KU LEUVEN ARENBERG DOCTORAL SCHOOL

Faculty of Engineering Science

Pole swapping methods for

the eigenvalue problem
Rational QR algorithms

Daan Camps
Supervisors: Dissertation presented in partial
Prof. dr. R. Vandebril fulfillment of the requirements for the
Prof. dr. ir. K. Meerbergen degree of Doctor of Engineering

Science (PhD): Computer Science

September 2019






Pole swapping methods for the eigenvalue problem

Rational QR algorithms

Daan CAMPS

Examination committee:

Prof.

Prof
Prof
Prof
Prof

Prof.
Prof.

dr.
. dr.
. dr.
. dr.
. dr.
dr.
dr.

ir. H. Hens, chair

R. Vandebril, supervisor

ir. K. Meerbergen, supervisor
ir. L. De Lathauwer

ir. S. Vandewalle

ir. P. Van Dooren

B. Beckermann

(Université de Lille)

Dissertation presented in partial
fulfillment of the requirements for
the degree of Doctor of Engineering
Science (PhD): Computer Science

September 2019



© 2019 KU Leuven — Faculty of Engineering Science
Uitgegeven in eigen beheer, Daan Camps, Celestijnenlaan 200A box 2402, B-3001 Leuven (Belgium)

Alle rechten voorbehouden. Niets uit deze uitgave mag worden vermenigvuldigd en/of openbaar gemaakt worden
door middel van druk, fotokopie, microfilm, elektronisch of op welke andere wijze ook zonder voorafgaande
schriftelijke toestemming van de uitgever.

All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, microfilm,
electronic or any other means without written permission from the publisher.



Ter nagedachtenis aan Piet.
Grootvader, wiskundeleraar, levensgenieter.






Preface

This thesis is the outcome of my research conducted over the past four years
under the supervision of Raf Vandebril and Karl Meerbergen. Reflecting on
this period, I can’t be anything but grateful for the opportunities I received
and would like to take a moment to express my gratitude.

I first contacted Raf in April 2015 to inquire about the possibility of starting a
PhD. At the time, I had already left university for nearly two years and had
previously never followed a course taught by Raf. Nevertheless, Raf still invited
me for a meeting and it rapidly became clear to me that this was something
I’d really like to do. I started in September of the same year and ever since
then Raf has been an enormous driving force behind my work. Raf, thank you
for allowing me to pursue a PhD and for your advice, help, and support. It is
wonderful how readily and frequently available you were for me. As my research
project revolved around rational Krylov methods, Karl was involved from the
start as my co-supervisor. His expertise in this area helped me tremendously
over the years. Karl, thank you for your help and all your support.

One of the perks of being a researcher is the possibility to present your work
at conferences, often organized at exotic locations. It was at such an occasion
that I first met Paul Van Dooren at the NASCA Conference in Kalamata in
July 2018. Thank you for taking an interest in my work, for your help, and
never-ending stream of ideas. I would also like to thank Thomas Mach, David
Watkins, and Nicola Mastronardi for the fruitful collaborations.

I thank the members of the examination committee, Bernd Beckermann, Lieven
De Lathauwer, Stefan Vandewalle, and Paul Van Dooren, for reading my thesis
text, providing me with valuable feedback, and challenging me during the
preliminary defence. Thanks to Hugo Hens for chairing the defences.
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I have fond memories of the conferences and workshops I attended and of many
people that I had the pleasure to meet. The one-week workshop in April 2016
on low-rank tensors organized by the Hausdorff school in Bonn was a great start.
Thanks Martijn, Otto, and Ben. My first international scientific conference,
the ILAS in July 2016, was held in the city center of Leuven, just a stone’s
throw from our department. I must admit however that it was convenient to
return home at the end of the day. Thanks goes to Simon for learning me
everything about the appropriate dress code at conferences during that week. I
also participated in the 2017 edition of ILAS in Ames, Iowa. It was definitely
not a metropolitan environment, but we did found out about that one bar Ames
had to offer, and how else would I ever have experienced living history in Iowa?
I had a splendid time over all. The STAM conference on applied linear algebra
in May 2018 truly was a personal highlight. It was of great scientific (dnd
touristic) interest. Hong Kong turned out to be a fascinating city. Later that
year, in July 2018, I had a sun-drenched week during the NASCA conference
in Kalamata (Greece). Thanks Koen for joining me in cheering for Belgium in
the world cup. In my final year I attended the ETNA25 conference in Santa
Margherita di Pula (Italy) immediately after finishing the first draft of the text
that you’re currently reading. I was very glad to ultimately get to know David
Watkins a bit better. It was also the first time I went to a conference abroad
together with both Raf and Niel simultaneously. In the words of Oasis: “Thank
you for the good times”! The ICIAM in Valencia was the final conference during
my PhD term and it was by far the largest scientific gathering that I attended.
It was a lot of fun to be in the company of a large delegation from Leuven. I'd
like to thank Stefan Giittel for the interesting discussion and for letting me
speak in your mini-symposium. I commit to finally finishing the research that is
overdue because of me spending nearly all my time on my thesis. The evening
out in the karaoke bar with Alessandra, Roel, and Simon, singing some songs
in English in between all these Spanish hits, was super entertaining.

This thesis would not have happened without Ben. Thank you for letting me
know that Raf was interested in taking on a new student. I promise that I will
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Abstract

The matrix eigenvalue problem is often encountered in scientific computing
applications. Although it has an uncomplicated problem formulation, the best
numerical algorithms devised to solve it are far from obvious.

Computing all eigenvalues of a small to medium-sized matrix is nowadays a
routine task for an algorithm of implicit QR-type using a bulge chasing technique.
On the other hand projection methods are often used to compute a subset of
the eigenvalues of sparse, large-scale eigenproblems. Krylov subspace methods
are probably among the most used methods within this class.

The convergence of the classical implicit QR and Krylov subspace methods is
determined by polynomials. The lion’s share of this thesis is concerned with
QR-type methods whose convergence is governed by the more general class of
rational functions.

The first numerical scheme we present is the rational QZ method for the
generalized eigenvalue problem. It uses a pole swapping technique on Hessenberg
pencils. We provide an implicit Q theorem for Hessenberg pencils which
motivates the pole swapping approach as it shows that the rational QZ iterates
are unique. Rational Krylov theory allows us to prove that the rational QZ
method implicitly performs subspace iteration accelerated by rational functions.
An exactness result is included which shows that, in exact arithmetic, a pole
swapping algorithm deflates a perfect shift in a single iteration. Numerical
experiments exemplify that novel rational shifting strategies significantly reduce
the computational cost compared to their polynomial counterparts. Furthermore,
we propose a novel reduction algorithm to Hessenberg form and show that
premature middle deflations can already be induced during the reduction phase
provided a good choice of poles is made. Finally, a new swapping algorithm is
introduced and an error analysis is provided which shows that the algorithm is
backward stable.

In the subsequent chapter recent developments for polynomial QR-type methods
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are adapted to the rational QZ method. This results in a multishift, multipole
rational QZ method with tightly-packed shifts and poles. Aggressive early
deflation is included to detect converged eigenvalues before classical deflation
criteria are able to do so. Our implementation is made publicly available and
numerical experiments demonstrate that it outperforms LAPACK in terms of
accuracy, speed and empiric time complexity.

A rational QR method is proposed as a special case of the rational QZ method
which treats the standard eigenvalue problem in an efficient manner. This
method applies a pole swapping algorithm on Hessenberg, unitary Hessenberg
pencils where only O(n) storage space is required for the unitary matrix.
Consequently, the storage requirements and computational cost is approximately
half of the rational QZ method. Numerical experiments show that the pole
swapping algorithm can outperform a bulge chasing method from LAPACK by
reducing the CPU time by more than 30%.

Two-sided pole swapping algorithms for tridiagonal pencils are studied in the
penultimate chapter. These result in the rational LR algorithm for unsymmetric
pencils and the rational TTT algorithm for symmetric, diagonalizable pencils.
These algorithms have a reduced computational cost of O(n?) thanks to the
tridiagonal structure but employ non-unitary equivalence transformations such
that numerical stability is no longer guaranteed. We provide optimality results
for the non-unitary transformations. Numerical experiments show promising
results but also show that numerical stability is nontrivial.

The last chapter of the thesis considers the well-known rational Krylov method
for the solution of large-scale eigenproblems. We show how eigenvalue estimates
obtained with the rational Krylov method can be computed with the rational
QZ method. Furthermore, we test the pole swapping technique to efficiently
filter and restart the rational Krylov method.



Beknopte samenvatting

Het matrix eigenwaardeprobleem is vaak voorkomend in wetenschappelijk
rekenen. Alhoewel de probleemstelling eenvoudig is, zijn de beste numerieke
algoritmes verre van voor de hand liggend.

Het berekenen van alle eigenwaarden van een kleine tot middelgrote matrix is
tegenwoordig een routine taak voor een impliciet QR algoritme dat gebruik
maakt van een bulge chasing techniek. Voor grote, ijle eigenwaardeproblemen
worden vaak projectiemethodes gebruikt om een deelverzameling van de
eigenwaarden te berekenen. Krylov deelruimtemethodes zijn waarschijnlijk
bij de meest gebruikte methodes binnen deze klasse.

Het convergentiegedrag van zowel het klassieke impliciet QR algoritme als van
Krylov deelruimtemethodes wordt bepaald door veeltermen. Het leeuwendeel
van deze thesis houdt zich bezig met QR-type methodes waarvoor het
convergentiegedrag bepaald wordt door meer algemene rationale functies.

Het eerste numerieke schema dat we voorstellen is de rationale QZ methode
voor veralgemeende eigenwaardeproblemen. De methode maakt gebruik van
een poolpermutatietechniek voor Hessenberg matrix paren. We formuleren een
impliciete Q stelling voor Hessenberg matrix paren die een motivering geeft voor
de poolpermutatie aanpak vermits ze aantoont dat de rationale QZ iteraties
uniek zijn. Rationale Krylov theorie stelt ons in staat om te bewijzen dat de
rationale QZ methode impliciet een deelruimte-iteratie uitvoert die versneld
wordt door rationale functies. Een nauwkeurigheidsstelling toont aan dat, in
oneindige precisie, poolpermutatiemethodes met een perfecte shift in een enkele
iteratie tot een deflatie leiden. Numerieke experimenten tonen aan dat de
rationale QZ methode leidt tot een significante vermindering van het rekenwerk
in vergelijking met de klassieke QZ methode. Verder formuleren we ook een
nieuw algoritme om een matrix paar te reduceren tot Hessenbergvorm en tonen
we dat een goede keuze van polen kan leiden tot voortijdige middendeflaties
tijdens de reductiefase. Ten slotte stellen we een nieuw permutatie algoritme voor
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en voorzien we een foutenanalyse die aantoont dat deze methode achterwaarts
stabiel is.

Het daaropvolgende hoofdstuk past recente ontwikkelingen voor het QR
algoritme aan voor de rationale QZ methode. Dit resulteert in een multishift,
multipool rationale QZ methode met dicht op elkaar gepakte shifts en
polen. Bovendien maken we gebruik van aggressieve voortijdige deflatie om
geconvergeerde eigenwaarden te detecteren vooraleer klassieke deflatie criteria ze
kunnen detecteren. Onze implementatie van het algoritme is publiek beschikbaar
gemaakt en de numerieke testen tonen aan dat het LAPACK kan overtreffen
op vlak van nauwkeurigheid, snelheid en empirische tijdscomplexiteit.

Verder stellen we een rationale QR methode voor als een specificatie van de
rationale QZ methode die het standaard eigenwaardeprobleem op efficiénte
wijze behandelt. Deze methode past een poolpermutatie-algoritme toe
op Hessenberg, unitaire Hessenberg matrix paren en vereist slechts O(n)
opslagruimte voor de unitaire matrix. Dit halveert de opslagruimte en de
rekenkost in vergelijking met de rationale QZ methode. Numerieke testen
demonstreren dat het poolpermutatie-algoritme een bulge chasing methode van
LAPACK kan overtreffen door de rekentijd met meer dan 30% te reduceren.

Tweezijdige poolpermutatie-algoritmes voor tridiagonale matrix paren worden
bestudeerd in het voorlaatste hoofdstuk. Dit resulteert in het rationale LR
algoritme voor niet-symmetrische paren en het rationale TTT voor symmetrische,
diagonaliseerbare paren. Deze algoritmes hebben een verminderde rekenkost van
O(n?) dankzij de tridiagonale structuur maar ze maken gebruik van niet-unitaire
equivalentie transformaties waardoor numerieke stabiliteit niet gegarandeerd
kan worden. We voorzien optimaliteitsvoorwaarden voor de niet-unitaire
transformaties. Numerieke experimenten geven veelbelovende resultaten maar
tonen ook dat numerieke stabiliteit in dit geval niet triviaal is.

Het laatste hoofdstuk van de thesis gaat over de welbekende rationale
Krylov methode for grootschalige eigenwaardeproblemen. We tonen aan hoe
benaderende eigenwaarden, verkregen met behulp van de rationale Krylov
methode, met de rationale QZ methode berekend kunnen worden. Verder testen
we ook de poolpermutatietechniek om op een efficiénte manier de rationale
Krylov methode te filteren en herstarten.
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Chapter 1

Introduction

The matrix eigenvalue problem plays a central role in many computational
problems encountered in science and engineering. The scalar A is called an
etgenvalue of the square matrix A if there exists a nonzero vector x such that,

Ax = \x.

The vector x is correspondingly called an eigenvector of A.

The numerical solution of the matrix eigenvalue problem has been an active
area of research in numerical linear algebra, at least since the mid-twentieth
century. Figure 1.1 shows the increase in number of publications per year that
are listed in Web of Science [1] on the topic of eigenvalues.
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Figure 1.1: Number of publications per year on the topic of eigenvalues since
1955. Data downloaded from Web of Science [1] on February 9, 2019.
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A few of the corresponding Web of Science categories include “(applied) mathe-
matics”, “electrical and electronic engineering”, “mathematical physics”,“optics”,
“acoustics”, and even “computer science artificial intelligence”. This brief meta-
analysis demonstrates that the eigenvalue problem has been a well-studied

problem for many decades and will likely remain so for the foreseeable future.

The remainder of this chapter consists of two parts. Section 1.1 gives a concise
historical overview of the development of numerical methods for the eigenvalue
problem. Section 1.2 presents the plan for the thesis.

1.1 A concise historical overview

In 1829, Cauchy proved that a symmetric matrix can be orthogonally
diagonalized and that all its eigenvalues are real [21]. Although somewhat
arbitrary, Hawkins [53] argues that this is the beginning of the modern day
study of matrix eigenvalue problems. Cauchy himself used the term racine
caractéristique instead of eigenvalue. The derived name characteristic polynomial
for p(\) = det(A — AI) is still used at present. The term eigenvalue dates back
to the beginning of the 20th century and is attributed to German mathematician
Hilbert who used the terminology eigenfunktion and eigenwert in a study of
linear integral equations [56].

With the advent of digital computers in the 20th century, the study of
numerical methods for the solution of the matrix eigenvalue problem increased
exponentially, see Figure 1.1.

A first major breakthrough is due to Rutishauser. He invented the quotient-
difference (qd) algorithm [98—100] to find zeros of polynomials or poles of rational
functions. He noticed that the rhombus update rules for the qd transformation
admit the following matrix interpretation,

LR =RL. (1.1)

In the qd algorithm L is a bidiagonal, lower triangular matrix and R a bidiagonal
upper triangular matrix. Rutishauser soon noticed that the iterative rule (1.1) of
factoring a matrix as a product of an upper and lower triangular matrix, reversing
their order, and multiplying them together can also be applied to general dense
matrices. This resulted in his LR algorithm [101]. More information on the
early developments that lead Rutishauser from the qd to the LR algorithm is
available in [50].

The second major breakthrough is attributed to both Francis [39, 40] and
Kublanovskaya [69]. Both authors independently proposed the implicitly shifted
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QR algorithm. This algorithm displays better numerical stability properties
than the LR algorithm as it uses unitary transformations. Furthermore, the
implicit double-shift approach allows for real arithmetic in real-valued problems.

In its simplest form, the explicit QR algorithm applies the following iterative
rule:

A=QR — A=RQ. (1.2)
As @ is unitary, A = Q* AQ which means that Ais unitarily similar to A and
thus has the same eigenvalues. Repeating the iterative rule (1.2) over and over,
it is nearly certain that the matrix converges to upper triangular form with the
eigenvalues of the original matrix readily available on the diagonal.

The practical QR algorithm, which is derived from the results of Francis and
Kublanovskaya, is at present still the method of choice for computing all
eigenvalues of a small to medium-sized dense matrix. It bears little resemblance
to the simple iterative procedure (1.2). We go into more detail on what makes
the QR algorithm both stable and efficient in Chapter 2.

For more historical details on the development of the QR method, we refer to
the review papers by Watkins [133,134,139], Parlett [88] and Golub [45]. For a
complete treatment of the most important developments in numerical methods
for the matrix eigenvalue in the past decades, we refer to the monographs
[66,138].

1.2 Overview of the thesis

The thesis is organized as follows.

Chapter 1 provides a high-level problem setting, gives a short historical
overview, and presents the plan for the thesis.

Chapter 2 mostly contains preliminary material. In this chapter we introduce
relevant properties and decompositions for the matrix eigenvalue problem. We
also provide an overview of Krylov subspace methods and of QR-type and
QZ-type methods for standard and generalized eigenvalue problems. We pay
special attention to the connection between these seemingly different classes of
methods and discuss that their convergence is determined by polynomials.

Chapter 3 presents the rational QZ method for the numerical solution of the
generalized eigenvalue problem. This chapter begins with a study of Hessenberg
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pairs and their properties. Two operations to change the poles of a Hessenberg
pair are introduced: pole introduction and pole swapping. We present a
backward stable pole swapping algorithm. These two operations are used to
formulate a direct reduction method to a Hessenberg pair with prescribed
poles and to formulate the rational QZ method. Numerical experiments show
that the reduction algorithm can induce premature middle deflations which
can significantly reduce the computational cost of the overall algorithm. It is
also observed that the rational QZ method can outperform the polynomial QZ
method by effectively reducing the required number of iterations provided a
good choice of poles is made. The implicit rational QZ method is motivated
by a theoretical analysis which reveals a connection with rational Krylov. This
connection is exploited to prove an implicit Q theorem showing that the rational
QZ iterates are unique. It also allows us to prove that the rational QZ method
implicitly performs nested subspace iteration accelerated by rational functions.
Finally, we provide an exactness result, which shows that, in exact arithmetic,
a rational QZ step deflates an eigenvalue in a single iteration.

The majority of this chapter is based on the article [19]:

CamMPs D., MEERBERGEN K., AND VANDEBRIL R., A rational QZ method.
(2019) SIAM J. Matrix Anal. Appl. Vol. 40, No. 3, pp. 943-972.

The discussion on the backward stable algorithms to compute the swapping
transformations in Section 3.3.2 is based on [16]:

CaAmps D., MacH T., VANDEBRIL R., AND WATKINS D. S., On
pole-swapping algorithms for the eigenvalue problem. (2019) Submitted.

This article by Watkins and coauthors also studies the effect of a single pole
swap and shows how they can be combined to achieve convergence results for
any pole swapping method.

Chapter 4 generalizes the rational QZ method of Chapter 3 to the multishift,
multipole rational QZ method for block Hessenberg pencils. We also incorporate
the aggressive early deflation strategy into the algorithm and use it both at
the top-left and bottom-right sides of the pencil. Special attention is paid to
the swapping transformations involving 2x2 blocks. We present the results of
some numerical experiments obtained with our Fortran package 1ibRQZ which
implements the described algorithms. The numerical experiments illustrate that
our algorithm is able to outperform LAPACK [2] in terms of accuracy, speed
and empirical time complexity. The software is made publicly available on:
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http://numa.cs.kuleuven.be/software/rqz
This chapter is based on the paper [18]:

CamMPs D., MEERBERGEN K., AND VANDEBRIL R., A multishift, multipole
rational QZ method with aggressive early deflation. (2019) Submitted.

Section 4.4 is partially based on [17]:

CAMPS D., MASTRONARDI N., VANDEBRIL R., AND VAN DOOREN P.,
Swapping 2 x 2 blocks in the Schur and generalized Schur form. (2019)
Accepted for publication in J. Comput. Appl. Math.

Chapter 5 presents a specification of the rational QZ method for Hessenberg,
unitary Hessenberg pencils that requires approximately half the storage space
and computational cost of the dense rational QZ method from Chapter 3. This
efficiency gain is achieved by using a compact representation of the unitary
matrix in terms of core transformations. We show how the pole swapping
operations are implemented such that the compact representation is accurately
preserved throughout the algorithm. The main purpose of this algorithm is to
enable the use a pole swapping algorithm for the standard eigenvalue without
the need of explicitly storing two dense nxn matrices. We refer to it as the
rational QR method if the algorithm is used in this sense. Numerical experiments
show a significant reduction in CPU time compared to one of the QR routines
from LAPACK [2].

This chapter is based on a paper which is currently in preparation:

CaAmPS D., MAcCH T., VANDEBRIL R., AND WATKINS D. S., Pole swapping
methods for Hessenberg, unitary Hessenberg pencils: Rational QR algorithms.
In preparation.

Chapter 6 presents a class of two-sided pole swapping algorithms for (block)
tridiagonal pencils. These methods make use of non-unitary transformations
required to preserve the (block) tridiagonal structure throughout the algorithm.
We discuss how the pole manipulation operations can be carried out using
non-unitary transformations that are (nearly) optimally scaled. We provide
uniqueness and convergence results for the tridiagonal case using the rational
Krylov theory of Chapter 3. For the class of diagonalizable, symmetric (block)
tridiagonal pencils we propose a rational TTT (or T3) algorithm which uses
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congruence transformations. For unsymmetric tridiagonal pencils we present a
rational LR algorithm which allows us to independently manipulate the lower
and upper pole tuples in order to induce convergence of eigenvalues at the
subdiagonal or superdiagonal, respectively.

This chapter is based on a paper which is currently in preparation:

CaAmPS D., VANDEBRIL R., AND VAN DOOREN P., Two-sided rational LR
iterations for tridiagonal pencils. In preparation.

Chapter 7 focuses on the iterative rational Krylov method for large-scale
eigenproblems. We provide three contributions. Firstly, we show how Ritz
values obtained with the rational Krylov method can be computed with the
rational QZ method. Secondly, we study the structure of the Galerkin projection
on a rational Krylov basis. Thirdly, we test the pole swapping technique to
implicitly filter and restart the rational Krylov method and make a comparison
with existing methods which shows the superiority of this approach.

This chapter is based on the paper [20]:

CAMPS D., MEERBERGEN K., AND VANDEBRIL R., An implicit filter for
rational Krylov using core transformations. (2019) Linear Algebra and its
Applications. Volume 561, 15 January 2019, Pages 113-140.

Chapter 8 concludes the thesis by summarizing the main findings and results
and provides an outlook for future research directions.

Appendix A discusses core transformations and the extended Hessenberg form.
Extended Hessenberg matrices and pencils come into play in extended QR and
QZ methods, which can be viewed as an intermediate step, in terms of generality,
between polynomial and rational QR and QZ methods.

Appendix B provides the detailed error analysis for the backward stable
pole swapping methods of Section 3.3.2 and numerical evidence that the new
approach is more accurate than existing methods. This material is based on [16].

Publicly available software

Reference implementations for most of the algorithms discussed in this thesis
are made available online on the webpage:
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http://numa.cs.kuleuven.be/software/rqz

The most notable contribution is the Fortran implementation of the multishift,
multipole rational QZ method with aggressive early deflation as part of the
1ibRQZ package. We are aware that this is still research code which is in
no way of the same quality as robust implementations like these provided
by LAPACK [2]. It is our hope that it can prove to be valuable for further
development of eigenvalue solvers for the dense, generalized eigenvalue problem.

We intend to also provide reference implementations of the algorithms that are
discussed in Chapter 5 and Chapter 6 as soon as the articles are finished.


http://numa.cs.kuleuven.be/software/rqz




Chapter 2

Krylov and QR eigenvalue
methods

This chapter has two main goals. The first objective is to give a thorough
introduction to the properties and decompositions related to both the standard
and generalized eigenvalue problems. The second goal is to introduce two types
of numerical algorithms for the eigenvalue problem: Krylov subspace methods
and QR/Z-type methods. We pay special attention to the connection between
both.

The chapter is organized as follows. Section 2.1 gives an introduction to invariant
subspaces and Schur decompositions for the standard eigenvalue problem and to
deflating subspaces and the generalized Schur decomposition for the generalized
eigenvalue problem. This material is inspired by the excellent introductions
to (generalized) eigenvalue problems presented in the monographs [46, 66, 138].
Section 2.2 introduces Krylov subspace methods for the solution of large-scale
eigenvalue problems. Section 2.3 discusses the implicit QR and QZ methods
and highlights the connections with Krylov-type methods. Section 2.4 gives a
conclusion by summarizing the key results.
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2.1 Properties and decompositions

2.1.1 The standard eigenvalue problem

The eigenvalues of a matrix A € F**", with F € {R, C}, are the n roots of its
characteristic polynomial p(\) = det(A — AI). We call the multiset,

A(A) = {A € C: det(A — \) = 0}, (2.1)

the spectrum of A. In general, a root A of p(A\) can have a higher multiplicity
and occur more than once in the multiset A(A4). The multiplicity of A as a root
of p(A) is called the algebraic multiplicity of the eigenvalue. An eigenvalue with
algebraic multiplicity 1 is called simple.

If A € A(A) then A — AI is a singular matrix. This implies that there exist
nonzero vectors x that satisfy Az = Axz. This was our original problem
formulation at the beginning of Chapter 1. The vector @ is then called a (right)
eigenvector. A left eigenvector x* satisfies similarly *A = Ax*. The subspace
Sy C F" generated as the linear span of all eigenvectors related to a single
eigenvalue X is called the eigenspace of A. The dimension of Sy is called the
geometric multiplicity of A. It is equal to the dimension of the nullspace of
A — M\I. The algebraic multiplicity of an eigenvalue is larger than or equal to
the geometric multiplicity. If the algebraic multiplicity of A is strictly larger
then the geometric multiplicity, the eigenvalue is called defective.

A subspace X C F" is called a (right) invariant subspace of A if AX CX. If X
is of dimension k and we consider the matrix X € F"** whose columns form a
basis for the k-dimensional invariant subspace X, then there exists a matrix
Al € FF*F such that,

AX = XA|y. (2.2)

It follows from (2.2) that A(A|y) € A(A). The matrix A|y is unique and is
called the representation of A with respect to X. An explicit expression for
Al is given by

Aly = XTAX. (2.3)

The matrix X7 is called the Moore-Penrose pseudoinverse of X and because
X is of maximal rank k, X = (X*X)71X* [46] from which it follows that
XTX = Ij, and (2.3) is immediate.

In case the invariant subspace under consideration is the entire n-dimensional
vector space, i.e. X = F", we have that X € F"*"™ is nonsingular and
consequently Aly = X 'AX. The matrices A and A|y are called similar
in this case and the transformation is called a similarity transformation. A
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similarity transformation has the property that it preserves the eigenvalues,
A(A]y) = A(A), and can be regarded as a change of basis.

If A, X, and Ay satisfy (2.2) then there exists a unitary matrix @ € F**"
such that,

0" AQ = [Tu %ﬂ ’ (2.4)

with Ty, € F*** and A(Ty1) = A(A|y). The matrix @ = [Q1 Q2] can be
computed from the QR factorization of X with @); a unitary basis for X and
Q- for its orthogonal complement. This idea can be used to go from the block
triangular form of (2.4) to the triangular form of the Schur decomposition using
inductive reasoning.

Theorem 2.1.1 (Schur Decomposition). Let A € F"*". Then there exists a
unitary matriz Q € F"*" such that,

QAQ =T, (2.5)

where T € F™*"™ s an upper triangular matriz having the eigenvalues of A on
its diagonal. The unitary similarity transformation @ can be chosen such that
the eigenvalues appear in any order on the diagonal of T'.

As R is not algebraically closed, it follows from (2.1) that a real-valued matrix
can have eigenvalues with nonzero imaginary part. However, these complex
eigenvalues do come in conjugate pairs a £ 2. The Schur decomposition (2.5)
of a real matrix will thus be complex unless the matrix only has real eigenvalues.
In order to avoid the computationally more expensive complex arithmetic and
because the problem is a real-valued problem, the real Schur decomposition is
typically used for real-valued matrices.

Theorem 2.1.2 (real Schur Decomposition). Let A € R™"*". Then there exists
an orthogonal matriz @ € R™*™ such that,

Ty Tz ... T
Qrag—r—| 0 T2 T | (2.6)
6 .. ()' T;;k
where the diagonal blocks Ty, i=1,...,k, are of dimension 1x1 for real

eigenvalues and 2x2 for complex conjugate eigenvalues. The orthogonal
similarity transformation Q) can be chosen such that the eigenvalue blocks appear
in any order on the diagonal of T.
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Assume A=a+13 is a complex eigenvalue of A € R"*™ with complex eigenvector
T = 31 + 123, 1,2 € R™. Then by construction,

A(xy +1@2) = (o +18) (21 + 1@2) = (axy — fae) +2(fx1 + axs).

Rearranging the equation in matrix terms gives,

Alzr @] = [ @) {_g ﬂ

Notice that the above is a relation of the form (2.2) and that &7 must be linear
independent of x5 as otherwise 8 = 0. This implies that X = [x1 @] is a basis
for the invariant subspace related with eigenvalues A\, A. Using a change of
basis from X to an orthonormal basis of the invariant subspace and applying
decompositions of the form (2.4), one can prove the existence of the real Schur
form (2.6).

The purpose of the QR algorithm is to compute the Schur form (2.5) for complex-
valued matrices or the real Schur form (2.6) for real-valued matrices. Before we
turn our attention to computational methods, we first introduce the generalized
eigenvalue problem.

2.1.2 The generalized eigenvalue problem

F?’LX'I’L

The generalized eigenvalues of a pair of matrices A4, B € are denoted as

A(A, B) and defined by,
A(A,B) ={\=a/B € C:det(BA — aB) =0}, (2.7)

with C = C U {oo}. The matrix pair is denoted as (A, B) and is often also
referred to as a matriz pencil A — AB. We will use both terms interchangeably.
Analogous to the standard eigenvalue problem, «x is called a (generalized) right
eigenvector corresponding to A = o/ if,

fAx = aBx. (2.8)

Computing the pairs (A = /3, x) is the objective of the generalized eigenvalue
problem. If (2.8) is, for a given @, satisfied for § = 0, then the corresponding
eigenvalue of (A, B) is located at oo.

Throughout this thesis we assume that the pair (A, B) is reqular which means
that its characteristic polynomial det(A— AB) differs from zero. Indeed, a matrix
pair (4, B) can have a characteristic polynomial that vanishes everywhere. One
such case occurs if A and B have a common nullspace. In that case there exists a
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nonzero vector @ for which Az = Ba = 0 which implies that (3A—aB)x = 0 for
all values «, 8 and the characteristic polynomial is equal to the zero polynomial.
Pencils that are not regular are called singular. For regular pencils det(A — AB)
has exactly n roots in C counting multiplicities.

In case B is a nonsingular matrix, (2.8) can be transformed to B~1Ax = \x
and we end up with a standard eigenvalue problem for which the theory of
Section 2.1.1 applies and the QR method can be used. The same is possible
when A is nonsingular. However, from a numerical point of view this is a poor
idea as B can be nonsingular but still be ill-conditioned with respect to inversion.
If that is the case, then computing the eigenvalues of B~'A can be sensitive
even when the generalized eigenvalues themselves are well-conditioned. This
motivates the study of the generalized eigenvalue problem (2.8).

An important concept is the notion of a pair of deflating subspaces. This
can be seen as the generalization of the invariant subspace (2.2). A pair of
k-dimensional subspaces X, Y C F” is called a pair of right deflating subspaces
of the regular nxn matrix pair (4, B) if for any matrices X,Y € F"** whose
columnspace are respectively equal to X and Y, we have that:

(A, B)Y = X(4,B)|x.y. (2.9)

Here, the shorthand notation (4, B)Y = (AY, BY) is used and (A4, B)| y y is
the unique kxk matrix pair:

(Aa B)|(X,Y) = XT(AvB)Y

It follows that A((A, B)|(x y)) € A(A, B). A subspace Y C F" is part of a right
deflating pair for the regular pair (A, B) if and only if [113, Definition 5.1],

dim(AY + BY) = dim(Y). (2.10)

In the case that X,) are equal to the entire n-dimensional vector space
F", we have that X,Y € F"*" and (4,B)|xy) = X (4, B)Y. In this
case, the matrix pairs (4, B)|yy and (A4, B) are called equivalent. The
transformation is called an equivalence transformation and it preserves the
eigenvalues: A((4, B)| y y)) = A4, B).

A pair of subspaces is called left deflating for (A, B) if it is right deflating for
(A*, B*).

If (A4, B), X, Y, and (4, B)| x y, satisfy (2.9) then there exist unitary matrices
Q, Z € F*"*" guch that,

Q*(A,B)Z—({SH g;z],{T“ %zD (2.11)
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where (S11,711) is a kxk matrix pair having A(S11,T11) = A((4, B)|x y))-
The matrix @ = [Q1 Q2] can be computed from the QR factorization of X with
Q1 a unitary basis for X and Qo for X*. Similarly, the matrix Z = [Z; Z5] can

be computed from the QR factorization of Y with Z; a unitary basis for ) and
Zy for Y.

We can go from the block triangular form of (2.11) to the triangular form of
the generalized Schur decomposition using inductive reasoning.

Theorem 2.1.3 (generalized Schur decomposition). Let (A, B) be an nxn
regular matrix pair. Then there exist unitary matrices Q, Z € F™*™ such that,

Q*(A,B)Z = (S,T), (2.12)

with (S,T) an nxn regular, upper triangular matriz pair having the eigenvalues
of (A, B) as the ratios of its diagonal elements s;;/t;;, i =1,...,n. The unitary
equivalence transformation can be chosen such that the eigenvalues appear in
any order on the diagonals of (S,T).

For real-valued matrix pairs, the real generalized Schur decomposition is typically
used to avoid complex arithmetic for complex-conjugate pairs of eigenvalues.

Theorem 2.1.4 (real generalized Schur decomposition). Let (A, B) be an
nxn real-valued, reqular matriz pair. Then there exist orthonormal matrices
Q,Z € F*"*" such that,

S11 S12 ... Sim Ty Tia ... Tim

Qramz=(sm= || 0 S Sl 0 T B o)
0 o 0 S LO o 0 T

where the diagonal subpencils (Si;,Ti;), i =1,...,m are of dimension 1x1 or

2x2 and correspond with respectively the real and complex conjugate eigenvalues
of (A, B). The orthonormal equivalence transformation can be chosen such that
the eigenvalues appear in any order along the diagonal.

A final useful definition is the notion of a zero of a (rectangular) n; X ny matrix
pencil A — AB. This is also known as a Smith zero [41,121] or an invariant zero
of a linear time invariant system in systems and control theory [37].

We limit our explanation to the case of pencils of full normal rank, more detailed
characterizations of the zero structure of general pencils can be found in [41,121].
A pencil A — AB is said to be of full normal rank if the generic rank of A — AB
is min(nq, ne). Equivalently this means that the Kronecker indices of A — AB
are zero [121].
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Definition 2.1.5. Let A — A\B be an nq X ng matrix pencil of full normal rank.
A scalar ¢ € C is called a zero of A — AB if rank(A — (B) < min(n, nz).

For regular, square pencils the zeros and eigenvalues coincide.

2.2 Krylov subspace methods

We have characterized the standard and generalized eigenvalue problems in
the previous section and discussed the existence of an eigenvalue revealing
(generalized) Schur decomposition. Thus far we have ignored the problem of
how to compute these decompositions and a satisfactory answer to this question
will only be provided in Section 2.3. The central topic in this section are Krylov
subspaces and the accompanying Krylov subspace methods for the eigenvalue
problem such as the Arnoldi [3] and Lanczos [73] methods. From a numerical
linear algebra perspective, the Arnoldi, Lanczos, and derived methods are most
often used to compute a selected subset of eigenvalues of a large, often sparse,
matrix. We will discuss why Krylov subspace methods are useful for large-scale
eigenvalue problems. Our second motivation to study them is the central role
they play in the theoretical analysis of the QR method in Section 2.3.

Suppose the matrix A € F*"*" is nondefective meaning that it does not have any
defective eigenvalues. This means that it has n linear independent eigenvectors
xi,...,T, that are a basis of F" and that A can be diagonalized. Furthermore
assume that A has a dominant eigenvalue such that the eigenvalues can be
sorted as [A1| > [Xa] > ... > |\,]. Let v =>"" | oyx; € F" then

n n )\Z k
Akv = Z)\f&,ﬁﬂz = )\]f Z <>\1) a; T,
=1 1

for k=1,2,.... It follows that the sequence of vectors,
v, Av, A%v, Av, ..., (2.14)

converges to the dominant eigenvector x; of A with a linear convergence rate
[A2/A1] < 1 under the mild assumption that oy # 0. This idea is the basis for
the simple power method to compute the dominant eigenvector and eigenvalue
of A.

The vectors in the sequence (2.14) are called the Krylov vectors and the linear
span of all vectors combined is known as a Krylov subspace which forms the
basis for many iterative methods in numerical linear algebra. They are named
after Russian naval engineer and applied mathematician Alexei Krylov who first
introduced the idea in 1931 [68].
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Definition 2.2.1 (Krylov subspace). The mth order Krylov subspace generated
by the matrix A € F™*™ and nonzero starting vector v € F™ is denoted by
Km(A,v) and defined as,

Km(A,v) =R (v, Av,..., A" 'v). (2.15)

Definition 2.2.1 introduced the R(:)-operator which represents the subspace
generated by the linear span of its arguments. These arguments can be either
vectors, as in (2.15), or a matrix in which case R(A) is considered as the linear
span of columns of A, i.e. its column space.

The subspace K, (A, v) is equal to the subspace of all vectors p,,—1(A)v with
Pm—1 € Pm—1, the vector space of all polynomials of degree not greater than
m—1. For this reason, we also refer to (2.15) as a polynomial Krylov subspace.

There exists a positive integer g, n > g > 1, called the grade of v with respect
to A, for which dim(KC,(A,v)) = dim(Ky41(4,v)) = g. If v is an eigenvector
of A, then g = 1. On the other hand, ¢ is not greater than n since n+1 vectors
in F™ are linear dependent. When the grade is reached

g—1
Adv = E a; A'v,
i=1

for some coefficients «;. This can be rewritten as

g—1
p(A)v = A9 — ZaiAiv =0,

i=1

where p is the minimal polynomial of v with respect to A*. The grade g is, by
construction, equal to the degree of this minimal polynomial of v with respect
to A [78].

Krylov subspaces form a sequence of strictly nested subspaces up until order g,
KicKoC...CKy=Kgp1=... =Ky, (2.16)
and they become an invariant subspace of A at order g.

Lemma 2.2.2 (Properties of Krylov subspaces). Let A € F*"*" v € F"\
{0}, and m a strictly positive integer. Krylov subspaces satisfy the following
elementary properties:

1This is different from the characteristic polynomial of A, which we introduced at the
beginning of Section 2.1.1 and is often also referred to as the minimal polynomial of A. The
grade g is not greater than the degree of the characteristic polynomial of A.
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1. Scale invariance: For «, 8 # 0,

Kim(A,v) = K (aA, o), (2.17)

II. Shift invariance: For any scalar o,

Ko (A, v) = K (A + oI, v), (2.18)

III. Change of basis: Given a nonsingular matriz X € F"*"™,

K (A, v) = XK, (X TAX, X 1), (2.19)

1V. Expansion:
AK (A, v) C Kpa1 (A, v). (2.20)

The proof of the first, third and fourth property is trivial using Definition 2.2.1.
The second property is a corollary of the isomorphism between ., (A, v) and
{Pm-1(A)v : pm—1 € P}

An evident matrix whose column space is a Krylov subspace is the Krylov
matriz:

Definition 2.2.3 (Krylov matrix). The mth order Krylov matrix generated
by A € F"*"™ and v € F* \ {0} is denoted by K,,(A,v) and defined as,

Kin(Av) = [v,Av,..., A" '] (2.21)

Properties I and IT from Lemma 2.2.2 do not translate to Krylov matrices, but
property III is valid for Krylov matrices:

Kn(Av) = XK, (X TAX, X o), (2.22)

and also property IV can be reformulated for a Krylov matrix in the following

sense [120]: B
AKp (A, v) = K1 (A, 9) L g1y sems (2.23)

with,

OT} 1

T(m—i—l)xm = |:Im = [62 €m+1] € F(m+1)><m, (224)

1

an mxm identity matrix prepended with an additional row of zeros.
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2.2.1 Orthonormal Krylov bases and Hessenberg matrices

From a numerical point of view, computing the Krylov matrix as a basis for a
Krylov subspace is a poor idea. The vectors A’v tend to converge to the direction
of the dominant eigenvector as we have seen previously. The matrix K, (A, v)
can rapidly become ill-conditioned as a result. A frequently used strategy in
numerical linear algebra is to use an orthonormal basis instead. For unsymmetric
matrices this results in the Arnoldi method [3] and the Lanczos method [73] is
the variant for symmetric problems. Our focus is on the unsymmetric case and
we will give a brief introduction of the method of Arnoldi. First, we study the
matrix structure that (orthogonal) bases of Krylov subspaces impose. To this
end let us first define the upper Hessenberg matrix which plays a central role in
the QR method(s) discussed in this thesis.

Definition 2.2.4 (upper Hessenberg matrix). A matrix H € F"*" is called an
upper Hessenberg matrix if it has no nonzero entries below its first subdiagonal.
An upper Hessenberg matrix is called unreduced or proper if h;y1,; # 0 for
t=1,...,n—1.

An example of a proper Hessenberg matrix is given by the leading mxm part of
I(m41)xm in (2.24). In the following theorem, we present some further results
on the connection between Krylov matrices and upper Hessenberg matrices.

Theorem 2.2.5. The following relations between Krylov matrices and proper
Hessenberg matrices hold:

I Let A€ F™*" and v € F™ \ {0} be a vector with grade g < n with respect
to A. Form =1,...,g, consider the thin QR decomposition of the mth
order Krylov matriz,

m(A,v) = QmPBRn (2.25)
Then Hy, = QF, AQm € F™*™ is a proper upper Hessenberg matrix.

1. On the other hand, let H € F"*™ be a proper Hessenberg matrix, then for
m=1,...,n, ~
K,,(H,e ) = R, € F**™, (2.26)
is an upper triangular matrix with nonzero diagonal entries, i.e. 7y 7 0
fori=1,...,m.

Proof. We first prove part I. As m < g the rank of K,,(A4,v) is m and R,, is a
nonsingular upper triangular having r;; # 0 for ¢ = 1,...,m. Denote,

R, Tm
Kmy1(A,v) = Qi1 Rims1 = [Qm qurl] { rm+1:+1:| ,
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with 7m41,m+1 7 0 if and only if m < g. Plugging these expressions in (2.23)
we get:

AQmRm = [Qm qm+1] |:Rm Tmtt :|

I 1) -
rm+1,m+1 (m+ ) m

From which it follows that:

Q;AQm = [Rm rm—&-l] T(m.:,.l)me;ll.

It remains to verify that the matrix on the right-hand side is indeed proper
upper Hessenberg. Using (2.24), we have that:

[Rm "’m+1} 7(m+1)><mR;11 = [Rm "'m—i—l] [62 ce em—H] R;Ll

= [Rm(lzm,2:m) rerﬂ R!

m

which is a proper Hessenberg matrix because R,, is nonsingular upper triangular.
Right multiplication with the upper triangular matrix R} preserves the upper
Hessenberg structure.

Part II trivially holds for m = 1. Assume, as an induction hypothesis, that
(2.26) holds up to index ¢ — 1, with 1 <4 <n — 1. For index ¢ we get:

Ki(H,el)ei = Hi_lel = H(Hi_2€1) = HKi,l(H,el)ei,l = H]:?mei,l.

By the induction hypothesis, we have that R,,e;_1 is a vector with only nonzero
entries in its first ¢ — 1 rows and with 7;_; ;_1 # 0. Consequently, HR,,e;_q is
a linear combination of the first 4 — 1 columns of H with a nontrivial component
in column ¢ — 1 meaning that #; ; # 0 by the properness of H. O

The following is a direct corollary of part II of Theorem 2.2.5 but rephrased in
terms of the corresponding Krylov subspace.

Corollary 2.2.6. Let H € F"*™ be a proper Hessenberg matrixz, then for
m=1,...,n,

Kn(H,e1) =En, (2.27)
with Ep, = R(e1,...,em).

2.2.2 Arnoldi’s iterative method

Theorem 2.2.5 shows that orthonormal bases of Krylov subspaces impose a
Hessenberg structure. The Arnoldi method [3], summarized in Algorithm 1, is
an iterative procedure that gradually constructs an orthonormal basis of the
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Krylov subspace K,,+1(A,v) along with the Hessenberg representation of A in
the Krylov basis.

The Arnoldi method has been studied extensively for the use of large-scale
eigenvalue problems. Notable results are due to Saad [102-105], Paige [86,87],
Cullum [23,24], Walker [131], and Wilkinson [141].

Algorithm 1 Arnoldi’s method [3]
Input: A, v, m Output: V41, H,,
1. Start: v1 < v/ ||v|,
2: Iterate:
3: for j=1,...,m do
Vit — Awv; > Matrix-vector product
fori=1,...,5do > modified Gram-Schmidt
hij = v v
Vjt1 < Vjp1 — Ry jv;
end for
hjyi5  lvjslly > normalize
10: i1 = v/ By
11: end for

© X NGk

The only time the matrix A is referenced during Algorithm 1 is in the matrix-
vector product carried out in line 4 at the beginning of the main loop in the
algorithm. Because of this, the Arnoldi method is well suited for sparse, large
scale matrices and for structured matrices for which a matrix-vector product
can be computed efficiently. The matrix does not need to be known explicitly to
run the Arnoldi method. A function that returns the result Av for any vector
v suffices.

The next computational part of the Arnoldi method is a pass of the modified
Gram-Schmidt procedure which starts in line 5. The idea behind Gram-Schmidt
is straightforward. Given two vectors x,y of unit norm, the vector § =
y — (x*y)zx is the orthogonalization of y with respect to x. Indeed, *§ =
z*y — (z*y)x*x = 0. Modified Gram-Schmidt, as stated in Algorithm 1,
displays better numerically stability than the regular Gram-Schmidt procedure.
Nonetheless, sometimes a second pass of modified Gram-Schmidt is required
to ensure numerically orthogonal vectors in finite precision arithmetic [43].
The Gram-Schmidt orthogonalization has computational complexity O(m?n).
The growth is quadratic in the number of Krylov vectors. Restarted Krylov
subspace methods [75,111,112] are often used in practice to limit the number
of Krylov vectors thereby limiting the storage and computational requirements.
We discuss restarted rational Krylov methods in detail in Chapter 7.
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Taking a close look at Algorithm 1, it is not difficult to see that the following
recurrence relationship is satisfied at iteration j,

J+1
A’Uj = Zhiiji. (228)
i=1
Combining iterations j = 1,...,m of (2.28), we get the matrix relation,
Avm == m+1ﬂma (229)

which is the well-known Arnoldi recurrence relationship. The matrix V,,+1 €
Frx(m+1) is the orthonormal basis of K,uq1(A,v) and H,, € Fm+hxm g
the upper Hessenberg representation of A in the orthonormal Krylov basis.
The matrix H,, is constructed from the orthonormalization coefficients and
is a proper upper Hessenberg matrix as long as the vector v;y; in line 9 of
Algorithm 1 is a nonzero vector. The pair (Vy,41, H,,) is referred to as an
Arnoldi pair and is called proper if H,, is proper. The leading mxm part of
H,, is denoted as H,,.

If ||vj41]|2 becomes numerically zero in line 9, the Arnoldi method experiences
a lucky breakdown. As the name suggests, this is positive since the Arnoldi
recurrence reduces to AV, = V,, H,, which is a relation of the form (2.2),
implying that the Krylov subspace becomes an invariant subspace of A and the
eigenvalues of H,, form a subset of A(A).

A lucky breakdown occurs in exact arithmetic when m reaches the grade of A
with respect to v. In practice, Arnoldi’s method is rarely continued until an
invariant subspace is obtained. Instead eigenvalue approximations are extracted
from Krylov subspaces of smaller dimension. This is the topic of the next part.

Galerkin and Petrov-Galerkin projections on Krylov subspaces

The Arnoldi method is a projection method in the sense that it projects the
large-scale problem onto a lower-dimensional Krylov subspace and searches
for approximate solutions in this lower-dimensional subspace. Two different
projection conditions, known as the Galerkin and Petrov-Galerkin conditions,
have been proposed in the literature. These conditions are formally defined in
Definition 2.2.7, independent from the kind of problem and type of subspace.

Definition 2.2.7. Let V, W be two m-dimensional subspaces of F", z € V an
approximate solution with residual vector r(z). Then z is called a Galerkin
approximate solution if:

r(z) LV, (2.30)
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and a Petrov-Galerkin approximate solution if:

r(z) LW. (2.31)

The Galerkin condition implies that the solution and constraint subspaces are
both equal to the same subspace V. This leads to an orthogonal projection
method. In the Petrov-Galerkin condition, the solution subspace is V while
the constraint subspace is some other subspace V. This results in an oblique
projection method [106].

Let us use Definition 2.2.7 to derive eigenvalue approximations based on the
Arnoldi method (2.29). We will deduce two commonly used strategies to
extract approximate eigenvalues from (2.29). Observe that when searching for
approximate eigenvalues, the residual vector in Definition 2.2.7 reduces to:

r(z) = Az — ¥z, (2.32)
with ¥ the approximate eigenvalue.

Lemma 2.2.8. Given a proper Arnoldi pair (Vi,41, H,,) related to the Krylov
subspace Kmy1(A,v) and satisfying an Arnoldi decomposition (2.29). Imposing
a Galerkin condition (2.30) with V = K,,(A,v) leads to the Ritz pairs (¥, z =
VinYm) characterized by the eigenvalue problem,

Imposing a Petrov-Galerkin condition (2.31) with V = K,,(A,v), W = (A —
THKm(A,v), 7 ¢ A(H,,), leads to the T-harmonic Ritz pairs (¢, z = Vi, ym)
characterized by the eigenvalue problem,

I;T,Tnym = Y, (2.34)

with HY, = Hyy + [hon1 2 Foel, £ = (Hp — 71n) " em.

T
m-m?’ m

Proof. For the Galerkin approximation, we have z € K,,, (4, v) thus z = V,,y,,
for some y,, € C™. Furthermore, we have the orthogonality constraint:

r(z) L Kn(A,v)
=4 Amem - ﬁmem 1LV
(2.35)
= V:L(Vm+1ﬂmym - 19mem) =0

< (Hp — 91,)ym = 0.
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The second equation explicitly rewrites the first in terms of the basis V11,
the third equation used (2.29) and rewrote the orthogonality constraint as an
inproduct. The last equation follows immediately from the orthonormality of
V. For the Petrov-Galerkin approximation, we still have z = V,,y,,,, but the
orthogonality constraint changes to:

r(z) L(A—7I)K,,(A,v)

< AVpym — Voy L (A—7DV,,
(2.36)
<~ Vm+1 (ﬂm - 19lm)ym 1 Vm-‘rl(ﬂm - Tlm)

Here, I,, is the mxm identity matrix appended with an additional row of zeros.
The last equation corresponds to the small-scale generalized eigenvalue problem,

Left multiplication of both sides with? (H,, — 7I,)”* results in (2.34),
considering that:

(Hp —71Ln) " (H,, —7L,)" = [Im Romt1.m (Hm — TIm)_*em] .

O

We refer to H,, as the Galerkin projection of A on K,,(A,v) and to H], as
the Petrov-Galerkin projection of A on (A — 7I)K,,(A,v). The corresponding
eigenvalue approximations are referred to as respectively Ritz and 7-harmonic
Ritz values. If the target T is chosen at zero, the latter are called harmonic Ritz
values. We remark that an is a proper upper Hessenberg matrix as it only
differs from H,, in its last column.

Ritz and T-harmonic Ritz pairs often provide accurate approximations to some
eigenvalues of A long before the theoretical grade is reached. The accuracy of
the Ritz pairs can be assessed from their residual vector which, from (2.35), is,

r= hm—&-l,mvm—i-lezr;yma (237)

and has norm ||7||2 = |hm+1,m|/€l ym|. Ritz values tend to first converge to
well-separated and extreme eigenvalues of A [70,71].

Figure 2.1 illustrates the convergence of Ritz values with a numerical experiment
on a 100 x 100 symmetric matrix with eigenvalues in [11,29] U {39}.

2The condition 7 ¢ A(H,,) ensures that the inverse exists.
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10° 40

10°

1075

[91 = A1

1071(]

—15 | | | | |
10 0 10 20 30 40 50 60 100 20 40 60 80 100

Figure 2.1: Convergence of the Arnoldi method compared with the convergence
of the power method to the dominant eigenvalue (left) and convergence of all
Ritz values in the Arnoldi method (right).

The dashed line on the left side of Figure 2.1 shows the convergence of the
power method to the dominant eigenvalue at 39 in function of the iteration
step m. The convergence of the largest Ritz value ¥; in function of the Krylov
subspace dimension m to the dominant eigenvalue is shown with the full line.
Both methods used the same starting vector. Using all information from the
Krylov vectors significantly improves the convergence rate in comparison with
the power method. The right hand side of Figure 2.1 shows a so-called Ritz plot
that summarizes the convergence of all Ritz values in function of the subspace
dimension m. The y-axis shows the value of the m Ritz values computed
from the Krylov subspace of dimension m. The Ritz values themselves are
indicated with x-markers and their color indicates the accuracy of the Ritz
value according to the color code in Table 2.1.

Table 2.1: Color code for Ritz plots

Accuracy |A —4|  Color

oQ; 10’2'5) blue
10725, 1079) green
10755 1077?) yellow
1077-5; O] red

The Ritz plot illustrates the typical convergence behavior: the extreme
eigenvalue at 39 is found up to reasonable precision within 10 iterations and
from m = 20 onwards the eigenvalues in the large cluster at [11,29] are found
starting from the outside of the cluster and gradually converging to the interior
eigenvalues.



KRYLOV SUBSPACE METHODS 25

40 40 %

10
0

i 1 9
20 40 60 80 100 0 0 20 40 60 80 100

Figure 2.2: Convergence of harmonic Ritz values (left) and 7-harmonic Ritz
values with 7 = 20.25 (right).

The extreme eigenvalues are not always the eigenvalues of interest for the
problem at hand and the (restarted) Arnoldi method might require a prohibitive
number of iterations before converging to the desired eigenvalues. 7-Harmonic
Ritz values have been shown to be able to provide more accurate approximations
in the interior of the spectrum [85]. However, both Ritz and 7-harmonic Ritz
values start from the same subspace K,,+1(A,v). Figure 2.2 shows a Ritz plot
for harmonic and 7-harmonic approximations (7 = 20.25, interior of spectrum)
for the same matrix as Figure 2.1.

If, in the numerical example, we are interested in the eigenvalues in the
neighborhood of 20, the Arnoldi method is impractical as it only converges to
these eigenvalues for m ~ n. Computing the Ritz values requires in this case
the solution of an eigenvalue problem with a dimension that is close to the
original problem size.

The last decades, a lot of generalizations of the Arnoldi method were proposed
that allow for faster convergence to a selected region of eigenvalues in the
complex plane. We will discuss two of these generalizations, called the extended
and rational Krylov methods in Chapter 7. In the next section we first study
Francis’ QR method that can be used to compute all eigenvalues of an upper
Hessenberg matrix. This can, for example, be the Arnoldi Hessenberg matrix
H,,.
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2.3 The implicit QR method

The implicit QR algorithm [39,40,69] can be used to compute the Schur (2.5)
or real Schur decomposition (2.6) of an upper Hessenberg matrix H. In order
to compute the Schur decomposition of a general dense matrix A € F*"*" with
the implicit QR algorithm, the matrix first needs to be reduced to an upper
Hessenberg matrix via a similarity transformation. This reduction can, in theory,
be computed with the Arnoldi method as it iteratively constructs an upper
Hessenberg matrix that is, under the assumption that breakdown only occurs
in step n, unitarily similar to A. This is never done in practice for reasons
of numerical stability and because the computational cost is prohibitive. A
better idea is to explicitly create zeros in A by a sequence of unitary similarity
transformations. Section 2.3.1 reviews the Householder and core transformations
that can be used for this task. Section 2.3.2 describes the implicit QR method in
detail and Section 2.3.3 the implicit @Z method [83] to compute the generalized
(real) Schur decomposition of a regular matrix pair (4, B).

2.3.1 Creating zeros in matrices

The first type of unitary transformation useful to introduce zeros in a matrix is
the Householder reflector.

Definition 2.3.1 (Householder reflector). Given a nonzero vector v € F™, the
unitary matrix P given by:

P:I_2vv

, (2.38)

v*v

is called a Householder reflector.

A Householder reflector is clearly Hermitian, P = P*, and is also unitary,
P*P = I. For any nonzero vector € F™ that is not a scalar multiple of e; it
is possible to construct an appropriate vector v € F” such that the associated
Householder reflector P has the property:

Px = o||x|]2e1, with |o]=1. (2.39)
To achieve the desired result, the vector v needs be of the form,
v=2a+o|z|e, (2.40)

with |o| = 1. For reasons of numerical accuracy the choice o = sign(z) is made
in most implementations.



THE IMPLICIT QR METHOD 27

Householder reflectors have the advantage that they can be easily computed
based on (2.40) and that they can be applied to an arbitrary vector in O(n)
operations using (2.38) without the need to form P explicitly. Furthermore, they
lead to backward stable algorithms given that they are unitary transformations.
They can also be used to zero out part of a vector by embedding them in a
larger matrix, e.g.,

[I""“ (2.41)

o=+ ],
can be used to zero out the last k—1 entries of a vector of size n.

A second class of matrices that can be used to create zero elements in a matrix
are called core transformations.

Definition 2.3.2 (Core transformation). A core transformation, C; € F"*™
acting on two consecutive rows ¢ and ¢ + 1 is the embedding of a nonsingular
2x2 matrix at rows and columns ¢ and ¢ + 1 of the identity matrix:

I
Ci = . (2.42)

In—i—l

Throughout this thesis, we mostly consider unitary core transformations in
which case the active 2x2 block in (2.42) can, for example, be chosen as a
rotation matrix:

[C _‘i}, with, [+ |s|> =1, (2.43)
S &

or as a small Householder reflector.

Given a vector & = [z xg]T € F?, it is always possible to compute a unitary
core transformation C; such that Cix = ||x||2e;. Left multiplication of an
nxn matrix with a core transformation C; only affects rows ¢ and ¢ + 1 of
the matrix, while right multiplication with the same core transformation only
affects columns 4 and 7 + 1. A commonly used graphical representation for core
transformations is by means of a double-sided arrow pointing to the rows or
columns on which it acts. Consider the following basic example:

X X X X
X X X

In this example the core transformation introduces a zero in position (2,1) of
the 2 x 2 matrix which brings it to upper triangular form. This can be used to
compute the QR decomposition.
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The numerical properties of unitary core transformations are as favorable
as these of Householder transformations. The major difference is that core
transformations are typically used to create zeros in targeted positions,
potentially without destroying existing structure. Householder transformations,
on the other hand, are useful to create many zeros simultaneously and they are
computationally more efficient for a generic, dense QR decomposition compared
to core transformations [46, Section 5.2]. More details on core transformations
are provided in Appendix A. Core transformations have been studied extensively
in the context of QR-type methods [4,123,129,130]. We will mainly make use
of them in Chapter 5 as a way to efficiently represent a unitary Hessenberg
matrix.

Unitary Hessenberg reduction

Let us now describe the process of constructing a unitary similarity
transformation to reduce a generic dense matrix to Hessenberg form. Figure 2.3
shows the first step in the algorithm for a 5 x 5 matrix.

I. II. II1.
X X X X X X X X X X X R
X X X X X RRIRIR® XQRRR®
X X X X X RORQ PVRIRXR
X X X X X RRR}R X
X X X X X RRRQ XX
A A+ QA A+ AQq

Figure 2.3: Unitary Hessenberg reduction method.

The algorithm starts with computing a Householder transformation (7 that
creates zeros in rows 3 to n of the first column of A. This operation is shown
in pane II of Figure 2.3. The matrix elements that are changed under this
operation are marked with ®. Since we require a similarity transformation to
preserve the eigenvalues, the next step is a right multiplication with Q1. Again
the matrix elements that are changed by this transformation are highlighted
with ® in pane III of Figure 2.3. Observe that this does not destroy any zeros
already created by @7 such that we get a matrix that is similar to A but with
its first column in upper Hessenberg form.

The reduction algorithm is continued in the same fashion for the remaining
columns that are not yet Hessenberg form. In step i = 1,...,n — 2, the matrix
elements in rows i + 2 up to n of column i are set to zero by a Householder
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reflector ()7 and the similarity is preserved by right multiplication with ;.
This algorithm computes an overall similarity transformation:

H=Q »...QTAQ1...Qn_o. (2.44)
Q* Q

This is the basic version of the Hessenberg reduction algorithm which has
a computational cost of O(10n3/4) operations if only H is computed and
O(14n3/4) operations if both H and Q are computed [46].

Variants of this algorithm that lead to more efficient implementations have been
proposed in [28,61,91].

2.3.2 Implicit QR

Once our matrix is reduced to Hessenberg form, the iterative phase of the
QR method can commence. Before discussing the implicit formulation of the
algorithm, it is interesting to take a quick look at what the explicit (unshifted)
QR step (1.2) looks like for a Hessenberg matrix. Figure 2.4 shows a graphical
representation of a single iteration.

' Y
I II.
X X X X X X X X X X X X X X X X X X X X
X X X X X I: X X X X ><><><><|: X X X X X
X X X X = I: X X X X X X [: = X X X X
X X X E X X X X E X X X
X X I: X X K X X
H=QR H = RQ
. J

Figure 2.4: Explicit QR step on a Hessenberg matrix.

Pane I shows how the unitary matrix in the QR decomposition of an nxn
Hessenberg matrix can be represented by a sequence of n—1 core transformations
in a descending order. Such a representation representation always exists.
Starting from a Hessenberg matrix H, we can compute core transformations Cy
up to C,_1 which create an upper triangular matrix
~ 1...CIH=R.
In this scheme C; is computed such that it annihilates element h;yq,. If
the Hessenberg matrix is proper, then all core transformations are nontrivial
meaning that they have a nonzero off-diagonal entry.
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In pane II the order of the upper triangular matrix and sequence of core
transformations is reversed, just as in (1.2). Applying C; to the upper triangular
is achieved by a multiplication with the first two columns of R, which creates a
nonzero element in position (2,1). Continuing this process, we again end up
with an upper Hessenberg matrix.

The important conclusion is that the Hessenberg structure is preserved under
a QR step. This means that the initial effort of creating zeros during the
Hessenberg reduction is not in vain: where a single, explicit QR step (1.2) on a
dense matrix requires O(n?) operations, this cost drops to O(n?) for Hessenberg
matrices as their QR decomposition has the structure shown in Figure 2.4 and
can be computed using n—1 core transformations.

Implicit use of shifts

To speed up convergence of the QR method, the Hessenberg matrix is typically
shifted with some well-chosen shift p. The explicit variant then becomes:

H—pI=QR — H=Q'HQ=RQ+ ol (2.45)

The computational cost of a single step in this iteration is still O(n?) since
the Hessenberg structure is preserved under the degree-1 shift polynomial, i.e.
p1(H) = H — oI is an upper Hessenberg matrix that can be computed in O(n)
operations as only its diagonal elements differ from H.

Computing p,,(H) for higher degree shift polynomials requires significantly
more than O(n) operations. Given m shifts, g1,..., 0m, the degree m shift
polynomial,

P (H) = (H = 011) ... (H — o0 1), (2.46)

can be used in an explicit QR update as follows:
pm(H)=QR — H=Q"HQ. (2.47)

The computation of p,,(H) requires m — 1 matrix-matrix products with
Hessenberg matrices, resulting in a computational cost of O(n3) operations.
This is too expensive for a practical algorithm. The approach of (2.46) and
(2.47) has additional disadvantages: it is difficult to maintain real arithmetic
for real-valued matrices and using sets of shifts that are closed under complex
conjugation, it requires additional memory to store p,,(H), and the upper
Hessenberg form might not be accurately preserved in (2.47) in finite precision
arithmetic.

Francis’ implicit QR step [40] overcomes all of these disadvantages with an
elegant solution. Assume we have a real-valued matrix H and a pair of complex-
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conjugate shifts g, 0. The algorithm starts with computing the vector:
x=ps(H)e; = (H — ol)(H — ol)ey, (2.48)

which is just the first column of (2.46) for m = 2. Observe that x only has
nonzero elements in its first 3 rows thanks to the proper Hessenberg structure
of H. Tt follows from part II of Theorem 2.2.5 that this is valid in general.
With m shifts, the vector * = p,,(H)e;, which is part of the column space
of K,,t1(H,e1), has nonzero entries in the first m + 1 rows only and can
be computed based on the first m columns of H. The computational cost is
negligible as long as m < n. Furthermore, in our example x is a real-valued
vector since:

(H = 1) (H — ol) = (H — oI \(H — gI) = (H — oI)(H — oI).  (2.49)
The next step is to compute an orthonormal matrix ()1 such that:
Te = +||z|e:. (2.50)

This can be done with a small Householder reflector or with two core
transformations. The details of how the transformation is computed, makes
no mathematical difference as long as (2.50) is satisfied. In both cases, @1
is essentially a 3 x 3 matrix embedded in the first three rows and first three
columns of an n x n identity matrix.

Now @ is used to perform the initial similarity transformation H; = QT HQ;.
This process is shown in Figure 2.5 for a small scale example.

1. II. I11
X X X X X X RRIIRRI® R®R® X X X
X X X X X X RRXIRPRJIRR RR® X X X
X X X X X PRIRXIRIRXIX DRI X X X
X X X X X X X X DPR X X X
X X X X X X X X X
X X _ X X X X
H HpﬂﬁH HF%HHQ%

Figure 2.5: Introducing the perturbation in the Hessenberg matrix.

Left multiplication with Q7 introduces a nonzero element in position (3,1) of
H. Right multiplication creates additional nonzero elements in positions (4,1)
and (4,2). These 3 nonzero elements, indicated with + in pane I of Figure 2.6,
constitute the bulge that has been introduced in Hj.

The remainder of the algorithm consists of chasing the bulge in order to restore
the Hessenberg form. This is achieved by a selective Hessenberg reduction where
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the transformations are carefully chosen in order not to introduce additional
nonzero elements. The first step is shown in Figure 2.6 and consists of computing
an orthonormal matrix Q2 which restores the Hessenberg form in the first column
of the matrix by left multiplication. This step is shown in pane II of Figure 2.6
where elements (3,1) and (4,1) are zeroed. A similarity transformation is
required to preserve the eigenvalues, so in pane III of Figure 2.6 the matrix
undergoes a right multiplication with (J5. This creates two new nonzero elements
in positions (5,2) and (5, 3).

I. II. 111

X X X X X X X X X X X X X QR ® X X

X X X X X X RRXIIRIR X X RRR X X

+ X X X X X VRIRRE® R®RR X X
++ X X X X DPRIRR® DR® X X

X X X X X X DPR X X

X X ~ X X X X

| H, Hy=QTH, Ith?ﬁ%J

Figure 2.6: Chasing the bulge in the Hessenberg matrix.

We observe that the bulge has moved one position along the subdiagonal in
the direction of the bottom-right corner of the matrix and that no additional
nonzero entries have formed in Hy compared to Hy. This procedure is continued
until the bulge is eventually removed from the matrix in the bottom right corner.
This constitutes a single QR sweep of multiplicity 2.

Uniqueness & convergence via a connection with Krylov subspaces

In this section, we discuss how an implicit QR sweep causes convergence of
eigenvalues in the upper Hessenberg matrix H. Our discussion is greatly based
on [138,139].

The following well-known result on the essential uniqueness of the QR
factorization of nonsingular matrices will be useful in the proof of the uniqueness
of the QR method.

Lemma 2.3.3. Let AAG F>" pe a nonsingular matriz and consider the QR
factorizations A = QR and A = QR. Then there exists a unitary diagonal
matriz D such that Q = QD.

Proof. We have,

~ oA v oA v oA

QR=QR = Q*Q=RR™' = Q*Q=D.
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Here the second equality follows from the first by using the unitarity of Q and
the nonsingularity of R. The final equality follows from the property that RR~!
is an upper triangular matrix that must be unitary and hence is a diagonal
matrix. O

From the discussion of the QR method in the previous section, it is clear
that an implicit QR sweep with shift polynomial (2.46) constructs a similarity
transformation, H = Q*H(), with:

Qe1 = ypm(H)er. (2.51)

This follows from (2.48) and (2.50) and the observation that the subsequent
chasing procedure does not alter q;.

The following theorem presents the well-known implicit @) theorem for proper
Hessenberg matrices.

Theorem 2.3.4 (Implicit Q for proper Hessenberg matrices). Let A € F*™
and let Q,Q € F"*™ be unitary with ¢ = oq1, |o| = 1 such that,

H=QAQ, and, H=Q"AQ,
are both proper Hessenberg matrices. Then, Q= QD and H = D*HD for some
unitary diagonal matrix D.

Proof. We have,
QK (H,e1) = QK. (Q"AQ, e1) = Ky (A, &)
= 0 Kn(A,q1) = 0QKL(Q"AQ, e1)
= 0QK,(H, ey).

The second and fourth equalities applied (2.22). By part IT of Theorem 2.2.5,
the above equation shows the equality between two QR factorizations,
0K, (fI, e) = cQK, (ﬁ, e1), with nonsingular upper triangular matrices. It
follows from Lemma 2.3.3 that Q = QD and consequently H = D*HD. O

9

Theorem 2.3.4 motivates the implicit bulge chasing approach of Francis
algorithm, the vector gy is fixed once the shifts are chosen according to (2.51).
The implicit Q theorem thus guarantees that the outcome of an implicit QR
sweep, H= Q*HQ, is essentially unique once the shifts are determined. The
essential uniqueness is up to multiplication with a unitary diagonal matrix D
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which does not influence the convergence of the algorithm. This is valid under
the assumption that the Hessenberg matrix remains proper.

If at some stage the matrix becomes improper in the sense that h;41,; = 0 for
1 < i < n, this is in fact positive as it allows us to split the matrix in smaller
independent problems:

l n—1
Hyy Hi i (2.52)
H22 n—1 ’

as the matrix becomes of block upper triangular form.

We have characterized the essential uniqueness of a QR sweep, let us now discuss
the convergence of the method. The following lemma will be useful in the proof
of the main result on convergence given in Theorem 2.3.6.

Lemma 2.3.5. Given A,Q,H € F™*" with Q unitary and such that H =
Q*AQ is a proper Hessenberg matrixz. Then form=1,....n,

Km (A4, q1) = Q&m. (2.53)

Proof. Combining (2.19) and Corollary 2.2.6 gives:
Kin(A, q1) = QKn(QTAQ, Q" q1) = QK (H, e1) = Q.
O

Theorem 2.3.6 (Polynomial acceleration for QR). Assume that H, H e Frxn
are both proper Hessenberg matrices that are unitary similar, H = Q*HQ, with

the similarity transformation obtained from a single implicit QR sweep with qq
determined by py,(H) as in (2.51). Then, for k=1,...,n,

Proof. Using Lemma 2.3.5, the property that H commutes with itself and with
the identity matrix, and Corollary 2.2.6, we get:

Q& = Ki(H, q1) = Ky (H, pm(H)e1) = pm (H)Kx(H, €1) = pm(H)Ex
O

This theorem allows us to interpret the QR sweep, H= Q*HQ, as an effective
procedure for polynomial accelerated nested subspace iteration in combination
with a change of basis [139].
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Let us briefly describe what this means. Subspace iteration can be regarded as a
higher dimensional extension of the power method (2.14). Given A € F™*™ and
a k-dimensional subspace X, C F”, polynomial accelerated subspace iteration
constructs the sequence of subspaces:

ka p(A)ka p(A)2ka p(A)?)Xka tey (254)
for some polynomial p. Assuming the eigenvalues of p(A) are ordered as

PO Z - = P > [pAea)[ = . = [p(Ax)],

the rate of convergence of p(A)* X}, to the invariant subspace related to Ay, . .., Ak
is equal to |p(Ak+1)|/|p(Ax)]. If the polynomial is large in magnitude at
A1, ..., Ax and small otherwise, then convergence to the invariant subspace
occurs rapidly. This convergence rate is potentially much faster than with a
constant polynomial, i.e. unshifted subspace iteration.

Under the assumptions of Theorem 2.3.6, a QR sweep implicitly performs one
step of mested polynomial accelerated subspace iteration on the special sequence
of subspaces £. This means that for k =1,...,n,

ICk(H,el) = gk — pm(H)gk = ng.
The change of basis, H = Q*HQ, maps Pm (H)ER back to &.

Typically an adaptive shifting strategy is used in a practical bulge chasing
algorithm. A common choice are the eigenvalues of a trailing submatrix of
the Hessenberg matrix. Francis’ implicit double-shift algorithm [39,40] for
real Hessenberg matrices uses the eigenvalues of the trailing 2-by-2 submatrix,
[h"’l’”’l h;’l’" ], as shifts. The Wilkinson shift is equal to the Francis shift

hn,n—1 n,n

closest to hn,’n and is often used in a single-shift algorithm [45].

Both strategies typically lead to quadratic convergence of eigenvalues and
invariant subspaces for which the shift polynomial is chosen. Because of the
change of basis, this invariance translates to a deflation in the Hessenberg matrix
like in (2.52). The converged eigenvalues will split from the rest of the matrix
in the trailing kxk block. Repeated application of this process gradually drives
the matrix to (real) Schur form.

2.3.3 Implicit QZ

Where the QR method is the method of choice to compute the Schur (2.5)
or real Schur (2.6) decomposition of a general unsymmetric matrix, the QZ
method [83] is the method of choice to reduce a regular unsymmetric matrix
pair to generalized Schur (2.12) or generalized real Schur (2.13) form.
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The QZ method consists conceptually of 2 phases, just as the QR algorithm:

I. A direct reduction of the matrix pair (A, B) to an equivalent Hessenberg,
triangular matrix pair (H, R).

II. An iterative phase during which deflating subspaces of the matrix pair
(H, R) are determined and the matrix pair is essentially reduced to the
triangular, triangular pair (S,7).

Various modifications and additions to the original algorithm have been proposed
after its original introduction. Kaufman [62] added a deflation strategy and
Ward [132] further refined various aspects of the method. Watkins & Elsner [140)
generalized the QZ algorithm to a class of GZ iterations which make use of
transformations that are not necessarily unitary.

In this section we review the two phases of the basic QZ method and describe
the connection with the QR method.

Reduction to Hessenberg, triangular form

The Hessenberg, triangular reduction of a dense pair (A, B) starts with reducing
B to upper triangular form via its QR decomposition: (Q*A,Q*B = R). This
first step is shown in pane I of Figure 2.7. Next, zeros are introduced in A
without perturbing the upper triangular form of B too much. Notice that if
we are too ambitious and set the entries in rows 3 to n in the first column of
A to zero with a single Householder reflector then the update of B under the
equivalence would destroy almost all zeros created in B. Instead, we introduce a
single zero in position (n, 1) of A by means of a core transformation acting on the
last two rows. This is shown in pane II of Figure 2.7. This core transformation
only introduces one additional nonzero element in position (n,n—1) of B which
is restored to zero with a core transformation acting on the last two columns,
as shown in pane III of Figure 2.7.

This is continued by introducing zeros from the bottom to the top, row by row,
in the first column of A until the first column is in upper Hessenberg form.
Each zero that is introduced in A by a core transformation acting from the
left subsequently introduces a nonzero element in B which is removed by a
core transformation acting from the right. After the first column of (A, B) is
in Hessenberg, triangular form, the process continues on the second column
until the entire pencil is in Hessenberg, triangular form. In the end, we have
computed a unitary equivalence transformation,

(H,R) = Q*(A, B)Z. (2.55)
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I. I I11.
XX XXX XXXXX XX XXX  XXXXX XXXRR XXX
X X X X X X X X X X X X X X X X X X XX XQ® X XQ®
X X X X X X X X X X X X X X X X XX XQK® X Q®
X X X X X X X RRIRR® [ X X X®® R
X X X X X X RRRR ®& XX Q@& ®
A+ Q*A B+ Q*B A+~ QA B+ QB A+ AZ, B+ BZ,

Figure 2.7: Start of unitary Hessenberg, triangular reduction method.

The computational cost of this algorithm is O(8n3) operations if only (H, R) is
formed. Accumulating @ and Z requires an additional O(7n3) [46]. Variants of
the basic reduction algorithm, which are more efficient on modern computer
architectures, have been proposed in [25,59)

Implicit QZ step

In the second phase, a bulge chasing algorithm is used to reduce the Hessenberg,
triangular pencil (H, R) to (real) generalized Schur form. Similar to the QR
method, this starts with computing and introducing a perturbation.

Assume (H, R) is a real-valued matrix pair and g, ¢ are the complex-conjugate
shifts that we want to use. We compute the vector:

x =po(HR e,
= (HR™' —oI)(HR™ — ol)e; (2.56)
= (H — gR)R™Y(H — oR)R 'e;.

Observe that HR™' is an upper Hessenberg matrix and as such x only has
nonzero elements in its first 3 rows. The computational cost to compute x is
O(1) because of the Hessenberg, triangular structure. Furthermore by (2.49),
x is a real-valued vector in our example. The next step is to compute an
orthonormal matrix (); according to (2.50).

Figure 2.8 shows how (7 introduces a perturbation in (lfI 1 f{l). Matrix entries
that become nonzero under this transformations are indicated with a @. The
remainder of the implicit QZ step consists of restoring the Hessenberg, triangular
form by chasing the perturbation along the subdiagonal.

The first bulge chasing step is visualized in Figure 2.9. In pane I, an orthonormal
transformation matrix Z; is computed which restores the upper triangular
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I. II.
XXX XXX XXXXXX PDRORIRXIRXR VRIXRXRIK
X X X X X X X X X X X VPORIRXRX® DRIXXRIX
X X X X X X X X X PRIRIIIR DORIRRR®
X X X X X X X X X X X X X X
X X X X X X X X X X
X X X - X X X
H R H =QTH R, =QTR

Figure 2.8: Introducing the perturbation in the Hessenberg, triangular pencil.

I. II.

RRRXXX QXX XX XXX XXX XXXXXX

RR® X X X ®® X X X RRIRJIIJ® RRIRR®

DR X X X ® X X X IR R PRIXKXK

PBPR X X X X X X PRIRIRX PORXRXR
X X X X X X X X X X
XX _ X XX X

Hi=H21 Ri=RZ2Z; Hy=QTH, Ry=QIR,

.

Figure 2.9: Chasing the bulge in the Hessenberg, triangular pencil.

structure in Rq. This can be achieved with two Householder reflectors or three
core transformations. The update of H; creates additional nonzero entries in
positions (4,1) and (4,2). Next, in pane II, a Householder reflector is computed
which restores the upper Hessenberg form in the first column of Hy. Thereby
creating new nonzero elements in R,. Notice that the bulges in (]EIQ, Rz) have
shifted one row down and one column to the right compared to (FI 1, ]:21)

This process of bulge chasing is repeated until the Hessenberg, triangular form
is restored.

For our theoretical discussion of the implicit QZ method, we assume that the
pencil (H, R) is made up of a proper Hessenberg matrix H and a nonsingular,
upper triangular R. As we will show in the more general setting of Chapter 3,
nonsingularity of R is not required but it simplifies things considerably at
tl}is stage. Under these assumptions, it is clear that an implicit QZ step,
(H,R) = Q*(H, R)Z, simultaneously performs two similarity transformations:
HR'=Q*HR™'Q, and, R"'H=Z*R'HZ, (2.57)
on the proper Hessenberg matrices HR~! and R~'H. The implicit approach is
motivated in the implicit @ theorem for Hessenberg, triangular pencils.
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Theorem 2.3.7 (Implicit Q for Hessenberg, triangular pencils). Let (A, B) be
an nxn regular matriz pencil and let Q,Q, Z, Z € F™**™ be unitary matrices
satisfying 1 = oqu, |o| =1, such that,

(H,R)=Q"(A,B)Z, and, (H R)=Q"(AB)Z

are both Hessenberg, tmangular penczls in proper Hessenberg, nonsmgular
triangular form. Then Q = QDy, Z = ZDy, and (H,R) = D%(H,R)D,
with D1 and Do unitary diagonal matrices.

Proof. From (2.57) and Theorem 2.3.4 it directly follows that QO = QD;.
Furthermore, we have that 2; = 521, |6] = 1, since,

2 = B"'QRe, = 4B~ 'q1.
From (2.57) and Theorem 2.3.4 it directly follows that also Z = ZD,. O

So the outcome of an implicit QZ step is uniquely determined once q; is fixed.
The implicit QZ method implicitly performs a nested, polynomial accelerated
subspace iteration just like the QR algorithm. Let us make this more precise in
the following theorem.

Theorem 2.3.8 (Polynomial acceleration for QZ). Assume that (H, R) and
(f[ , IA%) are both proper Hessenberg, nonsingular triangular pencils that are unitary
equivalent, (ﬁ, ]%) = Q*(H, R)Z, with the equivalence transformation obtained
from a single implicit QZ sweep with qi a scalar multiple of p,(HR™ ')e;
Then, fork=1,...,n

Q& =pm(HR™)E, and, Z& = pu(R™'H)é.

Proof. The first part follows from directly from (2.57) and Theorem 2.3.6. For
the second property, we have, just like in the proof of Theorem 2.3.7:

z1 =vR"'q1 = yR 'pn(HR ')er = Apn (R~ H)e,

Combining this with (2.57) and Theorem 2.3.6 concludes the proof. O

From this analysis and (2.57) we conclude that the implicit QZ method
simultaneously performs two QR iterations on the Hessenberg matrices HR ™!
and R™1H. A good choice of shifts will lead to convergence of eigenvalues in
the pencil driving it to (real) generalized Schur form.
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2.3.4 BLAS and levels

Basic linear algebra subprograms or BLAS is a collection of matrix and vector
operations that is available as part of LAPACK [2]. The collection consists of
three levels, see also [46, Section 1.1.17].

Level-1 BLAS operations are vector-vector operations like a vector inner product
or scaled vector addition. These operations involve an amount of data and
require an amount of work on the data that both scale linear in the problem
dimension. Level-2 BLAS operations require a quadratic amount of data
and perform a quadratic amount of work on the data. Examples are scaled
matrix-vector multiplication and vector outer products. Finally, level-3 BLAS
operations require a quadratic amount of data but perform a cubic amount of
work on the data An example is given by matrix-matrix multiplication, which
is called xGEMM in BLAS [2].

As level-3 operations perform more work than level-2 and level-1 operations for
the same amount of data, they can be much more efficient on current hardware
where the cost of memory access often dominates over computations.

The frequent row and column updates in the basic single or double-shift QR
and QZ algorithms that we discussed in this chapter make them rich in level-
2 operations and thus ill-suited from a performance perspective. Blocking
techniques for the QR method [14,15] and QZ method [58] have been successfully
used to mitigate this issue and obtain algorithms that are rich in level-3
operations. We explore the use of blocking within our pole swapping framework
in Chapter 4.

2.4 Conclusion

In this chapter we introduced the standard and generalized eigenvalue
problems and the (generalized) Schur decomposition as an eigenvalue revealing
decomposition. We studied the theoretical properties of polynomial Krylov
subspace methods and discussed iterative Krylov methods such as Arnoldi’s
method. We showed how the polynomial QR and QZ methods proceed by
first reducing the problem to Hessenberg or Hessenberg, triangular form, and
afterwards iterating to (generalized) Schur form. We have seen that these
methods implicitly perform nested subspace iteration with a change of basis
accelerated by polynomials.



Chapter 3

A rational QZ method

This chapter is based on [19]:

Camps D., MEERBERGEN K., AND VANDEBRIL R. A rational QZ
method. (2019) STAM J. Matrix Anal. Appl. Vol. 40, No. 3, pp.
943-972.

The swapping algorithm outlined in Section 3.3.2 is based on [16]:

Cawmps D., MacH T., VANDEBRIL R.; AND WATKINS D. S. On
pole-swapping algorithms for the eigenvalue problem. (2019) Submitted.

3.1 Introduction

Chapter 2 presented an overview of the classical QR/Z methods and discussed the
connection with polynomial Krylov subspaces. In this chapter, we present a fully
implicit method of QZ-type for the unsymmetric, generalized eigenvalue problem
which is founded on rational Krylov theory. This rational QZ (RQZ) method is
a pole swapping method which acts on pencils in Hessenberg, Hessenberg form.
We will refer to this form as Hessenberg pairs or Hessenberg pencils for the sake
of conciseness.

As we will demonstrate in detail, Hessenberg pairs and the associated rational
Krylov subspaces are determined by poles that can be exploited to improve
the convergence of the method. Both the original QZ algorithm [83] and the

41
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extended QZ algorithm [130] turn out to be special instances of the RQZ method
determined by a specific choice of poles.

Numerical experiments show that the RQZ method outperforms the classical
QZ method by effectively reducing the number of iterations required to compute
the generalized Schur form.

We will show that the RQZ method executes nested subspace iteration with
rational acceleration. In our theoretical analysis, we rely directly on the pair
(A, B) instead of rephrasing the relations in terms of a single matrix AB~! or
B~1'A as is usually done. The proofs of uniqueness and convergence rely on
rational Krylov theory, just like the theoretical results of the QR/Z methods in
Chapter 2 relied on polynomial Krylov theory.

Related work on QR-type methods with rational acceleration can be found
in [127,128]. However, earlier work mainly centered around combining a shifted
QR step with an RQ step with a single pole [127]. As we will see, our method
sustains multiple poles in the Hessenberg pair and we rely on the simple and
well-understood mechanism of pole swapping, while earlier work used more
specialized semiseparable plus diagonal matrices [128].

The idea of pole swapping in Hessenberg pencils was first introduced by Berljafa
and Giittel [11] in the context of rational Krylov methods. Their article studies
uniqueness of rational Krylov decompositions and proposes an algorithm to
move the poles in a rational Krylov decomposition. The authors also present
how this method can be used to restart the rational Krylov method. We expand
upon this idea in Chapter 7.

The work in this chapter is closely connected to the results of Berljafa and
Gittel [11]. Our main contribution is the study of pole swapping methods for
the direct solution of the eigenvalue problem supported by a detailed uniqueness
and convergence analysis. Furthermore, we provide a novel backward stable
swapping algorithm.

The material in this chapter is organized as follows. The notion of a Hessenberg
pair is formally defined in Section 3.2 and its properties are studied subsequently.
Two types of operations on Hessenberg pairs are discussed in Section 3.3: the
introduction of a new pole and the swapping of poles. The algorithm we propose
to compute the swapping transformations is shown to be backward stable in
Appendix B. Section 3.4 proposes a method to reduce a dense matrix pair to
a Hessenberg pencil with prescribed poles by means of unitary equivalence
transformations. This is the RQZ analogue of the initial reduction phase in
the QZ algorithm. We demonstrate that a good choice of poles can already
lead to premature deflations during the reduction phase. The generalization
of the iterative phase is presented in Section 3.5. It is illustrated how an RQZ
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step with a single shift can be performed implicitly and numerical experiments
illustrate the speed and accuracy. An implicit Q theorem for Hessenberg pairs
is stated and used to prove that the RQZ iteration implicitly performs nested
subspace iteration accelerated by a set of rational functions in Sections 3.6
and 3.7. Section 3.8 provides an ezxactness result which shows that the RQZ
method deflates an eigenvalue in a single iteration provided a perfect shift is
available. We conclude the chapter in Section 3.9.

3.2 Hessenberg pairs and their poles

In this section we repeat necessities from the literature and introduce some basic
concepts linked to Hessenberg pairs. These pairs appear naturally in the context
of the rational Krylov method introduced and studied by Ruhe [92-94,96]. We
elaborate further on this connection in Chapter 7.

3.2.1 Proper Hessenberg pairs

From Definition 2.2.4 we recall that a proper Hessenberg matrix has all its
subdiagonal elements different from zero. Being proper ensures that there are no
obvious deflations allowing us to split the Hessenberg matrix into block upper
triangular form (2.52) with smaller subproblems. For a pair of Hessenberg
matrices there is a subtlety, as there are two less obvious possibilities for
deflation.

Definition 3.2.1 (Proper Hessenberg pair). A pair of Hessenberg matrices
A, B € F"*" is said to be proper if the following two conditions are met:
I. Thereisno¢in 1,...,n —1 so that a;11,; and b;11; are simultaneously
Zero;
II. The first columns of A and B are linearly independent, as are the last

rows of A and B.

For a proper Hessenberg pair we define its ordered pole tuple as:

E= (51, cee 7€n71)a & € Ca where §; = ai+1,i/bi+1,ia t=1,...,n—1

The ratios of the subdiagonal elements of A over the subdiagonal elements of B
are thus called the poles of the proper Hessenberg pair. Since we set division
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by zero equal to oo in C, a pole is located at oo if the respective subdiagonal
element of B is zero.

The first condition of being proper means that all poles are well-defined over C,
so there is no 0/0. Just like in the classical case a;41,; = bj+1,; = 0 allows us to
deflate the problem into two independent subproblems.

The second condition is less obvious, but it is simple to deflate an eigenvalue
if it is not met. Construct a core transformation )1, acting on the first two
rows such that Q)7 maps the first column of A and B in the direction of ey,
then the pair Q7 (A, B) allows for a deflation. Similarly we can construct a
rotation Z,_; to transform (A, B)Z,_; to a deflatable format in case the last
rows are linearly dependent. If condition II does not hold then the pair can be
transformed into an equivalent pair for which condition I does not hold in the
first or last subdiagonal position.

Condition II is equivalent with the condition that the pencils (A — AB)e; and
el (A — AB) do not have a zero according to Definition 2.1.5.

We remark that even if condition II of the definition of a proper Hessenberg
pair were not met, we still define the first pole & and last pole &,_1 as in
Definition 3.2.1. Suppose, however, that there exists a scalar v such that
a; = vby, with a; and by the first columns of A and B respectively and that
a1 # 0. This means that v is both the first pole, £ = ag1/b21 = 7, and an
eigenvalue, Ae; = yBe;. Similarly, the last pole &,_1 is an eigenvalue if the
last rows of A and B are linearly dependent.

Theorem 2.3.4 shows that properness of the Hessenberg matrix ensures essential
uniqueness of the QR iterates, which is crucial in the design of an implicit QR
algorithm [39,40] for the standard eigenvalue problem. We prove an implicit
Q theorem for Hessenberg pairs in Section 3.6 which shows that also proper
Hessenberg pairs inherit a type of essential uniqueness allowing for the design
of an implicit method.

The other pencils for which QZ algorithms were designed fit in Definition 3.2.1.
Matrix pairs in Hessenberg, triangular form [83] are proper with poles = =
(00,00, ...,00) and a matrix pair in extended Hessenberg form [130] is also a
proper Hessenberg pair with poles being either 0 or co. Appendix A explains
the extended Hessenberg structure in more detail.

The properties of proper Hessenberg pairs discussed in the next lemma are
frequently used throughout this chapter.

Lemma 3.2.2. Let (A,B) € C**™ be a proper Hessenberg pair with poles
E=(&,...,8n—1). Then the following statements hold:
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I For p,v € C, such that u/v ¢ =Z, we have that (VA—uB) is a proper
Hessenberg matrix.

II. For p,v € C, such that u/v is equal to a certain pole §, 1 <k <n—1,
we have that N = (vA—uB) is block upper triangular,

Nii Nip
N = ,

where N11 and Noo are Hessenberg matrices respectively of sizes kxk and
(n—k)x(n—k).

II. For p,v,a, B € C, such that uf # av, we have that,
(MvN) = (BA*QB,VA*’LLB),

is a proper Hessenberg pair with poles,

- kt1,k — Obpy1 .k
kzﬂ tL LR for k=1,...,n—1.
Vag41,k — UWhk+1,k

IV. Fork=1,...,n—1 we have that R(ai,...ar) # R(by,...,bg).

Proof. Statements I and II are trivial. The pencil of statement III satisfies the
definition of a proper Hessenberg pair: M and N are clearly upper Hessenberg
matrices, their kth subdiagonal elements are,

- b
N1k | |V —1] |Dk+1ke |’

The vector on the left is different from zero since the matrix is nonsingular
and the vector on the right is nonzero. The first column of M is also linear
independent from the first column of N because the same nonsingular matrix
is used in the transformation. The same holds for the last row. The proof
of statement IV is by induction and contradiction. The case k = 1 follows
from the definition of a proper Hessenberg pair. Suppose the statement holds
up to column k. We assume now, by contradiction, that it breaks down at
column k + 1, thus R(ay,...,ar+1) = R(b1,...,brt1). The equality implies
the existence of a (k + 1)x(k 4+ 1) matrix C such that,

€11 .- Clk+1
[al,...,ak_H] = I:bla"'abk-i-l] . (31)
Ck4+1,1 -+ Ck41,k+1
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It follows from the induction hypothesis that there is a j with 1 < j < k such
that a; ¢ R(b1,...,bg). Therefore cxi1,; # 0. By the Hessenberg structure,

k41
0=apy2,; = E br+2,i Cij = brt2 k+1Ck+1,5-
i=1

This implies that by42 k1 must be zero and as a consequence (3.1) implies that
also ap42,k+1 = 0. These two values being simultaneously zero contradicts the
properness. U

3.3 Manipulating the poles of Hessenberg pairs

In this section we study two operations for manipulating the poles of a
Hessenberg pair, namely changing the first or the last pole, and swapping
consecutive poles. These methods are also applied in [11] to change the poles of
a rational Krylov recurrence.

3.3.1 Changing poles at the boundaries

Let A, B € C™"*" be a proper Hessenberg pair and assume the first pole &
different from the eigenvalues of (A, B). The pole & can be changed to another
pole & € C by multiplying (A, B) from the left with a unitary transformation
@7, where Qi = ae; and,

x =4 (B1A—a1B)(B1A—a1B) ‘e = v (A-& B)(A-&B) ey, (3.2)

with v and 4 convenient scaling factors; and éu, B, a1, B € C are chosen to
satisfy the new pole 51 = al/ﬂl and the old pole & = a1 /1. The notation with
a and 8 to denote (SA—aB) is factually the most correct one. For notational
simplicity, however, we will often use the shorthand notation (A—¢B), where
& = «a/p instead. As él # &1, otherwise nothing needs to be done, & must be a
vector with only the two leading elements nonzero and thus @) is always well
defined and can, for example, be chosen as a rotation matrix.

If Q1 is used to compute (A, B) = Q7 (A, B) then &, will become the first pole
of (A, B) because the first subdiagonal element of (A — £, B) is zero:

(A-&Bjer = Qi(A-&Be
FQA-&GB)A-&B) er =97 1 Qiz = aFy e
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Theoretically, under the assumption that B is nonsingular, we could equally
well define & = v(AB~! — & 1)(AB~! —&,1) ey Practically, however, to avoid
the nonsingularity assumption of B, and for reasons of numerical stability, we
stick to (3.2).

Remark 3.3.1. As (A-&6B ) e is scalar multiple of e; there is no need to
compute this in practice. Moreover, even if & is an eigenvalue, a scalar multiple
of e is always a solution of (A—¢B)y = e;. The inverse factor is included to
emphasize the rational function used to update the pole and moreover, we will
see in Chapter 4 that it does play a role in the multishift setting. In practice
we compute @ = v(A—£; B)e; in O(1) operations.

We can also compute an equivalence transformation to change the last pole by
operating on the last two columns of the Hessenberg pair in a comparable way.
Assume fn 1 different from the eigenvalues of (A, B). We can change the pole
&n1 to §n 1 € C if we consider the row vector,

"' =vep(A=¢,1B) (A=, 1 B),

with v a convenient scaling factor and a transformation Z,_1 that introduces a
zero in the penultimate position of 7: 7 Z,,_; = ael. If Zn 1 is computed
in this way then the last pole in the Hessenberg pair B) = (A,B)Z,_, is

gn—l-

Again, the system e (A &,_1B)7! is never solved in practice as the solution is
a scalar multlple of eI’ but i is only included for theoretical purposes. In practice
we compute ! = yel (A En 1B).

(4.8

3.3.2 Swapping poles

Any two consecutive poles &; and &;,1 in a proper Hessenberg pair (A4, B) can
be swapped via a unitary equivalence on (A, B). We assume both poles to be
different, otherwise nothing needs to be done. The procedure is summarized
pictorially in Figure 3.1 where poles &3 = @/@ and &4 = @/@ are swapped.
In this case the swapping operation is achieved by computing unitary matrices
Q4 and Z3 that change the order of the eigenvalues in the 2x2 subpencil
A(4:5,3:4) — AB(4:5,3:4). This subpencil is in generalized Schur form and has
eigenvalues &3 and &;. The relevant part of the Hessenberg pair is indicated
by the shaded region in Figure 3.1. The equivalence transformation changes
all elements marked with ® in pane II of Figure 3.1. Observe that the ratios
9/@ and @/@ are preserved under swapping but the subdiagonal values
themselves can change.
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Figure 3.1: Swapping poles in a Hessenberg pair: (I) before swap, (II) after
swap.

Swapping eigenvalues in an upper triangular pencil by means of a unitary
equivalence transformation is a classical problem. It is typically used to reorder
eigenvalues in the generalized Schur form for the sake of computing deflating
subspaces. The problem has a unique solution which is determined by a coupled
Sylvester equation. Algorithms based on solving the coupled Sylvester equation
have been proposed by Kégstom [57,60]. Van Dooren [122] proposes a direct
method which implicitly solves the Sylvester equation. The method of Van
Dooren is used in the reordering routines xTGEX2 of LAPACK [2].

In this section we introduce a swapping algorithm which is related to the method
of Van Dooren [122], but has an improved backward error bound. The detailed
error analysis is included in Appendix B. In the current section we describe the
swapping algorithm and state the result of our error analysis in Lemma 3.3.2.
This lemma shows that our swapping method is matrix-wise backward stable,
while the error of earlier methods is bounded by ¢, max (||A]|2, || B||2)- Here, €,
is the machine precision and A and B refer to the small 2x2 upper triangular
matrices taken out of the large Hessenberg pair. We will use this notation for
the remainder of the current section. Numerical experiments are included in
Appendix B which demonstrate the improved accuracy.

We are thus looking for an equivalence transformation Q*(A — AB)Z = A-\B

of the following form:
B b }
- A, 3.3
|- 5] e

([ ol ) |

with o /B1 = /B2 = & and ag/fa = &1 /B1 = .

=3 <)

2

Solution in exact arithmetic. To achieve the swapping of (3.3), we need to
construct Z = [z1 23], @ = [q1 g2] in such a way that:
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e q1, z1 are a deflating pair (2.9) for A— AB corresponding to the eigenvalue
52, i.e.
(A= AB)z1 = n1qi(a2 — AB2),

o similarly, g2, zo are a deflating pair for &,

(A= AB)z2 = v2q2(01 — AB1).

It then follows from the orthogonality of @, Z that
qyAz; = q;Bz, =0,
and thus the swapping is achieved.

There are two options to compute this equivalence:

Method 1 On one hand, we can first construct a unitary matrix Z having its
first column equal to the right eigenvector of A — AB related to ;. To this end,
the matrix Hi = 32 A — as B is constructed. Observe that the second row of H;
is zero by construction. Next, a rotation Z is computed such that HZ has a
zero element in position (1,1) such that z; is indeed the right eigenvector of
A — AB associated with & = a3 /s as:

This implies that Az; and Bz, are parallel vectors and that a rotation ) can

be computed to simultaneously introduce a zero in position (2, 1) of both AZ
and BZ, thereby retrieving (3.3).

Method 2 On the other hand, we can first compute a unitary matrix ¢ having
its second column equal to the Hermitian conjugate of the left eigenvector of
A — A\B related to &. Therefore we consider the matrix Hy = 1A — a3 B which
has zeros in its first column by construction. Now, compute a rotation @ such
that Q*H has a zero in position (2,2) such that g5 is indeed a left eigenvector
of A — AB associated with &; as:

Q*Hy = Q*(B1A — oy B) = [8 g] . (3.5)

This implies that g3 A and g4 B are parallel vectors and that a rotation Z can
be computed to simultaneously introduce a zero in position (2,1) of @*A and
Q* B, thereby retrieving (3.3). This second approach can be regarded as the
dual of the first method.
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Solution in floating point arithmetic. In Appendix B we prove the following
error result for computing the swapping transformations in floating point
arithmetic. We use a tilde to indicate computed quantities.

Lemma 3.3.2. Let
A—\B = [0‘1 “} —)\[ﬁl b},

o Bo

with aq/P1 = &1, and as/Ps = &o. Furthermore, assume |€&1| > |&2|. If the
swapping is computed by first deriving Z, as described in method 1 above, and

afterwards computing Q such that Q*(BZey) = ~ye1, then we have that the
computed transformations satisfy:

2l

with ||Eall2 < cem||All2, [[EBll2 < ceml||Bll2, ¢ a small constant.

IsH

Q" (A+Es,B+Ep)Z = ([5‘1

jo))
(v}

Lemma 3.3.2 guarantees that the method computes and exact swapping
transformation of a nearby problem and that the off-diagonal elements in
position (2,1) can be safely dismissed if |1] > [&a].

A corollary of Lemma 3.3.2 is that a backward stable swapping is achieved in
case |€5] > |€,1] by first computing Z via method 1 and afterwards obtaining Q
such that Q*(AZe;) = -ye;. This implicitly computes the transformations for
B — M\A whose eigenvalues are the inverse of A — AB, such that Lemma 3.3.2
holds.

Another possibility is to use method 2. This leads to a backward stable
swap when Z is computed from (e5Q*A)Z = ~e} if |£1] > |€2| and from
(e5Q*B)Z = ~ye; otherwise. This can be verified by applying Lemma 3.3.2 to
the pertransposed pencil. This is a transposition along the anti-diagonal.

All strategies that lead to a backward stable swap are summarized in Table 3.1.
The first row of the table corresponds to method 1, the second with method 2.
Option A is stable when |£1]| > |£2|, while option B is stable when [&;| < |£3].

3.4 Direct reduction to a proper Hessenberg pair

The rational QZ algorithm we propose in Section 3.5 operates on a proper
Hessenberg pair. If we are given an arbitrary matrix pencil A — AB not yet
in proper Hessenberg form, we first need to reduce it to this form. We use
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Table 3.1: Numerical methods to compute a backward stable pole swap.

&1] > [&2] [SIRN®]

1.A) First Z, then Q from 1.B) First Z, then @ from
Q*(BZey) = vei Q" (AZey) = yex
2.A) First Q, then Z from 2.B) First @, then Z from
(e3Q"A)Z = e (e3Q"B)Z = ve;

equivalences since we are interested in the eigenvalues and, for reasons of
numerical stability, we will stick to unitary equivalences. At the end of the
section we will illustrate with a numerical experiment that good pole selection
can lead to deflations, already during the reduction process.

3.4.1 The reduction algorithm

The algorithm will transform an nxn matrix pair (A, B) to a unitary equivalent
Hessenberg pair with a prescribed tuple of poles = = (&1, ..., &,—1). The
algorithm proceeds similarly to the direct reduction to Hessenberg, triangular
form summarized in Figure 2.7, with the major difference that a pole is
introduced at every step.

Just like in the classical reduction to Hessenberg, upper triangular form we
commence with computing a QR factorization of B = QR and updating the
matrix pair to (Q* A, Q*B). The matrix Q* B is now already in upper triangular
form. This is shown in pane I of Figure 3.2 for our running example matrix pair
of size 5 x 5. Moreover, we assume in the remainder of this section, that all
zeros on the diagonal of B —infinite eigenvalues— are removed. An algorithm for
this can be found in [138, Section 6.5].

We will now bring the first column of A to Hessenberg form. In pane II, a zero
is introduced in position (5,1) of matrix A by operating on the last two rows.
This destroys the upper triangular shape in the last two rows of B. The upper
triangular shape can be restored by acting on columns 4 and 5 as shown in
pane IIT without destroying the newly created zero in A.

The process of introducing zeros in the first column of A by acting on the rows
and maintaining the upper triangular structure in B by acting on the columns
can be repeated until the first column of A is brought to upper Hessenberg
shape. This coincides with the classical reduction to a Hessenberg, triangular
pair as discussed in Chapter 2.
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Figure 3.2: Reduction to a Hessenberg pencil. First part.

At this stage we have arrived at pane I of Figure 3.3. The first column of (A4, B)
is now already in the correct form but still has a pole at co. We can replace oo
by another pole using the technique from Section 3.3 applied to the first column
of (A, B) which is in Hessenberg form. This is always possible, except when
there is an obvious deflation in the top left corner, meaning that the current
pole is undefined as 0/0. This does not pose any problems: deflate and continue.
Under the assumption that there is no deflation, we start by first introducing
the last pole &, = @)/(d) first. In the following steps of the reduction procedure
this pole will move down to end up at the correct position at the bottom of the
subdiagonal. The current state of the pair is visualized in pane II of Figure 3.3.

I. I1. II1.
XX XXX X XXXX RIFRR XX XX X XX XX XXX
XX XXX XXxXX| @D @D | ¢ @X)x x xc @X)x x x
X X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X
A B A< QA B+ QB A B
IV. V. VL
RRX XX Q® XXX IR AR X® XXX XX X XXXX
REROR Q08| (BROR® RV XX X X (@)X X X X
@D W@Re® @x xx  (dx x x @x xx (DX x x
X X X X X X X X X X @x x (©x %
X X X X X X X X @x (@x
A< Q*AZ B+ Q*BZ| A« QA B+« QB A B

Figure 3.3: Reduction to a Hessenberg pencil. Second part.

The second column has been brought to Hessenberg, triangular form in pane
IIT of Figure 3.3 via the classical procedure of introducing zeros in the second
column of A and maintaining the upper triangular structure in B. Observe that
this does not affect the existing pole £4. At this moment, the first pole equals
&4, while the second pole is co. The poles in the shaded region of pane III are
now swapped using the techniques from Section 3.3. This moves the pole at oo
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to the top of the matrix pair in pane IV. The swapping technique can be used,
as the two leading columns of (A, B) are in Hessenberg form at this stage of
the reduction algorithm. The swapping is always well defined, even if there is a
succession of identical poles. The pole £, has moved one position down along
the subdiagonal. The pair is now ready for the introduction of pole £3 which
is completed in pane V. This entire process of creating zeros, swapping poles,
and introducing a new pole, can be repeated until the end result of pane VI is
obtained, and the matrix is in the desired Hessenberg form.

After the reduction process, the matrix does not necessarily need to be in proper
Hessenberg form. Possibly the pole &,_1 coincides with an eigenvalue, allowing
for deflation in the lower right corner. In this case one deflates &,_1 and checks
whether &, 5 leads to a deflation, and so forth, until the matrix has become
proper. It can also happen that during the reduction any of the interior poles
deflate. In this case the reduction can be continued on the separated parts of
the pencil. This situation is studied in the numerical example of Section 3.4.2.

The introduction of the poles takes an additional O(6n3) flops on top of the
O(8n?) operations required to reduce a pencil to Hessenberg, triangular form
[46].

3.4.2 Numerical experiment

We study two matrix pairs from the magnetohydrodynamics (MHD) dataset
available in the Matrix Market collection [13]. The matrices are of sizes 416
and 1280 respectively and known to be ill-conditioned. They originate from a
Galerkin finite element discretization of the underlying MHD problem. Their
spectrum consists of a tail along the negative real axis and a set of eigenvalues
close to the imaginary axis. In this numerical experiment we determine deflating
subspaces for the two regions of eigenvalues already during the reduction phase.
The tests were run in Matlab R2017b.

Inspired by the link between contour integration methods [90,107] and rational
filtering techniques [116,119], the idea is to introduce poles that make up a
rational filter that slices the spectrum. To achieve this effect, the poles are
chosen on a contour I in the complex plane that contains the eigenvalues along
the negative real axis. In Section 3.7 we explain in full detail how introducing
and swapping poles implicitly applies a rational filter to the pencil.

The poles are chosen on an elliptical contour I' = e(c, 74, 7y), where ¢ is the
center of the ellipse, 7, is the radius in z-direction (along the real axis), r,
is the radius in the y-direction (along the imaginary axis). For the smaller
problem, T is selected as e(—1.3,1.5,3) and discretized in 120 nodes. For the
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larger problem, I = e(—25,27,6) and it is discretized in 400 nodes. These nodes
are the poles introduced during the reduction to Hessenberg form. The aim is
to get the pair improper, enforcing thereby a middle deflation separating the
two regions. In case of a middle deflation we continue introducing poles on the
separated parts.

The results are presented in Figures 3.4 to 3.6. Figure 3.4 shows an overview of
the spectrum of both matrix pairs. The two regions of eigenvalues are indicated
with different markers. The box in Figure 3.4 marks the area in which Figure 3.5
will zoom in; it shows where the regions meet in detail, together with the poles
of the Hessenberg pair.

Figure 3.6 displays the magnitude of the subdiagonal elements |a;y1| + |bit1.4].
All poles which are considered numerically zero and thus lead to a deflation are
emphasized in a shaded rectangle. Typically some of the first and last poles
are deflated, but more important is the presence of interior deflations. This
happens at poles 103 to 106 after 160 poles have been introduced in the pair of
size 416. For the larger pair, poles 317 to 321 are deflated after 621 poles have
been introduced. The eigenvalues outside I' are located in the top left part of
the Hessenberg pair, those inside I appear after the interior deflation.

X

200 500 "
o 0 o 0
E 5
_200 7500 x!ﬂ}&‘ )
-3 -2 -1 0 —40 —20 0
Re(z) Re(z)

Figure 3.4: Eigenvalues in region 1 (%, bow-shape) and region 2 (*; close to the
real axis). On the left we have the problem of size 416 and on the right 1280.

This numerical experiment shows that deflating subspaces containing regions
of eigenvalues can be found already during the reduction to Hessenberg form.
We like to stress that deflation is obtained without any of the poles converging
towards an eigenvalue, but by choosing poles on a contour such that they
construct an effective rational filter.
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Figure 3.5: Close-up of the central part where the regions meet for the problem
of size 416 and 1280. The legend is identical to the one of Figure 3.4 extended
with the poles (+; on the ellipse around the real axis) .
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Figure 3.6: Magnitudes of the subdiagonal elements in the matrix pair after
the Hessenberg reduction for the problem of size 416 (left) and 1280 (right).

3.5 Implicitly single shifted rational QZ step

In this section we present the implicit RQZ step for a Hessenberg pair. Numerical
experiments are included at the end of this section and illustrate the performance
and accuracy of the algorithm.

The algorithm operates on proper Hessenberg pairs. These pairs could be the
result of the reduction procedure presented in Section 3.4 or they could be given
directly, e.g., as coming from an iterative rational Krylov method, where one
would like to compute the eigenvalues of the projected Hessenberg pair, see also
Chapter 7.
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3.5.1 The algorithm

Before describing the algorithm we like to comment on the nomenclature. We
use both the terms poles £ and shifts o to refer to elements on the subdiagonal of
a Hessenberg pair. In fact our shifts are poles as well, but we typically consider
poles as subdiagonal elements that are sustained in the Hessenberg pair, while
shifts are introduced and removed in a single implicit RQZ step. A shift is
pushed in at the top, chased to the bottom, and removed at the end.

We introduce the RQZ procedure with an example. Given a 5x5 Hessenberg
pair (Aa B) with pOIQS 51 = @/@v 52 = @/@7 53 = @/@a €4 = @/@ eC.
The RQZ step consists of three stages, similar to all algorithms of implicit
QR-type. These are an initialization, a chasing, and a finalization phase.

Initialization. Suppose we are given a shift o = @/® € C, for instance the
Wilkinson shift [46]. Pane I in Figure 3.7 shows the Hessenberg pair in its initial
state. The shift! is introduced in pane II by changing the first pole with a
transformation (); obtained by using the results from Section 3.3.

Chasing. Panes I1I-V show how the shift is relocated from the first position
on the subdiagonal to position n—1 by repeatedly swapping it with the poles of
the Hessenberg pair. The shift is chased to the bottom. The matrix elements
that are changed in every step are marked with an ®.

During this procedure the shift will move from the top-left to the bottom-right
and all poles will move up one position in the direction of the top-left corner.
The assumption that the shift differs from the poles o # &;, for all 4, ensures that
none of the swapping operations equals an identity, otherwise the downward
movement of the shift will undo the upward movement of the corresponding
pole.

Finalization. Finally, in pane VI, one last operation can be performed where
we have the possibility to remove the shift ¢ and introduce any new pole §4 =
@/@ € C, via the procedure described in Section 3.3.

It is clear that the algorithm described here generalizes the classical QZ algorithm
[83] which we discussed in Chapter 2. In the QZ algorithm [83] one chases a
bulge and in the final step the new pole was always put to oo thereby restoring

1A shift equal to a pole will not result in a breakdown, but leads to slow or no convergence
at all (see Section 3.7). In practice shifts should be taken different from the poles.
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Figure 3.7: Single shifted implicit RQZ step on a 5x5 Hessenberg pair with
shift o.

the upper triangular form of B. The extended QZ algorithm [130] acts on
extended Hessenberg pencils and allows for poles at 0 or co.

In the rational QZ algorithm we chase a shift instead of a bulge or a rotation.
However, the shift is encoded in the bulge as well, as it is found as an eigenvalue
of Watkins’ bulge pencil [137, Section 5], [138]; the other eigenvalue in the bulge
pencil is co. If we consider the same bulge pencil in the rational QZ case we see
that the eigenvalue at oo is replaced by a pole of the pencil. Moreover, also the
pole swapping technique is nothing else than the bulge exchange interpretation
of Watkins [136].

3.5.2 Shifts, poles, and deflation

In order to implement the RQZ algorithm and in particular a single RQZ step,
we need good strategies to select the shift, the new pole introduced at the very
end, and a procedure to check if there are deflations.

For the shifts we typically take the Wilkinson shift [46,141,142]. This is the
eigenvalue of the trailing 2x2 block that is closest to @y /bny. For the poles
there are several options: one could as well consider a Wilkinson strategy
determined by the 2x2 block in the upper-left corner or one could use other
techniques such as poles on a contour to do filtering, see, e.g., Section 3.4.2.
Optimal pole selection is a difficult and problem specific issue which is beyond
the scope of this thesis. In our numerical experiments we test pole selection
strategies based on localized eigenvalue estimates such as Wilkinson poles.
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The deflation criterion for the interior poles &5, ...,&,_2 is obvious. If one
of these is undefined in C, i.e. a 0/0, the problem can be split into smaller,
independent problems as the pencil is block triangular form. This means in fact
that for a certain ¢, two subdiagonal elements a;1,; and b;;1 ; are simultaneously
zero. To numerically check this we use the classical relative criterion taking the
sizes of the neighbouring elements into consideration [46],

lait1,il < cem(laiil +laiv1it1])  and  [biv1:] < cem([biil + [biv1,it1l),
with €,, the machine precision and ¢ a small constant.

The situation for the exterior poles & and &,_1 is more peculiar. Whereas the
interior poles are fixed, the exterior ones can be altered. Instead of changing
& or &,_1 to another pole, we would like to know whether it is possible to
move them outside of C: we would like to deflate an eigenvalue. To this end we
need to create simultaneous zeros on the subdiagonal of A — AB with a single
operation such that the pair is no longer proper. We consider the situation at
the bottom-right, the top-left corner proceeds similar. Suppose we would like
to check if a deflation is possible for the last subdiagonal positions, which are
Up,n—1 and bn,n71~

Un,n—1 An,n

This is only possible if the matrix [bwﬁl bn,n] is of rank 1, or, equivalently,
the pencil el (A — AB) has a zero according to Definition 2.1.5. If this is the
case, we can simultaneously annihilate the subdiagonal elements by creating a
rotation Z,_; which rotates the last rows of (A, B) in the direction of el an
deflates the zero of el (A — AB) as an eigenvalue of A — AB. In our numerical
experiments we assume the matrix to be of rank 1 if opin/0max < €m.

3.5.3 Numerical experiment

We apply the RQZ method on two sets of problems: random matrix pairs and
two problems from fluid dynamics. We are interested in the accuracy and speed.

Random matrix pairs. We test the single shift RQZ algorithm on 9 randomly
generated, complex-valued matrix pairs with sizes ranging from 100 to 1000.
The results are averaged over 10 runs. The pairs are first reduced to Hessenberg
pairs with all poles at infinity, implying that no additional computational work
has been done compared to the reduction phase of the QZ method. The shift is
always taken as the Wilkinson shift. The poles are selected according to four
different strategies: poles at infinity, poles at zero, random poles, and poles
chosen as the Wilkinson shift from the upper-left 2 x 2 block. The last choice is
called the Wilkinson pole.
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The results are summarized in Figures 3.8 and 3.9. The left pane of Figure 3.8
shows the relative backward errors |A—Q*AZ||2/||Al|z and | B—Q*BZ||2/|| B2
for the reduction to a Hessenberg pair (lines without markers) and the backward
error on the Schur form for the four different pole strategies. The backward error
is small in all cases. The right pane shows the average number of iterations per
eigenvalue. Clearly, the Wilkinson pole requires the least number of iterations
per eigenvalue. It requires on average 1.5% less iterations than the classic choice
of poles at infinity. Random poles and poles at zero perform the worst.
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Figure 3.8: On the left the relative backward errors related to the reduction
to a Hessenberg pair (no markers) and to the Schur form (with markers) are
demonstrated. The error on A is represented with a dashed line and the error
on B with a full line. On the right we see the average number of iterations per
eigenvalue for the four different pole strategies.

Figure 3.9 shows the total number of pole swaps scaled with n2. The scaling
factor is used since the number of pole swaps per iteration is O(n) and the
expected number of iterations is also O(n) resulting in a total of O(n?) swaps.
This measure of performance depends heavily on the positions where deflations
occur and as such gives a much better view on the algorithmic behavior. The
order of the four strategies remains the same, but the gains with Wilkinson
poles increase up to 4%. This signals the occurrence of deflations at other
spots than only in the lower-right corner as is typically the case in the classical
setting.

IFISS problems. In this experiment we apply the RQZ method on two
problems from fluid dynamics generated with IFISS [34,35]. The first problem
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Figure 3.9: The total number of swaps scaled by n? for the computation of the
Schur form for the four different pole strategies.

originates from a model for the flow in a unit-square cavity, the second problem
comes from a model for the flow around an obstacle. Both models are discretized,
resulting in two real, generalized eigenvalue problems. The cavity flow problem
is of size 2467, the obstacle flow problem of size 2488. We applied the single
shift RQZ method after initial reduction to Hessenberg form with poles at
infinity. Wilkinson shifts are employed in all cases. We used poles at infinity
and Wilkinson poles. The spectra of the matrices are shown in Figure 3.10.
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Figure 3.10: On the left the spectrum of the cavity flow problem and on the
right the spectrum of the obstacle flow problem are shown.

The results of the experiment are summarized in Table 3.2. It lists the relative



IMPLICITLY SINGLE SHIFTED RATIONAL QZ STEP 61

backward error on the Schur form for both A and B for both problems and the
two pole strategies. The backward error is very good in all cases. The table
also lists the average iterations per eigenvalue and how this compares relatively
to the result of poles at infinity. We observe that the average number of swaps
and iterations when employing Wilkinson poles is always below the numbers
generated by the classical approach.

Table 3.2: Results of the RQZ method on the IFISS problems. The first column
lists the problem, the second column the pole strategy. Columns 3 and 4
present the backward error on A and B, columns 5 and 6 the average number
of iterations and performance compared to QZ, and columns 7 and 8 the total
number of swaps and the performance compared to QZ.

Problem pole | error A error B it/n | % swaps/n? | %
Cavity flow 00 75-10715 | 44107 [ 249 | 100 | 0.446 100
Wilk. | 7.8-1071° | 4.1-1071 | 2.34 | 94.2 | 0.443 99.3
Obstacle flow | 92-10715 [ 7.8-10715 [ 2.54 | 100 | 0.617 100
Wilk. | 8.8-1071° | 7.8.1071 | 2.36 | 93.0 | 0.595 96.3

3.5.4 Tightly-packed shifts

The single shifted RQZ method is, just like the classical QZ method, sequential
in nature and not very cache efficient. To enhance cache performance one can
go for a multishift approach and chase m shifts simultaneously or one can chase
m single shifts as close as possible after each other. In the next chapter, we will
study multishift, multipole RQZ steps. The theory in this chapter is not suited
for a multishift setting and we will confine ourselves for now to a description
and a numerical experiment using tightly-packed shifts.

Assume we would like to chase m tightly-packed shifts, which are typically
the eigenvalues of the bottom-right mxm block of (A, B). These shifts are
introduced one after another in the Hessenberg pair. The first shift is introduced
and swapped down one row. Next the second shift is introduced and both
shifts need to be swapped down a single row, starting with the lower-right one
first. As a result there is space to introduce the third shift, and the procedure
continues. At this stage, the first m subdiagonal elements of the pair (A, B)
encode the shifts.

In order to chase the block of m shifts, one needs to swap all shifts down
one row, starting again with the one in lower-right corner first. In total this
requires m equivalence transformations (3.3) which are accumulated to update
the necessary parts of the matrices in a cache efficient manner. The first batch
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of swaps in illustrated in Figure 3.11. It is also possible to accumulate all
transformations that swap the m shifts with the subsequent k poles, this is
tested in Chapter 4.

Figure 3.11: First swap in the RQZ method with m = 4 tightly-packed shifts.
The magnified parts show the 4 shifts ®/@ right after the initialization phase
and indicates how they can all be swapped with the next pole ®/& by four
swaps. These transformation are computed based on the shaded regions in
the magnified area. The dotted sections in the matrix pair are the rows and
columns that can be updated efficiently after the swap.

The finalization phase commences when the shifts occupy the last subdiagonal
positions in the Hessenberg pair. We can now introduce m new poles. The
first new pole is introduced in the final subdiagonal element and swapped up m
positions thereby swapping all remaining shifts down. The second new pole is
now introduced and this course of action continues until the new poles occupy
the last m subdiagonal elements.

We test the tightly-packed RQZ method on randomly generated matrix pairs of
size 600 that are first reduced to Hessenberg pairs with poles at infinity. We run
the RQZ method for shift batches of sizes m = 2,4,8,16,32. The results are
averaged over 10 runs. The poles are selected following three criteria: always at
infinity (classical QZ), m times the Wilkinson pole of the leading 2x2 block, or
as the eigenvalues of the leading mxm block, the Rayleigh poles.

Figure 3.12 displays the performance in terms of the average number of iterations
per eigenvalue (left) and total number of swaps scaled with n? (right) in function
of the batch size m for the three types of poles. We observe that the number of
iterations increases significantly for larger m. This effect is most pronounced
with the Wilkinson and Rayleigh poles. Also in terms of the number of swaps
the poles at infinity are the most efficient choice. We attribute this effect to the
spectrum of the randomly generated problems. All, except typically one, of the
eigenvalues are located in one cluster around zero. Likely, due to the increased
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Figure 3.12: On the left the average number of iterations per eigenvalue is
depicted in function of batch size m for three different pole strategies. On the
right the average number of swaps scaled with n? in function of the batch size
m. These results are for the random problem.

batch size, some of the Wilkinson and Rayleigh poles will somehow be too close
to each other, thereby deteriorating the convergence.

Therefore, we have repeated this experiment with 10 randomly generated matrix
pairs of size 600 having two equally sized clusters of eigenvalues centered around
0 and 10. The results are shown in Figure 3.13. Now the Wilkinson and Rayleigh
poles outperform the poles at infinity in terms of total number of swaps for all
batch sizes indicating that the poles do improve the convergence rate of the
method.

We conclude that we can pack the shifts tightly without a significant degradation
in convergence behavior. The advantages of allowing pole selection remain but
become more problem specific. The packing of the shifts along the subdiagonal
of the Hessenberg pair is optimal. This is trivial in our pole swapping context,
but not in a bulge chasing algorithm [66].

The numerical results shown here are obtained with a Matlab implementation.
A cache efficient implementation of tightly-packed pole swapping algorithms
is studied in Chapter 4, where we show that level-3 BLAS performance
(Section 2.3.4) can reduce CPU times by nearly an order of magnitude.
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Figure 3.13: On the left the average number of iterations per eigenvalue is
depicted in function of batch size m for three different pole strategies. On the
right the average number of swaps scaled with n? in function of the batch size
m. These are the results for the random problems with two clusters.

3.6 Implicit Q theorem

In this section we prove the following implicit Q theorem for proper Hessenberg
pairs justifying the implicit approach since the result of a rational QZ step is
uniquely determined.

Theorem 3.6.1 (Implicit Q theorem for proper Hessenberg pairs). Let (4, B) be
a regular matriz pair and let Q Q, Z Z be unitary matrices with Q61 = aQel,
lo| =1, such that,

(A,B)=Q"(A,B)Z and (4,B)=Q"(A,B)Z

are both proper Hessenberg pairs having both the same pole tuple = =
(&1y---,&n—1), & € C, with the poles different from the spectrum of the pair.

Then the pairs (A, B) and (fvl, é) are essentially identical, meaning that,
A=D};AD, and B = D;BD,, (3.6)

with Dy and Dy unitary diagonal matrices.

The implicit Q theorem guarantees that the unitary equivalence transformations,
which are applied in the direct reduction to a Hessenberg pair and in a rational
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QZ step are essentially unique. Once the reduction or the rational QZ step is
initiated, the outcome is determined.

The remainder of this section contains all ingredients to prove this theorem.
Various related implicit Q theorems already exist. Mastronardi, Vandebril,
and Van Barel [126] provide one for semiseparable plus diagonal matrices
linked to rational Krylov spaces. Pranic, Mach, and Vandebril [80] formulate a
variant for extended Hessenberg plus diagonal matrices linked to general rational
Krylov subspaces as did Berljafa and Giuttel for (rectangular) Hessenberg pairs
connected with rational Krylov recurrences [11], see Chapter 7.

The proof we provide here significantly differs from the proof in [11], which
relies on direct computations and utilize the invertibility of B to formulate
the theory for the single matrix setting. We make use of the properties of the
associated Krylov matrices, as done by Watkins for the classical case [138] and
which we summarized in Section 2.3. This rational Krylov connection allows
us to easily prove that the rational QZ algorithm performs nested subspace
iteration accelerated by rational functions.

3.6.1 Rational Krylov matrices and subspaces

We define rational Krylov matrices generated by a matrix pair (A, B), a vector
v, and a driving rational function determined by shifts P and poles = in this
section. These rational Krylov matrices span Krylov subspaces, which, for
consistency, we will name rational Krylov subspaces. The description holds for
regular matrix pairs, so the matrices do not need to be of Hessenberg form.

For the aim of a concise notation we introduce two elementary rational matrices
generated from the pair (A, B) with shift o = u/v € C and pole £ = /8 € C:

M(0,€) = (vA—uB)(3A—aB) ", .
N(0.€) = (BA—aB) "\ (vA—puB). '

We assume, throughout the remainder of the text, the shift different from the
pole ¢ # & and since we take inverses, the pole may not be an eigenvalue
& ¢ A. Notice that M(p,€&) and N(p,&) represent an entire class of matrices
generated by parameters that result in the correct shift and pole. These are all
scalar multiples of one another and as the theory remains scale invariant, every
nontrivial representative is fine.

We remark that if the matrices A and B commute, AB = BA, then also

(BA-aB)(vA—uB) = (vA-uB)(BA—aB),
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and consequently M(g,£) = N(p,£). In case B is invertible the following
relations hold,

M(0,6) = WAB™ — ul)(BAB™" — al) ™' = (BAB™! — al)  (wAB™" — ul),

N(o, &)= (BB 'A—al) *(vB™'A—pul) = (vB™*A — ul) (BB~ 1A — o).
(3.8)

This could be helpful to link this analysis to existing theorems of Berljafa &
Guttel [11], and Watkins [138].

The elementary rational matrices are used to define rational Krylov matrices.

Definition 3.6.2 (rational Krylov matrices). Let (A4, B) € C"*" be a regular
matrix pair, v € C" a nonzero vector, = = (£1,...,& 1), & € C, the pole tuple
with the poles different from the spectrum, and P = (p1,. .., 0k-1), 0; € C, the
tuple of shifts distinct from the poles, with £ < n. The corresponding rational
Krylov matrices are defined as:

K[*(A,B,v,Z,P) =

k—1
v, Af(@l,fl)’lh ]\/1(92752)]V[(Q17£1)U, ooy H M(gl,fz)v} s
o (3.9)

Lll;at(A7B7’U7E> P) =

k—1
v, N(Qh§I)U7N(927§2)N(917§1)’U7 ceey H N(Qz7§l)v:| .
i=1

The following properties of the elementary rational matrices are frequently used
in the remainder of the text.

Lemma 3.6.3. The elementary rational matrices (3.7) satisfy:

1. Commutativity: For shifts o, 0 different from the poles f,é,

. . (3.10)
N(0,§) N(0,§) = N(0,€) N(e:€).
II. Repositioning shifts: For shifts o, 0 different from the poles §,«§,
M(0.€) M(8,€) = M(2,€) M(e,€),
(3.11)
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II1. Inverse: If the shift is not an eigenvalue, o ¢ A, and is different from the
pole, 0 # €, then,

M(o,&)~" = M(¢, 0),
N(0,&)"" = N(& o).

IV. Shift invariance: For any nonzero vector v € C", and parameters o, 0 # &,
R(v, M(o,&)v) = R(v, M(9,&)v),

R(”» N(Q, 5)'0) = R(Uv N(@, g)v)

(3.12)

(3.13)

Proof. If B is invertible, properties I and IT of the Lemma follow from (3.8) and
the property that any matrix commutes with its shifted inverse. For singular B
the same result follows from an elementary continuity argument. Property III
is trivial. For property IV, we consider first the case that £ # co. Assuming
0 # o0, it follows from (3.7) that,

M(0.€) = Z(I+ (€~ ) B(A—~EB)™) = I+ (€ — o) M(c0,6),
(3.14)

N(0,&) =T+ (£—0)(A—EB)'B) =1+ (£ — 0) N(,€).

Tb\t Q\

The second part of the equation is considered as an equivalence: both sides
belong to the same class of rational matrices but differ by a finite, nonzero
scalar factor. It is clear that both R(v, M (p,&)v) = R(v, M(c0,§{)v) and
R(v,N(p,&)v) = R(v, N(00,&)v). This equality holds trivially in case g = oo
Consequently, the shift invariance property is satisfied for £ # oo. In case
& = 00, assuming g # 0, (3.7) reads,

M(0,00) = oI — M(0,00), N(p,00) = oI — N(0,00), (3.15)

and the shift invariance also follows for a pole at co as the shift can always be
moved to zero. This is trivial in case g = 0. O

Theorem 3.6.4 (Nested shift invariance). For any nonzero vector v € C", all
shifts o; different from all poles &; for i,j from 1 to k—1, and an alternative
shift ¢ different from all poles, k <mn,

k—1
R <’U7]\/1(Ql7§1 H]\/j Qngl)v> = (’07]\/[(@751)”7“'71_[kf(@vﬁi)”) )

i=1 i=1

k—1
R(’U N(Ql7£1 HN 92751)’”) = (v>N(@7£1)U7'“7HN(é7£i)v
. (3.16)
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Proof. We prove the first relation of (3.16) by induction, the proof for the
second relation proceeds similarly. The case k=1 is trivial, the case k=2 is equal
to the shift invariance property IV of Lemma 3.6.3. Assume now Theorem 3.6.4
holds up to index k and denote this subspace as Uy. We remark that (3.16) also
implies that,

R(v M(o1,&1)v HM 0i&) ) (v M (g1, &)v HM )

(3.17)
for arbitrary shifts g; different from all poles. The subspace U1 is equal to:

k k
uk+1 =R <'U, M<Q17§1)’l)7 LR HM(:ngl)’U) = uk: +R (H M(Qi7£i)v> .
i=1

i=1

By the induction hypothesis, the result holds for U;. We now modify the
additional term in the subspace Uy to prove the result:

U1 = Ui + M0k, &) R (HMgm@)

k—1
=U, +M(5,&) R <H M(Qu&)’”)

i=1

k-2
= Uy + M(0k-1,&) R <M(§, &) ] M(Qu&‘)”)
=1

k-2
=Uy + M(0,&) R <M(@7 1) ] M(Quﬁi)’”)

i=1

k=3
= Uy + M(0k-2,&k) R (M(@, &a)M(0,61) [ [ M(@u&')’”)

i=1

k
=Ur+R <H M (o, §i)”>

i=1

The second equality above applies the shift invariance property IV of
Lemma 3.6.3 to change g; to 9. This is permitted as Hf;ll M(0;,&)v is a
vector in Uy. In the third equality the shifts ¢ and g1 are interchanged
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based on property II of Lemma 3.6.3. The fourth equality again applies the
shift invariance property IV to change gr_1 to 9. This is again permitted:
M(9,&k—1) Hf;f M (0;,&;)v is a vector in Uy, based on the induction hypothesis
and (3.17). This reasoning is continued in the fifth equality where ¢ and oo are
interchanged, until eventually all shifts are changed to ¢ in the final equality. [

We can now define the rational Krylov subspaces as the column spaces of the
rational Krylov matrices from Definition 3.6.2. It follows directly from the
nested shift invariance property of Theorem 3.6.4 that these subspaces are
independent of the choice of P.

Definition 3.6.5 (rational Krylov subspaces). We define the rational Krylov
subspaces K}* and L}, k < n, associated with the regular pair (A4, B) € C"*™,
a vector v € (C”, and pole tuple E = (&1,...,&k—1), assuming the poles different
from the eigenvalues as,

K2%(A, B,v,E) = R(K;*(A, B,v,Z,P)),

(3.18)

LA, B,v,2) = R(L(A, B,v,Z,P)),
where the shift tuple P is freely chosen, assuming all shifts different from all
poles.

The two rational Krylov subspaces reduce to the same subspace if A and B
commute. A special case is when B is equal to the identity matrix. In this
case the definition is in agreement with earlier definitions. The rational Krylov
subspaces satisfy the following elementary properties.

Lemma 3.6.6 (properties of rational Krylov subspaces). The rational Krylov
subspaces K™ and L™ generated from (A,B) € C"*", v € C", and = =
(&1, --,8&n—1), assuming all poles different from the eigenvalues, satisfy the
following properties.
I. They form a sequence of nested subspaces,
Kt C Kyt C... K™ and L7 C Ly C...C L (3.19)

II. For k =1,...,n—1, with the shift ¢ different from all eigenvalues and
poles, and an alternative shift o # o we get:

k-1 k-1
Ki*(A,B,v,Z) = [[ M(a.&) Ki(M(5,8),v) = Ki (M(gx o), [ M(a.&) v) :

i=1 i=1

k—1
Li"(A, B,v,Z) HN i) Ki(N(2,0),v) = Ky, (N(é,é),HN(@,fi) v>7
(3.20)
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which connects rational Krylov subspaces with regular Krylov subspaces.
1. Fork=1,...,n—1, and o ¢ =,
M(:Qk:a gk}) Kzat(Av 37 v, E) g K:Z(zfl (Aa Ba v, E)a

(3.21)
N(ox, &) Li*(A,B,v,E) C L;%(A,B,v,E).

IV. If for any k < n, Ki** = K%, or Li* = L%, the subspaces become
respectively M- or N-invariant.

Proof. The nestedness follows directly from the definition. To prove the second
property we rely on Theorem 3.6.4,

k—1
K (A,B,v,E) =R <u, M(o,&)v,.... [] M(a,&) v)

k—1 k—1 k—1
= [ M) R (H Mg, 0)v, [[ M(3,0)v,..., v>

i=1 i=1 =2

k—1

i=1

The first equality is the definition with P = (9,...,8). The second equality
extracts the last rational term. The third equality applies the nested shift
invariance property of Theorem 3.6.4 to change all shifts & to g. We end up
with a Krylov subspace in the last equality. The result for £! is proven in
a similar way. The third property follows from the second property and the
nestedness of Krylov subspaces, setting o = gx. The fourth property follows
from (3.21) by imposing Kj** = KCj2f, or L' = Li2F, O

We remark that property II states that rational Krylov subspaces are nothing
else than Krylov subspaces whose starting vector is modified by a rational
function determined by the poles =.
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3.6.2 Proper Hessenberg pairs and rational Krylov

In the previous section (A, B) could be any regular pair. Now we’ll see that if
(A, B) is a proper Hessenberg pair, the rational Krylov subspaces and matrices
have a special structure.

Theorem 3.6.7. Let (A, B) € C"*™ be a proper Hessenberg pair having poles
E=(&,...,&n—1) distinct from the eigenvalues. Then for k from 1 to n,

’C,Zat(A7B7elﬂ(51)"'a§k}—l)) :gk7 (322)
while for k from 1 to n—1,

‘C’;at(AaBaela(wi"yfk)) :5]6 (323)

Proof. We prove the results by induction on the subspace dimension. The case
k =1 is trivial for both statements. To prove (3.22), assume the result holds
up to dimension k < n—1,

’Czat(A7 Ba €1, (517 e 75]671)) = gkr'
From the nestedness of rational Krylov subspaces, we have by induction,
5’(} g Icgil(A7 B7 €1, (gla e agk))-

It remains to be shown that ex1 € K2, (A, B, e1, (&1,...,&)). From (3.21)
and the induction hypothesis we deduce,

M(kagk) gk gKZﬁl(A7B7el7(513"'7&6))3 (324)

for o ¢ . Now consider the vector ky = (BxA—arB)ey, with ag/Br = k.
As B A — i B is an upper Hessenberg matrix with a zero in position (k+1, k),
ki € &;. It follows that,

ki1 = Mok, &) ki = (g A—px B) (ByA—aui.B) ™! ki, = (vy A~ B) ex,

is a vector in 41 with kpq1 # 0 and by (3.24), kry1 € K2, This proves the
first result.

In order to prove (3.23), we can start in a similar way. Assume the result holds
up to dimension & < n—12. We get from the nestedness of rational Krylov
subspaces and the induction hypothesis that,

5k g Lfcail(AaBaela (627 .. 7€k+1))'

2For ICZ‘“, k+1 can be as large as n since (3.22) goes up to {x_1. For [,l;cat, k41 is limited
to n—1 as we don’t want to run out of poles.
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From (3.21) and the induction hypothesis we deduce,

N(Qk-‘,—lvfk-‘rl) gk: g ‘Cllrgajl(A7 B7 €1, (§2a e a§k¢+1));

for op+1 ¢ =. To complete the proof, we need to show as before that there
exists a pair of vectors £, £y, with £y € & and £y € Ex11 whose (k+1)st
element (i1 # 0, that are related as,

L1 = N(ok+1,Ek+1) e = (Brr1A—ar1B)  (vpp1A—pg+1B) €, (3.25)

An explicit construction is not possible in this case. Nonetheless, by (3.25) we
have that (€x,£r4+1) must satisfy

(Brr1A—ar1B) i1 = (Vi1 A—pr1 B) L.

From properties I and IT of Lemma 3.2.2; we have that the matrix Sx11A—ayk41 B
is an upper Hessenberg matrix that admits a block upper triangular partition
with a leading block of size (k-+1)x(k+1), while the matrix vx11 A4 — k1B
is a proper upper Hessenberg matrix since the shift gy is different from all
the poles. Observe that all vectors £ € &, would lead to a vector €1 with
element ¢;1 = 0 if and only if the first & columns of (By+1A—ag+1B) would
span the same subspace as the first & columns of (vg41A—pg+1B). It follows
from property IIT and IV of Lemma 3.2.2 that this cannot be true. We conclude
that a valid pair (£, €x+1) must exist. O

A direct corollary of the theorem considers the structure of rational Krylov
matrices generated from proper Hessenberg pairs.

Corollary 3.6.8. Let (A, B) € C**™ be a proper Hessenberg pair with poles
E=(&,...,&—1) different from the eigenvalues of (A, B) and let (01, ..., 0n-1)
be a shift tuple different from the poles. Then, for k from 1 to n,

Kl:at(A7B7el7 (517 B aé-kfl)a (le DN Qk*l))a

and, for k from 1 to n—1,

Lzat(A7B7617 (52’ s 7£/€)7 (927 R Qk))a

are upper triangular matrices with non-vanishing diagonal elements.

3.6.3 Proof of the implicit Q theorem

We are ready to prove Theorem 3.6.1.
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Proof. Choose a tuple of n—1 shifts P different from the poles =. Corollary 3.6.8
states that K™ (A, B,e;,Z,P) and K™ (A, B, e;, =, P) are nxn nonsingular
upper triangular matrices. The elementary rational matrix M(p,§) is
transformed via Q and Q to:

M(0,8) = Q" M(0,€)Q and M(o,&) = Q"M (0,8)Q.

It follows that,
Q Kfzat(‘av év €1, Ev P)

Q[e M(o1,61) er (HMMZ) ]

n—1
Q [61 Q" M(a1,6)Qer ... Q <H M(Qufi)) Q 61]

i=1

[‘h M(o1,&1) a1 - (H M(oi, & ) 1

n—1
o [ql M(thl . <HM ngz ) ]

= 0Q K™ (A, B, ey, 2, P).

Since the upper triangular matrices K**' are nonsingular, the uniqueness of
the QR factorization, stated in Lemma 2.3.3, implies the existence of a unitary
diagonal matrix D; such that Q = QD;.

It remains to prove that a similar relation holds for the matrices Z and Z.
Let us first prove that Z and Z also share a first column up to unimodular
scaling. From the relations (ﬁlﬁ—alé) = Q*(ﬁlA—alB)Z and (ﬁljzl—alé) =
Q*(B1A—a1B)Z, with & = oy /f1, it follows that,

2 = Ze, = (1A—a1 B)'Q(B1A — a1 B)ey,
(3.26)

~

Ze| = (51141*041]3)71&?(511;1 - alé)el

Z

SinceAboth (ﬂlvfl — alé)el and (51/1 - alé)el reduce to a scalar multiple of e;
and Qe; = oQe; we get 2 = §21. Using Corollary 3.6.8 and similar reasoning
as before, it is shown that the following two QR factorizations are equal,

ZL;ajl(A7 B7 €1, Esy Ps) = 5-2-[/;&31(14, B, €, ES, Ps)7
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with 2y = (&,...,&.-1) and Py = (02,...,0n—1). In this case the L,_;
matrices are of size nxn—1. Uniqueness of the QR factorization implies essential
uniqueness of the first n—1 columns of Z and Z. Nonetheless also the last
column of Z and Z are essentially the same as they are orthogonal to the
first n—1 columns. We conclude that Z = ZD,, with D a unitary diagonal
matrix. U

When the Hessenberg pair is not proper, uniqueness can only be guaranteed up
to the pole that causes the problem. This is similar to the Hessenberg case. In
practice this is in fact good news as a breakdown signals a deflation.

3.7 Implicit rational subspace iteration

Francis’ QR algorithm [39, 40] effects nested subspace iteration with a
change of coordinate system accelerated by polynomial Krylov subspaces, see
Theorem 2.3.6. Theorem 2.3.8 showed that the convergence behaviour of the
QZ method is also determined by polynomials. This result is generalized in this
section for the rational QZ method.

We first give a result which relates the invariant subspaces of the elementary
rational matrices (3.7) to the deflating subspaces of (A, B). This might help the
reader to gain more insight in the convergence result. The following lemma is
useful in the proof of the next theorem. It makes use of the Hermitian conjugate
of a subspace which is characterized as v* € §* if and only if v € S.

Lemma 3.7.1. Let (A, B) be a regular matriz pair, u,v,«, 8 € C such that
uB # av, and S C C". Then,

(BA—aB)S+ (vA—uB)S = AS + BS
S*(BA—aB)+S*(vA—uB)=8*A+S8*B

Proof. We prove the first result for a right subspace, the proof of the second
result is similar. We clearly have that,

(BA—aB)S + (vA — uB)S C AS + BS,
because for s1, 85 € S we have:
(BA—aB)s; + (VA — uB)ss = A(8s1 + vs2) + B(—asy — uss) € AS + BS.
On the other hand, x € AS + BS satisfies,

2=[A Bl [g}
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[e3

for some y,z € §. Consider the invertible matrix T = [ B —Vu]’ which yields:

z=[A B|(ToI)(T"'®I) [‘ﬂ = [BA—aB vA—puB] [g],
with §,2 € S. O

The following theorem extends [72, Theorem 1.6.5].

Theorem 3.7.2. Let (A, B) be a regular matriz pair, M (0,&) and N(o,&) be
two elementary rational matrices generated by (A, B) with o # £ and £ ¢ A
according to (3.7). Then,

1. A subspace Y is right-invariant under N(o,&) if and only if Y is a right-
deflating subspace for (A, B).

II. A subspace X* is left-invariant under M(o,&) if and only if X* is a
left-deflating subspace for (A, B).

Proof. We prove only the first statement; the second one is similar. It follows
from Lemma 3.7.1 that for S C C",

dim(AS+BS) = dim((BA—aB)S+(vA—uB)S) = dim(S+N(p,€)S), (3.27)

with o = p/v, € =a/8 ¢ A. Assume S is a right-deflating subspace for (A, B).
According to (2.10) this implies dim(AS + BS) < dim(S), such that also
dim(S + N(p,£)S) < dim(S) by (3.27). The latter implies that N(p,&)S C S,
i.e. § is a right-invariant subspace of N (g, &). Conversely, if S is a right-invariant
subspace of N(p,&) it follows that dim(S + N(g,&)S) = dim(S), from (3.27)
and (2.10) we get that S is also a right-deflating subspace of (A, B). O

We are now ready to study the subspace iteration of the RQZ method. Starting
with a proper Hessenberg pair (A, B) with = = (&1,...,£,—_1), a single iteration
of the rational QZ method with shift p and new pole én_l results in a new
proper Hessenberg pair,

(A’é) =Q" (A’B) Z,

with £ = (€2, En—1, én_l). This equivalence transformation simultaneously
performs two similarity transformations on the matrices,
M(0.6)=Q" M(0,§)Q and  N(0,6)=2Z"N(¢,6)Z, (3.28)

for all o and &.

The following theorem formalizes the convergence behavior of the RQZ method.
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Theorem 3.7.3. Consider a single RQZ step (121, é) = Q* (A, B) Z, with shift o,
pole tuple = = (&1, ...,&€q—1) prior to the RQZ step, and == (T S én_l)
afterwards. Assume all poles different from the eigenvalues, and the shift o
different from all eigenvalues and poles. For k =1,...,n—1, this effects subspace
iteration driven by M (o,&) and N(o,&k+1), we get:

RQ(G,1: k) = M(o, &) &,  and  R(Z(:;,1: k)) = N(0,&k+1) Ek,
(3.29)
with &, = &u_1. The change of coordinate system maps both R(Q(:,1:k)) and
R(Z(:,1:k)) back to .

Proof. We make use of the result from Lemma 3.6.3, Lemma 3.6.6, Theo-
rem 3.6.7, (3.28) and g1 = yM (0,&1) e1 by (3.2). We get,

RQ(,1: k) = Q& = QKI™(A, B, e, 2)

K
= Q HM(Q7 52) : K:k(M(é7 Q)ael)
i=2
k
=[[M(e. &) - Kn(M(3, 0), Qer)
i=2
k
= [[ M(e. &) - Kn(M(5,0), M(0,&1)er)
i=2

k—1
= M(0,&) [ M(0,&) - Ki(M(8, 0), 1)
=1

= M(o,&) &

The second equality uses Theorem 3.6.7. The third equality applies part II of
Lemma 3.6.6. The fourth equality relies on (3.28) to change from M to M.
The fifth equality uses the expression for qi, the sixth uses the commutativity
property, and the last equality again applies Lemma 3.6.6 and Theorem 3.6.7.

The second result follows a similar reasoning. The only difference is the relation
between z; and e;. Starting from the same argument as in (3.26) we get, for
some constants v, and 7,

21 = Y(BeA—a2B) 'q1 = ¥ (BeA—aB) ' M(0,&1) e1 = 7 N(o,&) 1.
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A single shifted RQZ step will execute a QR step with shift ¢ on the entire
space simultaneously with RQ steps having shifts & on selected subspaces. The
shift o is rapidly moving from top to bottom and thus affects all subspaces.
The poles on the other hand are slowly moving upwards, one row during each
step, and as such do not act on all subspaces in a single RQZ step. The shifts
will rapidly initiate convergence at the bottom, the poles slowly push converged
eigenvalues to the top. This is an explanation for why, in the classical QZ
algorithm, the zero eigenvalues in B appear at the top: they are pushed there
by the poles at infinity [137]. Moreover, it is also clear from the analysis that
picking a shift equal to a pole will lead to cancellation in some of the factors
thereby slowing down convergence.

Note that in the formulation of Theorem 3.7.3 the shift and poles are assumed
to be different from the eigenvalues of the matrix pair. This is imposed to
ensure that the required inverses exist. However, in practical implementations,
these parameters will typically converge towards an eigenvalue. This is in fact
a desirable situation as it will lead to deflations as we will show in Section 3.8.

In the QZ algorithm [83], all poles are at co and the two driving functions reduce
to M(p,00) and N(p,00) which is equivalent to AB~! — oI and B~'A — oI,
cfr. Theorem 2.3.8. This connection also explains why we assumed B invertible
in Theorem 2.3.7 and Theorem 2.3.8. A proper Hessenberg pair in Hessenberg,
triangular form has all poles at co and as the poles are required to be different
from the eigenvalues for our theory to hold, B should be nonsingular.

In the RQZ method, the poles can be chosen freely and as such they can be
utilized to influence the convergence of the method as was illustrated in the
numerical experiments of Sections 3.4.2 and 3.5.3. Note that, as the poles only
shift one row up during every RQZ step, it takes n—1 iterations before a pole
has moved from the bottom to the top and has influenced all vectors in the
subspace iteration.

A more modular convergence analysis for pole swapping algorithms is included
in [16]. In this paper, the subspace iteration that is executed by a single swap
is studied based on Theorem 3.6.7. Furthermore, it is shown how these mini-
iterations can be combined to prove Theorem 3.7.3 for the RQZ method and,
more general, how similar results can be deduced for any pole swapping method,
e.g. a reverse RQZ step where a shift is swapped from the bottom to the top of
the pencil.
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3.7.1 An example of a rational filter

To further clarify the result of Theorem 3.7.3 consider the simplified case where
all the poles of the Hessenberg pair are equal to same value £ different from the
eigenvalues of (A, B). Assume that the RQZ algorithm is applied s times on
this proper Hessenberg pair with the same shift g. At the end of each RQZ step
the last pole is again restored to &. Then the subspace iterations, as considered
from the initial pair, are given by,

Q : gk — M(Q, f)sgk, and Z: Ek — N(Q, f)sgk.

Denote ¢(z) = (z — 0)/(z — &) and let Aq,..., A, be the eigenvalues of the pair
(4, B), so that g();)? is the rational filter that is implicitly applied during these
s iterations to \;. Assume the eigenvalues are ordered such that,

|Q(A1)S| S |q()‘2)s‘ S .. S |q()‘n—1)s| S |q(>\n)5|7

then the convergence factor of an eigenvalue at the end of the Hessenberg pencil
is given by |g(A1)?]/|¢(A2)?], while the convergence factor at the top of the
Hessenberg pencil is given by |¢(An—1)%|/|¢(An)?|. As such, a good choice of
both poles and shifts can accelerate convergence and lead to deflations.

As a concrete example consider a problem of size 11 with eigenvalues located
on the unit circle in the complex plane. Figure 3.14 shows the absolute value of
the rational filter after s=2 iterations for two different choices for the rational
function ¢. Pane (a) shows the filter, g (2)?, with shift o = —0.95 and all the
poles at co. This situation corresponds to the QZ method applied twice with
the same shift to a Hessenberg, triangular pair. The shift o is located close to
the eigenvalue A\;j= — 1 such that |gs (A\1)?| = 2.5- 1072 is the minimal value
of the filter over all eigenvalues. The convergence factor of A\; at the end of
the pencil is approximately 8.22 - 1073. At the top of the pencil there is no
convergence in this case as |¢(\,_1)?|/|¢(A\n)?| = 1. Pane (b) shows the same
experiment but this time the poles are located at £ = 0.1+1¢ which is in the
vicinity of another eigenvalue. This situation corresponds to the RQZ method
applied twice with the same shift to a Hessenberg pair with 2 = (&, ...,&). The
rational filter, g¢(2)?, leads to a convergence factor of A; at the end of the pencil
of approximately 1.21 - 10~2. The convergence of \; at the end of the pencil is
slower with qf compared to g2 . However, qg will also lead to convergence at the
top of the pencil as the convergence factor is |g(An—1)?|/|g(\n)?| =~ 7.46 - 1073.
We observe that using g¢ leads to convergence of another eigenvalue, where ¢
does not.

It is clear that both the shifts and the poles can accelerate the convergence but
they do influence each other.
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Re(2)
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(a) Filter with £ = co (b) Filter with £ =0.1+ 14

Figure 3.14: Logarithm of the absolute value of the rational filter, |g()\;)%],
after s = 2 iterations with ¢ = —0.95, and & either at oo or at 0.1 4+ 1i. The
eigenvalues \; are shown with circles, the shift o is indicated with a star, the
pole with a pentagon. Darker regions agree with convergence at the end of the
pencil and lighter regions with convergence at the top of the pencil.

When the shifts are changed in every iteration and the poles of the Hessenberg
pair are not the same then the filter ¢ becomes dependent on the index k and
will be a product of terms with different shifts,

S

(V) = [T — 0/ (x— &), (3.30)

=1

with {,(:) the pole at iteration ¢ in position k (or k+1) for @ (or Z) as shown in
Theorem 3.7.3.

Provided a good choice of shifts and poles is made during repeated application
of the RQZ algorithm the pair (A4, B) will converge to a pair of upper triangular
matrices.

3.8 Perfect shifts in rational QZ

The previous section studied the convergence of the rational QZ method by
exploiting the connection with rational Krylov to analyze the underlying
subspace iteration. In this section, we take a different approach and show
that if we have a shift p at our disposal that is an exact eigenvalue of the proper
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Hessenberg pencil, then a single rational QZ step deflates it. This result is
related to recent work on perfect shifts in the QR method [82].

We remark that, unlike the results in Sections 3.6 and 3.7, Theorem 3.8.1 does
not assume the shift and poles to be different from the eigenvalues.

Theorem 3.8.1. Let A — AB be an nxn proper Hessenberg pencil with pole
tuple 2 = (&1,...,&n—1), where the poles are not necessarily distinct from the
eigenvalues. Furthermore, let p € C be an eigenvalue of A — \B with o ¢ =.
Then we have that a rational QZ step with shift o on A— \B leads to a deflation
in the last row in exact arithmetic.

Proof. Consider H = [hy,...,h,] := A — oB which is a proper Hessenberg
matriz since hi41, # 0 for i = 1,...n—1 as o ¢ E. H is also singular
as det(A — oB) = 0 by assumption. It follows from the properness of the
Hessenberg structure in H that the subspace generated by its n — 1 first
columns, R (h1,...,h,_1), is of maximal dimension n — 1. In combination with
the singularity, it is clear that the following property is satisfied:

By € R(hy, ... hy_1). (3.31)

The first step in the rational QZ method is to introduce the shift o in A — A\B
by rotating the first two rows of the pencil with an appropriate rotation Q7.o.
This is always possible thanks to the properness of the pencil. The subscript in
the equivalence transformations indicates on which rows or columns they act.
We get,

A - )‘B = QI2(A - )‘B)7

such that £ = (o, ST S 1). Merely rotating the first two rows does not affect
the properness, so A—\Bisstill a proper Hessenberg pencil. The Hessenberg
matrix H := A — QB is however no longer proper as hz 1 = 0. Nonetheless,
(3.31) is preserved for H:

hyn € R(hy,... hn_1), (3.32)

as the column spaces clearly do not change under the transition from H to H.

The second step in the rational QZ method is to swap o to position n,n — 1.
This is done by an equivalence,

A - )\B = an(A - AB)Zlinfl’

such that A — AB is a Hessenberg pencil with = = (&2, &n—1,0). We will
now show that this pencil cannot be proper. Denote H := A- QB which is a
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Hessenberg matrix with h, ,_1 = 0. Property (3.31) for H and (3.32) for I
still holds in a similar fashion for H:

v

hn € Ry, .. 1), (3.33)

because (3., does not change the column spaces and Z;.,—1 is an invertible
transformation on the first n — 1 columns such that,

v v A A~

Rk, ... hp1) =R(h1,... hn_1) =R(h1,... hu_1).

Combining (3.33) and iln,nq = 0 directly implies that also ﬁnn = 0 by the
Hessenberg structure of H. This in turn means that A — AB is deflatable in its
last row. ]

Remark 3.8.2. Theorem 3.8.1 does not hold in floating point arithmetic as the
effect of shift blurring may cause h, ,—1 # 0. It cannot be guaranteed that a
single iteration will suffice.

Remark 3.8.3. We point out that Theorem 3.8.1 holds in a similar fashion
for a perfect pole. If we introduce an eigenvalue as a pole at the end of the
subdiagonal, it will cause a deflation in the first columns of A — AB once it has
been swapped to the first subdiagonal position. This under the assumptions
that the pole is not yet present in = and that all operations are carried out in
exact arithmetic.

3.9 Conclusion

In this chapter we proposed a rational QZ algorithm for the numerical solution
of the dense, unsymmetric, generalized eigenvalue problem. The new algorithm
operates on matrix pairs in Hessenberg, Hessenberg form rather than the
Hessenberg, triangular form used in the classical QZ method. Hessenberg pairs
link to rational Krylov and the associated poles are encoded in the subdiagonal
elements of both Hessenberg matrices. We presented a backward stable algorithm
to compute the swapping transformations. A direct reduction method of a
regular matrix pair to Hessenberg, Hessenberg form was proposed. Moreover,
we have demonstrated that a good choice of poles can lead to premature middle
deflations during the reduction phase. The iterative rational QZ algorithm
differs from the classical QZ algorithm in the sense that also poles can be
introduced in each QZ step. Numerical experiments confirm that a good choice
of poles allows the RQZ method to outperform the QZ algorithm by reducing
the number of iterations per eigenvalue. The implicit chasing technique is
justified by an implicit Q theorem, which is proved in a novel manner operating
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directly on the matrix pair and exploiting the connections with rational Krylov.
Our theoretical analysis revealed that an RQZ iteration implicitly performs
nested subspace iteration accelerated by rational functions. Finally, we proved
an exactness result which shows that the RQZ method deflates a perfect shift
in a single iteration.



Chapter 4

A multishift, multipole
rational QZ method with
aggressive early deflation

This chapter is based on [18]:

Camps D., MEERBERGEN K., AND VANDEBRIL R. A multishift,
multipole rational QZ method with aggressive early deflation. (2019)
Submitted.

Part of Section 4.4 is based on [17]:

Camps D., MASTRONARDI N.,; VANDEBRIL R., AND VAN DOOREN P.
Swapping 2 x 2 blocks in the Schur and generalized Schur form. (2019)
Accepted for publication in J. Comput. Appl. Math.

4.1 Introduction

The rational QZ method that we presented in the previous chapter is useful
to solve the unsymmetric generalized eigenvalue problem defined by a pair of
matrices A, B € F»*" F € {C,R}. The method acts on pencils in Hessenberg,

83
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Hessenberg form instead of the Hessenberg, triangular form used in the QZ
method. It relies on pole swapping instead of bulge chasing.

Both the single shift RQZ method and the RQZ method with tightly-packed
shifts, as formulated in the previous chapter, are applicable to real- and
complex-valued pencils. However it requires complex arithmetic for real-valued
pencils having complex conjugate eigenvalues. The RQZ method computes the
generalized Schur form (2.12) of (A, B) and not the real generalized Schur form
(2.13).

In the current chapter we introduce the multishift, multipole RQZ method which
acts on pencils in block Hessenberg form. The main benefit of using shifts and
poles of higher multiplicity is that complex conjugate pairs of shifts and poles
can be represented in real arithmetic for real-valued pencils.

This is similar to the well-known implicit double-shift QR step introduced by
Francis [40] and the double-shift QZ step [83] we discussed in Chapter 2. The
focus of this chapter is thus on the case F = R. The multishift, multipole
RQZ method no longer converges to the triangular, triangular pencil of the
generalized Schur form (2.12). Instead, for A, B € R™*" it will converge to the
generalized real Schur form (2.13).

The remainder of this chapter consists of two parts. Sections 4.2 and 4.3 make up
the theoretical part. In Section 4.2, we study matrix pencils in block Hessenberg
form. We extend the definition of properness to block Hessenberg pencils, and
define their pole pencil and pole tuple. We show how the pole tuple can be
altered by changing pole blocks at the edge of the pencil and by swapping
neighboring pole blocks. The multishift, multipole RQZ step follows directly
from this discussion. Section 4.3 extends the implicit Q theorem for Hessenberg
pencils (Theorem 3.6.1) to block Hessenberg pencils and briefly discusses the
convergence behaviour of the multishift, multipole method.

In the second part of the chapter, we follow a more practical approach and
discuss how a multishift, multipole RQZ method can be implemented in finite
precision arithmetic. The QR method suffers from a degraded performance
when moderate to large shift multiplicities are used. Watkins [135] studied this
phenomenon and demonstrated that shifts become blurred during a QR iteration
of higher shift multiplicity. This severely decreases the effectiveness of the shifts.
For the QR method, this issue is mitigated in the small bulge multishift variant
introduced by Braman, Byers & Mathias [14]. This approach is extended to the
QZ method by Kagstrom & Kressner [58]. In Section 4.4, we demonstrate that
the multishift, multipole RQZ method is also prone to numerical issues when
shifts and poles of moderate to large multiplicities are used. To overcome the
numerical difficulties, we propose a multishift, multipole RQZ method that uses
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tightly-packed, small blocks. Specifically, blocks of dimension 2x2 for complex
conjugate shifts and poles in real pencils and of dimension 1x1 for real shifts
and poles in real pencils and in complex pencils. In Section 4.4, we pay special
attention to the backward stability of the swapping operations that are required
in the algorithm.

The last tool we adapt from recent improvements to the QR [15] and QZ
[58] methods to the RQZ method is the use of advanced deflation strategies.
Specifically we implement the aggressive early deflation technique during the
RQZ iteration in order to obtain level-3 BLAS performance. This is discussed
in Section 4.5.

The resulting methods are implemented as part of the Fortran package 1ibRQZ
which is made publicly available at numa.cs.kuleuven.be/software/rqz.
Section 4.6 illustrates the performance of 1ibRQZ with some numerical
experiments. We conclude the chapter in Section 4.7.

4.2 Block Hessenberg pencils

In the first part of this section we define block Hessenberg matrices and pencils
and study their characteristics. The second part of this section uses the rational
Krylov theory from Section 3.6 to prove that rational Krylov spaces generated
from block Hessenberg pencils have a block structure. The third and last part
of this section describes two relevant operations on a block Hessenberg pencil.

4.2.1 Definitions and elementary results

We first define a block upper triangular matrix and the notation we will use for
it.

Definition 4.2.1. A matrix R € F"*" is called a block upper triangular matrix

with block partition s = (s1,...,8m), $1+...+8, = n, if it admits the form,
Ry Rz ... Rim
R22 Ce RQm
Rmnb

with block R of size s;xsj, for 1 < j < k < m. The vector s defines the sizes
of the blocks and is called the partition vector. For the sake of clarity, the block
partition can be explicitly denoted as R, ... s,.) or Rs.

.....
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A special case of a block upper triangular matrix is a block diagonal matrix Dg
in which all off-diagonal blocks are zero:

Dy

Do
D, = . . (4.2)

Dmm

We sometimes use the notation Dgs = diag(D11, Daa, ..., Dimm) for block
diagonal matrices. Further note that if R is a nonsingular block upper triangular
matrix, Ry = R ! is also a block upper triangular matrix with an identical
block partition s.

Next we define a block upper Hessenberg matrix based on the definition of a
block upper triangular matrix.

Definition 4.2.2. A matrix H € F"*" is called a block upper Hessenberg
matrix with block partition s = (s1,...,8m), S1+...+8m = n—1, if it admits
the form,
hl, h
) 4.3
. {Hm ha (43)

with Ha; an (n—1)x(n—1) block upper triangular matrix with block partition
s, h11 and hosy vectors of length n—1 and hio a scalar.

Definition 4.2.2 is now extended in an evident manner for matrix pencils. In
addition to that, we also introduce the notion of the pole pencil and the pole
tuple of a block Hessenberg pencil.

Definition 4.2.3. The nxn matrix pencil (A, B) is called a block upper
Hessenberg pencil with block partition s = (s1,..., $y) if both A and B are
block upper Hessenberg matrices with a coinciding block partition,

aly a bl b
A= |11 12 B= |t ' 4.4
[Am az|’ Ba1 baa|’ (44)

and if As;, Bay (n—1)x(n—1) are both block upper triangular matrices having
block partition s = (s1, ..., S ). The block upper triangular pencil (As1, Ba1)
in (4.4) is called the pole pencil of (A, B). If the pole pencil is regular, the poles
E(A, B) are defined as the eigenvalues of the pole pencil, A(Aa1, Bo). Since
(A21, B21) admits the partition s = (s1,...,Sn,), the pole tuple,

E(AvB) = A(A21aB21) = (Elv s vEm) = ({5%7 s 7521}3 ) {5177,7 s 7527,1})’
(4.5)
admits the same partition. This imposes no specific ordering of the poles within
a block but the mutual blocks are ordered.
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The previous definitions are illustrated in more detail in the next example.

Example 4.2.4. The nxn matrices A, B form a block Hessenberg pencil with

partition vector s = (s1,..., Sm), if they can be partitioned as:
T T T T T T
ay, Qiz .- aym a1,m+1 bin bip .. bim b1m+1
Ay Ao ... Asp as m+1 Bsy1 By ... By bams1
A372 cee AB,m a3z m+1 s BB,? s BSJn b3,m+1 s (46)
AnH»Lm, am+1,rn,+1 BrrH»l,m, bm,+1,m,+1

with all subdiagonal blocks A;1 ;, Bjy1,; of size s;xs; (square) and s; + ...+
sm = n—1. As a specific example, the pencil (A, B) is a 9x9 block upper
Hessenberg pencil with block partition s = (2,1, 3, 2) if it has the form:

r-—-——~>"rr~-"T~-=-=-=7=7 Tif*frfﬁ r-—=>-~"r-1-=-=7=7=7="7 (****r**
' X XX EX XXX x:1><1: ' X XXX X XX ><|1><1‘;
X X IX X X XX X|xi X XIXiX X XX X|Xi
XXXXXXXXlJ XXXXXXXXL
X X X X X X{X! X X X XX X|x!
SRR o rl N R R

X X XX XIx,| X X XixX X|x,

X X Xix xX|x| X X XX x|x

B VRV BV I B PRI

X X 7><73 X X 7><73

The shaded part of the matrices is the pole pencil which is clearly in block
upper triangular form with partition s = (2,1, 3,2). The pole tuple is in this
case given by,

E(AaB) = (El = {5%75% ) =2 = {5%}, g3 = {g?afgvfg}a gt= {5%753})

We remark that a given block Hessenberg pencil can admit more than
one partition. If (A4, B) is a block Hessenberg pencil with partition s =
(S1y. vy SkySktls---,Sm), it also admits the partition § = (s1,...,s8, +
Sk+1,---58m). Consecutive blocks can be grouped together. Similarly, every
nxn pencil (A, B) can be considered a block Hessenberg pencil with the trivial
partition (n—1). We say that s™®* = (s1,..., S;,) is the mazimal partition of a
block Hessenberg pencil if none of its blocks can be split into smaller blocks.
For example, a Hessenberg pencil has maximal partition s™** = (1,1,...,1),
but admits any other partition. The cumulative partition vector s¢ of a block
Hessenberg pencil with partition s = (s1,...,8m,), is defined as:

m
sC:(sl,sl—l—sQ,...,Zsi:n—l). (4.7
i=1
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The last definition we generalize from the Hessenberg pencils of the RQZ method
to the block Hessenberg pencils for the multishift, multipole RQZ method is the
concept of properness or irreductbility. Properness of the pencil guarantees that
there are no obvious options for deflations that split the problem into smaller,
independent problems.

Definition 4.2.5. An nxn block upper Hessenberg pair (A, B) with partition

s = (s1,...,8m) is said to be proper (or irreducible) if:

I. Its pole pencil is regular,

II. The first block column of A — AB of size (s1+1)xs1,

{afl — Ab{l}
As1 —ABy1|’

does not have a zero according to Definition 2.1.5,

III. The last block row of (A, B) of size s, X (sm,+1),

[Am+17m - )\Berl,m am+17m+1 - )\bm+1,m+1] 3

does not have a zero according to Definition 2.1.5.

We remark that condition III is the same as condition II for the pertransposed
pencil. Furthermore observe that if (A, B) is a Hessenberg pair then the
conditions of Definition 4.2.5 reduce to the same conditions as Definition 3.2.1.
Conditions IT also ensures that property IV of Lemma 3.2.2 is satisfied within
the first block column. We illustrate the notion of (im)properness of a block
Hessenberg pencil on a small example to clarify Definition 4.2.5.

Example 4.2.6. Consider the 4x4 real-valued block Hessenberg pencil (A, B)
with maximal partition (2,1) given by:

-0.3 0075 05 025 -0.15 —-0.6 0.15 -1.5
0.395 0.52 —0.35 2 0.16 0.94 -5 1.35 (4.8)
—-0.14 086 135 —-0.8]" -0.12 -0.08 -24 -1 '

1 0.85 0.2 1.8

Condition I of Definition 4.2.5 is satisfied, the pole pencil is regular and the
pole tuple of (A4, B) is given by:

= = ({1.5 +i\/15/8, 1.5 — i\/15/8},5). (4.9)

The 2x2 block thus contains a pair of complex conjugate poles. Condition III of
Definition 4.2.5 is also satisfied. For the last block row of (A, B), we clearly have
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that R([1 0.85]) # R([0.2 1.8]). Notice that this implies that we cannot
simultaneously create a zero in position (4,3) of both A and B by rotating the
last two columns. The block Hessenberg pencil (4.8) is however improper since
Condition IT of Definition 4.2.5 is violated. We have that R(a;) # R(b1), but
R(ai,a2) = R(b1,bs). If we compute an orthonormal basis Q; of R(a1, as) and
extend this upto an orthonormal matrix Q@ = [Q1  g], then (A,B) = QT (A, B)
has zero elements in positions (3,1) and (3,2). This deflates the complex
conjugate pair of poles in (4.9) as eigenvalues of the pencil.

The next lemma shows that any proper block Hessenberg pair can be transformed
to a proper Hessenberg pair with the same poles.

Lemma 4.2.7. Given an nxn proper block Hessenberg pair (A, B) with
partition s = (81,...,8m) and accordingly partitioned poles Z(A, B). Then
there exist nxn unitary block diagonal matrices @, Z,

Q = diag(1,Q1,...,Qm) and 7Z = diag(Zy, ..., Zm, 1), (4.10)

with Q;, Z; unitary matrices of size sjxs;j, such that (A,E) = Q*(A,B)Z
is a proper Hessenberg pair according to Definition 3.2.1 with poles = =
(m1 (Y, ..., mm(E™)). Here, m;(E7) is a permutation of &, ... ,Qj.

Proof. Since (A, B) is a proper block Hessenberg pencil, the pole pencil is
regular and any Schur decomposition of it reduces the block Hessenberg pair
to a Hessenberg pair with the same pole tuple as the block Hessenberg pencil.
The order of the poles in the Hessenberg pair is, however, dependent on the
Schur decomposition.

Moreover, since the pole pencil is a block upper triangular pencil with m
blocks, m independent Schur decompositions can be combined as in (4.10). The
pole tuple of the Hessenberg pencil is in this case clearly as described: the
poles of the different blocks remain mutually ordered, but within a block any
order, or permutation 7;, of the poles is permissible. It remains to verify that
conditions II and III of Definition 4.2.5 are preserved under this transformation.
Denote Q = diag(Qy, ..., Q) and Z = diag(Zy, ..., Z,), with Q;, Z; as in
(4.10). Then,

N % . A af, «a . 5 al, 7 a
A=Q"AZ = diag(1,Q") [ A a;j] diag(Z,1) = [@*34121 5 Q*;;]
. . . Ao BT b . bl Z b
B=Q"BZ = dlag(l,Q ) |:Bl211 b;z:| dlag(Z, 1) = [Q*-lBl21Z Q*lb222:| :
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The first block column of (A, B) is equal to,

(G D=1 el (5] [5a]) »
As1] " | Baa As1| 7 | B2

The left and right multiplication of the first block column of (A, B) with unitary
matrices clearly preserves condition II of Definition 4.2.5. Also condition III is
preserved under the equivalence transformation of (4.10). This directly implies
that the resulting Hessenberg pair is also proper according to Definition 3.2.1. [

We remark that since a real-valued block Hessenberg pencil can have complex
conjugate pairs of poles, its proper Hessenberg form of Lemma 4.2.7 will be
complex-valued.

4.2.2 Rational Krylov and block Hessenberg pencils

In this section we study the structure of rational Krylov subspaces generated
by proper block Hessenberg matrices. These results are useful for the analysis
of the pole introduction operation introduced in Section 4.2.3 and to study
uniqueness of a multishift, multipole RQZ step in Section 4.3.

We use the same notational conventions as in Chapter 3 and rely on the
elementary rational matrices M (g, &) and N(p,£) of (3.7) to simplify notation.
We will often use the properties of Lemma 3.6.3. One additional useful property
is the merging of two rational matrices into one:

M(o,&1)M(&1,62) = M(o,&2),
N(0,&1)N(&1,82) = N(o,&2),

which is possible when there is a pole equal to a shift.

(4.11)

The following theorem is a block generalization of Theorem 3.6.7 and shows
that the rational Krylov subspaces K™' and L' have a specific structure if
they are generated from a proper block Hessenberg pair.

Theorem 4.2.8. Given an nxn proper block Hessenberg pair (A, B) with
partition 8 = (81, ..., Sm), cumulative partition s¢, poles = = (Z,...,E™)
with 2 = {5{,{;} that are all different from the eigenvalues. Then for
j=0,1,....m

’Crg’_i_l(A B 61,(E ,...7Ej)):55§+1, (412)

with s§ =0. While forj=1,...,m,
LP(A Bz, (B 2%, F)) = &, (4.13)



BLOCK HESSENBERG PENCILS 91

with 2 = {&,...,&, 1}, and z the right eigenvector of the pole pencil

corresponding with pole f;l. Here 5;1 can be any of the poles in ='.

Proof. We rely on the transformation (/i 3) Q*(A, B)Z from proper block
Hessenberg pencil (4, B) to proper Hessenberg pencil (A, B) as defined in
Lemma 4.2.7. Denote with & = (&;,...,£,—1) the pole tuple of the proper
Hessenberg pair (fl E) after renumbering. Note that, by construction, in (4.10),
g1 = e; and denote M(Q, &) = Q"M (p,£)Q as the elementary rational matrix
(3.7) in terms of (A, B). Further we apply Theorem 3.6.7 to (A, B) such that
for k from 1 to n,

£ = K (A, Ber, (61, &) = [] 412,60 - Ku(01(8,9) )

=Q [[ M(6.&)-Ki(M(3,0), q1) = QK (A, B,ex, (&1, -, &—1))-

Multiplying both sides of this equation with @ and using that (4.10) implies
that Q& = & for k € {1,s§ +1,...,s5, + 1 =n}, proves the first part of the
theorem. The second part of the theorem can be proven in an analogous manner.
Denote N (0,§) = Z*N(0,€)Z as the second elementary rational matrix (3.7) in
terms of (A, B) and apply again Theorem 3.6.7 to (A, B) such that for k from
1 ton—1,

k
gk:‘c;;:at(jzhgael)(g?w“vgk H Qagl ( 9)761)

k
= Z° [ N(6,&) - Ki(N(8,0), 21) = Z°Li*(A, B, 21, (Sa, - - &)

Now multiply both sides with Z and again use (4.10) to show that Z&, = &
for k € {s§,...,s,,n} and the second part of the theorem is proven. Recall
from Lemma 4.2.7 that z; is the right eigenvector of the pole pencil related to
&1 and that & can be any of the poles of =! since for any ¢ Jl there exists a block
Schur decomposition (4.10) that places £ as the first pole in the Hessenberg

pencil (A, B). O

4.2.3 Manipulating poles of block Hessenberg pencils

Throughout this section, the pencil (A, B) is assumed to be an nxn proper
block Hessenberg pencil with maximal partition s = (sy,..., $;,) and pole tuple
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=2 =(2',...,2m), where &/ = {¢&J,... ,fgj}. All poles are assumed different
from the eigenvalues.

We review two different operations to change the pole tuple Z. The first
operation changes the first or last ¢ poles of the pencil, the second operation
swaps two adjacent pole blocks = and Zit!.

Changing poles at the boundary The first £ = s1+...4s; = s{ poles in the
first i pole blocks Z!, ..., =% can be changed to £ new poles P = {p1,..., 00}
We assume P distinct from the original poles. For this purpose consider the

vector,
0

T =7 HM(Qjagj) €1, (4.14)
j=1
with &1, ..., & the poles of 21, ..., =%, The following procedure can be used to
compute x,
€T < ep
forj=1,...,¢ (4.15)

[m 5 M(ej,85)z

The scalars «y; can be chosen as some suitable scaling factors. Now, just like
previously, compute a unitary matrix @ such that,

Q*x = ae;. (4.16)

We claim that the new poles P are introduced in the block Hessenberg pair by
updating (A4, B) = Q*(A, B). Specifically, (A, B) is a block Hessenberg pair

with maximal partition 8 = (£, s;41,...,5m) and poles 2 = (P, =i+l =m)

From (3.20) and Theorem 4.2.8 we have that,
WAS ICEé-ll—tl(A’BaelaE) :gf-‘rl- (417)

This implies that Q in (4.16) is of the form diag(Qey1,1), with Q41 an
(£+1)x (£+1) unitary matrix. It follows that the first block =t in (A, B) is
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indeed of size £. Furthermore, for j =0,1,..., m—i+1
~ A . §§ A A~ A
Kg?t_'_l(A7 B7 €1, (P7 E’Z+17 ey Em)) = H M(@7 Ek) : ’C§?+1(M(§7 @)7 el)

=Q"M(0,01) .. M(0,00)M(0,E¢11) - -- M(0,&sc) - Kseq1 (M(2,0), q1)

14

=Q"M(0,01) .. M(0,00)M(0,&+1) - - - M(0,&sc) - Kseqa( H (or,&r)er)
i

= Q*M(éa 51) . M(@a gf)M(@v 5€+1) c M(@v gg;) : K§;+1(M(év @)761)

=Q* ICr%H(A,B,el,(El,...,Ei,Ei“,...,Em))
= Q" &1 = ey

In the first equality we used (3.20), we applied M = Q*MQ in the second
equality, and combined (4.14) with (4.16) to get g1 = Hizl M (or,&k)er in the
third equality. The fourth equality uses the commutativity of the M matrices
and the property of (4.11). This results in the rational Krylov subspace of the
original pencil with the original poles in the fifth equality and by Theorem 4.2.8
we know that this is equal to 5§§+1. Finally, since @) has a block diagonal

structure, it does not affect the 5§;+1 for the given sizes. It is clear that (fl, B)
is a proper block Hessenberg pencil with partition § = (¢, $;41,...,Sm) by
construction. The last poles are unchanged by the block diagonal structure of
Q@ and the first £ poles are changed to P which follows from the uniqueness of
block Hessenberg pencils, see Theorem 2.3.4.

We remark that in order to compute the vector x in (4.15), £ shifted linear
systems need to be solved as M(0;,&) = (v;A—piB)(BiA—a;B)~t. These
linear systems are essentially of size ¢ because (8, A—a,B)~! is a block upper
triangular matrix with a leading block of size £x¢. This limits the computational
cost of computing = to O(¢*), which is small as long as £ < n. It also follows
that the vector  can be computed even when poles in Z,..., Z¢ are equal
to eigenvalues of the pencil. Properness ensures that the leading ¢x/¢ block is

nonsingular.

The last £ poles in the last i blocks 2™~ .. =™ of (A, B) can be changed

to P ={p1,...,0¢} in a similar fashion. We compute first the row vector,
e’ =qey J[ Ne&), (4.18)

j=m—L{+1
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and then a unitary matrix Z = diag(I, Z;1) such that £ Z = ael. The pencil
(A, B) = (A, B)Z then becomes a block Hessenberg pencil with pole tuple (Z*,

..., Em=i P).

We remark that if (A, B) is a real-valued pencil and the poles and shifts
considered in (4.14) and (4.18) are both closed under complex conjugation,
then the vectors « and &7 and consequently the matrices Q and Z are also
real-valued. This follows from the commutativity property in combination with

the property that M (g,&) = M (p,&) for real-valued pencils. We have,

M (e, §)M(o,€) = M(g,§)M(¢,€) = M(o,§)M(0,¢) (4.19)

so M(0,&)M(p,§) is a real-valued matrix if A and B are real-valued.

Swapping adjacent pole blocks A second operation to change the pole tuple
of a block Hessenberg pencil is swapping two consecutive blocks in the pole
pencil. Swapping block ¢ with block i+1 requires the computation of a unitary
equivalence essentially of size (s;+s;4+1)%(s;+s;+1) that updates the pencil
(fL B) = Q*(4, B)Z in such a way that the new pole tuple and partition vector
are given by,

[1p

.y

_ (':1 =i—1 =i+l =i —=i42 :m)
== ,..., = y = o, O o s

8= (S15-++58i—1, 84155, Si42s - -+ 5m)-

This problem is equivalent to reordering eigenvalues in the generalized Schur
form. Two different approaches to solve this problem have been proposed in
the literature. The first approach, studied by Kagstrom [57,60], requires the
solution of a coupled Sylvester equation. This method is applicable for general
blocksizes s;, s;+1. The second approach, studied by Van Dooren [122], is a
direct method that relies on the computation of a right eigenvector of a pole in
block i+1. This method has been studied for swapping a block of dimension
1x1 or 2x2 with a block of dimension 1x1, or vice versa. We will discuss the
problem of computing a swapping transformation in more detail in Section 4.4.

4.2.4 Multishift, multipole RQZ step

Combining the operations from the previous subsection, we propose the following
three step procedure as the generic multishift, multipole RQZ step.

I. Starting from a proper block Hessenberg pencil with pole tuple
(E',...,2™) and partition s = (s1,...,5m), select or compute
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s1+...+s; = s5 shifts P. Introduce the shifts in the block Hessenberg
pencil by computing the vector @ via (4.15) and the orthonormal matrix
@ via (4.16) and updating the pencil accordingly. The pencil now has pole
tuple = = (P, 2! ... 2™) and partition vector 8 = (£, 8;11,-..,5m)-

IT. Repeatedly use the swapping procedure to construct a unitary equivalence
that moves the shifts P to the last pole block. This changes the pole tuple
to Z = (2*1,...,E™,P) and the partition vector to 8 = (8;11,...,8m, ).

III. Compute or select £ new poles Z™*! and introduce them at the end of the

pencil to change the pole tuple to = = (Z+!, ... Em Zm+l),

These three steps constitute a single multishift, multipole RQZ sweep. After
every sweep, the properness of the pencil is checked and the problem is split
into independent subproblems wherever possible.

The multishift QZ method is a special case of this algorithm where the pencil
initially has pole tuple (oo, ..., 00) and partition (1,...,1) and where this form
is always restored in step III of the algorithm. The single shift RQZ method is
also a special case of this algorithm.

In Sections 4.4 and 4.5 we address a couple of numerical challenges that
make the multishift, multipole RQZ step stable and efficient in finite precision
arithmetic. First, Section 4.3 provides further theoretical foundation for the
implicit approach.

4.3 Uniqueness and convergence

In this section we motivate the implicit approach used in the multishift, multipole
RQZ step in the form of an implicit Q theorem for block Hessenberg pencils.
We also discuss the subspace iteration that is implicitly performed during the
multishift, multipole RQZ step.

The following lemma extends the essential uniqueness of the QR factorization
from Lemma 2.3.3 to a form of essential uniqueness in the factorization of a
matrix as a product of a unitary matrix and a block upper triangular matrix.

Lemma 4.3.1. Given a nonsingular nxn matriz A and consider A = QR,,
A = QR, two block QR factorizations where Q,Q are unitary matrices
and ]:ZS,RS are block upper triangular matrices with the same partition s =
($1,.--,8m). Then Q = QDS with Dg a unitary block diagonal matriz with an
identical partition s as Rs and Rs.
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Proof. From QRs = QR, it follows that, Q*Q = RyR;! = Ry = D,, with R,
a unitary block upper triangular matrix with partition s. The only unitary
block upper triangular matrices are block diagonal matrices Ds. O

Before presenting the implicit Q theorem, we first give this direct corollary of
Theorem 4.2.8 that considers the structure of rational Krylov matrices instead
of the subspaces. This is the block generalization of Corollary 3.6.8.

Corollary 4.3.2. Given an nxn proper block Hessenberg pair (A, B) with
partition s = (81, ..., Sm) and poles = = (Z',...,2™) that are different
from the eigenvalues. Then for a tuple of shifts P different from the poles,
KA, B,e1,=,P) is a full rank nxn block upper triangular matriz with
partition (1,81, 82,...,5y). While, L' (A, B, z1, (él, E2,...,E™),P) is a full
rank nxn—1 block upper triangular matriz with partition (s1,S2,...,Sm). Here
z1 and =L are chosen as described in Theorem 4.2.8.

We are now ready to state the block implicit Q theorem.

Theorem 4.3.3. Let (A, B) be a regular matriz pair and let 0,0,2,7 be
unitary matrices with Qe; = oQeq, |o| = 1, such that,

(A.B)=Q"(A.B)Z and (4,B)=Q"(4,B)Z,

are both proper block Hessenberg pairs with the same partition (s, .. sm) and
poles = = (EL,...,E™) different from the eigenvalues. Then the pairs (A B)
and (A, B) are identical up to multiplication with two unitary block diagonal
matrices,

A=D{AD, and B = D{BD,,

with D1 having partition (1,s1,...,Sy) and Do having partition (s1,...,Sm,1).

Proof. Corollary 4.3.2 states that Kflat(fl,B, e1, =, P) and K:Lat([l’ B, e, = P)
are both block upper triangular matrices of full rank with block partition
(1,81,.-+,8m). We thus have,

QAKfzat<"Zl7B7 617E7P)

n—1
Q leh M(o1,61) e, -, (H M(mei)) 611
i=1

i=1

n—1
Q [ela Q*M(glagl)Q €1, .-, Q* (H (QZ7€Z)> Qel‘|
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= lfh, M(o1,61) qu, -, (1:[ M(ani)) @1]
=0 [711, M(o1,&1) qu, .-, (H M(.Qm&)) 5111

= UQ K:zat(AvvévehEvP)'

From Lemma 4.3.1 we have that this equality between two block QR

A

factorizations implies that Q = QD(1,31,...,sm)~ For the relation between Z
and Z, consider,

(4,B)=0Q" (A, B)Z, and, (A,B)=Q (4 B)Z,

both reductions of the block Hessenberg pencils to a proper Hessenberg pencil
as defined in Lemma 4.2.7 and assume, without loss of generality, that &’ I8

the first pole in both (A B) and (A B) Thus 2, is the right eigenvector of the
pole pencﬂ of (A B) associated with the eigenvalue £, ! and the same holds for

2, and (A,B). This implies,
Q (A—¢l B)2 =qer, and, Q*(A—¢l B)% =5e

by the proper Hessenberg structure of (fl, é) and (jl, é) Since by eq. (4.10),

= (Qe; = eq, we also have,

Thus,
Q*(A—¢l B)Z% = 4er, and, Q°(A—¢LB)Z% = e
Using, Q = QD(le,.-.,sm)a D s,,....5,,)€1 = oe1, we get that,
2% =A4(A - 5;13)_1QD(1,51,...,sm)61 =oY(A - f;lB)—léel
23 =54~ €, B) " Qer,

from which we conclude that Z2, = 622, for some & with |6| = 1. Now use
this result in combination with Corollary 4.3.2,

2L (A, B, %,2,P)
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B n—1

= Z 217 N(thl) 217 9 (H N(Qufz)) 21‘|
L i=2
r n—1

= Zz1, N(o1,&) 2%y, ..., ( N(mei)) Z%
L =2
M n—1

=06 |Zz, N(o,&1) Zz, ..., ( N(infi)) 2z
L i=2

~ 7 rrat A Y
=6 Z L™ (A,B, %,

[1]

P).

Based on Lemma 4.3.1 we can now guarantee that the first n—1 columns of Z
are equal to the first n—1 columns of A multiplied with some n—1xn—1 unitary
block diagonal matrix Dy, . ). Observe that this also determines 2, = 52,
|&| = 1. This concludes the proof. O

In Theorem 3.7.3 it is shown that an RQZ step with shift ¢ on a Hessenberg
pencil with pole tuple 2 = (£,...,&,—1) and new pole &, performs nested
subspace iteration accelerated by

Qry_ 20 d ¢?(») = 2—2 4.20
a5 (2) pay s ai (2) P (4.20)

for the kth column vector of respectively @ and Z. Based on Lemma 4.2.7,
this can be extended to block Hessenberg pencils under the condition that
the partition s prior to the multishift, multipole RQZ step is the same as the
partition & afterwards. We omit this generalization as the condition s = § limits
the practical application of the theoretical result. Combining Theorem 3.7.3 with
Lemma 4.2.7, it is clear, however, that in the multishift, multipole RQZ method
shifts that have been swapped along the subdiagonal of the block Hessenberg
pencil will lead to deflations at the end of the pencil, while poles that have
been moved to the front of the pencil lead to convergence of eigenvalues at the
beginning. This holds under the assumption that a good choice of poles and
shifts is made.

4.4 Numerical considerations

In this section, we discuss numerical experiments related to the pole introduction
and swapping operations and draw conclusions for the practical implementation
of the multishift, multipole RQZ method.
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4.4.1 Introducing pole blocks

In finite precision arithmetic, the introduction of a large amount of poles in
a block Hessenberg pencil via the computation of the vectors as described in
(4.14) and (4.18) becomes increasingly inaccurate already for small to medium
blocksizes. This comes as no surprise. Kressner [67] studied the use of larger
bulges in the QR method and made a connection between the introduction of
the multishift block in the Hessenberg matrix and the pole placement problem
in systems and control theory. It has been shown in control theory that placing
many poles in a high dimensional system is intrinsically ill-conditioned [54].

To illustrate the increasing inaccuracy of the pole introduction we have performed
a numerical experiment for which the results are summarized in Figure 4.1. We
introduced pole blocks containing ¢ = 2,4,6,...,30 randomly generated pairs
of complex-conjugate shifts g; in a real-valued Hessenberg matrix, a real-valued
Hessenberg pencil, and a real-valued block Hessenberg pencil with leading
blocksize ¢. The procedure based on (4.14) was used for this. All problems
are of size n=100. The Hessenberg matrix is obtained from the Hessenberg
reduction of a randomly generated matrix with normally distributed entries
with mean 0 and variance 1. In this case the shift vector x is computed in the
classical way according to (2.48) [135] which is compatible with (4.14). Then
an orthonormal matrix @ is computed having gq; = . The shifts are introduced
as QT(A,I), which is a block Hessenberg pencil. The actual shifts ¢; are then
computed as the eigenvalues of the leading subdiagonal block of Q7'(A,I). The
blue line in Figure 4.1 shows the median absolute error |o; — 9;| over all shifts
and 100 repetitions of the experiment. The green line in Figure 4.1 shows the
results of the same experiment but now starting from a Hessenberg pencil (A4, B)
where each individual matrix is generated as before. Now a procedure based
(4.14) is used to compute . Finally, the orange line shows the results when
(A, B) is initially a block Hessenberg pencil with leading blocksize s; = ¢ and
all other blocks of size 1.

We remark that, in all three experiments, we obtain a block Hessenberg pencil
with partition (¢,1,...,1) after the pole block has been introduced. The only
difference is the procedure to compute & and the form of the pencil prior the
pole introduction.

We observe from Figure 4.1 that the accuracy of the shifts rapidly decreases
for larger blocksizes in all three cases. We conclude from this experiment that
the blocksize should be limited in a practical implementation in order to avoid
losing all accuracy in the shifts already at the initialization stage. Indeed, there
is not much hope for an effective multishift, multipole RQZ sweep if the shifts
that are introduced in the block Hessenberg pencil have few to none significant
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Figure 4.1: Initialization error in function of blocksize for multishift QR
(Hessenberg matrix), RQZ (Hessenberg pencil), and multishift, multipole RQZ
(block Hessenberg pencil). Median result over 100 randomly generated problems
of size n=100.

digits in common with the intended shifts. Nonetheless, Watkins [135] showed
that in a multishift QR iteration shifts that are off at start of the sweep can
still come into focus later on.

4.4.2 Swapping pole blocks

Swapping two consecutive pole blocks of sizes ny and ns requires in general the
solution of a coupled Sylvester equation. The problem formulation is as follows.
We are interested in an equivalence transformation on a block triangular pencil,
which in our case is a subpencil of a block Hessenberg pencil:

Ay A By B Ay A B B
T 11 12 11 12 11 12 11 12

, 7= 1zf J121) (491
@ q A22] { B22]> <[ A22} { B22D (4.21)
thh E)locks (Ay1, B11), (12122,322) of dimension n; and blocks (Ags, Bs),
(A11, B11) of dimension ns. Furthermore, we require:

1

(1 1

2 b

{ A(A11,B) = A(%22,B;22) =
A(Ag2, Bag) = A(A11, B11) =

and we assume that Z' and Z? are disjoint sets. Under these assumptions, the
following lemma, taken from [57], uniquely identifies the deflating subspaces
and formulates necessary and sufficient conditions for (4.21).



NUMERICAL CONSIDERATIONS 101

Lemma 4.4.1 ( [57]). Let the pencil (A, B) be block upper triangular form with
block sizes n1 X n1 and ny X ng partitioned as in (4.21), where the spectra of
(A11, B11) and (Asg, Baa) are disjoint. Let X, Y € R™*™2 pe the solution of:

{ AnY — XAg = Ajo,

4.22
B11Y — X By = Bys. (4.22)

Then a pair of right deflating subspaces (2.9) for (Aaz, Bag) are spanned by the

columns of:
-Y -X
{ Im] , [ LJ . (4.23)

Similarly, a pair of left deflating subspaces for (Ai1, B11) is given by the row
spaces of:

(L, X], [L. Y]. (4.24)

Moreover, the orthogonal equivalence transformations QQ and Z swap the spectra
of the diagonal blocks in QT (A, B)Z if and only if:

[;n}:]_z{%y]’ and [ I, X ]=[0 Rx]|Q", (425

where Rx and Ry are square and invertible.

The Sylvester equations (4.22) can be solved by a linear system of dimension
2n1ng X 2niny with Kronecker product structure. The computational cost for
the swapping transformations thus rapidly grows for increasing blocksize.

For this reason and because larger multiplicities lead to inaccurate shifts, cfr.
Figure 4.1, we propose to represent real poles as subdiagonal blocks of dimension
1 and complex-conjugate pairs as subdiagonal blocks of dimension 2 having
complex-conjugate eigenvalues. The 2x2 blocks can be easily maintained in the

standard form:
< [au a12} [bu b12] > (4 26)
asy  ao2|’ baa| )’ ’

which has the advantage that B is always an upper Hessenberg matrix
throughout the iteration. To this end, we need to be able to swap blocks
with ny € {1,2} and ny € {1,2}. We review the different cases.

Swapping 1x1 with 1x1 blocks

This case was discussed in Section 3.3. Lemma 3.3.2 is proven in Appendix B
and shows that the swapping transformation can be performed such that the
norm of the off-diagonal elements in Q7(A — AB)Z is smaller than relative
machine precision. The method we proposed is an extension of the work in [122].
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Swapping 2x2 with 1x1 blocks

This case is also studied in [122]. We briefly review the method. We are interested
in an equivalence transformation Q7 (A, B)Z = (A, B) of the following form:

7 (|A11 ai2| |Bi1 big _(|an al,] [by Bsz
@ ([ azs |’ b2 Z= Agy|’ Bas| )’ (4.27)

with A(Au1, Bi1) = A(Azo, Bao) = E' = {€], €1}, ass/bsz = a11 /b1 = &1

Similar to the discussion in Section 3.3, the swapping is achieved by constructing
an orthonormal equivalence [q; @Qs], [21 Z2] such that gy, 2; is a deflating pair
(2.9) for the eigenvalue £7, since in that case Q1 Az; = Q1 Bz, = 0.

To construct an orthonormal Z with its first column equal to the right eigenvector
of (A, B) corresponding to &2, we consider the matrix H = b33 A—a3z3B. Observe
that the last row of H is equal to zero. Next we compute H = C1H with C; a
core transformation that introduces a zero in position (2,1) of H. The matrix
Z can then be computed by means of two core transformations as follows:

A X X X 0 X X
HZy,7Z, = OXXKI:ZOOX7
7 000 000

where Z, first eliminates element (2,2) in H and afterwards Z; eliminates
element (1,1). Observe that this Z matrix also sets the first column of H to
zero, which implies that z; indeed corresponds to the desired eigenvector.

The matrix BZ5 77 is an upper Hessenberg matrix which can be restored to upper
triangular form by two core transformations Q¥, Q¥ i.e. B = QYQTBZ,Z,.
Here QY first eliminates element (2, 1) and afterwards Q2 eliminates element
(3,2). This maintains the standard form (4.26). The equivalence transformation
QT =Q¥YQT, Z = Z,Zy swaps the blocks in (4.27).

Under the condition that |bs3| > |ass| the following bound on the backward
error is provided in [122]. In case |bsz| < |ass|, the roles of A and B can be
reversed to obtain the same bound.

Lemma 4.4.2. Let QT (A, B)Z = (A, B) be related as in (4.27) with Q and Z
computed as described above and let |bss| > |ass|. We have that the computed
quantities satisfy:

~ ~ ~ ~T E BT
T(A+ Ea,B+Ep)Z = ([““ 912},[“ ~12]>7
Q' (A+Ex B+ Ep) Aoy By
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with | Eallz < emd, [|EBl2 < emA, A = max([|Allz, [| Bll2)-

Remark 4.4.3. Numerical evidence suggests that changing the criterion in
Lemma 4.4.2 from |bsz| > |asz| to [£}] > |€2] leads to a method for which
IEall2 < ceml||A|l2 and | Eg|l2 < ceml||Bll2. A detailed error analysis supporting
this finding, like in Appendix B, is at the time of writing still under development.

Swapping 1x1 with 2x2 blocks

This case is dual to the 2x2 with 1x1 swap and can be solved with an analogous
method.

We remark that in the previous three cases it was always possible to directly
compute the deflating subspaces (4.23), (4.24) or both because at least one of
the blocks is of dimension 1, which allowed us to easily computed the related
eigenvectors. We (partially) solved (4.22) implicitly to do so.

Swapping 2x2 with 2x2 blocks

In case ny = no = 2 it is no longer possible to easily compute the required
subspaces by introducing zeros like before and we solve (4.22) for X and Y.
The idea is then to construct a pair of orthonormal equivalence transformations
Q and Z that achieve the swapping from the QR factorizations (4.25).

The following lemma summarizing the error analysis from [57] holds in this
case.

Lemma 4.4.4 ( [57]). Let X andY be the computed solutions of the generalized
Sylvester equation (4.22). Let

E = —A12 - A11Y + XAQQ, a,nd, F = —B12 - Bllf/ + XBQQ,

be their residuals and let Q and Z be the computed factors of the QR

factorizations
-Y [ R I ~[ 0
T [ ]ela )

Then the computed equivalence transformation satisfies:

<[ Apy 14:112 } [ By B;m ]) _QT<{ A Agg ] [ Bii Bio })Z
Ay Ay || Ap Ba 0 Axp |’| 0 B ’
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where,

1A4llz I EIp/V(1+02(X)?)(1+ 02(Y)?),

1ABll2 < IFllr/v/(1+02(X)2) (1 + 02(Y)2).

The error bound does not imply that the off-diagonal block (A4, Ap) can be
safely dismissed according to |All < en||All2, |AB]| < €ml|Bll2. Nevertheless,
the bound is often pessimistic and the observed errors often allow (A4, Ap) to
be safely dismissed.

Swap refinement

Of all the swapping procedures that we have discussed, only the 1 x 1 with 1 x 1
case has a backward error bound that guarantees that the off-diagonal blocks
can always be safely dismissed, albeit we have a method that satisfies this in
practice for 1 x 1 with 2 x 2 swaps.

The error bound for 2x2 with 2x2 swaps of Lemma 4.4.4 indicates that the
off-diagonal block cannot always be dismissed.

Whenever the result of a swapping transformation has an off-diagonal block
in A, B, or both that is too large to be directly dismissed. We propose to
iteratively refine the transformation [17] based on a linear approximation of the
involved Riccati equations. Refinement is required when the situation after the
initial transformation is as follows:

(Lo 2zl % 52)) (25
with the (1, 1) blocks of dimension ng xng, the (2,2) blocks of dimension nq xnq,
and the (2, 1) blocks satisfying:

[Aallz > ceml|Allz - and/or  [|Apl2 > ceml|Bll2,
with ¢ some small refinement threshold.

In this case we need to solve the system of quadratic matrix equations:

AA — A22Y+XA11 —XA12Y = 0,
AB — B22Y+_XB11 —XB12Y = 07

for X,Y € R™*"™2, These quadratic equations can be approximated by the
system of linear matrix equations:

Ap=ApY — XA,
Ap = ByY — X By,
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since || X||2 and ||Y||2 are typically very small as ||A 4|2 and ||[Ag]|2 are already
small. The solution (X,Y) of this linear system can be computed using
Kronecker products.

Solving the linearized Riccati equation corresponds to a single step of a Newton
method, which is a widely used method to solve quadratic matrix equations,
see e.g. [72].

The result is used to construct the orthonormal equivalence transformation:

Q_IMXT Rx 0 g I YT Ry 0
P =X I, 0 Rxr |' 7™ | =Y I, 0 Ryr

where Rx, Rxr Ry and Ryr are normalization factors to make Q. and Z,,
orthonormal. Which updates (4.28) to (4, B) = T(A,B) Zyyp,.

The norm of the (2, 1) blocks is checked again and if required the same procedure
can be repeated to further reduce it.

Our numerical experiments indicated that iterative refinement is required in
about 5% of all 2 x 2 with 2 x 2 swaps during a typical RQZ iteration. A single
refinement iteration suffices in the majority of the cases. If the method does
not converge after 5 iterations, the swap is rejected.

4.4.3 Deflation monitoring

In order to limit both the computational cost of the pole introduction and
swapping, and the loss of accuracy, we propose a tightly-packed small-block
multishift, multipole RQZ sweep. The shifts and poles are tightly-packed similar
to Section 3.5.4.

This also simplifies the deflation criteria based on Definition 4.2.5. The ith pole
along the subdiagonal is considered deflated if,

|aiv1i] < cem(laiil + laiviival),  and, [biga] < cem(|bii| + [bit1it1]),
(4.29)
in the case of a single pole. If the ith pole is a double pole in standard form
(4.26), we consider it deflated if either,

|@it14] + |aivei| < cem(laii| + |aivii41]), and,
(4.30)
|bit1,i| < cem(|biil + [bit1,i41]),

or

|laitvail +laiv2iv1| < cem(|@iv1iv1| + [aiv2i42|), and,
(4.31)

bit2,it1] < cem([bit1,i1| + [bit2,it2l)-
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Deflations in the first block column and last block row of the pencil are also
checked according to Definition 4.2.5. The first pole block of size s; =1 or 2
can be deflated whenever there exists an (s; + 1)x(s; + 1) orthogonal matrix

() such that,
T T
o (] D) - (W) [w])

Here, the last row is considered numerically zero according to a relative tolerance
similar to (4.29), (4.30), and (4.31). Again, we make use of the standard
form (4.26) to efficiently check if a suitable deflation transformation @) can be
computed in case s; = 2. A similar approach is used to check for deflations in
the last block row.

4.5 Aggressive early deflation

Aggressive early deflation (AED) significantly speeds up the convergence of
the QR [15] and QZ [58] methods by identifying deflatable eigenvalues before
classical deflation criteria are able to detect them. This avoids the reuse of
converged shifts in subsequent iterations, thereby initiating convergence of other
eigenvalues sooner.

In this section, we describe how aggressive early deflation is implemented for the
RQZ method. The process consists of 3 stages and is summarized in Figure 4.2.
Because the shifts lead to convergence in the bottom-right corner of the pencil
and the poles cause convergence in the upper-left corner, AED can be performed
at both sides of the pencil. We present the description of the AED process
simultaneously for the upper-left and bottom-right sides of the pencil, but they
can be treated separately in a practical implementation. The deflation window
sizes are w, for the bottom-right side and w, for the upper-left side of the pencil.
The window sizes are chosen such that they cover an integer number of blocks,
avoiding thereby subdivision of 2x2 blocks. The deflation windows are shown
in Pane I of Figure 4.2.

In the first phase, shown in pane II of Figure 4.2, the parts of the pencil within
the deflation windows are reduced to real Schur form. This can be done with the
RQZ method as all subpencils in the deflation windows are in block Hessenberg
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We We

We
I. Deflation windows II. Hessenberg plus spike
A A B

we > o
III. Deflations IV. Restore Hessenberg

Figure 4.2: Visualization of the three stages of aggressive early deflation for
block Hessenberg pencils; both at the front and back of the pencil. The matrix
A is in block Hessenberg form with 2x2 blocks representing complex conjugate
pairs of shifts, the matrix B is in Hessenberg form.

form. The pencil (4, B) is subdivided as,

W lor2 | we W 1 We
[A1n | A1z Az | Ay ws [Bi1 | Biz2 Biz | Buy] ws
A= |A21 | Az Azg | Aps| lor2 B— |B21 | Baa Basz | Bas| 1
Asy Az | Az ' B3z Bsz | Bsg '
L Agz | Al we L By | Byl we

(4.33)
and the subpencils (A1, B11) and (Ayy, Byy) are the upper-left and bottom-right
deflation windows. Their reduction to real Schur form is given by,

(S11,T11) = QL (A11,B11)Zs, and, (Saa,Tas) = QL (Aua, Baa)Ze, (4.34)

which, when applied as an equivalence transformation to (A, B) gives the
following result:

[ Su QTA1, QTA5 | QTAWZ,] [ T QTB12 QTBi3 | QT B14Z.]
. A1 Z, Aso Ass Aoy Z, . By Z Bag Bas By Z,
A= Aso Ass AnZ. |,B= Bsy Bs3 B34Z.
L QT Ay; Sia L QT By Thy
(4.35)

The blocks (Aa1, Bo1)Zs and QT (Ayz, Bys) are the spikes shown in pane IT
of Figure 4.2. Because B is an upper Hessenberg matrix by (4.26), Ba; =
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bw,+1,w., egs is of dimension 1xws and B4z = by—w +1,n—w.€1 is of dimension
wex 1. The spikes at the side of A can be of dimension 2xw, or w,x2 if there
is a 2x2 block just after the deflation window in the upper-left side of the
pencil (the example of Figure 4.2 illustrates this situation), or right before the
deflation window at the bottom-right side of the pencil. In this case, the 2 rows
of As1Z, are scalar multiples of each other. The same holds for the 2 columns
of QT Ay3. We denote with pZ = by, 1 1.4, egs Zs the spike at the upper-left
deflation window of B. Similarly, p? = ¢ egs Zs, with ¢ equal to the maximum
and |y, +2,w, |, denotes the spike at the upper-left side of A

of |aws+1,ws

The second phase in the AED process is illustrated in Pane III of Figure 4.2
and entails testing for deflatable eigenvalues inside the deflation windows. The
deflation test starts at the left of the spikes p# and pZ. If there is a 1x1 real
eigenvalue located at this position, we test if:

Ipy| < cem(lar| +lazz2]), and, |pZi| < cenm(|bra] + [b22]). (4.36)

If there is a 2x2 complex conjugate pair of eigenvalues at this position, we test
if:

S|+ Lol < ceml|A(1:2,1:2)||p, and,  [pFy| + [PD] < cemB(1:2,1:2)| .

(4.37)
If the first eigenvalue is deflatable according to (4.36) or (4.37), the corresponding
spike elements in pf and p? are set to zero and the next eigenvalue is tested
according to the same criterion. If the first eigenvalue is not deflatable, another
eigenvalue that has not yet been tested, is swapped to the front of the spike. Then
it is checked if this is deflatable according to (4.36) or (4.37). This procedure
is continued until all deflatable eigenvalues inside the deflation window are
identified. The swapping of eigenvalues within the deflation window does not
change the form of (4.34) but the equivalences QS and Z, are changed which
also changes ps and (Su,Tu). The same strategy is used for AED at the
bottom-right side of the pencil. In pane IIT of Figure 4.2 all spike elements that
have been zeroed are marked in red.

In the third and last phase, the nonzero spike elements are handled in such a
way that the (block) Hessenberg form is restored. The restored form is shown
in pane IV of Figure 4.2, where the larger block in the middle is in block
Hessenberg form and the smaller blocks at the upper-left and bottom-right
side of the pencil are in real Schur form. The block Hessenberg restoration is
achieved by a sequence of rotations as follows. Assume that the spikes after
the deflation procedure of second phase are ps = fegs Z, and that the first i
entries in p; are zeroed during the deflation step. We then compute rotations
Git1,.-.,Gw,—1 such that,

ﬁsGi+17 ey Gwsfl = éegSZSGi+17 ey Gwsfl = 0’6655. (438)
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Updating Zs = 25Gi+1, ..., Gy,—1 gives the final equivalence such that the
block Hessenberg form is restored as all spikes are scalar multiples. The same
idea is used for the deflation window at the bottom-right side of the pencil. We
remark that for complex-valued problems the Hessenberg form can be restored
in the third phase by a row or column permutation for respectively AED at the
upper-left or bottom-right side of the pencil.

4.6 Numerics

The numerical tests have been performed on an Intel Xeon E5-2697 v3 CPU with
14 cores and 128GB of RAM. Our implementation of the multishift, multipole
RQZ method with aggressive deflation is compiled with gfortran version 4.8.5
using compilation flag ~03. LAPACK 3.8.0 [2] and BLAS 3.8.0 are used. The
library 1ibRQZ supports both real-valued (dRQZm) and complex-valued (zRQZm)
problems.

4.6.1 dRQZm and zRQZm

As discussed in Section 4.4, dRQZm uses 1x 1 blocks for real poles and 2x2 blocks
for pairs of complex-conjugate shifts, zRQZm always uses 1x1 blocks. Both
algorithms proceed as follows:

I. Check for deflations at the upper-left side of the pencil using AED with
window size ws.

II. Check for interior deflations along the subdiagonal.

III. Compute m shifts as the eigenvalues of the trailing mxm block with
the RQZ method and introduce these as consecutive poles in the first m
subdiagonal positions of the block Hessenberg pencil. This is achieved by
using the operations of Section 4.2.3. The involved transformations are
accumulated and the pencil is updated by level-3 BLAS matrix-matrix
multiplication, cfr. Section 2.3.4.

IV. Chase the batch of m shifts to the last m positions on the subdiagonal
of the block Hessenberg pencil. The chasing is performed by repeatedly
swapping the m shifts with the next k poles. Every time one sequence of
swaps is computed, all transformations are accumulated and the pencil is
updated by level-3 BLAS matrix-matrix multiplication, cfr. Section 2.3.4.
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V. Check for deflations at the bottom-right side of the pencil using AED with
window size we.

VI. Compute m poles as the eigenvalues of the leading mxm block with
the RQZ method and introduce these as consecutive poles in the last m
subdiagonal positions of the block Hessenberg pencil. This is achieved by
using the operations of Section 4.2.3. The involved transformations are
accumulated and the pencil is updated by level-3 BLAS matrix-matrix
multiplication, cfr. Section 2.3.4.

This algorithm actively chases shifts from the upper-left corner to the bottom-
right corner. This typically leads to fast convergence of eigenvalues near the
bottom-right side of the pencil. The swapping also slowly moves the poles that
are introduced at the bottom-right corner to the upper-left side of the pencil
which, in turn, induces convergence of eigenvalues near the upper-left corner of
the pencil.

The heuristics used for block sizes in 1ibRQZ are summarized in Table 4.1. The
first column lists the size of the pencil. The second column lists the batch
size m of shifts that are handled in one iteration. The third column lists the
swap size k: after the m shifts have been swapped with the next k poles, the
transformations are accumulated and the entire pencil is updated with a BLAS
XGEMM call. In our experience, choosing k equal to m gives the best performance.
The fourth column lists the window size w, for aggressive early deflation at the
bottom-right side of the pencil. Finally, the fifth column lists the window size
ws for aggressive early deflation at the upper-left side of the pencil.

Table 4.1: 1ibRQZ settings: n problem size, m step multiplicity, & swap range,
we AED window size at the bottom-right side of the pencil, ws AED window
size at the upper-left side of the pencil.

m k We W
1; 80[ 1—2 | 1—2 | 1—2 | 1—2
80; 150] 4 4 6 4
150; 250] 8 8 10 4
250; 501 16 16 18 6

1001;3000[ | 64 64 66 16
3000; 6000[ | 128 128 130 32
6000; oo 256 | 256 | 266 48

[
[
|
[501;1001] | 32 | 32 | 34 | 10
[
[
[

We compare zRQZm and dRQZm with respectively ZHGEQZ and DHGEQZ from
LAPACK [2] in terms of speed and accuracy.
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4.6.2 Random problems

For our first numerical experiment, we have generated random matrix pairs of
increasing dimension. The entries of the matrices are drawn from the standard
normal distribution. The experiment is performed both for real-valued and
complex-valued matrix pairs; for the latter class of problems, both the real and
imaginary part are randomly generated.

The matrix pairs are initially reduced to Hessenberg, triangular form by means
of the LAPACK [2] routines xGEQRFP and xGGHRD. After this initial reduction,
the matrix pairs are further reduced to (real) generalized Schur form, (S,7T) =
Q*(A, B)Z, with 1ibRQZ and LAPACK [2]. In all cases, the entire Schur
decomposition is computed.

I LAPACK Lo
.
3 7
libRQZ ~ O(n22) -
3 -
10 ~ O(n31) 7 )
>4 7
— 7 = -
2 % 2
=) . 27
—& 77 77
S 102 N W
+- 70 70 70
2 7 B 6 z
2 2 2 o 9 A
70 70 27 =
“ “ A 2 4 A
10! 7 07 B7 EEE: s
2 2 2 2 2 A
77 77 77 2]
A W s *
> & RRRRESD
CHC ARV
n n

Figure 4.3: CPU time of DHGEQZ of LAPACK and dRQZm of libRQZ on randomly
generated real-valued matrix pencils (left). Speedup of libRQZ over LAPACK
(right).

The left part of Figure 4.3 shows the CPU time of dRQZm and DHGEQZ for
problems of size 1000 up to 8000 on a loglog scale. The dashed lines indicate the
slopes of the time complexity in function of problem size, which are estimated
in a least-squares sense. The least-square fits are computed based on the (n;, ;)
data indicated with the circular markers that show the exact height of the bars
in the graph. For DHGEQZ we observe an empirical time complexity close to
O(n?), while the empirical time complexity of dRQZm is significantly lower than
O(n?) with a leading exponent close to 2.2. This improved time complexity can
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be attributed to the effectiveness of aggressive early deflation in combination
with the rational iteration leading to occasional deflations situated more in the
interior part of the pencil.

The right part of Figure 4.3 shows the speedup achieved by dRQZm over DHGEQZ.
The crossover point where dRQZm becomes faster than DHGEQZ is situated between
n = 1000 and n = 1414. Our method, dRQZm, is slower than DHGEQZ for problems
of smaller size because the computational overhead of computing swaps of 2x2
with 2x2 blocks and 2x2 with 1x1 blocks leads to larger lower-order terms in
the time complexity.

Real Complex
10— 13 10— 13

10—14

relative backward error
relative backward error

Figure 4.4: Relative backward error on Schur decomposition computed with
LAPACK (circles) and libRQZ (triangles) on A (full lines) and B (dashed lines).
Both for real-valued (left) and complex-valued (right) randomly generated
matrix pairs.

The left part of Figure 4.4 shows the relative backward errors,
IS — QT AZ||r/|Allr, and, |T—QTBZ|r/|BlF,

on the generalized real Schur decompositions obtained with dRQZm and DHGEQZ.
We observe that the relative backward errors of dRQZm are about half of these
of DHGEQZ.

Figure 4.5 shows the results of an experiment similar to Figure 4.3 but for
complex-valued pencils. Again, ZHGEQZ shows an empirical time complexity
larger than O(n?), while zRQZm stays below O(n?). The crossover point where
ZHGEQZ is faster than zRQZm is not shown in Figure 4.5, but is situated around
n = 200. This is significantly lower than for dRQZm and is explained by the



NUMERICS 113

104 | |[FE9LAPACK ,
103
=
2
I3 102
25 ye
2 20
10! =
g 15 4
2010 “
A
100 514
SN, D, P
ARSENR R
n

Figure 4.5: CPU time of ZHGEQZ of LAPACK and zRQZm of libRQZ on randomly
generated complex-valued matrix pencils (left). Speedup of libRQZ over
LAPACK (right).

fact that only 1x1 with 1x1 swaps are used in this case. These have a lower
computational overhead than larger swaps. The right part of Figure 4.4 shows
the relative backward errors on the generalized Schur decompositions for the
complex-valued pencils. Again, the relative backward error of zRQZm is about
half of ZHGEQZ.

4.6.3 Problems from applications

In this section we test 1ibRQZ on seven pencils originating from applications.
We study the cavity and obstacle flow pencils generated with IFISS [34, 35].
The same pencils were studied in the previous chapter. Besides these pencils,
we have selected four pencils from Matrix market [13] originating from the
BFWAVE, BCSSTRUC4, and MHD collection and the rail pencil from the
Oberwolfach benchmark collection [65].

The results of the numerical tests are summarized in Table 4.2. The table lists
the CPU time and maximum of the relative backward errors on A and B for the
generalized real Schur form computed with LAPACK [2] and 1ibRQZ. Again,
1ibRQZ requires less CPU time and has the smaller backward error.
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Table 4.2: CPU times and maximum relative backward error on the generalized
real Schur form computed with LAPACK and 1ibRQZ for pencils originating
from applications.

DHGEQZ dRQZm
Problem n | tcpu(s) | max error (A, B) | tcpu(s) | max error (A, B)
BFW782 782 4.5 2.8-1071 3.7 50-1071
BCSST26 1922 33.0 4.1-10714 12.8 3.9-107%
Cavity Flow | 2467 | 50.1 121071 20.4 471071
Obstacle Flow | 2488 64.0 9.9.10715 27.9 5.9-10715
MHD3200 3200 60.8 9.0-10715 39.6 3.1-10715
MHD4800 4800 194.1 1.4-1071 92.2 3.4-10715
RAIL 5177 | 1287.5 1.7-10713 87.5 1.1-10714

4.7 Conclusion and future work

In this chapter we have generalized the rational QZ method from Hessenberg
to block Hessenberg pencils. This allows for the use of complex conjugate
shifts and poles in real arithmetic. Numerical considerations have shown that
medium to large multiplicities are unfavorable due to inherent inaccuracies and
an increasing computational complexity. In the spirit of recent developments for
the QR [14,15] and QZ [58] methods, this urged us to use small shift and pole
multiplicities, but they can be tightly-packed together. This approach maintains
accurate shifts and poles in combination with level 3 BLAS performance. We
also implemented the aggressive early deflation strategy for block Hessenberg
pencils. Numerical experiments indicated that this combination leads to an
efficient algorithm for the generalized eigenvalue problem that can outperform
LAPACK [2] in terms of speed, accuracy, and time complexity. However,
the implementation of the QZ method in LAPACK 3.8.0 does not include
aggressive early deflation and blocking. A further comparison with [58] would
be interesting. In Chapter 5, we provide further numerical evidence that pole
swapping algorithms can outperform bulge chasing algorithms.

In a future update of 1ibRQZ, we plan to implement bidirectional RQZ sweeps
that actively chase poles from the bottom-right to the upper-left corner of
the pencil in parallel to chasing shifts from the upper-left to the bottom-right
corner. Bidirectional chasing can, for a large part, be performed independently
in both directions. It is hence an excellent opportunity for shared-memory
parallelization. On the theoretical side, a further investigation of shift and pole
selection strategies that stimulate interior deflations would be an interesting
undertaking.



Chapter 5

Rational QZ for Hessenberg,
unitary Hessenberg pencils

This chapter proposes a computationally efficient formulation of the
rational QZ method for the case of proper Hessenberg pencils where one
of both matrices is unitary. The content is based on:

Camps D., MacH T., VANDEBRIL R., AND WATKINS D. S., Pole
swapping methods for Hessenberg, unitary Hessenberg pencils: Rational
QR algorithms. In preparation.

5.1 Introduction

The rational QZ method computes the generalized Schur decomposition (2.12) of
a dense, unsymmetric Hessenberg pair (A, B) using a pole swapping algorithm.
The pole swapping generalization has several advantages over the bulge
chasing strategy. The most notable advantage is an improved convergence
behaviour determined by subspace iteration accelerated by rational functions,
cfr. Theorem 3.7.3.

It would be advantageous to have a similar method for the standard eigenvalue
problem (2.1) defined by a dense, unsymmetric Hessenberg matrix A. In
principle the rational QZ method of Chapter 3 can be directly used for a
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proper Hessenberg pair (A, I) but this has two major disadvantages over using
Francis’ bulge chasing algorithm. Firstly, it requires double the storage space
as it works on two nxn matrices instead of one. Secondly, the computational
cost of an implicit RQZ step on the Hessenberg pair (A, I) is also double the
cost of an implicit QR step on the Hessenberg matrix A as the former works
with equivalence transformations on two matrices while the latter carries out
similarity transformations on a single matrix. The reduction in the number
of iterations and swaps as a result of using a rational instead of a polynomial
iteration is insufficient to compensate for this.

In the current chapter we present an efficient formulation of the rational QZ
algorithm for matrix pairs where one of both matrices is unitary. We denote
Hessenberg, unitary Hessenberg pairs as (A4, U). It is clear that the unitarity of
U is preserved under unitary equivalence transformations. Furthermore it is
self-evident that an upper Hessenberg matrix A can also be represented as a
Hessenberg matrix pair (A4,U).

The rational QZ method that we propose in this chapter uses an efficient storage
scheme for the unitary matrix U as a sequence of core transformations. This
approach effectively overcomes both drawbacks: both the storage requirements
and the computational cost approximately halve. We pay special attention to
stability of the numerical scheme.

We mainly consider general Hessenberg, unitary Hessenberg pencils (A4, U) but
if the algorithm is used for the solution of a standard eigenvalue problem, (A, I),
we can always compute a generalized Schur decomposition (2.12) such that
Q*(A,1)Z = (T,I). Tt follows from Q*Z = I that this is a Schur decomposition
(2.5) of A. If the Schur vectors are required, it suffices to only accumulate Q.
This has the same computational complexity as for Francis’ polynomial QR
method. We call the algorithm the rational QR method if it is used for the
standard eigenvalue problem.

This chapter is organized as follows. Section 5.2 introduces the representation
and discusses the details required to perform a rational QZ step on the format
such as deflation monitoring, pole introduction, and pole swapping. Section 5.3
discusses that a rational QZ method based on the proposed format indeed
requires approximately half the storage space and computational cost of the
dense rational QZ method. Section 5.4 present numerical results obtained with
ZLAHPS, our fortran implementation of the rational QR algorithm, and compare
them to the ZLAHQR routine from LAPACK [2]. We demonstrate that the pole
swapping algorithm can lead to a reduction of more than 25% in CPU time
and leads to a more accurate Schur decomposition. Section 5.5 concludes this
chapter.
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5.2 Hessenberg, unitary Hessenberg pencils

Starting from a proper nxn Hessenberg, unitary Hessenberg pair (A,U), we
store the unitary Hessenberg matrix U as a sequence or pattern of n—1 unitary
core transformations (2.42). Within the class of unitary core transformations,
we make a further restriction to core transformations which have a rotation
matrix (2.43) as active part. Furthermore, in ZLAHPS we represent the complex
rotation by a complex cosine and a real sine without loss of generality. This
leads to a reduction in computational cost as the multiplication of a real and
complex variable requires less than half the number of operations compared to
multiplying two complex variables.

It is always possible to factorize a unitary upper Hessenberg U as a sequence
of core transformations. To this end, compute n — 1 core transformations that
create zeros in the subdiagonal elements of the upper Hessenberg matrix U [46]:
r_1...C{U =R =D, =diag(l,...,1,a).
The result is an upper triangular matrix R but since the left-hand side above
is unitary, R is also unitary and hence must be diagonal. Furthermore, the
cosine of the rotation C; can always be chosen such that d;; = 1. The result
is a diagonal matrix D, = diag(l,...,1,a) and the original pencil is thus
(A,Cy...Cr-1D,). The equivalent pencil (AD*,C ...Cy_1) only differs in its
last column from (A, U), it is in the desired factorized form and has the exact
same poles as (A,U). Without loss of generality, we can thus represent any
proper Hessenberg, unitary Hessenberg pencil in the format illustrated for a
problem of dimension 5:

X X X X X
X X X X X [:
XXX X E
X X X E
X X K
A U = CiCC5C,

This requires O(n?) storage space for A but only O(n) for U if every core
transformation is stored by its sine and cosine. For large n, the storage
requirements for (A,C7...C,_1) is thus approximately half of the dense
representation.

For the standard eigenvalue problem all core transformations can be initialized
as identity transformations.
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The poles of a proper Hessenberg pencil (A,U; ...,U,_1) are, by (2.43), equal
to:

&:Me(z for i=1,...n—1. (5.1)
Si

Properness of the Hessenberg pencil translates in a straightforward manner
to the factorized format and also deflations can also be easily monitored. To
detect a deflatable eigenvalue at the top-left position of the pencil, it suffices to
compute C7A(1:2,1:2) and check if the (2, 1)-element is negligible up to relative
machine precision. A similar strategy is used for the bottom-right pole by
considering A(n—1:n,n—1:n)C%_;. Poles along the subdiagonal can be safely
deflated if:

lait1il < em(laii + laiviit1]), and, [si] < ép.

5.2.1 Manipulating poles

In this section we review the two pole manipulation operations for proper
Hessenberg pencils, introduced in Section 3.3, for a proper Hessenberg pair in
the form (A,U = Cy...C,—1) with pole tuple = = (&1,...,&u—-1), & given by
(5.1).

Changing the first and last pole. If we want to change & to another value o,
we consider the vector:

x =7(A—oU)(A-&U) ter =4(A - oU)er = 4(A — oCh)e, (5.2)

with v,4 some scalars. The second equality follows from the observation that
(A —¢&U)e; = Pey. The third equality follows from C;e; = ey if i > 1. Notice
that only the elements in the first two rows of & contain nonzero elements. The
next step is to compute a core transformation that introduces a zero in the
second row of x, Qjx = ae;. The pencil (fl, U) = Qi(A,U) is equivalent to
(A,U) but with its first pole replaced by po. We remark that U= QiU can
be computed by the fusion C; = Q*Cy of two core transformations in O(1)
operations. More details on the fusion operation are provided in Appendix A.1.

The last pole &,_1 of (A,U) can be changed to another value p using a similar
strategy. Consider the row vector:

y' =~vel (A~ ¢, U) YA~ oU) =4el (A~ oU) =5el (A — oC,_1).

The second equality follows from el (A — &, 1U) = Bel, and the third equality
from el C; = el if i < n— 1. We get that yT is a row vector with only nonzero
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elements in the last two columns and can thus compute a core transformation
Zp_1 such that y?'Z, | = ael. The last pole is then replaced by g in the
equivalent pencil (A, U)Z,,—1. The unitary matrix can again be updated by a

fusion operation C,,—1 = C,—1Z,_1 in O(1) operations.

Swapping poles. To swap two consecutive poles & and &1 in (A,U), we
devise a numerically stable algorithm based on Lemma 3.3.2 and Table 3.1. We
consider the 2x2 upper triangular subpencil positioned at rows ¢ 4+ 1 and ¢ + 2
and columns ¢ and ¢ + 1 of (A, U) which is if the form:

c o (lar a S$1 CiCa . lei? +s3 =1
(A,U)({ az], { 82]>,w1th { S SR CE

The scalars ¢; and s; determine C;, while ¢o and s, determine Cjy.

The eigenvalues of the pencil (/ul, (u]) need to be reordered to swap the poles in
(A,U). For this we make use of the methods discussed in Section 3.3.2. The
only additional requirement is that the representation of U as a product of core
transformations is accurately preserved under the swapping operation. We use
the turnover operation for a V-shaped pattern of core transformations for this.
A turnover operation changes to V-shaped pattern of cores, E;F;+1G;, acting
on consecutive rows i and i + 1, to a hat-shaped pattern or vice versa:

EiF;1Gi=Eig 1 FGiy.

The turnover operation requires O(1) operations and is backward stable [4]
in the sense that the in finite precision arithmetic it computes E;F;;1G; =
EA‘i+1FiGi+1 + A with ||All2 < €. More details on the turnover operation are
provided in Appendix A.1.

Case | If || > |€;41], then, according to Table 3.1, we can use either method
1.A or 2.A to compute a backward stable swap. Since we want to use the
turnover operation to compute the second transformation, we must choose
method 1.A in this case.

The procedure goes as follows. We first compute a rotation Z; to introduce a
zero in position (1,1) of H; according to (3.4),

eiH\ Z; = €} (s9A — ol Z; = [0 x].

Next, this rotation is introduced in the pattern of cores of theU matrix. It
commutes with all core transformations Cj, |i — j| > 1 such that the relevant
part of the pattern is C;C;117;. This can undergo a (backward stable) turnover
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to Qi+1C'C’iC¢+1. The core Q;+1 can be removed up to machine precision by a
fusion from the left with Q;, ;.

From the discussion in Section 3.3.2 we conclude that \e’Q‘Q;‘H;lZiel\ < ceml| Al
A similar bound holds for U based on the backward stability of the turnover.

L II. IIT1.
X X X X X X ®® X X X X X X X
X X X X E DO ® x x E DOx x x x E
><><7 ®® X X | KEK (3 Jlla KE
no I A I N L E
A C1C2C3Cy AZ, C1CC3Z,C, Q3AZ,y 01020304

Figure 5.1: First backward stable strategy to perform a pole swap if |&;| > |€;41]-

The first method is illustrated pictorially in Figure 5.1 for a 5 x 5 pencil where
the second and third pole undergo a swapping transformation. The relevant
part of A and the core transformations which are used to form H; and compute
Zy are indicated in pane 1. In pane II, Z5 is applied to A and introduced in U.
This shows the V-shaped pattern of C2C3Z5, the turnover operation is indicated
with the gray arrow and core transformation Q3 that appears on the other side
of the pattern. This core transformation is removed in pane III where also the
rows of A are updated to maintain the equivalence. This completes the swap.

Case Il If |&| < |&+1], then we can use method 2.B from Table 3.1 in
combination with the turnover operation. We compute @;41 according to
(3.5) such that introduces a zero in position (2,2) of Ha,

Qiy1Hzer = Qi (514 — arU)es = [x 0]

This rotation is introduced in the pattern of U, where the relevant part now is
the hat-shaped pattern Q;,,C;Ciy1 and Z; is retrieved from the turnover of
this pattern. This process is summarized pictorially in Figure 5.2.

5.3 Computational cost

The rational QZ step for Hessenberg, unitary Hessenberg pencils (A4,Cy ... Cp—_1)
proceeds entirely similar to the dense rational QZ step of Chapter 3 but with
the adapted pole manipulation techniques from Section 5.2.1.
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I II. II1.
X X X X X X X X X X X ®® X X
X X X X E Ox x x x E D@ ® x x E
@x)x x | PR | K O x x | E
@)x x E PVR® K E O x x E
@Dx E @x K @x E
A C1C2C3Cy Q34 C1Q35C2C5C, Q3AZy 010,050,

Figure 5.2: Second backward stable strategy to perform a pole swap if |§;| <
|€it1l-

As all pole manipulation techniques only use fusion and turnover operations,
with an individual computational cost of O(1), to update U, the computational
cost of a single rational QZ step,

(AU=C...Chi)=Q (A U=Cy...Ch1)Z,

is O(n) for U and O(n?) for A. This is approximately half the cost of a dense
rational QZ step for large n.

5.4 Numerical experiment

This section presents the results obtained with ZLAHPS in comparison with
ZLAHQR from LAPACK [2]. All tests were performed on an Intel Xeon E5-2697
v3 CPU with 14 cores and 128GB of RAM using LAPACK 3.8.0 and BLAS
3.8.0 [2]. The code was compiled with gfortran version 4.8.5 using compilation
flag -03.

ZLAHQR is the lowest level routine in the collection of QR algorithms from
LAPACK. It implements a single-shift bulge-chase method for complex
Hessenberg matrices with a Wilkinson shifting strategy. This routine is called
by the higher level methods, which implement cache blocking and aggressive
early deflation (cfr. Chapter 4). It is used to compute the shifts, perform
aggressive early deflation, or solve the problem if the dimension is smaller than
the heuristic 150 [2].

ZLAHPS is an adaptation of ZLAHQR which uses a pole swapping algorithm for
Hessenberg, unitary Hessenberg pencils as described in this chapter. It uses a
Wilkinson shift strategy and a Wilkinson pole strategy. The turnover, fusion
and rotation generator routines used in ZLAHPS are adapted from EISCOR [4].
All rotations for the U matrix are represented with 3 real variables: the real
and imaginary part of the cosine, and a real sine.
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We ran both routines an a set of randomly generated matrices of dimension 5 up
to 1000 that are first reduced to Hessenberg form via similarity transformations.
The CPU time and the relative backward error, |Q*HQ — T2/ H||2, are
summarized in respectively Table 5.1 and Table 5.2.

Table 5.1: Comparison between ZLAHQR from LAPACK and ZLAHPS in terms of
CPU time for random matrices reduced to Hessenberg form. The first column
states the problem size, the second column the number of runs over which the
results have been averaged, the third column shows the CPU time of ZLAHQR,
the fourth column shows the same data for ZLAHPS, and the fifth column shows
the runtime of ZLAHPS relative to ZLAHQR.

n  # runs  ZLAHQR ZLAHPS %
tepu(s)  tcopu(s) tcpu

5 1000 1.4-107% 1.4-1075 100%
10 1000 6.0-107° 5.6-107° 93%
20 500 2.8-107% 24-107* 86%
40 250 1.6-107% 1.3-107% 81%
80 125 1.0-1072 7.4-1073  74%
150 80 6.3-1072 45-1072 71%
300 80 5.0-1071 32.107'  64%
600 40 3.6-109 2.3.10° 64%

1000 40 1.6-101  1.0-10' 63%

The fifth column of Table 5.1 shows the CPU time of ZLAHPS relative to ZLAHQR.
We observe reductions up to 29% for problems of dimension not greater than
150 — the typical use case — and, except for the smallest problem size of 5,
ZLAHPS is always faster than ZLAHQR. The speedup increases to up to 37% for
problems of dimension 1000.

Table 5.2 shows the same comparison in terms of the accuracy of the Schur
decomposition. We observe that ZLAHPS is always more accurate than ZLAHQR
which can at least partially be attributed to the reduction in number of
operations by using the rational iteration instead of the polynomial one.

5.5 Conclusion

This chapter proposed a specification of the rational QZ method for Hessenberg,
unitary Hessenberg matrix pairs which requires approximately half the storage
space and computational cost in comparison with the dense rational QZ method
of Chapter 3. The method uses a representation of the unitary matrix in terms
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Table 5.2: Same comparison between ZLAHQR from LAPACK and ZLAHPS as in
Table 5.1 but in terms of relative backward error on the Schur decomposition.

n # runs ZLAHQR ZLAHPS
BWE BWE

5 1000 1.8-107' 1.2.10°1°
10 1000 1.8-107' 14.10°1°
20 500 2.8-10715 1.8-1071°
40 250 3.7-10715 26-1071°
80 125 5.7-1071% 3.7.1071°
150 80 7.8-1071% 49.1071
300 80 1.1-107% 6.9-1071°
600 40 1.5-107"% 95.10°1°

1000 40 20-107" 1.2.1071

of core transformations. We have seen how the pole manipulation techniques can
be adapted to this format such that the representation is accurately preserved
throughout the algorithm and the resulting method is backward stable.

The main objective of this format is to enable the use of a pole swapping
algorithm for the standard, unsymmetric eigenvalue problem whilst the storage
requirements and computational cost remains on par with the QR algorithm.
This method is considered as a rational QR algorithm.

Numerical experiments compared our rational QR algorithm, ZLAHPS, with
ZLAHQR from LAPACK and showed a significant reduction in compute time in
combination with a more accurate result in favor of our method.

Further research is required to devise a way to include multishift, multipole
rational QZ steps and aggressive early deflation techniques within this proposed
format. Our experiments confirm that this has the potential to be competitive
with state-of-the-art eigenvalue solvers for the dense, standard eigenvalue
problem if blocking for cache efficiency is used.






Chapter 6

Two-sided pole swapping for
tridiagonal pencils

This chapter studies the pole swapping method for tridiagonal matrix
pencils. The content is based on:

CampPs D., VANDEBRIL R., AND VAN DOOREN P., Two-sided rational
iterations for tridiagonal pencils. In preparation.

6.1 Introduction

In this chapter we study pole swapping methods for regular, block tridiagonal
matrix pencils that preserve the block tridiagonal structure of the matrix pencil
throughout the iteration. Non-unitary equivalence transformations in lower and
upper triangular form are well-suited for this task as they allow us to locally alter
the poles of the pencil without perturbing the tridiagonal structure. We propose
to use (nearly) optimally scaled lower and upper triangular transformations.
Backward stability of the algorithm is unfortunately not assured unlike in the
unitary case.

The proposed algorithm has two major potential advantages over the unitary
algorithms of previous chapters. Firstly, thanks to the sparsity of the pencil
the computational complexity of the algorithm is only O(n?) if the equivalence

125
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transformations are not accumulated. Secondly, as we will see, tridiagonal
pencils have poles on both the subdiagonal and the superdiagonal and these
poles can be independently used for a pole swapping step. This gives additional
degrees of freedom for novel shifting strategies.

We pay special attention to symmetric pencils that can be diagonalized by
congruence transformations. A sufficient but not a necessary condition for
diagonalizability of a symmetric pencil is definiteness [89]. Furthermore, any
dense, symmetric pencil can be reduced in O(n?) operations to symmetric
tridiagonal form [42,108] which admits the use of our algorithms.

The symmetric generalized eigenvalue problem with definite B is often solved
using a hybrid method which combines the Cholesky factorization B = LLT with
the symmetric QR method for the standard eigenvalue problem defined by the
matrix L1 AL~T. This approach was first formulated by Wilkinson [141, Section
71]. Tt is advised to use a Cholesky factorization with pivoting to improve
stability of the algorithm [26]. This method has some disadvantages. Firstly,
if B is ill-conditioned, then the computed eigenvalues may be inaccurate [46].
Secondly, the matrix L= AL~ becomes, in general, a full matrix. Nonetheless,
L7 YAL™T has a quasi-separable structure in case A — AB is tridiagonal which
can be exploited to devise an improved O(n?) eigenvalue solver [124].

Where the rational QZ and QR method of the previous chapters can be viewed
as methods that are derived from the QR algorithm [39,40], the non-unitary
methods discussed in the current chapter perhaps compare more to the LR
algorithm [101]. For this reason, we refer to the method as a rational LR
algorithm for tridiagonal matrix pairs.

6.2 Tridiagonal pencils

Definition 6.2.1. An nxn matrix pair (A, B) is said to be a tridiagonal matrix
pair with respectively lower and upper pole tuples,

E(A7B) = (6-17"'7577,71)7 and? \IJ(A7B) = (wla"w/wnfl)? (61)
if both A and B are tridiagonal matrices and if:
A 41

g = 2L o © and oy = €C forall ie{l,...,n—1}.
bitii i1

The definition of the lower pole tuple Z(A, B) is compatible with Definition 3.2.1.
Furthermore, it is obvious that W(A, B) = Z(AT, BT). We illustrate the previous
definition with a small-scale example.
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Example 6.2.2. The 3x3 real, unsymmetric, tridiagonal matrix pair,

1 2 2 2
A=|3 2 9|, B=|6 1 3|, (6.2)
4 3 1 3

has lower pole tuple Z(A, B) = (0.5,4), upper pole tuple ¥(A, B) = (1,3), and
eigenvalues A(4, B) = {0.5,1.33 £10.94}

The previous example illustrates that real, tridiagonal matrix pairs can have
complex-conjugate eigenvalues. To develop an eigenvalue algorithm using
real arithmetic for real-valued matrix pairs, we allow for a relaxation of
Definition 6.2.1 similar to the relaxation of block Hessenberg pencils in
Definition 4.2.3. For the same numerical reasons as discussed in Section 4.4, we
restrict ourselves to 2x2 blocks for complex-conjugate poles and 1x1 blocks for
real poles.

Definition 6.2.3. A matrix pair (A, B) € R"*" is called a block tridiagonal
matrix pair if it can be simultaneously partitioned as:

n—1 1 1 n—1

[af; —Ab]} | a1p—Mbio] 1 and @11 — Abi1 | A1z — ABip] n—1 (6.3)
[A21 — ABa1 | @aga — Aby| n—1" Lagr = Aboy | ad, — L] 1 7

and if the n—1 x n—1 pencils As; — ABs; and fllTQ — )\ES are in real, generalized
Schur form (2.13). The lower pole tuple is defined as Z(A, B) = A(Az21, B21)
and the upper pole tuple as ¥(A, B) = A(Aa1, Bo1).

Observe that Definition 6.2.3 implies that a block tridiagonal pencil is a
pentadiagonal pencil. The last ingredient required for (block) tridiagonal pencils
is a definition of properness.

Definition 6.2.4. A (block) tridiagonal matrix pair (A4, B) is called proper or
irreducible if both (A, B) and (AT, BT) are proper (block) Hessenberg pairs
according to Definition 4.2.5.

The example tridiagonal pair in (6.2) is not proper as the first column of A is a
scalar multiple of the first column of B. This implies that £; is an eigenvalue of
(A, B) with right eigenvector e;.

In case of a symmetric, (block) tridiagonal matrix pair, (A, B) = (AT, BT), we
have that Z(A, B) = ¥(A, B).

The following lemma shows that if a block tridiagonal pair undergoes an
equivalence transformations with upper triangular matrices the result is a block
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upper Hessenberg pair. Lower triangular equivalences lead to block lower
Hessenberg matrix pairs. A pair (A4, B) is said to be a lower block Hessenberg
pair if (AT, BT) is an upper block Hessenberg pair.

Lemma 6.2.5. Let (A, B) be an nxn proper block tridiagonal matriz pair
with lower pole tuple Z(A, B) and upper pole tuple (A, B). If R, R are a
pair of nxn nonsingular upper triangular matrices, then R(A, B)R s a proper,
upper block Hessenberg pair with pole tuple Z(A, B). If L, L are a pair of nxn
nonsingular lower triangular matrices, then L(A, B)ZVL s a proper, lower block
Hessenberg pair with pole tuple V(A, B).

Proof. We can rewrite R(A, B)R using the first partitioning of (6.3) and a block
partitioning of the upper triangulars R and R as follows:

1 n—1 n—1 1 n— 1 1
[ru | v ] 1 [af, = XbT) | a1a—Mbp2] 1 [Bi | #2] n—1
L 0 ‘ RQQ J n—1 |_A21 - )\BQI ‘ asy — /\bggJ n—1 - L 0 ‘ 7‘22J 1

The (n — 1) x (n — 1) pole pencil in position (2,1) of R(A, B)R above is thus
given by Roa(A2 — )\Bgl)Rn. This is an equivalence transformation of a block
upper triangular pencil in generalized Schur form (2.13) with nonsingular, upper
triangular matrices. This preserves the block upper triangular structure and
the ordering of the eigenvalues of the pole pencil. The second partitioning of
(6.3) cannot be preserved by an upper triangular equivalence. This proves the
first result. The proof of the second result proceeds similarly by considering a
block partitioning of L, L which preserves the second partitioning of (6.3) but
not the first. O

6.3 Swapping poles on the subdiagonal

In this section we discuss how two consecutive poles on the subdiagonal of a block
tridiagonal pencil A — AB can be swapped without altering the block tridiagonal
structure in the pencil and without changing the upper poles ¥(A, B). We
limit ourselves to the subdiagonal poles without loss of generality as reordering
superdiagonal poles of A — AB is equivalent to reordering subdiagonal poles of
AT — \BT.

To this end we consider the pencil A — AB which is block upper triangular
and has two sub-pencils A;; — AB;; of dimensions n; X n;,i = 1,2 with disjoint
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spectra :

A1 — AB11 Aia — ABp2

A—)AB:= [ 0 Ay — \Bay

} , A(A11, Bi1) N A(Agz, Ba) = 0.
(6.4)

As we have seen previously in Section 4.4, there always exist invertible
equivalence transformations that permute the spectra of the two diagonal
blocks:

All - )\Bll A12 - )\B12

S(A—AB)T = A-\B := . 2
( ) |: 0 A22 - /\BQQ

], det S # 0, det T #£ 0,

(6.5)
where the spectra (and sizgs) of %\Bu — Ayq and ABgy — Ags are equal, and
those of ABgy — Ags and AB1; — Aqp are equal.

The left and right deflating subspaces of A— AB are well defined by Lemma 4.4.1
[57]. The following lemma provides the required conditions which an invertible
equivalence transformation (S,T"), must satisfy to get (6.5).

Lemma 6.3.1. Let the pencil A — AB be given as in (6.4). The invertible
equivalence transformations S and T swap the spectra of the diagonal blocks in
S(A — AB)T if and only if the first block column of T' and the last block row of
S are spanning the right and left deflating subspaces described in Lemma 4.4.1,
ie. :

{;Z}:T{ISQ]MT, and Ms[0 I, ]S=[1, X], (66

where Mrp and Mg are square invertible matrices.

0

a right deflating subspace of the pencil A — AB with spectrum A(fln, 311) =
A(Ags, B2s) and that the row space of [ 0 I, } is a left deflating subspace

of the pencil A — AB with spectrum A(Agg, 322) = A(A11, B11). The equality

Proof. The right hand side of (6.5) implies that the column space of [ In, ] is

n2
0
the row space of [ 0 I,,, ]S span, respectively, the corresponding right and
left deflating subspaces of A — AB. Lemma 4.4.1 says these are also spanned,

with the left hand side then implies that the column space of T and

I,
invertible basis transformations M and Mg. O

respectively, by [ and [ L, X ] They must therefore be related by
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Lemma 4.4.1 also provides a direct manner to compute the swapping equivalences
S and T if they are chosen as unitary in the form of (4.25). Lemma 4.4.4 provides
an error bound for this case.

We cannot rely on unitary equivalences to preserve the block tridiagonal structure
of the pencil. If, in the current setting, we use an equivalence transformation
in the class of invertible lower triangular matrices, we do preserve the block
tridiagonal structure according to Lemma 6.2.5.

In other words, we need to construct invertible lower triangular matrices Lx
and Ly such that

[I,, X]=[0 My |Lx, and [;Y]zLY[AﬁY} (6.7)

where the matrices Mx and My are invertible.

Lemma 6.3.2. Let the pencil A — AB be given as in (6.4), where the spectra
of A11 — AB11 and Ass — ABos are disjoint. Then there exist lower triangular
equivalence transformations Lx and Ly that swap the spectra of the diagonal
blocks in the transformed pencil Lx (A — AB)Ly if and only if the matrices

[ In, X][ISJ and [ I, 0]{15}, (6.8)

are invertible.

Proof. We first prove the rank conditions are necessary. The leading no X ns

block of [ ;Y ] =Ly { J\gy } is the matrix
ng

[ In, O][}Z}:([IM o}LY[I’;DMY (6.9)

which must be invertible if My is invertible and Ly is lower triangular and
invertible. Similarly, the trailing n; X ny block of [ I, X ] = [ 0 My } Lx
is the matrix

which must be invertible if My is invertible and Lx is lower triangular and
invertible. We now prove the conditions are also sufficient. If the matrices (6.8)
are invertible, then so are the right hand sides of (6.9) and (6.10). We can then
choose My such that the (1,1)-block of Ly is lower triangular and invertible
and My such that the (2,2)-block of Ly is lower triangular and invertible, e.g.,
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by using QR factorizations of the matrices (6.8). Since the remaining blocks
of Ly and Lx are free to choose, we can complete these matrices to be lower
triangular and invertible, e.g. by choosing the (2,2) block of Ly to be I,,, and
the (1,1) block of Lx to be I, i.e.:

[ I, 0 [ -yMmyt o0
N S b S Pt

O

6.3.1 Diagonal scaling of transformations

The spectral transformations described above are clearly not unique and
since they are not orthogonal, we may ask the question what are the best
transformations in terms of numerical stability to perform the swapping. Since
the transformations Lx and Ly are constrained to be lower triangular there is
still a degree of freedom to scale them as follows :

DxLx, and LyDy

where Dx and Dy are real block diagonal matrices, with two blocks of
dimensions no X ny and ny X ny. Clearly, these additional diagonal scalings do
not affect the block structure and spectral properties of the transformed pencil
A—\B.

We recall two theorems proven in [63, Theorem 8] and [8, Theorem 3.7], that
address the one-sided scaling problem.

Theorem 6.3.3 ( [63]). Let Lx € R¥*¥ and Ly € R¥** have, respectively,
equal row and column norms, then they are nearly optimally scaled in the sense
that

H(fzx) < \/Ergin k(DxLx), and Ii(liy) < \/EHDliDH(LyDy).

Theorem 6.3.4 ([8]). Let Ly € Ru+n)x(u+na) gng [y € Rlm+na)x(u-+nz)
have, respectively, two orthogonal block rows Lx, and Lx, and two orthogonal
block columns Ly, and Ly, of dimensions n1 and na, then they are optimally

scaled under block diagonal transformations Dx = diag{Dx,,Dx, } and Dy =
diag{Dy,, Dy, }, where Dx,, Dy, € R"*™ fori=1,2 :

k(Lx)=mink(DxLx), and r(Ly)=mink(LyDy).
Dx Dy

Moreover,

- . 1+cos(ox)

L+ cos(0y)
“E0) = Tintox)

and k(Ly) = Sin(y)



132 TWO-SIDED POLE SWAPPING FOR TRIDIAGONAL PENCILS

where ¢px and ¢y are the minimal angles between the spaces spanned by the
images of Lx, and Lx, and of Ly, and Ly,, respectively.

We point out that in the proposed construction (6.11), the first block row of Lx
and the last block column of Ly are already orthogonal and even orthonormal.
The additional scalings Dx = diag{I,,, Nx} and Dy = diag{Ny,I,,} will
maintain the lower triangular structure in

[ In, 0 Lo [ YMYINy 0
X7 NxMgt NxM3x |0 7Y MyINy L, |

and at the same time achieve the normalization constraint, provided we choose
lower triangular solutions for Nx and Ny in

Mt (I, + XXT)MGT = NYUNGT, My (L, + YTY)MG ! = Ny TN,
or, equivalently,

MEI,, + XXT)"'Mx = NENx, My, +YTY)"'ML = Ny NE.

6.3.2 lterative refinement

The numerical implementation of the transformations Lx and Ly as described
in the previous section, does not imply that the (2,1)-block in the transformed
pencil A . A

A_p— | Aun—ABu Az —ABi |

can be safely dismissed. Just like this is not guaranteed in the unitary case, cfr.
Lemma 4.4.4.

Updating the equivalence transformatipn to further reduce (and then safely
dismiss) the ny xny block Ay —AAp in A— AB can be done via a similar method
as in Section 4.4.2 but with lower triangular instead of unitary transformations.
We are interested in an equivalence transformation of the form:
Ay =By Ajp — ABio ,_ A1 — By Ay — ABio
v A = LXx up A~ A LY,upa
0 Az — ABag Ag—AAp Az — ABa

with,

R I I, 0 R I T Ny 0
Xup == 0 Ny X I, |> YTy I, 0 I, |’
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where Nx and Ny are lower triangular normalization factors to optimally
scale the corresponding block row and block column of Lx ., and Ly, to be
orthonormal, and where (X,Y’) are computed from the system of quadratic
matrix equations

Ap4 ApY + XA + XA1,Y =0, Ap+ BoY + XByj + XB1,Y = 0.
These can be approximated by the system of linear equations
Ag+ AgpY + XA;; =0, Ap+ BypY + XBy, =0,

since || X||2 and ||Y]|2 are very small. The solution (X,Y’) of this linear system
can be computed using Kronecker products.

6.3.3 Special cases

Let us make this more explicit for the cases where n; and ng are either 1 or 2,
since these are the cases we need in practice.

Case ny =ny =1

The system of equations (4.22) for the pencil

| an — Ab11 @12 — Abia
A=AB:= [ 0 a2 — Abag }
becomes
[an —azz}{y}_[am]
b1 —bao x biz |’
Since

aii —az2
d:= det 0,
¢ [ bi —ba } 7

this system has the (unique) solution

. ail  ai12 _ ai2 —a22
x—det{ b by }/d, and y—det[ by by ]/d

The conditions of Lemma 6.3.2 become = # 0 and y # 0 and according to
Theorem 6.3.4, optimally scaled matrices are given by

O R e L))

Remark 6.3.5. The solvability conditions that x and y must be different from 0
can also be interpreted in terms of the data :

r#0 & Aarr,bi1) # Ala12,012), y#0 & A(ags, bae) # Ala12,b12).
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Caseny =2,n, =1

The system of equations (4.22) for the pencil

Al — AB11 ajp — Abpo ]

A=AB:= { 0 a2 — Abag

now involves two 2 x 1 vectors x and y that are a solution of

{An —a22[2}{Y]{a12}
Bi1 —baals x by |-

The conditions of Lemma 6.3.2 become y; # 0 and det (1) il } =-—x1#0
2
and according to Theorem 6.3.4, nearly optimally scaled matrices are given by:
11 o 1 0 O
LX = 0N —T2 | Y1 0
X 1 0 T i

where the lower triangular scaling matrix Nx orthonormalizes the bottom block
row of Lx, and

—y [0 0 (L+y2+y3)2]0 0
Ly=|—p |1 0 0 10
1 10 1 0 0 1

Case ny =1,ny =2

This case is dual to the previous case and is skipped for the sake of brevity.

Case ny =ng =2

The system of equations (4.22) for the pencil

A1 — AB11 A2 — ABpo }

A—AB:= [ 0 Agy — ABay

now involves two 2 X 2 matrices X and Y that can be solved using Kronecker
products. The solvability conditions boil down to det X # 0, and detY # 0.
Nearly optimally scaled matrices can be obtained as follows. Let Qx and Qy
be orthogonal transformations such that Q x X and Y Qy are lower triangular,
then

[ 0 L 0 [ -YQy 0[Ny 0
LX*[OQ NX:|{Q.2X QXX] and LY*{ QYY 12}[ UY 12}
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where Nx and Ny both scale the corresponding column norms and row norms
to 1.

6.4 Swapping poles in symmetric block tridiagonal
pencils

In case A — A\B is a symmetric, block tridiagonal pencil, it is natural to preserve
the symmetry by considering congruence transformations 7(A — AB)TT, where
T is a nonsingular matrix, that simultaneously swap two consecutive poles on
both the subdiagonal and superdiagonal.

To illustrate how this is done, we consider a 5 x 5 tridiagonal pencil

a1yl | @21 b1 | b1
a21 | G22 A32 bo1 | baa b3
A—AB= azy a3 | a43 —A b3z b33 | by3
43 | Q44 (54 byz | bag s
as4  ass bss  bss

in which we want to swap the pole pencils Abss — ass and Aby3 — aq3. This is
achieved by computing row and column transformation transformations

L o]0 [0 Y]

T21 T2z ya1 1

applied to rows 3 and 4, and columns 2 and 3 respectively, and where the
vectors [r9; 2] and [y11 y21]7 are computed as explained in Section 6.3.3 and
normalized to row and column norm 1, respectively. This transformation swaps
the subdiagonal poles. To preserve the symmetry in A — AB the transposed
transformations are also applied to the pencil as they swap the same poles on
the superdiagonal. Both transformations can be combined in the 3 x 3 row and
column transformations

y11 Yo1 O y11 0 0
T=| 0 1 0 |, and TP =| yo1 1 o |,
0 To1 T29 0 0 x99

which moreover still have normalized rows and columns, respectively. According
to Theorem 6.3.3, these combined transformations are therefore nearly optimally
scaled.

It is also possible to combine pole swaps involving one or two 2 x 2 blocks
into a congruence transformation on a symmetric, block tridiagonal pencil. We
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consider the problem of swapping two 2 x 2 blocks in A — AB. The other cases
proceed similar. Below, we show a 6 x 6 symmetric pencil, where the diagonal
blocks of the 5 x 5 sub-pencil are of dimension (2,2, 1):

a1l ag1 asi bir bar b3y
G21 Q2 G32 bar  baa  bao
az1 as2 azz (43  as53 _ | bst bs2 bsz baz sy
43 Q44 A54 bys  basa bss
as3 ds4 G55 | G6s bss  bsa bss | bes
aes | Qo6 bes | bes

The pencil is partitioned according to the first partitioning of (6.3). If we want
to swap the spectra of the two 2-dimensional blocks on the subdiagonal, we
must apply the lower 4 x 4 triangular row and column transformations:

I> and Y1
X21 X22 ’ Y21 12 ’
to rows 2 to 5 and columns 1 to 4, respectively. The matrices Xoo and Y7, are
invertible and lower triangular and the last block row and first block column

make up the deflating subspaces of Lemma 4.4.1. To preserve the symmetry
they are combined in a single 5 x 5 congruence transformation,

Vi Y
T = 1 ,
Xo1 Xoo

which must be applied to rows 1 to 5, while its transpose is applied to columns
1 to 5. This implies that X55 and Y77 must be brought to lower triangular form
by invertible upper triangular transformations Rx and Ry,

RX[I X]Z[le Xzz] and [_IY]RY:[YM Ym},

to preserve the deflating subspaces in T. The congruence transformation 7' can
be nearly optimal scaled by a diagonal scaling to equal row norms.

6.5 Pole introduction

Introducing poles in a block tridiagonal pencil A — AB is achieved in two steps
that are similar to the (block) Hessenberg case in Chapter 4.

To change the first pole(s) on the subdiagonal, we first compute the vector x
according to (4.14). Afterwards, we compute an invertible, lower triangular
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matrix Ly such that Lyxx = ve;. We can use Gaussian transformations for
this. Lx can be nearly optimally scaled to equal row norm by a diagonal
scaling. It follows from the argument provided in Chapter 4 in combination
with Theorem 6.6.1 that the first subdiagonal poles in Lx(A — AB) have been
changed accordingly. The tridiagonal structure and all other poles are preserved
according to Lemma 6.2.5.

The last pole(s) on the subdiagonal can be changed in (A — AB)Ly by a nearly
optimally scaled, invertible, lower triangular matrix Ly such that ” Ly = vel
with @ computed from (4.18).

Changing the first and last pole(s) on the superdiagonal is equivalent to
respectively changing the first and last pole(s) on the subdiagonal of AT — ABT.

Simultaneous introduction of the same first or last pole(s) in a symmetric, block
tridiagonal pencil is simply achieved by respectively computing Lx or Ly as
described above and applying them as a congruence transformations:

Lx(A—-XB)LY and LL(A—-AB)Ly.

6.6 Rational LR and TT' (T3) algorithms

Let A— AB be a proper (block) tridiagonal pencil with lower pole tuple Z(A, B)
and upper pole tuple ¥(A, B). A lower rational LR (RLR) sweep computes a
lower triangular equivalence transformation,

A—A\B:=Lx(A—\B)Ly, (6.12)
based on the following three steps:
I. Select or compute some shift(s) and introduce them as the first subdiagonal
pole(s) by computing Lx ;n(A — AB) based on Section 6.5,

II. Swap these pole(s) with the methods of Section 6.3 along the subdiagonal
to the final subdiagonal position in Lx s Lx in(A — AB)Ly s,

III. Select or compute some pole(s) and introduce them as the final subdiagonal
pole(s) by computing Lx s Lx,in(A—AB)Ly,swLy,in based on Section 6.5.

The final equivalence (6.12) is given by the accumulated lower triangular
transformations Lx := Lx swlx in and Ly := Ly s Ly, in.

Similarly, an upper rational LR sweep computes an upper triangular equivalence
transformation, R R
A —AB:= Rx(A—)AB)Ry, (6.13)
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based on the same three steps applied to AT — ABT and with Rx = LT,
Ry = L%.

In a practical implementation of an RLR-type algorithm it is possible to handle
lower RLR sweeps to large extent in parallel with upper RLR sweeps. If the
chasing procedures along the subdiagonal and superdiagonal are performed in
opposite directions, they only influence each other when they cross each other.
The same is true however for a bidirectional chase along the subdiagonal. At
the moment of writing, it is still unclear if this interesting property of the RLR
algorithm can exploited. A parallel implementation is also future work.

If the (block) tridiagonal pencil A — AB is symmetric and diagonalizable, it
is natural to use a rational TTT (RTTT or RT3) sweep which computes a
congruence transformation,

A—\B:=T(A-\B)TT, (6.14)

based on the same three steps that now chase a shift simultaneously along
the subdiagonal and superdiagonal making use of the symmetric swaps from
Section 6.4.

The computational cost of a single lower RLR (6.12), upper RLR (6.13) or RTTT
(6.14) step is O(n) if only A — AB computed. This follows from the observation
that all pole introduction and swapping methods require O(1) operations since
they preserve the tridiagonal structure. If the equivalence transformations are
accumulated throughout the algorithm, the cost of a single sweep increases
to O(n?) as these involve row and column updates of dimension n. If the
overall algorithm converges in O(n) iterations, the total computational cost of
computing the eigenvalues of A — AB is O(n?) or O(n?) if the equivalences are
accumulated.

6.6.1 Uniqueness and convergence

In this section we provide some uniqueness and convergence results for a
single shift lower and upper RLR sweep on a tridiagonal pencil based on the
theory of Chapter 3. We omit the block generalization, but any proper block
tridiagonal pencil can be reduced to a tridiagonal pencil via a similar procedure
as Lemma 4.2.7 but with either lower or upper triangular equivalences.

Theorem 6.6.1 (Implicit LR theorem). Let A — AB be a proper tridiagonal
pencil with lower pole tuple Z(A, B), upper pole tuple W(A, B) and with all the
poles different from the spectrum.
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Let IiX, IV/X, iy and iy be invertible, lower triangular matrices with i}lel =
aliler, a € C\ {0}, such that

A—\B:=Lx(A—AB)Ly, and A—AB:=Lx(A—\B)Ly,

are both proper tridiagonal pencils having the same lower pole tuple V(A B)
with poles different from the spectrum. Then A—\B and A—\B are essentially
identical in the sense that LX = DXLX and Ly = LyDy with Dx and Dy
invertible diagonal matrices.

Similarly, let RX, Rx, Ry and Ry be invertible, upper triangular matrices with
el Ry = aeT Ry, a € C\ {0}, such that

A—AB:=Rx(A—AB)Ry, and A—AB:=Rx(A—\B)Ry,

are both proper tridiagonal pencils having the same upper pole tuple \IJ(A B)
with poles different from the spectrum. Then A= X\B and A—\B are essentially
identical in the sense that RX = DXRX and Ry = RyDy with Dx and Dy
invertible diagonal matrices.

Proof. The idea of the proof of the first statement is the same as in the proof
of Theorem 3.6.1. Using Corollary 3.6.8 and the shorthand notation,

Mi = _ixMzﬁ;(l, and Ml = ExMZ.Z/;(l

for the elementary rational matrices (3.7) with shift g; and pole §; before and
after the equivalence. We get the following equalities,

IA/)_(IKZM(A,B,BME,P) :i}l [ e Ml e ... H;:ll Mi e] ]
= O[E)_(l [ e Ml e ... H?;ll Ml €] ]

= Ly' K (A, B, e1, =, P),

which is an equality between two LU decompositions which is unique up to
an invertible diagonal matrix Dx, i.e. L}l = L}ID;(I. We now show that
f/yel = dz,y for some nonzero «. This follows from:

Afglgiﬁx(Afng)f/y, and Afglé:ix(Afng)zy,
with & the same first subdiagonal pole in A — AB and A — AB. Which yields,
iyel = (A — ng)illA/)_(l (A — 513)61

Lyei = (A— 513)_1IV1)_<1(A — & B)es.
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It follows that Lye; = &Ly because (/i - fle)el = Ge; and (/Vl - glé)el =
& for some nonzero &, . The proof of uniqueness of Ly now follows from
Corollary 3.6.8 just like before The second part of the theorem is essentially
the same as the first part but for A7 — ABT. O

Theorem 6.6.1 implies that the result of a lower and upper RLR sweep is uniquely
determined if the shift in step I and the pole in step III of the algorithm are
fixed because choosing the shift for a lower RLR sweep determines L)_(lel =z
up to scaling. The same is valid for an upper RLR sweep. We also have that
congruence transformation applied in an RT3 step on a proper, symmetric
tridiagonal pencil is unique up to an invertible diagonal transformation as it
just combines the lower and upper RLR sweeps.

We can also extend the convergence result of Theorem 3.7.3 to the non-unitary
setting in a straightforward manner.

Theorem 6.6.2. Let A — AB be a proper tridiagonal pencil with lower pole
tuple Z(A, B), upper pole tuple V(A, B) and with all the poles different from
the spectrum. A lower RLR sweep (6.12) with shift o and new pole &, performs
nested subspace iteration with a change of basis, similar to Theorem 3.7.3,
accelerated by:

R(LY' (5 1:k)) = M(0,&)E, and R(Ly(:,1:k)) = N(0,&k+1)Ek-

Similarly an upper RLR sweep with shift o and new pole 1, implicitly performs
nested subspace iteration accelerated by:

R(RY(1:k)) = M(0,¥511) €k and R (RyT(;,1: k) = N(o,vr) " &

In case A — AB is symmetric, an RT3 sweep with shift 0 and new pole &, = ¥,
implicitly performs nested subspace iteration accelerated by:

R(T7'(:,1: k) = M(o,&)E = N(o,¥r)" &k,
R (TT(% 1: k’)) = N(0,&k+1)E = M(o, ¢k+1)T5k-

We omit the proof as it is the same as the proof of Theorem 3.7.3. The
interpretation of this result is also the same as in Chapter 3: a good selection of
shifts and poles for lower RLR sweeps leads to rapid deflations of eigenvalues by
driving subdiagonal elements in A — AB to zero, while a good selection of shift
and poles for the upper RLR sweeps has the same effect on the superdiagonal. In
the RT3 case, convergence occurs simultaneously on the sub- and superdiagonals.
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6.7 Numerical experiments

As a “proof of concept” we test our implementation of the RT3 algorithm on
randomly generated, symmetric matrix pencils. The real-valued matrices A
and B, defining the pencils, are generated by first drawing their entries from
the standard normal distribution and afterwards taking the symmetric part
(A+ AT B+ BT). The result is an indefinite dense, symmetric pencil which
is very likely to be block diagonalizable! having blocks of dimension 1 for real
eigenvalues and dimension 2 for complex-conjugate eigenvalues.

These pencils are first reduced to symmetric tridiagonal form having all poles
at 1 via the reduction algorithm of Sidje [108]. Finally, the RT3 algorithm for
symmetric, block tridiagonal pencils is used to reduce them to a congruent block
diagonal pencil. The results of this experiment are summarized in Figures 6.1
and 6.2 for pencils of dimension 50 up to 200.

10-8 8
2.4
2.2 4
T 10~ % 2 ?2
< £ 2
1.8 1
1.6
10710 [
50 100 150 200 50 100 150 200 50 100 150 200
n n n

Figure 6.1: Results of a numerical experiment with the RT3 algorithm on
indefinite symmetric pencils. Error on the eigenvalues (left), swaps/n? (middle),
and CPU time with least-squares fit (right).

The left pane of Figure 6.1 shows the relative error on the eigenvalues obtained
with RT3 in comparison to Matlab’s eig function. We observe an accuracy of
about 9 to 10 digits. The middle pane shows that we need about two swaps
per eigenvalue squared, which is more than for the experiments in Chapters 3
and 5. It signals that convergence is slower. A potential explanation is that
our deflation criteria are not yet on par with the criteria used in the RQZ
method. We tested for a deflation by comparing subdiagonal blocks with the
norm of (block) diagonal elements, but since the non-unitary transformations
do not preserve the norm of the pencil, this could be suboptimal. Nonetheless,
the CPU time shown in the right pane does closely match the expected O(n?)
complexity in case the congruence transformations are not accumulated. The

1We did confirm numerically that the pencils are block diagonalizable, this is possibly
an extension of the result that the set of non-diagonalizable matrices has measure zero. An
analysis is outside the scope of this thesis.
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dashed line shows the least-squares fit of the data with a leading exponent of

O(n'9).
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Figure 6.2: Part 2 of the results of a numerical experiment with the RT3
algorithm on indefinite symmetric pencils of dimension 50. Growth of the x(T)
throughout the RT3 algorithm in black and (V') in red (left), eigenvalues from
eig in black and from RT3 in red (right).

The left pane of Figure 6.2 displays the growth in the condition number «(7T')
throughout the RT3 algorithm for a problem of dimension 50. The condition
number of the eigenvectors computed with Matlab, x(V), is shown in red. In
this example, the eigenvectors from RT3 have a condition number that is about
one order of magnitude larger than Matlab and are thus suboptimal. The right
part shows the spectrum of the pencil computed by RT3 and eig.

6.8 Conclusion

This chapter proposed and studied non-unitary pole swapping methods for
computing the eigenvalues of (block) tridiagonal pencils. The algorithms require
O(n?) operations but numerical stability is a difficult problem.

Nearly optimal scaled lower and upper triangular equivalence transformations
were proposed for general (block) tridiagonal pencils and nearly optimal scaled
congruence transformations for diagonalizable, symmetric tridiagonal pencils.
The resulting RLR and RT3 algorithms perform a two-sided iteration accelerated
by rational functions.

Numerical experiments confirm the validity of our approach but also highlight
the remaining challenges. Future work entails a detailed analysis of the stability
of the proposed schemes for certain subclasses of tridiagonal eigenproblems and
the inclusion of (partial) balancing [77].



Chapter 7

Implicitly filtering the rational
Krylov method

This chapter is based on the papers [19,20]:

CampPs D., MEERBERGEN K., AND VANDEBRIL R. A rational QZ
method. (2019) STAM J. Matrix Anal. Appl. Vol. 40, No. 3, pp.
943-972.

Camps D., MEERBERGEN K., AND VANDEBRIL R. An implicit filter
for rational Krylov using core transformations. (2019) Linear Algebra
and its Applications. Volume 561, 15 January 2019, Pages 113-140.

7.1 Introduction

The Arnoldi algorithm, discussed in Section 2.2.2; exhibits an orthogonalization
cost which increases quadratically in the subspace dimension, while the storage
requirements depend linearly on the number of basis vectors. This cost can
become prohibitive for large-scale problems where the eigenvalues of interest
are difficult to approximate in a limited number of iterations. This problem can
be adequately solved by a restart of the Arnoldi method. Sorensen introduced
the implicitly restarted Arnoldi method (IRA) [111]. His algorithm applies
implicitly shifted QR steps [39,40] to the Arnoldi Hessenberg matrix H,,.
Starting from an Arnoldi decomposition (2.29) related with a Krylov subspace

143
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of dimension m+1, IRA implicitly applies p shifted QR steps with shifts {o;}?_,
to end up with a reduced order Arnoldi decomposition related with the Krylov
subspace K,,—pi1(A,p(A)v) with p(4) = TI?_,(A — o;I). This process is
depicted schematically as:

p()=[]]_ (z—ei)
%
p shifted QR steps

Kmi1(4,v) Kn—pt1(4, p(A)v).

IRA implicitly applies a polynomial filter determined by the shifts to the
polynomial Krylov subspace. The implicitly restarted Arnoldi method was
further analyzed by Morgan [84] and refined by Lehoucq & Sorensen [75]. It
is to this date still used by ARPACK [76] to compute a few eigenpairs of a
large-scale matrix. ARPACK is called by Matlab when eigs is invoked.

Stewart [112] introduced the Krylov-Schur algorithm where a proper subspace is
extracted from the Krylov subspace via the Schur decomposition of the Arnoldi
Hessenberg matrix.

In this chapter we apply the pole swapping technique of the RQZ method to
implicitly apply a rational filter in the rational Krylov method. This approach
can be viewed as a generalization of the use of the QR method in the implicitly
restarted Arnoldi method. The pole swapping technique for the rational Krylov
method was first proposed by Berljafa & Giittel in [11, Section 4.3]. Our
additional contribution to this result is twofold. First, we make the connection
with the RQZ method and the theory of Chapter 3, which allows us to easily
characterize the implicit filter. Second, we compare the implicit filter with the
filter method proposed by De Samblanx, Meerbergen & Bultheel [27]. Their
method uses an explicit QZ step on the rational Krylov Hessenberg pencil. We
will demonstrate in our numerical examples that the implicit pole swapping
approach has several advantages over the explicit method.

The chapter is organized as follows. Section 7.2 introduces the rational Krylov
method as an iterative method to construct an orthonormal basis for a rational
Krylov subspace. We review how eigenvalue approximations can be extracted
from the rational Krylov method and show in Lemma 7.2.5 that this is possible
by computing the eigenvalues of a small-scale Hessenberg pair. This small-scale
problem can be easily solved with the RQZ algorithm. We also study the matrix
structure which is encoded in the Galerkin projection on a rational Krylov
basis. Section 7.3 describes how the pole swapping technique is used to filter the
rational Krylov method. Section 7.4 illustrates the implicitly filtered rational
Krylov algorithm with four numerical examples that indicate that the method
can outperform comparable methods. Some concluding remarks are given in
Section 7.5.
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7.2 Rational Krylov methods

The rational Krylov method was originally introduced by Ruhe in 1984 [92] and
revisited by the same author in a series of papers [93-95] a decade after the
initial article. The initial work of Ruhe culminates in [96] and by that time
research into rational Krylov methods really started to gain traction [27,74,110].

Ruhe proposed the rational Krylov method for the solution of the eigenvalue
problem and this will also be our main application of interest for rational Krylov
in this thesis. Rational Krylov methods have been successful in many more
applications after their introduction. Examples include — but are not limited
to — the solution of nonlinear eigenvalue problems [52,97,117,118], matrix
equations [30,109], model order reduction [7,32,47-49], and the computation of
f(A)v, i.e. the action of a matrix function on a vector [31,44, 51].

7.2.1 Rational Krylov matrices and subspaces

In this section we briefly specify the rational Krylov theory from Section 3.6.1,
which is formulated for matrix pairs, to the matrix case. The following
elementary property is of great use to study the rational Krylov matrices
and subspaces generated by a matrix. It is the well-known result that any
matrix commutes with its (shifted) inverse.

Property 7.2.1 (Commutativity). Given a matriz A, shift o € C, and pole
& e C\ A(A4), we have that:

(A—ol)(A=ED)™" = (A=¢1) ™ (A~ol).

It follows from this property that the elementary rational matrices (3.8) for a
single matrix A, which corresponds with the pencil (A4, I) satisfy,

M(e,€) = N(e, ).
Consequently, we also have,
KA, IL,v,Z,P) = LP(A, I,v,E, P),
KA I, v,2) = LA, I,v,E),

according to Definitions 3.6.2 and 3.6.5. We can thus define a single rational
Krylov matrix and subspace for the matrix case. The following definition
specifies this and applies property II of Lemma 3.6.6 to the matrix case.
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Definition 7.2.2 (rational Krylov matrix and subspace). Let A € F"*™
v € F*\ {0}, E = (&,...,&n), & € C\ A(A), the pole tuple, and P =
(01y---y0m), 0i € C \ Z, the shift tuple. The corresponding rational Krylov
matriz, K2t € FrX(m+D) s defined as:

K;ﬁrl(AavawP) = K:r?il(AvlvvagvP) (71)
The rational Krylov subspace,
K::r?il(Aa'lhE) = R(K::il(Av'ILEaP)) ’ (72)

is defined as the columnspace of the rational Krylov matrix. The rational Krylov
subspace satisfies:

K;Z:Ykl(Av v, E) =dm (A)illchrl(Aa U) = ]Cerl(Av dm (A)ilv)v (73)

with ¢, (2) = 1/~ (2 — &) € Pm, a polynomial with roots Z. Every root in 2
equal to oo reduces the degree of ¢, by one.

Observe that (7.3) shows that a rational Krylov subspace is nothing else than
a Krylov subspace with a special starting vector. This result follows from
Lemma 3.6.6, but by using Property 7.2.1 it can be easily proven directly in
the matrix case.

Proof of (7.3). Combining (7.2) with Property 7.2.1 gives:

K:;sil (A v, '—‘) =

H(A—&,-I)_1~R<H(A—§l (A—o11) HA &, .. ,H(A—QJ)’U).

i=1 i=1 =1

As the shifts P are chosen different from the poles =, the vectors remaining inside
R(-) in the equation above are m+1 vectors of the form p,,, (A)v with p,, € Py,
a polynomial of degree < m having at least 1 root distinct from all other
polynomials. It follows by a simple inductive argument that the polynomials
are linearly independent under the conditions on = and P. Consequently, the
subspace R(-) above is isomorphic to the subspace R (pp,(A)v | pm € Pm), i€
the Krylov subspace K., 11(A,v). O

7.2.2 Ruhe’s iterative method

Algorithm 2 lists the rational Krylov algorithm, also known as the ratio-
nal Arnoldi algorithm. It iteratively constructs an orthonormal basis of
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Krat (A, v, 2). Comparing this algorithm to Algorithm 1, the only difference
is in lines 4 and 5 where first the continuation combination is computed or
selected and next a rational expansion step is taken. The remaining part of the
algorithm just uses modified Gram-Schmidt to orthonormalize the basis vectors.

Algorithm 2 rational Krylov algorithm [92,93,96]
Input: A, v, m
1. Start: v1 < v/ ||v|,

2: Iterate:

3: for j=1,2,...,m do

4 & =aj/Bj, 0j =7/, and t; € CI > Cont. combination
5 vj1 < (64— 1)(BjA—a;I)" 1 Vit; > Rational expansion
6: fori=1,...,5do > modified Gram-Schmidt
7 hi’j — U,Zk Vjt+1

8: Vjt1 < Vjp1 — hi)j’Ui

9: end for

10: hj+1,j — ij-‘rlHQ > normalize
11: Vjt1 < Vjt1 /thrl-,j

12: end for

The continuation combination consists of the pole &;, the shift g;, and the
continuation vector t; which is used to construct a vector V;t; to expand the
subspace with in line 5. In the Arnoldi method, the continuation vector is
always t; = e; as the subspace is expanded with Avj, cfr. Algorithm 1. We
will discuss the choice of continuation combination in some more detail in a
moment.

Inspecting Algorithm 2, we observe the following recurrence relation at iteration
J:
j+1
(A=) (BjA—ay 1) Vit = D hijvs, (7.4)
i=1

which is the rational Krylov variant of (2.28). Using Property 7.2.1 to reorder
the left-hand side and rewriting the right-hand side as a matrix-vector product
gives,

(BjA—a; 1)~ (6, A= )Vt; = Vb, (7.5)

with h; € F7+1 the vector of orthonormalization coefficients. Left multiplication
with (3;A—a; 1) yields:

(0;A=y; D)Vit; = (BjA—;1)Vji1hy, (7.6)
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which can be rearranged to:
AVip1(6t; — Bih;) = Vit (vt — ajhy), (7.7)

with tT [tT ]T If we combine iterations j = 1,...,m, we get the rational
Krylov recurrence relation:

AVm—i—le = m+lea (78)

where L, , K, € F+t)Xm are a pair of Hessenberg matrices with the nonzero
entries in column j equal to:

k; =0jt; — Bjh;, and, £; =;t; —ajh;.

j (7.9)

It follows that the Hessenberg pairs satisfies €;41,j/k;j+1,; = o;/B; = &, i.e.
the poles used in the rational Krylov algorithm are encoded in the Hessenberg
matrices L,,, K,, as the ratio of their subdiagonal elements. We refer to
(L, K,,) as the rational Krylov Hessenberg pair and to (Vip41, L,,, K,,,) as the
rational Krylov triplet. The rational Krylov Hessenberg pair is of full rank m as
long as there is no breakdown in line 10 [27]. We call both the rational Krylov
Hessenberg pair and triplet proper if no breakdown occurs. It is easy to verify
that properness of the rational Krylov Hessenberg pair is in agreement with
two out of three conditions of Definition 3.2.1. Only the condition on the last
rows of the pencil does not hold because of the rectangular form.

Let us now return to the problem of choosing the continuation combination
which is used for the expansion step. The first parameter is the pole ;. Poles
are typically chosen in such a way that the method rapidly converges to the
quantities of interest. This makes pole selection a highly nontrivial problem.
Optimal strategies have been proposed for the solution of matrix functions [51]
and the convergence of eigenvalue approximations in rational Krylov iterations
has been studied in [9]. The second parameter, g, and the third parameter,
t, do not affect the resulting subspace, i.e. R(V;,41) in (7.8) is independent
of the choice of shift and continuation vector as long as admissible shifts and
continuation vectors are used [12]. Admissible means that the vector computed
in line 5 satisfies:

(A—o; I)(A=&1) ' Vit; & R(V;), (7.10)
such that the subspace is expanded. An admissible shift and continuation
vector always exist as long as the subspace is not A-invariant [12,96]. This is

also a corollary of Theorem 3.6.4 and Lemma 3.6.6. A common choice for the
continuation vector t; is [96]:

t; = {ej & =&-vorj=1 (7.11)

g; = Qje; otherwise
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with (); computed from the QR factorization of §;L; ; — a;K;_;. Choosing
t; according to (7.11) ensures an admissible continuation combination for any
choice of shift [12].

Berljafa & Giittel have proven existence and essential uniqueness results for
rational Krylov decompositions (7.8) in [11]. These are summarized in the
following two results.

Theorem 7.2.3 (Theorem 2.5 in [11]). Let (Vyuy1, L,,,, K,,,) be a proper rational
Krylov triplet satisfying (7.8) for A € F"*". Let v = Vj,11€1, and E =
(&1, 38&m), & ¢ A(A), be the poles of the rational Krylov Hessenberg pair.
Then we have, fork=1,...,m+1:

R(Vi.) = Kj*(A, v, ).

Theorem 7.2.4 (Theorem 3.2 in [11)). If the starting vector v and the ordering
of the poles E is fized, then a proper rational Krylov triplet, (Vint1,K,,,, L),
satisfying (7.8) is unique up to equivalent triplets of the form,

(Vm+1Dm+1a D:n+1KmRm; D:n+1LmRm)7

with Dy € FEDXn+D) o unitary diagonal matriz, and R, € F™*™ q
nonsingular upper triangular matrix.

The combination of these results indicates that Algorithm 2 produces a rational
Krylov recurrence which is linked uniquely with a rational Krylov subspace up
to equivalent triplets.

Extended Krylov

A special case of rational Krylov is the extended Krylov method. This
specification of rational Krylov was originally proposed by Druskin &
Knizhnerman in 1998 [29] for the approximation of matrix functions and studied
further by Knizhnerman & Simoncini [64].

The extended Krylov method is nothing else then the rational Krylov method
where the choice of poles is limited to &; € {0, c0}. This implies that the matrix
A must be nonsingular to construct an extended Krylov subspace. In every
step of Algorithm 2, the rational expansion is in the extended Krylov method
performed either with AV;t; or A=1V;t;.

The resulting extended Krylov Hessenberg pair (L,,, K,,,) has the property that
lit+1,; = 0 when & = 0, and k;4; ; = 0 when {; = o0, i.e. there is exactly one
nonzero subdiagonal element for every column j. This is in agreement with the
extended Hessenberg pencils introduced in Appendix A.
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The extended Krylov method can, in some cases, be preferred over the rational
Krylov method. It has fewer free parameters making it less difficult to select
the poles. Furthermore, it requires only one matrix factorization to solve the
linear systems in Algorithm 2, while the rational Krylov method requires a new
factorization for every unique pole.

7.2.3 Ritz values in rational Krylov

To use the rational Krylov algorithm for eigenvalue problems, we need a way to
extract approximate eigenvalues or Ritz values satisfying a Galerkin constraint.
Just like for the Arnoldi method where the Ritz values can be computed as
the eigenvalues of the leading mxm upper Hessenberg matrix H,, according to
(2.35). To get a Galerkin projection condition (Definition 2.2.7), we require an
orthogonality constraint against an m-dimensional subspace of K24 | (A, v, E).
A common choice for Ritz values in rational Krylov is V = R(V,,4+1K,,,) [10].
The following lemma characterizes a generalized eigenvalue problem satisfying
this constraint.

Lemma 7.2.5 (Ritz values in rational Krylov). Let (Viu41,L,,,K,,) be a
rational Krylov triplet satisfying a rational Krylov recurrence (7.8) for A € F>™,
Then (9, 2 = Vi1 K, Ym) is a Ritz pair of A with respect to R(Vip41K,,) if
and only if (9,ym) is an eigenpair of the mxm Hessenberg pencil:

(imvkm) = (Lm + £m+1,mém+1,mfme£a Km + |km+1,m|2fme%)a (7-12)
with fm = K, ep,.

Proof. (9,2 = Vi1 K,,ym) is a Ritz pair of A with respect to R(V,41K,,) if
and only if:

Vm+1Km 1 Az -9z = AVerlEmym - 19Vm+1Emym

= m+1(Lm - ﬁKm)ymv

which is satisfied if:
K:n(Lm - ﬂKm)ym =0.

The Ritz values are thus the eigenvalues of the pencil (K L,,, K, K, ). This is

—m=m>

not a Hessenberg, Hessenberg pencil but left multiplication with the nonsingular

matrix K, * gives the equivalent Hessenberg, Hessenberg pencil (L., K,,) of
(7.12). O

The Hessenberg pencil (L, K,,) in (7.12) only differs from (L, K,,) in its last
column and a single mXxm linear system with the lower Hessenberg matrix K\,



RATIONAL KRYLOV METHODS 151

needs to be solved to compute the update vector fy,. The rational QZ method
can be directly used to compute the eigenvalues of (L~m, K~m) We remark that,
in case &, = 00, km+1,m = 0 which means that (L,,, K,) = (L, Kn) by
(7.12).

As shown in the proof of Lemma 7.2.5, the Ritz values are also equal to
the eigenvalues of (K, L., K K, ). This pencil can be transformed to the

—m=m> =—m
equivalent matrix (K* K, )" 'K’ L, which is equal to:

H®™ = K L (7.13)

=m=Emo

with KT, the Moore-Penrose pseudoinverse of the full rank matrix K, [46].
H'* is referred to as the Galerkin projection of A on R(V;+1K,,), similar to
the polynomial Krylov case. We will show in the next section that H!** has a
rational Hessenberg structure. The Ritz values are clearly also determined by
the eigenvalues of H!** however, in practice using (7.12) to determine the Ritz
values has two main advantages. Firstly, it is computationally less expensive to
compute (7.12) than (7.13). The former requires the solution of a single linear
system of dimension m, the latter requires m least-square solves. Secondly, the
Hessenberg pencil in (7.12) can be directly solved with RQZ, while the matrix
(7.13) first needs to be reduced to Hessenberg form.

Ritz values in the rational Krylov method often converge much faster to the
eigenvalues of interest compared to the polynomial Krylov method provided
a good choice of poles is made. We illustrate the convergence behaviour in
Figure 7.1 which shows a Ritz plot obtained with the rational Krylov method
where the poles are cyclically chosen at 18, 20.05, and 22, for the same matrix that
was studied in Figure 2.1. Compared to the Arnoldi method, the convergence
of eigenvalues in the interior part of the spectrum now proceeds much faster
and the extremal eigenvalue at 39 only converges near the end of the iteration.

The convergence of rational Ritz values was studied in detail in [9] where it is
shown that poles do attract convergence of Ritz values.

7.2.4 Structure in the Galerkin projection

In this section, we study the matrix structure of the Galerkin projection
(7.13) of the original large-scale problem onto the rational Krylov subspace
R(Vim+1K,,,). To this end, we consider the core factorized form of the rational
Krylov Hessenberg pair in combination with the ¢ransfer operation for core
transformations. The transfer operation is introduced in Appendix A.

It is well-known that the Galerkin projection on a rational Krylov subspace
is of a particular rank-structured form in the Hermitian case [38] and the
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Figure 7.1: Convergence of rational Ritz values.

unsymmetric case [79,115]. We will prove this same result but via a direct proof
that exploits the matrix structure instead of using the theory of orthogonal
rational functions [79,115]. Up to our knowledge this is a novel approach for
this result.

Let us start with recapitulating the appropriate matrix structures. These are
also illustrated in Figure 7.2. We are already acquainted with the factorized
representation of the Hessenberg matrix shown in pane I. Lemma 2.2.8 shows that
the Galerkin projection on a polynomial Krylov subspace has this structure. The
extended Hessenberg structure illustrated in pane II provides additional flexibility
by admitting different orderings in the sequence of core transformations. Finally,
pane III shows an example of an extended Hessenberg plus diagonal matrix.
Lemma 7.2.6 shows that this matrix structure is linked with the Galerkin
projection on a rational Krylov subspace. For this reason, we introduce
the alternative name rational Hessenberg matrix for this matrix structure.
Appendix A provides more information on extended Hessenberg matrices and
the transfer operation for core transformations which we use for the proof of
Lemma 7.2.6.

Lemma 7.2.6. Let (Vi41,K,,,L,,) be a proper rational Krylov triplet
corresponding to the rational Krylov subspace K% (A, v1,Z = (&1,...,&m))-
Consider the vector d € C™ with d; = &; for & # oo, otherwise d; can be
any scalar. Then we have that H'* = KI,LL is a rational Hessenberg matriz

QR+ D with:

m

C; C; ; i1 =
satisfying | " i1 0 G =00

-Q=0Cl...Ck,, :
g g Cip1Cy if &1 # 0
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I II. I11.

Kxxxxxx dy
X X X X X ds

X X

X X X

X X X X

X X X X X
X X X X X X

v 31 X

X X X X
X x x T dy

(
K E [: X z d5d6

C4C1C3CC5 R C5C4CC3CL R + D

Figure 7.2: Examples of the representation of (I) Hessenberg, (II) extended
Hessenberg and (I1I) rational Hessenberg matrices.

- D = diag(d).

Proof. Consider the matrix G,, = L,, — K, D, which is an (m+1)xm upper
Hessenberg matrix as both L, and K, D are upper Hessenberg of size
(m+1)xm. The subdiagonal elements of G,, are hit1,; = €;y1,; — diikit1, for
i€ {1, [N ,m}. As d” = 51 = £i+1,i/ki+l,i if ki+1,i 7& 0, we have that hi+1,i =0
if the pole &; is not at infinity. For poles at infinity, h;11,; = f;11,; # 0 since
there is no breakdown. The matrix G,, has thus a zero subdiagonal element
whenever K has a nonzero subdiagonal element and vice versa. We have
K'L =K'G +K! K D. AsK, isfulrank, K] K = I, and it remains

thus to examine the QR factorization of KI G, to prove the Lemma.

We get,
T _ pt H* _ -1 * Rg
KQO - BKQKQGEG - [RK O] QKQG 0|’

where Ry;' is well-defined since K, is of maximal rank. The unitary matrices
can be represented as a product of core transformations as,

QK:(};..(}%

1k ?

and QG = éjl "'éjf,

where k+0 = m, i1 < iy < ... < g, j1 < Jo < ... < je and {iy,...,ix} U
{j1,---,51} equal to {1,...,m}. The Hermitian conjugates in Qx are only
introduced for convenience. The product of both unitary matrices, Q = Qi Qc
is equal to:

Q=QxQc=Ci...C;,Cj,...C5, =Ch, -+ Ch,_,.
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We will prove next that the mutual ordering of C; and Cy41 in the factorization
of @ is imposed by &;11 as specified in the formulation of the Lemma.

- If §41 = 00, then i+1 € {j1,..., i} as it was designed to create a zero in
G,,,.- There are two possibilities, either C; appears in Q¥ orin Qg. If it
is in Q} it is clearly to the left, if it is in Q¢, then j; < ... < j; ensures
that is located to the left of C;41.

- If i1 # 00, then i+1 € {iy,..., ik}~and an analogous reasoning shows
that C; must be positioned right of C; ;.

There are two possibilities for the mth core transformation. If &,, # oo then the
mth core transformation in Q is located on the left of core transformation m — 1
and we can write Q = Cp, Q1 m—1 with Q1. m_1 the unitary matrix formed by
the first m — 1 core transformations. This gives:

KTQO = [R[_(1 O:I Cm@l...m—l |:]DE)G:| = [R ®} Ql...m,—l |:1%G:| = le—lR

In the second equality C,, is applied to columns m and m + 1 of RT , this
preserves the upper triangular structure in the left m x m block. For the thlrd
equality Q1 .m—1 is transferred from the right of [R ®] to the left. Since Q1 m—1
only affects the first m columns, both the upper triangularity in the left mxm
block and the mutual ordering of the core transformations are preserved.

Similarly, if §,, = oo, the mth core transformation is located right from core
transformation m — 1 and we can write Q = Q1...;m_1C)n to get:

RG]

K!G, =Ry 0]Q1.m-1Cn [ = [RE' 0] Q1.m—1 {g} =Q1.m-1R.

O

Let us further illustrate this structure with two simple examples.

Example 7.2.7. In the case of the projection on an extended Krylov subspace,
the vector d can be chosen as the zero vector according to Lemma 7.2.6 such
that we can choose G,,, = L,,, in the proof of Lemma 7.2.6. We end up with
a matrix in extended Hessenberg format because of this. For example, the
Galerkin projection K Ian on an extended Krylov subspace with pole tuple
Eext = (0,0,00,0,00) is of the form:
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X X X X X0 X X X X X X X X X X
><><><><0 E ><><><>< K X X X X
KiL. = ><><><0 E E X X X
><><0 X X
><0 K X

[RKl O Qx Qr %L} 1.4 R

The Galerkin projection K! L on the rational Krylov subspace with = =

—m=m

(&1,&2,83,&4,&5), assuming all &; # oo, is of the form:

KlLs = KIGs + diag(&1,.. ., &

Since there are no infinite poles in this example the matrix G5, as used in the
proof of Lemma 7.2.6, is an upper triangular matrix. As a consequence, all 5
core transformations are located in an ascending pattern that forms Q7. In the
second equality, the core transformation acting on columns 5 and 6 is merged
into the upper triangular matrix. This creates nonzero elements in the last
column, but the remaining core transformation can be transferred to the left
because the first columns are still in upper triangular form. The result is shown
on the second row. It is clear that the product of the 5x6 and 6x5 upper
triangular matrices result in a 5x5 matrix in upper triangular form.
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7.3 Filtering the rational Krylov method

To implicitly apply a rational filter in the rational Krylov method we can use the
pole swapping concept of the RQZ method. The filter mechanism is summarized
in Figure 7.3 for a small example. The algorithm starts from a proper rational
Krylov triplet (Viy41, L,,, K,,,) with poles Z = (£1,...,&mn). The initial state of
the rational Krylov Hessenberg pencil is shown in pane I on the left. In pane II,
the first pole £; is changed to a shift p by computing a unitary transformation
Q such that,

The principle is the same as (3.2), the only difference is that the inverse is
replaced with the Moore-Penrose pseudoinverse (L,,—¢1 K,,)T.

(7.14)

It is well-known [46] that x5 = (L,,—& K,,)'b is the least squares solution of
minimal norm ||z||2. As ||ye1 — (L,, — &1K,,)erllz = 0 when v = €11 — &1k,
we conclude that,

(L,,~& K,,)Te; =e;. (7.15)

Pane II of Figure 7.3 further shows how the shift is swapped to the last position
on the subdiagonal of (L,,, K,,). The end result is displayed in pane III.

I. II. II1.
X X X X X X X X X X X X X X X X X X X X X X X
<>2<>><>< @xx é<>><>< %@XX é<>><>< éxx
X X X X X X X X X X X X
®x ©x ®x (©x @x @Dx
@ @ @ @ S @
L, K, L4 &1 Lx K4

Figure 7.3: RQZ-like procedure to change the first pole in a rational Krylov
Hessenberg pair to a new shift (Pane IT) and move it to the last subdiagonal
position in the rational Krylov Hessenberg pair (Pane II-IIT).

The process shown in Figure 7.3 effectively updates,
(Lm’Km) = Q*(Lm7Km)Z?

in such a way that the pole tuple is changed to == (&2y...,&m, 0). To maintain
the rational Krylov recurrence (7.8) the orthonormal basis is also updated as

Vm+1 - VerlQ-

This does not change the span of V41, i.e. R(Vina1) = R(Vins1), but the
vectors are rearranged. The new starting vector is given by:

A~

0 =Vyt1e1 = Vi@ = AV (L, —0K,, )e:. (7.16)
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The rational Krylov recurrence (7.8) implies,
(A=ol) Vini1 (L =61 K,,) = (A=&1 D) Vinga (L, — oK) (7.17)

Rearranging terms in (7.17) and combining this with (7.15) and (7.16), we see
that the new starting vector is given by:

v =n(A=E 1) H(A—p])w. (7.18)

From the uniqueness of a rational Krylov triplet (7.8) stated in Theorem 7.2.4
in combination with Theorem 7.2.3 it follows that R(Vp,41) = Ki2% (A, 9, =).

The filter operation is finalized by removing the last pole g from the subspace
which reduces the order of the rational Krylov recurrence by one. This means
that the trailing column and row of (L,,, &,,) are removed, as well as the last
vector of Vm+1~ The result is a proper rational Krylov triplet (Vm, Lm_l, K me1)

of reduced order with poles = = (&, ..., &) and start vector (7.18).

Repeating this process p times, we pictorially get the transformation:

a(x)=]];_, =¢

K:fsf‘rl(Av v, (517 s agm)) p shifted ;:(;ZZ;EZPS K:fst—p-‘rl(Av Q(A)vv (gp-i-lv s 75771))7

which is the rational Krylov equivalent of implicitly restarted Arnoldi discussed
in Section 7.1.

The implicit filter, and more broadly the rational QZ method, can also
be formulated and implemented in terms of elementary operations on core
transformations. This formulation is studied in [20].

7.4 Numerical experiments

A general approach for a restarted rational Krylov method is listed in Algorithm
3. This algorithm leaves open two major questions.

The first question is an approach to select the poles during the expansion phase.
The rational Krylov method allows for plenty of freedom in this respect. If one
has no a priori knowledge about the problem at hand, the extended Krylov
method can be a good alternative as it contains fewer parameters. This is
especially true during the first iterations, afterwards a motivated choice of poles
might be made based on information already available. If eigenvalues in a
certain region of interest are searched after, the poles can be chosen in such a
way that they form a rational filter which emphasizes the eigenvalues inside
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Algorithm 3 Restarted rational Krylov algorithm

Input: A € CV*N 0 #£ v € CV, maximal subspace dimension m, restart
length p, number of desired Ritz pairs I (p+1 < m)
Output: {(Jy, )}y
1: Start:
a: Select poles =,
b: [Vint1, K,y L,,,] < RK(A4,v,Z,,) > Algorithm 2.
c: Check convergence of | most desired Ritz pairs {(Jx, zr)}._,
while not converged do
Select p shifts (ox)h_;
for j=1...pdo
[Vm—j+1,Km—jaLm—j] — RKQZ(Vm—jH,Km—jHaLm—j+1v 0;) >
Pole swapping filter.
end for
Select m — p new poles =,
Expand: [Vi,41,K,,,L,,] < RK(A,V,K,L,E,,_,) > Algorithm 2.
Check convergence of I most desired Ritz pairs {(V, zx)}_,
10: end while

the region of interest, see [119] for a detailed description and a connection with
contour integration techniques. In Example 7.4.3 we will use this approach to
compute eigenvalues inside a contour. We will not go into further detail on the
problem of pole selection.

A second issue is how to pick the shifts for the filter polynomial. Different
practices have been proposed in the literature. They all attempt to create a
filter polynomial py € P, that has the property that |p;(z)| is large on Quanted
and small on Qunwanted, Where Qyanted and Qunwanted are disjoint compact sets
in C. A first method is the use of ezact shifts [111]. These are the p Ritz
values that are most distant from Qyanteq- Another option is to use shifts as
the zeros of Chebyshev polynomials on an ellipse [103,111]. The use of Leja
shifts, proposed in [5,6], is a third possibility.

Example 7.4.1. In the first experiment, we use Algorithm 3 to determine
the rightmost eigenvalues of a small test problem using extended and rational
Krylov subspaces and exact shifts for the filter. The exact shifts are the leftmost
Ritz values. We consider a matrix A € R192X102 which is nonzero in the first
100 diagonal entries and in the last 2 x 2 block only. The diagonal entries are
equal to —100,—99, ..., —1 and the 2x2 block leads to the complex conjugate
pair of eigenvalues +25i. This construction mimics the physical situation in the
double-diffusive convection example [22,114]. The spectrum of A is shown in
Figure 7.4.
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Figure 7.4: Spectrum of the problem of size 102 in Example 7.4.1

The rightmost eigenvalues of this matrix are £25¢. Assume we can only store a
maximum of m=8 basis vectors in memory. For the restart phase we choose the
parameter p=6. The starting vector is [1---1]7 and the iteration is repeated
until the complex conjugate pair of Ritz values has converged to an error smaller
than 1078,

Figure 7.5 shows the convergence of the desired Ritz values for 3 different options
of poles E. The error |A1 2 — J|/|A\1,2] is shown in function of the dimension of
the subspace. The left pane shows the result for Z; = (0,0,...), meaning that
only operations with A~! are used and we have an extended Krylov subspace.
We observe that the convergence for the complex conjugate pair is slow and
5 restarts are required to meet the convergence criterion. The middle pane
shows the convergence for Zy = (00,00, ...), a polynomial Krylov subspace.
The convergence is much faster in this case and only 3 restarts are required
since the error is reduced by approximately two orders of magnitude after every
restart.

Considering the spectrum of A, this is what one would expect. The complex
conjugate pair of eigenvalues is situated at +0.043 for A~!. They lie in the
cluster of eigenvalues near zero and are not well separated. This has a large
impact on the convergence of the method. In the spectrum of the original
matrix A the complex conjugate pair of eigenvalues is well separated. Hence
the more rapid convergence with =s.

The right pane displays the result for a fully rational pole selection strategy.
The initial subspace is constructed using the rational Krylov pole tuple
(=70.5,-60.5,...,—10.5) with poles along the negative real axis. As this
does not lead to significant convergence, the pole tuple is changed to
(22i,—22i,16i, —16i, 10i, —10¢) after the first restart. These poles along the
imaginary axes speed up the convergence and only two restarts are required
with this strategy.

Example 7.4.2. We study the benchmark problem from [33]. This problem
also stems from fluid dynamics and is a model for the flow in a unit-square
cavity with the lid moving from left to right. The Q2 — @ finite element
discretization with IFISS [35] resulted in a generalized eigenvalue problem
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Figure 7.5: Convergence behavior for the restarted rational Krylov iteration for
three different choices of =. The convergence of the initial subspace is shown
with a solid line, convergence after restarting is indicated with a dashed line.
Left: extended, Middle: polynomial, Right: rational Krylov iteration.

(A, B) € R%40x9540 " The Reynolds number Re is 7800 for the pencil we
consider. The critical Reynolds number of this problem Re, is slightly less than
7929 [33,36]. The pencil we consider is thus stable.

Both matrices A and B of the matrix pencil (A, B) are nonsingular such that we
can apply an extended Krylov method for the generalized eigenvalue problem.
This leads to operations with A B~! for poles at co and with B A~! for poles
at 0. The LU factorization of A takes 142s in Matlab and 27s for B on an Intel
Xeon CPU E5-2697. It is feasible to factorize both A and B once, but repeating
this every few iterations is costly. Hence we prefer the extended Krylov method
over the rational Krylov method.

Figure 7.6 shows the spectrum of (A, B). The left pane shows 343 eigenvalues in
a region of the complex plane near the imaginary axis. The rightmost eigenvalues
of (A, B) appear in the complex conjugate pair Aj o = —0.005135 + 2.6984473.
They are encircled in Figure 7.6. The right pane provides a closeup of the region
near A172.

Table 7.1 lists the results for 3 different experiments with 3 different choices
of Ecxs. These are cyclic pole tuples and the first column of Table 7.1 lists the
first cycle in Zext. The ratio of poles at 0 decreases from the first to the third
row as is indicated in the second column which shows the ratio of operations
with poles at 0 with the total number of operations. The third column gives
the requested tolerance for convergence, the fourth the number of restarts and
the last column the residual of the rightmost Ritz values.
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Figure 7.6: The spectrum of the driven cavity problem. The encircled eigenvalues
are the rightmost eigenvalues.

The residual is in this case evaluated as,

|Az — ABx|| 0o
[Allse + Al + | Blloo

In all three experiments, we create a subspace of dimension m=100, which is
then reduced with p=>50 exact (leftmost) shifts during the restart. Since this is
a rather ‘difficult’ problem, the dimension of the subspace is kept comparatively
large. In order to retrieve the rightmost eigenvalues, the convergence criterion
is applied to the 12 rightmost Ritz values. If all 12 have a residual less than
the tolerance, the algorithm is halted. The tolerance is adjusted for each Eqy
in such a way that a good result is achieved within a reasonable number of
restarts.

The results indicate that retrieving the rightmost eigenvalues of this problem
up to good accuracy is feasible with a small number of restarts. The first two
choices of Zqyy give a significantly faster convergence than the third. When
the tolerance in the third experiment is lowered to 10~%, the method fails to
converge in a reasonable number of restarts. We conclude that for this problem
it is beneficial to include operations with pole at 0.

The ARPACK [76] implementation of implicitly restarted Arnoldi, which is
available in Matlab as the command eigs, did not retrieve the rightmost
eigenvalues. This experiment demonstrates that the extended Krylov method
can sometimes be a suitable choice for finding a few eigenvalues of a matrix if
two conditions are satisfied. First, the convergence of the polynomial Krylov
method is too slow to find the eigenvalues of interest within a reasonable
number of restarts and with subspaces of small enough dimensions. Second,
the computational cost of computing an LU factorization of the matrix is too
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large to repeat every few iterations, which excludes the rational Krylov method
as a viable option, but it is small enough to do once. This second condition
leaves both the extended Krylov method and shift-and-invert Arnoldi as suitable
options since they both require only one matrix factorization.

Zext %;;Op' tolerance restarts residual norm
~ 0 0 0 0 - 4/5 3-10710 12 9.3-10712
© 0 0 0 3/4 8-1010 9 2.7-10711
o 0 0 2/3 1.5-1078 6 1.4-1078

Table 7.1: Summary of the results of Algorithm 3 on the cavity flow model
with m=100, p=50 and v =[1--- l}T with three different options of Z..;. The
convergence is checked for the 12 rightmost Ritz values. The first column
specifies the first cycle of Zqy, the second column lists the fraction of poles at 0
in Eext, the third column gives the requested tolerance, the fourth column the
number of restarts and the last column the residual norm upon convergence.

Example 7.4.3. In this example, we make a direct comparison between the
results obtained with Algorithm 3 and the explicit QZ step of [27] which is listed
in Algorithm 4. In line 2 of Algorithm 4 an orthogonal matrix Z € C™*™~1 is
computed for which the vector (vL;, — K )q is in the nullspace of Z*. This
condition is not restrictive and does not define Z uniquely. Two choices for Z
are used in our experiment: Z; as computed by Algorithm 6.1 of [27] and Z5

computed from the full QR factorization [z Z2] [§] = (vL;, — 6K},)q.

Algorithm 4 Single shift, explicit QZ step for rational Krylov [27]
Input: va-‘rl’ VKWH Lny 0= 7/6
Output: V,,, K L

“2m-1

m—1

1: Compute full QR factorization [Q ql [](ﬂ =0L,, —vK,,
2: Compute Z satisfying ¢*(YL,,, — 6K, )Z =0

3: K77171 = Q*KmZ

4: Lm—l = Q*LmZ

5 Vip = m+1Q

The matrix we consider is PDE900 from the MatrixMarket collection. This is a
real matrix of size 900x900. We are interested in determining the 9 eigenvalues
of this matrix inside the elliptical contour I', shown in Figure 7.7(a). For this
purpose, the contour is discretized with N = 110 points and both the poles =
and filter shifts p are located at these discretization nodes. For more details on
this choice of rational filter and connections with contour integration methods,
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see [119]. This approach has a significant advantage over contour integration
techniques as it only requires the solution to a single linear system in every
iteration.

Re Re

(a) Spectrum and continuous contour. (b) Spectrum, discretized contour and
Ritz values with implicit QZ

Figure 7.7: Problem setting and results with the implicit QZ method.

Given that all poles are on a contour in C, we are dealing with a proper rational
Krylov iteration. The tolerance is set to 1077. After 3 outer iterations of adding
N poles and applying N filter shifts with the implicit QZ step, the problem
can be deflated. The iteration found an invariant subspace containing the Ritz
values of interest which are shown in Figure 7.7(b).

With the explicit QZ step of Algorithm 4, deflation does not occur or goes
unnoticed and after the maximum of 6 outer iterations the Ritz values obtained
with the choice of Z; are shown in Figure 7.8(a) and in Figure 7.8(b) for Zs.
Clearly, the method did not converge and the explicit QZ step distorts the
information in the rational Krylov subspace.

This example demonstrates that the implicit QZ step is superior to the explicit
step. Not only is it computationally more efficient, it behaves more stable and
allows for accurate deflation monitoring.

Example 7.4.4. As our final numerical experiment, we revisit the two fluid
flow problems from Section 3.5.3. Instead of computing all eigenvalues we are
now only interested in determining if the problems are stable by computing
the rightmost eigenvalues. The settings of Algorithm 3 and results obtained
with the algorithm are summarized in Table 7.2. In both cases, we selected
poles along the imaginary axis, = = (—20¢, —184, ..., 184, 20i), as we expect the
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Re Re

(a) Spectrum, discretized contour and (b) Spectrum, discretized contour and
Ritz values with explicit QZ with option Ritz values with explicit QZ with option
7. Zs.

Figure 7.8: Results with the explicit QZ method.

rightmost eigenvalue to be situated close to it. Exact shifts were used in the
filter step.

Table 7.2: Summary of the settings and results of the restarted rational Krylov
iteration. The columns list the maximal subspace dimension m, the restart
length p, the number of wanted Ritz values ¢, the tolerance tol, and the required
number of restarts to reach convergence.

Problem ‘ m ‘ P ‘ 14 ‘ tol ‘ # restarts
Cavity flow 402081077 [8
Obstacle flow | 60 | 25 | 7 | 1077 | 11

Figure 7.9 shows the rightmost part of the spectrum and the converged Ritz
values. As can be seen, the method successfully converged to the correct
eigenvalues within a reasonable number of restarts.

7.5 Conclusion

In this chapter we have applied the pole swapping technique of the rational QZ
method to implicitly filter a rational Krylov iteration. Lemma 7.2.5 derived a
small-scale Hessenberg pair which satisfies a Galerkin constraint with respect
to a subspace computed with the rational Krylov method. This shows how
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Figure 7.9: Rightmost part of the spectrum of the cavity flow (left) and obstacle
flow (right) problems. The eigenvalues (-) and Ritz values (o) are shown.

eigenvalue approximations can be obtained using the rational Krylov method in
combination with the rational QZ method. We studied the Galerkin projection
on a rational Krylov subspace in Lemma 7.2.6 which revealed that it is of
rational Hessenberg form.

Numerical experiments tested the filter algorithm on four examples and
demonstrated the validity of the implicit approach both for the extended and
rational Krylov methods. We showed how extended Krylov can, in particular
cases, be an interesting method for the computation of the rightmost eigenvalues.
We compared our method with ARPACK and with the implicit restart method
proposed in [27], and showed that the new method can outperform these in
some scenarios.






Chapter 8

Conclusions and outlook

In this thesis we presented a class of eigenvalue methods that are founded on a
pole swapping strategy. We have shown that this change in perspective from
classical bulge chasing algorithms allows for more general shifting strategies
that lead us to more efficient eigenvalue algorithms.

We developed a sound theoretical understanding of pole swapping algorithms:
both their uniqueness and their convergence has been analyzed using rational
Krylov theory. This revealed that pole swapping methods implicitly perform
nested subspace iteration accelerated by rational functions, thereby significantly
generalizing the well-known polynomial-driven nested subspace iteration of
bulge chasing algorithms.

We adapted many recent developments in dense eigenvalue solvers to our novel
framework. These include tightly-packed, multishift and multipole batches and
an aggressive early deflation strategy. We obtained a high-performing algorithm
for the generalized eigenvalue problem which is rich in level-3 BLAS operations
and shown to be more accurate and faster than LAPACK [2].

A compact representation of Hessenberg, unitary Hessenberg pencils enabled us
to apply the pole swapping techniques for the solution of the standard eigenvalue
problem in an efficient manner. Numerical experiments showed promising results
with this approach to solve the standard eigenvalue problem.

We studied pole swapping algorithms for both symmetric and unsymmetric
tridiagonal pencils using non-unitary transformations. Optimality conditions
for the swapping transformations are provided, and uniqueness and convergence
results are extended to the tridiagonal case. Numerical experiments show
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promising results, but numerical stability remains challenging.

We used the connection between pole swapping algorithms and the rational
Krylov method in order to efficiently filter the iterative rational Krylov method.

8.1 Contributions

In this section we wish to highlight the main contributions of the different
chapters over existing results.

The contents of Chapter 3 have been submitted for publication [19]. The main
contributions are:

e Section 3.2 rigorously defined the notion of properness for Hessenberg
pairs. Lemma 3.2.2 gave four results for proper Hessenberg pairs that are
useful for their theoretical understanding.

e Section 3.3.2 reviewed the pole introduction and swapping operations on
Hessenberg pairs and provided a novel numerical algorithm to compute
the swapping transformations which is backward stable. An error analysis
is included in Appendix B.

e Section 3.4 proposed and tested a novel reduction algorithm to Hessenberg
form with prescribed pole tuple. The numerical test showed that a good
pole selection can induce premature middle deflations during the reduction
process.

e Section 3.5 proposed and tested the novel rational QZ algorithm for
Hessenberg pairs. Numerical tests showed that a good choice of poles
allows the pole swapping method to significantly outperform bulge chasing
methods.

e Section 3.6 reviewed and extended rational Krylov theory to prove an
implicit Q theorem for proper Hessenberg pencils. In Theorem 3.6.4 we
formally proved the shift invariance property for subspaces generated
from elementary rational matrices. Theorem 3.6.7 is a new result that
reveals the structure in rational Krylov subspaces generated from proper
Hessenberg pairs.

e Section 3.7 contains the main theoretical result of this thesis in the form
of Theorem 3.7.3 which essentially shows that a pole swapping method
implicitly performs nested subspace iteration accelerated by rational
functions.
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e Section 3.8 provides an exactness result which shows that the rational QZ
method with perfect shift or pole leads to a deflation.

The majority of the content from Chapter 4 has been submitted for publication
in [18]. Section 4.4 contains results submitted for publication in [17]. The main
contributions are:

e Section 4.2 formally defined and studied proper block Hessenberg pairs.

e Theorem 4.2.8 showed the blocked structure of rational Krylov subspaces
generated by proper block Hessenberg pairs used to prove the block
implicit Q theorem in Theorem 4.3.3.

e Section 4.2.3 studied the pole placement problem for blocks of poles.

e Section 4.4 reviewed the swapping problem and proposed a numerical
scheme for the iterative refinement of pole swaps.

e Section 4.5 studied how an aggressive early deflation strategy can be
applied within the rational QZ method.

e The implementation of the algorithm in the Fortran package 1ibRQZ.

The content of Chapter 5 is based on an article that is currently in preparation.
The main contributions are:

o An efficient storage scheme for Hessenberg, unitary Hessenberg pencils
which allows for a backward stable pole swapping algorithm.

e A comparison between our pole swapping method ZLAHPS and the bulge
chasing method ZLAHQR from LAPACK that reveals a reduction in CPU
time up to 37%.

The content of Chapter 6 is based on an article that is currently in preparation.
The main contributions are:

e A study of (nearly) optimally scaled, non-unitary pole swapping methods
for block tridiagonal pencils that preserve the tridiagonal form which
results in an O(n?) eigenvalue algorithm for tridiagonal pencils.

e Section 6.6.1 extends the uniqueness and convergence results of Chapter 3
to the non-unitary case.



170 CONCLUSIONS AND OUTLOOK

The content of Chapter 7 is based on [20]. The main contributions are:

e Lemma 7.2.5 presents a novel manner to compute the Ritz values in
rational Krylov as the eigenvalues of a Hessenberg pair.

o Lemma 7.2.6 analyzes the structure of the Galerkin projection on a rational
Krylov subspace.

e Sections 7.3 and 7.4 formulated and tested an implicit filter for rational
Krylov and showed that it can outperform existing methods for computing
a subset of eigenvalues.

8.2 OQutlook

Scientific research is a never ending process. This thesis answered some questions
regarding pole swapping methods for eigenvalue problems but also opens up
potential new research directions. We list some ideas below.

o Throughout the thesis we mainly relied on pole selection strategies that
use eigenvalue approximations based on the top-left part of the matrix.
The numerical experiment in Section 3.4.2 gave an example where a
different pole selection strategy allowed us to construct a rational filter
which induces a middle deflation that splits the problem in two large
regions of eigenvalues. We believe that there is significant potential in
novel shifting and pole strategies which construct good rational filters
for the use in a pole swapping algorithm and that this requires further
research.

e We devised a way to incorporate the aggressive early deflation strategy
in the multishift, multipole rational QZ step. The computational cost of
aggressive early deflation is, although limited compared with a rational QZ
sweep, still significantly larger than classical deflation criteria. It would
be interesting to be able to predict a priori if aggressive early deflation
will find a significant number of eigenvalues, similar to [15].

o The idea of aggressive early deflation has also been investigated to perform
aggressive middle deflation in QR~type algorithms [81]. If this strategy
can be combined with rational filters that tend to induce middle deflations,
it can have the potential to drastically speed-up eigenvalue computations.

o With respect to software development, it would be interesting to develop
a parallel implementation of the multishift, multipole rational QZ method
with active bidirectional chasing.
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e An extension of the rational QR method based on the Hessenberg, unitary
Hessenberg pole swapping technique to multishift, multipole sweeps that
preserve the compact format.

e A way to perform aggressive early deflation on the compact Hessenberg,
unitary Hessenberg form.

o Investigating if the RLR or RT3 pole swapping algorithms for tridiagonal
pencils can be shown to be numerically stable for certain classes of problems
or certain shifting strategies.

e A study of balancing techniques with the goal of improving numerical
stability of the RLR and RT3 methods.

e An investigation of the adaptation of pole swapping techniques to
structured eigenproblems.






Appendix A

Core transformations and the
extended Hessenberg form

Section A.1 of this appendix provides an overview of three operations that can
be performed with core transformations as defined in Definition 2.3.2. These
operations are extensively used in the literature in the context of generalizations
of the QR method [123,129,130] and for the representation of rank-structured
matrices. An in-depth overview of core transformations and their use for the
eigenvalue problem can be found in [4]. Section A.2 introduces the concept of
ertended Hessenberg matrix and pencils.

A.1 Three operations on core transformations

Three useful operations with core transformations are the transfer, fusion,
and turnover operations. The transfer of a core transformation from left to
right, or vice versa, through a nonsingular, upper triangular matrix is shown in
Figure A.1.

Elements of the upper triangular matrix that are altered during the transfer
from left to right are indicated with ® in Figure A.1. The core transformation
on the left is different from the one on the right but its index is not changed and
the upper triangular shape is preserved. The computational complexity of a
transfer operation is clearly O(n), with n the dimension of the upper triangular
matrix. If multiple core transformations are present in a given pattern or shape,
for example the descending pattern of a Hessenberg matrix (Figure 2.4), then
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Figure A.1: Transfer of a core transformation from the left of an upper triangular
matrix to the right or vice versa.

the complete pattern of transformations can be transferred through the upper
triangular matrix. This operation preserves the mutual ordering of the core
transformations. An example is shown in Figure A.2.

X X X X X X X X
[: X X X _ X X X

E X X B X X K
K X X

Figure A.2: The ordering of core transformations is preserved under the transfer
operation.

Two core transformations that act consecutively on the same rows or columns
can be multiplied and the result is again a core transformation. This is called a
fusion of core transformations and is depicted as:

=L

The turnover of a V-shaped pattern of 3 core transformations is shown in
Figure A.3. This operation flips a factorization of 3 core transformations that
act on rows (4,i+1), (i4+1,4+2), (i,i4+1) into a factorization acting on rows
(i+1,i4+2), (4,i+1), (i+1,i+2) or vice versa. A turnover is always possible in
the unitary case. This can be proven by considering two variants for factoring
a unitary 3x3 matrix [125]. The computational complexity of both the fusion
and turnover operation is O(1).

Finally, we remark that two core transformation C; and C; commute if |i—j| > 1.
As a consequence the mutual ordering in a pattern of core transformations is
not necessarily unique. We say that consecutive core transformations, C; and
Cit1, are in descending order if they are ordered as C; C;11. If they are ordered
as C;+1 C;, we say that they are in ascending order. The Hessenberg form has
all core transformations in descending order and can be considered as a strictly
descending pattern.
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Figure A.3: Turnover of a V-shaped pattern of core transformations.

A.2 Extended Hessenberg matrices and pencils

The extended Hessenberg form is a relaxation of the Hessenberg form in the
sense that the sequence of core transformations is no longer required to be
strictly descending. Definition A.2.1 formalizes this and furthermore defines
the notion of an extended Hessenberg pencil.

Definition A.2.1. A matrix A € F"*"™ is called an extended Hessenberg matrix
if it has a QR decomposition of the form:

A=Chy- Crtn-nR,

with 7 a permutation of (1,...,n—1). A pair of matrices A, B € F"*™ is called
an extended Hessenberg pair if the matrices have a QR decomposition:

A=QaRa, B=QpRp, with: QaQp = Cra)-...Crn-1),

where 7 is again a permutation of (1,...,n — 1). An extended Hessenberg
matrix and an extended Hessenberg pair are called proper if none of the core
transformations C; are diagonal.

In order to clarify Definition A.2.1, Figure A.4 provides examples of a Hessenberg
matrix, an extended Hessenberg matrix, and an extended Hessenberg pencil.
As the ordering of core transformations is not unique if they do not act on
consecutive rows, there are multiple alternative orderings for the extended forms
in panes IT and III.

We observe that the extended Hessenberg pencil, (CoC1CsR4, C4C3RE), from
pane III can be easily transformed to an equivalent extended Hessenberg pencil
with strictly descending patterns of core transformations in A and B. Strictly
descending means that the core transformations in both Q4 and Qg satisfy the
ordering C;C}; if 7 > i. The transformation to the strictly descending form can
be achieve without changing the upper triangular matrices R4 or Rp. For our
example, this can be done by a left multiplication with C5C}; which gives the
equivalent pencil (C1C;C5R4,C5C5RE).
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I. Hessenberg II. extended II1. extended Hessenberg pencil
Hessenberg
X X X X X X X X X X X X XXX XXX XXXXXX
E X X X X X [: X X X X X E X X X X X X X X X X
K X X X X [: X X X X E X X X X X X X X
E X X X E X X X XX X E X X X
K X X E X X X X E X X
(7% 7L x e X
C103C5CC5s R| CyC1C3C5C5 R CsC3C1 Ry, C4C3 Rp

Figure A.4: Examples of a Hessenberg matrix, extended Hessenberg matrix and
extended Hessenberg pencil.

Similarly, an extended Hessenberg matrix can also be transformed to an
equivalent extended Hessenberg pencil with strictly descending patterns of
core transformations. For example, the extended Hessenberg matrix in pane II
of Figure A.4 can be interpreted as the pencil (C4C1C5C>C5R, I) which can
be left multiplied with C5C} to get the equivalent extended Hessenberg
pencil (C1C2C5R,C5Cy). This has a strictly descending pattern of core
transformations on both matrices. Observe that the second matrix in the
equivalent matrix pair remains unitary in this case.

The previous two observations are true in general and are formalized in the
next lemma.

Lemma A.2.2. Any proper extended Hessenberg pencil, (QaRa,QpRp), can
be transformed to an equivalent strictly descending extended Hessenberg pencil,
(QARA,QBRB) where both QA and QB are unitary matrices that admit a
factorization in a strictly descending sequence of core transformations by left
multiplication with a unitary matriz. This does not alter the upper triangular
matrices R4 and Rp.

Proof. Trivial observation. O

A direct corollary of Lemma A.2.2 is that any proper extended Hessenberg
matrix and pencil can be transformed to an equivalent proper Hessenberg pencil
according to Definition 3.2.1 with poles & € {0, 00}. Properness of the resulting
Hessenberg pair follows from the property that the core transformations are
non-diagonal.

Starting from an extended Hessenberg matrix results in a Hessenberg pair
with a unitary matrix such that the method of Chapter 5 can be used. For
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extended Hessenberg pencils, we can use the method of Chapter 3 after the
transformation.

As shown in Lemma 7.2.6, the extended Hessenberg form is linked with the
Galerkin projection on an extended Krylov subspace.






Appendix B

Backward stable pole
swapping

In this appendix we present the error analysis for Lemma 3.3.2 and the results
of numerical experiments supporting the analysis.

B.1 Error analysis

The swapping operation is a unitary equivalence, and such transformations
generally are stable [55], but there is one thing we have to check. The rotation @
is designed so that Q*(BZ) has a zero in the (2,1) position. This automatically
creates a zero in the (2,1) position of @*(AZ) because the first columns of AZ
and BZ are scalar multiples. This is true in exact arithmetic. We just need
to check that in floating-point arithmetic the entry that is created in the (2, 1)
position of Q*AZ is small enough that backward stability is not compromised
by setting it to zero. For this it suffices that its magnitude be no bigger than a
modest multiple of €,,|| A||. Here and throughout the analysis, the norm symbol
will denote the 2-norm.

The swapping operation begins with the computation of Z in (3.4) which is
uniquely defined by the vector

o= { a2b = faa } : (B.1)

»32061 - 042[31
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which is a right eigenvector of A — AB in (3.3) associated with &. In floating-
point arithmetic we get

OéQb(]. —+ 61) — /82(1(]. —+ 62)

B®) =1 grar(1+ ) - aspr(1+ea) |

(B.2)
where each ¢; is the result of two roundoff errors and therefore satisfies |¢; | <
2em + O(€2,). We will use the abbreviation |¢; | < €, to mean that |¢;]| is no
bigger than a modest constant times ¢,,.

The next step is to actually compute Z, which has /|| x| as its first column.
In practice we do this using fl(z) and make additional roundoff errors in the
computation. We get Z = fl(Z) satisfying

> - _ ~—1| (@) (1 +e5)
Zeir =& =% [ ﬂ(zg)(lJreZ) ] (B.3)

Here % = ||fi(x)||. A tiny relative error is made during this norm computation,
and another tiny error is made when fl(z) is divided by 4. These are the causes
of the error €5, and we have |e5| < €. Similarly |e5] < €

The vector & defined by (B.3) is our computed (and normalized) version of a
right eigenvector associated with eigenvalue &;. For later use we wish to show
that @ is exactly an eigenvector of a slightly perturbed pencil. Thus we seek
perturbed quantities &1, ds, 1, and By such that

G sl EDIE)[) o

Notice that we are not going to map back any of the error onto a or b. This
equation is equivalent to

(Badr — G2B1)@1 + (Baa — Giab)F2 = 0.

Filling in the values of #; and Zs from (B.3) and (B.2), we can check that this
equation holds if we make the assignments

V= —(1+€3)(1+66> g =« € €5
M )1t e)’ 2= ax(l+ea)l+e),
5 (1+€4)(1+66) 5 c c

Bl_ﬂl—(1+61)(1+65)7 B2 = Pa(1 + €2)(1 + €5).

Clearly |G — ;| < em|ag| and | B; — Bi| < €m|Bi| for i = 1, 2. Equation (B.4)
can be written more compactly as

By AT = Gy Bi. (B.5)
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Thus @ is an eigenvector of the perturbed pencil A — \B associated with
eigenvalue £ = @s /2. We also write

A=A+5A and B=B+0B, (B.6)

with §A and 0B, diagonal matrices satisfying || JA| < en||All and [[6B1 || S
eml| Bl

Finally we compute Q. In exact arithmetic @ is constructed so that Q*(BZe;) =
v ey, for some -, so the first column of ) must be proportional to BZe;. In
practice, instead of BZe; we use
B1E1(1+ €]) + bI2(1 + €h)

Btz (1 + €5) ’

where |€)| < € for i = 1, 2, 3. The computed version of @ is Q = 1(Q)

.@ == ﬂ(BZel) = ﬂ(Bj;-) _ :Y—l |:

satisfying
A so1 | (1 +€))
el = ¢ )
Q 1 C |: y2(1 +€ir,)
where ¢ = ||g]|, and €, and €, are due to the tiny roundoff errors in the
calculation.

For our analysis we need to establish that there is a slightly perturbed matrix

B=B+0By = [ P P }

f2
such that Q*BZ has an exact zero in the (2,1) position. This means that
i = Qe is exactly proportional to BZe, = Ba. 1t is easy to check that the

choice
(1+¢€) (14 e3)(1 +¢5)

Ay T+ )I+e)

does the trick. Clearly |61 — 61| S em|B1] and |B2 — B2| < €m | B2], and §Bs
is a diagonal matrix satisfying || 0Bz || < €m || B|-

B2 = Pa

Our final computed results are fi(Q*AZ) and i(Q*BZ). We have to show that
the (2, 1) entries of these matrices are small enough that we can set them to zero
without compromising backward stability. The “B” part is routine. Focusing
on the (2,1) entry, we have

ezTﬂ(Q*BZ)el = eQTQ*BZel + 6;’1531617

where Fj is the matrix of roundoff errors incurred in multiplying the three
matrices together and satisfies || E1 || S en [|QIIBIZ]|, ie. [|E1ll S em || B
The remaining term is

ezTQ*BZQ = egQ*EZel — ezTQ*éBQZel.
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The first term on the right-hand side is exactly zero by construction. The
second is bounded above by [|dBs|| < e || B|-

The “A” part is more delicate. We have
ell(Q*AZ)e, = el Q*AZe, + el Eye,

where F5 is the matrix of roundoff errors incurred in multiplying the three
matrices together and satisfies || E2 || < ep || A||. The remaining term is

eQTQ*AZel = egQ*AZel — egQ*éAZel.

The second term on the right-hand side is bounded above by [|dA| < e || Al
so now we can just focus on the other term. Here we make use of (B.5), which
can be written as AZe; = (aa/f2)BZe;.

elQ*AZe, = %e%@*é?el = %e%@*é?el + %eg )* (0B, — 6By) Ze;.
2 2 2

The term containing B is zero by construction, so now we just need to concentrate
on the other term. Let § B = §B; — 6 B2. From the definitions of 6 B; and 6B>

we see that .
€ 61 0
0B = 1
|: 0 6/2/ ﬁg :| ’
a a
where | €/ | < €, for i =1, 2. Moreover — = 5—2
2 2

also use our assumption [&; | > |&2| to deduce that | S1ae/B2] < |y |. Thus

) { |€] Braz/pBa |

(1 + €4) for some tiny €§. We

|(Ga/Ba)6B] = (1+¢f ol |

"
< " |€1a1|
_(1+e3){ \asl |

SO B
[(@2/B2)0B| < em [| Af-

We conclude that our one remaining term, which is (a2/f2)el Q*(6B)Ze;,
satisfies

| (G2/B2)e3 Q*(0B) Zex | < em || Al
We have demonstrated that
|3 (Q*AZ)er| S em || All and [ H(Q*BZ)er| S en | B,

so we can set these numbers to zero without compromising backward stability.
The < symbols hide constants, but these constants are not too large due to the
small total number of operations required by the swap.
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B.2 Numerical experiments

We generated sixty-four million random 2 x 2 upper triangular pencils where
the six nonzero entries are approximately logarithmically distributed and vary
in magnitude from 10~'2 up to 10'2. For all pencils we computed the swapping
transformations using three different algorithms: our method, the method of
Van Dooren [122], and a method that solves the generalized Sylvester equation
explicitly to determine @ and Z [60]. The computations were done in double
precision arithmetic, for which e, ~ 10716, Table B.1 shows that our method
always produces residuals |ag; |/|| A|| and | b2y |/|| B]| that are under 10~ and
more than 99.7% of them are under 1076, In contrast, the Van Dooren and
Sylvester methods sometimes produce much larger residuals, approaching 10°
in a few cases. If we change the criterion and consider the residuals |aq; |/A
and |bo1 |[/A, where A = max{||A||,|| B||}, then all methods perform well, as
Table B.2 shows. By this criterion all residuals are under 10~'®. Our method
and Van Dooren’s method perform about equally well, and the Sylvester method
is almost as good. We conclude that if || A || and || B|| are roughly the same, it
doesn’t matter which method is used. However, in problems for which there can
be large differences in magnitude between || A|| and || B||, our method is better.

Table B.1: Distribution of errors | a1 | /|| Al and |bay |/||B]| for our method, Van
Dooren’s method, and the Sylvester method.

‘i'Ql ‘/”X” [0710—16] (10—16,10—15] (10715710710] (10710’1075} (1075&00]
Our method A 99.71% 0.29% 0% 0% 0%
B 99.85% 0.15% 0% 0% 0%
Van Dooren A 98.19% 0.55% 0.93% 0.27% 0.06%
B 98.19% 0.55% 0.93% 0.27% 0.06%
Sylvester A 93.34% 5.88% 0.57% 0.17% 0.04%
Y B 93.34%  5.88% 0.57% 0.17% 0.04%




184 BACKWARD STABLE POLE SWAPPING

Table B.2: Distribution of errors |ég; |/A and |y |/A for our method, Van
Dooren’s method, and the Sylvester method.

|21 |/A [0, 10—16] (10—16, 10—15] (10—15, 10—10] (10—1", 10—5] (10—5, 100]
Our method A 99.87% 0.13% 0% 0% 0%
B 99.93% 0.07% 0% 0% 0%
Van Dooren A 99.94% 0.06% 0% 0% 0%
B 99.94% 0.06% 0% 0% 0%
Sylvester A 97.26% 2.74% 0% 0% 0%
Y B 97.26% 2.74% 0% 0% 0%
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