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Abstract

This thesis is concerned with two classical topics in matrix computations : The QR algo-
rithm for solving nonsymmetric eigenvalue problems and the computation of matrix expo-
nentials for two types of structured matrices. We focus on the performance in the former topic
and on accuracy in the latter one.

For computing all eigenvalues of a non-Hermitian matrix, the QR algorithm which iter-
atively computes a Schur decomposition of the matrix is the method of choice. We present
a new parallel implementation of the multishift QR algorithm targeting distributed memory
architectures. Starting from recent developments of the parallel multishift QR algorithm, we
propose a number of algorithmic and implementation improvements. Guidelines concerning
several important tunable algorithmic parameters are also provided. Numerous computa-
tional experiments confirm that our new implementation significantly outperforms previous
parallel implementations of the QR algorithm.

The computation of the exponential of a square matrix is also an important task in matrix
computations. For a general dense matrix, the scaling and squaring method coupled with
Padé approximation is the most popular approach. However, for an essentially nonnegative
matrix (a real square matrix with nonnegative off-diagonal entries), truncated Taylor series
rather than Padé approximation is preferred to achieve componentwise accuracy in the matrix
exponential. We propose a method which efficiently computes all entries of the exponential of
an essentially nonnegative matrix to high relative accuracy. Truncation and rounding error
bounds, as well as numerical experiments demonstrate the efficiency and accuracy of our
method.

When the matrix is banded, the entries of its matrix exponential decay exponentially away
from the main diagonal. We analyze the decay property for the exponentials of several classes
of doubly-infinite skew-Hermitian matrices. Then finite section methods based on the decay
property are established. We also propose a repeated doubling strategy which works well
even when a priori error estimates are pessimistic or not easy to compute. Finally, numerical
experiments are presented to illustrate the effectiveness of the finite section method.

Keywords: Nonsymmetric eigenvalue problem, matrix exponential, multishift QR algorithm,
aggressive early deflation, parallel algorithm, distributed memory architecture, aggressively
truncated Taylor series method, finite section method, exponential decay






Zusammenfassung

Das Thema dieser Doktorarbeit umfasst zwei klassische Gebiete der numerischen linearen
Algebra: Der parallele unsymmetrische QR-Algorithmus zur Eigenwertbestimmung sowie die
Berechnung von Matrixexponentialen fiir zwei Typen von strukturierten Matrizen. Wahrend
im ersten Thema die effiziente, hoch-performante Berechnung im Vordergrund steht, liegt der
Schwerpunkt des zweiten Themas auf der Genauigkeit der erhaltenen Lésungen.

Die Berechnung der Eigenwerte einer nicht-hermiteschen Matrix ist ein klassisches Thema
der Matrizenrechnung. Falls alle Eigenwerte bendétigt werden, ist der QR-Algorithmus—der
iterativ eine Schur-Zerlegung der Matrix bestimmt—das Mittel der Wahl. In der vorliegenden
Doktorarbeit stellen wir eine neue, parallele Implementierung des Multishift-QR-Algorithmus
fiir verteilte Speicherarchitekturen vor. Ausgehend von aktuellen Entwicklungen auf dem
Gebiet des parallelen Multishift-QR-Algorithmus werden dabei verschiedene algorithmis-
che und implementationstechnische Verbesserungen entwickelt. Hierbei erldutern wir die
dabei auftretenden konfigurierbaren Parameter und geben Hilfestellungen fiir ihre prob-
lemspezifische Wahl. Eine Vielzahl an numerischen Experimenten bestétigt dabei die sig-
nifikante Verbesserung gegeniiber bereits exisitierenden parallelen Implementationen des
QR-Algorithmus.

Die Berechnung des Matrixexponentials einer quadratischen Matrix ist eine weitere
wichtige Problemstellung im Rahmen der Matrizenrechnung. Fiir allgemeine, dichtbeset-
zte Matrizen ist dabei die sogenannte scaling-and-squaring-Methode in Verbindung mit
Padé-Approximation das meistgenutzte Verfahren. Bei Metzler-Matrizen, d.h. reellen Matrizen
mit nicht-negativen Nebendiagonaleintrédgen, ist jedoch die abgeschnittene Taylorapproxima-
tion zu bevorzugen. Die Verwendung der Taylorreihe anstatt der Padé-Approximation erlaubt
hierbei eine Verbesserung der elementweisen Genauigkeit des Matrixexponentials. Das in
dieser Doktorarbeit vorgestellte Verfahren berechnet alle Eintrdge des Exponentials einer
Metzler-Matrix mit hoher relativer Genauigkeit. Die Schranken fiir Abschneide- sowie Run-
dungsfehler zeigen zusammen mit numerischen Experimenten die Effizienz und Genauigkeit
unseres Ansatzes.

Im Fall von Bandmatrizen nehmen die Eintrdge des Matrixexponentials ausserhalb der
Hauptdiagonalen exponentiell schnell ab. Wir analysieren die Gesetzméligkeiten dieser Eigen-
schaft fiir Exponentiale verschiedener Klassen zweifach-unendlicher, schiefhermitescher
Matrizen und stellen finite-section-Methoden vor, die dieses Abklingverhalten ausnutzen.
Weiterhin betrachten wir eine neue Strategie basierend auf wiederholter Verdopplung, die
auch fiir pessimistische oder schwierig zu berechnende a-priori Fehlerschitzer gut funk-
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Zusammenfassung

tioniert. Zu guter Letzt illustrieren wir die Effektivitit der Finite-section-Methode anhand
numerischer Beispiele.

Stichworter: Unsymmetrische Eigenwertprobleme Matrixexponential, Multishift-QR-Algorith-

mus, aggressive early deflation, Parallele Algorithmen, verteilte Speicherarchitektur, Aggressively-
truncated-Taylor-series-Methode, Finite-section-Methode, Exponentieller Abfall

iv



Table of Contents

Acknowledgements
Abstract (English/Deutsch)
Table of Contents

List of Figures

List of Tables

List of Algorithms

List of Notation

1 Introduction

Part I—The QR Algorithm

2 Nonsymmetric Eigenvalue Problems and the QR Algorithm
2.1 Nonsymmetric eigenvalueproblems. . . . .. ... ... .. ...........
2.2 TheQRAlgorithm . . . . ... ... .. . e
2.2.1 Francis double-shift QR algorithm . . . ... ... .. ... ... ... ...
2.2.2 Multishift QRsweeps . . . . . . . . i e
2.2.3 Aggressive earlydeflation . ... ... ... ... ... ... L.

3 The Parallel QR Algorithm with Aggressive Early Deflation
3.1 Datalayout conventionin ScaLAPACK . . ... ... ... ... ... .. ....
3.2 Parallel QRSWeEEPS . . . . . . . o e
3.2.1 Thepipelined QRalgorithm. . . . ... .. .. ... ... ...........
3.2.2 New parallel multishift QRsweeps . . . . . . ... ..............
3.3 Aggressiveearlydeflation . ... .. ... ... ... .. L o L.
3.3.1 AED within the new multishift QR algorithm . . . . . ... ... ... ...
3.3.2 AED within the pipelined QR algorithm . . . . . ... . ... ..... ...
3.3.3 Avoiding communication via data redistribution . .. ... .. ... ...
3.3.4 Task duplication—efficient buthazardous ... ...............
3.4 Switching between QRsweepsand AED . . . . .. ... ...............

iii

10
10
14
16

19
20
20
21
22
25
25
26
27
28
29



Table of Contents

3.5 Performancemodel. . ... .. ... ... ... ... 30
3.5.1 Estimating Top . . . . v v v o ot o 31

3.5.2 Estimating Typp and Tghift - « « « « v v v v o v e e e e e e e 32

3.5.3 Anoverallmodel ... ... ... . ... .. ... . 36

3.6 Software and implementationissues . .. ... ... ... .. ... ... 38
3.6.1 Callingsequence . .. ... ... .. ..., 38

3.6.2 Tuningparameters . . . . . . . . . .. o ittt i e e 38

3.7 Computational experiments . . .. . . ... . ..., 40
3.7.1 Randommatrices . . . . . . . . . . e 41

3.7.2 100,000 x 100,000 matrices . . . . . . . . . o v v v i i ittt 43

3.7.3 Benchmarkexamples ............ ... .. ... ... .. ... .. 44

3.8 Summary . . . ... e e e e e 45
Part II—Matrix Exponentials 49
4 The Matrix Exponential 51
4.1 Properties of the matrixexponential . . . . ... ... ... ............. 51
4.2 Algorithms for the matrixexponential . . . . .. ... ... ... .......... 53

5 Aggressively Truncated Taylor Series Method 57
5.1 Componentwise perturbationanalysis . . ... ... ... ... ... ...... 59
5.2 Approximation using truncated Taylorseries . . . . . ... ... ... ....... 60
5.2.1 Lowerboundforexp(A) .. ... ... .. .. 60

5.2.2 Upperboundforexp(A) . . . .. ...t 63

5.2.3 A posteriori error bounds for L, ,(A) and Uy, n(A) . . . ... oo 65

5.3 Aggressively truncated Taylor seriesmethod . . . . . ... ... ... ....... 67
5.3.1 Algorithms based on a priori estimates . .. ... .............. 68

5.3.2 Algorithms based on a posterioriestimates . . . . ... ........... 71

5.3.3 Interval algorithms with improved accuracy . . ... ... ... ...... 74

5.4 Roundingerroranalysis . ... ... ... ... ... ... 78
5.4.1 Roundingerrorinfl[Ly,,(A)] ... .. ... ... . . . 79

5.4.2 Roundingerrorin fl{Upmn(A)] . ... oo 80

5.4.3 Rounding error under biased roundingmodes . . . . ... ... ... ... 82

5.5 Numerical experiments . . ... ... .. ... . ... .., 83
5.6 Summary . . . . . .. e e e e e 88

6 Finite Section Method 89
6.1 Exponentials of doubly-infinite matrices . . . . ... ... ... ... ....... 90
6.2 The finite section method for bounded matrices. . . . . ... ... ... ..... 93
6.2.1 The exponential decay property . . ... ... ... ... ... ... .. 93

6.2.2 Thefinitesectionmethod . . . . .. ... ... ... ... ... . ... 96

6.3 The finite section method for unbounded matrices . . . . .. ... ... ..... 100
6.3.1 Case study for Wilkinson-type W™ matrices . ................ 100



Table of Contents

6.4 Numerical experiments

6.5

6.3.2 Case study for Wilkinson-type W* matrices
6.3.3 The finite section method
6.3.4 Relation to aggressive early deflation
6.3.5 More general unbounded matrices

Summary . ...................

Conclusions

Elementary Orthogonal Transformations
................................. 129
...................... 130

A.1 Householder reflections

A2

Basics in Rounding Error Analysis

Givensrotations . . . .. ... ... .....

PDHSEQR User’s Guide

C.1
C.2

C3

C4
C.5

Introduction . . . ... ... .........
Installation . . . ... ... ..........

C.2.1 Prerequisites

C.2.2 How to compile the library
Usingthepackage. . . . . ... .......
C.3.1 Scal APACK data layout convention
C.3.2 C(Calling sequence

C.3.3 Example programs
Tuning the parameters*

Termsofusage. . . ... ...........

Bibliography

Curriculum Vitae

127

129

133






List of Figures

2.1 Reducing a full matrix to an upper Hessenberg matrix (N =6). . ... ... ... 11
2.2 One step QR iteration applied to an N x N upper Hessenberg matrix requires
2(N—1) Givensrotations (N =06). . . . . . v v v v i i e e e e e e e 12
2.3 Adouble-shift QRsweep (N=6). . . . . . . o v i it it i et e 14
2.4 Introducing a tightly-coupled chain of bulges (Nghjg =8). . . . . .. .. ... .. 15
2.5 The delay-and-accumulate technique in the bulge chasing stage (Nghitt =8). . . 16
2.6 A pictorial illustration of aggressive early deflation. . . . . ... ... ....... 17
3.1 Software hierarchy of the parallel multishift QR algorithm with AED.. . . . . . . 19
3.2 The 2D block-cyclic data layout across a 2 x 3 processor grid. For example,
processor (0,0) owns all highlighted blocks. . . ... ... ............. 20

3.3 The pipelined QR algorithm chases several loosely-coupled bulges in parallel.
The dashed lines represent borders of the processor grid. Only parts of the matrix

aredisplayed. . . . . ... ... 21
3.4 Chains of tightly-coupled bulges are chased in the new parallel multishift QR
algorithm. . . . . . . . . e 22
3.5 Exchange data blocks with neighbors when updating off-diagonal blocks in the
crossborder bulge chasingstage. . . ... ... ... ... .. ... ... ..... 24
3.6 Crossborder bulge chasing. Odd-numbered chains (left) and even-numbered
chains (right) are chased separatelyintworounds. . ... ............. 24

3.7 Calling sequences of the newly developed routine PDHSEQR, the corresponding
LAPACK routine DHSEQR, and the ScaLAPACK routine PDLAHQR. . . . . . ... .. 38
3.8 Comparison between the measured execution times and the predicted times us-
ing (3.5.7) (fullrand, N / /P =4000). The original model (left) uses theoretical
values of (a, B, 7) according to the hardware information, while the calibrated
one (right) adjusts y according to different computational intensities (level 1, 2,
and 3). . . e e s 42

5.1 Sample values of C(A)m“/[nm(m + 1)!]. The color scale corresponds to log,,
[C(A)m+1/[nm(m + 1)!]]. Bright values correspond to small truncation errors,
whereas dark values correspond to largeerrors. . . . ... ... ... ... .... 68

6.1 Apictorial illustration of the finite section method. In this case A is the Wilkinson-
typematrix W(1). . .. .. .o e 90

ix



List of Figures

6.2

6.3

6.4

6.5

6.6
6.7

6.8

C.1

The Benzi-Golub bound (6.2.3) with optimally chosen y deteriorates as n in-
creases. Our estimates (6.3.6) and (6.3.8) are also provided for reference. . . .. 106
Localized eigenvectors of W,, (a) and W,/ (a) (for n =500, =1). . . . . ... .. 111
(a) Decay property of exp(10i T5¢g). The 101 x 101 desired window is marked. (b)
Error of the finite section method (w = 74). Both the desired window and the
computational windowaremarked. . . . ... ... ... ... ... ... ..., 122
The exponential decay property of exp[iW,, (a)], X,, and | X1 Xl T with n =
500 and a = 8. The upper bounds of exp[iW,, (a)] and |X,,| are given by the
estimates (6.3.8) and (6.3.1), respectively, with dy = 6[a] = 48. The upper bound
on |X,||X,|" is obtained from the upper bound on | X,| by explicit multiplication.124
The decay rate is independent of the matrix size (W, (a) fora=8). ... .. .. 125
(a)—(c) The decayin X, | X||X|”, and exp(iA), respectively, in Example 6.3. The
desired window in exp(iA) is marked. (d) Error of the finite section method. Both
the desired window and the computational window are marked. Here S is the
block diagonal matrix by dropping the + wth sub-diagonal entries (w = 200) of A.125
There is no decay in modest finite sections of X, | X|| X| T and exp(iB) in Exam-
ple 6.3. The computational window is required to be very large in order to find a
good approximation. The desired window and the computational window are
marked. . . . ... 126

The 2D block-cyclic data layout across a 2 x 3 processor grid. For example,
processor (0,0) owns all highlighted blocks. Picture from [62]. . . ... ... .. 137



List of Tables

3.1 Recommended values for Ngpigr @and Nugp. « « v v v v v v oo o e e e e e e 23
3.2 Listoftunable parameters. . .. ... ... ... ... 39
3.3 Computational environments. . . . .. ... ... ...t 40
3.4 Execution time (in seconds) on Akka for fullrand matrices. . ... ... .. .. 41
3.5 Execution time (in seconds) on Akka for hessrand matrices. . ... ... .. .. 41
3.6 Execution time (in seconds) on Abisko for fullrand matrices. . ... ... ... 43
3.7 Execution time (in seconds) on Abisko for hessrand matrices. . ... ... ... 43
3.8 Execution time (in seconds) on Bellatrix for fullrand matrices. . ... ... .. 43
3.9 Execution time (in seconds) on Bellatrix for hessrand matrices. . ... ... .. 44
3.10 Execution time (in seconds) on Akka of the new parallel multishift QR algorithm
(NEW) for 100,000 x 100,000 matrices. . . . . .. . . ... v v v vununenn. 44
3.11 Benchmark matrices. . . . . . . . . . .. .. . .. .. 45
3.12 Execution time (inseconds) for BBMSN. . . ... ... ... ............ 45
3.13 Execution time (in seconds) for AF23560. . . . . . . . . . . . .. . . ... 45
3.14 Execution time (in seconds) for CRY10000. . . . . . . . . . . . . o v v ... 46
3.15 Execution time (in seconds) for OLM5000. . . . . . . . . . .. . . ... 46
3.16 Execution time (in seconds) for DW8192. . . . . . . . . . . . . . . ... . ..... 46
3.17 Execution time (in seconds) for MATRAN. . .. ... ... .. ... ........ 46
3.18 Execution time (in seconds) for MATPDE. . ... ... ... ............ 47
3.19 Execution time (inseconds) for GRCAR. . . . . . . ... ... ... ... ...... 47
5.1 Number of matrix multiplications, 7 ,,, required for evaluating T;,(x). . . . . . . 69
5.2 Componentwise relative errors of the testexamples. . . . ... ... ....... 86
5.3 Parameter settings for Algorithm 5.1 and Algorithm5.5. . ... ... .. ... .. 86
5.4 Execution time (in seconds) of the testexamples. . . ... ... ... ....... 86
5.5 Componentwise relative errors in Example 5.10.. . . . .. ... ... ....... 88

6.1 The distance between the computational window and the desired section (with
accuracy T = 1078). The number d = w — m is derived from the a priori estimate,
while d.. = w. — m is the smallest distance obtained by enumeration. . . . . . . 123






List of Algorithms

2.1
2.2
3.1
3.2
5.1

5.2
5.3
5.4
5.5
6.1
6.2

Francis double-shift QR algorithm . . . . . . ... ... ... ... ....... 14
Multishift QR algorithm with aggressive early deflation . . . . ... ... ... .. 17
Parallel aggressive earlydeflation. . . . . .. .. ... ... ... ... .. ..... 26
Parallel pipelined QR algorithm withAED . . ... ... .. ... ......... 26
Aggressively truncated Taylor series method for exp(A), with A essentially non-

Negative . . . . . .. e e e e e e 70
A priori upper bound algorithm for exp(A), with A essentially nonnegative . . . 71
Lower bound iteration for exp(A), with A essentially nonnegative . .. ... .. 73
Upper bound iteration for exp(A), with A essentially nonnegative . .. .. ... 75
Interval algorithm for exp(A), with A essentially nonnegative . . . ... ... .. 78
(A priori) Finite section method forexp(id) . . . . . .. ... ... ......... 100
(A posteriori) Finite section method forexp(i4) .. ... ... ... ........ 113

Xiii






List of Notation

A N 2 8

=

+

(!

Ay
Ag,j)
Aliyzig, 1)

struct(A)
1

€j

1?(2)

¢
1,
-l
AT

empty set

set of natural numbers, i.e,, {0,1,2,...}

set of integers, i.e., {0, £1,+2,...}

set of real numbers

set of nonnegative real numbers, i.e., {x € R: x =0}
set of complex numbers

Napier’s constant, i.e., € = limy_.(1+1/n)"
imaginary unit

floor function, |x] = max{neZ: n< x}

ceiling function, [x] =min{neZ: n= x}
{i,i+1,...,j}

binomial coefficients, () = n!/[m!(n—m)!]
complex conjugate of z

real part of z

imaginary part of z

modulus of z

matrix with entries a; ;

(i, j)-th entry of the matrix A

(i, j)-th entry (or (i, j)-th block, depending on the con-
text) of the matrix A

ith column of A

jth column of A

submatrix of A with row indices i; : i and column in-
dices ji: jo

nonzero pattern of a matrix 4, i.e., {(i, j): a;j # 0}
identity matrix/operator

jth column of the identity matrix

space of doubly-square-summable sequences,
ie., {x=1[xi]: x; €C, L ez |xi|* < +oo}

closure of a linear operator ¢

LP-norm (Minkowski norm)

Frobenius norm

transpose of A



List of Notation

A* conjugate transpose of A
A®B Kronecker product of A and B
A=B,B< A diijiijIalli,j
|A] matrix of absolute values of A
det(A) determinant of A
A(A) spectral of A4, i.e., {1 € C: AI — Ais notinvertible}
p(A) spectral radius of 4, i.e., sup{|1]: L € A(A)}
K [x] set of polynomials in x up to degree m over K
degp(x) degree of the polynomial p(x)
0Q boundary of the domain Q
gn)=06(fn) 3C > 0 such that |g(n)| < C|f ()]
g(n)=0(f(m) g(n)=0(f(m) and f(n) =0 (gn))
g(n) =w(fn) liminf, .o |g(n)/ f(n)| = +o00
fl(xoy) floating-point operation
fl(A) computational result of A in floating-point arithmetic
(computed by a certain algorithm)
fl(A) computational result of A satisfying fl(A) < A
fl(A) computational result of A satisfying fl(A) = A
u unit roundoff
Riax largest finite floating-point number
Rmin smallest positive normalized floating-point number
Diag{A;, Az,..., An} block diagonal matrix with A;’s as its diagonal blocks
a1 ‘e Cn—1 tridiagonal matrix whose diagonal, subdiagonal, and
Tridiag{ b, .- .- by, superdiagonal entries are {by,..., by}, {a»,...,a,}, and
a, e an {c1,...,cn-1}, respectively



|§ Introduction

This thesis contains contributions in two important areas in numerical linear algebra—
nonsymmetric eigenvalue problems and matrix exponentials. In the first part of the thesis
(Chapters 2 and 3), we present a parallel implementation of the QR algorithm which solves
dense nonsymmetric eigenvalue problems; in the second part (Chapters 4-6), we discuss
the computation of matrix exponentials for two types of structured matrices. This chapter
provides a short introduction to each problem, while detailed discussions will be given in the
subsequent chapters.

The QR algorithm. Computing the eigenvalues of a given matrix is one of the most im-
portant tasks in matrix computations. The most general form of this problem is to compute
all eigenvalues of A € CV*N where no special structure of A (e.g., symmetry or sparsity) is
exploited. Such a task arises in various numerical algorithms. For example, the Bartels-Stewart
algorithm [18] and the Schur-Parlett algorithm [116] both require a preprocessing stage in
which all eigenvalues of a matrix need to be computed. Even if only a subset of eigenval-
ues are of interest, many projection-based algorithms end up with solving a (smaller) dense
eigenvalue problem.

The most popular approach for solving the dense nonsymmetric eigenvalue problem is the
QR algorithm, which was proposed independently by Francis [49, 50] and Kublanovskaya [99],
based on Rutishauser’s LR algorithm [126, 127]. In the past 50 years the QR algorithm has been
the method of choice because of its robustness and effectiveness. Concerning the implementa-
tion of the QR algorithm, the ALGOL procedures QR by Ruhe [125] and hqr by Martin, Petersen,
and Wilkinson [105] were among the first publicly available computer implementations of the
QR algorithm. A Fortran translation of hqr was included in EISPACK [137] as routine HQR. The
initial version of the LAPACK [6] routine DHSEQR was based on work by Bai and Demmel [10];
the most notable difference to HQR was the use of multishift techniques to improve data locality.
This routine had only seen a few minor modifications [3] until LAPACK version 3.1, when it was
replaced by an implementation incorporating pipelined bulges and aggressive early deflation
techniques from the works by Braman, Byers, and Mathias [30, 31]. This implementation is



Chapter 1. Introduction

described in more detail in [32].

There has been a lot of early work on parallelizing the QR algorithm, for example in [69,
129, 147, 148, 149, 156]. Based on some theoretical analyses on the convergence [148, 156]
and scalability [69], the first publicly available parallel implementation was developed and
released 1997 in ScaLAPACK [26] version 1.5 as routine PDLAHQR, see [70] for details. A complex
version PZLAHQR of this routine was included later [47]. However, it might be interesting to
note that all recently released high-performance linear algebra packages, such as MAGMA
and PLASMA (1], ELPA [8], FLAME [24] lack adapted implementations of the QR algorithm or
other nonsymmetric eigenvalue solvers. Recently a novel parallel QR algorithm incorporating
several modern techniques has been developed by Granat, Kagstrom, and Kressner [61]. In the
first part of this thesis, we describe a new parallel implementation of the QR algorithm that
aims to replace ScaLAPACK’s PDLAHQR. This implementation is largely based on the early work
in [61]. We propose a number of algorithmic and implementation improvements including
multilevel aggressive early deflation, data redistribution technique, as well as strategies of
choosing parameters. With the help of these improvements, our new implememtation of the
parallel QR algorithm outperforms the previous version in [61] and ScaLAPACK’s PDLAHQR.

Matrix exponentials. The computation of matrix functions is another fundamental topic in
matrix computations. The most important and well-studied transcendental matrix function is
the matrix exponential since it naturally appears in the solution of linear dynamical systems
and has wide applications in physics, biology, finance, and engineering. We refer to [73,
Chapter 2] and references therein for applications of the matrix exponential.

The matrix exponential can be computed in many ways, based on various properties
of the exponential function. The classical paper [108] published in 1978 and reprinted with
updates [109] in 2003 summarizes and analyzes many methods for computing the matrix
exponential. Another survey on the theory and computation of the matrix exponential is
provided in the monograph [73] (see, especially, Chapter 10 in [73]). Among many potential
candidates, the scaling and squaring method coupled with Padé approximation is the most
popular approach for a dense nonsymmetric matrix. The function expm in MATLAB is an
excellent general purpose solver which implements such a method incorporating several
advance techniques [72, 74].

Unfortunately, none of the existing methods is completely satisfactory for computing the
matrix exponential [109]. Even the excellent solver expm makes no exception. Therefore, when
a certain structure of the matrix can be exploited, it is desirable to design a specialized method
tailored to this structure so that higher performance or accuracy is achieved compared to a
general purpose solver. In the second part of this thesis, we will study the computation of ma-
trix exponentials for two types of structured matrices—essentially nonnegative matrices and
doubly-infinite skew-Hermitian matrices. Accuracy is the main consideration while efficiency
is also taken into account.
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The exponential of an essentially nonnegative matrix often arise in Markov chains and
requires accurate computation for each small entry even if the solution is badly-scaled. Since
MATLAB’s expm ensures no more than normwise backward stability, an alternative approach
is needed to obtain componentwise accuracy. In Chapter 5, we will develop & (N3 log N)
algorithms which efficiently compute the exponential of an essentially nonnegative matrix to
high componentwise relative accuracy.

For doubly-infinite skew-Hermitian matrices, certainly no solver designed for finite matri-
ces can be directly applied. In some applications only a finite diagonal block of the solution
is required. This request is accomplished by the so called finite section method which only
involves computations on finite matrices. Detail analyses for the finite section method will be
presented in Chapter 6.

Organization of the thesis. This thesis is largely based on the papers [62, 88, 133, 134].
It is organized as follows. Chapter 2 briefly recalls the sequential QR algorithm. Then we
discuss the parallel multishift QR algorithm on distributed memory architectures as well
as its implementation in Chapter 3. The user’s guide of our library software is provided in
Appendix C. Chapter 4 contains a brief review on the theory and computation of matrix
exponentials. Then in Chapter 5, we present efficient algorithms which compute exponentials
of essentially nonnegative matrices to high componentwise relative accuracy. In Chapter 6, we
discuss finite section methods for exponentials of doubly-infinite skew-Hermitian matrices.

Parts of this thesis are based on material discussed in

M. Shao. Parallel variants and library software for the QR algorithm and the com-
putation of the matrix exponential of essentially nonnegative matrices. Licentiate
Thesis, Department of Computing Science, Umea University, Sweden. April 2012.

Apart from a brief introduction, the Licentiate thesis consists of a conference paper and two
technical reports:

Paper I. B. Kagstrom, D. Kressner, and M. Shao. On aggressive early deflation in parallel
variants of the QR algorithm. Applied Parallel and Scientific Computing (PARA 2010),
Lecture Notes in Computer Science, Springer, LNCS 7133, pages 1-10, 2012.

Paper II. R. Granat, B. Kdgstrom, D. Kressner, and M. Shao. Parallel library software for the
multishift QR algorithm with aggressive early deflation. Technical Report, UMINF-12.06,
April 2012.

Paper III. M. Shao, W. Gao, and J. Xue. Componentwise high relative accuracy algorithms for
the exponential of an essentially nonnegative matrix. Technical Report, UMINF-12.04,
March 2012.

In the following, we explain the relations between Papers I-1II and the results presented in
this thesis in more detail.
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Chapter 3 represents a significant extension of preliminary results on the parallel QR
algorithm presented in Papers I and II. While Papers I and II focus on software aspects,
Chapter 3 presents a detailed derivation of the involved parallel bulge-chasing algorithm.
Moreover, the performance model from Paper II has been adjusted and is supported by
experimental data verifying the model. As documented in Section 3.7 and Appendix C, several
additional efforts have gone into the public release of the software. This includes the tuning
of parameters (Section C.4) and adjusting the software to novel architectures (Abisko and
Bellatrix). As part of this adjustment, new algorithmic developments to avoid redundant
computations (Section 3.3.4) have been made.

Chapter 5 and Paper III are both concerned with computing exponentials of essentially
nonnegative matrices to high relative accuracy. Paper III represents a very preliminary version
of the results obtained in Chapter 5. In fact, the analysis and all algorithms in Chapter 5 have
seen major new developments and the derivations of the results have been redeveloped from
scratch.

All the other chapters (Chapters 1, 2, 4, 6) contain new material and have no relation to
the Licentiate thesis.
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Y4 Nonsymmetric Eigenvalue Problems
and the QR Algorithm

The solution of matrix eigenvalue problems is a fundamental topic in numerical linear
algebra, with applications in various areas of science and engineering. Numerous methods
have been proposed for solving matrix eigenvalue problems, based on different properties of
the matrix and different demands on the knowledge of the spectrum, see, e.g., [143]. We are
interested in a general case—computing all eigenvalues of a square matrix. In this chapter we
briefly recall the sequential QR algorithm. Detailed discussions of this topic can be found in,
e.g., [95].

2.1 Nonsymmetric eigenvalue problems

For A€ CNV*N| the standard eigenvalue problem is to solve a nonlinear equation of the
form

Ax=Ax, (x #0), 2.1.1)

where 1 € C and x € CV*1, The scalar A is called an eigenvalue of A, and the vector x is the
corresponding eigenvector. The set of all eigenvalues of A, denoted by A(A), is called the
spectrum of A. Evidently, A € A(A) if and only if

det(AI—-A) =0.

The polynomial p(t) = det(¢I — A) is called the characteristic polynomial of A. An important
property of the spectrum is that it is preserved under similarity transformations, i.e., for
any nonsingular matrix P, we have A(P"1AP) = A(A). Theorem 2.1.1 summarizes several
important matrix decompositions related to A(A) involving similarity transformations.

Theorem 2.1.1. Let A be an N x N complex matrix.
(a) (Jordan decomposition [83]) There exists a nonsingular matrix P such that

J =P ' AP = Diag{Ji, M), J,A2), .., Je, (A)},
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wherek, + ky +---+ ks = N and each ]k,- (A}) is of the form
A1

Jk;(Aj) =
1

A

The block diagonal matrix ] is called the Jordan canonical form of A. (The eigenvalues A1, A,
..., As are not necessarily distinct.)

(b) (Schur decomposition [130]) There exists a unitary matrix Q € CV*N such that T = Q*AQ
is upper triangular. The upper triangular matrix T is called a Schur form of A.

(c) (Real Schur decomposition [113]) Ifall entries of A are real, then there exists a real orthogonal
matrix Q € RN*N such that T = QT AQ is quasi-upper triangular.! The quasi-upper triangular
matrix T is called a real Schur form of A.

Proof. See, e.g., [52, 77]. O

The choice of method for computing the eigenvalues largely depends on the properties
of A. For example, when A is Hermitian, the Jordan canonical form (as well as the Schur
form) of A is a real diagonal matrix. This property leads to various approaches to symmetric
eigenvalue problems, see, e.g., [117]. When A is sparse but only a few eigenvalues of A are
of interest, Krylov subspace methods are preferred. We refer to [128] for discussions in this
direction. In this thesis, we only study dense nonsymmetric eigenvalue problems. By dense
and nonsymmetric we mean that no potential structure such as symmetry or sparsity in A is
exploited.

Theoretically A(A) can be read off from the diagonal entries of the Jordan canonical
form of A. However, the Jordan canonical form can be extremely sensitive to small perturba-
tions [163] and hence is not easy to compute in practice [86, 89, 90]. The Schur form plays
a key role in the computation of A(A) since only unitary similarities are involved. It can be
computed in a backward stable manner by the QR algorithm, which will be presented in
the next subsection. Once a Schur form of A has been calculated, then A(A) is read off from
its diagonal and the eigenvectors of A can also be computed easily, see [58, 143]. When the
matrix A is real, A(A) is symmetric with respect to the real axis. Thus it is desirable to avoid
complex arithmetic during the computation so that the symmetry in A(A) is preserved. The
real Schur form offers such a possibility. Since the (complex) Schur form is conceptionally
simpler than the real Schur form, we restrict our discussion to the real Schur form which
automatically covers the simpler case.

1. A quasi-upper triangular matrix is a block upper triangular whose diagonal blocks are of order one or two,
where any irreducible 2 x 2 diagonal block contains a conjugate pair of complex eigenvalues.
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A notable remark is that the order of eigenvalues in the real Schur form can be arbitrarily
chosen, as long as conjugate pairs of complex eigenvalues do not split. It can be easily verified
that two consecutive real eigenvalues can be swapped by

t t : t
GO 11 li2 G(O) = 22 12’
2 0 m
where
GO) = cosf sinf
| —sinf cos6

is a Givens rotation and cot8 = t12/(t11 — t22), provided that f1; # 22, see Appendix A for details.
Swapping diagonal blocks involving complex eigenvalues is a bit more complicated. Let

I, T
Ipy)

T =

)

where T1; and T», are real square matrices of order one or two and A(T11) N A(T»2) = @. We
seek for an orthogonal matrix U such that

T T

, o AT =A(T),  A(Txp)=A(Th).
T

Ul'tu=T=

By solving the Sylvester equation T7; X — X T, = T12 and computing the QR decomposition

-X
I

R
0

=U

’

a desired orthogonal matrix U is found, 2 see [12] for details. Based on this swapping algorithm,
any order of eigenvalues can be obtained by swapping consecutive diagonal blocks. For an
advanced reordering strategy, we refer to [96].

Another remark is that a real Schur form can always be converted into a standardized form
in the sense that any of its 2 x 2 diagonal block can be put into either the form

a O
0 B
or
a p
5 o0 B0

2. In practice, we solve T11 X — X Top = Ty, where ¢ € [0,1] is chosen to avoid overflow, and then compute the
QR decomposition of [ _E)I(] .
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Let T € RV*N be a block upper triangular matrix with 1 x 1 and 2 x 2 diagonal blocks. For a
2 x 2 diagonal block of T which contains two real eigenvalues, a Schur decomposition of this
block splits it into two 1 x 1 diagonal blocks; for a 2 x 2 diagonal block

t t
T, = 11 L2
1 1t

containing a conjugate pair of complex eigenvalues, it can be easily verified that a Givens
rotation G(0) with tan26 = (11 — t22)/(t12 + t21) transforms T} to G(@)T T G(0) which is in
the standardized form. Therefore, by standardizing each diagonal block, T is converted to a
standardized form by orthogonal similarity. An advantage of the standardized Schur form is
that all 2 x 2 irreducible diagonal blocks correspond to conjugate pairs of complex eigenvalues.
We will see in Section 2.2.3 that this property is helpful when checking convergence of the
eigenvalues.

2.2 The QR Algorithm

The QR algorithm has been extensively studied in the past decades, see, e.g., [57, 160] and
the references therein. By now it is the de facto standard for solving dense nonsymmetric
eigenvalue problems. The software libraries LAPACK [6] and ScaLAPACK [26] both provide
implementations of modern variants of the QR algorithm as standard dense eigensolvers.
We remark that there exist other approaches such as Jacobi-like algorithms [140] and divide-
and-conquer algorithms [11, 15] for solving (2.1.1) when A is dense and non-Hermitian. The
discussion of these methods is beyond the scope of this thesis.

In the following we briefly recall some basics about the QR algorithm, as well as a modern
variant proposed by Braman et al. [30, 31] on which our parallel QR algorithm in Chapter 3
has been built.

2.2.1 Francis double-shift QR algorithm

Basic QR iteration. Setting A® = A the basic QR iteration reads
A(k) — Q(k)R(k), A(k+l) — R(k)Q(k), 2.2.1)

where QW is orthogonal and R is upper triangular. Notice that A%+D = (Q®)T AW QW a1
matrices in the sequence {A(k)} are orthogonally similar to each other. Since (2.2.1) can be
interpreted as an orthogonal iteration, under mild assumption of A, {A(k)} converges to a
block upper triangular form, and each diagonal block corresponds to a set of eigenvalues with
the same magnitude [42]. Moreover, it can be shown [42, 58] that

H (A(k))(pﬂ:zv,l:p) ” - @(| A/i:

k
), (p=12,...,N=-1)

10
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where A; is the jth largest eigenvalue in magnitude (j =1, 2, ..., N). To accelerate the conver-
gence, the shifted QR iteration

A(k) _H(k)l — Q(k)R(k), A(k+1) — (Q(k))TA(k)Q(k), (222)

can be applied, where u'® is a shift which is usually chosen to approximate an eigenvalue of A.
For example, if we choose a stationary shift u*) = 4 which is close to a certain eigenvalue 1 i»
then

(A(k))(N,N) —A; and ” (A(k))(N,I:N—l) H =0(p",

provided that

Hence, the convergence of 1; is accelerated by choosing a shift which is sufficiently close
to A i

Hessenberg reduction. A drawback of (2.2.1) and (2.2.2) is that in general each iterate re-
quires ©(N?3) arithmetic operations for the QR decomposition. To reduce the cost, a prepro-
cessing step is to reduce A to an upper Hessenberg matrix® H = QOT AQq. This preprocessing
step can be accomplished by using N — 2 Householder reflections (see Appendix A). Figure 2.1
illustrates the procedure of reducing a full matrix to an upper Hessenberg matrix. We remark
that Qo is of the form Qg = Diag {1, Vp} and hence (Qp)(,1) = Qoe1 = e1. In LAPACK, the routine
DGEHRD implements a blocked version of the Hessenberg reduction process, see [45, 121] for
details.

X X X X X X X X X X X X X X X X XX 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 XX X X X X X X X X X X X X
X X X X X X O X X X X X X X X X X X X X X X X X X X X
XXXXXXH OXXXXXH OXXXXH XXXX% X X X X
X X X X X X O X X X X X O X X X X O X X X X X X
X X X X X X O X X X X X O X X X X [ O X X X O X X

Figure 2.1 — Reducing a full matrix to an upper Hessenberg matrix (INV = 6).

Once the matrix is reduced to an upper Hessenberg matrix, the nonzero pattern is then
preserved in (2.2.2); the computational cost also becomes much cheaper compared to that for
a full matrix. As all nonzero entries in H below the diagonal are on the subdiagonal, the QR
decomposition of H can be obtained by applying N — 1 Givens rotations. Consequently, (2.2.1)
and (2.2.2) can both be performed using ®(N?) arithmetic operations, see Figure 2.2.

Another advantage of Hessenberg matrices is that the checking of convergence also be-

3. Asquare matrix H is called upper Hessenbergif ;; =0when i > j+ 1.

11
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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 0 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
xxxxxﬁ[ XXXXX | poxxxX XX XX XX XX X X X X
X X X X X X X X X X X X 0 X X X X X X X X X
X X X X X X X X X [ X X X [ o X X X X
X X X X X X X X X X o x
1
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 LX X XXX
X X X X X X X X X X X X X X X X X X X X X X X
XX XX O XX XX O +xxx © xxx < X X X
X X X +x X X X X X X X
+ X X x x x

Figure 2.2 — One step QR iteration applied to an N x N upper Hessenberg matrix requires 2(N — 1)
Givens rotations (NN = 6).

comes cheap. A practical criterion for setting a subdiagonal entry hg'fr)l ; to zero is that both

|n0 |su(|h(.k.)|+|h(.k) |) if |20+ B, 0] >0,

i+1,i i,i i+1,i+1 i,i i+
|h§ﬁ)1,i| <ullAllz, if |h§kl)| = |h§]i)1,i+1| =0,
and
|h§’j—)l,i | hﬁﬁ)+1| <ul hglj—)l,Hl I hgli)l,Hl - hgkl)|

are satisfied (see [3, 163]). Once a subdiagonal entry is set to zero, the upper Hessenberg matrix
becomes

Hy1 Hypp
0 Hyp

)

which is a block upper triangular matrix. Then the problem is reduced to computing Schur
forms of two smaller matrices H;; and Hs,.

Francis double-shift QR algorithm. Another important technique proposed by Francis [50]
is the so-called implicit QR iteration, which avoids explicit formulation of the QR decomposi-
tion in the QR iteration. It is based on the following theorem.

Theorem 2.2.1 (Implicit Q Theorem [50]). Let Q be an N x N orthogonal matrix with H =
QT AQ upper Hessenberg. Then Q.2), ..., Qes) and ho 1, ..., hsi1,s (we formally define hy 1 v =
0) are uniquely (up to signs) determined by Q.,1), where

s=min{i: hj+1,; =0}.
Proof. See, e.g., [58, Theorem 7.4.2]. O

The implicit Q theorem provides a lot of freedom in how (2.2.2) is performed. More im-

12
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portantly, it allows us to merge several steps of (2.2.2) into one iterate in a cheap manner.
Consider m steps of the QR iteration on an unreduced # upper Hessenberg matrix H:

H® _ 01 = QR R®),
H&D = ()T g b,

H(k+l) _ ,Lt(k+1)1 — Q(k+1)R(k+l)

Hk+2) (Q(k+1))TH(k+1)Q(k+D,

H(k+m—1) _ (k+m—1)I — Q(k+m—1)R(k+m—1)

u
H(k+m) _ (Q(k+m_l))TH(k+m_1)Q(k+m_1).

We define

p® (1) = (=) (£ = pk+m=D)
as the shift polynomial. It can then be shown [58, Section 7.5] that

p(k)(H(k)) = (Q(k)___Q(k+m—1))(R(k+m—1) --~R(k)) = QWRW,
Therefore, it is equivalent to evaluate

p®(HP)= QWD glhem — (0T g G®, 2.2.3)
Notice that when H® is upper Hessenberg, only the first m+1 entries of Q(k) e = p(k) (H®Yey /7,
can be nonzero. Then (2.2.3) is performed in the following way:

(1) Construct a Householder reflection U*? with U*0 ¢, being parallel to p® (H®)e,.

2) Reduce (U®9)" HO®D to an upper Hessenberg matrix using N — 2 Householder
reflections of the form U*/) = Diag{1, vV(6}.

This procedure is called a bulge chasing process or a QR sweep. Figure 2.3 provides a pictorial
illustration of a QR sweep with m = 2. Let

gk = ko kD) | gy N-2)

As UW e, = UkO¢, by the implicit Q theorem, U® and Q¥ are essentially the same in the
sense that U® (Q®)" is a diagonal orthogonal matrix (i.e., U® = Q¥ Diag{+1, +1,..., £1}).
Therefore, a QR sweep indeed accomplishes (2.2.3). In practice p®)(¢) is often chosen as
the characteristic polynomial of the Ngpife X Nghif trailing principal submatrix of AW where
Nghife = m is a positive integer. The strategy with m = 2 (i.e., double-shift) was first proposed by
Francis [50] to avoid complex arithmetic when applying a conjugate pair of complex shifts to a
real matrix. Algorithm 2.1 summarizes the procedure of Francis double-shift QR algorithm.

4. An N x N upper Hessenberg matrix H is called unreduced if h;,; ; #0fori=1,2,..., N~ 1.

13
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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 X X X X X X X X X X X X X X X X X
XXX XX XXX XX O XX XXX XX XXX XX XXX X X X X X
X X X X + 4+ X X X X 04 X X X X 0 X X X X X X X X X X X X

X X X X X X + 4+ X X X 04+ X X X [ o0 X X X X X X

X X X X X X 4+ 4+ X x o+ X X o X X

Figure 2.3 — A double-shift QR sweep (N = 6).

Algorithm 2.1 Francis double-shift QR algorithm

Input: AeRV*N,
Output: A real Schur form of A.
1: Reduce A to an upper Hessenberg matrix H.
2: while not converged do
3:  Find the bottommost unreduced diagonal block Hp.4,p.¢)-
4 Usedet(tI—H(g-1:g,g-1:¢)) as the shift polynomial and perform a double-shift QR sweep
on Hp:q,p:q)-
Set negligible subdiagonal entries to zeros.
:  Standardize deflated 2 x 2 diagonal blocks.
7: end while

@ @

2.2.2 Multishift QR sweeps

Concerning the memory hierarchy on modern computer architectures, Francis double-
shift QR algorithm has an obvious drawback—most operations are performed with level 1
computational intensity® and have relatively low performance. To overcome this drawback, an
early attempt is to introduce multiple shifts in the QR algorithm rather than double shifts, i.e.,
chase a larger bulge [10]. Unfortunately, the quality of transmitted shifts becomes poor due to
roundoff when chasing a large bulge [157, 158]. This effect degrades the convergence of the QR
algorithm. Therefore, the size of the bulge has to be small enough to avoid numerical instability
in the bulge chasing process. Prior to LAPACK version 3.1, the routine DHSEQR implements
such a multishift QR algorithm with up to six simultaneous shifts. The computational intensity
is improved a bit, but is still between level 1 and level 2.

To further increase the computational intensity, Braman et al. [30] and Lang [100] proposed
the following strategy which introduces more shifts and achieves level 3 performance. It
consists of three stages.

Bulge introduction. The first stage is to introduce a tightly-coupled chain of Ng;s /2 bulges—
each bulge contains a pair of shifts, see Figure 2.4(a). These bulges are introduced and chased
to appropriate positions one by one so that no bulge is chased across another one. The valid-
ness of such a strategy is ensured by the implicit Q theorem. The Householder reflections
are only applied within the top-left diagonal block. Then the orthogonal matrix, which accu-

5. The computational intensity is defined as the ratio between the number of arithmetic operations and the
number of memory access operations.

14



2.2. The QR Algorithm

XX XXX XXX XXXXXX o o o
XX XXX XXX XXX XXX o o o
XX XXX XXX XXXXXX o o o
XX XXX XXX XXX XXX o o o
XX XX XXX XXX X o o o

XX XXX XXX XX X o o o

X X XX XXX XXX X o o o

X X XX X X X X o o o

X X XX X X X X o o o

X X XX X X X X o o o

X X XX X o o o

X X XX X o o o

X X XX X o o o

X X o o o

X o o o

o o o

o o

(@ (b)

Figure 2.4 — Introducing a tightly-coupled chain of bulges (INghjg = 8).

mulates all involved Householder reflections, is explicitly multiplied with the corresponding
off-diagonal block, see Figure 2.4(b). Therefore, most arithmetic operations in this stage are
performed using level 3 basic linear algebra subprograms (BLAS) [101].

Bulge chasing. In the second stage, the chain of bulges are chased from the top-left corner to
the bottom-right corner in many rounds. In each round, the chain of bulges are chased M steps
down towards the bottom-right corner. Again, Householder reflections are only applied within
the diagonal block where the chain of bulges are involved; the corresponding off-diagonal
blocks are updated by explicit multiplication with the orthogonal matrix accumulated in the
diagonal chasing step, see Figure 2.5. In practice M = 3 Ngpii/2 is adopted so that the number of
arithmetic operations is nearly minimized [30]. Such a delay-and-accumulate technique yields
level 3 performance when updating the off-diagonal blocks. We remark that the accumulated
orthogonal matrix in each round has a special banded structure. Taking advantage of this
structure sometimes reduces the cost of matrix multiplications, see [30].

Bulge annihilating. The final stage is to annihilate the bulges one by one at the bottom-right
corner of the matrix. Similar to the other two stages, the update of the off-diagonal block is
delayed until the accumulated orthogonal matrix is explicitly formed.

The three-stage procedure discussed above is called a small-bulge multishift QR sweep.
A tightly-coupled chain of small bulges retains the numerical stability in the bulge-chasing
process. Although the number of arithmetic operations is roughly doubled [30] compared
to Nghife/ 2 rounds of Francis double-shift QR sweeps, the performance is significantly improved
since this multishift QR algorithm makes intensive use of level 3 BLAS operations. We make two
further remarks on the tightness of the bulge chain. First, loosely-coupled chains of bulges can
also be useful in practice, especially when parallelizing the QR algorithm. Detailed discussion
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N

Figure 2.5 — The delay-and-accumulate technique in the bulge chasing stage (Nspife = 8).

will be provided in Section 3.2. Second, the tightness of the bulge chain presented here is still
not optimal. For advanced developments in this direction, we refer to [92].

2.2.3 Aggressive early deflation

Aggressive early deflation (AED) has been proposed by Braman et al. [31] aiming at accel-
erating the convergence of the QR algorithm. It proceeds by partitioning the current upper
Hessenberg matrix H € RNV*N ag

N—-Npep—1 1 Naep

N—Npgp—1 Hll HIZ H13
H= 1 Hy; Hy, Hos |,
Narp 0 Hs3p;  Hsg

where Hzz € RNae*Naeb js the so called AED window. By computing the (real) Schur decom-
position Hzz = VTV, and applying the corresponding similarity transformation to H, we
obtain

Hy1y Hipp HizV
U'HU=|Hy Hy HxyV|,

0 S T
where
N—Npep—1 1 Naep
N—Npgp—1 I
U= 1 1
Naep \%4
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The vector s € RN40 js the so called spike, created from the first entry of the vector Hz,.
The last diagonal entry (or 2 x 2 diagonal block) of T can be deflated if the magnitude of
the last component (or the last two components) of the spike is negligible. Undeflatable
eigenvalues are moved to the top left corner of T by a swapping algorithm, see Section 2.1. The
orthogonal transformations for reordering eigenvalues in the Schur form of the AED window
are accumulated in an Ny, x N, orthogonal matrix. By repeating the same procedure to
all diagonal entries (or 2 x 2 blocks) of T, the eigenvalues of T are checked subsequently
and possibly deflated. Then the entire matrix is reduced back to upper Hessenberg and the
off-diagonal blocks H;3 and Ha3 are multiplied by V, the product of all involved orthogonal
transformations. Figure 2.6 illustrates the whole procedure of AED.

NHNSHN

Figure 2.6 - A pictorial illustration of aggressive early deflation.

In practice, an AED step is performed before a multishift QR sweep. Typically, the size
of the AED window (N,;,) is recommended to be somewhat larger, e.g., by 50%, than the
number of shifts (Nghig) in the multishift QR sweeps [30, 32]. Then undeflatable eigenvalues
can be used as shifts in the subsequent QR sweep. We remark that in case an AED step is
efficient enough in the sense that a reasonably large fraction (e.g., 15%) of eigenvalues has
been deflated, it is advisable to skip the QR sweep and perform another AED. The multishift
QR algorithm with aggressive early deflation discussed in this subsection is summarized as
Algorithm 2.2. An implementation of Algorithm 2.2 is available in the routine DHSEQR since
LAPACK version 3.1.

Algorithm 2.2 Multishift QR algorithm with aggressive early deflation

Input: H e RV*N, H is upper Hessenberg.
Output: A real Schur form of H.

1: while not converged do

2:  Perform AED on the N,g, x Ny, trailing principle submatrix.

3:  Apply the accumulated orthogonal transformation to the corresponding off-diagonal
blocks.
if a large fraction of eigenvalues has been deflated in Step 2 then

goto Step 2.

end if
Perform a small-bulge multishift QR sweep with Ngp; undeflatable eigenvalues obtained
from Step 2 as shifts.

8:  Set negligible subdiagonal entries to zeros.

9:  Standardize deflated 2 x 2 diagonal blocks.
10: end while

There is a close relationship between AED and the Krylov-Schur method [142], see [95,
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97]. Such a relationship leads to an explanation of the effectiveness of AED—even if the
subdiagonal entry |Bn—n,.,+1,N— Ny | 1S N0t small, indicating that the last N,z columns in the
current orthogonal transformation matrix do not span a left invariant subspace of 4, it is still
possible to exploit potentially converged Ritz vectors from this subspace. We refer to [97] for
detailed discussions. A simple application of AED for Hermitian matrices will be presented in
Chapter 6.

In principle, aggressive early deflation can be incorporated into any variant of the QR
algorithm. It has been observed [31, 95] that AED dramatically accelerates the convergence of
both Francis double-shift QR algorithm and the multishift QR algorithm. We will see another
variant of the QR algorithm equipped with AED in Section 3.3.2.
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8] The Parallel QR Algorithm with
Aggressive Early Deflation

When solving large-scale dense nonsymmetric eigenvalue problems, it is naturally desir-
able to parallelize the QR algorithm to handle large-scale problems. In the parallel setting, the
QR algorithm for dense nonsymmetric eigenvalue problems also consists of two stages:

(1) Reduce a full matrix A to an upper Hessenberg matrix H, i.e., H = QOT AQy.
(2) Iteratively reduce H to a (real) Schur form, i.e., T =Z THz.

For the first stage, we refer to [33] for the parallel Hessenberg reduction algorithm which is
implemented in the ScaLAPACK routine PDGEHRD, and to [87, 91, 146] for recent developments
in this direction. In this thesis we only focus on the second stage, i.e., how to further reduce an
upper Hessenberg matrix to a real Schur form on distributed memory architectures. Figure 3.1
shows the software hierarchy of our implementation of the parallel multishift QR algorithm,
which is built on Algorithm 2.2 presented in Chapter 2. Details regarding the parallel algo-
rithm and some implementation issues are discussed in this chapter. To avoid ambiguity, the
terminology “QR algorithm” only refers to the second stage throughout this chapter.

PDHSEQR
Entry routine for the new parallel multishift QR algorithm.

PDLAQR1 \

Modified version of ScaLAPACK's .PDLAQRS . PDLAQRO
original implementation of the «— Aggressive early deflation| ) New parallel
parallel pipelined QR algorithm and shift computation. multishift QR algorithm.

!

PDLAQR2 PDTRORD PDLAQR5
Multishift QR iteration based on
chains of tightly coupled bulges.

Aggressive early deflation. Parallel eigenvalue reordering.

Figure 3.1 — Software hierarchy of the parallel multishift QR algorithm with AED.

The rest of this chapter is largely based on the manuscript [62] submitted for publica-
tion in ACM Trans. Math. Software. It is organized as follows. In Section 3.1, we first briefly
recall ScaLAPACK’s data layout convention which is adopted in our library software. Then
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Chapter 3. The Parallel QR Algorithm with Aggressive Early Deflation

in Sections 3.2-3.4, we present the parallel multishift QR algorithm with AED. More detailed,
Section 3.2 and 3.3 discuss parallel implementations of QR sweeps and AED, respectively. The
criterion of switching between QR sweeps and AED is provided in Section 3.4. In Section 3.5,
we establish a performance model which provides insights into the cost of computations
and communications. Then suggestions on the choice of the parameters are provided in
Section 3.6. Finally, we evaluate the performance of our parallel multishift QR algorithm by a
large set of numerical experiments. The user’s guide of our parallel library software is provided
in Appendix C.

3.1 Datalayout convention in ScaLAPACK

In ScalLAPACK, the p = p; - p. processors are usually arranged into a p, x p. grid. Matrices
are distributed over the rectangular processor grid in a 2D block-cyclic layout with block size
My, x Ny, (see an example in Figure 3.2). The information regarding the data layout is stored
in an array descriptor so that the mapping between entries of the global matrix and their
corresponding locations in the memory hierarchy can be established. We adopt ScaLAPACK’s
data layout convention and require that the N x N input matrices H and Z have identical data
layout with square data blocks (i.e., M} = Np,). However, the processor grid need not to be
square unless explicitly specified.

(0,0)1 (0,1) | (0,2) [{0,0)] (0,1) | (0,2) |(B,0)] (0,1)

(1,0) [ (1,1) | (1,2) | (1,0) | (1,1) [ (1,2) ] (1,0) | (1,1)

(0,0)] (0,1) | (0,2) [{0;0) (0,1) | (0,2) [(0;0) (0,1)

(1,0) | (1,1) [ (1,2) ] (1,0) | (1,1) | (1,2) ] (1,0) | (1,1)

(0,0)] (0,1) | (0,2) [{0;0) (0,1) | (0,2) [(0,0) (0,1)

(1,0) | (1,1) [(1,2) ] (1,0) | (1,1) | (1,2) ] (1,0) | (1,1)

(0,0)] (0,1) | (0,2) [{0;0) (0,1) | (0,2) [(0,0) (0,1)

(1,0) | (1,1) [(1,2) ] (1,0) | (1,1) | (1,2) ] (1,0) | (1,1)

Figure 3.2 — The 2D block-cyclic data layout across a 2 x 3 processor grid. For example, processor (0, 0)
owns all highlighted blocks.

3.2 Parallel QR sweeps

Since the concept of aggressive early deflation is relatively recent compared to earlier
developments of the parallel QR algorithm, a lot of efforts on the parallelization of the QR
algorithm in 1980s-1990s focused on how to improve the performance in the bulge chasing
stage. In the following we first briefly recall the pipelined QR algorithm implemented in the
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3.2. Parallel QR sweeps

Scal APACK routine PDLAHQR, and then discuss our new parallel approach to the multishift QR
sweeps.

3.2.1 The pipelined QR algorithm

In [69], it has been shown that a scalable parallel variant of the QR algorithm must use
at least ©(,/p) shifts simultaneously. The pipelined QR algorithm is a scalable approach
which realizes this level of concurrency. The basic idea of the pipelined QR algorithm is
to introduce several bulges of shifts—each contains two shifts, and chase them in parallel.
These bulges are loosely-coupled so that they can be chased simultaneously using different
processors, see Figure 3.3. Such an idea has been studied by many authors, e.g., Heller and
Ipsen [68], Stewart [141], van de Geijn [147, 148], and Watkins [156]. In practice, Ngjfe =
O©(,/p) shifts are chosen as the eigenvalues of the Ngpif x Nghife trailing principal submatrix.
Local quadratic convergence of this shifting strategy has been confirmed in [148, 156, 161].
A parallel implementation of the pipelined QR algorithm is available in ScaLAPACK since
version 1.5 as routine PDLAHQR. For detailed discussion about the pipelined QR algorithm and
its implementation, we refer to [70].

Figure 3.3 — The pipelined QR algorithm chases several loosely-coupled bulges in parallel. The dashed
lines represent borders of the processor grid. Only parts of the matrix are displayed.

Although the pipelined QR algorithm clearly gives potential for parallelism, it comes with
the disadvantage that its computational intensity is concentrated at level 1 and level 2 BLAS.
In addition, frequent communication between processors is required, which causes the actual
performance of the pipelined QR algorithm to not be very satisfactory. These shortcomings
limit the practical application of the pipelined QR algorithm to only small- to medium-size
matrices. In the next subsection, we discuss how to avoid these shortcomings and present an
approach which is suitable for large-scale problems.
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Chapter 3. The Parallel QR Algorithm with Aggressive Early Deflation

Figure 3.4 - Chains of tightly-coupled bulges are chased in the new parallel multishift QR algorithm.

3.2.2 New parallel multishift QR sweeps

As we have seen in the previous subsection, the main drawback of the pipelined QR
algorithm is that it requires too frequent communication, not only between processors, but
also within the local memory hierarchy. To overcome this drawback, we combine the idea of
the pipelined QR algorithm with the small-bulge multishift QR algorithm. In our new parallel
multishift QR algorithm implemented in the routine PDLAQR5, the remedy is to use several
chains of tightly-coupled bulges, see Figure 3.4, so that local performance is improved and the
communication is reduced [61].

Local chasing. The total number of shifts (IVg,ift) used in a single QR sweep is shown in
Table 3.1, and is usually much larger compared to the pipelined approach. These shifts are
divided into several chains of tightly-coupled bulges with up to | N,/3] shifts per chain so that
the length of each chain does not exceed Nj,/2. The chains are placed on different diagonal
blocks, such that ®(,/p) chains can be chased locally and simultaneously. Once the bulge
chasing within the diagonal blocks are performed, the accumulated orthogonal matrices
are broadcasted to the corresponding rows/columns of processors. The off-diagonal blocks
are then updated by explicit multiplication with these orthogonal matrices. The degree of
concurrency of off-diagonal updating is ®@(p), just like that in the pipelined QR algorithm, while
the computational intensity is improved to level 3 by the delay-and-accumulate technique.

Crossborder chasing. Once a local chasing step is performed, the chains of bulges reach
the bottom-right corners of the diagonal blocks. We then need to perform a crossborder
chasing so that each chain is moved to the next diagonal block. Compared to the pipelined QR
algorithm where only six rows/columns are involved for each bulge in the crossborder bulge
chasing stage, the situation in the new parallel multishift QR algorithm is considerably more
complicated and thus requires extra care.
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3.2. Parallel QR sweeps

Table 3.1 - Recommended values for Ny and Nygp.

Matrix size (V) Nghift Nup

<6K see [32]
6K-12K 256 384
12K-24K 512 768
24K-48K 1024 1536
48K-96K 2048 3072
96K-192K 4096 6144
192K-384K 8192 12288
384K-768K 16384 24576
768K-1000K 32768 49152
> 1M [N/25] 3 Ngpift/2

We first discuss the crossborder chasing of a single chain. Let 2m be the number of shifts
of the bulge chain. Consider the following (6m +2) x (6m + 2) diagonal block

3Im+1 3m+1
_3m+1 Hkk Hk,k+1
- )
3m+l | Hippk Hir1,k41

where H;; is owned by the processor P;; (for i, j € {k, k + 1}). Suppose we are about to chase
the chain of bulges from Hjy to Hyy k+1. First, processor Py collects Hy k41, Hi+1,k, and
Hj1,x+1 from other processors. Then processor Py, which now owns a copy of D, performs
the desired chasing locally. Finally, each block of the new (6m +2) x (6m + 2) matrix is sent
back to its corresponding owner. The diagonal chasing is then finished. We remark that when
the chain reaches the bottom-right corner of the whole unreduced upper Hessenberg matrix,
the size of Hy1 x+1 might be smaller than (3m+ 1) x (3m + 1) so that there is not enough room
within Hj, i+ to receive the chain from Hyy. In this case the chain is chased off directly
when performing crossborder diagonal chasing.

To update the corresponding off-diagonal blocks, the orthogonal matrix accumulated in
the diagonal chasing stage is broadcasted to the corresponding rows/columns of processors
which are involved in off-diagonal updating. Then each involved processor exchanges data
blocks with its neighbor, see Figure 3.5. Finally the off-diagonal blocks are updated by explicit
multiplication with the accumulated orthogonal matrix.

An important difference compared to local chasing is that in the crossborder chasing
stage we do not chase all bulge chains simultaneously. To avoid conflicts between different
tightly-coupled chains, the chains are chased in an odd-even manner when passing through
the processor border, see Figure 3.6. Then no processor needs to send and receive two different
chains at the same time. The degree of parallelism still remains ©(p).
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Figure 3.5 - Exchange data blocks with neighbors when updating off-diagonal blocks in the crossborder
bulge chasing stage.

first round second round

Figure 3.6 — Crossborder bulge chasing. Odd-numbered chains (left) and even-numbered chains (right)
are chased separately in two rounds.

Parallel eigenvalue reordering. Finally, we remark that reordering eigenvalues in a Schur
form can be implemented in a similar manner. The high level structure of the parallel algorithm
stays the same—distribute several chains of eigenvalues (which are about to be reordered)
on different diagonal blocks and reorder them in parallel. The only difference is that within
each diagonal block an eigenvalue swapping algorithm (see Section 2.1) instead of a bulge
chasing algorithm is applied. We refer to [60] for detailed descriptions. This parallel eigenvalue
reordering algorithm, implemented in the routine PDTRORD, will be used in the parallel AED
stage in our new parallel multishift QR algorithm.
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3.3. Aggressive early deflation

3.3 Aggressive early deflation

As pointed out in Section 2.2.3, aggressive early deflation can be incorporated into any
variant of the QR algorithm. Therefore both the new parallel multishift QR algorithm and the
pipelined QR algorithm benefit from performing AED. As the efficient implementation of AED
requires some care, we will now discuss these two settings in more detail.

3.3.1 AED within the new multishift QR algorithm

As this setting will be used for targeting large-scale problems, the AED window can be
expected to become quite large. It is therefore not reasonable to expect that executing AED
locally and sequentially yields good performance. Hence, the corresponding routine PDLAQR3
for performing AED requires a parallel approach.

The first and most costly step of AED is to calculate the Schur decomposition of the AED
window, i.e., the N, x N,y trailing principal submatrix of H. This eigenvalue problem can
be solved by either recursively using the new multishift QR algorithm (PDLAQRO) or using
the pipelined QR algorithm (PDLAQR1). The choice of the solver is determined by the size
of the AED window as well as the number of processors used. Since N,y is relatively small
compared to N, the number of available processors may be too large to facilitate all of them
without causing significant communication overhead. In this case, we only use a subset of
the processors to reduce the overhead and approximately minimize the execution time. See
Section 3.3.3 for a more detailed discussion.

In the deflation checking phase, the reordering algorithm is arranged in a blocked manner,
to reduce memory transfers and communication. Unlike the procedure described in [30], un-
deflatable eigenvalues are not moved immediately and individually towards the top left corner
of the AED window. Instead, they are first reordered within an N, x N, computational window.
Only after all eigenvalues in this N, x N, window are checked, the group of undeflatable
eigenvalues is moved simultaneously to the top left corner of the AED window. This blocked
approach increases the computational intensity and avoids the frequent communication
needed when reordering each eigenvalue individually. The procedure is repeated until all
eigenvalues in the AED window are checked.

The last step is to eliminate the spike and reduce the AED window back to the upper Hes-
senberg form. This task is performed with the ScaLAPACK routine PDGEHRD. The corresponding
off-diagonal blocks are updated by explicitly multiplying the accumulated orthogonal ma-
trix using the PBLAS routine PDGEMM. The whole parallel AED algorithm is summarized in
Algorithm 3.1. The routine PDLAQR3 in our software implements this algorithm.
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Chapter 3. The Parallel QR Algorithm with Aggressive Early Deflation

Algorithm 3.1 Parallel aggressive early deflation

Input: He RNV*N is upper Hessenberg.

1: (optional) Redistribute the AED window to a subset of processors.

2: Compute the Schur decomposition of the AED window (using a subset of processors).

3: (optional) Redistribute Schur decomposition of the AED window back to the orginal

process grid.

4: repeat
Check deflation for the last N}, eigenvalues; undeflatable eigenvalues are moved to the
top-left corner of this N, x N}, block.

6:  Move undeflatable eigenvalues in this group of N}, eigenvalues to the top-left corner of
the AED window.

7: until all eigenvalues within the AED window are tested

8: Eliminate the spike and reduce the matrix back to an upper Hessenberg matrix.

3.3.2 AED within the pipelined QR algorithm

The original ScalLAPACK (version 1.8.0) implementation PDLAHQR of the pipelined QR
algorithm is not equipped with the AED strategy. In our software, we provide a new routine
PDLAQR1, which is modified from PDLAHQR and implements Algorithm 3.2. When adding AED,
we have taken into account that we will only use this routine for small- to medium-size
(sub)matrices. In particular, we can expect the AED window to be sufficiently small such that
AED can be performed on one processor efficiently, by using the LAPACK implementation of
AED.

Algorithm 3.2 Parallel pipelined QR algorithm with AED

Input: AeRV*N,
Output: A real Schur form of A.

1: Reduce A to an upper Hessenberg matrix H.

2: while not converged do

3:  Copythe (Nyp+1) x (Nygp +1) trailing submatrix to one processor and perform sequential

AED on the N,zp x Ny window.

4:  Broadcast the output of AED to all involved processors and update the corresponding
off-diagonal blocks in parallel.
if a large fraction of eigenvalues has been deflated in Step 3 then

goto Step 3.

end if
Compute the eigenvalues of the (N,gp, + 1) x (N, + 1) trailing submatrix sequentially.
Perform a pipelined QR sweep using Ngpif; shifts computed in Step 8.
10:  Setnegligible subdiagonal entries to zeros.
11:  Standardize deflated 2 x 2 diagonal blocks.
12: end while

Apart from AED, our new routine PDLAQR1 incorporates further modifications to PDLAHQR,
making it both faster and more robust. In the following we summarize the most important
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aspects; additional details can be found in [88, 132].

Aggressive early deflation. AED is implemented in an auxiliary routine PDLAQR2 which
copies the trailing (N + 1) x (Nagp + 1) submatrix to local memory and calls the LAPACK
routine DLAQR3 to solve the problem sequentially. To determine the algorithmic parameters of
AED, we use the settings of the LAPACK installation determined by ILAENV. However, a notable
difference is that we do not use the undeflatable eigenvalues from the AED step as shifts in
the subsequent pipelined QR sweep. Instead, we recompute the eigenvalues of the trailing
(Naep + 1) X (Napp + 1) submatrix and (randomly) take Ngpif of them as shifts. We have observed
that this shifting strategy improves the quality of the shifts and accelerates the convergence
of the pipelined QR algorithm. The computation of shifts are also performed locally and
sequentially.

Conventional deflation. In PDLAHQR, pipelined QR sweeps are performed until the very end,
that is, the remaining diagonal blocks are all of size 1 x 1 or 2 x 2. In PDLAQR1, we use a different
strategy: Once the active block is sufficiently small (say, not larger than 385 x 385), we copy
this block to local memory and call the LAPACK routines DLAHQR/DLAQR4 to solve the problem
sequentially. This strategy significantly reduces communication overhead in the latter stages
and is implemented in an auxiliary routine PDLAQR4.

Avoidance of anomalies. The original ScaLAPACK routine PDLAHQR suffered from two anoma-
lies, which have been removed. First, the routine sometimes returned 2 x 2 diagonal blocks
containing real eigenvalues, which is not in accordance with the specification of the inter-
face. In PDLAQR1, each 2 x 2 diagonal block contains a conjugate pair of complex eigenvalues.
This change is also helpful when checking deflation in the AED procedure. The second issue
is concerned with a “deflation” strategy already proposed by Francis [50], which allows to
introduce bulges below the top left corner of the active submatrix if there are two consecu-
tive small subdiagonal entries. However, this turns out to be difficult to implement in a safe
manner in pipelined or multishift QR sweeps, see [132] for detailed explanations. When using
the ScaLAPACK routine PDLACONSB which implements this strategy, we have observed large
relative residuals of norm up to 107%, indicating numerical instabilities. As the performance
improvements gained from this strategy are usually negligible, we have decided to remove it.
In return, the numerical stability is improved.

3.3.3 Avoiding communication via data redistribution

As observed in [88], the parallel QR algorithm is not efficient at solving relatively small
eigenvalue problem on many processors, due to excessive communication, to the point that
the execution time actually increases when increasing the number of processors. Such a
situation is regularly encountered when calculating the Schur decomposition of the AED
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window. Therefore, the computation of the Schur decomposition of the AED window often
became a bottleneck in the previous implementation of parallel multishift QR algorithm [61].

Recent work on communication avoiding algorithms [16, 15, 76, 81] usually focuses on the
design of algorithms that can attain the theoretical lower bounds of the communication cost.
A basic assumption in these theoretical analyses is that the data are nearly evenly distributed
over the processors. Here we propose an alternative approach, which does not rely on this
assumption and is especially useful for operations involving smaller submatrices.

We first consider a simple and extreme case. Suppose there is one processor which has a
large amount of local memory and very high clock speed. Then by gathering all data to this
processor, the problem can be solved without further communication. Once the computation
is completed, the data are scattered to their original owners. The total amount of communi-
cation does not exceed the cost of scattering and gathering regardless of the complexity of
computational work. Although this simple idea does not work for large problems that cannot
be stored on a single processor, it is still useful for smaller problems. For example, the AED
process in the pipelined QR algorithm is implemented in such a manner since we know in
advance that the AED window is always sufficiently small, such that the associated Schur
decomposition can be efficiently solved sequentially. By introducing the overhead of data
redistribution, the total amount of communication as well as the execution time are reduced.

For larger problems, it is not feasible to solve them sequentially via data redistribution.
Specifically, the AED window within the new parallel multishift QR algorithm usually becomes
quite large, although much smaller compared to the whole matrix. In this case, we choose a
subset of processors instead of a single processor to perform AED. The data redistribution is
performed using the routine PDGEMR2D in ScalLAPACK; its overhead has been observed to be
negligible relative to the AED process as a whole.

The tunable parameter ppin = PILAENVX (ISPEC=23) determines our heuristic strategy
for choosing the number of processors for the redistribution. If min(p;, p¢) > pmin + 1, we
redistribute the AED window to @ pmin X Pmin processor grid and perform the calculations on
this subset of processors. The same strategy is also applied if we need to compute shifts after an
AED step (see Section 3.4). The default value for this parameter is pmin = [ Nagn/ (Np[384/Np1)1,
implying that each processor needs to own at least 384 columns of the AED window. The
constant 384 has been obtained via extensive numerical experiments on one of our target
architectures. It certainly needs adjustment for optimal performance on other architectures.

3.3.4 Task duplication—efficient but hazardous

Task duplication is a common technique in parallel computing to reduce communication
and potentially improve performance, see, e.g., [59]. This technique has already been employed
in previous implementations of the parallel QR algorithm, such as PDLAHQR and software
developed in [61, 88]. However, a crucial assumption is made when applying this technique:
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All involved processors need to produce identical outputs for identical tasks. Due to the
effect of rounding error, this assumption is not always satisfied, especially on heterogeneous
architectures.

This lack of numerical reproducibility is potentially harmful to the robustness of the par-
allel QR algorithm. As discussed in Section 3.3.2, all computations within the AED window
are performed sequentially for the pipelined QR algorithm. In [88], these sequential parts are
duplicated on all involved processors. The parallel update of the off-diagonal blocks can then
be performed with the local copy of the orthogonal transformation matrix resulting from AED,
without any extra communication. However, even the slightest change in finite precision arith-
metic may lead to very different outputs produced by AED since QR sweeps are not forward
stable [118, 157]. In particular, the ordering of the eigenvalues in the Schur decomposition
computed within AED is very sensitive to such changes. In turn, the off-diagonal blocks are
updated using completely different local copies of the orthogonal transformation matrices,
leading to meaningless results. We have observed similar problems in crossborder bulge chas-
ing and eigenvalue reordering. To avoid this, we use explicit communication rather than task
duplication in the new implementation. For a moderate number of processors (e.g., p < 100),
the change in performance is negligible; while for a large number of processors, the perfor-
mance can drop. For example, for computing the Schur decomposition of a 100,000 x 100,000
matrix using 40 x 40 processors, up to 25% performance drop has been observed by replacing
task duplication with explicit communication.

3.4 Switching between QR sweeps and AED

As we have pointed out in Section 2.2.3, there are rules for balancing the cost between
multishift QR sweeps and AED in the QR algorithm (e.g., Step 4 in Algorithm 2.2 and Step 5
in Algorithm 3.2). The precise meaning of these rules is characterized by a threshold called
NIBBLE. Let Nyngfit denote the number of undeflatable shifts in an AED step. The multishift
QR sweep is skipped if

Nyep — Nyndfit - NIBBLE
Naso = 100 -

Since AED behaves differently for different matrices, this strategy automatically adjusts the
choice between AED and QR sweeps based on the properties of the matrix.

The default value of NIBBLE in the sequential LAPACK implementation is 14, which pro-
vides a good balance between multishift QR sweeps and AED. The same default value is used
in our modified version of the pipelined QR algorithm with AED. However, in the new parallel
multishift QR algorithm, the parallel AED process becomes substantially more expensive than
the sequential AED process due to communication. As explained above, the AED process only
involves a smaller trailing submatrix, leading to decreased parallel efficiency. To account for
this, NIBBLE should be set larger to avoid performing AED too frequently. A good choice of this
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threshold depends both on the size of the matrix H and the number of processors involved. We
use the model NIBBLE = a- N? p¢ for this purpose, where a, b, and ¢ are machine-dependent
constants. An appropriate choice of these constants can be gained from repeated runs of the
program with different thresholds. It turns out that the right choice of NIBBLE becomes rather
sensitive when communication is slow. In our numerical experiments, the default values on
our computing architectures are chosen as (a, b, ¢) = (335, -0.44,0.5).

A complication arises when using NIBBLE > 33. Such a choice may lead to situations
where the number of undeflatable eigenvalues is less than the desired number of shifts,
that is Nypaar < Nshift, due to the fact that N,z = 3Nghire/2. The solution in the software is
that as long as Nynqsit = Nshife/ 2, we only use these Nypqq¢ undeflatable eigenvalues as shifts
in the subsequent QR sweep. However, the condition Nyngsat = Nghie/2 may also fail when
NIBBLE > 66. In this case we calculate the eigenvalues of the Nghift X Nghite trailing principal
submatrix of H and use them as shifts. The calculation can be performed by either PDLAQRO
or PDLAQR1, just like computing the Schur decomposition in the AED step.

3.5 Performance model

In this section, we analyze the cost of computation and communication of the new parallel
multishift QR algorithm for reducing a Hessenberg matrix to Schur form. For simplicity, we
consider a square processor grid, that is, p, = p. = /p. In addition, we assume that each
processor contains reasonably many data blocks of the matrices, i.e., ,/p N, < N, so that the
work load is balanced. The parallel execution time consists of two main components:

Tp="Ta+Te,

where T, and T are the times for arithmetic operations and communication, respectively.
The possibility of overlapping communication with computations is not taken into account.
By neglecting the communication between memory and cache lines inside one core, the serial
runtime can be approximated by

3 #(flops)
i

where v is the average time for performing one floating-point operation and f(p) is the degree

’

of concurrency. For the communication between two processors, we define a and f as the start-
up time (or communication latency) and the time for transferring one word without latency (or
reciprocal of bandwidth), respectively. The time for a single point-to-point communication is
modeled as a+ L f where L is the message size in words. A one-to-all broadcast or an all-to-one
reduction within a scope of p processors is assumed to take G(log p) steps.

Let kyxp and ky; denote the number of AED steps and QR sweeps, respectively, performed
by the new parallel multishift QR algorithm. We have ky < ke, since some QR sweeps
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are skipped when the percentage of deflated eigenvalues in the AED step is larger than the
threshold (NIBBLE). When the number of undeflatable eigenvalues from AED is not sufficient
for performing the next QR sweep, we need to calculate shifts from the trailing submatrix. The
number of extra calls to the parallel Schur decomposition solver in this case is denoted by ki,
which of course satisfies kgt < koz- Given the constants kygp, kor, and ksphif;, the execution
time of the parallel QR algorithm is modeled as the sum of the corresponding phases:

T(N, P) = kAED TAED (N, NAED’ p) + kQR TQR (N, Nshift; P) + kshift Tshift (N, Nshift’ P),

where Tz, Tor, and Tghife are the runtimes for performing each phase once. For simplicity, it
is assumed that N,g, and Ngpie remain constant throughout the entire QR algorithm, and all
QR sweeps act on the entire matrix. We further assume that AED is always performed on a
V/Paep % /Parp Processor grid, so that the property /paep N < Nyp is also valid inside the AED
window. The same assumption is made for the shift calculation phase. A typical relationship
among these parameters is

2 1 N Nans
NShift = _NAED ~—N and _AED ~ shift > CZ’
3 G vV Paep  V/ Pshift

where C; and C, are constants (e.g., C; = 24, C» = 384). In practice kyep, kor, Kshife can vary a lot
for different matrices. We assume k,, = O(IN/ Nyp) = O(Cy), which appears to be reasonable.

In the following we present performance models based on the assumptions above. Tiny
terms, especially lower order terms with reasonably sized constants, are omitted.

3.5.1 Estimating T

The QR sweep is relatively simple because the computation and communication cost is
well-determined by N, Nghif, and p. Usually there are up to ,/p simultaneous computational
windows, one at each diagonal processor in the grid, with at most Nj,/3 shifts in each window.
If Ngnige > /P Np/3, these shifts are chased in several rounds. So we use a rough approximation
N
in the QR sweep. Based on the assumption ,/p N, < N, the overhead for the start-up and

ending phases of the bulge chasing are not important. Therefore the cost of one QR sweep is

= /P Nyp/3 to represent the total amount of shifts which can be chased simultaneously

roughly

Nepige N
N*s—l (Tlocal + Tcross),

TQR (N, Nshift» P) =
ohife VP

where Tjcq) and Terogs represent the runtime for local and crossborder bulge chasing, respec-
tively. Both parts require chasing the chain of bulges with N} /2 steps inside the computational
window, as well as updating the corresponding off-diagonal blocks. Hence the runtime for
arithmetic operations is (4 Ny + 4NN7. /\/p) y, half of which is for accumulating the orthogonal
matrix Q. The only communication cost in the local chasing phase is broadcasting the accu-
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mulated orthogonal matrix rowwise and columnwise in the processor grid, which requires
log, p (a + N B) runtime. Therefore,

4NN?
VP

One round crossborder chasing requires at least the same amount of communication as in

2
ANN?

+lo a+ N2B) =~
\/ﬁ)Y g p(a+NyB)

Tiocal = (4N2+ Y+10g2p(a+N§,B).

one local chasing step, with some extra cost for explicitly forming the N, x N}, computational
window and exchanging data with processor neighbors for updating the off-diagonal blocks.
Notice that usually there are two rounds for a crossborder chasing step, therefore we have

2

N, NN,
b b
Teross = 2| Tipcal + 3| @ + T,B) +3 (a+ ﬁﬁ) )
and then
12N? Ngpig N 3N Ngpyi 3N? Ny
Ton (N, Ny, P) & ————— gy + St (l0g, p+ )@+ = p
VP Nepige shift’ VP VP Nepige
36 N? Ny 9N Nypi 9N? Ny
— shlfty " sh;ft (10g2 p+ Ha+ shift ﬁ
p VPN, pNp

From this model, we can see that the cost for updating the off-diagonal blocks dominates
in both the computation and communication parts, under the assumption that \/p N, < N
(or equivalently N ..
algorithm without AED can also be obtained. By assuming the convergence rate as ©(1) shifts
per eigenvalue, i.e., kop = O(N/ Nghir)), and neglecting the cost for generating shifts, the total

execution time of a plain multishift QR algorithm is

3 2 3
T(N,p) = @(i)Y-FG(LOgZP) a+®(l) )
p VPN pNp

<« N). As a byproduct, the performance model of a plain multishift QR

Fixing the memory load per processor (i.e., N/,/p = constant) yields

T(N,p) =0O(N)y +O(NlogN) a + O(N) f.

3.5.2 Estimating 7T,;, and Tgy;g

The execution time for one step AED is modeled as

Tin (N, Nagp, P) = Tredist (Naeps P> Paen) + Tschur (Naeps Paep)
+ Treorder (Naen, P) + Tess (NVagp» p) + Tupdate (N, Naep, P)»

where the terms in the right-hand-side represent the runtime for data redistribution, Schur
decomposition of the AED window, deflation checking and reordering of eigenvalues, Hes-
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senberg reduction, and updating the off-diagonal blocks corresponding to the AED window,
respectively. We estimate these terms one by one using the hierarchical approach described
in [37].

Estimating Ti.4is¢. The general purpose data redistribution routine PDGEMR2D in ScaLAPACK
uses the algorithm described in [120]. Since the scheduling part is tiny compared to the
communication part, the complexity of data redistribution is provided [120] as

2
Tredist (Naep) Py Parp) =O(p) a + O \/%)

Estimating Tschy- The complexity of the Schur decomposition performed by PDLAQR1
largely depends on the properties of the matrix, since AED affects the convergence rate
significantly. To obtain an estimate of the complexity, we assume that AED roughly reduces
the number of pipelined QR sweeps by half. According to the experimental results presented
in [88], this assumption usually provides a reasonable upper bound of the runtime, although
it can be overestimated. Using the model in [70], we obtain an approximate execution time

20N3 3N? 3N?1 8N3
( 08P , ),3. 3.5.1)

T (N, p) = + (lo +2)a+
Schur p p Y \/ﬁ Nb &P \/ﬁ p Nb

If the orthogonal matrix Q is not accumulated in the calculation, the arithmetic operations
are roughly halved, i.e.,

T (No1) 10N3 .\ 3N? " +2) +(3N210g2p+8N3)
h y = (0} a .
Schur p p Y \/ﬁNb &P \/ﬁ pr

The model provided in [26] is similar, but with slightly different coefficients.

Estimating Ticorqer-  Obviously, the cost for eigenvalue reordering depends on the deflation
ratio. However, we can evaluate an upper bound for the cost—all eigenvalues are involved in
the reordering. Then the performance model is almost the same as that of QR sweeps, since
updating the off-diagonal blocks is the dominant operation. Notice that each eigenvalue needs
to move N,;,/2 steps in average, so the overall cost for eigenvalue reordering inside the AED
window is bounded by

4NZ,N, 2N 3N2
Treorder(Nawor P) = — 5=y + o logyp+3at =2 N L

As a different feature compared to QR sweeps or the performance model in [60] for parallel
eigenvalue reordering, the degree of concurrency here is ©(,/p) instead of ©(p). The reason
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for such a difference is that there is only one chain of up to Nj eigenvalues to be reordered
and hence at most two diagonal blocks are involved for the reordering phase inside the AED
window.

Estimating Tiess. The Hessenberg reduction routine PDGEHRD uses the parallel algorithm
described in [33]. Almost all computations and communication are performed on matrix-
vector and matrix-matrix multiplications. Therefore we need to model these PBLAS operations
first. The level 2 operations GEMV and GER require

2MN
TGEMV(M!N) p) = TGER(MrNy p) =

+1lo (a+M+Nﬁ)
Y +108; p 2vp '

where M x N is the size of the matrix. This model directly carries over to multiplying two M x K
and K x N matrices as long as min{M, N, K} < N}, since it is merely a “fat” level 2 operation. In
the Hessenberg reduction algorithm, all level 3 operations are “fat” level 2 operations, so the
cost for one GEMM operation can be modeled as

(M+N)N,
2\p

Using these simple models of the PBLAS operations, we are now ready to establish a model

2MNN,
Toenm (M, N, Ny, p) = Tepuu (M, Np, N, p) = T)fﬂogz p(a+ ,6). (3.5.2)

for Tiess- The level 2 part consists roughly of N matrix-vector multiplications of dimension
Nx(N-j) (for j=1,2,..., N). Therefore the cost is

N 2NN - j)
Tievel2 = Z I —
j=1

Na

+%;ﬁ).

( 2N—j)] N3
Yy +log, pla+

NG ~ ?y +log, p
The level 3 part contains roughly N/N,, iterations with one PDGEMM and one PDLARFB per
iteration. Within the jth iteration (j =1, 2, ..., N/Np), PDGEMM involves matrices of dimension
N x Ny and Np, x (N — jNp — Np); PDLARFB mainly performs two parallel GEMM operations,
with { Nj x (N = jNp), (N — jNp) x (N — jNp) } and { (N — jNp) x Np, N}, x (N — jNp,) } matrices
involved. Another sequential TRMM operation in PDLARFB is ignored since it only contributes
lower order terms in both arithmetic and communication costs. So the cost for level 3 part is

NNy 27Ny +6(N = jNp) 6N 57N,
JNp JNp . JNp
Tievels = Ny(N - jNp)y +log, p 3a+—ﬁ)
eve ]2:1 p 2 2@
7N3  3NI 7N?1
~ - v+ ]\(;gzpa+ 4082Pﬁ,
p b VP

and hence the execution time for Hessenberg reduction (without explicitly forming the or-
thogonal matrix) is

N3 5N?1
Y+ Nlog, pa+ > 08P
3p 2yp

THess (N, p) = Tevel2 + Tievels = B. (3.5.3)
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Even if the proportion of level 3 operations is improved to 80% as suggested in [121] (this is
not implemented in the current PDGEHRD yet), the estimate in (3.5.3) would not change too
much since the number of messages in the level 2 part is not reduced.

Since the Householder reflections are stored in a compact form in the lower triangular
part of the upper Hessenberg matrix, formulating the orthogonal matrix after Hessenberg
reduction is another necessary step. This step is done by the ScaLAPACK routine PDORMHR,
which is mainly a series of calls to PDLARFB. Similar to the discussion above, we obtain

2N3  3Nl1 7N?
Y + ng P a +
Ny, 4,/p

Therefore, the total runtime for the Hessenberg reduction process including formulating the

B.

Tormur =

orthogonal matrix is

N3 17N?1
Y+ Nlog,pa+ ﬂﬁ.
3p 4\/p

THess(N, p) = THess + Tormir = (3.5.4)

Estimating Typdate. The cost for updating the off-diagonal blocks with respect to the AED
window is simple to analyze since it merely contains three GEMM operations. Since these
GEMM operations are not “fat” level 2 operations, we need to use a model different from (3.5.2).
According to [150], the execution time for a GEMM operation on a /p x ,/p processor grid
with M x K and K x N matrices involved is

Nﬁb +2\/ﬁ)(2a+ w,ﬁ)

if min{M, N, K} = K > N},. Then we conclude that

2MNK

TGEMM(M’N;Kyp): P

Y+

2NNZ - Nuo (6a . 2NN, ﬁ).

Tupdate (N, Nyep, p) = P N, NG

Now we are ready to estimate the overall runtime T, by substituting N with N,y in (3.5.1)
and (3.5.4). We can see that Tieqi is always negligible compared to other components. Re-
ordering contributes with only marginal communication costs also. By merging all these
estimates together, we eventually obtain

Taen (N, Nagp, P) = Tschur (Naeps Paen) + Treorder (Naens P) + Ttess (Nae, P) + Tupdate (N, Nagp, P)
N (ZONAED N 4,/P Np + 16N, + ZN) N2

Paep p ae¥
" NAZED (3(1082 Paep +2) N Np lOg2 p) o
Np V/Pap N
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.\ N2, (3Nblog2 Puo 8 Nueo . 3N, s 17Nplog, p | 2NN, )ﬁ

Ny, v/ Paep Paep 2\/5 4\/ﬁ NAED\/ﬁ
30C5N . IN?N,, L9 +6)N°
G C:/p 2C3p

~
~

+(9C2N . 3N_, 3N o )a
CiN, “822¢,c, ' 2¢, &P
9C, N 3N  12C?N 3N?(18+C;+5l1lo
2N o, L 12GN 3N L g D) "
C 2C1Cy C1 Ny IGCI\/ﬁ

When N is extremely large (i.e., C;, C, and N, are all tiny enough compared to N) and
N/,/p = constant, we have

2 N3 NZ
T, :®(N+—+—)y+® NlogN + Nlogp)a+0© NlogN+—logp),B
VP P ( ) NG

=0O(N)y+0O(NlogN)a+06(NlogN) .

Asymptotically AED only has slightly larger message sizes by a ©(log N) factor compared to QR
sweeps and is hence not much more expensive. However, in practice we still need to handle
AED very carefully since large leading factors in lower order terms have significant impact on
the performance when the matrix is not large enough. Similar to the analysis for T, the cost
for computing shifts can be estimated by

Tsnite (N, Nehite» P) = Tschur (Nshife> Pshifc)

10N3 . 3N2.
~ shift Y+ shift (l 08, Pohife + 2a

Pshift v/ Pshifc Np
2 3
SNpif log, Pshift N 8N in )
v/Pshift PshiftNp
10C3N  6C,N N 6C,N N 8GN
= v log, a+ log, + _
C1 C1Ny Ci1C Cy C1C,  CIN,

Asymptotically Tgf is not so important in the scalability analysis since it can never be larger
than Tp.
3.5.3 Anoverall model

Let us first make a comparison between the pipelined QR algorithm using loosely-coupled
shifts and the new parallel multishift QR algorithm using tightly-coupled shifts. Asymptotically,
the execution time of the pipelined QR algorithm (3.5.1) is

T (N, p) =®(—N3) +®(—N21 & ) +®(—3 )ﬁ (3.5.5)
, a , 5.
Schur Y \/_N N
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provided that the average number of shifts required for deflating each eigenvalue is O(1).
Under the same assumption, we have shown that the execution time of the new parallel
multishift QR algorithm without AED is

N3 N?logp N3
T(N,p) =®(—)y+®(—2)a+®(—)ﬁ. (3.5.6)
p VPN, pNp

Both solvers have an ideal degree of concurrency. However, tightly-coupled shifts are superior
to loosely-coupled shifts, because they require less frequent communication. Compared
to (3.5.5), the number of messages in (3.5.6) is reduced by a factor of ©(Np); in return the
average message length increases correspondingly. Another important observation is that
the parameter y in (3.5.5) is much larger than that in (3.5.6), because these algorithms have
different computational intensity. This already explains why the pipelined QR algorithm is
usually much slower than the new parallel multishift QR algorithm for larger matrices, even
when neglecting the effects of AED.

Taking AED into account makes the model significantly more complicated. To be able to
provide some intuition, we assign concrete values to most parameters. For example, let us set
C) =24, C, =384, and assume kg, = 2kor = 16kghire = 64. Then

Tor (N, N, ) 33+3N2 a +4)+3N3,6
’ ift = 0} a ,
QR shift, P 2p Y 8\/5N12, 8P 8pN,,
Taen (N, Nie, ) & (184320N+ N’Np , SN )
AED UV, gD, P) = 64@ 256p Y
144N N1
(log, N — 14) + M] a (3.5.7)
Np
512\ (51log, p +42)N?
+ 144N(log2N—14+—)+( 8, P +42) :
Ny, 3072,/p
96N 512
Tshite (N, Nghit, p) = 61440Ny + T(log2 N-13)a+96N|log, N-13 + ~ B.
b b
This yields the following overall estimate for the new parallel QR algorithm with AED:
48N3 12N?lo 12N®  17N?lo
T(N, p) = ( +1.2x 107N)y+ gzzp ( + gzp) B, (3.5.8)
VPN, PNy 16\/p
N3 N?1 N3
- @(—)y+®(¢zp) a +®(—),B, (35.9
p VPN, pNp

where most small-order terms are neglected. It turns out that both QR sweeps and AED have
significant serial runtime when N is not very large. However, QR sweeps usually dominate the
communication cost. As a consequence, the models (3.5.5), (3.5.6), and (3.5.9) nearly have the
same asymptotic behavior. AED is asymptotically not more expensive compared to QR sweeps,
and hence it does not represent a computational bottleneck for larger matrices. Combined
with the convergence acceleration often observed when using AED (and not fully attributed in
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the model above), this contributes to the superior performance of the new parallel multishift
QR algorithm.

3.6 Software and implementation issues

3.6.1 Calling sequence

The calling sequence of the newly developed routine PDHSEQR is nearly identical with the
LAPACK routine DHSEQR, see Figure 3.7. Apart from the need of a descriptor for each globally
distributed matrix and the leading dimension for each local matrix, the only difference is
that PDHSEQR requires an extra integer workspace. The calling sequence of the ScaLAPACK
routine PDLAHQR is also similar, hopefully allowing to easily switch from PDLAHQR and DHSEQR
in existing software making use of ScaLAPACK. In practice, it is advisable to call PDHSEQR
twice—one call for the workspace query (by setting LWORK = —1) and another call for actually
doing the computation. This follows the convention of many LAPACK/ScalLAPACK routines
that make use of workspace. We refer to Appendix C for details regarding the calling sequence.

SUBROUTINE PDHSEQR( JOB, COMPZ, N, ILO, IHI, H, DESCH, WR, WI, Z,
$ DESCZ, WORK, LWORK, IWORK, LIWORK, INFO )

*

. Scalar Arguments ..
INTEGER IHI, ILO, INFO, LWORK, LIWORK, N
CHARACTER COMPZ, JOB

. Array Arguments ..
INTEGER DESCH( * ) , DESCZ( * ), IWORK( * )
DOUBLE PRECISION H( * ), WI( N ), WORK( * ), WR(C N ), Z( * )

SUBROUTINE DHSEQR( JOB, COMPZ, N, ILO, IHI, H, LDH, WR, WI, Z,

$ LDZ, WORK, LWORK, INFO )

SUBROUTINE PDLAHQR( WANTT, WANTZ, N, ILO, IHI, A, DESCA, WR, WI,
$ IL0Z, IHIZ, Z, DESCZ, WORK, LWORK, IWORK,
$ ILWORK, INFO )

Figure 3.7 — Calling sequences of the newly developed routine PDHSEQR, the corresponding LAPACK
routine DHSEQR, and the ScaLAPACK routine PDLAHQR.

3.6.2 Tuning parameters

In the new software for the parallel multishift QR algorithm, tunable parameters are
defined in the routine PILAENVX. They are available via the function call

PILAENVX(ICTXT, ISPEC, ...)
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Table 3.2 — List of tunable parameters.

ISPEC | Name | Description Recommended value
12 Nmin Crossover point between PDLAQRO and | 220min(p;, pc)
PDLAQR1
13 Nup Size of the AED window See Table 3.1
14 NIBBLE | Threshold for skipping a multishift QR sweep | See Section 3.4
15 Nghift Number of simultaneous shifts See Table 3.1

16 KACC22 | Specification of how to update off-diagonal | Use GEMM/TRMM
blocks in the multishift QR sweep
17 NUMWIN | Maximum number of concurrent compu- | min(p;, p¢, [N/ Np1)
tational windows (for both QR sweep and
eigenvalue reordering)

18 WINEIG | Number of eigenvalues in each window (for | min(N/2,40)
eigenvalue reordering)
19 WINSIZE | Computational window size (for both bulge- | min (N, 80)
chasing and eigenvalue reordering)
20 MMULT | Minimal percentage of flops for perform- | 50
ing GEMM instead of pipelined Householder
reflections when updating the off-diagonal
blocks in the eigenvalue reordering routine
21 NCB Width of block column slabs for rowwise up- | min(iNy, 32)
date of Householder reflections in factorized
form

22 WNEICR | Maximum number of eigenvalues to move | Identical to WINEIG
over a block border in the eigenvalue reorder-
ing routine

23 Pmin Size of processor grid involving AED See Section 3.3.3

with 12 < ISPEC < 23. A complete list of these parameters is provided in Table 3.2. Some of
them require fine tuning to attain nearly optimal performance across different architectures.

Although a reasonable choice of N, the data layout block size, is important, we have
observed the performance to be not overly sensitive to this choice. On the one hand, N,
should be large enough so that the local computations can achieve level 3 performance. On
the other hand, it is advisable to avoid N}, being too large. A large value of N;, harms load
balance and increases the overhead in the start-up and ending stages of the bulge chasing
process, especially when computing the Schur decomposition of the AED window. In our
performance model, we always assume Nj, < N /,/p to avoid such kind of overhead. For many
architectures, Nj, € [32,128] will offer a good choice.

We expect that most of the recommended values in Table 3.2 yield reasonable performance
on existing architectures. However, the parameters Npyjin, Pmin, and NIBBLE require some extra
care, as the performance of AED crucially relies on them. The values of these parameters
need to be determined by performing a bunch of test runs. To determine Npin and pmin,
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it is advisable to use the typical sizes of the AED windows (see Table 3.1) and run tests on
different processor grids. Then the optimal values for both Ny, and pmin can be chosen
via examining the number of columns of H owned by each processor. NIBBLE should be
tuned lastly, once all other parameters are fixed. Tuning NIBBLE is time-consuming but highly
recommended, especially on older architectures with relatively slow communication. As
discussed in Section 3.4, NIBBLE = a- N” p® is a reasonably good model that takes into account
both N and p. It is not unlikely that this model may need to be adjusted for very large-scale
computations.

3.7 Computational experiments

We have performed a large set of computational experiments on Akka' and Abisko? hosted
by the High Performance Computing Center North (HPC2N), and on Bellatrix® hosted by
Ecole Polytechnique Fédérale de Lausanne. In this section, we present a subset from these
computational experiments to confirm and demonstrate the improvements we have made in
the parallel QR algorithm. The computational environments are summarized in Table 3.3.

Table 3.3 - Computational environments.

64-bit Intel Xeon (Harpertown) Linux cluster

672 dual socket nodes with L5420 quad-core 2.5GHz processors and 16GB RAM per node
Akka | Cisco Infiniband and Gigabit Ethernet, 10Gbps bandwidth

PathScale compiler version 4.0.13

OpenMPI 1.4.4, LAPACK 3.4.0, GotoBLAS2 1.13

64-bit AMD Opteron (Interlagos) Linux cluster

322 nodes with four Opteron 6238 12-core 2.6GHz processors and 128GB RAM per node
Abisko | Mellanox 4X QSFP Infiniband connectivity, 40Gbps bandwidth

PathScale compiler version 4.0.13

OpenMPI 1.6.4, LAPACK 3.4.0, OpenBLAS 0.1 alpha 2.4

64-bit Intel Xeon (Sandy Bridge) Linux cluster

424 dual socket nodes with E5-2660 octa-core 2.2GHz processors and 32GB RAM per node
Bellatrix | Qlogic Infiniband QDR 2:1 connectivity, 40Gbps bandwidth

Intel compiler version 13.0.1

Intel MPI version 4.1.0, Intel Math Kernel Library version 11.0

We compare the following implementations:

S-v180 Pipelined QR algorithm in ScaLAPACK version 1.8.0.

SISC Previous implementation of parallel multishift QR algorithm with AED, as
described in [61].
NEW New implementation of parallel multishift QR algorithm with AED, as de-

scribed in this chapter.

1. http://www.hpc2n.umu.se/resources/akka/
2. http://www.hpc2n.umu.se/resources/abisko/
3. http://hpc.epfl.ch/clusters/bellatrix/
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3.7. Computational experiments

Table 3.4 — Execution time (in seconds) on Akka for fullrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-vI80 SISC NEW | S-v180 SISC NEW | S-vi80 SISC NEW | S-vi80 SISC NEW

1x1 834 178 115 | 10730 939 628

2x2 317 87 56 2780 533 292

4x4 136 50 35 764 205 170 6671 1220 710

6x6 112 50 43 576 142 116 3508 754 446 oo 3163 2200

8x8 100 45 37 464 127 104 2536 506 339 oo 2979 1470
10x 10 97 50 36 417 159 119 2142 457 320 oco 2401 1321

Table 3.5 — Execution time (in seconds) on Akka for hessrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 685 317 14 6981 2050 78

2x2 322 200 8 2464 1904 27

4x4 163 112 36 1066 679 71 8653 2439 65

6x6 137 84 31 768 412 113 4475 1254 71 oo 373 252

8x8 121 68 25 634 321 107 3613 719 71 co 919 228
10x 10 131 83 23 559 313 111 3549 667 76 oo 943 267

The implementation NEW improves upon the implementation SISC in terms of robustness
and performance, in particular because of the proposed modifications to the AED step.

The data layout block size N, = 50 is used for all experiments. No multithreaded features
(such as OpenMP or threaded BLAS) are used. Therefore the number of processors (p = p; - p)
means the number of cores involved in the computation.

3.7.1 Random matrices
First, we consider two types of random matrices—fullrand and hessrand [61].

Matrices of the type fullrand are dense square matrices with all entries randomly gener-
ated from a uniform distribution in [0, 1]. We call the ScaLAPACK routine PDGEHRD to reduce
them to upper Hessenberg form before applying the QR algorithm. Only the time for the QR
algorithm (i.e., reducing the upper Hessenberg matrix to Schur form) is measured. These ma-
trices usually have well-conditioned eigenvalues and exhibit “regular” convergence behavior.

Matrices of the type hessrand are upper Hessenberg matrices whose nonzero entries are
randomly generated from a uniform distribution in [0, 1]. The eigenvalues of these matrices
are extremely ill-conditioned for larger N, affecting the convergence behavior of the QR
sweeps [61]. On the other hand, AED often deflates a high fraction of eigenvalues in the AED
window for such matrices. These properties sometimes cause erratic convergence rates.

Tables 3.4 and 3.5 show the parallel execution times of the three solvers on Akka. Both the
real Schur form T and the orthogonal transformation matrix Z are calculated. We limit the
total execution time (including the Hessenberg reduction) by 10 hours for each individual
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Original model Calibrated model

Execution time
N
o
Execution time
N
o

o Total

T « QR Sweep * QR Sweep
v + AED + AED
10"k Measured |! 10"k Measured |!
- - - Predicted - - - Predicted
10* 10*
Matrix size (N) Matrix size (N)
(a) (b)

Figure 3.8 - Comparison between the measured execution times and the predicted times using (3.5.7)
(fullrand, N / /P =4000). The original model (left) uses theoretical values of (a, §,y) according to the
hardware information, while the calibrated one (right) adjusts y according to different computational
intensities (level 1, 2, and 3).

problem, to avoid excessive use of the computational resources. An entry co corresponds to
an execution time larger than 10 hours. These tables reveal that our new version of PDHSEQR
(i.e., NEW) always improves the performance compared to the SISC version. On average, the
improvement is 31% for matrices of type fullrand and 14 times for matrices of type hessrand.
Not surprisingly, the improvements compared to PDLAHQR in ScaLAPACK version 1.8.0 are
even more significant.

The convergence rates for fullrand are sufficiently regular, so that we can analyze the
scalability of the parallel multishift QR algorithm. If we fix the memory load per core to
N/\/P = 4000, the execution times in Table 3.4 satisfy

2T(N,p) < T@2N,4p) <AT(N, p),

indicating that the parallel multishift QR algorithm scales reasonably well but not perfectly.
To verify the performance models we have derived in Section 3.5, we use (3.5.7) together
with the measured values of kg, ko, and kgpife to predict the execution time. Since kgpif = 0
is observed for all these examples, there are only two components in the total execution
time (i.e., T = kor Tor + kaep Taen) . Figure 3.8(a) illustrates that the predicted execution times
underestimate the measured ones (especially, for AED), mainly due to too optimistic choices
of the parameters (a, 8,7). If we assume that the program executes at 40% and 7.5% of the
peak core performance for level 3 and level 1-2 BLAS operations, respectively, the calibrated
model fits the actual execution time quite well for large matrices (see Figure 3.8(b) ). Since the
model(s) are asymptotic, the results are very satisfactory.

For hessrand, it is observed that most eigenvalues are deflated with very few (or even
no) QR sweeps. Considering that the main difference of PDHSEQR between versions NEW and
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SISC is in the AED process, it is not surprising to see the great convergence acceleration for
hessrand, where AED dominates the calculation. In Table 3.5, sometimes the execution time
for the new parallel multishift QR algorithm does not change too much when increasing the
number of processors. This is mainly because the calculation of the Schur decomposition of
the AED window, which is the most expensive part of the algorithm, is performed by a constant
number of processors (Pmin * Pmin < p) after data redistribution.

In Tables 3.6-3.9 we list the execution times received from Abisko and Bellatrix. The
observations are similar to those obtained from Akka. Therefore, in the rest of this section we
only present experiments on Akka for economical consideration.

Table 3.6 — Execution time (in seconds) on Abisko for fullrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 764 139 97 7373 694 471

2x2 302 77 49 2479 417 240

4x4 91 40 31 781 156 132 5507 1040 548

6x6 76 36 28 541 101 91 2799 591 374 oo 2641 1706

8x8 52 34 29 276 88 98 1881 383 294 oo 2506 1245
10x 10 52 30 18 234 99 92 1455 317 257 oo 1909 1118

Table 3.7 — Execution time (in seconds) on Abisko for hessrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 611 307 12 5021 2064 63

2x2 302 202 7 1966 1458 29

4x4 110 77 18 881 516 48 6671 1603 53

6x6 96 61 21 578 339 70 4006 1034 52 oco 231 176

8x8 84 53 18 423 249 98 2822 605 53 oo 737 166
10x 10 73 58 17 360 214 79 2456 553 56 oo 670 166

Table 3.8 — Execution time (in seconds) on Bellatrix for fullrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-vI80 SISC NEW | S-vi80 SISC NEW | S-vi80 SISC NEW | S-vi80 SISC NEW

1x1 637 73 50 5377 441 252

2x2 192 24 21 1594 137 91

4x4 68 16 13 498 79 63 4505 552 271

6x6 47 12 11 294 44 39 1886 247 165 oo 1267 901

8x8 36 16 12 204 42 37 1347 184 129 oo 1362 714
10x 10 37 14 9 181 39 40 961 140 110 co 726 525

3.7.2 100,000 x 100,000 matrices

The modifications proposed and presented result into dramatic improvements for settings
with very large matrices and many processors. To demonstrate this, we present the obtained
execution times for 100,000 x 100,000 matrices in Table 3.10. Although the QR algorithm
does not scale as well as Hessenberg reduction when fixing the problem size and increasing
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Table 3.9 — Execution time (in seconds) on Bellatrix for hessrand matrices.

p= N =4000 N =8000 N =16000 N =32000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 510 174 6 4353 1102 26

2x2 205 66 4 1590 530 11

4x4 87 42 7 657 259 19 5416 808 22

6x6 57 23 9 428 134 37 3054 380 22 oo 102 77

8x8 54 37 9 340 125 32 2227 365 22 oo 342 72
10x 10 46 22 8 280 92 27 1846 214 24 co 214 115

the number of processors, the execution times of these two reduction steps are still on the
same order of magnitude. With the help of the dynamic NIBBLE strategy, the fraction of the
execution time spent on AED for fullrand matrices is under control. In contrast to the earlier
implementation (the SISC version), AED is not a bottleneck of the whole QR algorithm now. As
reported in [61], it took 7 hours for the SISC version of PDHSEQR to solve the 100,000 x 100,000
fullrand problem with 32 x 32 processors; 80% execution time of the QR algorithm was spent
on AED. Our new version of PDHSEQR is able to solve the same problem in roughly 1.85 hours,
which is about four times faster. The time fraction spent on AED is reduced to 39%.

Table 3.10 — Execution time (in seconds) on Akka of the new parallel multishift QR algorithm (NEW) for
100,000 x 100,000 matrices.

p=16x16 p=24x24 p=32x32 p=40x40
fullrand hessrand fullrand hessrand fullrand hessrand fullrand hessrand
Balancing 876 - 881 - 886 - 912 -
Hess. reduction 10084 - 6441 - 3868 - 2751 -
QR algorithm 13797 922 8055 1268 6646 5799 8631 1091
Kaep 35 19 31 19 27 18 23 18
kor 5 0 6 0 13 0 12 0
#(shifts)/ N 0.20 0 0.23 0 0.35 0 0.49 0
AED% in the QR alg. 48% 100% 43% 100% 39% 100% 54% 100%

3.7.3 Benchmark examples

Besides random matrices, we also report performance results for some commonly used
benchmark matrices. For comparison, we have tested the same matrices as in [61], see Ta-
ble 3.11. The execution times for the three solvers are listed in Tables 3.12-3.19. The conclu-
sions are similar to those we have made for random matrices: The earlier version of PDHSEQR
outperforms the ScaLAPACK 1.8.0 routine PDLAHQR by a large extent; the new PDHSEQR is
usually even faster, especially for BBMSN and GRCAR.

In [61], it was observed that the accuracy for AF23560 is not fully satisfactory; the relative
residuals R, = |QTAQ - TIIF/IIAIIF were large for both PDLAHQR and PDHSEQR. It turns out
that these large residuals are caused by an anomaly in PDLAHQR, which has been fixed by
avoiding the use of PDLACONSB, see Section 3.3.2. As a result, the new PDHSEQR always produce
Ry € [10715,10713] for all test matrices.
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Table 3.11 — Benchmark matrices.
ID | Name Dimension (N) | Type/Structure
[ N N-1 N-2 2 1
1071 0 0 0
107° 2 0 0
1 | BBMSN [31] N Sy = 1073 0 0
N-2 0
| 1073 N-1]
2 | AF23560 [9] 23560 Computational fluid dynamics
3 | CRY10000 [9] 10000 Material science
4 | OLM5000 [9] 5000 Computational fluid dynamics
5 | DW8192 [9] 8192 Electrical engineering
6 | MATRAN [9] N Sparse random matrix
7 | MATPDE [9] N Partial differential equations
1 1 1 1
-1 1 1 1 1
-1 1 1 1 1
8 | GRCAR[9] N Gy = - -
-1 1 1 1 1
-1 1 1 1
-1 1 1
-1 1
Table 3.12 — Execution time (in seconds) for BBMSN.
N p=prxpc | S-v180 SISC NEW
5000 1x1 523 6 3
10000 2x2 1401 30 9
15000 3x3 1489 62 13
Table 3.13 — Execution time (in seconds) for AF23560.
p=prxpc | S-vl80 SISC NEW
4x4 15486 2651 1375
6x6 9088 1279 826
8x8 6808 793 563
10x 10 5694 662 475
12x12 5422 578 404
3.8 Summary

In this chapter we have presented a new parallel implementation of the multishift QR
algorithm with aggressive early deflation. The new routine PDHSEQR combines a number of
techniques to improve serial performance and reduce communication. Our computational

experiments provide compelling evidence that PDHSEQR significantly outperforms not only the
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Table 3.14 — Execution time (in seconds) for CRY10000.

p=prxpc | S-vl80 SISC NEW
1x1 6394 1331 1251
2x2 2123 580 495
4x4 979 236 209
6x6 731 161 132
8x8 545 128 95

10 x 10 496 144 90

Table 3.15 — Execution time (in seconds) for OLM5000.

p=prxpe | S-vl80 SISC NEW
1x1 426 206 189
2x2 167 98 108
4x4 76 54 53
6x6 58 52 42
8x8 46 49 29
10x 10 48 51 47

Table 3.16 — Execution time (in seconds) for DW8192.

p=prxpe | S-v180 SISC NEW
1x1 10307 1329 1297
2x2 1187 572 524
4x4 635 225 236
6x6 357 152 138
8x8 302 129 104
10x 10 275 121 93

Table 3.17 — Execution time (in seconds) for MATRAN.

p= N =5000 N =10000 N =15000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 1617 332 218 oo 1756 1137

2x2 579 152 122 4495 931 471

4x4 247 74 60 1555 321 268 5122 937 575

6 x6 178 64 57 1035 207 170 3046 535 382

8x8 147 58 50 746 153 157 2166 390 315
10x 10 149 59 43 615 169 140 1669 362 264

original ScaLAPACK routine PDLAHQR but also an earlier version of PDHSEQR presented in [61].
In particular, our new implementation removes a bottleneck in the aggressive early deflation
strategy by reducing communication and tuning algorithmic parameters. As a result, our new
version is both faster and more robust. An intermediate version of the software presented in

this chapter is available in ScaLAPACK version 2.0.
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Table 3.18 — Execution time (in seconds) for MATPDE.

p= N =10000 N =14400 N =19600
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 12429 2600 1699

2x2 3531 1081 966

4x4 1565 415 361 4446 1207 1027 9915 2844 2406
6x6 1118 256 225 3069 654 573 6130 1426 1284
8x8 871 189 156 2259 449 384 4615 912 802

10x10 789 189 137 1955 431 313 4046 743 628
12x12 719 194 126 1736 367 260 3483 648 504

Table 3.19 — Execution time (in seconds) for GRCAR.

p= N =6000 N =12000 N =18000
prxpe | S-v180 SISC NEW | S-v180 SISC NEW | S-v180 SISC NEW

1x1 2738 1340 69

2x2 850 645 40 8199 2734 132

4x4 363 258 226 2499 1336 114 8171 4037 182

6x6 244 190 173 1471 849 112 4385 2172 187

8x8 217 150 145 1107 515 142 3342 1345 175

10x 10 207 161 126 923 538 338 2675 1104 276

We believe to have come to a point, where it will be difficult to attain further dramatic
performance improvements for parallel nonsymmetric eigensolvers on distributed memory
architectures, without leaving the classical framework of QR algorithms. Considering the
fact that the execution times spent on Hessenberg reduction and on QR iterations are now
nearly on the same level, any further improvement of the iterative part will only have a limited
impact on the total execution time. The situation is quite different when shared memory
many-core processors with accelerators, such as GPUs, are considered. Although efficient
implementations of the Hessenberg reduction on such architectures have recently been
proposed [87, 91, 146], the iterative part remains to be done. Another future challenge is to
combine the message passing paradigm used in this new implementation of the multishift QR
algorithm and dynamic and static scheduling on many-core nodes using multithreading.
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The Matrix Exponential

From this chapter on, we discuss another topic in matrix computations—computation of
the matrix exponential. The matrix exponential is one of the most important matrix functions.
It naturally arises in many applications, especially those related to the solution of dynamical
systems. Many methods for computing the matrix exponential have been proposed, see,
e.g., [109]. In this chapter, we briefly recall some properties of the matrix exponential and
several popular algorithms. This material provides the foundations for our developments in
the subsequent two chapters. We refer to [73, 109] for more detailed discussions regarding the
matrix exponential.

4.1 Properties of the matrix exponential

In the following, we provide the definition and several basic properties of the matrix
exponential. Since the exponential is an analytic function, we can make use of the following
definition of matrix functions.

Definition 4.1.1. Let A be a complex square matrix. Let Q2 c C be a domain which contains
A(A) and has piecewise smooth boundary. Then for a function F: Q — C being analytic, F(A) is
defined as

1 -1
F(A) = —f F(z)(zI - A) " dz. (4.1.1)
271 Joa

By the Cauchy integral theorem [2], it can be verified that F(A) is independent of the
concrete choice of Q as long as A(A) c Q and hence is well-defined by A and F. It is also
straightforward to show by definition the two basic properties

AF(A) = F(A)A (4.1.2)
and
F(P'AP)=P 'F(AP.  (det(P)#0). (4.1.3)
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According to (4.1.1), the matrix exponential is defined as

1
exp(A) = 2_7ﬂ£0 exp(z)(zI—A)_1 dz.

(4.1.4)

The following theorem summarizes several properties of the matrix exponential. These prop-

erties are extensively used in this thesis.

Theorem 4.1.2. For Ae CV*N, the matrix exponential defined by (4.1.4) satisfies the following

properties.
(@) exp(nA) = [exp(A)]" forne Z.
(b) exp(A) = exp(a)exp(A—al) fora eC.

(c) exp(A) has the series expansion

(d) The unique solution of the initial value problem

dX(1)
dt

= AX(D),  X©O =],

is given by X (t) = exp(tA).
(e) exp(A) is the limit

exp(4) = lim (1+ 2)"

(f) Forany AAe€ CV*N | we have

t
expl[t(A+AA)]—exp(tA) :f expl(t—s)A]JAAexp[s(A+AA)]ds.
0

Proof. See, e.g., [73, Chapter 1], [78, Chapter 6].

(4.1.5)

(4.1.6)

(4.1.7)

(4.1.8)

It is worth pointing out that a condition number of exp(A) can be derived from (4.1.8).

Since

|exp(A+AA) —exp(A)|

1
= f expl(1—s)AJAAexp[s(A+AA)]ds
0

1 1
= f exp[(1-s)AJAA
0

exp(sA) + f
0

1
= f exp[(1—s)AJAAexp(sA)ds
0
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as [[AA| — 0, the condition number of exp(A) with respect to the norm ||-|| is thus defined as

Al
Kexp (A) = max . (4.1.9)

1
ma m fo expl(1-s)A]l X exp(sA)ds

For detailed perturbation analyses, we refer to [73, 84, 151].

4.2 Algorithms for the matrix exponential

The properties listed in Theorem 4.1.2 provide many candidates for computing the matrix
exponential. Especially, properties (c), (d), (e) in Theorem 4.1.2 can be considered as alternative
definitions to exp(A). Because of these different but equivalent representations of exp(A),
many algorithms have been proposed in the past decades, see [109] for an excellent survey.
Unfortunately, none of these existing methods can always satisfactorily compute exp(A).
Hence special care needs to be taken when solving a particular problem. In the following we
summarize several algorithms which are closely related to the next two chapters.

Eigenvalue-based methods. The property (4.1.3) leads to a class of “direct” methods for
computing matrix functions. The simplest case is when A is Hermitian. In this case F(A) =
QF(A)Q* can immediately be obtained once the spectral decomposition A= QAQ* is com-
puted, where Q is unitary and A is diagonal. For non-Hermitian matrices, we demonstrate a
simplified version the Schur-Parlett method as an example. The first step is to compute the
Schur decomposition A = QT Q*, where Q is unitary and T is upper triangular. We assume that
all eigenvalues of A are distinct for the sake of simplicity. Then by (4.1.2), X = F(T) is a solution
of the matrix equation TX — XT = 0. Since F(T) is also upper triangular with diagonal entries
x;; = F(¢;;), the off-diagonal entries of F(T) are computed via the Parlett recurrence [116]

Xii — Xjj Vs Xiklj— Uik Xkj
Xij= ti T + _—
Li=tjj Sl 1)
by diagonals—from the first super-diagonal towards the top-right corner. Finally, the solution
is given by F(A) = QF(T)Q*.

For a matrix A with a certain special structure, computing the Schur form of A may destroy
the structure and provoke unnecessary errors. There is a more serious drawback of this method
in general—close eigenvalues of A often cause numerical instability in the Parlett recurrence.
In practice, the diagonal of T is reordered into groups of clustered eigenvalues, and the method
is usually applied in a blocked manner to gain both stability and performance [73, 85, 116].

The Schur-Parlett method does not rely too much on the properties of F(z). On the one
hand, this makes it suitable for computing general analytic matrix functions. With the help of
the new parallel implementation of the multishift QR algorithm presented in Chapter 3, it is
possible to apply this method to large-scale matrices also. Studies in this direction are planned
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as our future work. On the other hand, this generality of the Schur-Parlett method may render
it less competitive compared to some other methods stated below, which make use of special
properties of exp(z). Therefore, the Schur-Parlett method is usually not the method of choice
for computing the matrix exponential in practice.

Scaling and squaring method. The scaling and squaring method uses the property exp(A) =
exp(A/ Zk)zk to evaluate exp(A), while exp(A/2) is approximated by a rational function of A.
Compared to exp(A), exp(A/ Zk) is generally much easier to approximate using polynomials
or rational functions since the spectrum of A/ 2% is closer to the origin. Hence the scaling
and squaring method is typically applied as a preprocessing step in other methods and often
significantly reduces the cost of approximating the matrix exponential. As an extreme case, a
first order approximation I+ A/2* to exp(A/2F) is already sufficient when k is large enough,
according to (4.1.7).

The biggest drawback of the scaling and squaring method is that the rounding error (see
Appendix B) can sometimes grow quickly in the squaring phase [73, 109]:

k-1 .
I1B%) - B | < @* - )Nu-||B|| ] | B | + 6 . (4.2.1)
j=0

Therefore, in general the scale factor 2% cannot be chosen too large to avoid numerical insta-
bility. We will discuss in Chapter 5 a special case for which the rounding error bound is less
pessimistic and hence a moderately large scale factor is admissible.

Truncated Taylor series method. Consider the mth order approximation

mxk

Tm(x)=) —
" i=o k!

in the Maclaurin series expansion of exp(x). Based on property (c) in Theorem 4.1.2, it is
natural to expect that T, (A) approximates exp(A) well for a sufficiently large truncation
order m. In practice, shifting and scaling on A are also applied before truncating the Taylor
series, i.e.,

A—al)zk

exp(4) = exp(a) Tm( ok

The shift @ should approximately minimize p(A— a ) and the scale factor is often chosen such
that || B]l < 1 (or p(B) < 1), where B=(A—- aI)/Zk. According to the error estimate in [103], the
truncation order is chosen so that

-1
<1, (4.2.2)

| B||™+1 (1_ 1Bl
(m+1)! m+2
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where 7 is the desired (absolute) accuracy prescribed by the user. This method has the ad-
vantage that only matrix multiplications are involved and it is therefore easy to implement.
It is also worth pointing out that for a nonnegative matrix B, the evaluation of T},(B) can
be performed without cancellation and hence achieves high componentwise accuracy, see
Chapter 5 for details.

Padé approximation method. Similar to the truncated Taylor series method, it is also natu-
ral to use the Padé approximant
Rpq(A) = Npq(A)Dpg(A)!

to approximate exp(A), where

L (prqg-pipt L _(p+q-piq! -
Npq(x) = - —x/,  Dpg(x) = - —(—x)/.
P j;)(pw)!ﬂ(p—n! P ]-go(pw)!ﬂ(q—ﬁ!
Here Ry (x) is the unique rational function of the form u(x)/v(x) satisfying u € Cp[x], v €
Cq4lx], and
exp(x) = ux) +O(xPTIT
v(x)

as x — 0, see, e.g., [13, Chapter 1]. Usually the diagonal Padé approximant (i.e., with p = g)
is chosen so that the denominator D, (A), which then equals N, (—A), can be computed
simultaneously when evaluating N, (A). Certainly, preprocessing steps such as shifting and
scaling should also be applied, i.e.,

A-al\¥
exp(A) = exp(a)Rpp k]

It can be shown [72, 109] that a moderately small pair of (p, k) is already sufficient for bounding
the backward error below the IEEE double precision machine epsilon.

Computing exp(A) using Padé approximation built on scaling and squaring is the most
popular method in practice and has been extensively studied. The expm function in MATLAB
(since version 7.2(R2006a) ) implements an advanced version of this method, see [72, 74] for
details. In general, the diagonal Padé approximation R, (A) produces far smaller truncation
error than the truncated Taylor series T,,(A) when p = m, i.e., the same degree of polynomials
are involved [109]. However, in Chapter 5 we discuss a problem where the truncated Taylor
series method is preferred.

ODE methods. Since exp(A) is the solution of the initial value problem (4.1.6) at ¢ = 1, every
numerical method for solving ordinary differential equations can be adopted to compute
exp(A). We restrict our discussion to single-step methods with fixed step size. For example,
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the Euler method with step size n~! reads
xO=p7  xW=xU-Dy lAXU"U, (j=1,2,...,n)
n

and eventually yields exp(A4) = X m = (1+ Aln)". Similarly the backward Euler method yields
exp(A) = (I — A/n)~". The convergence of both Euler methods is evident from (4.1.7). To
avoid n being too large, higher order methods such as Runge-Kutta methods can be ap-
plied [66]. In fact, it can be verified [162] that an m-stage explicit Runge-Kutta method of
order m with step size n~! for solving (4.1.6) mathematically produces

exp(A) = X" = T,,(AIn)",

due to the fact that T}, (x) is the unique polynomial up to degree m which approximates exp(x)
to order m.

The direct application of single-step ODE methods is generally inefficient [109] for eval-
uating exp(A). However, as we are only interested in exp(A) rather than X(t) = exp(tA) on
the whole interval [0, 1], there is no need to evaluate all X/)’s. If we choose 1 = 2 and only
compute X @ for j=0,1,..., k, the scaling and squaring method can be regarded as a special
case of these ODE methods [106, 109, 162]. We will see in Chapter 5 that such variants of ODE
methods can actually be very efficient.

56



Aggressively Truncated Taylor Series
Method

In this chapter, we discuss how to compute exp(A) to high componentwise relative accu-

RNXN

racy when A€ is essentially nonnegative. By essentially nonnegative, we mean that all

off-diagonal entries of A are nonnegative [22, 73]. Such matrices are also known as Metzler
matrices [64, 111]. Let

s(A)=mina;;, A=A-sAL (5.0.1)
1

Then by Theorem 4.1.2, we have

=] %
v
(e}

g

exp(A) = exp[s(A)] exp(ﬁ) =expl[s(A)] (5.0.2)

k=0

since A is nonnegative. The notation s(A) and A will be used throughout this chapter. The
exponential of an essentially nonnegative matrix has important applications in continuous-
time Markov processes and positive linear dynamical systems [64, 111, 144]. Recently, the
exponential of the adjacency matrix (which is symmetric and nonnegative) is shown to be
involved in the measurement analysis of networks [46]. In addition, in some applications it is
required to compute all entries of exp(A) accurately, see [167]. Thus, it is desirable to design
algorithms which compute the matrix exponential with high componentwise relative accuracy.
Componentwise relative perturbation bounds of exp(A) have been established in [168, 166],
which offer the possibility of accurate computation.

The computation of the exponential of an essentially nonnegative matrix has been studied
in, e.g., [7, 43, 107, 167]. In [7, 107], scaling and squaring methods built on diagonal Padé
approximation are used. These approaches only produce small normwise errors while com-
ponentwise errors on small entries are not taken into account. The truncated Taylor series
method is adopted in [43, 167] to avoid cancellations in the computation and to achieve
componentwise accuracy by preserving the nonnegativity. Another polynomial approximation
method has been proposed in [167], aiming at reducing the computational cost when A is
sparse. Among these attempts to this problem, the truncated Taylor series method seems to
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be the most promising one so far when A is dense. More specifically, let

-~

A\n
Ly n(A) = exp[s(A)] Tm(;) . (5.0.3)
The existing Taylor series method presented in [43, 167] chooses 7 to satisfy p(ﬁ)/n <1, and
the desirable componentwise accuracy is achieved by making T}, (Aln) approximate exp(ﬁ/ n)
with high componentwise relative accuracy. This approach involves a large truncation order m
and potentially requires €' (N) matrix multiplications to achieve componentwise accuracy
when A is sparse (e.g., A is narrow banded). To illustrate this, we first consider the case when A
is tridiagonal and irreducible. Notice that A is a (2k)-banded matrix (by b-banded, we mean
thatall (i, j)-th entries with |i — j| > b/2 are zero, see also Section 6.2). Evidently exp(A) is a
full matrix since

00 N-1
struct[exp(A)] = | struct(A%) = | struct(A¥).
k=0 k=0

The second equality is a consequence of the Cayley-Hamilton theorem. By taking a truncation
order m < N — 1, T),(A/n) is only (2m)-banded and hence does not have any relative accuracy
to exp(A/n) in the (N,1)-th entry. For a general sparse matrix A, we consider the directed
graph G(ﬁ) = (V, E) represented by A (see, e.g., [25]). Once the distance between some pair
of nodes (i, j) in G(A) is ®(N), then to ensure struct[Tm(ﬁ/ n)|= struct[exp(ﬁ/ n)], which is a
necessary condition of achieving high componentwise relative accuracy, the order m cannot
be chosen less than ©(N). Therefore, the existing Taylor series method requires at least © (V' 4
operations in some cases. We will show in Section 5.3 that @ (N*) is also enough.

To improve the efficiency of the truncated Taylor series method, we make an observation
that high componentwise relative accuracy of Ty, (A/n) to exp(A/n) is not necessarily needed
to attain high componentwise relative accuracy of L,, ,,(A) to exp(A). This is inspired by the
Euler method which produces exp(ﬁ) ~ Llyn(ﬁ). Though T} (Aln)=1+Aln may have no com-
ponentwise relative accuracy to exp(A/n) at all, [Ty (A/ n)] " can still have high componentwise
relative accuracy to exp(A) with n sufficiently large. A similar observation is made for higher
order Runge-Kutta methods. This suggests to select the scale factor n a bit larger to improve
the efficiency of the algorithm. We will establish novel error estimates for L, ,(A) so that
the componentwise accuracy can be guaranteed by a moderate truncation order m and only
0O (log N) matrix multiplications are required. In this sense, we call our method the aggressively
truncated Taylor series method.

The rest of this chapter is largely based on the manuscript [134] submitted for publication
in SIAM J. Matrix Anal. Appl.. It is organized as follows. In Section 5.1, we discuss the con-
ditioning for the computation of exponentials of essentially nonnegative matrices. Several
componentwise relative truncation error bounds are developed in Section 5.2. Section 5.3
establishes the aggressive truncated Taylor series method based on these truncation error
bounds. Rounding errors are analyzed in Section 5.4 to show that our algorithms are highly
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accurate in floating-point arithmetic. Finally in Section 5.5, numerical examples are presented
to demonstrate the efficiency and accuracy of the aggressively truncated Taylor series method.

5.1 Componentwise perturbation analysis

For a given essentially nonnegative matrix A, we would like to compute every entry of
exp(A) accurately. In this case the normwise condition number xexp(A) defined in (4.1.9)
does not reflect the sensitivity of the problem. Hence a tailored componentwise perturbation
analysis is required. Recently, it has been shown in [166] that small relative errors in the off-
diagonal entries of A cause small relative errors in the entries of exp(A). The main theorem
in [166] is listed below. We remark that the perturbations on diagonal entries and off-diagonal
entries are treated separately, since there is a natural difference between diagonal entries
and off-diagonal entries by the definition of essentially nonnegative matrices. For a unified
treatment of these perturbations, we refer to [166, Theorem 2].

Theorem 5.1.1 ([166]). Let A € RN*N be essentially nonnegative. Suppose that AA € RN*N
satisfies |Aa; | < €1a;; (fori # j) and|Aai;| < €2, wheree; € 10,1), € = 0. Then forany t = 0 we
have

lexp[#(A+AA)] —exp(tA)| < 6(2) expl6(1)] exp(rA),

where

€1

8(t) = tea + [N =1+ p(A)¢] T
—€l

Proof. See [166, Theorem 1]. O

Here we are mainly interested in the case t = 1. We define
C(A)=N-1+p(A), (5.1.1)

which can be regarded as an upper bound of the condition number of exp(A) in the sense of
relative componentwise perturbations. This number depends on the quantity p(ﬁ), i.e., the
spectral radius of the shifted matrix A. The following result provides a bound for p(ﬁ) under
the assumption that entries of exp(A) can be represented by floating-point numbers without
overflow.

Theorem 5.1.2. Let A€ RV*N pe essentially nonnegative. If there is no overflow in fllexp(A)],
then

p(A) <In N +In Rpax — S(A), (5.1.2)

where Rmax 1s the largest positive finite floating-point number.
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Proof. As exp(A) does not cause overflow in its floating-point representation, we have

_exp[s(A)] H exp[s(A)]
N N

1 ~ -
Rmax = nl;a}x| [exp(A)];j| = N lexp(A)| exp(A)| = p(exp(4)).

Since A is nonnegative, applying the Perron-Frobenius theorem, we obtain

p(exp(A)) = exp( max R(A)) = exp[p(A)].

AeA(A)
Therefore,
Ry = SRS explp(A)] ,
N
which implies (5.1.2). O

Remark 5.1.3. Unless s(A) is small, Theorem 5.1.2 implies that p(A) cannot be too large. For
example, if A € R10000¥10000 3nd exp(A) can be represented by IEEE-754 double precision
floating-point numbers (Rmax = 1.8 x 10398 see [80]), then

p(A) < p(A) <In10000 +In Ryax < 719.

Theorem 5.1.2 indicates that the matrix exponential problem is always well-conditioned for
an essentially nonnegative matrix A if s(A) is not too small, under the assumption that exp(A)
does not cause overflow. If we assume |s(A)| = G (NV), then a consequence of Theorem 5.1.2
is that C(A) = G(N). Some difficult problems, e.g., when exp(A) overflows or |s(4)| = w(N),
are beyond the scope of this thesis. Consequently, for the problems we are interested, those
absolute perturbations on diagonal entries in Theorem 5.1.1 can also be regarded as relative
ones, since |a;;|’s are all moderately small. As another remark, we do not take into account
relative accuracy on really small entries which are close to or below Ry, since this is an
infeasible requirement in practice.

5.2 Approximation using truncated Taylor series

In this section, we establish some novel error estimates for the truncated Taylor series
approximation of the matrix exponential. Both a priori and a posteriori estimates are estab-
lished. These error estimates will be used to develop componentwise accurate algorithms for
computing exp(A) for an essentially nonnegative A in the next section.

5.2.1 Lower bound for exp(A)

It is evident from the definition of L, ,(A) in (5.0.3) that L,, ,(A) < exp(A) when A is
essentially nonnegative. Several normwise a priori error bounds for T;,,(A/n)" can be found in
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the existing literatures (see, e.g., [34, 48, 103]). These bounds only yield

on(2)-1uf2)

n n

IIA/nIIm“( IIA/nII)-1
< —
(m+1)! m+2

when || All < n(m + 2), but do not take advantage of the squaring procedure. In [109], a norm-
wise backward error bound which makes use of squaring is provided. But the full understand-
ing of kexp (A), which is still open [73], is required when turning it to a forward error bound.
In [139], a componentwise error bound
1 2|Al /)™ + 1\ n

[ (1+ L) . 1]

A\n
exp(A) - T’"(Z) ’ =3 (m+1)!

is established for an intensity matrix A.' Despite that this estimate only bounds absolute
errors rather than relative ones, it seems to be so far the closest to our target. To our knowledge,
there is no existing a priori componentwise error bound available for general essentially
nonnegative matrices. In the following, we provide such an a priori componentwise error
bound. We first bound the error exp(A) — L, (A) in terms of Am+l exp(A).

Lemma 5.2.1. If A€ RN*N is essentially nonnegative, then for any positive integers m and n
we have

lim Ly, (A) = lim Ly, ,(A) = exp(A). (5.2.1)
n—o00 m—00

Furthermore, the truncation error is bounded by

-~

Ayn—1
Tm(z) <exp(A) —Lyn(A) = m exp(A). (5.2.2)

Am+1 am+1

P G

Proof. Since (5.2.1) is an immediate consequence of (5.2.2), it suffices to verify (5.2.2) only. Let

00 xk
Rp(x) =exp(x) = Tpp(x) = Y e
k=m+1 ™
Then we have
(o) Xk Xm+1
Ry(X) = —_—= =0
" k:;H KT (m+1)!

for any nonnegative matrix X, and thus

~ ~

expl2) = 7,,(2).

1. An intensity matrix is an essentially nonnegative matrix with zero row sums.
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Using the identity x — y" = (x — y) £ 723 x*y"~1=F when xy = yx, we obtain
- Ayn
eXP(A) ~ Lyn,n(4) = expls(A)] [ exp(A) ~ T[] ]
A\n A\n
ew(5) (5

:exp[s(A)]Rm(é):ilexp( ) Tm(A)" o
=0

= exp[s(A)]

On the one hand, the inequality

~

( )m+1

Ayn—-1
eXP(A) = Linn(A) 2 expls(A)] == T () = expls(A)

A\m+1 A\ n—-1
(m+1)! Z)

n’”(m+1)!Tm(

obviously holds. On the other hand, notice that

00 (A/n)m+1+k o) (A\/n)m+l+k (A‘/n)m+l A\
( )= Z (m+1+k)! kg (m+ DIkl (m+ 1) exp(7)

Thus, we obtain

2 A (A/m™t A Ayn-1
exp(A) = Linn(A) < explstA= = exp(;) . nexp(;)
am+1 1’4‘ n
:exp[S(A)]—nm(m+1)!exp ;)
A\m+1
= mexp(A) O

Lemma 5.2.1 illustrates the convergence speed of L, ,(A) to exp(A) and provides a com-
ponentwise error estimate. But it is still not an a priori componentwise relative truncation
error for L,y ,(A). To this end, we have to bound A”*+! exp(A) in terms of exp(A) and need the
following tools.

Lemma 5.2.2 ([166]). IfAeRY*N, then

Aexp(A) = C(A)exp(A).

Proof. See [166, Lemma 2]. O

When A is essentially nonnegative, then Lemma 5.2.2 yields that
Aexp(A) < C(A) exp(A) = C(A) exp(A). (5.2.3)

A more general consequence is the following corollary.
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Corollary 5.2.3. Let A be essentially nonnegative. Then
Afexp(A) = C(A)Fexp(4),  (keN). (5.2.4)

More generally, let F(x) = 20:0 ockxk withap =0 (k=0,1,2,...) bean analytic function in the
disk{z € C: |z| < Ro}. If C(A) < Ry, then

F(A) exp(A) < F[C(A)] exp(A). (5.2.5)
Proof. We first show (5.2.4) by induction. It is a trivial case for k = 0; and multiplying exp[s(A)]
to both sides of (5.2.3) yields the conclusion for k = 1. For k > 1, by induction, we have

AFexp(A) < A[AF Lexp(A)] = C(AF ! Aexp(A) < C(A exp(A).

This completes the proof of (5.2.4). Consequently, we obtain

F(Aexp(A) = Y apA¥exp(A) < Y arC(A)*exp(A) = FIC(A)] exp(A). O
k=0 k=0

Now using these tools, we easily obtain the componentwise truncation error estimate as
follows.

Theorem 5.2.4. Let A€ RV*N be an essentially nonnegative matrix. Then

0 =exp(A) — Liy,n(A) = ™ (A) (5.2.6)

<ex - S ——ex 2.
P mn n™(m+1)! P

holds for any positive integers m and n.

Proof. The conclusion (5.2.6) is a direct consequence from applying (5.2.4) to (5.2.2). O

5.2.2 Upper bound for exp(A)

We have already seen in Theorem 5.2.4 that L, ,(A) is alower bound of exp(A). Sometimes
an upper bound of exp(A) is of interest. Hence we define

" xm+1 x1-1
Tn(®) = Ty () + —— (1- =]
m.m m
m m+1 m+2

X

=l+x+--+—+ + .- (Ix| < m)

m' m'm m!'m?

and

~ (A\n
Un,n(A) = expls(AN T =) (5.2.7)
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Notice that T, (x) is an mth order rational approximation of exp(x) which can be expressed in

the form
( x) m-1
1= =) T () + ———
~ —_1)!
T (x) = m _ (m 1).'
1- 2=
m

By the uniqueness of the Padé approximant [13], Ty, (x) is in fact the (m —1,1) Padé approxi-
mant of exp(x), i.e.,

Ty (%) = Ryp—1,1 ().

The negative of the corresponding remainder is denoted as

’

~ ~ & 1 1
Ry (%) = T (x) —exp(x) = ( - )xm+k
m(%) = Im(%) P ,;1 m'mk  (m+k)!
which has nonnegative coefficients in its Maclaurin series expansion since (m+ k)! > m! m* for
any positive integer k. Consequently, for an essentially nonnegative matrix A with p(A) < mn,

~

m(d)- 5

1 1 ) ( A\) m+k
m'mk  (m+k)!\n
is always nonnegative and then

~

A\n
Upn.n(A) = exp[s(A)] exp(;) = exp(A).
Here we require the condition p(ﬁ) < mn, which allows us to make use of the Maclaurin
series expansion of R, (x) when evaluating R,,(A/n). Similar to Theorem 5.2.4, we obtain a
componentwise a priori error bound for Uy, ,(A) as follows.

Theorem 5.2.5. Let A € RV*N be an essentially nonnegative matrix. Then for any positive
integers m and n satisfying mn > C(A), we have

0 < Upn(A) —exp(A) <

C(A)) "
—1|exp(A). (5.2.8)

(1+§m(7

Proof. Itis straightforward to verify by the definition of U, ,(A) that
Upn,n(A) — exp(A) = exp[s(A)] [Up,n(A) ~ exp(A)].
As we have already shown that Uy, ,(A) = exp(A), it suffices to show
~ (C(A)"
(1 +R,, (ﬁ)) 1
n

. W~ (Ayn . N
Um,n(A)—exp(A)=Tm(;) —exp(A) = exp(A).
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For any nonnegative matrix X with p(X/m) < 1, we have R,,,(X) = 0. Using a rough estimate
thatexp(X) = I+ ¥ | X¥/k! = I, we obtain

T (X) = exp(X) + Ry (X) < exp(X) [I + R (X)].

Substituting X by A/n into this inequality leads to

_ (A\n N ~
Tm(;) —exp(A) < exp(A). (5.2.9)

(1+§m(%))n—1

o) e

Notice that

e 3] 1= 2 ()R]

has nonnegative coefficients in its Maclaurin series expansion. Then by Corollary 5.2.3, we
have

exp(A),

exp(ﬁ) < C(A))) -1

(1+ﬁm(7

(1+§m(§))n—1

because C(A) < mn. Thus, the conclusion is proved. O

Tm(%)n - exp(g) <

Notice that

1 1 m+1

D (- m+1 m+2 :x— m+2
Rm(x)_(m!m (m+1)!)x TOx ) (m+1)!m+@(x )

as x — 0. Then once ﬁm(C (A)/n) is small, we have
~ (C(A\\"
[(1+Rm(ﬁ)) -1
n

which is similar to (5.2.6) in Theorem 5.2.4.

N C(A)m+1
exp(A) = oDt exp(A),

5.2.3 A posteriori error bounds for L, ,(A) and U, ,(A)

The a priori error bounds provided in Theorems 5.2.4 and 5.2.5 rely on Lemma 5.2.2 and
Corollary 5.2.3. However, we remark that these bounds are not always satisfactory since the
estimates (5.2.4) and (5.2.5) can sometimes overestimate the error a lot. For example, when
A = I, the inequality (5.2.4) overestimates the bound by a factor of (N — 1), which is certainly
not negligible when either N or k is large. Thus, it is desirable to derive some more accurate
error estimates. Here we do not attempt to improve the a priori bounds we have established
in this section. Instead we will develop some a posteriori bounds, which are also useful in
practice.

We first derive an a posteriori estimate for L, ,(A). In some existing Taylor series meth-
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ods [43, 167], the a posteriori error is estimated via

(;4\) T (2) - (Aln)m+1 [ A -1
exp(—| - —|= -
P n "\n (m+1)! n(m+2)
and hence a stopping criterion
(Al n)m+! A ! A
_ ST.Tm(_), (5.2.10)
(m+1)! n(m+2) n

which similar to the normwise one (4.2.2), can be applied, where 7 is the desired (relative)
accuracy prescribed by the user. But a drawback of this estimate is that the corresponding
stopping criterion can be difficult to satisfy since the effectiveness of the squaring stage is
completely neglected in this estimate. Therefore we will take into account the squaring stage
and establish an estimate for T,,(A/n)" rather than T,,(A/n). Notice that (5.2.2) is already
quite close to our purpose, except that exp(A) is of course unknown in practice. Hence we aim
at bounding exp(A) from above in terms of T}, (A/n). To this end, we assume that m is chosen
such that
C( A) m+1 1

—S_
nm(m+1)! 2

which is relatively easy to satisfy. Under this extra assumption, Theorem 5.2.4 implies

o~ ~

Tm(g)" <exp(d) < 2Tm(§)",

indicating that T, (A/m)" is not very far away from exp(ﬁ). Then using (5.2.2), we obtain

exp(A) — Ly n(A) =

2Am1 m(é)n (.2.11)

nm(m+1)! n

which is a good a posteriori estimate when Ty, (A/n)" or Ly, n(A) is already available. Since
the derivation here does not heavily rely on (5.2.4), we expect (5.2.11) to be more accurate
compared to (5.2.6).

The a posteriori bound for Uy, ,(A) is simpler compared to that for L, ,(A). We first show
the following lemma which is similar to Lemma 5.2.1.

Lemma 5.2.6. If Ae RV*N js essentially nonnegative, then for positive integers m and n satis-
fying mn > p(A), we have

-~

m+1

1
XIS exp(nn A) < Upn() - exp(4)

-~

m+1 1’4\

< exp[s(A)]W(I— %)_1 Tm(g)n_l. (5.2.12)
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Proof. Because Uy, ,(A) = exp[s(A)]Up, »(A), the conclusion is equivalent to

A oML ) < U - exph) < (1= ), (2)
ex < —ex <—|I-— — .
nm(m+1)m P n mn P n"m!'m mn "\n
Using the same technique as in Lemma 5.2.1, we obtain
- . (A\n Avn Avn—-1-k
Um,n(A)—exp(A)sz(Z) —exp( ) = Ry, ( )Zexp( ) Tm(n) .
Since
~ X" m+2
Ry(x)=———+0""), (x—0)
(m+1!m

and all coefficients in its Maclaurin series expansion are nonnegative, we have

(22 A

n/ - (m+D!'m’

Combining with the fact that

~

()= Tol3)
we obtain
(A‘/n)m+1

- . A\n-1
Um,n(A) —exp(A) = m-nexp(—) =

Aﬁm+1

n—1 -
M (m+ 1) m eXp( " A)'

For the upper bound of the error, we also make use of the series expansion

/\

o0 Avm 00 m [ p)m+l T
( ) Z(m'mk (m}rk)')( ) " Zm'mk( ) " %(1_%) 1'

k=1
Then
- . (AIpym*l A1~ (Al
Unn(A) - exp(d) < (1= =] Ty~ ]
m!m mn
Am+l Av-1. n-1-
_nmm!m(l_%) Tm( n A)'
The proof of the lemma is now complete. O

5.3 Aggressively truncated Taylor series method

In this section, we develop several algorithms based on the error estimates presented in
Section 5.2.
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5.3.1 Algorithms based on a priori estimates

Theorem 5.2.4 offers a useful a priori componentwise error estimate for the development
of an algorithm.Let 7 denote the desired accuracy provided by the user. Then it is natural to
choose m and n satisfying

(j([i)In-Fl

m = (5.3.1)

and then use L, ,(A) to approximate exp(A). Figure 5.1 shows some sample values of the
coefficient in (5.2.6), where C(A) = 32, 128, 512, and 2048, respectively. The computational cost
for evaluating L, ,(A) as defined in (5.0.3) is roughly m +log, n matrix multiplications [109].
Loosely speaking, if we would like to minimize the computational cost, it is sensible to choose
the tangent line with slope equal to one and pick the point of tangency on the contour line. A
more sophisticated choice for the parameters will be presented below in Algorithm 5.1.

log, o(C™/n™(m+1)1]), C=32 log, ,(C™"/[n"(m+1)1)), C=128

0 0

Iogzn
Iogzn

-10 -10

5 10 15 20 5 10 15 20
m m
log,(C™"/In™(m+1)1)), C=512 log, ,(C™"/In"(m+1)1)), C=2048

0

Iogzn
Iogzn

-10

-

Figure 5.1 — Sample values of C(A)""! /In™(m + D!. The color scale corresponds to log;,
[C (A™ L [(n™(m + 1)!]]. Bright values correspond to small truncation errors, whereas dark values
correspond to large errors.

Remark 5.3.1. From the plots in Figure 5.1, the optimal value (for the worst case) of both m
and log, n are of the magnitude 10! for a wide range of matrices. Preferable values of m and
log, n are close to the boundary of the white area.
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Table 5.1 - Number of matrix multiplications, =, required for evaluating Tj, (x).

m|2 3 4 5 6 7 8 9 10 11
Tm| 1 2 2 3 3 4 4 4 5 5
m |12 13 14 15 16 17 18 19 20 21
iTm|5 6 6 6 6 7 7 7 7 8

Similar suggestions for m and n have been proposed in [109] based on normwise error
estimates. Here we conclude that both m and log, n are still small even if componentwise
accuracy is desired. For example, if m = 13 is chosen, n = 4C(A) is usually sufficient for
attaining double precision accuracy which indicates that overscaling never occurs in practice.
Moreover, both Theorem 5.2.4 and the rounding error analysis for repeated squaring (see
Lemma 5.4.2 in Section 5.4) are pessimistic [109]. Thus the true error can be even smaller.

There are several methods to evaluate the matrix polynomial 7,(X). A simple approach
T (X) — Tpy—1(X) + X/ m! and Horner’s method both require ®(m) matrix multiplications.
Compared to existing Taylor series methods, an advantage of knowing m a priori is that there
exist cheaper alternatives for evaluating 77, (X) (see, e.g., [119]). For example,

X2 (I X X2 X3
Te(X) = I+X+? + X | =+ —=+—=+ ,

T 1 6l
3! 4! 5! 6! (5.3.2)

It —+—+—

X2 x* x6
( 31 5 7!

I+—+—+—)+X

X2 x* X6
21 41 6 )

They both require two matrix multiplications less than the naive approach. The upper bound ?
of computational cost for 1 < m < 21 is summarized in Table 5.1. We remark that the numbers
in Table 5.1 are smaller than these values in [74, Table 2.2], since there is no need to treat odd
powers and even powers separately when evaluating the truncated Taylor series. With the
reformulation technique in (5.3.2), it is sensible to choose m and 7 minimizing 7(m) +log, n
so that the computational cost of evaluating L, ,,(A) is minimized. Certainly, by taking into
account the rounding error due to finite precision arithmetic, a smaller  is preferred once
there are multiple choices for the optimal parameter setting.

Now we are ready to derive our aggressively truncated Taylor series method (shown in
Algorithm 5.1) based on the above discussions. Some remarks on the algorithm are also
provided below.

Remark 5.3.2. An important feature of Algorithm 5.1 is that 7 (m) +log, n is of order & (log N)
when fl[exp(A)] does not overflow and |s(A)| = @ (N). To see this, we first conclude from (5.1.1)
and (5.1.2) that C(A) = G(N). Then by Theorem 5.2.4, it is sufficient to choose my = 1 and
no = [C(A)?/(27)] in order to pass the a priori test (5.3.1). Hence

min[7(m) +log, n] < w(mp) +log, np = O(log C(AH =6 (ogN).

2. The numbers are obtained by using the optimal settings in the Paterson-Stockmeyer method [67, 119].
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Algorithm 5.1 Aggressively truncated Taylor series method for exp(A), with A essentially
nonnegative

Input: Ae IREfrVXN, T>UW
1: (optional) Balancing.
2: Estimate p(ﬁ) (e.g., via power method).
3: Solve the discrete optimization problem

C(A)m+l

n(m)+log, n=min, st.—— <
(m) 82 n(m+1)!

by enumerating over m, log, n€{1,2,...,21}.
4: E — Lmyn(A).
5: (optional) Reversed balancing.

As a consequence, the complexity of Algorithm 5.1 is @(N3log N). In contrast, to achieve
componentwise high relative accuracy, the Taylor series methods presented in [43, 167] for es-
sentially nonnegative matrices require @ (N*) operations as m = @(N) and log, n = @ (loglog N)
(e.g., choosing m = [2eC(A)] = O(N) is already sufficient for a modest 7). This is the main
advantage of our new method. When the required accuracy is modestly low (e.g., only four
correct digits are of interest), the new method becomes even more attractive while existing
Taylor series methods still require @ (N*) operations to produce all nonzero entries in exp(A).

Remark 5.3.3. Some extra care must be taken in the shifting stage. If we compute exp(A) and
exp[s(A)] straightforwardly, it is possible that exp(A) causes overflow but exp[s(A)] is small
enough so that the desired result exp(A) is still representable with floating-point numbers.
Therefore shifting needs to be handled in a nontrivial way when s(A) < 0. Since

exp(%)]n = exp(%)exp(é)

n
the shift s(A)/n on A/n becomes much safer when 7 is large. The same observation can also

n

’

exp(A) =

be applied to L, ,(4), i.e.,

eXp(Lm)Tm(g)]n, (5.3.3)

Lm,n(A) =
n

By applying scaling before shifting, we are most likely able to avoid unnecessary overflow even
when s(A) is small. This trick is commonly used in computations of Markov models (e.g., see
[107, 136, 167]). Moreover, we suggest that the shifting strategy (5.3.3) is always used even for
A = 0 since some entries of exp(ﬁ) might underflow. In case that |s(A)| is extremely large so
that n has to be large to avoid overflow/underflow, we conclude from Section 5.1 that C(A) is
also large. Such problems need special attention, and are not investigated in this thesis.

Remark 5.3.4. Balancing is a commonly used technique when computing the matrix exponen-
tial. Notice that balancing does not change p(A) in our problem so it does not help reducing
C(A) and the computational cost. Therefore, we provide balancing as an optional step. For
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Algorithm 5.2 A priori upper bound algorithm for exp(A), with A essentially nonnegative

Input: AcRY*N 7>u.
1: (optional) Balancing.
2: Estimate p(A) (e.g., via power method).
3: Solve the discrete optimization problem

n
n(m-1)+log, n=min, s.t mn> 2p(A) and

1+ﬁm($)

by enumerating over m, log, n € {1,2,...,21}.
: E—Upn(A.
: (optional) Reversed balancing.

oo

essentially nonnegative matrices, since || Allo, can be reduced by balancing, the technique
potentially reduces the chance of overflow/underflow on intermediate results during the com-
putation. Although balancing is not always safe for some eigenvalue problems [159], extensive
numerical experiments in [138] show that it is unlikely to be harmful when computing matrix
functions.

Similar to the algorithm for L,, ,(A), it is straightforward to develop an algorithm for the
upper bound Uy, ,(A) based on Theorem 5.2.5. Algorithm 5.2 is an upper bound version
in analogy to Algorithm 5.1. A notable difference between U, ,(A) and L, ,(A) is that the
matrix inverse is needed for evaluating the upper bound. Since I — Al (mn) is an M-matrix, 3
its inverse can be calculated accurately using GTH-type algorithms [5]. Actually by increasing
the scale factor to 2n, [I— Al (Zmn)]_1 can be safely computed even by standard Gaussian
elimination without pivoting because it is always well-conditioned in the sense of component-
wise perturbation (see Lemma 5.4.5 in Section 5.4). Subtractions on the diagonal never cause
severe cancellation and hence only introduce small relative backward errors. Both GTH-type
algorithms and Gaussian elimination can adopt block variants so that most computations are
performed in level 3 BLAS. This feature is useful when performance is important.

5.3.2 Algorithms based on a posteriori estimates

The a priori error estimates provided in Theorems 5.2.4 and 5.2.5 lead to simple and
efficient approaches for computing exp(A). However, rounding error is not taken into ac-
count when determining the parameters. Also, we have seen in Section 5.2.3 that sometimes
Corollary 5.2.3 can overestimate the truncation error quite a lot. Therefore the choice of m
and n might be too large. As an extreme case, if the user has an unfeasibly high requirement
on the accuracy (e.g., 7 = 10712 using IEEE single precision arithmetic), the parameters m
and n which bound the truncation error well below 7 may cause significant rounding error. A
sensible choice is to return a nearly optimal solution in the working precision and to report a

3. A square matrix A is called an M-matrix if — A is essentially nonnegative and A~! is nonnegative.
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Chapter 5. Aggressively Truncated Taylor Series Method

warning message to the user. From Section 5.3.1, we have already seen that both m and log, n
are of order 10! in the aggressively truncated Taylor series method for a wide range of matrices.
Since the rounding error depends more sensitively on log, n compared to m, we can use a
fixed truncation order m (e.g., m = 13) and seek for an appropriate scale factor n to avoid
overscaling. In the following, we derive such kind of iterative approaches based on a posteriori
error estimates we have developed in Section 5.2.3.

In existing Taylor series methods, the truncation order m is determined by an a posteriori
estimate (5.2.10). This criterion is generally too conservative to be satisfied when being applied
to the aggressively truncated method since T}, (A/n) might not have any relative accuracy to
exp(A/n). The estimate (5.2.11) is more useful when the truncation order m is relatively small
since the scale factor 7 is also taken into account. A simple a posteriori error estimate

amt (A)" 'r (’q)" (5.3.4)
——————Tm|—=| ==Tn|— 3.
nmm+1)! "\n) T 27"y

can be used as a criterion which ensures exp(A) — Ly, (A) < Texp(A). In fact,

Amt Ay T Ay 5.3.5
- . - < - I
nm(m+1)! m(n) T 1421 ’”(n) (5:3.5)

is a better one which also guarantees exp(A) — L;;,,(A) < T exp(A). To see this, we conclude
from (5.3.5) and Lemma 5.2.1 that

~

am+1

~ A\n -
A-Tyl—|] <—— A
exp(4) m(n) nm(m+1)!eXp( )
- 2AMm+1 (A\)n< 2T (;4\)” T A
<— —| = —| = ex
nmm+1)! "\n 1+2t "\n 1+27 P

Repeating the same procedure with the new bound, we arrive at

- A\n Am+1 R
exp(A) = Tm|—| <= ———xp(A
P =Tl ) = e e

! A An_ Tom - N

= =) = exp(A) = Texp(A).

1- 2L nm(m+1)! ’”(n) I p(A) p(A)

Condition (5.3.5) is relaxed roughly by half compared to (5.3.4). This has the potential benefit
to reduce log, n by one.

The condition (5.3.5) has several advantages over (5.2.10). For example, (5.3.5) is inverse-
free and hence cheaper than (5.2.10). A more important feature is that even if (5.3.5) is not
satisfied for a given choice of (m, n), say

Am+l T A\n T A n} T
£ =min<{e: ——— —| <e¢ (—) > ,
i { nm(m+1)! m(n) "\'n 1+27
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Algorithm 5.3 Lower bound iteration for exp(A), with A essentially nonnegative

Input: AeRY*N, meN, 7 >u, MAXITER € N.
1: (optional) Balancing.
. k — [log, (N +max{A(i,)})] +1
tE—T+1l,gg—¢€
: while £y > £ > 15~ and k <MAXITER do
n<— 2k, Eg—E
L Lm,n(A)
n(A/n)m™*1
T T mt 1!
W(i, j)
! L(, j)
£
9 k—k+ Elng;

o g oA W

8: £<—max{ : W(i,j)>0}

10: end while

11: E<~L

12: if e = 7 then

13:  Report failure.

14: end if

15: (optional) Reversed balancing.

it still suggests an appropriate choice of the parameters. For example, it is expected that
Emzan ~ 27" m,n when €, , is small because the convergence rate provided in Lemma 5.2.1
is reasonably accurate. This kind of heuristics often rapidly leads to a suitable choice of
(m, n). The typical situation in practice is that an appropriate parameter setting can be found
immediately after an initial guess. As a consequence of the above discussion, an iterative
method based on the a posteriori error estimate is presented in Algorithm 5.3. As pointed out
in Section 4.2, this algorithm can also be regarded as an mth order Runge-Kutta method. In
practice we recommend that m = 13 is used so that n < 4C(A) is sufficient for N < 2048. Usually,
no more than two iterations are required in Algorithm 5.3. Therefore the computational cost,
which is also (N3 log N), is not much more expensive than Algorithm 5.1. Therefore the
computational cost is also @(N®log N), and Algorithm 5.3 is not much more expensive than
Algorithm 5.1.

Remark 5.3.5. If exp(A)v (for some vector v = 0) instead of exp(A) is of interest, the stopping
criterion can be adjusted to

~

tol) o= g )

Aﬁm+1

nm(m+1)!

which might be easier to satisfy than (5.3.5).

Similarly, we can establish an iterative approach for Uy, ,(A), based on Lemma 5.2.6. We
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can simply use

e R
or

=) ) ST
which both imply

Tm(g)n - exp(ﬁ) < Texp(ﬁ)
and hence

U, n(A) —exp(A) = texp(A).

Notice that [I — Al (mn)]_1 has already been calculated when evaluating Tm(ﬁ/ n), so that
these stopping criteria only require matrix multiplications. We remark that if (5.3.6) is used, it
is advisable to choose 7 in the form 7 = 2% + 1 so that T,,(A/n)"*"! can be cheaply computed.
The iterative algorithm for U,, ,,(A) is listed in Algorithm 5.4.

5.3.3 Interval algorithms with improved accuracy

When both L, ,(A) and U,,,,(A) are computed, it is possible to make use of these bounds
to gain a more accurate approximation of exp(A). In the following, we demonstrate such a
technique which potentially improves the accuracy of the solution using these bounds. In
addition, we present a novel high accuracy interval-type algorithm based on these bounds.

Sometimes both an upper bound and a lower bound of exp(A) are of interest. Certainly we
can calculate them separately using the algorithms we have presented. But we expect more
useful outputs by merging them. Notice that

Upm,n(A) = Ly, n(A) = [Up,n(A) — exp(A)] + [exp(A) = Ly, n(A)].

The difference between the upper bound and the lower bound is also componentwise small
compared to exp(A). Thus, once both L, ,(A) and Uy, ,,(A) have already been calculated, a sim-
pler a posteriori error estimate is automatically available. In principle, any matrix X satisfying
Ly n(A) = X <Up,n(A) is a good approximation of exp(A) when both bounds are sufficiently
accurate. We seek for a higher order approximation of the form nL,; ,(A) + (1 —n)Up,, ,(A)
where 1 € [0,1], i.e., a convex combination of L, ,(A) and Uy, ,(A). It is straightforward to
verify that

. exp(x) = Tin(x/n)" . Tm(x/n)"™ —exp(x) 1
lim =mlim = .
X—0 xm+1 X—0 xm+1 nm(m+ 1)!
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5.3. Aggressively truncated Taylor series method

Algorithm 5.4 Upper bound iteration for exp(A), with A essentially nonnegative

Input: AeRY*N, meN, 7 >u, MAXITER € N.
1: (optional) Balancing.

2: k — [logy(N +max{A(,1)})] +1
3: €E—T+1,e9g—¢€
4: while g9 = £ = ;- and k < MAXITER do
5. N~ Zk, Eg—E
6: TryU < Up,n(A)
7: ifp(/Al) > mn then
n(A/n)m+l A -1
B We-————(I-—) U
(m+1)!m mn
. {W(i,j) o }
9: € < max —: U(i,j) >0
U, j)
10: k<—k+ilog2§
11: else
12: k—k+1
13:  endif
14: end while
15: E<U

16: if € = 7 then

17:  Report failure.

18: end if

19: (optional) Reversed balancing.

Therefore,

m
m+1

Epn(A) = ;Lm,n(A) + Un,n(A)
m+1

is an (m + 1)-th order approximation of exp(A). The idea here is closely related to Richardson
extrapolation [124]. A method based on Richardson extrapolation on L, ;,(A) has been pro-
posed in [154]. In contrast to that method, which is numerically unstable [115], our approach
based on interpolation is stable since it preserves nonnegativity in floating-point arithmetic.
Using the same techniques for deriving Theorems 5.2.4 and 5.2.5, we establish the following
error estimate.

Theorem 5.3.6. Let Ae RV*N be essentially nonnegative. Then

0=<Ep n(A) —exp(A4)

<

m+1

n m+2 _ m+1
[(1+§m(C(A))) EppIC) CD™ | expa) (538

n nmm+1)m

holds for any positive integers m and n satisfying mn > C(A).
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Proof. Multiplying exp[—s(A)] to (5.3.8) leads to an equivalent inequality

exp(ﬁ).

n m+2 _ m+1
[(1+ﬁm(C(A))) _1+C(A) C(A)

~ — m
0<E A) —exp(A) <
mn(A) = exp(4) m+1 n nm(m+1)m

In the following we prove this version which involves A only. On the one hand, from the proofs
of Lemmas 5.2.1 and 5.2.6, we have

. - A Ayn-1
L () = exp(A) = =nfu( =) exp( =),

. . - (A Ayn-1
Un.n(A) —exp(A) = an(Z) exp(;

Then
Epn(A) - exp(A) = —2— [Upnn(A) - exp(A)] + —— [Lynn(A) - exp(D)]
m,n exp T ellomn exp a1 Lmn exp
1 - (A A n—1 -
2 — mRm(;)—Rm(z) exp( A).

Notice that the function

£l = 1 / m+1

mlmk-1/ (m+k)!

satisfies that f(1) =1 and f(k+1)/f(k) = (m+ k+1)/m > 1 for k > 1. Therefore, we have
f (k) = 1 for any positive integer k and then

1 m+1
Imk-1 (m+k)!

m+k

MR, (X) = Ry (x) = 3 [
m k; -

has nonnegative coefficients in the Maclaurin series expansion. Hence we obtain

-~ -~

mﬁm(g) —Rm(%) >0,
and then
Ep,n(A) —exp(A) = 0.

On the other hand, Lemma 5.2.1 implies that

N N am+1
Emnl) =P = Gy

A\m+1 N N A\mﬂ N
= exp(A) =L o(A)] - ——exp(A
am 3 D1 [P ~ Lo ()] = 2 exp ()

A‘m+l N N A\m+1 N

<2 [Aexp(A)]- —2—exp(A

wom s D ASPA] - exp(A)
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Em+2 _ am+1

= —nm(m o exp(A).

Therefore, combining with (5.2.9), we have

By n(A) - @—L[(U (@) = exp(D) + - (L (A) - @)]
m,n eXp = o 1 m,n EXp m mn exp

_ 1’4\ n A\m+2_1’4\m+1 R
< 1+Rp|—|| -1+ —m— A).
m+1 ( m(n)) nm(m+1)'m exp(A)
To prove the desired inequality
Epn(A) - exp(A) < —2 [(1+§ (C(A)))n 1 CATEZCOMT)
— €X] = — - X ,
i P m+1 " nm(m+1)m P
it remains to verify that
_ x\17 xm+2_xm+1 00 k
xX)=|1+Ry|— -1+4— = aArX
g [ ’”(n)] nmm+Dim = F

has nonnegative coefficients in its Maclaurin series expansion. Actually, all a’s except @ z;+1
are obviously nonnegative as

m+2 m+1

g(x) = i(ﬂ)ﬁm(f)k_'_ X X

= \k n) T umm+)im nmm+Dim’

For a,,+1, we use the fact that

_ m+1
Rp(X)= ————+0(x™?), (x—0)

(m+1)!m
to conclude that g(x) =0 (x™*2) as x — 0, and thus a,,+1 = 0. This completes the proof of the
theorem. O

Remark 5.3.7. From the definition of T}, (x), we can see that terms up to mth order are shared
when evaluating T}, (A/n) and T, (A/ n) simultaneously. This observation is also valid for some
alternative approaches such as (5.3.2).

In applications [14] where accurate bounds are extremely important, it is desirable that
f[Lim,n(A)] < L, n(A) < exp(A) < Upp,n(A) < fl[Up, n(A)] (5.3.9)

is guaranteed regardless of rounding errors. In this case L, ,(A) and Uy, ,(A) need to be
calculated separately using different rounding modes and no computational cost can be
saved. The technique of convex combination can still be applied although fl[E;, »(A)] is not
guaranteed to be another upper bound of exp(A). A complete algorithm is summarized as
Algorithm 5.5 which provides both lower and upper bounds and a higher order approximation
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Algorithm 5.5 Interval algorithm for exp(A), with A essentially nonnegative

Input: AcRY*N, meN, 7 >u, MAXITER € N.
1: (optional) Balancing.

2: k — [log,(N +max{A(,)})] +1

3 €—T+1,6g—¢€

4: L—A U<—+0c0

5: while €y = ¢ > 7 and k <MAXITER do

6: n<— Zk, Ep)—E

7. Evaluate Ly — fl[L,;,,(A)] under the rounding mode round towards —oco

8: L<—max{L, Ly}

9:  (Try) Evaluate Uy — ﬁ[Um, n(A)] under the rounding mode round towards +oo
10: U —min{U, Uo} o
11: E«—max{M:U(i,j)>0}

L(i, j)

1 £
122 k<~ k+—log,—
m 82 T
13: end while
14: E —

m
L+
m+1 m+1

15: if € = 7 then

16:  Report failure.
17: end if
18: (optional) Reversed balancing.

U

in between. We will verify in Section 5.4.3 that the property (5.3.9) can indeed be achieved.
Because of this property, Algorithm 5.5 can be regarded as an interval algorithm [110] but
without any explicit use of interval arithmetic. As a remark, some different interval algorithms
for computing exp(A) (A is not necessarily essentially nonnegative) can be found in [27, 56].
These methods bound the remainders of truncated Taylor series [56] or Padé approximant [27],
and both involve interval arithmetic. The rounding error analysis in Section 5.4 demonstrates
that this interval algorithm does not severely overestimate the error. Generally the a posteriori
error Uy, ;(A) — Ly, n(A) is also much smaller than the a priori error based on truncation
and rounding error analysis. In practice, Algorithm 5.5 is more robust than other algorithms
presented in this section, while it is also more costly.

5.4 Rounding error analysis

In this section we provide error bounds taking into account effects of finite precision
arithmetic. Although these bounds usually overestimate the errors in practice, we do not
attempt to refine them as tightly as possible since the main purpose is to provide evidence
for the forward stability of our algorithms. We assume that there is no overflow or (gradual)
underflow in the calculation so that the rounding model

fll@oB)=(aoP)(1+¢), lel<u (5.4.1)
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5.4. Rounding error analysis

“_»

is applicable, where “o” is +, —, x, or +, and u is the unit roundoff, see Appendix B for details.
In addition,

flexp(a)] = exp(a@)(1 +¢), le] <u

is assumed. We further assume that N?u < 1, which is a reasonable requirement in practice,
so that all @ (u?) terms are negligible.

5.4.1 Roundingerrorinfl[L,, ,(A)]

Firstly, we show that the matrix polynomial T,,(A/n) can be computed stably when A is
nonnegative. We assume that T7,,(A/ n) is evaluated via

T 2)| = 1] T (2) =" 5.4.2)

n (m-D!'\n
Those cheaper alternatives for evaluating 7,,(A/n) such as (5.3.2) require fewer matrix multi-

A
+—-1fl
mn

fl —fl

plications than the simple scheme (5.4.2) and hence very likely have smaller rounding error
bounds (see, e.g., [73, Theorem 4.5]). It is not difficult to prove the following conclusion.

Lemma 5.4.1. If Ae RY*N, then for any positive integers m and n, we have
A A
‘ﬂ[Tm(;)] ~T(5)

Proof. The proof can be found in [48, Theorem 1.1.1]. We remark that our bound is slightly dif-
ferent compared to the one in [48] because we require two more operations here—the division
by n in fl(A/n) — A/n and the division by m in fl[(A/m)™/m!] — l[(A/n) - (Al )™/ (m -
DI/ m. O

<[m+ 1)(N+2)u+@’(u2)]Tm(é).
n

For the scaling procedure, Lemma 5.4.2 below is in a slightly different form compared
to Theorem 4.9 in [7]. We also provide a different proof for this lemma. Compared to (4.2.1),
the error bound here is much tighter. Therefore, the squaring stage for nonnegative matrices
is already much safer than that for general matrices. Although the error bound for repeated
squaring is nearly attainable in the worst case, it is often too pessimistic in practice. We have
already seen in Section 5.3 that sometimes perturbations on a nonnegative matrix B can even
decay during the repeated squaring process. The full understanding of the squaring phase is
still an open problem [109]. It is good to keep in mind that repeated squaring can be dangerous,
but that this is not always the case.

Lemma 5.4.2. Let AB € RN*N be the perturbation of a nonnegative matrix B satisfying |AB| <
eB for somee €(0,1). Then forn = 2k we have

|fi{(B+AB)"| - B"| < [n(Nu+¢) +O(e” + cu+u”) | B".,
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Proof. First, the condition |AB| < €B is equivalent to
(1-e)B=B+AB=(1+¢)B.
Then by induction, we obtain
(1-"(1-Nw" 'B"<fl[(B+AB)"] < (1+¢&)"(1+ Nu)" ' B".
Therefore

[fi[(B+AB)"| - B"| < [n(Nu+¢) +O(e* + eu+u®) | B". O

Making use of Lemmas 5.4.1 and 5.4.2, we obtain Theorem 5.4.3 which provides the
rounding error bound for Algorithms 5.1 and 5.3. We remark that a similar theorem can be
found in [48]. Our estimate, which is tailored to nonnegative matrices, is more concise and
has a simpler proof compared to [48, Theorem 1.1.9]. The error estimate in Theorem 5.4.3 is
satisfactory, since the scale factor n used by Algorithms 5.1, which appears in the error bound,
is proportional to C(A).

Theorem 5.4.3. Let A bean N x N essentially nonnegative matrix and m, n be positive integers
satisfying exp(A) — Ly, n(A) < 1exp(A). Then

[l Lim,n(A)] — exp(A)| < 7+ n(m+2)(N +3)u+0u*)] exp(A).

Proof. Let B = expl[s(A)/n] Tm(}\\/n), AB = ﬂ[exp[s(A)/n] Tm(ﬁ/n)] —B,ande=(m+1)(N+
3)u+ Ou?). Then by Lemma 5.4.2, we have

[l Lin,n(A)] = Ly, n(A)] < [n(m+2)(N +3)u+ 0 )] exp(A).

Taking into account the truncation error bound 7 yields the conclusion. O

5.4.2 Roundingerror in fl[U,, ,(A)]

To analyze the rounding error for fl [ Um,n(A) ], the inverse of an M-matrix is the only differ-
ent part compared to fl[L,, »,(A)|. Let M be an N x N nonsingular M-matrix with the Jacobi
splitting M = D — K where D is diagonal and K has zero diagonal entries. Then Lemma 5.4.4
characterizes the sensitivity of M~ in terms of y = p(D™'K).

Lemma 5.4.4 ([165]). Assume that M is an N x N nonsingular M-matrix. Let AM be a pertur-
bation to M satisfying|AM| < e|M| where0 <& < (1-7y)/(1+7). Then

2_
|(M+aM)™ - M| < 1—YN£+@’(£2) M
%

Proof. See [165, Theorem 2.4]. O
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When mn > 2p(A), the M-matrix M = I — A/ (mn) is well-conditioned in the component-
wise sense with y < 1/2. This can be verified through

1

1y L [ el L
p(D7'K) = 5p (D 21) K| <3,

due to the fact that I/2 — A/(mn) = (D — 1/2) — K is also an M-matrix. Moreover, the LU factor-
ization of M satisfies s(U) = 1/2, indicating that M~! can likely be calculated componentwise
accurately via standard Gaussian elimination. Lemma 5.4.5 below confirms this and provides
arounding error bound for the following algorithm.

(1) Perform one step Gaussian elimination without pivoting for calculating the LU factor-
ization:

1
Ly I

My My
S22

_[Mu M

M=
Moy My,

) (5.4.3)

where Sy, is the Schur complement.
(2) Compute fI(S, ) — fl[fl(Sz2) '] recursively.
(3) Compute fl(M™!) through

My + M Mipf1(S5) ) Loy My MiafI(S3;)

1) :ﬂ( (550 Lo n(sy))

Lemma 5.4.5. Let B € RY*N satisfying p(B) < 1/2. Then the inverse of M = I — B calculated by
the algorithm above satisfies

|Ai(M~) - M| < [ION(N + Du+ 0 @) | M. (5.4.4)

Proof. The conclusion holds trivially for N = 1. For N > 1, we analyze the rounding error by
induction.

In Step (1), the computed vector fl(Ly;) satisfies

M.
fl(Lz) = —2 +x,
M,
where
M-
| x| Su’i‘ =u|Lyl.
M,
Similarly, f1(S»») satisfies

f1(S22) = Moy —fl(Lp)) M2+ Y,
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where
Y] = [2u+0 W) (1 Mozl +fl(L21) M1z) = [2u+ 0 W) ] (| M22| + Loy Miz).

Notice that all diagonal entries of Sy, lie in the interval [1/2,1] as p(B) < 1/2. It can be easily
verified that | My, | + Loy M2 < 3|S22| and hence

If1(S22) — S22l < [6u+ O )] S22l .

In Step (2), we use the induction hypothesis
[1[f1(S22) "] — f1(S22) '] < [ION(N - Du+ G (u?) | fI(Sz2) ™"
Therefore, applying Lemma 5.4.4 yields

[[f1(S22) 7] = So2 | = |[f1(S22) 1] = £1(S22) | + |f1(S22) ™ — S5 |
< [ION(N-1Du+18(N - Du+6w?)]S,,
<[10N? +8N)u+6 ]S, .

Finally, in Step (3), the relative error propagated is bounded by 2Nu + @ (u?). Therefore,
combining this error with the error in fI(S;, ) yields the conclusion. O

Based on the lemmas we have developed, it is now ready to estimate the rounding error
for U,y ,,(A) similar to Theorem 5.4.3.

Theorem 5.4.6. Let A bean N x N essentially nonnegative matrix and m, n be positive integers
satisfying mn > 2p(A) and Up, ,(A) — exp(A) < Texp(A). Then

[fl[U,n(A)] — exp(A)| < [T+ n(m+10N)(N +3)u+ 0 u*)] exp(A).
Proof. Using the same technique for Lemma 5.4.1, it can be verified that
s(A)~ (A s(A)~ (A
[ exe %] ()| e[ 52 7 ()

Then let B = exp[s(A)/n] Tm(?lln), AB = ﬂ[exp[s(A)/n] Tm(fél\/n)] —B,ande=(m+10N)(N +
3)u+ O(u?). The conclusion is obtained by applying Lemma 5.4.2. O

-~

< [(m+10N)(N +3)u+ G u?)] Tm(g).

5.4.3 Rounding error under biased rounding modes

We have confirmed in the previous subsections that Algorithms 5.1-5.4 have high com-
ponentwise accuracy. Algorithm 5.5 requires calculations under biased rounding modes to
achieve the property (5.3.9). In this case the rounding errors can still be modeled by (5.4.1),
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while the unit roundoff here is twice as large as the one under the standard rounding mode
(i.e., round towards nearest) [112]. Therefore, Theorems 5.4.3 and 5.4.6 are valid for the interval
algorithm.

The task left is to verify that the property (5.3.9) can indeed be achieved by carefully
switching the rounding modes. Obviously, fl[ L, ,(A) ] < Ly, (A) is satisfied by simply switch-
ing the rounding mode to round towards —oo. For the upper bound, the tricky part is to
achieve ﬁ(M‘l) > M1, where M = [ — A/(mn) is an M-matrix. 4 Firstly, fl(M) is formed by
fl(M) = —fi[fi[A/(mn) - 1] < M. Consider one step of Gaussian elimination (5.4.3). The factor-
ization can be computed through

fl(Lpy) = —fl(|Lyy ) = — 11

£1( Mo, 1) -
—— | = Lo,
fl(M11)

f1(S22) = — AA[fl(| Loy ) AI(I M2 ) — fl(M22)] < So.

By applying the same procedure recursively to S»», we conclude that the LU factorization
M = LU satisfies

fi(L) =1fl(L) = L, i) =fl(U) = U.

Suppose M~! is computed by solving two triangular linear systems under the rounding mode
round towards +oo, the solution satisfies

i YH=ao'tan ittt =M

The conclusion can be generalized to block LU factorization and some algorithmic variants
for computing M~! as long as fl(L) and fl(U) are true lower bounds of L and U, respectively.
However, the analysis does not carry over to GTH-type algorithms since the diagonal entries
of Sy» are computed in a different way. Therefore, if the actual upper bound is important,
we prefer standard Gaussian elimination rather than GTH-type algorithms. In practice all
calculations can be done without switching the rounding mode (under the rounding mode
round towards +00), using the trick fl(x) = —ﬁ(—x).

5.5 Numerical experiments

In this section, we present and discuss some experimental results. All experiments are
performed on a Linux machine with an Intel Xeon quadcore 3.10GHz CPU and 8GB memory.
We make use of only a single core for the experiments. Both Algorithm 5.1 and Algorithm 5.5
are implemented in C99 and compiled by the GNU C complier. Matrix multiplications are
performed by the optimized (single-threaded) GEMM routine from the OpenBLAS library;
while other operations, such as block LU factorization and solving triangular systems, are

4. Unfortunately, GTH-type algorithms [5] usually do not have this property.
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carefully implemented, see Section 5.4.3. For the parameter setting, we choose m = 8 as the
truncation order in Algorithm 5.5. It is relatively small compared to the recommended value
(m = 13) and allows us to observe some features of this algorithm which rarely occur under
the recommended setting. The relative tolerances is set to 7 = 1024Nu = 2.3 x 10713 N. The
maximum iteration number is set to MAXITER = 52 which is more than needed. Balancing is
not used in the experiments to demonstrate that our algorithm is not sensitive to bad scaling
in the original matrix. The switching of rounding modes is accomplished by the standard
library function fesetround (). As a comparison, we also run the same set of tests on the
same machine for MATLAB’s expm function (version R2012a) which is a general purpose solver.
We choose nine commonly used test matrices. All entries in the solutions can be represented
by normalized floating-point numbers (i.e., no overflow or (gradual) underflow).

Example 5.1 ([43]).

—-0.01 101°
A= 6l
0 —0.01+10

Example 5.2. A matrix modified from an example in C. Moler’s blog °:

0 e 0
A=|a+b -d a|,
c 0 -—c

Wherea:2><1010,b:§x108,c:¥,d:3,e:10_8.

Example 5.3 ([38]).

-16 260 260 260
0 —16 260 260
0 0 -1 260
0 0 0 -1

A=

Example 5.4 ([155]). The 10 x 10 Forsythe matrix

-10
10 10x10

5. C. Moler, A Balancing Act for the Matrix Exponential,
http://blogs.mathworks.com/cleve/2012/07/23/a-balancing- act- for- the-matrix- exponential/.

84


http://blogs.mathworks.com/cleve/2012/07/23/a-balancing-act-for-the-matrix-exponential/

5.5. Numerical experiments

Example 5.5 ([167]).

-2 1

1
A=-Ts0=

1

1 -2 50x50

Example 5.6. The 128 x 128 Jordan block with zero eigenvalues
0 1

A= J128(0) =
1

0 128x128

Example 5.7 ([167]). The adjacency matrix of a 2-nearest ring network of 200 nodes with four
extra shortcuts 16-30, 74-85, 90-128, 138-147, modeling a small-world network. It is generated
by smallw(200,2,0.03), where smallw.mis from the MATLAB toolbox CONTEST ° [145].

Example 5.8 ([167]). A=— T40’40 = —(Tyo ® I4o + I40 ® Typ).

Example 5.9.
-700 1400

A=1400x Jopag(—1/2) =
1400

—700 2048x2048

Table 5.2 lists the componentwise errors
min{e =0: |fl[exp(A)] — exp(A)| < eexp(A)}

for these testing examples. For Algorithm 5.5, we present the a posteriori error estimate
computed from Uy, (A) — Ly, 2 (A), as well as the measured error from the “accurate” solution
computed by the MATLAB Symbolic Computation toolbox. (We use sym when exp(A) is known
exactly or N is small, and use vpa with 250 digits for large matrices.) Algorithm 5.1 successfully
solves all these problems to desired accuracy. Algorithm 5.5 also solves all problems except
for Example 5.2. Despite that the measured error in Example 5.2 is already smaller than 7,
we regard it as a failure since the algorithm cannot identify the true error by itself. However,
the algorithm still provides a useful error estimate for the unsatisfactory solution which
informs the user about the quality of the solution. The difference between the a posteriori
error estimate and the measured error also confirms that the weighted sum E,, ,,(A) can be
more accurate than the upper/lower bounds. As a general purpose solver, MATLAB’s expm

6. CONTEST: http://www.mathstat.strath.ac.uk/research/groups/numerical_analysis/contest .
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Chapter 5. Aggressively Truncated Taylor Series Method

function only produces componentwise accuracy for two of these examples. In fact, for the first
three examples which have large normwise condition numbers (see (4.1.9) for the definition
of Kexp(A), here the F-norm is used), the normwise errors of expm are also large (1.0 x 1072,
1.0x 10°% and 1.0 x 10°, respectively).

Table 5.2 - Componentwise relative errors of the test examples.

Matrix ID C(A) Kexp (A) T Algorithm 5.1 Algorithm 5.5 expm
estimated measured

5.1 1.0x10° 1.7x10% 45x1071%  89x1071® 12x107* 63x1071° 1.0x107?
5.2 8.6x10" 24x10"° 68x10713  47x107*  25x1072 6.0x107® 1.0x10°
5.3 1.8x10' 52x10% 91x1071® 57x1071  3.8x1071® 15x107® 1.0x10°
5.4 9.1x10° 1.7x10° 23x10712 36x1071® 1.1x1072 68x107* 1.8x10714
5.5 51x10" 54x10° 1.1x107"  20x107"* 29x1072 22x1071%2 2.6x10°
5.6 1.3x10% 1.8x10° 29x107"  98x1078®  15x107'1 69x107* 9.7x1077
5.7 2.0x10> 73x10° 45x107''  28x107%  22x1071 1.9x107'! 3.3x107
5.8 1.6x103 6.1x10' 36x10719  63x1071  1.2x1071° 1.0x10710 4.2x10°
5.9 20x10° 24x10* 46x1071%  61x107"  35x10710 84x10712 1.1x10712

Table 5.3 — Parameter settings for Algorithm 5.1 and Algorithm 5.5.

Matrix ID  Algorithm 5.1 Algorithm 5.5
m log, n m log,n #(iter)
5.1 12 1 8 3 1
5.2 18 6 8 10 3
5.3 21 3 8 8 2
5.4 21 2 8 5 2
5.5 18 5 8 9 2
5.6 19 6 8 10 2
5.7 18 7 8 9 1
5.8 18 10 8 12 1
5.9 19 10 8 14 2

Table 5.4 — Execution time (in seconds) of the test examples.

Matrix ID  Algorithm 5.1  Algorithm 5.5 expm

5.1 8.4x107° 1.5x107° 5.4x 1074
5.2 89x107° 47x107° 3.7x107%
5.3 9.4x107° 2.9%x107° 6.0x 1074
5.4 83x107° 3.2x107° 25x1073
5.5 42x1074 1.2x1073 5.5%x 1074
5.6 3.7x1073 2.0x1072 3.6x1073
5.7 1.3x 1072 2.4x1072 7.2x1073
5.8 8.6 x 10° 3.5x 10! 3.1x10°

5.9 1.4 x 10! 1.1 x 102 2.4x10!
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Example 5.6 is of particular interest. The exact solution is known to be
0, i>],
[eXp(A)]ij: 1 .
G =D
whose nonzero entries are the coefficients in the Maclaurin series of exp(x). Algorithm 5.5
terminates successfully with n = 1024. Therefore the first 128 terms in the Maclaurin series of
Ty(x/1024)'%* and Ty (x/1024)'%*
of 2x 107!, Since 1/128! < 2.6 x 107216, the remaining terms are very tiny. This is an intuitive

both agree with those terms in exp(x) within a relative error

way to understand why our methods can always produce high relative accuracy. Example 5.9
is a very challenging problem because the magnitude of the nonzero entries in the solution
vary from 1073% to 10392, Qur algorithms still provide componentwise accurate solutions
for this extreme case. Interestingly, expm also does a good job for this difficult example but
fails for Example 5.6 which should be easier. A brief explanation is that expm tries to avoid
“unnecessary” scaling in Example 5.6 and thus loses the opportunity to recover small entries
in the solution.

Table 5.3 lists the parameters used in Algorithm 5.1 and Algorithm 5.5, respectively. For
Examples 5.3, 5.7, and 5.8, the parameter settings used in Algorithm 5.5 would be treated as
infeasible in Algorithm 5.1, since they cannot pass the a priori test (5.3.1). Therefore, Theo-
rem 5.2.4 indeed overestimates the truncation errors. Interestingly, because of the overestima-
tion, the parameter setting used in Algorithm 5.5 requires less computational work compared
to the “optimal” settings in Algorithm 5.1 for Examples 5.7 and 5.8. Although Algorithm 5.5
is still more expensive since the upper bound U, ,(A) is also calculated, Algorithm 5.3 with
the same setting might be potentially cheaper than Algorithm 5.1. These phenomena confirm
our motivation for developing iterative methods based on a posteriori error estimates. Algo-
rithm 5.5 uses at most two iterations in almost all examples since the estimated scale factor n
based on the convergence rate is quite accurate. Example 5.2 requires three iterations because
it is terminated in the third step where the error stops decreasing.

The computational times are provided in Table 5.4 for reference also. Algorithm 5.1 and
MATLAB’s expm have similar performance since they both use a priori estimates to determine
the approximation order and the scale factor. As an iterative algorithm, with both upper and
lower bounds computed, Algorithm 5.5 is in general slower. This is the cost we need to pay in
order to obtain extra robustness.

Remark 5.5.1. In practice, m = 13 is recommended as the truncation order for double preci-
sion floating-point numbers. Algorithm 5.5 can solve all our examples with this recommended
setting. Most of them are solved in one iteration and hence the performance is also largely im-
proved compared to m = 8. But the convergence rate can be better understood with a smaller
truncation order since we need to predict the scale factor from an improper initial guess. A
failure in the testing examples with m = 8 also demonstrates the robustness of Algorithm 5.5.

Finally, we provide an example which illustrates the limitation of our methods.
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Example 5.10. The discretization of a 1-D Laplacian operator
-2 1

, S I SRS
A=—(N+1)?Ty=(N+1) )

where N =50, 100, 200, and 400.

These matrices satisfy |s(A)| = 2(N + 1)? and C(A) = N — 1+ 2(N + 1)2. They are considered
too difficult for our methods since C(A) is much larger compared to our assumption C(A) =
O(N), see Section 5.1. Consequently, the relative errors of our algorithms are often larger
than 7, especially when N is large, see Table 5.5. Only slight improvements in the accuracy have
been observed by switching to the recommended truncation order m = 13. Not surprisingly,
when increasing N, the accuracy of our methods decrease as C(A) grows quickly. However,
MATLAB’s expm works well for this matrix although xexp(A) is also large. As the entries of
exp(A) do not vary too much for these matrices (from 1071 t0 1079), expm also provides small
componentwise errors.

Table 5.5 - Componentwise relative errors in Example 5.10.

N C(A) Kexp (A) T Algorithm 5.1 Algorithm 5.5 expm
estimated measured
50 5.2x10° 45x10% 1.1x1071!  28x1072 95x10°! 65x1071 84x10713
100 2.1x10* 25x10° 23x10711  1.1x107"  2.0x1071° 13x10710 25x10712
200 8.1x10* 1.4x10° 45x1071  42x10710 13x1077 95x10719 13x1071!
400 32x10° 79x10° 9.1x1071  1.3x10710 40%x107% 3.0x107% 2.1x1071

5.6 Summary

In this chapter we have presented the aggressively truncated Taylor series method for
calculating the exponential of an essentially nonnegative matrix. Truncated Taylor series
methods are usually not the first choice for general matrices. However, by carefully choosing
the order of truncation and the scale factor, they are preferred for essentially nonnegative
matrices. We make use of the nonnegativity and establish componentwise a priori and a
posteriori error estimates for both L, ,(A) and U,,,,(A). We also show that the weighted
average E,;, ,(A) offers a higher order approximation. These novel theoretical results lead to
different variants of the aggressively truncated Taylor series method. Rounding error analysis
ensures the stability of our algorithms. The interval algorithm also provides componentwise
error estimates regardless of roundoff. Finally we test these algorithms with some commonly
used matrices to confirm the efficiency and accuracy.
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In this chapter, we consider another matrix exponential problem. In a number of sci-
entific applications, especially in quantum mechanics, it is desirable to compute exp(iA)
where A is a self-adjoint operator. For example, exp(iA) naturally appears in the solution of
the time-dependent Schrédinger equation [35]. We refer to, e.g., [39] for applications from
other domains. In practice, the operator A is often given in discretized form, i.e., a doubly-
infinite Hermitian matrix under a certain basis, and a finite diagonal block of exp(iA) is of
interest. Throughout the chapter, we assume that A is self-adjoint and narrow banded. Sup-
pose the (—m : m,—m : m) block of exp(iA) is desired. A simple way to solve this problem
is illustrated in Figure 6.1. We first compute the exponential of the (-w : w,—w : w) block
of A, where w is chosen somewhat larger than m, and then use its central (2m +1) x (2m+ 1)
diagonal block to approximate the desired solution. In reference to similar methods for solving
linear systems [65, 102], we call this approach finite section method. The diagonal blocks
(—-m:m,—-m:m)and (—w: w,—w: w) are called the desired window and the computational
window, respectively.

Despite the simplicity of the finite section method, it is crucial to understand how large
the computational window needs to be, and whether this truncation produces a sufficiently
accurate approximation to the true solution. These questions are relatively easy to answer
for bounded matrices, where standard polynomial approximation technique can be applied.
But it turns out that the finite section method can also be applied to certain unbounded
matrices, and still produces reliable solutions. For example, Figure 6.1 illustrates this for an
unbounded Wilkinson-type matrix W™ (1), see Section 6.3.1, for which the error decays quickly
when the size of the computational window increases. In this chapter, we will explain this
phenomenon and establish the finite section method with error estimates for several classes
of doubly-infinite Hermitian matrices. Unlike the setting in Chapter 5, we are only interested
in normwise accuracy in this chapter. Tiny entries in exp(iA) are still taken into account—we
make use of these tiny entries to derive the finite section method.

To our knowledge, much of the existing literature on infinite matrices is concerned with
solving infinite dimensional linear systems, see e.g., [23, 28, 135] and the references therein.
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desired window (-m:m)

N N\
\ \
N\

Error of the finite section method

error

computational window (-w:w)

\eXP 10710k

s——— &% |

Figure 6.1 — A pictorial illustration of the finite section method. In this case A is the Wilkinson-type
matrix W™ (1).

The matrix exponential problem for infinite matrices has also been studied in the literature
of exponential integrators, see e.g., [75]. Recently [63] discussed more general functions on
operators. As the conjugate transpose operation A— A* is naturally an involution, the set of
bounded matrices on a Hilbert space form a unital C*-algebra [44]. Therefore, some existing
literature [19, 23, 98] makes use of properties of C*-algebras to discuss the decay property of
matrix inversions, matrix functions, and matrix factorizations. Since we need to handle some
unbounded matrices, which do not necessarily form a set closed under multiplication, we will
use some techniques in approximation theory and linear algebra to discuss the finite section
method for doubly-infinite matrices.

This chapter is largely based on the manuscript [133] submitted for publication in Linear
Algebra Appl.. The rest of this chapter is organized as follows. In Section 6.2, we discuss the
decay property of exp(iA) for a bounded Hermitian matrix A and illustrate how this can be
used to analyze the finite section method. In Section 6.3, we first analyze decay of entries for
Wilkinson-type matrices and derive the corresponding finite section method, and then discuss
some extensions to more general unbounded matrices. Finally, numerical experiments are
presented in Section 6.4 to demonstrate the reliability of finite section methods.

6.1 Exponentials of doubly-infinite matrices

To set up the stage, let us first provide a formal mathematical formulation of the problem.
In the following, we recall some preliminaries in functional analysis. These results can be
found in, e.g., [4, 36, 122, 123].

A doubly-infinite matrix is a two dimensional array A = [a;] of complex numbers with
i, j € Z.1tis called Hermitian (or skew-Hermitian) if a; ; = a;fi (ora;;= —a;‘i) foralli, je Z. If
there exists an even number b such that a;; = 0 when |i — j| > b/2, then A is called b-banded,
or banded in short. Matrix-matrix and matrix-vector multiplications are defined akin to those
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operations for finite matrices. That is,

(AB)ij =Y aikby;,
kezZ

(AX)i =) ajkXp
keZ

(6.1.1)

where A, B are doubly-infinite matrices and x = [x;] is a doubly-infinite vector, provided that
these summations converge absolutely. Evidently, multiplications involving banded matrices
are always well-defined since all summations are finite. A doubly-infinite matrix A is called
bounded if

I All2 := sup [|Axll2 < +o0;

xel2(z)
llxllz=1

in this case A can be interpreted as a continuous linear operator over [?(Z) [4]. By Gelfand’s
formula [53], we have

1
p(A) = lim [|AF|} <A,
k—o00

indicating that the spectrum A(A) is also bounded. In analogy to (4.1.1) for finite matrices, for
an analytic function F(z) defined on a domain Q enclosing A(A), the matrix function F(A) is
defined as

F(A) = Lj{ F(z)(zI - A~ 'dz.
271 Joa

In this chapter we are interested in the exponential function F(z) = exp(iz).

For unbounded Hermitian matrices, the self-adjointness is important even for defining
the matrix exponential. Since unbounded Hermitian matrices do not necessarily represent
self-adjoint operators on 1?(Z), careful treatment is required. In this chapter we only consider
the class of doubly-infinite banded Hermitian matrices A that can be expressed as the sum of
three Hermitian matrices

A=D+G+R,

where D is diagonal and invertible, R is bounded, and IGD™ 1|, < 1. We will show that A is
self-adjoint, in the sense that it can be represented as a self-adjoint operator by choosing a
suitable domain of definition in 1?(Z). Let

@A = {XE lz(Z)S Z |dkkxk|2 < +OO},
kez

which is a dense subspace of 12(Z). Then A defines a symmetric operator ¢p[A]: D4 — 122,
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x — Ax, by the matrix-vector multiplication (6.1.1). Notice that
I(A=D)xll2 < I(GD) " (Dx)ll2 + | Rxll2 < (GD) 'l Dxll2 + | Rxll2 < [ Dxll2 + | Rll2 [l x]12

for all x € 94 Then by the Kato-Rellich theorem [93, Theorem 4.4 in Chapter 5], ¢[A] is
essentially self-adjoint due to the fact that ¢p[D], which is defined on 2,4, is essentially self-
adjoint [4]. By the spectral decomposition of the closure of ¢[A],

. +00
¢l ]=[ AdPy,

(e.0]

we define exp(it¢[Al]) as [122, Theorem VIIL6]

+00

exp(itp[Al) = f exp(ith)dPy,  r€eR,
—00

where P is a projection-valued measure on [?(Z). Since exp(if¢[A]) is unitary in [*(Z) and

hence bounded, it has a unique matrix representation [4] with respect to the standard basis

{en}nez. This matrix representation is denoted by exp(it A).

The finite section method can be interpreted as extracting a diagonal block from a certain
block diagonal approximation of the matrix. Hence a perturbation analysis of the matrix expo-
nential as in [84, 151] is helpful for studying the truncation error in this method. Fortunately,
the perturbation results mentioned in Section 4.1 carry over to doubly-infinite matrices. The
solution of the linear differential equation

dXD _avo, x0 e B@)

is given by [36, Theorem 2.1.10]
x(t) = exp(itA)x(0).

Similar to (4.1.8), using this connection between the linear differential equation and the
exponential function, it can be shown [36, Theorem 3.2.1] that

t
explit(A+AA)]v—exp(itA)v = if expli(t—s)A]JAAexplis(A+AA)]vds, Vve lZ(Z), (6.1.2)
0

when both A and A A are self-adjoint, and in addition, AA is bounded. A simple consequence
of (6.1.2) is that

|explit(A+AA)v—exp(irAv|, < [AAl2lvl2,

indicating that the exponential of a skew-Hermitian matrix is always well-conditioned in
terms of absolute error. Since ||exp(iA) ||2 =1, absolute accuracy is sufficient in our problem.
We will see in Sections 6.2 and 6.3 that the perturbation result (6.1.2) plays an important role
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when analyzing the error of the finite section method.

6.2 The finite section method for bounded matrices

To analyze the accuracy of the finite section method, we start by discussing a relatively
simple case—A is a bounded Hermitian matrix. Throughout this section, we assume that
the doubly-infinite matrix A is Hermitian and b-banded. In the following, we first recall the
exponential decay property of exp(iA) and then establish finite section methods based on this

property.

6.2.1 The exponential decay property

It is well-known that when B is a finite banded matrix, the entries of F(B) decay exponen-
tially from the diagonal where F is an analytic function defined on a domain Q > A(B). This
property has been observed for the inverse of a certain banded matrix in [40, 41]. Then the
decay property for general matrix functions has been developed [20], and even extends to
general sparse matrices [21] and infinite matrices [23, 98]. In the following we briefly recall
the results in [20, Section 2], on which our analyses are built on. We remark that the decay
properties easily carry over to functions of bounded doubly-infinite matrices.

Definition 6.2.1. We say that a matrix A = [a;;] has the (K, p)-exponential decay property, or
exponential decay property in short, if there exist K > 0 and p € (0,1) such that

laij| < k™", v, j. (6.2.1)

The constant p is called the decay rate. If for any p € (0, 1) there exists a positive number K such
that (6.2.1) holds for all i, j, we say that A decays super-exponentially.

Evidently, all finite matrices trivially have the exponential decay property by choosing
sufficiently large K. Hence this property is meaningful only when K can be chosen moderately
small and p is not too close to one. However, for a doubly-infinite matrix A, the exponential
decay property is nontrivial since it implies the boundedness of A in [?(Z). In fact, both || A ; :=
sup; Y jezlaijl and | Alloo := sup; ¥ jez |aij| are bounded by K(1 + p)(1 - p)~! and hence the
Schur test [131] implies

A2 < VIIAI I Alleo < K(1+p)(1—p) 7.

Another closely related concept is localization [153]. Loosely speaking, a matrix is localized
if it becomes sparse after dropping all small entries whose magnitudes are below a certain
threshold. In this sense, the exponential decay property naturally indicates localization.

Proofs of the exponential decay properties of certain matrix functions are usually built
on polynomial approximation (see, e.g., [20, 21, 41]), i.e., approximating F(B) by a matrix
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polynomial p(B) where p € C[x] is a polynomial of degree at most k. The propositions below
will be used in our analyses.

Lemma 6.2.2 (Bernstein [20, 104]). Let &, (x > 1) be the Bernstein ellipse in the complex plane
defined by

R(z)? 3(2)? 1
et 12 4
+x)" -2
Then for any function F being analytic in the domain enclosed by &y and continuous on &y, we
have

. M(y)
f |IF- = —, keN
pela[x] IF = plloo -1 ( )
where
M(y) = max|F(2)].
zZe&,
Proof. See [104, Theorem 7 in Chapter 5]. O

Theorem 6.2.3 (Benzi-Golub [20]). Let B be a b-banded Hermitian matrix whose spectrum is
contained in the interval [-1,1]. Then for any function F being analytic® inside the Bernstein
ellipse &, and continuous on &y, there exist constants K > 0 and p € (0,1) such that

[[F(B);j| = Kp'l.

More precisely, these constants can be chosen as

2
szax{ XM(X))
x—1

(SIS

IIF(B)Ilz} and p=yx"°t.
Proof. See [20, Theorem 2.2]. O

Although Theorem 6.2.3 is derived only for finite matrices in [20], the same proof is valid
for analytic functions of a doubly-infinite Hermitian b-banded matrix B as long as A(B) c
[—1,1] holds. Now we consider a doubly-infinite b-banded Hermitian matrix A with spectrum
A(A) c [Ag—8, A +6].2 In the following we show that exp(iA) has the super-exponential decay

property.

1. In [20], F is additionally required to be real analytic. But this extra assumption turns out to be unnecessary,
see, e.g., [104, page 76].
2. Without loss of generality, we always assume that 6 > 0.
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Corollary 6.2.4. Suppose A is a doubly-infinite b-banded Hermitian matrix with A(A) c
[Ao—6,A9+0]. Forany x > 1, let

- xp| 22 1)

K=—7 and p=yb. 6.2.2)
Then
|[exp(iA)]l.j| <Ko, vijez 6.2.3)
Moreover, exp(iA) has the super-exponential decay property.
Proof. For y > 1, we set
M(y) = max|exp(i6z)| = max |exp[i6(x +iy)]| = max |exp[-6y]|
ZEéa)C x+iyeéy x+iye€y
x,yeR x,yER
S(x*-1)
= max |exp(—6y)|:exp[x—].
e[~ ] &

Applying Theorem 6.2.3 to F(z) = exp(i6 z) with B = (A—A¢1)/6, which has spectrum contained
in [-1,1], yields

|(explitca-20D)]) ;| = [FB| < K, (6.2.4)

where p = X_% and

2 _

= 1.
y-—1 x—1 x—1 2x ]>

The bound (6.2.3) now follows from (6.2.4) using the fact that
lexp(iA)| = |exp(io) |- |exp[i(A—AoD]| = |exp[i(A— Ao D]|.

For any p € (0,1) we choose y = p_% and K =2yexp[6(x*-1)/(2y)]/(x— 1) according to (6.2.2)
so that (6.2.3) holds for all i, j € Z. Therefore, by definition exp(iA) has the super-exponential
decay property. O

Since F(z) = exp(i6 z) is an entire function, in Corollary 6.2.4 we can choose any y from
the interval (1, +o0) to bound |[exp(i4)];;|. Sometimes an upper bound of |[exp(iA)];;| for a
given entry (i, j) is of interest. Thus it is desirable to find a y that minimizes Kp!’~/!. Such a
choice is made by taking 6 = 1 and d = |i — j| in the following theorem.

Theorem 6.2.5. Let b, d, §, and 8 be positive numbers. Then the function

2 )Hexp[m]x b (x>0

g = (F o

95



Chapter 6. Finite Section Method

has a unique minimum at y = ., Where x . is the unique root of the cubic equation

21+ 35+ 1+ 2220

-1=0
bé

in the interval (1, +00). Moreover, we have

. X 4
lim &= 2
i d T b

Proof. We first notice that
xll»rﬂ gl = lim g(y) = +oo.

Therefore g(y) has at least one minimum in the interval (1,+o00) as g(y) is continuously
differentiable. Any minimizer y . satisfies the condition

_dg(y)
ohrr

0 S(y2+1) 2d
=g()(*)[ + @:+D _ .

0 —
p— X«Qe=1 2% Dby

Multiplying by 232 (x. — 1) /[g(x+)6] yields h(y.) = 0, where

h(x):xs—(l+%)xz+(l+$)x—l.

Since h(1) <0, k(y) has either one root or three roots in the interval (1, +o00) according to the
monotonicity of a real cubic function. If there are three roots in (1, +c0), the product of all
these roots is greater than one. This contradicts Vieta’s formulas which imply that the product
of the roots of h(y) is one. Therefore, h(y) has only one root in (1, 4+0c0). This root is also the
unique minimizer of g(y).

To obtain the asymptotic behavior of y ., we consider the function

-5 - e - -3

hip)=—7F=1-|=+—=)1"+ -—,
W= =07 5w AR
where ¥ = y/d. Since y . is the largest real root of h(y), ¥« = x«/d is also the largest real root
of fz(j{). When d = +o00, we have 7. = 4/(bd). Notice that ¥. is a continuous function of the
coefficients of il()Z) (see, e.g., [42, 163]). Therefore, we obtain
X = 4

lim &= lim j.=—.
d—lg—loo d d—lg—loox bo =

6.2.2 The finite section method

We have seen that exp(itA) has the (super-)exponential decay property when a doubly-
infinite matrix A is banded Hermitian and bounded. We now make use of this property to
establish the finite section method with guaranteed accuracy.
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6.2. The finite section method for bounded matrices

Suppose A is partitioned into the form

An A
A=Ay Axp Ax|,
A3y Asg

where Ay, corresponds to the computational window. The finite section method extracts
the desired window from exp(iAz»). The matrix exp(iAy») is the central diagonal block in
exp(iDiag {A11, A2, Agg}), and the latter can be viewed as the exact exponential of a perturbed
matrix. Hence the perturbation analysis (6.1.2) is helpful for studying the truncation error in
the finite section method. The following theorem is based on this perturbation analysis.

Theorem 6.2.6. Suppose that

An A
A=Ay Axp A
A3y Asg

is a doubly-infinite b-banded Hermitian matrix with A(A) c [Ay — 6, Ao + 6], where Ay, is
the (—w : w,—w : w) diagonal block of A. Let A= Diag{Ai1, A2z, A3} be a block diagonal
approximation of A. Then for any y > 1, we have

‘[exp(iA)—eXp(iA)]ij SK(plw—iHIw—j\—%+p|w+i|+|w+j|—§), Vi, j

where
_ bb+2) 2y 2 6(x*-1) 2

K= maX{||A12||2,||A23||2}(F) eXp[T] and p=yx . (6.2.5)

Proof. Let
An A
Ag= A A 01, B= Ay - A.
0 As3

Then A(Ap) < [Ag — 5, Ao + 0] because

A A

“ 2ol
Ay Ap

p(Ao—AoD) = 1A — AoIll» = max{

[ A3 —/10["2} < [A-2Aolllz = p(A=2AoD).
2

Similarly, it can be shown that A(A) < [Ao—8, 10 +0]. Using (6.1.2), we obtain
1
exp(idg)ej —exp(id)ej = if expli(1 - s) A]Bexp(isAp)e;ds, VjeZ.
0

For each s € [0, 1], we denote by U(s) = expl[i(1 — s) A] and V (s) = exp(isAp). Then for i, j € Z,
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Chapter 6. Finite Section Method

we conclude from the nonzero structure of B that

[CREZCIN
bl2 0 0 bl/2+k
= Z Z buy+k,weUiwek Ve, j+ Z Z buw+k,wieUiwik Ve, j
k=1¢=-b/2+k k=-b/2+1 ¢=1
bl2 0 0 bl2+k
snA23||z(z Y UnweiVaseg]+ Y Y |Ui,w+kvw+e,,-|).
k=1¢=-b/2+k k=-b/2+1 (=1

Using (6.2.2) and (6.2.3), we have

2y (1-8)8(*-1)

|Ui,w+k| = _leXp[ 2y ]p|w+k—i|’
2)( 56()(2 -1) lw+€—j|
|Vw+z,j|5X_leXP[ 21 ]P I,
and thus

. . . . . . b
’Ui,w+ka+€,j’ < K0p|w+k—l|+|w+€—]| SKO‘OIw—l|+|w—]|—\k|—|€| SKOplw_l|+|w_]|_2,

where
2y )2 S(x>-1)
Ko=(—) exp[—]_
x—1 2y
Hence, we obtain
b(b+2) o
“U(s)BV(s)]l.]. = | Ags |2 Kop!W=iHHIw=1I 5

Integrating over the interval [0, 1] eventually yields

b(b+2)

—i _j|l=b —i _i|l—b
< | Azgllz Kop! =112 < gpltemiiie=]imz,

’ [exp(iAo) —exp(iA)] i

Following the same analysis above, we obtain another estimate

p bb+2 . . . .
’[exp(iA)—eXp(iAo)]ij < ( 4+ )||A12“2K0p|w+t|+|w+]|—g SKp|w+l|+|w+]|—Lz7_
Then the theorem is proved from
lexp(iA) — exp(iA)| < |exp(iAo) — exp(iA)| + |exp(iA) — exp(iAo)|- O

Now we are ready to derive the finite section method for computing the diagonal block
[exp(iA)] [ Based on Theorem 6.2.6, we can choose w > m such that the perturba-
tions introduced at the +wth rows have only negligible impact on the desired window. For a
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6.2. The finite section method for bounded matrices

given entry (i, j) in the desired window, we set k = (i + j)/2. Then

b

w-il+lw=jl= |,

|w+t|+|w+]|—2)

‘ [exp(iA) —exp(iA)] i

=K(p
_ K(pz(w—k)—g +p2(w+k)—g)_

Since the function p* is convex, we have
pxz + pxs < pxl + px4

when x; < x < x3 < x4 and x7 + x4 = X2 + Xx3. Therefore, taking x; = 2(w —m), x, =2(w - k),
x3 =2(w+k), and x4 = 2(w + m) yields

It is then desirable to minimize the right-hand-side in the above inequality. Substituting
d=2(w-m)-b/2 and 6 = 2 into Theorem 6.2.5, we obtain that the parameter y. that
minimizes Kp2“~"™~3 is the unique root in the interval (1, +oco) of the cubic equation

xi—(l+%)xi+(l+$)h—l=0‘ (6.2.6)

Such a choice is already sufficient for practical purpose since

b
2

sz(w-m)-g + Kp2w+m)- SZsz(w—m)-g

b b
and usually p?(W+M=z « p?W=m=3

Finally, we remark that the knowledge of the width
of A(A) is required in order to compute the constant K in (6.2.5). In practice a moderate
overestimate of the width is sufficient since in Theorem 6.2.6 the closed interval [Ag —J, Ao + 0]

is only required to contain A(A). We demonstrate the finite section method in Algorithm 6.1.3

Evidently, the effectiveness of Algorithm 6.1 depends on the quality of the a priori estimate.
We remark that sometimes the estimate based on Theorem 6.2.6 can severely overestimate the
truncation error, mainly because the bound in Theorem 6.2.3 is pessimistic. An extreme case
occurs when A is diagonal and has a wide spectrum. Theorem 6.2.3 still provides a very large
constant K which grows exponentially with § while the actual decay is arbitrarily fast. We will
show another example in Section 6.3.1. Once the a priori estimate is too pessimistic, it might
not be a good idea to identify the size of the computational window based on such a bound. A
remedy for this issue will be proposed in the next section.

3. In Step 4 of Algorithm 6.1, we label the indices of E with —m : m instead of 1: (2m + 1). We use this labeling
convention for submatrices extracted from a doubly-infinite matrix, when there is no ambiguity.
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Chapter 6. Finite Section Method

Algorithm 6.1 (A priori) Finite section method for exp(iA4)

Input: Ais b-banded Hermitian and bounded, meN, 7 > 0.
1: Estimate the extreme points of A(A) and set

sup A(A) —infA(A)
) .

0

2: Find the smallest integer w such that
K(p?W=m=1y p2wim-1) <7 and w=m,

where K and p are chosen optimally from (6.2.5) and (6.2.6) with d = 2(w — m) — b/2.
3: Compute E — exp[iAw:w,-w:w)]-
4: Output E— ., —m:m)-

6.3 The finite section method for unbounded matrices

In this section, we discuss how to derive the finite section method for unbounded self-
adjoint matrices. The decay property of two classes of Wilkinson-type matrices are analyzed.
This analysis is used to derive the finite section method for these matrices. Then we investigate
some extensions to a certain class of diagonally dominant banded matrices.

6.3.1 Case study for Wilkinson-type W™ matrices

Our first example is the class of Wilkinson-type W™ matrices

W™ (a) = Tridiag? --- n 1 0 -1 -n

Such matrices have applications in quantum mechanics. Instead of handling the doubly-
infinite matrix W™ (a), we start with its central (2n + 1) x (2n + 1) diagonal block

a e a o« .. a

W, (a) = Tridiag<{ n 1 0 -1 -n
a* ces a* a* cee a*
When a # 0, W, (a) is an irreducible tridiagonal matrix. Consequently all eigenvalues of W, (a)
are distinct; the corresponding eigenvectors are unique (up to scaling) [163]. The conclusion
also holds when a = 0 since W,; (0) is diagonal and has distinct eigenvalues. We will show
that the eigenvectors are highly localized once |a| « n. The following lemma is a simplified
version of [114, Lemma 4.1] tailored to W,; (a). The estimate provided here is slightly better
than directly applying the conclusion of [114, Lemma 4.1], since the special structure of W,; («)
is taken into account.
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6.3. The finite section method for unbounded matrices

Lemma6.3.1. LetA_, = A_p41 2 -2 Ay_1 2 Ay, be eigenvalues of W, (a), with normalized
eigenvectors X—p, X—n+1, ---, Xn-1, Xn (i.e, | xjll2 = 1). Then the entiries of these eigenvectors
satisfy

li-jl-do la

()= _ 6.3.1
|l ()] < ]!:[0 Erd—3ia] (6.3.1)

for any integer dy = 4|a|.

Proof. The conclusion obviously holds when a = 0 since W,; (0) is diagonal. Thus we only
consider the case a # 0. We split W, (a) into W,; (a) = W,; (0) + Ny (), where N, (a) has zeros
on its diagonal. Then by Weyl's theorem, we know that A € (—j —2|a|,—j +2|al) for all j. We
rewrite (W,, (@) — A;I)x; = 0 as a set of equations:

(n—Ajxj(-n)+axj(-n+1) =0,

(n=1-A)xj(-n+D+a*xj(-n)+ax;j(-n+2)=0,
(—k—A)xj(k) +a*xj(k—1)+ax;(k+1) =0, 6.3.2)

(—n+1-A)xj(n-D+a’xj(n—-2)+ax;(n) =0,

(—n-A)xj(m)+a*x;j(n-1)=0.

Since the eigenvectors are normalized, the conclusion trivially holds when |i— j| < d. Hereafter
we assume that |i — j| = d.

We first consider the case i < j — djp. In the following we show by induction that for any
integer k satisfying —n < k < j — dp we have

||

Ix]( )| “k+j-3lal

lxj(k+1)I. (6.3.3)

The first equation in (6.3.2) yields
la| || ||

xj(-n+1)|s —————|xi(-n+1)| = —]————
n—Aj|“ ) n+j—maﬂf( ) n+j-3lal

lxj(=m)| = lxj(=n+1)]

because n+ j—3|a| = dy —3la| = |a| > 0. Then for —n < k < j — dy, we consider the equation
(—k=Apxjk)=-a"xj(k-1)—ax;(k+1).
The induction hypothesis implies that |x;(k —1)| < |x;(k)|. Thus we obtain

laxj(k+ DIz |(=k-A)xj(k) —laxjlk—1)=(-k—A;—|al)lx;k)].

4. To avoid using double subscripts in the notation, here we use x; (i) to represent the ith entry of x;.
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Chapter 6. Finite Section Method

The corresponding coefficient —k — A ; — |a| is positive because
—k-Aj—lalz-k+j-3lal=dy-3|al = |a| >0.

Hence we obtain

||

. k <
X001 =

|x(k+1)].

This finishes the proof of (6.3.3). Applying (6.3.3) repeatedly, we obtain

) |l )
(D)) < i(i+1
| (D)1 =it j-3lal |2 (i + 1)
| || )
= — T . 1 (7 +2)]
—i+j-=3lal -(+1)+j-3lal
S...

j=do

. lal
<|xj(j—do+1)| /!_[ m.
=i

Taking into account that |x;(j — do + 1)| < 1, we eventually arrive at

I g Imd g la|
Ixi)l< [ ——5== — = _—,
! ,g—k+]—3|a| ,}:[0 k+do—3lal ,EO k+do—3lal

li-jl-do

where the first equality follows from a relabelling of the indices (k — j —dy — k).

The case i = j + dy can be proved in the same way by starting from the last equation
in (6.3.2). In the following we provide an alternative prove by reducing the case i = j+ dj to the
case i < j—dy which has already been proved. Let X, = [x_j,...,X,] and A = Diag{A_,,...,A,}.
By introducing

we derive from W, (a) X, = Xj; A that
[—HWH_(a)H] (HXnH) = (HXnH)(—HAH),

or simply [-ITW,; ()T1] Y, = Y, A, where Y;, = I1X,,I1, A = TI(— A)IIL That is, we transform the
spectral decomposition of W,; (@) to the spectral decomposition of W,; (—a ™) since —-ITW,, (@)II =
W, (—a*). Notice that the diagonal entries of A are in decreasing order. Then from the part of
the conclusion that we have already proved, we conclude that

li—jl—do

' |a|
1% ()] = 1(Xn)ij] = 1(Yn)—i—jl < I}‘[O K do3al’

102



6.3. The finite section method for unbounded matrices

when —i < —j — d, or equivalently, i = j + dj. O

Lemma 6.3.1 demonstrates that the entries x; (i) decay super-exponentially with respect to
|i — jl. A more general conclusion for block tridiagonal matrices has been developed in [114],
which aims at deriving eigenvalue perturbation bounds, see also [54] and [153]. By choosing
do = [5lal], we obtain a simpler (but much looser) exponential decay bound

|x; ()] < min{1,2%~ 1=/, (6.3.4)

A notable observation is that neither (6.3.1) nor (6.3.4) depends on the size of W, (@), apart
from the fact that these bounds are not useful when n < 2|a|. Now from the spectral decompo-
sition

n
W, (@)= ) Apxgxjp,
k=-n

we immediately obtain that

n
exp[ifW, (@] = ) exp(ipAi) xix;,
k=-n
and hence |exp[ifW,, (@)]| = X,/ X,|" where X;, = [x_p,..., X,] and f € R. Because the prod-
uct of two (doubly-infinite) matrices with exponentially decaying off-diagonals also has the
exponential decay property (see, e.g., [98]), we conclude that exp[ifW,, (a)] has the exponen-
tial decay property. Lemmas 6.3.2 and 6.3.3 below give quantitative estimates of the decay. We
remark that although the exponential decay in eigenvectors implies the exponential decay in
the matrix exponential, the opposite is not true. For example, the exponential of the tridiagonal
matrix

-1 -1
i-Tridiag< 2 2
-1 -1

has the exponential decay property according to Theorem 6.2.3, while the eigenvectors are
not localized.

Lemma 6.3.2. Suppose two doubly-infinite matrices X and Y both have the exponential decay
property, i.e.,

IxijISKXPI;(_jl, |J/ij|5Kyp|;_]|, Vi, j.
Then their product XY satisfies

li—jl
0

|(XY),~]-|SKXKy(l_pZHi—jl—l)p : (6.3.5)
0
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where pg = max{px,py}.

Proof. The entries in the product XY can be bounded by

el i
|(XY)ij| =) |xikJ’kj|5KXKYZP|0l eI,
kezZ kez

Without loss of generality, we consider the case i < j. Notice that

. . li—jl, ifi<k<j,
i—kl+lk-jl=¢{ o . ne=g |
li — jl+2min{li —kl,|j - kl}, ifk<iork>j.

Therefore, we obtain

. . i-1 o Joo. . too L
li-kl+lk=jI _ li—jl+2]i—kl li—jl li—jl+2]j-kl
Po = 2 Py +Z_po + 2 Py

kez k=—o00 k=i k=j+1
ok li~jl
=(2Zp0 +|i—j|+1)p0 /
k=1
205 .. li-jl
:(1_ 2+|z—]|+1)p0’ /
0
_(_2 L li-ji
_(l_pg+|l—]|—1)p0 . O

Lemma 6.3.3. Suppose two doubly-infinite matrices X and Y both have the exponential decay
property of the form
lxijl < min{l, p'i_jl_do} v lyijl= min{l,p'i_jl_do} .
Then the product XY can be bounded by
2 .
(1= j1=2do— 1+ =)o =1=2, it |i - jI = 2db,
|(XY)ij| < P (6.3.6)

2
2d0—|i—j|—1+ﬁ, if |i — jI < 2dp.

Proof. Without loss of generality, we only need to prove the conclusion for i < j. Then for
i > j, the conclusion is obtained using the fact that (XY);; = (YTXT) ;.
When i < j —2dy, we have
i+d0 j—d()—l +00

(XYl = Y lyiil+ X Ixieyejl+ D Ixikl
k=-00 k:i+d0+1 k:j—d()

2 -
= (Ii—jl —2dp - 1+E)plz—ﬂ—zdﬂ.
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6.3. The finite section method for unbounded matrices

When j-2dy < i< j,weuse

j—d()—l i+d0 +00
(XY)ij| = X lykjl+ X Ixieyijl+ X Ixikl
k=—00 k:j—d() k:i+d0+1
2
<2do—|i—jl+ 1+
l1-p

2
<2dy—li—jl-1+——
1-p

to obtain the conclusion. O

The estimates (6.3.5) and (6.3.6) can certainly be applied to finite matrices and yield decay
bounds for exp[iW,; (a)]. To obtain an easily computable decay bound, we set

||

do = [6|a|], P=m,

and conclude from Lemma 6.3.3 that

‘(eXP[iﬁWn_(“)])ij

2 .
i — |- - _Z ) pli-jl-2do
S(|l jl—2dy 1+1_p)p
< (li = jl —2dy +2)p*~J!~2
when |i — j| = 2d), based on the fact that p < 1/3. Then we consider the function
e\x
f(x)=(x+2)(§) . (xeR.

The maximum of f(x) is obtained by solving the equation f’(x) = 0 and yields

3-2In3 9

= = 5.
max /(0 = f(T57) Sn3-1)
Then applying the inequality

.. 1\li-jl-2d,
(Iz—]|—2d0+2)(§) ’

<5exp(—li - jl+2dy), (6.3.7)
the decay bound (6.3.6) on exp[ifW;, (a)] simplifies to

|(explipW,; (@)1);;| = 5exp(2[6lal] - li - jI) < Sexp(12[lal] - Ii -

for |i — j| = 2dy. Notice that exp(12[|a|] — |i — jI) > 1 when |i — j| < 2dj < 12[|a|]. Taking into
account that ||exp[ifW,; (@)]|, = 1, we combine the two cases into

|(explipW,; (@)1);;| < min{1,5exp(12[1al] - 1i - j1)} (6.3.8)
An important observation is that both (6.3.6) and (6.3.8) provide estimates independent of 7.
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Finally, we remark that Theorem 6.2.3 can also be applied to W,; (@) for any given n. However,
since 0 = ©(n), the estimate deteriorates as n increases, see Figure 6.2.

Benzi-Golub bound on exp(iW;).

10 \

~100 S

10 °F S.
(0] S
© ~
2 3
£
()] S
£
1072°° — Estimate (6.3.6) e
- - - Estimate (6.3.8) e
—Benzi-Golub bound (n=100) S..

— Benzi-Golub bound (n=200)
_300/| ——Benzi-Golub bound (n=300)

0 100 200 ?0(? 400 500 600
-]

10

Figure 6.2 — The Benzi-Golub bound (6.2.3) with optimally chosen y deteriorates as n increases. Our
estimates (6.3.6) and (6.3.8) are also provided for reference.

6.3.2 Case study for Wilkinson-type W* matrices

Let us consider another Wilkinson-type matrix

e a a a
W*(a) =Tridiag<--- n -~ 1 0 1 - n
a* a* a” a*
and its finite diagonal block
a e a a e a
W, (a) = Tridiagsn -~ 1 0 1 - n
a* “ee a* a* oo a*

Such a matrix has also been considered in [114, 153]. The spectral decomposition of W,/ (a)
can be constructed from the spectral decomposition of two smaller matrices

|| lal ol
Up(a) = Tridiag{ n 1 0
|| la|l  2|al
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and

lal -+ al
Vala) = Tridiag n ces v 1

|| la|

see [163] for details. Unlike the matrix W, (@), the eigenvectors of W, (a) do not have the
exponential decay property (6.2.1) when a # 0, no matter how we order the eigenvectors.
However, it is still possible to exploit some localization, see the following lemma.

Lemma 6.3.4. Let the eigenvalues of W, (a) be in the order A_y,, ..., A, where
A=Az 92A 1221211 = A.

The corresponding normalized eigenvectors are X_p, X_p+1, ---, Xn—1, Xn. Then the entries of
these eigenvectors satisfy

[1i1=1j1|-do lal ) )
lxj ()] = kl:[() m, (il =1jD, 650
li=lill=do |4 -
lxj@l<2  [] il <15,

k=0 k+d0—3|(x|’

for any integer dy = 4|a.

Proof. In the following we assume that a # 0 since a = 0 is a trivial case. By Weyl’s theorem,
we conclude that |1 —|jl| < | W, (@) - W;i (0|, < 2lal, i.e, Aj € (Ij| - 2lal,|jl +2|al). The
corresponding eigenvector satisfies the following set of equations.

(n—=2Ap)xj(-n)+axj(-n+1)=0
(n=1-Apxj(-n+D+a’xj(-n)+axj(-n+2)=0
(Ikl=A)xj(k)+a*xj(k—1)+axj(k+1)=0 (6.3.10)
(n-1-A)xj(n-D+a*xj(n-2)+ax;j(n)=0
(n=Ap)xjn)+a*xj(n-1)=0

In the following, we discuss three cases—i = |j|, i = —|jl|, and |i| < []].

We first analyze the case i = | j|, or more precisely, the nontrivial case i = | j| + d. Just like
the proof of Lemma 6.3.1, we show by induction that

—|xj(k—-1) (6.3.11)
“lii=3al™ |
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holds for any integer k satisfying | j| + dy < k < n. The last equation in (6.3.10) implies that

J n-A; 7 - Y ~ n—1jl-3lal

- |x;j(n—1)]
] n—|jl-2lal !

since n—|j|—3|a| = dy —3lal = |a| > 0. For | j| + dy < k < n, we consider
(k=A)xj(k)+a*xj(k—1) +axj(k+1)=0.

A consequence of the induction hypothesis is that |x;(k + 1)| < |x;(k)|. Then we obtain
laxj(k—1)|=[(k-Aj)x;(K)]—lax;(k+1)| = (k—Aj—laDlx;(k)|

and hence

lal lal
lxj (k)| < ————Ixj(k—- 1D < ———F—
! k-Aj—lal ™’ k—1jl-3lal

lxj(k—1)I.
The completes the proof of (6.3.11). Then applying (6.3.11) repeatedly and taking into account
that |x;(|j| + do — 1)| < 1 yields

i—|jl-do [1i1-171|—do

d lal lal lal
lxj ()] < — = ——= _—
! k:|1j_|[+d0k_|]|_3|a| ,EO k+do—3lal k=0 Kk+do—3lal

Then the case i < —|j| (more precisely, i < —|j| — dp) is similar. We first prove by induction
that

||

1x; (k)] € ————
J —k—1jl-3lal

lxj(k+1)] (6.3.12)
holds for any integer k satisfying —n < k < —|j| — dyp. We conclude from the first equation
in (6.3.10) that

|| || |l

|xj(-n+1)| = - lxj(-n+1)| £ ——F—
n-A; ! n—\jl-2lal ™’ n—1jl-3lal

lxj(=n)| = lxj(=n+1)I.

Then for —n < k < —|j| — dy, we consider
(k=Apxjk)+a*xj(k—1) +ax;(k+1) =0.

Using |x;(k —1)| < |x(k)|, a weaker form of the induction hypothesis, we obtain
laxj(k+ DIz |(-k-Aj)x;j(k) —laxjlk—1)|=(-k—A;—|al|x; k)]

and hence

|| la|

(k) ——xik+1)| < ———|x;(k+ 1)
|2 ( )|<—k—/lj—|0£||x]( + )|<k—|j|—3|a||x]( + 1|

108



6.3. The finite section method for unbounded matrices

The inequality (6.3.12) is then proved. Applying (6.3.12) repeatedly, we obtain

lx; ()] < _Iﬁdo R — _i_ﬁ_do —a___ 0 0
T —k=ljl-3lal oy k+do—3lal e k+do-3lal’

Finally, we consider the case |i| < ||, or more precisely, the nontrivial case |i| < |j| — dp.
Suppose that

io =argmin; |x;(i)], s.t.—|jl+do=<1i=<]jl-dp.

In the following we show by induction that

la|

xi(k)|=s ————|xi(k+1)|, (ip<k<]|jl—dp), (6.3.13)
IN= T T e =3l ™ 0 Jimdo
la| . .
i (k)| <= —————xi(k=1)|, (—|jl+dy=<k<ip). (6.3.14)
N T T JiTdo 0

From the equation
(lio+1l—=Aj)xj(io+ 1)+ a”x;(ip) + axj(ip+2) =0
we obtain
lax; (o +2)| = |(lig+ 11 = A))xj(ig + )| — lax;j(io)| = (|lio + 11 = A | = lal) | x; (o + 1)

and then

] 1% (o +2)| < ]
il = ., -
/ 1jl—lio+ 1| - 3lal

%jtio+ DI = e Ix; o +2)I.

+1]-2j| -lal
For ip +1 < k<|j|—dy, we use |x;(k—1)| = |x;(k)|, which is a consequence of the induction
hypothesis, to obtain

lax;(k+1) = [kl = A)x;k)| - laxj(k=D] = (|IkI = A;| - lal) |x; (k)]

and thus

la| ||

(k)] < ik+1)| < —|xi(k+ 1)
xj(01= L ey ]

—Aj|-lal

This completes the proof of the inequality (6.3.13). The proof of (6.3.14) starts from analyzing
the equation

(lip—=11=Aj)xj(io— 1)+ a” x;(ip—2) + ax;(ip) =0
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and follows the same procedure. Then repeatedly applying (6.3.13) and (6.3.14) yields

lil=dy g lil=de g li-till=do g

lx; (@) < _ = - = - N et B
J ,!:IiIJI—IkI—SIaI iy k+do-3lal ieo  k+do-3lal

when iy < i <|j|—-dp, and

i | ~ [j1=1il-do | ~ [1j1-1i|-do

xil=s [J] ————= —= L,
k:_‘j|+d0|]|—lk|—3|a| k=0 k+d0—3|(1| k=0 k+d0—3|(l|

when —|j| + dy < i < iy, respectively. Therefore, we have proved that (6.3.9) holds for all i
satisfying —|j| < i <|j| except for i = iy. It remains to show the case i = iy. If i # 0, we have

[jl=I=iol—do la| [liol=1j1|—do

. . lal
. < (= < —_—— _—
|xj (o)l < 1xj(~ig)l < ]}'[0 K do_3a I =

If ip = 0, we conclude from
-Ajxj(0)+a*x;j(-D)+ax;(1)=0

that

lal
1% (0)] = — (1x; (D] + [x; (=1)])
Al
__ |al lal
<—22 -
ljl -2l =0 k+do-3lal

|j1—do

[j1=1—do

||

<2 TR ——

The proof of Lemma 6.3.4 is completed. O

Let X, = [x_p,...,X,]. Then Lemma 6.3.4 implies that the decay rate in X, is independent
of n. We can simplify the decay bound to an exponential decay bound of the form

()] < K -max{pli I, pli i1} < K(pli=i1 4 pli+il),
e.g., K =2%*1 and p = 1/2 when choosing dy = [5lal]. See Figure 6.3 for an illustration of the
decay property of X,,. We now show that the same type of decay bound for exp[ifW,’ (@)] can

also be derived. Notice that X;, can be split as X;, = Y + [1Z, where both Y and Z have the
exponential decay property max{|y;jl,|z;;|} < K- p'"~/! and
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6.3. The finite section method for unbounded matrices

Then
lexp[iBW;F (@)]] = 1XallXnlT < (1YY + 1121121 TT) + (T 21 YT + Y11 ZIT0),

where |Y|Y|T,1Z211Z21T,1Z11Y|T,and | Y| Z|T all have the exponential decay property. By choos-
ing

||

do = [6|C¥|], sz,

and applying Lemma 6.3.3 to X — Y/2 and Y — Y'/2, we obtain
[(Y1IY1T),; | <40 - jl—2dy +2)p /172

when |i — j| = 2dy. Applying (6.3.7) yields,
|0Y11Y17);5] < 20exp(~li — jl +2dy),

for |i — j| = 2dy. The entries of | Z|| Z|T, | Z||Y|", and | Y||Z|" are bounded in the same manner,
ie.,

|(1211217)j] = 20exp(—|i — j| +2do),
|(1Z11Y17);| = 20exp(—i — jl +2dy),
|0Y11Z17);;] = 20exp(-li — j| +2do).

Comining these bounds and taking into account the fact that ||exp[ifW,} (@)]|, = 1, we obtain
|(expliBW;; (@)1),;| < min{1,40 [exp(12[lal] - 1i - j1) + exp(12[1al] - 1i + 1)}, 6:3.15)

i.e., the entries of exp[ifW,! (a)] decay away from its diagonal as well as away from its anti-
diagonal. We call this kind of decay property bimodal exponential decay. In contrast, we call
the decay property (6.2.1) unimodal exponential decay. We will see in Section 6.3.3 that finite
section methods based on bimodal decay can also be established, which naturally covers the
unimodal diagonal decay property (6.2.1).

IX [inW- IX [inW*
n n n n
-500 0

-400
-300
-200

-100

0 0

100 100

-100

200 200 -0

300 300

400 400

%00 0 s00 10 %00 0 s00 100

Figure 6.3 - Localized eigenvectors of W, (@) and W, (a) (for n =500, a = 1).
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Chapter 6. Finite Section Method

6.3.3 The finite section method

In Sections 6.3.1 and 6.3.2, we derived decay properties of two classes of finite Wilkinson-
type matrices. Now we show that this kind of decay property is sufficient to guarantee the
accuracy of the finite section method. Since the decay bounds are only available for finite
matrices, we require a slightly different approach compared to the one of Section 6.2.2.

Consider two dynamical systems

d Enn Ep Es An A Enn Ep Eis
4 Ex1 Exp Epz| =i|Az1 Az Axz| |Ex1 Exp En3
E31 Eszp Esz A3y Asz| |Ez1 Ezx Ess
and
d E;; 0 0 Ain 0 O0][En O o
I 0 E»n O0|=il0 A»n 0 0 E»n 0
0 0 FEs 0 0 Ayl 0 0 Es

where E»» and E»» are the central (—w: w, —w : w) diagonal blocks. Now we assume that the
tridiagonal Hermitian matrix A has the bimodal exponential decay property in the truncated
exponentials:

[[E22(9)]i | < K(p"=/1+ pl™1h),

where the constants K and p are independent of w and s € [0, 1]. We have already seen from
the previous two subsections that this assumption holds for A = ,BWJ—r (). From (6.1.2), we
obtain

[Eaz — 2] (1)
0 Ap 0] /[En® 0 0 0

1
:if [0 I O]exp[i(l—s)A] Ay 0 A 0 Exn(s) 0 I|ds
0 0 Az 0 0 0 Es9)] |0
1
= ifo [E21(1—$)A12 + Ea3(1 — 5) A3z | Ea(s) ds. (6.3.16)

Notice that E»; (1 — s) A2 has nonzero entries only in its first column and there exists an upper
bound || E2; (1 - $)Aj2ll2 < | A12ll2. Using the bimodal exponential decay property of E»(s), we
obtain that

1E21(1 = 9) A12 B2 (9], p ||, < A2l - K (07 4 05791, j=-w,..., w,

i.e., only the first and last several columns of this matrix can have nonnegligible entries. A
similar inequality holds for E»3(1 — $) Aso Eoo(s). Therefore the (—m : m)-th columns in E», (1)
and E; (1) agree with each other with accuracy at least (|| A2 l2 + | A2 [l2) - K(p w—m pw+m).
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6.3. The finite section method for unbounded matrices

Algorithm 6.2 (A posteriori) Finite section method for exp(iA)

Input: Ais tridiagonal and Hermitian, meN, 7 > 0.
Additionally, exp [iA(_n; n,_n;m] is known to have the bimodal exponential decay property
for all n.

1: Letk <0, w® —2m.

2: Compute E «— exp[iA_ ,m.,0 _ k.0 |-

3: Let T — |A(—w(k)—1,—w(’€))| ’ ”E(—w(k),—m:m) ”1 + |A(w“‘)+l,w(’“))| ) ”E(w(k),—m:m) ”1
4: if T <7 then

5:  Output E—pm,—m:m)-

6: else

7. Let w1V —2u® k— k+1.

8:  goto Step 2.

9: end if

Certainly the (2m + 1) x (2m + 1) desired window is contained in this region. Therefore, by
choosinga 2w +1) x (2w + 1) computational window satisfying

(Il Ar2ll2 + | Aszll2) - K (%~ + p™*") < 7, (6.3.17)

we ensure that [E(1)] ( ) approximates the desired block in E; (1) with accuracy 7.

—-m:m,—m:m
Therefore, we can use (6.3.17) to find a suitable w a priori and obtain a finite section method

similar to Algorithm 6.1.

Sometimes a priori estimates on the decay can be too pessimistic (e.g., if we apply the
Benzi-Golub bound to exp[iW,; (a)]). In some case we might even not have any concrete
estimate for a moderate computational window despite the fact that we have the knowledge of
asymptotic decay. Then algorithms such as Algorithm 6.1 become inappropriate. As a remedy
for this issue, we propose a repeated doubling approach based on the a posteriori error
estimate using (6.3.16), as shown in Algorithm 6.2. In this algorithm no a priori knowledge
about the detailed decay rate is required. The computational window at most doubles the
smallest one that fulfills the accuracy requirement. Similar techniques on stopping criteria
can be found in [51, 94].

Finally, we return to the problem left in the previous subsections—the decay property of
doubly-infinite matrices exp[ifW=(a)]. Theorem 6.3.5 states such a decay property. Interest-
ingly, this property is derived as a consequence of the finite section method.

Theorem 6.3.5. For any real number (3, the doubly-infinite matrices exp[iBW* ()] have the
bimodal exponential decay property. Moreover, we have estimates

|(exp[i,BW+(a)])ij| Smin{1,40 [exp(12]lal] - i — jI) +exp(12[lal] - i +j|)]},
|(explipw (@), | < min{1,5exp(12[lal] - 1i - j1)},

foralli, jez.
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Proof. Let us consider exp[iBW* ()] first. We have already shown the decay property

|(explipw; (@),

< rnin{l,K(p'i_j| +p|i+j‘)}

for any positive integer w, where K = 40exp(12[|a|]) and p = ™1, see (6.3.15). To estimate
the magnitude of the (i, j)-entry of exp[iBW™ ()], we set T = eK(p'"~/! + pli*/) and m =
max{li L1j I}, where € can be any positive number. Using the finite section method above, we
can find a suitable (2w + 1) x (2w + 1) window such that

|(explipw* @),

sr+|(exp[iﬁWut(a)])ij
51+K(p'i_j' +p|i+j|)
= (]_ +€)K(p|i_j| +p|l+]|)

Since K and p are independent of w, letting € — 0+, we conclude that

|(explipw* (@) | = K (ol + pl*1),

Taking into account the fact that |exp[ifW* (a)]]|, = 1, we obtain

’(eXp[i,BWWa)])ij‘ < min{l,K(p”—il +p|i+j\)}'

The proof for exp[iBW ™ ()] follows exactly the same procedure. We have shown that

' (explipW,, (“)])ij

< min{l,K’p”‘j'}

for any positive integer w, where K = 5exp(12[|a|]) and p = e™!. Setting m = max{lil, ]I},
7 =eKp'"~J!, and applying the finite section method above, we find a suitable (2w+1) x 2w +1)
window such that

|(explipw™ (@), < +e)RpT,

<7+ |(explipWy (@),

Letting ¢ — 0+ and taking into account the fact that ||exp[ifW ™ ()] |, = 1, we obtain

’(exp[iﬁW_(a)])ij‘ Smin{l,l?p'i_f'}. O

6.3.4 Relation to aggressive early deflation

We have seen in Chapters 2 and 3 that aggressive early deflation is an advanced deflation
strategy which helps accelerate the convergence of the QR algorithm. In this subsection, we
use the idea of AED to obtain another derivation of the finite section method. The technique
below combines the idea of middle deflation [29] and the explanation of AED in terms of
localization [114].
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6.3. The finite section method for unbounded matrices

We still consider the partitioning

A A
A=Ay Axp Ax|,
A3y Asg

where Ay, is the (—w : w,—w : w) block of A. We further assume that A,, has localized eigen-
vectors in the sense that Ay, has a spectral decomposition Azp = XA X* where Ay is diagonal
and the unitary matrix X has bimodal exponential decay property

|xij| < K(p”—ﬂ +p|l'+j|),

with K and p independent of the size of Ay,. For example, we have shown that Wilkinson-type
matrices W*(a) have such a property.

Consider a block diagonal unitary transformation

Q =Diag{l, X, I}.

An
A() = A22 = I ‘ ’
Ass
A1 [ \]
By=Q"A)Q= A2z = ,
Ass \

A1 Si2 N\
B=Q"AQ=[S21 Axn Sxa|= k ,
S32 Ass N\

where each S;; block contains one spike. By our assumption, the entries of X decay expo-

Let

and

nentially and hence the middle part of these spikes have negligible entries. Suppose w is
sufficiently large so that more than half of the entries in these spikes are negligible. Then
truncating tiny tails of these spikes yields another matrix

An Sz 0
B1=181 A Sx|=
0 Sz Asz

We denote A; = QB;Q*. Let d; be the maximum length of the remaining spikes and m; =
w — d;. We further notice that the difference between the central (2w + 1) x 2w + 1) diagonal
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blocks in exp(iBp) and exp(iB;) has the following structure:

d] 2mp+1 dl

dy * 0 *
[exp(iBo) = expB)] _ .y 1y = 2m+1 [0 0 0
d * 0 *
Let
AE = [exp(iAg) — expAD] _ . — i) = X [€XPAB0) = exXpAB1)] _ 00— X -

Then the columns of AE is a linear combination of {Xe_y,..., Xe_, -1, Xem +1,-.., Xew}
Because of the decay property of X, there exist a positive integer m < m; such that the
(—m: m)-th rows of AE are negligible, provided that m; is not too small. The same observation
is made on the columns of AE. According to (6.1.2), we have

|exp(A) - exp(A))||, = |exp(iB) — exp(iB1)||, < IASz1llo + 1ASa3ll5,

where AS;;:=S;j - S; j is the perturbation introduced by AED. Therefore, for —-m < i, j <m,
we have

|lexp(iA) — exp(iAo)lij| < | [exp(A) —exp(AD]|, + IAEI
< 1AS21ll2 + 1AS23l2 + 1AE]l2,

which is also negligible.

In practice, the desired window size 2m + 1 is provided by the user, and the finite section
method needs to search for a computational window size 2w + 1 using the analysis above
to ensure the accuracy of the solution in the desired window. Although we do not provide
a quantitative estimate for d, in practice such an inconvenience does not emerge when
Algorithm 6.2 is applied. Because the decay rate in X is independent of w, the distance
d = w— mdepends on K, p, and d;, but not on m or w.

6.3.5 More general unbounded matrices

We have seen that the eigenvector decay bounds, as established in Lemmas 6.3.1, 6.3.2,
and 6.3.4 play important roles in the derivation of the exponential decay property as well as
finite section methods for Wilkinson-type matrices. In the following we extend our analyses to
a more general class of unbounded matrices and establish finite section methods. We only
consider the setting explained in Section 6.1. Additional requirements on the matrices will be
discussed below.

To extend the technique in Lemma 6.3.1, estimates on the eigenvalues in terms of diagonal
entries are required. For any matrix A, finite or infinite, we define the dominance factors at its
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kth row as
1 .
| | Z|6lkj|, 1fakk;£0,
pu = { (AR R
+00, if agx =0.

The Gershgorin circle theorem [152] on a finite Hermitian matrix A states that
AA) [ akk — el akl, air + picl axl].-
k

But even if A is diagonally dominant, in general we cannot further ensure that there exists an
ordering of the eigenvalues A of A satisfying

)
l-pe=s =X <1+, VYK, (6.3.18)
Ak

when the Gershgorin disks are not separated. For instance,

25 1 16
A=|1 24 8
16 8 26

is such a counterexample to (6.3.18). To resolve this issue and establish a valid rowwise estimate
similar to (6.3.18), we introduce the following concept.

Definition 6.3.6. Let A be a strictly diagonally dominant matrix with dominance factors {1}
Then A is called strong diagonally dominant if there exists a set of numbers {{1;} satisfying
pr < fx<1(Vk)and

(aii—ajj)[(aii - |piaii) - (ajj - fja;;)] =0,

N . Vi, j. (6.3.19)
(aii — ajj)[(aii +|fiaiil) — (ajj +@ja;;D] =0,

The numbers [1;'s are called strong dominance factors of A. The set

{z€C: |z - arrl < | frarkl}

is called an extended Gershgorin disk with respect to fiy.

The condition (6.3.19) has a geometrical interpretation—the leftmost/rightmost points of
these extended Gershgorin disks follow the same order as their centers. This condition is used
to limit the growth of off-diagonals compared to the diagonals A. With this new concept, we
derive the following lemma, which provides a rowwise estimate. A similar rowwise estimate
but with a different dominance assumption can be found in [17, Proposition 2].

Lemma 6.3.7. Let A bean N x N diagonally dominant Hermitian matrix with fix (k=1,..., N)
being its strong dominance factors. Then the i th smallest diagonal entry d; and the ith smallest
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eigenvalue A; are related by

|2

1-p <= <1+, (6.3.20)

Q

1

Proof. Without loss of generality, we assume that the diagonal entries of A are in increasing
order, i.e., d; = a;; for all i. By the Cauchy interlacing theorem, 1; never exceeds the largest
eigenvalue of A(.;,1.5). Let u; be the dominance factor at ith row of A. If d; < 0, then by the
Gershgorin circle theorem we have

Ai < {Ej?l.}i(l—,uj)dj < lrLl]'gEii(l—ﬂj)dj =(1-pa)d,.

If d; > 0, we notice that Gershgorin disks centered in the left half plane do not produce positive
eigenvalues. Hence we have

Ai=max(1+pj)dj s max(1+a;)dj = 1+ f;)d;.
jsi jsi

dj>0 dj>0

The two complementary estimates can be obtained by applying the same analysis to —A. O

Lemma 6.3.7 provides nice rowwise estimates for eigenvalues of strong diagonally dom-
inant Hermitian matrices even when the Gershgorin disks overlap. Evidently, all finite di-
agonally dominant matrices are trivially strong diagonally dominant since we can choose
1k = (1 + maxy ) /2, which is an upper bound independent of k. However, in many cases at
least some [iy (e.g., which corresponds to an isolated Gershgorin disk) can be chosen not far
larger than p. In this case (6.3.20) becomes nearly as powerful as (6.3.18). With the help of this
rowwise estimate, we now extend our analysis for Wilkinson-type matrices to more general
cases. The following theorem, akin to Lemma 6.3.1, illustrates the decay in eigenvectors for
nearly diagonally dominant matrices.

Theorem 6.3.8. Suppose A= A+ R is an N x N Hermitian matrix where A and R are both
tridiagonal, and in addition, A is diagonally dominant. uy and iy (k =1, ..., N) are A’s
dominance factors and strong dominance factors, respectively. Let .y < A, < --- < Ay be the
eigenvalues of A, with normalized eigenvectors x1, X, ..., Xy. If the diagonal of A is in increasing
order, then the entries of x; satisfy

5 Hil @il + IRIl2 G20
()] < iei Gk — ajjl — peleel — @jlagjj1 = 31RIN2 7 63.21)
JWI= 7 " 3.
aikl + IR
Milakkl + I RIl2 G<i,

~ ~ ~ A ~ )

K=k, |Gk = @jjl = pilarkl = f1jla;jl =3[ Rll2

where ky is chosen between i and j such that it maximizes |i — k| and ensures
lark — ajjl > 4Rz + 2kl arrl + jlaj ;|

118



6.3. The finite section method for unbounded matrices

for all k between i and k.

Proof. By Lemma 6.3.7, the eigenvalues of A satisfy |1 — dri| < fix|@ri|. Then Weyl's theorem
implies that

Ak — ikl < Ak = Akl + Ak = il < IRll2 + il Grckl.

The rest of proof mimics Lemma 6.3.1. By defining x;(0) = x;(N + 1) = 0, the equation (A -
AjDx; = 0is rewritten as

ag -1Xj(k=1) + (arr — 1) xj (k) + ag, g1 xj(k+1) =0, (k=1,...,N).

We first consider the case i < j. Let ky be the largest integer ensuring
larx — ajjl > 4lRl2 +2uklarkl + @jlaj ;|

for all k € [1, kg]. We assume the existence of such a ky because otherwise (6.3.21) becomes a
trivial bound |x;(i)| < 1. We then show by induction that

Ll + I Rl2

|x;i(k)| < — — - — |x:(k+1)| (6.3.22)
! |Gk — ajjl — picldel — f11d;51 - 3IRI2 7
holds when 1 < k < ky. For k = 1, we have
laizl
[x; (D] = ———1x;(2)]
! lai —Aj1
lai2 — izl + a2
S — — —[x;(2)]
lay —ajjl—lan —anl—11;—ajjl
wlanl+ IRl
S L 1x;2)]
lan —ajjl— fmlanl-2lRI2
1lanl+ IRl
< £ 1x; ().

lan —ajjl—mlanl - @jlag;—3lRI:
Then for 1 < k < ko, the induction hypothesis implies |x;(k —1)| < |x;(k)| and then
la k1% (k+1)]
= (lakk — Ajl = lagk-11)1x; (k)|
= (lakk — ajj| — laxe — axel — 1A — a@jjl = G k-1 — @i k-1l — 1 g—11)1x; (k)|
= (|akk — ajj1 — prl el — gjla;jj| - 31RI12)1x; (k)|
Therefore,

Kilagk! + I RIl2
|Gkr — ajjl— prldgel — @jlajjl = 3IRI2

x; (k)| < |x;(k+1)].
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Repeatedly applying (6.3.22) yields

ko ~
. kl Gkl + IR
% @D1=< ] = 2

i |k — @jjl = prlael = f1jlagjl = 3IRI2

When i > j, let kg be the smallest integer ensuring
|Gk — ajjl > 4N Rl + 2kl arel + fjla; ;1

for all k € [ky, N]. We introduce X = [xy,...,xy], A = Diag{A;,...,An}, and

Then (—ITAIT)(ITXTI) = (ITXII) (-ITAII) is the spectral decomposition of —ITAIT and the diago-
nal entries of —ITAII are in increasing order. Therefore, we use the first inequality in (6.3.21) to
conclude that

Kiclagk! + IRIl2
akk — ajjl — dilagkl — @jla;jl = 31RI2

i
1 ()] = |XTD) pg1-i,ne1-51 < [ ]
k:k() |
This completes the proof of Theorem 6.3.8. O

Remark 6.3.9. The bound in (6.3.21) cannot provide straightaway estimate without detailed
knowledge of the matrix, mainly because we do not know how small the distance |i — ky| can be.
There exist matrices (e.g., Laplacian matrices) such that (6.3.21) only provides trivial bounds
|x;(i)] = 1. However, there are also matrices for which the decay property of eigenvectors
can be well identified using (6.3.21). For example, for the Wilkinson-type matrix W,; (@) with
n > 2|a| >0, we can introduce a perturbation ®

R=W, (@)—-W, (0)+e-epey, (€>0)

for a sufficiently small € so that W, (a) — R is diagonally dominant. By setting u; = 0 and
= 2|al/|k + €| for (—n < k < n), the estimate (6.3.21) is then simplified to

li—jl=do 2|al
lx; (@) < —_— .
! ,}:[0 k+dy—8lal
for dy > 10|a|. This bound is worse than (6.3.1) since detailed information regarding the
componentwise distribution in R is lost by crudely using ||R]l» < 2|al|. Nevertheless, this
estimate is still asymptotically as good as (6.3.1).

5. We set R(0,0) = € > 0 to guarantee the strict diagonal dominance of W,; (a) — R. But this is not crucial since
the analysis in Lemma 6.3.7 will not be completely ruined by a zero row.
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6.3. The finite section method for unbounded matrices

Remark 6.3.10. If the diagonal of | A| first decreases and then increases, just like the diagonal
of W, (@), the estimate (6.3.21) needs to be slightly adjusted accordingly. Roughly speaking,
|x;(@)| is small if A(p, p) and A(q, q) are well-separated for all p close to i and g close to j. The
theorem also naturally extends to banded matrices, based on block versions of Lemmas 6.3.1
and 6.3.7 [152, Chapter 6].

Despite that Theorem 6.3.8 is a more qualitative analysis rather than a sharp quantitative
one, it is evident that certain types of (finite) diagonally dominant banded Hermitian matrices,
possibly with small perturbations, have localized eigenvectors. More importantly, when A is
extracted from an infinite matrix, the decay bound depends only on the location (i, j), but not
on the size of A. Unfortunately, without detailed information of the decay, it would be difficult
to derive a decay bound for |exp(iA)| = 1X||X|T as we have done in Lemmas 6.3.2 and 6.3.3.
Here we only provide an intuitive explanation about the decay in exp(iA). Let A= XA X" be
the spectral decomposition of A, and Y be a b-banded approximation of X with accuracy
| X—-Yl,<7.Then

lexpiA) — Y exp(iA)Y*|» = | X exp(iA) X* — Y exp(iA) Y * |
<1 X = YiallexpAA) 21 X" ll2 + 1 Y ll2llexpA) 21 X = Y™ Il

<21(1+71).
Therefore exp(iA) can be well approximated by a (2b)-banded matrix.

As seen in Sections 6.3.3 and 6.3.4, to derive the finite section method for a doubly-infinite
matrix, we only need the knowledge of decay properties in finite diagonal blocks. Hence
when Theorem 6.3.8 produces nontrivial bounds for all sufficiently large diagonal blocks of a
doubly-infinite matrix A, finite section methods can be applied to A. We classify such a kind
of unbounded doubly-infinite matrices as follows.

1. Ais Hermitian and banded.

2. A is the sum of three Hermitian matrices A = D + G + R, where D is diagonal and
invertible, R is bounded, and ||GD™ |, < 1.

3. D+ Gis strong diagonally dominant; in addition, the diagonal of D + G changes mono-
tonicity at most once.

4. For each extended Gershgorin disk, its (2||R||2)-neighborhood intersects only finitely
many other extended Gershgorin disks.

Loosely speaking, the third condition indicates that the diagonal of A is nearly sorted so that
we can apply a banded version of Theorem 6.3.8 to obtain the decay property for sufficiently
large finite diagonal blocks of exp(iA); the last condition ensures that finite sections of A
have reasonably well-separated eigenvalues so that the eigenvector matrix has a certain
decay property. For example, any Wilkinson-type matrix, or more generally, any banded
Hermitian matrix A whose off-diagonal part (i.e., by setting all diagonal entries of A to zero) is
bounded and |a;; — a;;| = ®(| [i]— 1]l | t) for some ¢ > 0, belongs to this class. In principle, both
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|exp(iT)| in logarithm scale lexp(iT)-exp(ipS)| in logarithm scale
-500 0 -500 0
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@ (b)

Figure 6.4 — (a) Decay property of exp(10i T500). The 101 x 101 desired window is marked. (b) Error of the
finite section method (w = 74). Both the desired window and the computational window are marked.

Algorithm 6.1 and Algorithm 6.2 can be applied to unbounded self-adjoint matrices with slight
modifications in the stopping criterion. We suggest that in general Algorithm 6.2 is preferred
unless a reasonably accurate estimate of the decay is known in advance.

Finally, we make a remark on the decay rate. If (6.3.16) can be bounded by a bimodal
exponential decay (e.g., it is the case when A has bounded off-diagonal entries and the
bimodal decay in E»y is exponential and independent of w), then the distance d = w — m stays
constant when the user requires a larger m. However, if the decay of (6.3.16) is slower than
exponential, to keep the same accuracy requirement w — m will grow as m increases. This is
the major reason why exponential decay is of great interest in finite section methods.

6.4 Numerical experiments

In the following, we present numerical experiments for three examples to demonstrate
the accuracy of finite section methods. We use reasonably large matrices to mimic infinite
matrices. All experiments have been performed in MATLAB R2012a. The exponential function
is computed via spectral decomposition (i.e., exp(iA) = exp(iXAX*) = Xexp(iA)X™). It has
been observed that sometimes even the componentwise accuracy of exp(iA) is retained when
the computed unitary matrix fl(X) has the exponential decay property.

Example 6.1. We first consider

-1 -1
T, =Tridiag{2 .-+ - 2 3eC@mix@n+D)
-1 -1

which are bounded with spectrum A(T,) < [0,4] for all n € N. By Theorem 6.2.3, for any
constant 3, exp(ifT;) has the exponential decay property. Suppose n = 500, m = 50, and
B =10, i.e., the diagonal block [exp(i,B Tn)] (=50:50,-50:50) is of interest. The desired (absolute)
accuracy is T = 1078. The magnitude of exp(ifT},) is shown in Figure 6.4(a).
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6.4. Numerical experiments

Algorithm 6.1 requires w > 74 to fulfill the condition K(p>W=""1 4 p2W+m=1) < ¢ with
p = x=' chosen optimally from (6.2.6). As a comparison, the smallest possible computational
window size to achieve accuracy 1078 is w. = 69. Algorithm 6.2 applied to this problem
terminates after the first iterate, i.e., w = 2m = 100, which confirms the fact that w < 2w..

To visualize the error caused by truncation, let S, ,, be a block diagonal approximation
of T, defined by

Snw(xrw,+(w+1)) =0,

Snw(i, j) =T, )), otherwise.

It is comforting to see from Figure 6.4(b) that the error is localized around the corners of the
computational window.

Example 6.2. Now we consider Wilkinson-type matrices W~ (). In Figure 6.5, the exponen-
tial decay property of a 1001 x 1001 matrix (with a = 8) is illustrated. It can be seen from
Figure 6.5(g) that although the simplified bound (6.3.8) is asymptotically worse than the best
bound on | X||X|T based on (6.3.1), the difference is insignificant for entries above 10716, since
the choice d = 6[|a|] produces a modest leading factor K. Another important fact is that the
decay rate is independent of the matrix size, see Figure 6.6 for an illustration.

Table 6.1 contains the distance between the computational window and the desired win-
dow. The experiments were performed with different matrix sizes (n = 100, 200, ..., 500) and
different central block size (m = 10, 20, 30). But we only present those values for different a
and B, because d is independent of m and n. Our estimates are quite conservative, but still
produce reasonably affordable computational window sizes. Another fact not shown in the
table is that for fixed a and S, the desired (2m + 1) x (2m + 1) diagonal block extracted from
matrices with different sizes agree quite well as expected.

Table 6.1 — The distance between the computational window and the desired section (with accuracy
7 =107%). The number d = w— m is derived from the a priori estimate, while d, = w, —m is the smallest
distance obtained by enumeration.

a=1 a=2 a=4 a=38
d. d|d. d|d. d | d. d
7 33| 9 45|12 70|18 119
9 33|12 46|18 71|27 119
11 34|16 47 |25 71|41 120
12 35|17 47|26 72|43 121

NI

Example 6.3. Our last example is another doubly-infinite matrix

3 3
n4 e 1 1 na

A =Tridiag< --- n 1 0 1 n
n% 1 1 n%
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Figure 6.5 — The exponential decay property of exp[iWn‘(a)], X,,, and | X,,||1X,,|T with n =500 and a = 8.
The upper bounds of exp[iW,, (@)] and | X,| are given by the estimates (6.3.8) and (6.3.1), respectively,
with dy = 6[a] = 48. The upper bound on IXnIIanT is obtained from the upper bound on | X,| by
explicit multiplication.

A variant of Theorem 6.3.8 indicates that exp(iA) has a bimodal decay property, while the
decay is slower than the exponential decay. Suppose we would like to extract the central
101 x 101 diagonal block (i.e., m = 50) with absolute accuracy 7 = 1078, Algorithm 6.2 applied
to this problem terminates at w = 4m = 200. Plots of X, | X|| X| r exp(iA) as well as the error
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Decay along the diagonal
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Figure 6.6 — The decay rate is independent of the matrix size (W,, (a) for @ = 8).

are shown in Figure 6.7. Although the a priori estimate based on decay in eigenvectors is too
pessimistic, Algorithm 6.2 still handles this difficult example quite well.

IXIIX|*

0
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> <
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" 5 0016
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(a)

lexp(iA)] |exp(iA)-exp(iS)|
0 500, 0

0f

-400|
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-4 -4
-200)
-6 100 -6
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-10 100 -10
200
_12 -12
300
-14 400 -14
%00 0 16 %00 0 500 '°
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Figure 6.7 — (a)-(c) The decay in X, |X|[|X |7, and exp(iA), respectively, in Example 6.3. The desired
window in exp(iA) is marked. (d) Error of the finite section method. Both the desired window and
the computational window are marked. Here S is the block diagonal matrix by dropping the +wth
sub-diagonal entries (w = 200) of A.

But we remark that Algorithm 6.2 does not work if there is no decay at all in a reasonably
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Chapter 6. Finite Section Method

computable range. For example, for
B:Tridiag nz e 1 0 1 nz cee ¥

which is also self-adjoint. There is no obvious decay in a modest finite section of exp(iB), see
Figure 6.8. Hence Algorithm 6.2 cannot compute the finite section with m = 50 for this matrix
unless a computational window with w = 1600 is affordable.

IX| IXIIXr* lexp(iB)|

0 500 500 0
400 L
300
4
200
100 -6
s
10 10
12 12
12 14
16 16
lexp(iB)-exp(iS)|

|exp(iB)-exp(iS)|
-10
. o f
-14 1500
-16

20%%00 -1000 1000 2000

-400
-300

-200

-100
0
100
200
300

400

50200 -16

-500
—~400
-300
-200

-100

20%%00 -1000 1000 2000

Figure 6.8 — There is no decay in modest finite sections of X, | X||X| T and exp(iB) in Example 6.3. The
computational window is required to be very large in order to find a good approximation. The desired
window and the computational window are marked.

6.5 Summary

In this chapter, we have shown that certain decay properties can be used to establish finite
section methods for extracting a finite diagonal block of exp(iA). For bounded and banded
Hermitian matrices, the exponential decay property of exp(iA) can be derived by polynomial
approximation; for unbounded matrices, we identify localized eigenvectors in its finite diag-
onal blocks to obtain the decay property. We also show that to attain a certain accuracy, the
required distance between the desired window and the computational window stays constant
when the decay is exponential. Numerical experiments demonstrate the robustness of the
proposed finite section methods.
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7d Conclusions

Two topics in dense and structured matrix computations are discussed in this thesis. In
the following, we summarize the contributions of this thesis.

In Chapter 3, we have presented a new parallel implementation of the QR algorithm
equipped with some modern techniques such as small-bulge multishift and aggressive early
deflation (AED). An intermediate version of our library software PDHSEQR has been released
in ScalLAPACK version 2.0. This work is largely based on the early work by Granat et al. [61].
We have made four major contributions to improve the efficiency of the algorithm. First, AED
has been incorporated into the pipelined QR algorithm which is suitable for solving small-
to medium-size problems. This leads to a multilevel AED approach which significantly ac-
celerates the computation of the Schur decomposition in all levels of AED. Second, we have
proposed a technique which largely reduces communication overhead by redistributing the
matrix, and performing computations on a subset of processors. Third, we have proposed a
refined strategy for balancing between the multishift QR sweeps and AED. Finally, a perfor-
mance model has been established for the new parallel multishift QR algorithm. Although
the performance model is only asymptotic, it provides estimates of the execution time and
also suggests the choice of several tunable algorithmic parameters. Guidelines and autotuning
tools concerning these tunable parameters are provided. With the help of these improve-
ments, a computational bottleneck in the earlier version of PDHSEQR in [61] has been removed.
Consequently, the new version of PDHSEQR is more efficient than the previous version. The
improvements compared to PDLAHQR in ScaLAPACK version 1.8.0 is even more significant.
Concerning the accuracy, we have also identified and fixed several anomalies in ScaLAPACK’s
PDLAHQR and the early version of PDHSEQR in [61] so that our new PDHSEQR is numerically
more stable.

In Chapter 5, we have substantially extended the existing theory on the computation of
exp(A) when A is essentially nonnegative. First, we have provided a novel a priori componen-
twise relative truncation error estimate for the truncated Taylor series coupled with scaling
and squaring. This error estimate is used to derive the aggressively truncated Taylor series
method which requires @ (N°log N) arithmetic operations. Compared to existing Taylor series
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Chapter 7. Conclusions

methods [167] which suffer from slow convergence and potentially require @ (N*) arithmetic
operations, our aggressively truncated Taylor series method reduces the computational cost
without sacrificing the accuracy. We have also established new a posteriori error estimates
and used them to develop several variants of the aggressively truncated Taylor series method,
including an interval algorithm without using interval arithmetic. Rounding error analyses
have also been provided to illustrate the numerical stability of our proposed methods.

In Chapter 6, we have provided theoretical evidence for the validity of the finite section
method for computing a finite diagonal block of exp(iA) where A is a doubly-infinite banded
Hermitian matrix. For the case A bounded, we have established an error estimate of the fi-
nite section method using the exponential decay property of exp(iA). Such an error estimate
naturally leads to a criterion for determining the computational window size in practical com-
putation. The case when A is unbounded is much more difficult since existing techniques in
approximation theory do not carry over. Therefore only several special classes of unbounded
matrices, such as two classes of Wilkinson-type matrices, are studied. We have identified local-
ized eigenvectors of finite diagonal blocks. Then an important technique used in estimating
the error of the finite section method is to relate the error within the finite desired window to
the decay property of a larger finite computational window, so that the difficulty of analyzing
infinite matrices is avoided. We have also proposed an adaptive strategy for estimating the
size of the computational window. This strategy works well even when a priori error estimates
are too pessimistic or not easy to compute.
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.\ Elementary Orthogonal Transforma-
tions

In the following we briefly recall two classes of orthogonal transformations—Householder
reflections [79] and Givens rotations [55], which are extensively used in the QR algorithm
discussed in Chapters 2 and 3. The results listed here can also be found in any standard
textbook about numerical linear algebra (e.g., [58]).

A.1 Householder reflections

Let w € RN be a unit vector, i.e. |wl, = 1. Then the matrix H,, = I —2ww? is called a
Householder reflection. It can be easily verified that H,, is symmetric and orthogonal. In
practice, applying a Householder reflection to a matrix A is accomplished through H,, A —
A—2wwTA) (or AH w—A—-2(Aw) wT), which is much cheaper than explicitly performing a
naive matrix-matrix multiplication. Therefore, applying a Householder reflection is a level 2
operation.

The main utility of Householder reflections in numerical linear algebra is to zero out
all but the first entry in a given vector x € RN ie., H,x = ae; for some a € R. Notice that
2w(w’x) = x — ae;. The vector w is thus chosen as

x—ae;

w=—-—--. (A.1.1)
lx—aerls

Since |a| = ||laeill; = IHywxll, = lIxll2, the only possible choices of a are a = ||x||; and a =

—|lx|l,. To avoid numerical cancellation when computing x — ae;, we adopt

) =ixle, ifx =0,

lxllz, ifx; <O,
and then use (A.1.1) to construct w.

Householder reflections are also used to construct an orthogonal matrix U such that Ue;
is parallel to a prescribed nonzero vector x. We assume that U can be chosen as a Householder
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Appendix A. Elementary Orthogonal Transformations

reflection H,, with H,,e; = fx. Notice that H,,x = f~'e;. Thus this problem is reduced to the
previous one—eliminate all but the first element in x.

The complex analogy is very similar—given a unit vector wC", the matrix H,, = I-2ww* is
a unitary Hermitian matrix. To seek for & and w such that H,,x = ae; for a given vector x € CV,
we choose

X .
__”x”Zr lfx1¢0v
X1

lxll2, if x; =0,

and still use (A.1.1) to construct w.

A.2 Givens rotations

A Givens rotation is an orthogonal matrix of the form

ith jth
[ 1
ith cosf sinf@
G, j,0) = I ,  (OeR).
jth —sinf cos@
1

Itis also known as a Jacobi rotation because it was used by Jacobi to solve symmetric eigenvalue
problems [82]. A Givens rotation performs a linear combination of two rows (or columns) of a
matrix. Therefore, applying a Givens rotation is a level 1 operation. To study the properties of
Given rotations, it is sufficient to discuss the following 2 x 2 orthogonal matrix

Cc S
’
=S C

where ¢ = cosf, s =sinf.

GO) =

Givens rotations provide another tool to perform orthogonal elimination. For example, for
a given vector [a, b]T € R?, we seek for a Givens rotation G(0) such that

a
GO || =
©) b 0
This is achieved by choosing cotf = —a/b when b # 0. In practice, the Givens rotation is
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A.2. Givens rotations

formed through
T .
T=-alb, s=——, c=st, if|b|l>]al,
1+72
T
T=-bla, c=——, s=ct, if|b|l=<]al,
V1412

to avoid potential cancellations and overflow/underflow.

As mentioned in Chapter 2, swapping two eigenvalues in a real 2 x 2 upper triangular
matrix can be performed by choosing suitable a Givens rotation. To solve the problem

t t L t
G(B)T 11 12 G(O) = 22 12

)

122 1

i T T : th t too L .
we notice that [#12, fp—#11]" and [1,0]" are the eigenvectors of [ \§' ;2| and [ ¢’ ;* |, respectively,
corresponding to the eigenvalue #,,. The Givens rotation satisfies

a
0

12

GO’

I —1n

Thus, the problem of swapping eigenvalues is reduced to the problem of orthogonal elimina-
tion and is solved by choosing cot8 = t12/(t11 — f22).

A complex Givens rotation is a unitary matrix of the form

ith jth

g ;
ith c s

G= I 2 2 _
= , ceR, c“+|s|“=1.

jth —s* c

1

P

Complex Givens rotations are also used to eliminate elements in a given complex vector. For a
nonzero vector [a, b]T € C?, the task

*

c s| |a|_|a
—-s* ¢| |b 0|’
is achieved by choosing
lal a b*

Via? + 1%’ lal \/laP+ b

Consequently, the problem of swapping two consecutive eigenvalues in a (complex) Schur
form is also solved.
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Basics in Rounding Error Analysis

This section recalls some basics in rounding error analysis for floating-point arithmetic.
These basic results are used in Chapter 5. We refer to [71, 112, 164] for detailed discussions
regarding floating-point arithmetic.

If there is no overflow or (gradual) underflow in the calculation, the rounding error is
modeled by

fllacf)=(acP)(1+e), le] < u,

“w_n

where “o” is +, —, x, or +, and u is the unit roundoff. In practice, the unit roundoffis u = 2728~
1.2 x 1077 in single precision arithmetic, and is u = 2752 = 2.2 x 1076 in double precision
arithmetic, on architectures following the IEEE-754 standard [80].

When rounding modes are switched to round round towards —oco, the rounding error can
be modeled as

fllacf) =(@of)(1-¢€), O=<e<u.

Here the unit roundoff @1 is twice as large as the one under the standard rounding mode (i.e.,
round towards nearest) [112]. For example, @ is 27°! in double precision arithmetic under this
biased rounding mode. Similarly, for the rounding mode round towards +oo, we have

fll@oB) = (@of)(1+€), O<e<i
Both cases fit the rounding model
fllacf) =(aeP)1+¢), lel<u.

As a remark, the notation fl(-) and fl(-) used in this thesis does not have correspondence with
any particular rounding mode. This notation merely implies that the computed quantity
satisfies fl(x) < x and ﬁ(x) = x. As an example, fl(1 — x) can be obtained via —fl(fl(x) — 1) under
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the rounding mode round towards +oo.

Let X, Y € RV*N The following results are used in the rounding error analysis in Section 5.4.
A direct consequence of the rounding model is that

fX+Y)-(X+Y)|<u|X+7Y].

It can be proved by induction that

N
< [Nu+0W)] Y la;fil.
k=1

’ﬂ(i aiﬁi) - % a;Pi

k=1 k=1

Applying this result to individual entries of fI(XY) yields

Ifi(XY) - XY|<[Nu+G®]IX|Y].
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o PDHSEQR User’s Guide

C.1 Introduction

PDHSEQR is a parallel ScaLAPACK-style library for solving nonsymmetric eigenvalue
problems. The library is written in Fortran 90 and targets distributed memory HPC system:s.
Using the small-bulge multishift QR algorithm with aggressive early deflation, it computes

[RNXN

the real Schur decomposition H = ZTZ" of an upper Hessenberg matrix H € , such

that Z is orthogonal and T is quasi-upper triangular. This document concerns the usage of
PDHSEQR and is a supplement to the article [62]. For the description of the algorithm and
implementation, we refer to [62] and the references therein (especially, [30, 31, 60, 61, 88]).

C.2 Installation

In the following, an installation guide is provided. It is assumed that the user is working in
a Unix-like system.

C.2.1 Prerequisites

To build the library, the following software is required.

o A Fortran 90/95 compiler.

The MPI library, e.g., OpenMPI or MPICH.

¢ An optimized BLAS library, e.g., ATLAS or OpenBLAS.

The LAPACK library.

The ScalLAPACK library (including BLACS and PBLAS).
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Appendix C. PDHSEQR User’s Guide

C.2.2 How to compile the library

Download location.

The software version published by ACM TOMS can be downloaded from CALGO. ! The lat-
est version of the source code (with bug fixes) as well as the corresponding documents are
available on the PDHSEQR homepage. ?

Files in the tar-ball.
The following command unpacks the tar-ball and creates a directory pdhseqr/, which is the
root directory of the library.

tar xzfv pdhseqr.tar.gz

Inside the root directory, there are several files and directories:

EXAMPLES/ MAKE_INC/ Makefile make.inc README SRC/ TESTING/ TOOLS/ TUNING/ ug.pdf

Below is an overview of these items.
o EXAMPLES/ This directory contains two simple drivers.

o MAKE_INC/ This directory contains several templates of make . inc for GNU, Intel, and
PathScale compilers.

o Makefile The Makefile for building the library. This file does not need to be modified.

e make.inc This is the only file which requires modifications when building the library. It
contains compiler settings and external libraries for the Makefile. The user is required
to modify this file according to the target computational environment before compiling
the library. Several templates of this file are provided in the directory MAKE_INC.

+ README A shorter version of this document containing a quick installation guide.
e SRC/ This directory contains source code for all computational routines of the library.
« TESTING/ This directory contains testing examples.

» TOOLS/ This directory contains several auxiliary routines (e.g., random number/matrix
generators, input/output routines).

o TUNING/ This directory contains auto-tuning scripts.
e ug.pdf The User’s Guide of PDHSEQR.

Build the library.
Once make . inc is properly modified according to the computational environment, the library
can be built by

make all

1. Collected algorithms of the ACM. See http://calgo.acm.org/.
2. PDHSEQR homepage: http://www8.cs.umu.se/ ~myshao/software/pdhseqr/.
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C.3. Using the package
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Figure C.1 — The 2D block-cyclic data layout across a 2 x 3 processor grid. For example, processor (0, 0)
owns all highlighted blocks. Picture from [62].

in the root directory of PDHSEQR. This generates the library archive 1ibpdhseqr.a in the root
directory, two examples in EXAMPLES/, and test programs in TESTING/. Twelve quick tests in
TESTING/ are performed and (hopefully) the following result will be displayed on the screen:

% 7 out of 7 tests passed!

% 5 out of 5 tests passed!

This means that the Schur decomposition has been successfully computed for seven random
matrices and five benchmark matrices, indicating that the compilation has been successful.
We recommend that the script runquick. sh in TESTING is also run once to make sure that
the parallel code works properly. You may need to modify the MPI execution command in
this script according to your system (e.g., mpirun, mpiexec, etc.). If everything works out,
18 lines of information summarizing the 108 tests will be displayed and written to the file
summary . txt. We also provide runall. sh with many large test cases in the same directory.
(Running this set of tests may take very long!)

C.3 Using the package

C.3.1 ScaLAPACK datalayout convention

In ScalLAPACK, the p = p; - p processors are usually arranged into a p, x p. grid. Matrices
are distributed over the rectangular processor grid in a 2D block-cyclic layout with block size
Mj, x Ny, (see Figure C.1 for an example). The information regarding the data layout is stored
in an array descriptor so that the mapping between the entries of the global matrix and their
corresponding locations in the memory hierarchy can be established. We adopt ScaLAPACK’s
data layout convention and require that the N x N input matrices H and Z have identical data
layout with square data blocks (i.e., M}, = Nj). The processor grid, however, does not need
to be square. A distributed matrix H is referenced by two arrays H (local matrix entries) and
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DESCH (array descriptor). A typical setting of DESCH is listed below.

e DESCH(1): Type of the matrix. In our case, DESCH(1) = 1 since H is stored as a dense
matrix.

e DESCH(2): The handle of the BLACS context.

e DESCH(3),DESCH(4): The size of H, i.e., DESCH(5) = DESCH(6) = N.

e DESCH(5),DESCH(6): Blocking factors M}, and Nj,. We require that DESCH(5) = DESCH(6).

e DESCH(7),DESCH(8): The process row and column that contain /;;. Usually, DESCH(7) =
DESCH(8) = 0.

o DESCH(9): Leading dimension of the local part of H on the current processor. This value
needs to be at least one, even if the local part is empty.

C.3.2 Calling sequence

The main functionality of this package is to compute the real Schur decomposition of an
upper Hessenberg matrix using the routine PDHSEQR. The ScaLAPACK routine PDGEHRD can
be used to transform a general square matrix to Hessenberg form, see the test programs in
TESTING/ for examples. The interface of PDHSEQR displayed below follows the convention of
LAPACK/ScaLAPACK routines [6, 26].

SUBROUTINE PDHSEQR( JOB, COMPZ, N, ILO, IHI, H, DESCH, WR, WI, Z,

$ DESCZ, WORK, LWORK, IWORK, LIWORK, INFO )
*
* .. Scalar Arguments ..
INTEGER IHI, ILO, INFO, LWORK, LIWORK, N
CHARACTER COMPZ, JOB
*
* .. Array Arguments ..
INTEGER DESCH( * ) , DESCZ( * ), IWORK( * )

DOUBLE PRECISION H( * ), WI( N ), WORK( * ), WR(C N ), Z( * )

For comparison, the (nearly identical) interface of the LAPACK routine DHSEQR.

SUBROUTINE DHSEQR( JOB, COMPZ, N, ILO, IHI, H, LDH, WR, WI, Z,
$ LDZ, WORK, LWORK, INFO )

Also, the interface of the ScaLAPACK auxiliary routine PDLAHQR is similar.

SUBROUTINE PDLAHQR( WANTT, WANTZ, N, ILO, IHI, A, DESCA, WR, WI,
$ IL0Z, IHIZ, Z, DESCZ, WORK, LWORK, IWORK,
$ ILWORK, INFO )

Therefore, it may not require much effort to switch existing code calling PDLAHQR to PDHSEQR.

An example for calling PDHSEQR is provided in the test program (TESTING/driver.f). We
advice that PDHSEQR is called twice—the first call for performing a workspace query (by setting
LWORK = —1 and the second call for actually performing the computation.
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Below is a detailed list of the arguments.

JOB: (global input) CHARACTER*1.
JOB ='E": Compute eigenvalues only;
JOB ='s’: Compute eigenvalues and the Schur form T.

COMPZ (global input) CHARACTER*1.

COMPZ ='N': Schur vectors (i.e., Z) are not computed;

COMPZ ='1": Z is initialized to the identity matrix and both H and Z are returned;
COMPZ ='V’: Z must contain an orthogonal matrix Q on entry, and the product QZ is
returned.

N: (global input) INTEGER.
The order of the Hessenberg matrix H (and Z).

ILO, IHI: (global input) INTEGER.

It is assumed that H is already upper triangular in rows and columns (1:IL0-1) and
(IHI+1:N). They are normally set by a previous call to PDGEBAL, and then passed to
PDGEHRD when the matrix output by PDGEBAL is reduced to Hessenberg form. Otherwise
IL0 =1 and IHI = N should be used.

H: (global input/output) DOUBLE PRECISION array of dimension (DESCH(9) ,*).
DESCH: (global and local input) INTEGER array of dimension 9.

H and DESCH define the distributed matrix H.

On entry, H contains the upper Hessenberg matrix H.

On exit, if JOB ='S/, H is quasi-upper triangular in rows and columns (ILO: IHI), with
1 x 1 and 2 x 2 blocks on the main diagonal. The 2 x 2 diagonal blocks (corresponding
to complex conjugate pairs of eigenvalues) are returned in standard form, with h;; =
hit1,i+1 and hiiyihi 41 <0.If INFO = 0 and JOB =E/, the contents of H are unspecified
on exit.

WR, WI: (global output) DOUBLE PRECISION array of dimension N.

The eigenvalues of H(ILO: IHI, IHO: IHI) are stored in WR(ILO: IHI) and WI(ILO:IHI)—
WR contains the real parts while WI contains the imaginary parts.

If two eigenvalues are computed as a complex conjugate pair, they are stored in consec-
utive elements of WR and WI, say the i-th and (i+1)-th, with WI(i) >0and WI(i+1) <0.
If JOB ='S’, the eigenvalues are stored in the same order as on the diagonal of the Schur
form returned in H.

Z: (global input/output) DOUBLE PRECISION array of dimension (DESCZ(9) , *).
DESCZ: (global and local input) INTEGER array of dimension 9.

Z and DESCZ define the distributed matrix Z.

If COMPZ ='"V’, on entry Z must contain the current matrix Z of accumulated transforma-
tions from, e.g., PDGEHRD, and on exit Z has been updated.

If COMPZ ='N’, Z is not referenced.

If COMPZ =T/, on entry Z does not need be set and on exit, if INFO = 0, Z contains the
orthogonal matrix Z of the Schur vectors of H.
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* WORK: (local workspace) DOUBLE PRECISION array of dimension LWORK.
LWORK: (local input) INTEGER.
In case LWORK = —1, a workspace query will be performed and on exit, WORK (1) is set to
the required length of the double precision workspace. No computation is performed in
this case.

o IWORK: (local workspace) INTEGER array of dimension LIWORK.
LIWORK: (local input) INTEGER.
In case LIWORK = —1, a workspace query will be performed and on exit, IWORK (1) is set
to the required length of the integer workspace. No computation is performed in this
case.

o INFO: (global output) INTEGER.
If INFO = 0, PDHSEQR returns successfully.
If INFO <0, let i = —INFO, then the i-th argument had an illegal value.
(See below for exceptions with i = 7777 or i = 8888.)
If INFO > 0, then PDHSEQR failed to compute all of the eigenvalues. (This is a rare case.)
Elements (1:IL0-1) and (INFO+1:N) of WR and WI contain the eigenvalues which have
been successfully computed. Let U be the orthogonal matrix logically produced in the
computation (regardless of COMPZ, i.e., no matter whether it is explicitly formulated or
not). Then on exit,

H;,2U=U"H,,;, Z=U, if INFO >0, COMPZ =T,
Hin2U=UTH,,;, Zou: = ZinU, if INFO> 0, COMPZ ="V’

If INFO = 7777 or INFO = 8888, please send a bug report to the authors.

C.3.3 Example programs

We provide two simple examples in the directory EXAMPLES/. The program examplel.f
generates a 500 x500 random matrix and computes its Schur decomposition, while example2. f
reads the benchmark matrix OLM500 2 in the Matrix Market format [9].

To compute eigenvalues of other matrices, the following lines of the example program
need to be adjusted:

o Line 40: Matrix size and the block factor.
¢ Line 50-51: Make sure to provide sufficient memory.

e Line 222: Replace the matrix generator PDMATGEN2/PQRRMMM by your own matrix.

3. Downloaded from ftp://math.nist.gov/pub/MatrixMarket2/NEP/olmstead/olm500.mtx.gz.
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C.4 Tuning the parameters™

The instructions below are intended for experienced users. Other users may want to skip
reading this section.

In SRC/pilaenvx.f and SRC/piparmq.f, there are several machine-dependent parame-
ters, see [62] for details. On contemporary architectures, we expect that most of the default val-
ues provided in the source code yield reasonable performance. However, for PILAENVX (ISPEC
12, 14, 23) some fine tuning might be helpful. The package offers two scripts in the
directory TUNING/ that aim at tuning these three parameters.

Before starting the tuning procedure, you first need to choose a frequently used block
factor (V) and modify the corresponding value in tunel. in, tune2_1.in, tune2_2.1in, and
tune2_3.1in. You also need to adjust the MPI execution command according to your system
in the scripts tunel . sh and tune2. sh.

The first script tunel . sh searches suitable settings for PILAENVX(ISPEC = 12, 23).It
performs the tests described in tunel.inon 1 x1,2x2, 4 x4, 8 x 8 processor grids, and
analyzes the collected data by the code tunel.f. This procedure usually takes 1-4 hours.
When completed, it reports suggestions on the parameters in the file suggestionl.txt. You
should then modify the constants NMIN (Line 193 in SRC/piparmq.f) and NTHRESH (Line 648
in SRC/pilaenvx.f) in accordance with these suggestions.

The second script tune?2. sh searches suitable settings for PILAENVX (ISPEC = 14). This
set of tests should only be done after running tunel.sh and modifying the parameters
in SRC/pilaenvx.f, SRC/piparmq.f, and TUNING/piparmq.f correspondingly. Then the
library should be compiled again with the new settings:

make clean; make all; make tuning

Finally, the script tune2. sh is executed. This set of tests takes a long time (up to 1-2 days). If
all tests are completed successfully, tune2. f computes and reports the suggested settings for
the parameters in suggestions?2.txt. You should then update SRC/piparmq.f (Line 197)
and rebuild the library. This completes the tuning procedure.

If some of the tests are interrupted, due to an error, it may not be necessary to rerun
the whole set of tests. You can also manually collect the execution times for each test into
summary?2.txt and apply tune2. f to determine the parameter suggestions.

It is possible to run both tuning scripts on other processor grids (besides the default
2x2,4 x4, 8x8). This, however, requires to not only adjust the scripts tune*. sh but also the
programs tune* . f correspondingly.

141



Appendix C. PDHSEQR User’s Guide

C.5 Terms of usage

Use of the ACM Algorithm is subject to the ACM Software Copyright and License Agree-
ment. ? Furthermore, any use of the PDHSEQR library should be acknowledged by citing the

corresponding paper [62]. Depending on the context, the citation of the papers [60, 61, 88] is
also encouraged.

4. See http://www.acm.org/publications/policies/softwarecrnotice.
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