to the largest eigenvalue. Thus,
this By will, in this setting, be a large overestimate over the ‘better’ 3y taking into
account only the components that measure convergence.

In the above, we neglected the variation of all other Ritz values. This is in order,
since most Ritz values in the example are slowly converging. Only the largest Ritz
value already has converged, but this Ritz value can not vary greatly as is implied
by Paige’s Persistence Theorem.

All the above results apply to infinite precision and clusters. Essential the same
behaviour can be observed. Here, we can interpret the clustered eigenvalues as
perturbed single eigenvalues of A = A+A A and define the perturbation term AAQ,,
as error matrix. This interpretation nicely explains the so-called misconvergence of
the symmetric Lanczos method. The phenomenon entitled ‘misconvergence’ is based
on the observation that a Ritz value approximating a cluster moves comparably
fast to a certain value and then, after stagnating a while, starts to move on to
approximate a single eigenvalue of the cluster. The period of stagnation corresponds
exactly to the number of steps it takes for the part of the basis vectors in direction
of the eigenvectors to be amplified sufficiently.

This can be memorised as the following rule of thumb:

The symmetric Lanczos method is short-sighted with respect to multi-
plicity or clustering of eigenvalues.

In the first steps, the symmetric Lanczos algorithm ‘sees’ only one single eigenvalue,
realises soon that there are at least two, then begins to ‘see’ the whole spectrum.

This holds true for the infinite precision symmetric Lanczos method. In case
of execution in an finite precision environment, we can say moreover (even more
loosely speaking):

The finite precision implementations of the symmetric Lanczos algo-
rithm tend to forget about the locations of eigenvalues they already
have determined as accurate as possible before.

The intimate connection between the convergence rate and the loss of orthogonality
is the reason for the frequently observed behaviour that Ritz values to the same
eigenvalue occur almost periodical, i.e., almost every 2¢ steps, where £ is the number
of steps necessary to converge once to attainable accuracy.

5.1.5 The Non-Symmetric Lanczos Method

“If the Lanczos process is carried out in practice [..], then the strict
bi-orthogonality of the two sequences c¢; and ¢ is usually soon lost.
Whenever considerable cancellation takes place on forming a vector b; or
b}, a catastrophic deterioration in the orthogonality ensues immediately.
To avoid this it is essential that re-orthogonalisation is performed at each
stage.”

James Hardy Wilkinson,
THE ALGEBRAIC EIGENVALUE PROBLEM (1965).
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The different non-symmetric Lanczos algorithms are very close to their symmetric
counterpart. This holds also true for part of the error analysis. The names that
are connected with the error analysis of the non-symmetric Lanczos algorithms are
Bai and Day. Bai extended some of the first results of Paige to the non-symmetric
case (cf. [BDM91, Bai94, BDY99]). These extensions are all based on the additive
splitting approach of the matrix QkH Qi into diagonal, strictly upper and strictly
lower part (Chapter 4, Theorem 4.17, page 153, Theorem 4.18, page 154, equation
(4.33), page 154). Day extended Simon’s results, namely the multiplicative splitting,
to the non-symmetric Lanczos variant baring his name. The development of Day’s
Lanczos variant and the error analysis can be found in his thesis (cf. [Day93]), or
in shorter form in an article (cf. [Day97]). For sake of completeness, we note that
Cullum and Willoughby used their identification and rejection scheme also in the
non-symmetric case.

All in one, the most important parts of the error analysis of the non-symmetric
Lanczos process can be handled similar to the error analysis of the symmetric Lanc-
zos process, the major change is that the condition of the eigenvalues, and more
serious, the condition of the Ritz values comes into play. By now, no final variant
has been elected that has been proven to be the ‘best’ variant, for instance with
respect to minimising the condition number of the Ritz values computed.

Non-symmetric Lanczos method: multiple Ritz copies
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Figure 5.7: Non-symmetric Lanczos, Jordan-block of size 10

Important for the understanding of the success of the non-symmetric Lanczos
algorithm is that the convergence of the right Ritz vector leads to a loss in the
left basis vectors that will be recovered because of the normalisation, and vice
versa with the roles of right and left switched. When the wrong normalisation has
been chosen, the errors will become very large and prevent a high accuracy. This
need not be the case, as can be seen in the plot of figure 5.7. The plot shows
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the eigenvalues of a 1000 by 1000 tridiagonal matrix obtained by application of a
finite precision non-symmetric Lanczos algorithm to a Jordan block of size 10 with
single eigenvalue one. Some more aspects of the floating point behaviour of the non-
symmetric Lanczos algorithm (together with Arnoldi and the symmetric Lanczos
algorithm) have already been discussed in part in an article by Zemke (cf. [Zem01])
in the Dagstuhl proceedings [ARRY01].

Nearly all comments made on the runs of the finite precision symmetric Lanczos
method apply also to the non-symmetric variants. We only have to ensure that
the quantities [jsy;, that gave estimates for residual bounds in the symmetric
variant, are still bounds for enlarged tridiagonal matrices. In the backward sense
this remains true as an easy calculation shows. Thus, a non-symmetric version
of Paige’s Persistence Theorem holds true. This is apparent from the theorem
of Kahan, Parlett and Jiang (see Chapter 1, Lemma 1.35, page 38, Lemma 1.36,
page 38). The major distinction from the symmetric Lanczos method is that the
error vectors may grow unbounded (with respect to a prior: bounds), or in case of
Day’s variant, the computed inner products w; may become arbitrarily small.

We just state as a rule of thumb that all computed T} are small perturbations
of exact oblique projections (in general not resulting in a tridiagonal matrix) as
long as the condition of the eigentriplets is not too large and the errors have not
amplified yet. We remark that there is plenty room for improvement in the results
that can be found in the literature on the subject. These improvements might be
based on the generalised eigenvalue — eigenvector relations we have presented in this
thesis.

5.2 Krylov Methods for Solving Linear Systems

Krylov methods for linear systems tend to deviate like their eigenproblem coun-
terparts. Residuals that span the orthonormal basis of the Krylov subspace loose
their orthogonality. Direction vectors loose their A-conjugacy. In general, the bases
that correspond to short-term methods based on Lanczos variants will loose linear
independency and the methods based on long-term methods based on Arnoldi will
deviate depending on the orthogonalisation scheme. This is quite obvious from the
connection to the appropriate Krylov eigensolvers.

Long-term methods will produce residuals of the same magnitude depending on
the size of the error matrix, i.e., on the quality of the orthogonalisation scheme and
on the magnitude of arising intermediate quantities. Short-term methods will often
still converge, but the finite termination property is lost. This means that we can
use them only as an iterative solver. We have to ask for the rate of convergence, i.e.,
when will the method reach a prescribed level of accuracy, and for the ultimately
attainable accuracy. We have to investigate how close the cheap estimates returned
in finite precision are to bounds. If they deviate significantly, we have to find another
way to measure the accuracy of the residual cheaply, that is, without explicitly
computing it directly.

5.2.1 Richardson Iteration and Polynomial Acceleration

The finite precision Richardson iteration is stable as long as the spectral radius of
the iteration matrix I — A is bounded by a constant somewhat less than one. The
method introduces no new errors, since all quantities necessary to use Richardson
iteration are given a priori. The errors due to execution in finite precision can be
interpreted as perturbations A = A+ AA of the system matrix A. The method will
converge as long as all perturbed methods fulfil p(A — I) < 1. This robustness has
to be paid for by an extremely slow rate of convergence.
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The same comments apply to the more complicated polynomial accelerations
like Chebychev acceleration. Here, we have to be sure that the parameters we chose
a priori are such that the method converges for all slightly perturbed A = A+ AA.
This can be accomplished, at least in theory, by choosing the parameters such that
the polynomials dampen all values in an e-pseudospectrum of A, where £ will in
most cases be a small multiple of the machine precision, the constant depending on
the number of steps we want to make and the degree of the polynomial we use.

Since in these ‘parameter-dependent’ polynomial acceleration methods all knowl-
edge has to be given a priori and is not altered during the algorithms, the methods
are stable when the parameters have been chosen carefully, but at the same time
slow. The good news is that the rate of convergence can be predicted quite sharply.
We will not consider a detailed error analysis of such methods.

5.2.2 Orthores/Orthomin/Orthodir

In this section we consider the general forms of the three algorithmic families Or-
thores, Orthomin and Orthodir. The derivation of these three methods in Chapter 3
already shows many aspects of the numerical behaviour to be expected.

The class Orthores of Krylov subspace methods for the approximation of the
solution of a linear system had been obtained by a re-scaling of the basis vectors,
such that the basis vectors are not parallel to, but are the residual vectors. This
scaling is equivalent to a diagonal similarity scaling of the Hessenberg matrices
of any Krylov decomposition to achieve zero column sums in the resulting new
Hessenberg matrix Cﬁ? ). The diagonal of the scaling is the vector y obtained as the
solution of a system with the original Hessenberg matrix,

T T
y Cny = ae,,.

Thus, whenever the solution of this system has very small components, the error
vectors will have large components. This prevents the method from converging to
a high relative accuracy, since the approximate solution vectors xj are obtained
by a linear combination of the residual vectors, Ry = —XkHQ,(CO). The vector y
is the (scaled) last row of the inverse of the Hessenberg matrix (when defined),
since y©' = ael, C~1. With knowledge on the relations between the elements of the
inverse of C,, and exploiting the proof for Theorem 4.49, i.e., equation (4.63) we
could improve this analysis.

The usual choice of orthogonal residuals in case of a general matrix, i.e., the
Orthores method, is known to be less stable than GMRES and has larger operation
count per step. Orthores is mostly preferred to GMRES only when one wants
to apply some form of truncation strategy, which is easier for Orthores. From
a computational point of view, the difference between (standard) Orthores and
GMRES is the difference between orthogonalisation and orthonormalisation of the
basis vectors.

Orthomin is based on a splitting approach of the Hessenberg matrix. We have
shown in Chapter 4 (equation (4.4), page 139) that this (after scaling the columns
of the basis to have unit length) results in a special structured error matrix,

~F,=AF" D'+ YD D, L DG
We define the short-hand notations
Ly =p,L;'DyY,  EP =F"D;' and E =FPD.

In the context of eigenvalues, we achieve a relative accuracy as long as Lges) is
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small, since the convergence and deviation relation takes the form
(\i — 0;)0{"y; + 0f Fies;
Ck+1,kSkj
(A — 0,)0 y; + \oHE s, + 0,00 B LI s,

Ck+1,kSkj

DiQr41

The error terms are multiplied by either an eigenvalue or a Ritz value. If we consider
a Ritz value that converges to the eigenvalue, the terms in the numerator will have
the same order. This is better than the eigenvalue bounds in the approaches that
are not based on a splitting of the Hessenberg (tridiagonal) matrix. We remark
that the result implied by this observation, i.e., that computations of eigenvalues
(and eigenvectors) based on the already factored matriz gives better results than
computations based directly on the matrix, is mainly the result underlying Dhillon’s
relatively robust representations.

Thus, we may expect Orthomin to be more stable than Orthores, even if the
implicit scaling in Orthomin is the same than in Orthores. Nevertheless, in the
general long-term recurrence setting, the method is unstable. This is due to the
fact that the scaled error matrices

B =D and E =FPD

may (and usually will) grow.

Orthodir uses the Hessenberg decomposition for the computation of the direction
vectors. Again, the scaling used to define Orthodir will introduce vectors of different
length. Furthermore, Orthomin and Orthodir with the usual choice of Hessenberg
decomposition are closely related. They differ only in the way the basis is expanded.
Orthomin uses the next residual vector, Orthodir uses the vector Apy, where py is
last direction vector. These vectors are A-orthogonalised against the previously
computed vectors. The next vector in Orthomin uses one multiplication with A
more than Orthomin does. This is prohibitive when A has a comparable large
condition number.

Summarised for all three methods, we observe that all three are more or less
unstable. This is because the update formula used for the residual and/or direction
vectors uses linear combinations of previously computed vectors of in general greatly
varying length. At least the residual vectors should converge to zero. When we
expect them to have a small norm for larger indices k, the recurrences are dominated
by cancellation, i.e., by error terms. The winner among Orthores, Orthomin and
Orthodir is Orthomin. The methods are usually stopped when we have reached
a sufficient level of accuracy. If only a relatively large-sized residual is wanted,
for instance in restarted methods, all three types of methods could be applied,
preferably Orthomin.

5.2.3 FOM/GMRES

FOM and GMRES by Saad and Schultz (cf. [SS86]) had been introduced to over-
come the inherent instabilities in Orthores/Orthomin/Orthodir and to generalise
the pair SymmLQ/MinRes. No scaling of the Hessenberg decomposition is needed.
FOM and GMRES are directly based on the Arnoldi recurrence ‘as is’. Thus, we can
plug in the results for the finite precision Arnoldi recurrence, and add facts about
the solution of small Hessenberg linear systems of equations and small Hessenberg
least squares problems.

First we focus on some aspects of FOM. Even though the matrix A may be
perfectly regular, the matrix Hy may be singular, even in infinite precision. In



222 CHAPTER 5. KRYLOV METHODS IN FINITE PRECISION

infinite precision, this can only be the case, when zero is in the field of values of A.
When the field of values of A is far from zero, the in infinite precision computed
Hessenberg matrices Hy will be non-singular. The remarkable fact about the FOM
approach is that the solution of the small system is usually done in a backward
stable manner, mostly with Givens rotations. The backward stability takes the
form

i = |Iroller — Hize, ™ 2 = Ol Hi26).

This ensures that all solutions that are well-defined by Hessenberg systems with a
small condition number are computed quite accurately. This, in turn, implies that
the true residual of xy = Qg2 is given by

rM = 1o — Ave = Qullroller — AQrzn
= Qu(Hpz + 1) — AQrz
— ri’(fH) — Mz + Frzg.

When the orthogonalisation scheme is sufficient to ensure that the norm of Fj, is
small, let us assume the norm has order O(||A||€), as is the case for all variants we
have considered so far, we observe that the deviation of the true residual from the
estimated residual is small,

A
g™ = (~hisii)arizmlls = O((IQkllallHillz + [[All2)e).

When the orthogonalisation is also sufficiently strong to ensure numerical orthogonal
basis vectors, the kth approximation will be close to a kth approximation with
roughly the same residual. This will be the case for the Householder Arnoldi variant.
In the minimal residual case, we have to compute the solution of the small least
squares system ~
|Hyzx — e1]|| = min.

This is done in a iterative manner, and is stable as long as the condition of the
computed H, is not too large. Rozloznik worked on GMRES in his thesis (cf.
[Roz97]). He proved that the Householder GMRES variant is backward stable (cf.
[Roz97], Theorem 4.6, page 34). Rozloznik also considered MGS GMRES and
proved that the orthogonality is lost inverse proportional to the norm miny |lg; —
AQpyll of the best approximation to ¢; in the space spanned by AQj. He then
proved that the norm of the true residual rp, = b — Azy and the norm of the
Hessenberg residual have the same order of magnitude as long as this term reaches
a level proportional to k(A)e (cf. [Roz97], Theorem 5.5, page 40, Theorem 5.6,
page 43).

5.2.4 Truncated and Restarted Methods

When we consider truncated and restarted methods, the underlying Hessenberg de-
compositions have zeros in the upper part. This removes the constraints on the
inner products of the basis and the constraint vectors. When executed in finite
precision, every component in direction of these constraints is not removed, regard-
less how good the (orthogonalisation) scheme works. This will often result in an
amplification of parts in the basis vectors that already had been removed form the
recurrence.

As an example, we might consider the finite precision Arnoldi method ‘as is’
applied to a symmetric matrix A € K"*™. Then, the method will compute a
Hessenberg matrix, where the upper part is not zero as it would be in infinite
precision. When we assume that the Householder variant has been used, we obtain
at least in the nth step an approximation that is very close in backward sense
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to the exact solution. When we now truncate the recurrence to obtain a three-
term recurrence, we obtain the finite precision Lanczos recurrence. This introduces
multiple Ritz values and we will re-do parts of the solution process again and again.
Mostly, the method will converge in a number of steps that is a multiple of the
dimension of the problem.

We refuse to consider truncation and restart in full generality, since no general
way of choosing the optimal parameters has evolved in the infinite precision context.
Thus, we may suspect that it will take a while until the development of these method
classes has settled enough to make a finite precision error analysis useful.

5.2.5 CG/CR

The three variant of CG and CR have different finite precision behaviour. We
consider mainly the Orthomin variant. The finite precision Orthomin variant of
CG is closely related to finite precision symmetric Lanczos, like in infinite precision.
The relation is not bijective. For an SPD matrix A, the way from the finite precision
Lanczos method to a perturbed Orthomin CG variant is contained in an article by
Cullum and Willoughby (cf. [CW80]) and, using heavily Paige’s results, in the book
by Cullum and Willoughby (cf. [CW85a], pages 101-118). The correspondence is
based on constructing residual vectors by a scaling of the basis and direction vectors
by an LDLT decomposition of Tj. In a second step, Cullum and Willoughby prove
that this results in a perturbed CG method with approximately locally A conjugate
direction vectors. Cullum and Willoughby use this correspondence to show that
eventually all eigenvalues of A become approximated by (certain) Ritz values, i.e.,
eigenvalue of T}, for large values of k.

The other way, from finite precision CG to a perturbed Lanczos method is
given in the section on Orthomin. The CG method may also be considered for
indefinite symmetric matrices, but the underlying LDLT decomposition behaves
frequently forward unstable. This results often in large multipliers which raises the
ultimately attainable accuracy to a higher level, often such that the method can
not converge any further. The relative (i.e., multiplied with A and the implicitly
computed T}) error matrices of such a coupled two-term recurrence suggest better
numerical properties than the three-term recurrence forms Orthores and Orthodir
of CG. This was analysed by Gutknecht and Strakoz in a technical report (cf.
[GS97], see also [GS00]). In this report and paper, the authors prove that coupled
two-term recurrences in general have better numerical properties than three-term
variants.

The minimising property of the CG method, i.e., viewing CG as an optimisation
procedure shows that locally the method is still optimising. It can be shown that
CG with restart after n steps will converge. The Cullum and Willoughby approach
shows that when the Orthomin variant of CG converges, the eigenvalues of A have
to be found. The error analysis for CR is similar. CR is seldom used, mostly MinRes
is preferred.

5.2.6 SymmLQ/MinRes

When it comes to the solution of indefinite symmetric linear systems of equations,
SymmLQ for the OR solution and MinRes for the MR solution by Paige and Saun-
ders are more suitable. These methods can be seen as special forms of FOM and
GMRES. SymmLQ uses the tridiagonal T} from the finite precision Lanczos algo-
rithm and performs an LQ decomposition. This decomposition is backward stable
and gets along with only small additional storage. MinRes is based on the LQ
decomposition of the enlarged tridiagonal matrices T',. Also this part is backward



224 CHAPTER 5. KRYLOV METHODS IN FINITE PRECISION

stable. Thus, the accuracy in both methods depend basically on the size of the
error term Fj, of finite precision Lanczos.

Sleijpen, van der Vorst and Modersitzki have analysed the differences and the
ultimately attainable accuracy in SymmLQ, MinRes and a specially adopted GM-
RES variant using the (non-orthonormal) basis constructed by the finite precision
Lanczos algorithm (cf. [SvdVM97, SvdVMO1]). The only computational difference
between MinRes and the adopted GMRES is the order of evaluation of the compu-
tation of the approximation zy:

z = Qr(Ly Tyr), (adopted GMRES),
ok = (QuLy ™ )yr, (MinRes).

Here, yi = Ik k+1l/70]|Uk+1€1 denotes the transformed right-hand side of the least
squares problem

1Tz = llrolles]| = min, T = U, Ly

Concerning storage, the difference between MinRes and the adopted GMRES is
that MinRes uses short recurrences (Vi = QxL, ) and the adopted GMRES uses
all previously computed vectors.

The authors pre-assume that the error Fj in the perturbed Hessenberg decom-
position is bounded, i.e., they use the results of Paige. They give relative bounds on
the accuracy of the computed approximations. These bounds are of order x2(A)e for
both the adopted GMRES and SymmLQ, which is to be expected. The bound for
MinRes is of order x3(A)e. Numerical experiments support the claim that adopted
GMRES and SymmLQ really are superior to MinRes with respect to the ultimately
attainable accuracy, i.e., the magnitude where the true and estimated residual de-
viate from each other.

5.2.7 Biores/Biomin/Biodir

The method of choice amongst Biores, Biomin and Biodir is often Biomin, to most
people known as ‘the’ BiCG method. The finite precision Biomin variant of BiCG
has been abandoned by many researchers, because of the irregular convergence prop-
erties. No minimisation like in the SPD case is behind BiCG, thus even in infinite
precision the method computes residuals, direction vectors and approximations of
different magnitudes. This increases the size of the error matrix Fj.

A bound on the error term F} is given in the error analysis of finite precision
BiCG (Biomin) algorithm by Tong and Ye (cf. [TY95, TYO00]), where Tong and Ye
re-scale and glue together the finite precision Biomin recurrence to obtain the usual
form of a perturbed Hessenberg decomposition. They show that the columns of the
error matrix Fy in the unscaled form are bounded (componentwise) by

|fil |8il
< ((n+6)[A] + o] + 1]

- )Iril + (2n + 7)[Allpi| + O(u).

In the sequel, Tong and Ye go on to derive general applicable results, by no means
restricted to the BiCG/Biomin case. Some of the basic results contained in their
paper are stated in this thesis in a more general setting (Chapter 4, Corollary 4.9,
page 147).

5.2.8 QOR/QMR

QOR as it would be the counterpart of FOM is seldom used. Mostly one of the
(mathematical) equivalent Biores, Biomin and Biodir variants of BiCG are used.



5.3. KRYLOV METHODS AND PRECONDITIONING 225

Finite precision QMR shows better numerical properties than the BiCG implemen-
tations. This is due to the fact that we have at least a quasi-minimisation in
contrast to BiCG variants applied to general (non-symmetric) matrices. The mul-
tiplication by the non-orthogonal basis makes is quite hard to give explicit results
on the behaviour of finite precision QMR.

5.2.9 Look-Ahead

We shortly mention some impacts of the execution of the non-symmetric Lanczos
method in finite precision with look-ahead. Look-ahead is usually applied when the
inner products, or, more general, the smallest singular values of the actual blocks,
are to close to zero. This, of course, results in a more stable variant of the non-
symmetric Lanczos method. A small inner product (singular value) results in large
components in the error vectors which diminishes the chances for a small ultimately
attainable accuracy in the eigenvalue case, as well as in the linear system case.

In the look-ahead context, the ‘final’ strategy has not been found, like in the
case of truncated and restarted methods based on Arnoldi. But, the state of the art
in look-ahead is far more superior in look-ahead methods than in truncation and
restart. Thus, we are not that far from a working running error analysis. Due to the
indeterminacies underlying these methods, i.e., the choice of the starting vectors,
the choice of normalisation and the choice of optimal look-ahead parameters, we
may suspect that we will not succeed in constructing an a priori error analysis.

5.2.10 Lanczos-Type Product Methods

Thus far, no error analysis of LTPMs has evolved that gives substantial results.
The error analysis will, in general, be involved. We might think of re-writing the
recurrence equations in the form of a single perturbed Hessenberg decomposition.
The entries in the upper triangular part of the Hessenberg matrix will mostly be non-
zero and are algebraically defined by the recurrence coefficients. Similar terms will
occur in the assembling of the error matrix Fj. Just putting these relations together
already is hard work. Then, in a second step, relations between the eigenvectors
and eigenvalues of these matrices and submatrices and the similar error matrices
have to be devised. This might be even harder, if not intractable.

Nevertheless, the methods will work fine until the first Ritz pair of the assembled
Hessenberg matrix has converged to a certain accuracy, determined by the size of
the assembled error matrix in direction ¢; and s;. This point of deviation may be
easier to predict in context of LTPMs.

5.2.11 CGNE/CGNR

When it comes to the application of CGN methods to non-symmetric systems of
equations, we observe a squaring of the condition number in practice. When A
well-conditioned, these methods can be applied quite safely. The deviation will be
like in the CG case, especially, the Orthomin variants of CGNE and CGNR will be
more stable and will have ultimately attainable accuracy of smaller magnitude.

5.3 Krylov Methods and Preconditioning

We just give a few comments on how one might proceed in order to obtain a form
of error analysis for preconditioned Krylov subspace methods.

First, consider that the preconditioner in use is static, i.e., is such that it does
not change from step to step. In this case, we can incorporate the error of the
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preconditioning scheme into the error matrix Fj. Without major changes, all error
analysis results stated in this thesis apply. The speed-up in the rate of convergence
is payed by (in general) a larger ultimately attainable accuracy.

In inexact Krylov methods we wish to use in the first steps a very accurate
preconditioning, then we wish to relax as soon and as strong as possible. Here,
application of general results on the successful completion of the methods in a finite
precision environment may be fruitful in determining the relaxation parameters.
For GMRES, for example, the results on the MGS variant by Rozloznik suggest
that the relaxation parameter can be chosen inverse proportional to the actual size
of the residual.

When we consider inner-outer iterations, where both iterations are based on
Krylov subspaces, we could (at least theoretically) consider them as a new Krylov
method and design a new (more appropriate) form of error analysis. This area of
methods is closely connected with the LTPMs, the Lanczos-type product methods,
since some of them perform a mixture of GMRES and the non-symmetric Lanczos
method. This point of view might be an alternative approach to a successful error
analysis of LTPMs.



Chapter 6

Krylov Methods: Miscellanea

This chapter is devoted to some of the more philosophical aspects that arise when
one is concerned with numerical analysis and especially with Krylov methods. First
of all, the previous investigations reveal that Krylov methods and terms like back-
ward and forward stability do not go hand in hand when we try to apply the usual
definitions of these terms. The first part of the following comments is devoted to
a brief treatment of how terms might be defined alternatively to assure a form of
stability.

As the title of the thesis already suggests: many aspects discussed are heavily
influenced by the execution of the algorithms in a finite precision environment. We
consider the implementation of the methods in alternate arithmetics and apply the
results of chapters three and four. Especially, we consider shortly the execution of
the methods in symbolic computations, in a multiple precision environment and in
a variable precision environment, the latter closely related to the hot topic of the
so-called inexact Krylov methods.

A special kind of arithmetic is interval arithmetic. Interval arithmetic can be
used to free the user from the necessity of supplying additional information and to
built a black-box solver that indicates whether the algorithm can be used to achieve
the goal indicated. The resulting algorithms are usually termed self-validating al-
gorithms. We give the sketches of two self-validating algorithms for linear systems
based on short-term methods.

6.1 Krylov Methods and Stability

The results of chapter four make it obvious that the terms backward error and sta-
bility are not applicable ‘as is’, i.e., new meanings of these terms have to be coined.
Furthermore, Krylov methods compute a variety of quantities and several relations
are fulfiled in infinite precision. We have to define precisely, which computed quanti-
ties we want to relate to which unperturbed quantities, and how we want to measure
the occurring deviation. We just give a rough sketch of the quantities we are usually
interested in, and those we are not interested in.
Krylov methods compute (at least)

e a basis of the Krylov space,
e a representation of A on the space spanned by that basis,

e approximations to

— eigenvalues,
— invariant subspaces and

— solutions to linear systems.

227
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The relations used to define the methods hold approximately in a finite preci-
sion environment. This is mainly the Hessenberg decomposition, in case of split
Hessenberg decompositions the residual and the direction vector recurrences.

In the beginning, Krylov methods were used to compute normal forms, i.e.,
tridiagonal and Hessenberg matrices, of the general matrices A that are inserted
into the methods. This computation can only be stable in general for long-term
methods, since any convergence of a Ritz pair in a short-term method will cause a
huge deviation from the exact tridiagonal matrix.

Then, Krylov methods were considered as a good choice for the computation of
single eigenpairs and approximate solution to linear systems of equations. These
computations are more stable, and we might look for methods that are backward
stable in this sense. But, this does by no means imply that the methods compute
appropriate approrimations. The Ritz vectors that are good approximations in the
backward sense returned by one run of one Krylov method of a symmetric matrix
will not neccessarily be orthogonal, especially, when the corresponding eigenvalues
are close to each other. Usually, they will be as worse as possible, i.e., the variation
in the eigenvectors will be inverse proportional to the spectral separation of the
eigenvalues.

When it comes to the solution of linear systems, we may ask, whether the
approximate solutions returned in finite precision can be small perturbations of
approximate solutions returned by an infinite precision Krylov method. For short-
term methods this is seldom the case, in the long-term setting this can happen, for
instance when we consider the Householder variant of GMRES. Nevertheless, we
can ask for conditions, such that a finite precision Krylov method based on short-
term recurrences returns eventually a backward stable solution. By eventually we
think of a larger number of steps than any infinite precision short-term method
would need.

6.1.1 Can Krylov Methods be Backward Stable?

All major aspects of the error analysis of problems related to dense matrices are
more or less satisfactorily solved, when numerical analysts can show that the method
is backward stable, i.e., the solution computed in the final step is the solution of
a near-by problem. The problem of identifying ‘useful’ solutions is transferred to
condition estimation. Under the given circumstances this is possible, since the
algorithms are direct methods and the solution process directly is influenced by
the conditioning of the problem. In context of Krylov methods, this, for two main
reasons, no longer makes sense:

e Despite the fact that infinite precision Krylov methods are finite termination
methods, they are almost never carried out this far. Krylov methods are
carried out until a user-specified threshold has been reached, usually selected
proportional to the backward error.

e The information whether the finite precision Krylov method reaches the de-
sired level of accuracy is not that important. More important is the infor-
mation, when this will be the case. In general, this information can only be
retrieved when considering more general methods (Ritz-Galerkin type meth-
ods) instead of the investigated Krylov method.

Formulated in another fashion, Krylov methods proceed in two steps. The first step,
the computation of a basis frequently is unstable. The second step, the computation
of the desired approximations may still be stable.



6.1. KRYLOV METHODS AND STABILITY 229

6.1.2 All Krylov Methods are Forward Unstable

As mentioned, a Krylov methods first computes a basis and then computes the
quantities related to the projection. When the first step is forward unstable, the
method will be. The computation of the basis vectors is forward unstable, this fol-
lows readily from Chapter 4, Section 4.8. The computation of the basis vectors can
only be forward stable as long as no Ritz pair has converged, compare Theorem 4.32:

(i — 0;) 07y + 0 Fys;

Ck+1,kSkj

~H
Uy gqk+1 =

It is not sufficient to predict the behaviour by bounding the error terms from above
and below, because the resulting interval will blow up when the convergence esti-
mator cp41,k5k; becomes small.

We can not be sure if there does not exist a Krylov method such that the method
converges, but the convergence estimators remain relatively large. We consider
Theorem 4.37, page 176 in a slightly rewritten form,
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It is obvious that the method becomes forward unstable when one cj1 5 becomes
small, or one f; becomes large. In general, the method becomes unstable, when the
error terms are amplified sufficiently by the polynomials of trailing submatrices.

6.1.3 Most Krylov Methods are not Backward Stable

Short-term methods do not compute inner products related to basis vectors (residual
vectors, direction vectors) that have indices that differ greatly to each other. This
leaves plenty of freedom in the variation of the vectors, such that orthogonality
and A-conjugacy is lost completely. The only chance to cure the occurring loss of
orthogonality lies in the computation of a new Ritz value that converges to the
same eigenvalue. Thus these methods, even if they might compute backward stable
eigenpairs, can, in the generic case, never compute a backward stable basis of the
Krylov space and a corresponding projection.

Essentially the same holds true in methods that fail to ensure orthogonality
of the basis vectors or other desired property. Here, some methods even fail to
produce backward stable eigenpairs, like counterexamples obtained by application
of the CGS variant of the Arnoldi method show.

6.1.4 Which Krylov Methods are Stable

There are some Krylov methods that are backward stable in the usual sense. These
methods will, by nature, be long-term methods. The best example is the House-
holder variant of GMRES. When carried out n steps, the solution computed is a
backward stable solution under mild circumstances. In the Householder variant,
the computed basis vectors share the property of orthogonality (up to machine pre-
cision) with the exact basis vectors. This correspondence is lost in the MGS variant
of GMRES. But, even in this case, the solution computed seems to be backward
stable. The same seems to hold true for GMRES variants based on iterated Gram-
Schmidt.

6.1.5 Where Krylov Methods are Stable

Various authors have pointed out the existence of matrices (and starting vectors)
that result in a stable computation of the Krylov subspace. By preceeding analysis
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these matrices coincide with the matrices (and starting vectors) where the conver-
gence is delayed to the final step. More general, some Krylov methods are stable
when applied to matrices from some class, when a generic starting vector has been
chosen. A generic vector is one that has non-negligible portion in direction of all
eigenvectors and principal vectors. The matrices that can be safely used in finite
precision Krylov methods, are those, whose eigenvalues do not converge rapidly, and
the convergence estimators drop simultaneously below a certain threshold after some
steps. To the authors knowledge, the existence of such matrices has been discussed
for the first time in a paper by Scott and in Grear’s thesis (cf. [Sco79, Gre81]).

Scott explicitly constructed matrices for the symmetric Lanczos algorithm, such
that convergence is delayed to the last step (cf. [Sco79]). The eigenvalues where
distributed at Chebyshev points, i.e., he used matrices with eigenvalues given by
the zeros of Chebyshev polynomials C,,,

B cos(nacos(z)) x € [-1,1],
Cn(z) = { cosh(nacosh(z)) =z ¢ [_1» 1J.

]

A typical and prominent example is the matrix

2 -1

1
-1 2

resulting from discretisation of the second derivative on the real axis. The class of

matrices can be slightly generalised, one can use matrices with eigenvalues clustering

quadratically at both ends of the spectrum, i.e., matrices with eigenvalues that are

the result of a projection to the real axis of a perturbed equidistant distribution on

the half circle.

For the non-symmetric orthogonal variant (e.g. Arnoldi) normal matrices of this
class are those that have eigenvalues on a circle or an ellipse in the complex plane.
When the eigenvalues are distributed equidistantly on the border of the unit circle,
then the convergence is delayed to the last step.

When the matrix A is given, one may ask if there exists a starting vector such
that the convergence is delayed until the last step. Scott gave a partial answer
for the case of A = A ie., symmetric Lanczos. In this case one can compute
explicitly the starting vector corresponding to a selected distribution of Ritz values
in the n — 1th step. He concluded from some examples that the starting vectors
with the property of delaying the convergence to the last step have very small
components (absolute size O(1073°)) in some eigendirections. In finite precision
execution it will be very unlikely that these components are not replaced by errors
of order O(1071¢) when the first error vector has to be introduced.

6.1.6 Alternate Notions of Stability

The considerations thus far make it obvious that the usual forward, backward and
mixed error analysis is not applicable to (short-term) finite precision Krylov sub-
space methods, at least ‘as is’. Greenbaum has given a new notion of backward
stability that better fits the framework of short-term Krylov subspace methods.
Short-term Krylov methods frequently return accurate approximations to eigen-
pairs, but get in trouble when it comes to multiplicity and an appropriate choice of
basis of the invariant subspaces of clusters. Thus we may think of the (finite dimen-
sional) operator A replaced by some other (finite dimensional) operator A with not
necessarily the same dimension, but with similar spectral properties. In the normal
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case this is sufficient to understand the behaviour of finite precision Lanczos and
CG methods, like was proven by Greenbaum (cf. [Gre89]) and demonstrated three
years later by Greenbaum and Strakos (cf. [GS92]). A corresponding interpretation
as backward stability with enlarged ‘patchwork’ operator A has not yet evolved for
general non-normal A.

6.2 Krylov Methods and Other Arithmetics

This far, we only have considered Krylov subspace methods executed with the aid
of IEEFE floating point arithmetic. Iterative methods are (and necessarily will be)
used with a growing amount. So we may ask, if the trouble lies not in the methods
itself, but in the chosen computer arithmetic. We try to give a partial answer in
considering some of the usual alternatives, i.e., exact and symbolic computation,
multiple precision, variable precision, stochastic and interval arithmetic. The start-
ing point is the choice that guarantees that no errors at all can occur, e.g. exact
and symbolic computations.

6.2.1 Exact/Symbolic Arithmetic

The computation of the Hessenberg decomposition relies purely on algebraic opera-
tions. When we postpone the normalisation of the basis vectors to a second stage,
or use a rational scaling, the computation of a (obviously differently scaled) Hes-
senberg decomposition relies only on rational operations. Thus, we may use integer
arithmetic to compute an exact Hessenberg decomposition when the matrix and the
starting vector are integers. This can be used to compute the minimal polynomial
of the matrix A with respect to the starting vectors. This was the basic idea be-
hind Krylov’s paper. Variants of this approach are still used in Computer Algebra
Systems, short CAS. The Hessenberg decomposition may be used in further steps
to compute the Frobenius normal form, to determine the rank of matrices and to
determine the solution to linear systems.

These approaches naturally extend to fields other than K = Q, i.e., to finite
fields like Galois fields. In this context, the algorithm of Wiedemann is frequently
used to solve large sparse matrix equations. Given a matrix A € K™*", this method
computes a sequence of field numbers

a;=ul'Alq, ick
with randomly chosen u € K" (and ¢ € K™) and uses the minimal linear generator
of this sequence to almost surely compute the minimal polynomial of A. This
knowledge is used in a second stage to solve linear systems of equations.

Wiedemann’s algorithm is, like every other Krylov method, only based on the
action of A on vectors. In contrast to the numerical analysis notion matriz-free
methods, the computer algebra community sticks more closely to the term black-
box methods. Wiedemann’s algorithm has been generalised by Coppersmith to
block form. Wiedemann’s method is incorporated into several software products,
we mention as example the method linalg: :wiedemann in the CAS MuPAD (cf.
[Fuc96]) and the implementation of Wiedemann’s algorithm in LinBox (cf. [ DGGT]).

When the field of interest is R or C, the execution of Krylov subspace methods
using symbolic or exact computations makes the methods to slowly to be competi-
tive for most applications.

6.2.2 Multiple Precision Arithmetic

There are several ideas how to use a given higher precision than double precision
(so-called extended precision) or to implement quadruple or higher precision with
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IEEE double precision (cf. [Knu98], Chapter 4). Regardless of implementational
details, all error analysis applies to higher precision, since the error analysis was only
based on the IEEE arithmetic rounding error model and on the machine precision.
Nevertheless, the number of steps necessary to obtain a small residual might be
reduced drastically, especially in case of outliers of eigenvalues, for example in the
solution of elliptic PDE.

The analysis of preceeding chapters gives crude estimations on how accurate the
machine precision has to be when we prescribe an eigenvalue distribution (or only
the condition number) and a level of accuracy we want to reach. When we have a
lower bound p* on the rate of convergence of the fastest converging Ritz pair,

(x = 65) oy > o,

we can assure that the infinite precision properties carry over to the multiple preci-
sion properties in the first m steps when the machine precision is sufficiently small,

Ai — 9§k)) ,ﬁiI—Iy§k)

(k)
Ck+1,k5;

P> = g = YV k€ m.

When the (multiple) machine precision only is small, the convergence scenario still
may change drastically. This is due to the underlying non-linearity of the relations
between convergence and deviation. So, it may be advantageous to figure out the
precision that increases the speed of convergence without spoiling the execution
time due to the implementational aspects to much. This has been experimentally
investigated by Facius in his thesis dating to 2000 (cf. [Fac00]). Facius uses the
notion wvariable precision in favour to multiple precision to make clear that the
methods can be executed in arbitrary, but fized precision.

6.2.3 Variable Precision Arithmetic

Another idea is to change the precision in every step. This is an idea that stems
from the field of inexact Krylov methods. In inexact methods, accurate matrix
vector multiplies are (very) costly. So, to decrease the overall cost of the algorithms,
variable precision is used to compute the matrix vector multiply only as accurate
as necessary.

Usually, this has nothing to do with the machine precision, but comes from the
characteristics of the problem. An example of such costly matrix vector multiplies
comes from Quantum Chromodynamics (QCD), where one has to multiply vectors
with the sign of a matrix. Nevertheless, this makes sense when the given matrix is
not accurately representable with the aid of the floating point numbers of the ma-
chine precision. Then, the precision in the beginning has to be high (e.g. quadruple
precision), but this constraint may be relazed once the method has started to con-
verge.

6.2.4 Stochastic Arithmetic

Stochastic arithmetic utilises the idea that errors due to finite precision computa-
tions are ‘more or less’ random. An operation using stochastic arithmetic is based
on switching the rounding mode of the machine and returning the distribution that
models the behaviour. When applied to Krylov subspaces methods, this reveals
the sensitivity of the method. This is particularly useful in linear system solvers,
since this kind of arithmetic reveals when the ultimately attainable accuracy has
been reached. A forward stochastic approach known as the CESTAC method has
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been developed in 1974 by La Porte and Vignes (cf. [LV74]). A backward stochas-
tic approach known as PRECISE has been implemented by Chaitin-Chatelin and
co-workers (cf. [CCF96]).

6.2.5 Interval Arithmetic

Interval arithmetic also is concerned with control over errors, but is by no means
restricted to floating point errors. Interval arithmetic is based on some ideas by
Kahan, was introduced in Moore’s book and was propagated by Kulisch and Mi-
ranker (cf. [Moo66, KM81]). Implementations of interval arithmetic include the
(X)SC packages developed by researchers at Karlsruhe and Wuppertal (cf. [XSC])
and PROFIL/BIAS by Kniippel (cf. [Knii94]). Matlab add-ons include b4m (BIAS
for Matlab) by Zemke (cf. [Zem99]) and Intlab by Rump (cf. [Rum98]). The prime
source for interval arithmetic software and related areas is the Internet address (cf.
[Int]) of the reliable computing mailing list (cf. [Rel]).

In interval arithmetic, instead of working with real numbers a € R, we work
with (real) intervals [a]. A (real) interval [a] C R is defined by

[a] = [g,@], g aeR, a < a

When a = @, such that [a] contains just one single value a, we talk of a degenerate
interval. The real numbers are identified with degenerate intervals. Thus, the space
of real numbers R is embedded in the space IR of all intervals,

R C IR = {[a], [a] is an interval }.

Intervals are used to bound errors. Thus, as a natural extension of the functions
o € {+,—,%,/} defined on elements in R, the corresponding interval operations are
defined by

[a] o [b] = [min{QOQ,QOE,EOQ,EOE},maX{QOQ,QOI_),EOQ,EOE}].

There are some remarkable facts about this way of computing with intervals. The
most prominent property is the inclusion property. This property states that when
a € [a] and b € [b], then also aob € [a] o [b]. The bad news is that the algebraic
properties are lost to some extent. In general only

0 € [z] — [z] = [-diam([z]), diam([z])] and 1 € [z]/[].

This is known as the dependency problem, since interval arithmetic treats the same
interval as if it were two different intervals. The quantity diam([z]) is the diameter
of the interval [z].

The distributivity law has to be weakened to the so-called sub-distributivity:

[a] (18] + []) < [a][B] + [a][e]-

The algebraic properties are lost as soon as we are working with non-degenerate
intervals.

There are two main approaches to represent intervals. One is the so-called
infimum-supremum form

la] = [a,a] = {z € R, a <z <@},
the other the so-called midpoint-radius form

(@) = (m,r) ={x €R, [z —m| <r}



234 CHAPTER 6. KRYLOV METHODS: MISCELLANEA

of intervals. The radius r necessarily is a non-negative number. When they are used
to represent real line segments, they are equivalent representations. The midpoint-
radius form of the interval [a] = [a, @] is given by

(@) = (mid([a]), rad([a])),

where

denotes the midpoint and the radius of the interval [a], respectively.

The representation of subsets of C changes depending on the use of the former
or the latter. The former, i.e., the infimum-supremum form is based on a partial
ordering in C induced by the isomorphism to R2. This representation results in bozes
in the complex plane. The midpoint-radius form carries over without changes, the
result being circles in the complex plane. In either case, the resulting set of subsets
(‘intervals’) of C is denoted by IC.

This definitions are extended similarly to vectors v € K™ and matrices A €
K™*™_  An interval vector in infimum-supremum form for instance, is defined by

[v] = [v,7] = {x €K, v<z <7}, v,0 € K"

The less equal sign is interpreted componentwise. This results in the interval vectors
being boxes in K”. The set of all interval vectors is denoted by IK"™. An interval
matrix in midpoint-radius form looks like

{4)

(M, R), M € K™*™ R € RLF™,
= {X eK™™ |X - M|<R}.

Absolute value and less equal sign again have to be interpreted componentwise.

In higher dimensions a second serious problem of naive interval arithmetic oc-
curs, the so-called wrapping problem. It occurs even when we compute the narrowest
(infimum-supremum) interval inclusion of A - [v], where A € K"*™ and [v] € IK".
Suppose that A is unitary, such that the SVD of A, A = ULV H = U is very simple.
Then the multiplication of [v] with U more or less rotates the bozx [v]. When we
apply powers of A to an interval vector by forming A* - [v] = A - (A*~! - [v]), the
problem becomes obvious and more serious, see the illustration drawn in figure 6.1.
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Figure 6.1: The wrapping effect in R?

Even though both representations (denoted by inf-sup and mid-rad) can be used
to compute enclosures of solutions, there are two major differences, concerning the
implementational details and the achievable accuracy. A standard implementation
of a mid-rad interval arithmetic, as example consider the implementation of a mid-
rad arithmetic in the Matlab add-on Intlab (cf. [Rum98|) by Rump, overestimates
the sharp bounds returned by an inf-sup interval arithmetic by a factor of at most
1.5. More precise, overestimation occurs only in case of multiplication (and division,
since division is based on multiplication). The overestimation is not too large when
we are interested in the solution of point problems, i.e., problems defined with
degenerate interval data.

We have been a little bit to sloppy in the considerations thus far to talk of the
implementational aspects. The by far most important aspect is that the endpoints
can not be elements of R (R™, R"*™). The domain of elements is naturally restricted
to elements from F (F™, F*»*™). So, in the computation of the endpoints (midpoints,
radii), we are restricted to floating point numbers. In order to fulfil the inclusion
property, we have to ensure that the endpoints are rounded correctly, i.e., we have
to achieve outward rounding. Switching rounding is part of ANSI/TEEE 754, but
the implementation still is a somewhat non-trivial task, because there is no direct
support from high level languages and compilers. The rounding mode switches have
frequently to be coded in assembler language.

One of the bottlenecks in (self-validating) algorithms based on interval arith-
metic lies in the (interval) matrix times (point) matrix multiplication. We give the
aspects of three different implementations of matrix times matrix when we want to
compute an enclosure of the product [C] <« R - [A] where R is a point matriz, i.e.,
composed of degenerate intervals. The example and the pseudo-code for the three
implementations originates from slides of a talk given by Rump.

The implementations are given in a Matlab-style pseudo-code. The routines
SetRoundDown and SetRoundUp switch the rounding mode to round towards minus
infinity (down) and towards plus infinity (up), respectively. The naive implemen-
tation (inner loop: single operations) is given as Algorithm 6.1. The more sophis-
ticated approach by Kniippel that is used in PROFIL/BIAS moves the rounding
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input : [Al=[Ainf,Asup],R
output: [C]=[Cinf,Csup]

for i=1:n
for j=1:n

Cinf(i,j)=0;

Csup(i,j)=0;

for k=1:n

if R(i,k)>=0

SetRoundDown
Cinf (i, j)=Cinf (i, j)+R(i,k)*Ainf(k,j);
SetRoundUp

Csup(i,j)=Csup(i,j)+R(i,k)*Asup(k,j);
else

SetRoundDown

Cinf (i, j)=Cinf (i, j)+R(i,k)*Asup(k,j);
SetRoundUp
Csup(i,j)=Csup(i,j)+R(i,k)*Ainf(k,j);

end
end
end
end

Algorithm 6.1: Nailve implementation of [C] «— R - [A]

mode switches out of the inner loop (new inner loop: scalar products). This enables
the use of BLAS level 1. The resulting algorithm is given as Algorithm 6.2. This
algorithm is substantially faster than the first, naive implementation.

The PROFIL/BIAS library (cf. [Kni194]) is known to be very fast when compared
to other available interval arithmetic software libraries. The key to fastness is to
use rounding mode switches as seldom as possible and to use higher level (BLAS)
routines as often as possible. The shifting of rounding mode switches makes it
possible to use optimisation switches (i.e., -02, or even -03 when the compiler is
part of the GCC, the Gnu Compiler Collection, cf. [GNU]) in generating the code.
The BLAS, the building blocks of numerical linear algebra are based on pure floating
point computations without any rounding mode switches. Thus, an occurrence of a
rounding mode switch inside a loop makes the use of BLAS routines impossible.

The next step would be to move the rounding mode switches out of the next
loop, this would result in a rank-one update formula. We will not consider this
approach. Instead we give the algorithm for the computation of an enclosure of the
matrix equation (C) <« R - (A) in mid-rad interval arithmetic. The algorithm is
given as Algorithm 6.3.

As this example shows, the mid-rad interval arithmetic approach enables the use
of higher levels, i.e., of BLAS level 3 instead of level 1 or level 2. The occurrence
of rounding mode switches is diminished. Far more interesting is that any level 3
BLAS routines can be used to implement this style of mid-rad interval arithmetic.
The key property is that the error analysis is only based on the number and type of
the atomic operations that are involved, but not on the order in that they appear.
Thus, we might use any vendor-supplied BLAS. The details how to implement such
a fast and portable interval arithmetic can be found in an article by Rump in BIT
(cf. [Rum99]).
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input : [Al=[Ainf,Asup],R
output: [C]=[Cinf,Csup]

for i=1:n
for k=1:n
Cinf(i,:)=0;
Csup(i,:)=0;
if R(i,k)>=0
SetRoundDown
Cinf (i, :)=Cinf(i,:)+R(i,k)*Ainf(k,:);
SetRoundUp
Csup(i,:)=Csup(i,:)+R(i,k)*Asup(k,:);
else
SetRoundDown
Cinf (i,:)=Cinf (i, :)+R(i,k)*Asup(k,:);
SetRoundUp
Csup(i,:)=Csup(i,:)+R(i,k)*Ainf(k,:);
end
end
end

Algorithm 6.2: PROFIL/BIAS-style implementation of [C] « R - [A]

input : (A)=(Amid,Arad),R
output: (C)=(Cmid,Crad)

SetRoundDown

Cmid_inf=R*Amid;

SetRoundUp

Cmid_sup=R*Amid;
Cmid_rad=0.5*(Cmid_sup-Cmid_inf) ;
Cmid=Cmid_inf+Cmid_rad;
Crad=(Cmid-Cmid_inf)+|R|*Arad;

Algorithm 6.3: Intlab-style implementation of (C) «— R - (A)

Numerical Result Verification

Interval arithmetic has several applications. The most important seem to be global
optimisation and the verification of results that have been computed by usual float-
ing point algorithms. We only consider the latter. Ideally, the verification phase
should form a second stage of an existing floating point ‘solution’ process and should
at least be comparable with respect to time and storage amount. It turns out to
be a good idea to use every piece of information gained in stage one, the floating
point solution. In case of dense linear systems these restrictions can be met, as is
well known.

Now, we consider some of the aspects of the verification phase. The verification
phase is usually based on some form of fixed point iteration. The idea is to consider
in place of the original system Az = b a preconditioned system. The preconditioning
is based on the best (floating point) knowledge at hand, i.e., a preconditioner R ~
A~! (a floating point inverse) and an approximate solution Z (a floating point
solution). The new system takes the form

RAy = R(b— AZ), y=x— 1.

This equation is re-written in a fixed point form (comparable to the key idea behind
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Richardson iteration or many Newton-type iterations),

y=R(b—-AZ)+ (I — RA)y.
———

—_———
~0 ~0
Now, using for instance inf-sup interval arithmetic, we set [A] = [A, A] and chose

an initial guess [y] and compute an enclosure [w] of
R(b—[AJZ) + (I - R-[A]) [y].

Brouwer’s fixed point theorem ensures that when [w] C [y], a fixed point y € [y]
exists such that
R(b—Az)+ (I —-RA)y=y.

Furthermore, when [w] is included in the interior of [y], we can not have a ray of
fixed points. Thus, the condition that [w] is in the interior of [y],

o]

R(b—[Alz) + (I = R-[A])[y]  [y], (6.1)

ensures that A and R must be regular, and thus we have computed an enclosure
of the true solution x, © € Z + [y]. When the computed interval is not included
in the interior of [y] we set [y] = [w] and start over. To work properly, so-called
epsilon-inflation has to be used to ensure that in case of convergence the inclusion
occurs.

The self-validating algorithm we have just sketched can be modified to fit any
special purposes. One frequent reformulation utilises the perception that the ap-
proximate inverse R need not been given explicitly, but can be represented by any
routine that computes the inverse. This gives rise to variants based on the LU,
Cholesky and other decompositions.

The operation count and storage requirement for these approaches lies between
O(n), O(n?) in special cases (SPD matrices, banded matrices) and O(n?). Opera-
tion counts of oder O(n?®) (and mostly also O(n?)) are prohibitive for large, sparse
matrices. Current approaches to self-validating algorithms are based on decompo-
sitions and no longer work when the decomposition no longer can be computed.

We consider one special generalisation of the class of self-validating algorithms.
The approach to this generalisation is based on forcing special structure in the
correction interval [y]. The correction interval [y]| is chosen to be symmetric to
the origin and has all entries of one magnitude, [y] = u[—e,e]. We consider point
problems, i.e., [A] = A. With this special choice of correction intervals, the inclusion
condition (6.1), when considered in original form without the refinement that the
interval vector [w] should be contained in the interior of [y], is equivalent to

|[R(b—AZ)|+|I — RA|eu < ep.

We can try to compute the preconditioner R such that | — RA|e < e holds true

and set _
i (e—|I—-RAle),

Then, the true solution z is included in the interval & + u[—e, €].

(6.2)

A Parameter-Dependent Verification Method

Over the years, a group of researchers around Golub, including Dahlquist, Fischer,
Meurant and Strakos have utilised the Lanczos algorithm and its connection to
Gauss quadrature to develop algorithms that measure the error of the approximate
solution (cf. [DEGT2, DGN79, FG93, GS94a, GS94b, GM94a, GM94b, GM97]).
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Frommer and Weinberg have used this idea to implement a self-validating algorithm
(cf. [FW98]). The method is not restricted to SPD A. When A is non-SPD, an
augmented system is used.

In their original paper, Golub and Dahlquist used the representation of the
symmetric Lanczos algorithm as Gaussian quadrature to derive error bounds (using
Gaussian quadrature with prescribed nodes, i.e., Gauss-Jordan and Gauss-Legendre
quadrature) and error estimators (simply Gaussian quadrature) by invoking Lanczos
on the residual. The error can be estimated quite satisfactorily, and if the smallest
singular value o, is known (or a lower bound), the method can be implemented
using interval arithmetic to deliver bounds that are better than the simple bound

[l

|Umin|

lz = 2| = [|A™" |l < Al =

Due to the forward instability of the Lanczos algorithm and interval arithmetic
related problems (namely the wrapping effect) the bounds returned can not gain
very much. They are frequently better by a factor of size approximately 10. A field
of application lies in Tikhonov regularisation, since the smallest singular value of the
regularised problem is well-known. This verification step based on the knowledge of
the smallest singular value is implemented in Facius’ software package (cf. [Fac00]).

A Parameter-Free Verification Method

In his 1998 thesis (cf. [Sin98]) Sinn gave an example of how to use the quantities
computed in the floating point run of a Krylov subspace method in a self-validating
algorithm. His approach was based on an approximate inverse implicitly defined
by the recurrence polynomial. The approach was stated only for symmetric short-
term recurrences based on Orthores, i.e., for CR-Ores. We give a sketch of the
algorithmic details along with some generalisations. The method can be applied
also with the aid of unsymmetric short-term recurrences, i.e., with Biores.

Sinn used the fact that in infinite precision the residuals converge to zero,
re = pr(A)rg — 0. Under mild circumstances that mainly pose some additional
constraints on the starting vector of the recurrence (the first residual) the sequence
of polynomials also converges to zero, px(A) — 0. The residual polynomials are
polynomials with constant term equal to one, thus we can write them in the form

p(A) =T —1_1(A)A — 0, which implies te_1(A) — AL

They key idea behind Sinn’s approach is that in case the residual polynomials pg1
satisfy a three-term recurrence,

Brpr+1(A) = (A — axl) pp(A) — Yr—1pk-1(A)

also the polynomials ¢ satisfy some sort of three-term recurrence, this time an
inhomogeneous three-term recurrence with additional terms given by the identity
matrix I and multiples of A~1,

Btk (A) = (A — agd) tp—1(A) — Ye—1tk—2(A) — I + (g + Bk +vp—1) A"

This follows by replacing every p;(A) by I —¢;_1(A)A, sorting the resulting terms
and multiplication by A~! from the right.
When the three-term is of Orthores type, the recurrence coefficients sum to zero,
i.e., they satisfy
ag + Bk + k-1 =0.

This removes the term involving the unknown A~! and makes the three-term re-
currence computable. We are left with the ‘simpler’ recurrence

Brir(A) = (A —agd) tg—1(A) — Y—1tk—2(A) = I
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for the approximate inverse R = ¢,,,(A) for some (heuristically) chosen m. These
approximate inverses can not be computed explicitely since in general they will be
full matrices and we can usually not afford to store all n? entries.

The key is that when we use verification routines based on equation (6.2) or
similar, we only need the rows el R of the approximate inverse. For the numerator
of the fraction in equation (6.2) this is obvious, the denominator can be bounded
using

(I — RAle); = el |I — RA|e = |el — (e R)Ale.

The remaining task is to compute the rows of the approximate inverse R = t,,(A) for
some chosen m. When A is symmetric, the jth row e;*-FRk = e;ka(A) is equal to the
transposed jth column Rye; = 1;(A)e;, since polynomials in symmetric (Hermitian)
A are again symmetric (Hermitian). Thus, the recurrence for the columns of R (the
transposed rows) is given by

Br(tk(A)ej) = (A — arl) (th—1(A)ej) — Yh—1(tk—2(A)e;) — e;.

Sinn only considered symmetric A and gave a fairly good way of choosing m < k
with the knowledge available after the residual rjp is small enough. Since A is
symmetric, short-term recurrences are the natural choice amongst the available
Krylov subspace methods to compute approximate solutions.

When A is not symmetric, we still can use a three-term recurrence, i.e., Biores.
The problem is that the rows of the inverse are no longer the transposed columns.
The solution to this problem lies in the evaluation of the recurrence with the trans-
pose of A. This is based on the observation

pe(A) = 1—u-1(A)A
-~ pk(AT) = ].7Lk_1(AT)AT

The resulting evaluation of the columns of the approximate inverse R = 1,,,(AT)
of AT for some m is given by

Br(wk(AT)es) = (A" — ard) (h-1(AT)ej) — o1 (th—2(AT)e;) — €.

Numerical experiments show that even though the unsymmetric variant is less well
justified, the method behaves comparable to the symmetric variant.

In general, the algorithm proceeds as follows. First, compute recurrence coef-
ficients and an approximate solution xj with a small residual (for example 10719)
using any floating point short-term Orthores variant. Then, verify the residual
using interval arithmetic. Chose the appropriate m for the trial approximate in-
verse using some heuristic such that the residuals e;‘-r . e;fRA will be moderately
small, for instance less than 0.9 in maximum norm. Usually, this implies m < k.
Compute the rows of the approximate inverse one after the other using the same
storage space. The overall cost will be O(mnp), where p > n denotes the numbers
of non-zeros of sparse A, i.e., when m is moderate, the cost is dominated by O(n?)
which makes the method costly compared to the floating point cost of computing
an approximate solution.

The methods can, in principle, be extended to long-term recurrences. This seems
worthless, since the resulting operation count will be even higher and such compa-
rable to self-validating methods based on direct approaches. Short-term methods
can be transformed to the Orthores form by a scaling under some circumstances.
A possible diagonal scaling matrix D = diag(y) can be computed as the (unique)
solution of the system y”T,, = e,,, where T}, is the tridiagonal matrix from the
underlying Hessenberg decomposition. When the elements in y are sufficiently fast
away from zero, the recurrence coefficients necessary for the computation of the
approximate inverse can be computed using y and T,, with negligible extra cost.
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Extensions that seem a little more promising are considered in part in Sinn’s the-
sis. The main idea is to use approximate inverses defined implicitly as polynomials
in A. We state three alternate approaches from Sinn’s thesis.

The first approach is based on the Ritz values 6;. We can explicitly represent
the polynomial ¢5_1(z) in terms of Ritz values, since we know by definition that

1 —pi(z )

ue—1(2) =

Again by definition, the polynomial ¢;_1(z) has maximal degree k — 1 and we know
that the evaluation at the k Ritz values 0;, j € k gives

1—pr(0;)

1
te—1(0;) = 7, =5

C .

These data pairs define a unique interpolation polynomial of maximal degree k — 1,

#Jc 0)
ZH —)%

Z#J

This polynomial thus must be the polynomial ¢f_1 itself. The approximate inverse
can now be computed using divided differences (the Newton form of the interpola-
tion polynomial) in a stable manner. This might be based on Leja points or similar.
This corresponds to a different evaluation of the polynomials t;_; which might be
more stable.

The second approach is based on the computation of the desired rows of the
approximate inverse by the approximate solution of the n systems ATrj =e; to
sufficient accuracy (residual norm less than 0.9) using any Krylov method available.
This is an obvious choice but slightly more costly than the three-term recurrence
approach for tx_1, since we throw away the recurrence coefficients computed in
previous runs.

The third approach is based on Chebyshev acceleration. The three-term recur-
rence for the residual polynomials using Chebyshev points on a prescribed region in
the complex plane (here an interval on the real axis) is transformed to an inhomo-
geneous three-term recurrence for the approximate inverse polynomial like before.
The choice of the region might be based again on previously computed Ritz values.
More general, any polynomial acceleration method can be used and transformed to
a recurrence for approximate inverses.

All three approaches might be optimised with respect to storage and comput-
ing time, since we have to solve (to comparable low accuracy) many systems of
equations. This brings in, naturally, block Krylov subspace methods.
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Chapter 7

Conclusion and Outview

In this thesis we have tried to gather existing knowledge related to the error analysis
of (finite precision) Krylov subspace methods. In the presentation, we have tried to
treat the methods such that the common characteristics become obvious. We have
mainly focussed on an approach that rests upon eigenvalues and eigenvectors of the
matrix A and the condensed Krylov subspace representation Cj.

The approach is partially along the lines of Paige’s analysis of the symmetric
Lanczos method. Paige considered only the eigenvalues and eigenvectors of the
computed condensed matrices, which, of course, is justified because of the removal
of the matrix A from the error relations. One of the main points in Paige’s analysis
lies in the relation

H H H
(k) (k) - (k) (k) p(k) - (k)
ot () G ) ey
(yﬁ ) Te+1 = ®) =
Bkskj ﬁksk]‘

which clearly reveals that the loss of orthogonality is in direction of (left) Ritz

vectors of converging (right) Ritz pairs. This is Theorem 4.18, page 154. The nice
thing about this equation is that we can bound the quantities ey;), at least in the
symmetric case.

Our new analysis focused on the similar relation

E)\ k
- (Ai — 0] )) oty g Frs{®
Vi Qk+1 (%) &)
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that holds in general for all Krylov subspace methods. This relation clearly reveals
that a deviation occurs in direction of (left) eigenvectors of converging (right)
Ritz pairs. This is Theorem 4.32, page 172. This time, the numerator can not
be bounded this nicely. Nevertheless, the gain lies in the new point of view that
compares fixed (unknown) quantities with the computed ones.

Paige used and refined the eigenvector — eigenvalue relations obtained by Thomp-
son and McEnteggert. We gave new, comparable results on general eigenvector —
eigenvalue relations which turn out to be particularly useful in case of Hessenberg
matrices. We showed how the new relation can be re-written using these relations
and the theory of polynomial interpolation. We gave some numerical experiments
explaining in detail the occurrence of multiple Ritz values and the delay in the
convergence.

We have not investigated and used similar relations based on singular values and
singular vectors of the matrices Cj, and, more interesting, C';. An analysis of this
type may be more insightful when we want to discuss the aspects of Krylov methods
of OR and MR-type for the approximation of the solution of a linear system.
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We have enlightened several aspects of Krylov subspace methods that usually
are only presented with some kind of mystique. The general approach based on
the presentation of the floating point algorithm as perturbed Krylov/Hessenberg
decomposition without referring to extensive error analysis shows:

e All main aspects and the characteristic behaviour can be understood in full
generality without the necessity to discuss

— implementational details,
— algorithmic variants,
— different kinds of error models.

e The necessity to distinguish between long-term, short-term and product-type
Krylov subspace methods and to group the error analysis accordingly.

e The differences in the error analysis between three-term and coupled two-term
methods lies in the relative form of the error matrix of the Hessenberg decom-
position in case of coupled recurrences.

e Krylov methods, especially short-term Krylov methods, can not be treated
with the aid of forward, backward and mixed error analysis of classical type.
New terminology and a new notion of stability have to be coined.

e Fvery Krylov subspace method has the same limitations, namely that the
method will

— return backward stable eigenpairs or approximate solutions only as long
as the error term in the scaled Hessenberg decomposition describing the
recurrence is moderate,

— compute multiple eigenpairs when the method is based on short-term re-
currences and orthogonality is not forced by (full or partial) re-orthogonalisation.

These comments summarise the limitations of finite precision Krylov methods.
There is room left for improvement of results. We mention the Lanczos-type product
methods that have no (refined, appropriate) error analysis up to now. Little room
is left in case of basic methods, here mostly in case of the non-symmetric Lanczos
method. The main work lies in determining the ‘best’ variant with respect to
stability. Plenty of room is left for improvement with respect to new methods
closing the gap between short-term and long-term methods, i.e., methods based on
truncation, restart and look-ahead, and their error analysis.

The new point of view that ‘sees’ finite precision Krylov methods as perturbed
matrix equations, has resulted in a new point of view concerning the stability.
We interprete one finite precision Krylov method as an overlap of several Krylov
subspace methods with a wrong normalisation. This becomes apparent when we
take a closer look at the construction of the basis vectors, in terms of the actual
Ritz values this construction is described in Theorem 4.37, page 176:

Qrt1 = _xe(d) q+ Z Xoun(D) ]
- ?
Hp 1 Cp+1,p Hp I+1 Cpt1,p 11

and in terms of the actual OR residuals this construction is described in Corol-
lary 4.48, page 194:

_ Xck(o) a Xol+1k ) fi
k+1 = Hk <|7“0||> Z [H l+1,l] .

p=1Cp+1,p =1 p=I+1Cp+1,p ©

We have re-written the results slightly to reveal the influences of the errors on the
recurrence. In the new point of view, in every step, a new method with starting vec-
tor is invoked. The overlay of all methods with starting vectors ¢ (wanted part) and
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fi/ci11, U € k (unwanted part) is normalised with erroneous normalising constant
Ck41,k-

We have refrained to use the results obtained to derive bounds on the deviation
in terms of bounds on the convergence. This, in contrast to the before mentioned,
has to be based on the characteristics of the machine, the actual method and the
algorithmic implementation. Concerning bounds, the results might differ greatly
between two implementations of one method. This becomes obvious when consid-
ering the MGS and Householder variants of the GMRES (Arnoldi) method. The
new results on the deviation can be used to devise new, more appropriate stopping
criteria and to develop new semi-orthogonalisation methods.
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