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In this thesis, we investigate the numerical solution of large-scale, algebraic
matrix equations. The focus lies on numerical methods based on the al-
ternating directions implicit (ADI) iteration, which can be formulated to
compute approximate solutions of matrix equations in form of low-rank fac-
torizations. These low-rank versions of the ADI iteration can be used to deal
with large-scale Lyapunov and Sylvester equations. The major part of this
thesis is devoted to improving the performance of these iterative methods.
At first, we develop algorithmic enhancements that aim at reducing the com-
putational effort of certain stages in each iteration step. This includes novel
low-rank expressions of the residual matrix, which allows an efficient compu-
tation of the residual norm, and approaches for the reduction of the amount
of occurring complex arithmetic operations. ADI based methods rely on shift
parameters, which influence how fast the iteration generates an approximate
solution. For this, we propose novel shift generation strategies which improve
the convergence speed of the low-rank ADI iteration and, at the same time,
can be performed in an automatic and cost efficient numerical way. Later
on, the improved low-rank ADI methods for Lyapunov and Sylvester equa-
tions are used in Newton type methods for finding approximate solutions of
quadratic matrix equations in the form of symmetric, continuous-time, but
also more general nonsymmetric, algebraic Riccati equations. In the last
part of this thesis, the methods for solving large-scale Lyapunov equations
are applied in order to execute balanced truncation model order reduction for
linear control systems in a numerically feasible way. For frequency-limited
balanced truncation, which is a special variant of balanced truncation, a
novel algorithmic framework is proposed that enables an efficient numerical
execution of this model reduction technique.

ABSTRACT
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Die vorliegende Arbeit befasst sich mit der numerischen Losung von grofiska-
ligen, algebraischen Matrixgleichungen. Der Fokus liegt hierbei auf numeri-
schen Verfahren, die auf der Methode der alternierenden Richtungen (ADI)
basieren und so formuliert werden kénnen, dass sie Ndherungslosungen von
Matrixgleichungen in Form von Niedrigrangfaktorisierungen berechnen. Die-
se Niedrigrang-Versionen der ADI Iteration sind in der Lage, hochdimensio-
nale Lyapunov- und Sylvestergleichungen zu behandeln. Im Hauptteil dieser
Arbeit werden numerische Verbesserungen dieser iterativen Verfahren unter-
sucht. Dazu werden einige algorithmische Erweiterungen entwickelt, um den
Rechenaufwand von bestimmten Abschnitten der einzelnen Iterationsschrit-
te zu senken. Dies beinhaltet neue Niedrigrangdarstellungen des Residuums,
welche eine recheneffiziente Berechnung der Residuumsnorm erlauben, sowie
Strategien zur Verringerung der Anzahl auftretender Rechenoperationen in
komplexer Arithmetik. Die ADI Iteration bendtigt Shiftparameter, die be-
einflussen, wie schnell das Verfahren eine Niherungslosung findet. Neuartige
Strategien zur Shiftberechnung werden vorgestellt, die sowohl die Konver-
genzgeschwindigkeit der Niedrigrang-ADI Iteration verbessern, als auch au-
tomatisch und kosteneffizient durchgefiihrt werden kénnen. Die verbesserten
Niedrigrang-ADI Iterationen werden spéter innerhalb Newton-artiger Ver-
fahren angewendet, um Nédherungslosungen von quadratischen Matrixglei-
chungen zu berechnen. Dabei werden symmetrische, zeit-kontinuierliche und
auch die allgemeineren unsymmetrischen, algebraischen Riccatigleichungen
betrachtet. Im letzten Abschnitt der vorliegenden Arbeit finden die Verfah-
ren zur numerischen Losung von grofiskaligen Lyapunovgleichungen Anwen-
dung, um eine Modellordnungsreduktion fiir lineare Regelungssysteme mit-
tels balancierten Abschneidens mit geringen Rechenaufwand durchzufiihren.
Fiir balanciertes Abschneiden in begrenzten Frequenzintervallen, eine Son-
derform des balancierten Abschneidens, wird eine neue numerische Strategie
erarbeitet, die eine effiziente numerische Durchfithrung dieses speziellen Mo-
dellordnungsreduktionsverfahrens ermoglicht.
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CHAPTER 1

INTRODUCTION

Contents
1.1 Motivation and Background . . . ... ... ... .00 1

1.2 A First Hllustrative Example . . . . . . ... ... ... .. .....
1.3 Overview of this Thesis . . . . . . . .. .. ... ... ... .....

1.1. Motivation and Background

Matrix equations arise in many scientific areas, e.g., optimal control, observer design and
approximation of control systems, image reconstruction, transport theory, game theory,
damping optimization, and eigenvalue perturbation theory, to name only a few. In the
last decades, especially the success and extensive research on model order reduction,
an area devoted to the approximation of large control systems, has lead to a growing
demand for efficient numerical methods for large-scale matrix equations. Here, large-
scale should be understood as the situation when the size of the matrices defining a
matrix equation is so large that using eigenvalue or related factorizations as well as
storing the sought solution cannot be done in a reasonable amount of computation time
and memory consumption. In practice one, therefore, tries to approximate the solution
by a low-rank factorization which consumes much less memory and, at the same time,
can be computed even for large dimensions using different numerical algorithms that
employ techniques from large-scale numerical linear algebra. The use of such low-rank
approximations is justified by the experimentally observed and theoretically investigated
rapid decay of the singular values of the solutions. The following small experiment
illustrates this strategy.

1.2. A First lllustrative Example
Consider the matrix equation

AX+XAT 4+ BBT =0, A= —diag(l,...,n) €R™" B=1,€cR"
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10°
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Figure 1.1.: Singular values of X (left) and approximation error against consumed stor-
age (right).

with » = 1,000, and X = X7 € R™™ is the sought solution. This matrix equation
belongs to the class of Lyapunov equations which are discussed in more detail later on.
Although n = 1,000 can not actually be considered as large, this small toy example
will prove sufficient to explain the basic strategies to deal with large matrix equations.
Obviously, the coefficient matrix A is sparse, i.e., only a small number of the total n?
entries are nonzero. This property is not passed to the solution X for whose entries it
is easy to see that

-1 1
a,-i+ajj N ’L+]

Xij =

£0, i,j=1,...,n.

Hence, taking the symmetry of X into account yields a total number of %n(n —-1) =
499,500 entries which have to be computed and stored. In the usual double precision
arithmetic, this amounts to roughly 7.6 Mb of storage. Let X = UXVT be a singular
value decomposition (SVD) of X with UTU = I, and ¥ = diag (0y,...,0,) = 0. The
singular values are ordered non-increasingly and, due to the symmetry of X, it holds
V = U. The left plot in Figure 1.1 shows the first 50 computed singular values which
obviously decay very rapidly towards zero. The dashed line indicates the machine pre-
cision Wpaen = 2.2204 - 10719 in the double-precision floating-point format w.r.t. the
IEEE 754 standard. The constant behavior of the computed singular values below that
line should not be trusted as it is merely an effect of the difficulties in computing quan-
tities whose magnitude is close to or smaller than w,.,. More information regarding
what properties and conditions influence this decay will be given later. We can use the
first r singular values and vectors to construct an approximate solution X, = 7,77 ~ X
with Z, := U(:,1 : r)diag (\/UT, A \/FT) € R™". The matrix Z, is per construction
of rank r and therefore referred to as low-rank solution factor which requires only nr
entries to store. By the well known theory of such SVD based approximations [111],
this yields an error || X — X, ||z = o,41. For instance, taking r = 20 already leads to
| X — X2 = 2.25 - 107! requiring only 20000 entries which corresponds to approx-
imately 156 Kb. The right plot in Figure 1.1 shows the obtained error against the
consumed memory as r is increased. It is evidently possible to accurately approximate
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the solution X by X, = Z,Z of low-rank which requires much less storage. For practical
relevant problems, however, it will neither be possible to construct X explicitly via such
a simple formula as above, nor computing its SVD in a reasonable numerical effort to
construct such low-rank approximations. The numerical algorithms investigated in the
thesis at hand construct the low-rank solution factors Z, by different concepts than the
above SVD based approach. These approaches will work without computing singular or
eigenvalue decompositions of the defining matrices and mostly employ only operations
with sparse matrices that can be performed efficiently even for large dimensions n.

1.3. Overview of this Thesis

In Chapter 2 some concepts of eigenvalue and mathematical control theory, which are
required in this thesis, are reviewed. The different classes of algebraic matrix equations
the thesis is concerned with are introduced along with a description of the already
mentioned low-rank phenomenon which forms the backbone of the upcoming investigated
algorithms. Afterwards, a concise overview of available numerical methods for various
different classes of matrix equations is given. Large parts of this thesis are devoted to
enhancements of numerical methods for matrix equations. These improvements will be
evaluated using different test examples which are introduced as well.

This thesis is mainly concerned with one particular numerical approach for matrix
equations which is based on the alternating directions implicit (ADI) iteration. This
method is introduced in more depth in Chapter 3 for solving large-scale Lyapunov and
Sylvester equations. There, we introduce the low-rank version of the ADI iteration
for computing low-rank solutions of the considered large-scale linear matrix equations.
Different issues of this low-rank iteration are investigated step by step to improve the
efficiency of the algorithms. As first numerical enhancement, a novel result on the
structure of the residual in the low-rank ADI iteration is derived, which not only enables
a cheap way to compute the residual norm as an obvious stopping criterion, but also gives
new alternative formulations of the low-rank ADI methods. Specially tailored variants
for dealing with certain structured matrix equations are also investigated.

In general, ADI methods require shift parameters to converge rapidly. Although in
almost every practical situation the arising matrix equations to be solved are defined in
the field of real numbers, the shift parameters can nevertheless be complex in several
situations. This introduces complex arithmetic operations in the ADI iteration and also
leads to the generation of complex approximate solutions of the matrix equations. The
efficient treatment of these undesirable effects is topic of Chapter 4.

The dependence on shift parameters itself is often considered as the biggest disadvan-
tage of ADI based methods. Chapter 5 targets this problem and some new computation-
ally efficient shift strategies are derived, where the shifts are computed automatically
in the course of the low-rank ADI iteration, basically erasing the need to worry about
shift parameters at all. It will turn out that those novel shift parameters are capable
of outperforming several existing shift approaches in most cases, and even make the
low-rank ADI iteration competitive to other low-rank solvers.
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The next two chapters have a more application oriented character because the previ-
ously investigated low-rank ADI iterations are employed there for dealing with matrix
equations that arise as part of a greater goal. Chapter 6 considers the numerical compu-
tation of low-rank solutions of algebraic Riccati equations via hybrid methods of New-
ton’s schemes and ADI methods. All of the previously derived numerical enhancements
are included in these algorithms.

Afterwards, Chapter 7 is concerned with a particular model order reduction tech-
nique, namely balanced truncation and related approaches. There, large-scale algebraic
matrix equations have to be solved as intermediate task for which the previously exam-
ined low-rank methods are used. In the second part of this chapter, a novel efficient
numerical framework for carrying out balanced truncation in limited frequency intervals
is proposed. This modification of balanced truncation again involves large-scale matrix
equations to be solved, but also further demanding tasks which haves to be dealt with
numerically.
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2.1. Useful Concepts from Matrix- and Eigenvalue
Theory

2.1.1. Matrices and Their Eigenvalues

Definition 2.1:

For a matrix A € C™*", an eigenvalue N € C and its (right) eigenvector x € C"\{0}
form an eigenpair (A, x) of A which satisfies the eigenvalue problem

Az = M. (2.1)
Likewise, the left eigenvector y € C"\{0} corresponding to A fulfills
y"A = xy". (2:2)

Together, they form an eigentriple (A, z, y) of A . The eigenvalues are also the roots
of the characteristic polynomial ps(N\) = det (A — XI,,). The spectrum A(A) is the set
of all eigenvalues {\,...,\,} of A. O
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The algebraic multiplicity a(\) of a particular eigenvalue is the number of times A
appears as root of p4 (). The number of linearly independent right and left eigenvectors
x, y associated to A can, however, be smaller than «()) and is given by the geometric
multiplicity 1 < ~v()\) := dimker(4 — A\,,) < a(X). If y(A) = a(\) then X is called
(semi)simple eigenvalue. For most parts of this thesis it will be sufficient to restrict to
diagonalizable matrices in the sense of the next definition.

Definition 2.2:

If for A € C™ ™ there exists a nonsingular matrix X € C"*" containing n right
eigenvectors as columns such that

XTTAX = diag (A1, ..., \) = A,

where the eigenvalues \; € A(A) are now counted with their algebraic multiplicities,
then A is called diagonalizable matrix. Otherwise, we speak of an non-diagonalizable
matrix. 0

Lemma 2.3 ([198]):

Let A € C™" be diagonalizable having distinct eigenvalues A(A) = {\,..., Ay} with
7 < n. Then it holds v(\;) = a();) for all i =1,... 7. O

form bi-orthogonal bases, then the matrix Y := X~

columns, and, hence, YHAX = A, YIX =],.

contains the left eigenvectors as

Definition 2.4:

A matrix A € C"" is called normal if it is diagonalizable and its left coincide with
its right eigenvectors. Otherwise, A is a non-normal matrix. O

Lemma 2.5 ([151, 132]):

The following statements are equivalent:

a) A is a normal matrix.

b) ATA = AAH,
¢) There exist a unitary matrix Q € C™", Q¥Q = I, such that Q" AQ = A with
A= diag (A1, ..., An). ¢
It is easy to see that Hermitian (A = A#) and skew-Hermitian (A = —Af) matrices are
normal.

Definition 2.6:

For two matrices A, M € C"*" the generalized eigenvalue problem is given by

Az =AMz, y"A=x "M, (2.3)
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where the definitions of eigenvalues, right and left eigenvectors, eigenpairs and -triples,
as well as algebraic multiplicity, for (2.3) are directly adopted from Definition 2.1.
In the following the matrices A, M linked to a generalized eigenvalue problem are
referred to as matriz pair (A, M). The set of all eigenvalues is again called spectrum
and denoted by A(A,M). The characteristic polynomial of (A4, M) is pam(\) =
det (A — AM). If M is singular, A(A, M) contains eigenvalues at infinity and the
finite spectrum Ay(A, M) denotes the set of all finite eigenvalues of (A, M). A matrix
pair (A, M) is called singular if A — AM is singular for all A € C, otherwise it is called
regular. O
The concept of diagonalizable and non-diagonalizable matrix pairs (A, M) is analogue
to Definition 2.2 and Lemma 2.3. We restrict ourselves to regular, diagonalizable matrix
pairs in the remainder. In the diagonalizable case, the eigenvectors corresponding to
finite and infinite eigenvalues can be scaled such that y?Mz; = 1 and y"Mz; = 0,
respectively, such that the right and left eigenvectors corresponding to finite eigenvalues
form bi-orthonormal bases w.r.t. the matrix M. Hence, for nonsingular M there exist
nonsingular matrices X, Y € C™" having the right and left eigenvectors as columns
such that

YHAX =diag (M,..., M), YHIMX =1,
where Y := (M X)~#. Moreover, A(4, M) = A(M~'A).

Definition 2.7:

A matrix pair (A, M) € C™" x C™" with nonsingular M is called normal matrix
pair if it is diagonalizable and its left coincide with its right eigenvectors. O

Lemma 2.8:

Let (A, M) be a regular matrix pair with nonsingular M. Then the following state-
ments are equivalent:

a) (A, M) is a normal matrix pair.

b) There exists a Q@ € C™*" such that Q7 AQ = diag (A1, ..., \,) and Q¥ MQ = I,,.0

Remark 2.9:

So far everything was defined for complex matrices, but the main parts of this work
are devoted to real matrices since they are more relevant in practice. A real matrix
pair (A, M) € R™" x R™™ might have real as well as complex eigenvalues. The
latter ones occur in complex conjugate pairs, i.e., it holds {\, \} € A(A, M) if A € C.
Similarly, if #, y are the right and left eigenvectors corresponding to the eigenvalue
A € C, then T, 7 are the eigenvectors corresponding to X. Note that if, e.g., A = AT
and M = MT = 0, all eigenvalues, and hence all eigenvectors, are real. %

The next definition is for brevity only provided for eigenvalues of matrix pairs. In case
of a single matrix, M needs to be replaced by I,,.
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Definition 2.10:
Let A € A(A, M), i =1,...,n, with nonsingular M. Then the eigenvalue ); is called
a) c-(anti)stable if Re (\;) <0 (Re (X;) > 0),
b) d-(anti)stable if |N\;| <1 (|J\;] > 1).
Likewise, (A4, M) is called c-stable, c-antistable, d-stable, or, d-antistable if the above
properties hold for all eigenvalues, i.e., A(A, M) C C_, A(A,M) C C;, A(A,M) CD,
or D ¢ A(A, M). A c-stable matrix A is also called Hurwitz. O
The prefixes c- and d- are motivated by stability concepts for the study of continuous-
time and discrete-time differential equations, respectively, which will also play a role
later. There, semisimple eigenvalues on the boundary of the stability region, i.e. Re ()\;) =
0 (]| = 1), might also be called c-(d-)stable (cf. [129, Theorem 3.3.211], Defini-

tion 2.21).
A concept closely related to eigenvalue problems is the singular value problem.

Definition 2.11:
Let A € C™™ and assume w.l.o.g. that n > m. The singular value problem of A is to
be understood as finding non-negative singular values o € R, right and left singular
vectors u € C™, v € C" satisfying

Au=ov, Ay =ocu. (2.4)

The singular values form, together with their singular vectors, a singular triple (o, u, v).
The singular value decomposition (SVD) of A is given by

A=VSU"T  V=1[v,...,v] €CY", U=[u,...,uy,]€C™™ unitary,

N = |:201:| c ]Rnxm7 El — dlag (0_1, o -7U7n) c ]Rmxm7

Omax ‘=01 2> ... 2 0p > 0py1 =0 = 0,

where r = rank (A).
The thin SVD of A is obtained by taking only the first m singular triples into
account:

A= VlElUlH, Vi=[v1,...,00] €CV™ Up = [ug, ..., uy) € C™™. O

Next to the rank of a matrix A, the singular values also enable the definition of the
numerical rank of A which is of tremendous importance for the algorithms considered
in this thesis.

Definition 2.12:
Let A € C™m,

a) If r = rank (A) < min(m, n), we refer to A as low-rank matriz.
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b) The numerical rank [58] of A € C™ with respect to a threshold 7 € Ry (typically
7 < 1) is defined by

rank (A, 7) = alrgmax{ﬂ >7,5=1, ..A,min(m,n)}.
J g1

¢) The matrix A is said to be of low numerical rank (w.r.t. the threshold 7) if
rank (A, 7) < r < min(m,n). This trivially includes low-rank matrices. %

Functions of Matrices and Spectral Transformations

At several occasions in this thesis we will also encounter functions of square matrices in
the sense of the following definition.

Definition 2.13 (Matrix functions [128, Definition 1.11]):

Consider a matrix A € C**™ and a function f which is analytic on and inside a closed
contour I" surrounding A(A). Then the function f evaluated at A is to be understood
in the sense

1) = 5o [ 7)1 = A) o

Lemma 2.14 (spectral mapping theorem [128, Theorem 1.13]):

Let f: D — C be an analytic function defined in a domain D C C. For any A € C**"™
with A(A) = {\1,..., A} C D it holds that A(f(A4)) = {f(M\1),..., f(Aa)} O

The following special rational matrix function is important for dealing with the matrix
equations in this thesis.

Definition 2.15 (Cayley transformation):
Let A€ € and p, v € C with —p ¢ A(A).

a) A generalized Cayley transformation of A is defined by the rational matrix function
C(A, p,v) = (A+ pul,) YA —vI,).

In the special case v = 71, we simply write C(A,u) = (A + ul,) *(A — fl,) and
omit the prefixed generalized.

b) For matrix pairs (A, M), the generalized Cayley transformation is given by
C(A, M, jt,v) == (A+uM) (A —vM)

with —u ¢ A(A, M). As above we use the notation C(A, M, u) := C(A, M, u, 11). ¢
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Proposition 2.16:
Consider (A, M) € C™" with nonsingular M and p, v € C with —pu ¢ A(A, M).

a) The generalized Cayley transformations can be represented by

C(A u,v) = (A4 pl,) (A—vl,) = (A—vL)(A+ pl,)™

=1, (p+v)(A+pul,)™" and

C(A, M, p,v) = (A+puM)™ (A —vM) = MY (A—vM)(A+puM)"'M

=1, — (u+v)(A+puM)* M =M I, — (u+v)M(A+ M) M.

b) The eigenvalues of €(A, M, i, v) are given by (A —v)/(A+ p) for A € A(A, M).

¢) The transformation €(A, M, n) with 4 € C_ maps the c-stable, c-antistable and
imaginary eigenvalues of (A, M) to the interior, exterior and, respectively, bound-
ary of the unit disc D. Thus, if A(A, M) C C_, it holds A(C(A, M, 1)) C D so that
p(C(A, M, 1)) < 1. Stated differently, C(A, M, i) is a d-stable matrix if (A, M) is
a c-stable matrix pair. O

Proof. The expressions in part a) follow from simple algebraic manipulations. The
part b) is a direct consequence of Lemma 2.14 and the invertibility of M. For the last
part consider

IMEA, M) = (A =T) /(A + )P =1—4Re () Re (N) /[N + uf*, X € AA, M)

from which the claims follow easily. |

2.1.2. Kronecker Product and Vectorization Operator

For certain theoretical investigations, the Kronecker product and vectorization operator
are useful.

Definition 2.17 ([111, Section 12.1]):
Let X = [21,..., %) € C”™ and Y € CP*9. Then

1 l‘]]Y e 1‘le
vec (X) = c (Cmnxl7 XQY = c Crexma. <>
T oY oo ZTppY

Proposition 2.18 ([111, Chapter 12.3]):

Let X € C™™, Z € CP*9, U € C™", Q € C?, and Y € C™*P. Then the following
statements hold.

a) (X®Z)(U®Q)=(XU)® (ZQ).

10
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b) vec (XY Z) = (ZT ® X) vec (Y).
¢) fm=n=r,p=q=1/{ and U, @ are nonsingular, then

j=1,...,n, k=1,...,p}

If z; (y;) and 2 (vy,) are the linearly independent right (left) eigenvectors of (X, U)
and, respectively, (Z, @), then the corresponding right (left) eigenvectors of (X ®
Z, U®Q) are z; ® 2, (y; ® vg). O

The next theorem gives a result on the eigenvalues of certain functions of Kronecker
products and is crucial for investigating the linear matrix equations discussed in this
thesis.
Theorem 2.19 (Theorem of Stephanos [169, Theorem 43.8]):
Let A € C™", B e C™™ With AA) = {M, ..., ) AB) = {111, pm}. For a
bivariate polynomial p(z,y) = Z cijzty’, ¢y € C we define by
,j=0

k

=Y

a polynomial of the two matrices. Then the spectrum of p(A4, B) is

A(p(A, B)) ={p(\r,ps), r=1,...,n, s=1,...,m}. 9]

2.2. Important Concepts from Linear Control Theory

Before we discuss matrix equations, we briefly introduce some preliminaries from linear
control theory. This is motivated by the fact that several of the considered classes of
matrix equations have important applications in control theory.

Definition 2.20:

Linear, time-invariant, continuous-time, control systems in generalized state space
form are given by

Ei(t) = Ax(t) + Bu(t), x(0) =z,

y(t) = Cx(t) + Du(t). 25)

The matrices A, £ € R™" E nounsingular, B € R™™ C € RP*" and D € RP*™
are referred to as generalized state-space and mass, input, output, and feed-through
matriz, respectively. The time-dependent, vector valued functions x(t) € R, u(t) €
R™, y(t) € RP are typically called generalized state, input or control, and output vector.

11
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Likewise, linear, time-invariant, discrete-time, control systems in generalized state
space form are for k € Ny defined by

Ex(k+1) = Az(k) + Bu(k), x(0) = xq,
y(k) = Cx(k) + Du(k).

We will make use of the following notation (E; A, B, C, D) to refer to systems (2.5)
and (2.6) defined by A, E, B, C, D. For most parts of this thesis it is sufficient to
consider the case D = 0 denoted by (E; A, B, C) because D # 0 will not change the
used concepts and derivations. If the matrix £ in (2.5) above is singular one usually
speaks of differential-algebraic equations (DAEs). For this thesis these will only play a
minor role such that we restrict ourselves to nonsingular £ here. The following concepts
of stability, controllability, observability, stabilizability, and detectability in the next
definition will be crucial for providing existence theorems regarding the solutions of
matrix equations. More information as well as the proofs of the given (and further)
equivalences can be found, e.g., in the textbooks [150, 72, 3, 129].

Definition 2.21:
Let A, E, B, C be defined as above with E nonsingular. The system (E; A, B, C)
is
a) asymptotically c-(d-)stable if A(A, E) C C_ (A(A, E) C D),

b) c-(d-)stable it A(A, E) CC_ (A(A, E) CD) and a(X) = v(\) for all eigenvalues
with Re (A) =0 (|A| =1),

(2.6)

¢) controllable if rank ([A — uE, B]) =n, Yu € C, or equivalently y* B = 0 for every
left eigenvector of (A, F),

d) observable if rank ([A” — pE”, C7]) = n, Yu € C, or equivalently Cz = 0 for
every right eigenvector of (A, E),

e) c-(d-)stabilizable if rank ([A — pFE, B]) =n, Yu € C; (n € (C\D)) and

f) c-(d-)detectable if rank ([A” — uEY, CT]) = n, Vu € C, (p € (C\D)), respec-
tively.

As before, the prefixes ¢- and d- point towards the use of these concepts w.r.t. (2.5) and
(2.6), respectively. For instance, c-stabilizability is of importance only for (2.5) while
d-stabilizability is typically not. We will employ the typical slight misuse of language
and neglect the word asymptotically w.r.t. to stability definitions.

2.3. Matrix Equations

Throughout this thesis, a matrix equation should be understood as the problem of finding
the solution X € C"™*" of

F(X)=0, F:Cmn vk, (2.7)

12
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where & is a function in X. It might, e.g., involve sums, and products of X with
other, known matrices, but also nonlinear and other expressions of X. We consider
only algebraic matrix equations, i.e., F is a purely algebraic expression. This excludes
differential matrix equations, where X is a sought matrix with functions as entries and
F involves its derivatives. Furthermore, we restrict to cases where F is a superposition
of linear, quadratic, or rational functions of X and exclude cases involving, e.g., X7,
X or X. Although the majority of topics can be covered using complex matrices,
we mainly consider the case of real matrix equations, because almost every practical
application, where algebraic matrix equations arise, leads to real matrices. In what
follows, we introduce the algebraic matrix equations covered by this thesis and also give
some remarks on the existence of a unique solution. We distinguish between linear and
certain nonlinear matrix equations.

2.3.1. Linear Matrix Equations

Definition 2.22 (Linear matrix equation):
A linear matriz equation is of the form

14
S AXB+Q=0, ARV B eR™™ QeR™" (2.8)

i=1

with the sought solution X € R™™. The constant term () is usually called inhomo-
geneity of (2.8). The number of summands ¢ > 1 is referred to as the length of the
matriz equation. O

This thesis is exclusively concerned with matrix equations with @ # 0.

Lemma 2.23:

The linear matrix equation (2.8) has a unique solution X if and only if 0 ¢ A(A),
where

l
A= ZBLT ® Az c Rrmxnm <>

=1

Proof. Vectorization of (2.8) leads with Proposition 2.18b to the equivalent linear system
Avec (X) = —vec(Q) (2.9)

from which the claim follows. O

In general it is hard to specify the statement of the above lemma, e.g., in terms of the
spectra of the coefficient matrices A;, B;. We only consider linear matrix equations of
length ¢ = 2 in this thesis. These cases are not only very important in practice but for
this situation Lemma 2.23 can be made more precise. In the next subsections we discuss
important classes of linear matrix equations of length two.

13
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Lyapunov Equations

Lyapunov equations are symmetric matrix equations in the sense that X = X7 € R™*"
and Q = QT € R™". For the general linear matrix equation (2.8), this means that for
each ¢ = 1,...,/ there exists a j such that A; = B]T and B; = A}". For matrix equations
of length ¢ = 2 there are the following very important cases which are introduced below.

Definition 2.24 (Continuous-time Lyapunov equations):

For A € R™" and Q = QT € R™™ a continuous-time, algebraic Lyapunov equation
(CALE) is of the form

AX +XAT +@Q =0. (2.10)

For a nonsingular £ € R™*" a generalized, continuous-time, algebraic Lyapunov equa-
tion (GCALE) is defined by

AXET + EXAT +Q =0. (2.11)

The additional specification continuous-time originates from the relation of the above
Lyapunov equations with (2.5). The next lemma gives conditions for the existence of a
unique solution of (2.11). For (2.10), the result translates by setting E = I,,.

Lemma 2.25 ([3, 151, 129]):

The generalized Lyapunov equation has a unique solution if and only if A\; # —\;
VA;, A € A(A, E). Sufficient conditions for this case are (A, E) being c-stable or
c-antistable.

In the c-stable case, X can be written as

X = /exp (ET'ANET'QE T exp (B AN dL
0

which is positive (negative) semi-definite if @ is positive (negative) semi-definite. Strict
definiteness of X can be also achieved if (E; A, @) is controllable.

For the c-antistable case similar results follow by changing the signs, the order of
the integration limits, and by interchanging positive with negative semi-definiteness.{

Proof. Due to E nonsingular, (2.11) can be equivalently rewritten to the Lyapunov
equation ErAX + XATE-T + E7'QE~T = 0. This amounts to setting A, = E~'A,
By =ATET = AT Ay = B; = I, in (2.8) so that

A=1,QFE A+ F1'4A4®1I,.
By Theorem 2.19, A(A) = {\; + A\ : VA, k € A(E71A)}. Thus, 0 € A(A) if and only

if A\j+ A, = 0 for some j, k from which the first claim follows since A(E~1A) = A(A, E).
The statements regarding c-stable and c-antistable spectra easily follow, too. For the rest

14
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of the proof we restrict to the c-stable case, as the remaining results of the c-antistable
case can be deduced easily. The integral expression can be verified by plugging it into
the Lyapunov equations, using % exp (Ht) = Hexp (Ht) VH € R™", and because the
matrix exponential converges to zero as t — oo for c-stable matrices [129]. From the
integral formula and the fact that @) > 0, the definiteness properties of X can be read
off.

For the strict positive definiteness of X in the case @ *= 0, (E; A, @) controllable,
we restrict ourselves for simplicity as well as brevity to the standard case E = I, and
follow [151, Chapter 13, Theorem 4]. Assume X is singular, i.e. X > 0, which implies
30 # v € R" such that Xv = 0. Consequently, v Qv = vT(AX + XAT)v = 0 and,
thus, vTAX = 0vTQ — vT X AT. Inserting (2.10) n — 1 times into this equation leads to
vTAFQ = 0 for k =0,...,n — 1 which, by [3, Corollary 4.8], violates the controllability
assumption. For the case E # 0 we refer to, e.g., [217]. O

Definition 2.26 (Discrete-time algebraic Lyapunov equations):
For A € R and Q = QT € R"™ ", a discrete-time, algebraic Lyapunov equation
(DALE) is given by
AXAT - X +Q=0 (2.12)

and its generalized version, the generalized, discrete-time, algebraic Lyapunov equation
(GDALE)),

AXAT —EXET +Q =0 (2.13)

for nonsingular £ € R™*". O
Here, the additional specification discrete-time originates from discrete-time, linear,
time-invariant, dynamical systems (2.6).

Remark 2.27:
In some works, the DALEs and GDALESs are called Stein and generalized Stein equa-
tions, respectively. These denominations are, however, not used consistently and
sometimes also refer to discrete-time Sylvester equations (see Definition 2.31) whereas
(2.12) is referred to as symmetric Stein equation. Hence, to avoid confusion we
mainly stick to the term (generalized) discrete-time algebraic Lyapunov equation for
(2.12),(2.13). O

Conditions regarding a unique solution of (2.11) are given by the next lemma which can

be proved similarly as Lemma 2.25.

Lemma 2.28 ([151],[150]):
The GDALE (2.13) has a unique solution if and only if A\jA, # 1, VA;, Ay € A(A, E).
Obvious sufficient conditions are (A, E) being d-stable (A(A4, E) C D) or d-antistable
(A(4, E)YND = 0). In the d-stable case, the solution can be expressed as

(E—IA)kE—lQE—T(AT(E—T))k

]2

X =

i
o

15
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and X > (=)0 is if @ > (>)0. For (A, E) d-antistable, similar statements are given
by changing the sign, the order of the limits in the infinite sum, and by replacing
positive with negative semi-definiteness. O

Remark 2.29:
In the context of DAEs, some results concerning solutions of GCALEs and GDALEs
with singular E can, e.g., be found in [217, 171, 218]. O
Remark 2.30:

The identification “generalized® is used differently for linear matrix equation with
0> 2, e.g., in [20]. In this thesis, we exclusively use ”generalized “ for matrix equations
with ¢ = 2, where the coefficients can be related to a matrix pair (4, E). %

Sylvester Equations

A Sylvester equation is a general matrix equations (2.8) without symmetry restrictions
on the involved matrices. In the following, we discuss important cases for £ = 2.

Definition 2.31 (Sylvester equations):
For A € R™" B € R™" and ) € R a matrix equation

AX - XB+Q=0 (2.14)

is referred to as continuous-time, algebraic Sylvester equation (CASE). For nonsingu-
lar £ € R™" C' e R™™ its generalized version, the generalized, continuous-time,
algebraic Sylvester equation (GCASE), is given by

AXC —EXB+Q =0. (2.15)

Discrete-time, algebraic, Sylvester and generalized, discrete-time, algebraic Sylvester
equations (DASEs and GDASEs) are of the form

AXB-X+Q=0 and AXB-EXC+Q=0. (2.16)

The minus sign in front of the second summand in X is chosen for notation purposes.

Remark 2.32:

For Sylvester equations, the terminologies continuous- and discrete-time are not as
stringent as for Lyapunov equations. Since GDASEs (2.16) are special cases of
GCASEs (2.15) and vice versa, we drop the distinction between continuous- and
discrete-time in the following and only speak of GCASEs if this does not lead to con-
fusion. In fact, notice that also GCALEs and GDALEs are special cases of GCASEs
(2.15). We have already mentioned in Remark 2.27 that GDASEs (2.16) are occasion-
ally also referred to as Stein equations in the literature. O
The following lemma gives conditions for the existence of a unique solution of the
Sylvester equations defined above. We restrict to the generalized case (2.15) since the
other Sylvester equations are just special cases of (2.15) (and vice versa) such that
existence properties for those can be deduced easily.

16
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Lemma 2.33 (Existence of unique GCASE solutions [169],(68]):
The generalized Sylvester equation (2.15) has a unique solution if and only if
A(A, EYNA(B, C) = 0. If both or one of the matrices E, C'is singular, then one
has to additionally assume that the corresponding pairs (A4, E), (B, C) are regular.
If all matrices A, B, E, C are nonsingular, A(A, E) C C_, and A(B, C) C C,, the
solution can be represented as

X = /exp (ET'AYET' FGTC ™ exp (~BC™'). (2.17)
0

2.3.2. Nonlinear Matrix Equations of Riccati Type

In this subsection we describe a certain class of nonlinear matrix equations which are
commonly known as algebraic Riccati equations (AREs). For this thesis, these are given
by adding a certain quadratic or rational term in X to the linear matrix equation intro-
duced in the previous section. We mention three classes of algebraic Riccati equation:
continuous- and discrete-time (symmetric), as well as nonsymmetric Riccati equations.
These equations and some selected theoretical properties are introduced in the following.

Symmetric Algebraic Riccati Equations

Definition 2.34 (Continuous-time algebraic Riccati equations):

The (continuous-time) algebraic Riccati equation (CARE) and its generalized version,
the generalized (continuous-time) algebraic Riccati equation (GCARE), are defined by

ATX + XA - XRX +Q =0 and (2.18)
ATXE+ETXA—-ETXRXE+Q =0, (2.19)

respectively, where A, E, R = RT, Q = QT € R™" with F nonsingular and X €
R™ ™ is the sought solution. O

(G)CARES of the above form occur frequently in optimal control problems of control
systems of the form (2.5). Due to the nonlinear nature, (2.18), (2.19) might have no
unique, but several solutions. In practice, one is usually interested in the c-stabilizing
solution X,.

Theorem 2.35 (Uniqueness of the c-stabilizing GCARE solution [55, 150]):
IfR, Q> 0, (F; A, R, Q) c-stabilizable and c-detectable, there exists a unique, sym-
metric c-stabilizing solution X, of the GCARE (2.19) such that A(A — ERX., E) C
C_. If (B; A, R, Q) is even observable, then X, > 0. O

For the sake of completeness, we also mention discrete-time AREs which correspond to

discrete-time, control systems (2.6).
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Definition 2.36 (Discrete-time algebraic Riccati equations):
For A, Q = QT ¢ R™™ B, CT € R™™ and R = RT € R™* ™ the rational matrix
equation

ATXA - X — (B"XA+C)'(R+B"XB) '(B"XA+C)"+Q =0 (2.20)

is referred to as (discrete-time) algebraic Riccati equation (DARE). Introducing a
nonsingular £ € R,

ATXA - FE"XFE — (B"XA+C)'(R+B'XB) Y (B"XA+C)"+Q =0 (2.21)

is called generalized discrete-time algebraic Riccati equation (GDARE). O
Usually, a d-stabilizing solution is of interest such that

A(A-B(R+ BX.B")"Y(B"X,A+Q), E) C D. Uniqueness and existence condi-
tions can be found, e.g., in [150, Theorem 13.1.1., Corollary 13.1.2.-3.].

Nonsymmetric Algebraic Riccati Equations

In the same way Sylvester equations generalize Lyapunov equations, we can find general
variants of the symmetric Riccati equations above.

Definition 2.37 (Nonsymmetric algebraic Riccati equations):

A nonsymmetric algebraic Riccati equation (NARE) is defined by
AX + XB—XRX +Q =0 (2.22)

with A € R™" B e R™™ R e R™" C € R"™" and X € R™™ is the sought
solution. If the matrix

R B -R m+nXm+n
M= { 0 A } eR
is an M-matrix, i.e., M = ol,1, — N with N > 0 and 0 > p(N), then (2.22) is
abbreviated MNARE. O

Here, <, > should be understood as the element wise partial orderings, i.e., X > Y
when all elements of X —Y are greater or equal to zero. MNARESs originate in certain
applications, e.g., in the study of fluid queue models [187] and transport equations
[140]. One is typically interested in the minimal or maximal non-negative solutions
Xiiny, Xmax > 0 which satisfy X < X, Xyax > X for all possible solutions X of
(2.22). Conditions for the existence of these solutions are given in the next theorem
which summarizes results from [55, Theorem 2.9, 2.13].

Theorem 2.38 (Existence of nonnegative solutions of MNAREs [55]):

If M associated with (2.22) is a nonsingular M-matrix or a singular, irreducible M-
matrix, then there exists a nonnegative solution X,,;, > 0. It holds X, > 0 if M
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is irreducible. Let, for a singular, irreducible M-matrix M, u and v be the vectors
satisfying Mu = M"v = 0 with v7u = 0. If u = 0, where
Wni= ol [70,” Ig‘] u

is the so called drift, then X, is unique. If u # 0 or M is nonsingular, there is a
second nonnegative solution Xi,ay. O

2.3.3. Low-Rank Phenomena

For solving algebraic matrix equations of large dimensions, one of the most crucial
properties exploited in several algorithms is the often observed very small numerical
rank of the solution X, i.e., rank (X, 7) < min(n,m). It can be frequently seen that the
singular values of the solution decay rapidly to zero. A main requirement for this effect
is that the right hand side @ has a small (exact) rank r = rank (Q) < min(n,m), but
also other quantities of the defining coefficient matrices contribute to this decay. For
Lyapunov and Sylvester equations, there are several theoretical results [158, 184, 213, 4,
113, 112, 222, 20, 7] that qualitatively describe the singular value decay of the solution
X and how well it can be approximated by a rank k approximation X We briefly
mention two approaches: a quadrature based approach for GCASEs and an approach
using a certain factorization of solutions of GCALEs. For the first one we need the
following representation of the inverse of a c-stable matrix.

Lemma 2.39 (Integral representation of the inverse of a matrix [112]):

Let R be a square, Hurwitz matrix. Then

R = —/exp (Rt)dt. %
0
The following theorem shows how well R~! can be approximated by applying quadrature
to the above integral.
Theorem 2.40 (Quadrature approximation of the inverse [112]):
Assume that A(R) C —[2, u]®j[—c,¢] C C_ withu, ¢ € Ry and let T be the boundary
of U :=—[1, u+1]®j[—c—1,¢+1] C C_. For a k € N define the quadrature weights
and points

h

=in (e i) + VTT @), 1=~

with i := 7/v/k and i = —k, ..., k. Then there exists a problem independent constant
¢ > 0 such that

i 1+c
/ (Rt)dt — Zwlcxp (Rt)|| < 23 xp( )%H 71, — R)""|dprr.
0

i=—k

(2.23)

in any matrix norm. O
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If R has only real eigenvalues, i.e, ¢ = 0, the error expression (2.23) can be simplified

further. The above theorem enables us to prove the existence of a low-rank solution X

of the generalized Sylvester equation (2.15). It is an adaption of more general results in

113, 20].

Corollary 2.41 (Low-rank solutions of Sylvester equations [113, 20]):
Consider the generalized Sylvester equation (2.15) defined by A, E € R™", B, C €
R™ ™ F. C nonsingular, Q = FGT with FF € R™", G € R™" having full column

rank r. Assume that A —p € C_ VA € A(A, E), p € A(B, C), and define vy, :=
min |Re (A — ) |, Ymax := max|Re (A — )|, and d := max|Im (A — u)|. Let T be

the boundary of the region W from Theorem 2.40 with u = %, c= fd
exists an approximate solution X of rank (2k + 1)r given by
k
Z exp (LETA)E E'FGTC Yexp (~t:BC™), (2.24)
where w; = 2”’ L= i’i:ﬂ with the quadrature weights and points w;, t; from

Theorem 2.40. Tho corresponding error is

X = X[l < Gy [|ET'FGTCT,
with 1y = — exp (1 + 2dvh, ) f H mmm . A)—l
0 F

der (2.25)

2
and A:=1, @ E'A—C BT @ 1,,.

Proof. The Sylvester equation (2.15) with Q = FG” can be rewritten to the equivalent
linear system
Avec (X) =vec (E'FGTC™) = (CTG® E'F)vec(l,) == 2.

We multiply this linear system by —2- since —2-M satisfies the conditions of Theorem
2.40. Applying the integral representation of Lemma 2.39 and the quadrature approxi-
mation of 2.40 yields

vee (X) = ——2 /exp (A Af)de. ~— Z & exp (AF)Z =: vec (X)

“Vmin min
0 i=—k

Since exp (I, ® M — N ® I,,) = exp(—N) @ exp(M) for N € R M e R™™ [132],
this approximation can be rewritten as

k
vec (f() =— Z @iexp (—CTBTE) @ exp (E7'AL)(CTTG @ E7'F) vec (I,)

i=—k

&
=— Z Qiexp (~C™TBTL)C7TG @ exp (B AL) B~ Fvec (1)

i=—k
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from which (2.24) follows by reversing the vectorization operator and applying Lemma 2.18a.
The error expression is simply obtained by

1X = Xlp = llvee (X) = vee (£) [l = (4~ = A7)2]l5
< A = Al BT FGTC o

and using (2.23) of Theorem 2.40. O

Remark 2.42:

The condition A — € C_ VA € A(A, E), p € A(B, C) can be relaxed by assuming
that the spectra A(A, E) and p € A(B, C) are separated by a line [113]. Then there
exists a complex constant v such that A(vA, E) and p € A(vB, C) are separated by
a vertical line parallel to the imaginary axis and, hence, A — peC_ VA€ A(VA, E),
i€ A(vB, C). One then applies the above theorem to the equivalent, but complex,
GCASE vA(v'X)C — E(v'X)(vB) = FGT. O

Remark 2.43:

In [20] an extension of the above result for certain symmetric, linear matrix equations
of type (2.8) with £ > 2 can be found. Applying a quadrature formula to the Dunford-
Cauchy representation of the matrix exponentials in the solution formula (2.17) leads
to more sophisticated results for Sylvester equations [113]. %

The error expression in Corollary 2.41 should not be understood as very accurate way to
estimate the error of low-rank approximations. In practice, much smaller errors can be
achieved by approximations with lower rank. The result of Corollary 2.41 is nevertheless
interesting as it theoretically explains the often observed fast singular value decay of the
solutions of Sylvester equations and the existence of low-rank approximations due to
the almost exponentially decreasing character of the approximation error (2.25) which
depends on exp (VE).

Moreover, the constant (s, indicates some quantities of the defining coefficient ma-
trices which influence this decay: the rank r of the right hand side as well as the values
~min and d. In particular, the ratio 8 := d/ymm appears to be influential in (2.25). It
determines a certain delay before the almost exponentially fast decrease of the approx-

imation error takes place: only if k is large enough such that vk > Hfd., we have that
exp (@ — vk ) < 1. However, one should not conclude that r and  are the only

important quantities and that the influence of r and § is directly visible. For instance,
larger values of 8 might not necessarily lead to a slower singular value decay. The eigen-
vectors of (A, E) and (B, C) also effect (2.25), but their influence is somewhat hidden
in the value of the integral and not easily read off.

For GCALEs, the low-rank approximation and error bound in Corollary 2.41 are
simplified in a straightforward way by setting C' = —E7, B = A", and G = F. In that
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case, the constant in the error expression (2.25) is

¢ 1+ 2[3 .
C jap -— — CXP T'Ymm n2 — A - drr
b 1= Al e -
with 3= 2l 5. = min[Re (V)], A€ A(4, E).

The scalar 3 is closely related to the opening angle of AA, E)ycCC_:

Im (\)
Re ™| (2.27)

(A, F) = max |arg \| = max arctan

Hence, if there are eigenvalues close to the imaginary axis but with imaginary parts
which dominate the real parts, we expect that this slows down the singular value decay
of the GCALE solution. The opening angle of the spectrum (A4, E) will also play a
role in other topics later.

For GCALEs there are alternatives to this quadrature based approach for quanti-
fying the singular value decay [184, 213, 4, 242, 222]. Since the sought solutions are
positive semidefinite, one can equivalently look at the decay of the eigenvalues in an
non-increasing order. As example, we mention a result from [4]. Consider a CALE
(2.10) defined by a diagonalizable matrix A, E = I,, and Q = ff*, f € R". Then the
solution X can be expressed as

X =W, KWf, W;:=Wdiag(W'f), (2.28)

where W is the matrix containing the right eigenvectors of A as columns, i.e., W 1AW =
diag (A1, ..., ), Ay € A(A). The matrix K is a Hermitian positive (semi)definite Cauchy
n
-1
NN /=1
approximations of X satisfying

1X = Xl < 01 ((n = K)s(W) £11)?
1 Aeer = N |
—2Re ()\k+l) J=1 /\k+1 + )\j

matrix K =

It is proven in [4, Theorem 3.1] that there exist rank-k

(2.29)

with 6k+1 =

The d’s are related to the Cholesky factorization of K [108] and can, under a certain
ordering of the eigenvalues of A, be ordered in a non-increasing form §; > d,... > ¢, > 0.
Furthermore, every factor in the product defining dx; is smaller than one and, thus, the
error decreases with increasing k. Moreover, the §’s often decay very fast towards zero
and if A is not too far from normal, this decay mimics the singular value decay of X.
Hence, (2.29) can, to some extent, also be used as explanation for the fast singular value
decay of CALE solutions. In Section 7.3.1, we will use a similar approach to investigate
the singular value decay of certain special CALEs related to model order reduction. A
generalization of the above results to inhomogeneities Q = FFT, F = [f1,..., f.] € R™"
is given by

X=S"W,KWE, W, =W diag (W'},
; KWy, Wy, g(W'f) 2.30)
X = Xoell < B (0 — K (W) | BI,
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for an approximation X, of rank rk and 7 > d541/d1, see [4, Theorem 3.2]. In [222], an
improved error bound is proposed which also considers certain non-diagonalizable ma-
trices. For GCALEs, similar relations can be found by using Wy = W diag (W 1E~1f)
in (2.28). In [108], an expression analog to (2.28) can be found for GCASEs.

The expression in (2.28) reveals an interesting relation between f and the inverse
eigenvector matrix which is not directly reflected in the prior approximation result (2.29).
Since the matrix of left eigenvectors is Y = W~ the magnitudes of the entries y f,
1 =1,...,n, of the vector f = diag (YHf) influences W. This has, e.g., also been
discussed in [222], where the authors conclude that, next to the eigenvalues of K, the
vector f has a significant impact on the eigenvalue decay rate of the solution. In an
extreme case, where (A, f) is not completely controllable, y f = 0 for some i and, thus,
Wy will be singular which directly influences the exact rank of X. The argumentation
for the case r > 1 is similar and can be deduced from (2.30). Due to the appearance of
(W) in (2.29), the above approximation result ceases to be useful for highly non-normal
matrices as it is, e.g., investigated in [7]. More precise effects of the eigenvectors on the
eigen- or singular value decay rates are, to the author’s knowledge, not available and are
subject to current research. Some discussions regarding the impact of non-normality on
the eigenvalue decay can be found, e.g., in [202, 7].

It is important to point out that both the above approaches suggest by (2.24) and
(2.30) that the rank of the approximation, to achieve a certain accuracy, increases with
r. This, in turn, means that the singular value decay decreases as r increases. While
this can indeed be observed in many cases, the conjecture is in general not true. In the
upcoming short experiment, but also in Chapter 7.3, we will encounter situations where
an inhomogeneity of higher rank does not at all lead to a deceleration of the singular
value decay rate. Again, more thorough insights into the interaction of the eigenvectors
and F' are required to explain these effects.

Despite the various results for linear matrix equations, less research has been done
regarding theoretical results for the singular, and eigenvalue decay as well as low-rank
approximations of solutions of AREs. In [23], the authors address this issue for CAREs
by using similar techniques based on Cauchy matrices as the ones for CALEs above.

We end this section with a small CALE example to illustrate some of the mentioned
aspects of the low-rank phenomenon.

We use CALEs

AX; + XiAf +Qi, Qi= FiE;T (2.31)

defined by different matrices A; and inhomogeneities @); = FiFiT which are summarized,
together with the values 5 and r, in Table 2.1. The CALEs for five different pairings
of A;, F; are solved by the MATLAB routine lyap. Figure 2.1 shows the scaled singular
values 0;(X)/01(X) which were computed using the svd command. Apparently, for all
five test cases, the scaled singular values drop below the machine precision u,,q, before
j reaches n. With the same reasoning as in the example in the introduction, the values
below uyac, should by no means be trusted and should not be considered as accurate
singular values. The slower decay of these computed singular values once they fall below
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Table 2.1.: Matrices defining the CALEs (2.31)

Matrix A B ||Factor F of inhomogeneity r
Ay =diag (—[1,1,...,50,50])|0 || F} € R" random 1
Ay = Ay + I50® [100 ’&0} 10 || Fy = [F1, ), c2 € R™*? random 3
Ay =Ag+ 51, 100|| F3= [Fy, c3+[ea, ... ew0]l, 3 € R™O, [les]| = 1077 |10
10" g
_‘:81\
—icl078
dd
SIS
Umach [-------=

Figure 2.1.: Scaled singular values (0;/07) of the solutions of the different CALEs.

Upaen Might possibly only be a numerical artifact caused by the difficulties to accurately
compute quantities smaller or within the range of the machine precision. More robust
singular value algorithms, e.g., [80], might reveal that even below Umae the singular
values keep decaying at a similar rate as before. The plot in Figure 2.1 nevertheless
shows a different fast singular value decay for the different settings. The fastest decay
is achieved with the diagonal matrix 4; and the inhomogeneity FyF'T of rank one. In
comparison, using the non-symmetric matrix Ay instead, yields a considerably slower
singular value decay since the complex eigenvalues lead to (As) = 10 > 0 = B(A,).
Replacing Fy F{ by FyF) increases the rank of the inhomogeneity to r = 3 and clearly
slows down the singular value decay further. Shifting A, closer to the imaginary axis
gives A; with an increased 35 = 100 which yields a further deceleration of the decay. So
far, these observations are in line with the observations regarding the error expression
(2.25) of Corollary 2.41. With the inhomogeneity F3F§ with » = 10 one would expect
from (2.25) and (2.30) an even slower singular value decay. However, the decay is
significantly faster than with FyFY of rank three. This suggests that the solution of the
CALE can be more easily approximated by a low-rank matrix than for the CALE defined
by As, FbF¥. An explanation for this is difficult to find with Corollary 2.41, but the
expressions (2.28), (2.30) are more insightful. Apparently, the additional columns of Fj;
are nearly orthogonal to some left eigenvectors of Az. Hence, some of the corresponding
Wy, in (2.30) are nearly singular which obviously influences the singular values and, thus,
also the numerical rank of the CALE solution.
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2.3.4. Concise Overview of Full / Low-Rank Methods

Instead of giving an exhaustive summary of algorithms for solving matrix equations, we
mention selected approaches, including the ones important for comparative studies in
this thesis. Further methods, as well as more details, can be found, e.g., in the survey
articles [210, 52]. Whenever we give lists of references in the following short summary,
these are most likely not complete but selective. Therefore, these lists should always be
understood as directions towards the cited literature as well as the references therein.

For small to medium scale linear matrix equations of length ¢ = 2, methods based on
(generalized) Schur, eigenvalue, or Hessenberg decompositions of the involved coefficient
matrices can be applied, such as the popular Bartels-Stewart algorithm [14] for Sylvester
and Hammerling’s method [124] for Lyapunov equations, where the latter one directly
computes a Cholesky factor of the solution. Other related methods can be found in,
e.g., 214, 109, 90, 105, 68]. Another class of methods based on the matrix sign function
iteration was investigated in, e.g., [133, 46, 17]. The ADI (alternating direction implicit)
iteration is another iterative scheme that can be applied to solve CALEs and CASEs
[229, 233]. This approach will be reviewed in the next chapter as its represents the
backbone of the methods discussed in this thesis. For matrix equations with ¢ > 2, some
iterative methods which solve an equation with ¢ = 2 in each iteration step by using
one of the just mentioned methods, can be found in, e.g., [71, 20, 21]. The solution of
algebraic Riccati equations can be built from certain invariant subspaces of the associated
Hamiltonian (CARESs), symplectic (DAREs), or M-matrices (MNAREs). We refer to
[150, 55] for overviews of these concepts. Algorithms which employ these properties by
computing certain decompositions of the involved block matrices can be found in, for
instance, [154, 155, 121, 55, 63]. The application of the sign function iteration for solving
GCAREs and GDARES is considered in [191, 106, 144, 143]. A generalization of the ADI
iteration for CAREs, the quadratic ADI iteration (QADI), is proposed in [238]. Due to
the nonlinear nature of AREs, Newton schemes present another well suited approach for
their solution [145, 126, 122]. There, in each Newton step a linear matrix equation has
to be solved. All of these methods involve computations with and manipulations of the
original coefficient matrices, such as constructing the factorizations mentioned before.
This yields a cubic complexity and quadratic storage requirements and, hence, they are
not feasible for large and sparse matrices. Furthermore, they do not exploit the often
present low numerical rank of the solution. There are, however, specialized methods for
GCASEs when only one of the pairs (A, E) or (B, C) is large and sparse, but the other
one is much smaller and dense [215, 30].

Algorithms for handling large matrix equations defined by sparse matrices are usually
based on the assumption that matrix-vector products, as well as solutions of (shifted)
linear systems with the coefficient matrices, can be efficiently computed in contrast to,
e.g., Schur decompositions. As outlined before, one typically computes a low-rank ap-
proximation X of the solution X, such that rank{ X} = k < min (n,m). This approach
is, of course, only valid if the problem at hand actually admits such a low-rank solution,
e.g., when rank{ FGT} = r < min (n,m) and J3 is sufficiently small which we assume
in the following. Typically, this low-rank solution is computed in a factorized form
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X = ZDYT with Z € R™* D € R®* and Y € R™*. For equations having positive
(semi)definite solutions (GCALEs, GCARES, as well as their discrete-time versions),
this can be simplified to X =22" or X = ZDZ" with D = DT = 0.

A large class of methods for this purpose is built upon projections onto low-dimensional
subspaces. We briefly outline the main idea for CALEs. Given a subspace U =
span{U} C C" with U € C™*, U"U = I, k < n, the solution X is approximated by
X = UDU*¥. Tmposing a Galerkin condition [196] onto the residual

L= AWUDU") + (UDUM)AT + FFT,

leads to UPAUD + DUYA"U + UM FFTU = 0, i.e., D is the solution of a small, k-
dimensional CALE which can be solved by the algorithms mentioned above. Usually,
one produces sequences of subspaces of increasing dimensions in an iterative manner.
Different algorithms mainly differ in the choice of the subspace U. For (G)CALEs, stan-
dard Krylov subspaces (A, F) = span {F7 AF, .. .7Ak‘1F} have been employed in
[196, 137]. The extended Krylov subspace method (EKSM) [209, 218] uses extended
Krylov subspaces Ky (A, F) = Kp(A, F)UXi(A™', A7'F) which leads to a signifi-
cantly faster convergence compared to using Ky(A, F) alone. A further generalization
is the rational Krylov subspace method (RKSM) [83, 82, 84] which works with sub-
spaces KA, F, &) = dp_1(A) 'K (A, F), where dj_; is polynomial whose roots are
given real or complex parameters & = {&,...,&}. An illustration of RKSM is given
in Algorithm A.1 in the appendix. Several modifications and generalizations of similar
methods are available for GDALEs [203], GCASEs [89, 11, 12, 138, 134, 60], and AREs
[127, 211, 167]. A related approach, based in some sense on H, interpolation and using
also rational Krylov subspaces, is proposed in [21].

The algorithms investigated in this thesis are low-rank versions of the aforementioned
ADI iteration which, for GCALEs, were extensively studied in [183, 161, 18, 42, 201].
These methods can be carried over to GDALEs [27, 203] and GCASEs [162, 43, 32].
In the chapters to come, we will review and improve these methods regarding various
computational aspects. There, we will also see that the ADI iteration can be understood
as functional iteration, where the next iterate Xj is obtained via X = f(Xj_1) for
k > 1. The Smith method [29, 165] and, in particular, its low-rank variations [183, 202]
also fit into this framework. Solving the occurring linear matrix equations in Newton
methods for GCAREs and GDAREs by the low-rank ADI iteration is considered in
[42, 49, 201, 50, 27, 94, 10, 125]. In Chapter 6, we will discuss a similar method to
deal with large-scale NAREs. Low-rank versions of the QADI iteration for GCAREs are
investigated in [238, 201, 23, 24]. The Riccati-ADI iteration [170] is a further variant of
the ADI iteration directly applicable to GCAREs.

There are several alternatives to low-rank Krylov and ADI type methods. For general
linear matrix equations (2.8) with ¢ > 2, one can apply iterative methods in a matrix-
valued fashion. In fact, any available Krylov subspace method for linear systems [199,
225] can be used as in [59, 20]. It appears that this approach is particularly well suited
for the situation £ > 2 when an appropriate preconditioner is employed. For AREs, there
exist further methods that iteratively exploit the relation of certain invariant subspaces
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of the associated block matrices and the solution. This includes the subspace methods
discussed in [211, 23] and doubling algorithms [70, 69, 56, 55].

2.4. Used Software, Hardware, and Test Examples

Throughout this thesis we will evaluate the considered algorithms by several numerical
experiments which are all carried out in MATLAB 8.0.0.783 (R2012b) on a Intel®Xeon®
CPU X5650 @ 2.67GHz with 48 GB RAM. This is one computing node of the linux
cluster otto! at the Maz Planck Institute for Dynamics of Complex Technical Systems
in Magdeburg. It should be mentioned that the majority of numerical experiments
could also be exercised on lesser hardware, e.g., smaller amounts of memory. This holds
especially for the numerical methods, where the enhancements proposed in this thesis
are included.

Here, we briefly introduce a number of test examples which are used several times in
the upcoming numerical experiments. Often, these examples are related to a dynamical
system of the form (2.5). A few further examples will be introduced in the upcoming
sections on occasion for single use.

An Ocean Circulation Problem

A finite element model of an ocean circulation problem [227] yields a nonsymmetric
Hurwitz matrix A with n = 42,249 which we use to define a CALE (2.10). If not stated
otherwise, the factor F' of the inhomogeneity @ = FF7 is constructed by r = 20 columns
with uniformly distributed random entries. We will abbreviate this example by ocean.

Scalable Finite Difference Discretizations of a Partial Differential Equation

An often used academic example for CALEs is obtained by using centered finite differ-
ences to discretize the partial differential equation

v
9,

o

1';:7Av7f1 85 —
2

— fre — =0

for v = v(&;, &) defined on Q = (0,1)? with homogeneous Dirichlet boundary condi-
tions. Here, f;, ¢ = 1,2,3, are functions depending on &, & and are often referred
to as convection and reaction terms. Using ng equidistant grid points for each spatial
dimension yields a dimension n = n? for A. The factor F' € R™*" of the inhomogeneity
is usually taken as random matrix. The terms fi, fo influence the symmetry of A. By
varying f;, ng, and r, we will employ different versions of this example which is abbre-
viated by FDM. The particularly selected settings are mentioned at each occurrence in
numerical experiments. A frequently used choice is f; = 10%¢;, fo = 10%¢, and f3 =0
as in, e.g., [184].

!See http://www.mpi-magdeburg.mpg.de/1012477/otto for more information.
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Cooling Process of Steel Rails

The steel profile cooling models are part of the Oberwolfach Model Reduction Bench-
mark Collection?. They represent spatial finite element discretizations of a heat transfer
problem arising in the cooling of steel rail profiles [200, 47, 48]. Different grid sizes result
in matrices A < 0, E > 0 of different dimensions which we use to define GCALEs (2.11).
We use the cases with n = 20,209 and n = 79, 841, which are abbreviated by rail20k and
rail 79k, respectively. The model constitutes a dynamical system (2.5) and also provides
an input matrix B with » = 7 which serves as F. For the parts of this thesis devoted to
model order reduction, the output matrix C' € R®" in (2.5) is also used.

A Finite Element Discretization of a Convection-Diffusion Problem

The IFISS 3.2% package [207] provides the example T-CD3, where a time-dependent
convection diffusion equation defined on (0,1)? is discretized by Q1 finite elements on
a uniform grid. We use the default settings for this example, but different grid sizes
to generate A, E: 64 x 64, 128 x 128, and 256 x 256 grids leading to the dimensions
n = 4,225 n = 16,641, and n = 66,049. The corresponding abbreviations are ifiss4k,
ifiss16k and ifiss66k. The matrix F' is typically constructed by r» = 5 random columns.

The Triple Chain Oscillator

In several applications, linear control systems of the form
M(t) + Dq(t) + Kz(t) = Byu(t),
y(t) = CPq(t) + C¥4(1)

with M, D, K € R By € R and CP?, CV € CP*" arise. The functions
q(t), u(t), y(t) are defined as in (2.5). Since (2.32) involves the second derivative w.r.t.
time ¢, such systems are usually referred to as second order, linear, time-invariant, con-
trol systems. They are often dealt with by rewriting (2.32) formally into an equivalent
generalized state space system (2.5) of first order with £, A € R [ ¢ R
L € RP?" and the augmented generalized state vector z(t) = [q(t)7,¢(t)"]". This is
closely related to rewriting the associated quadratic matrix polynomial A>M + AD 4 K
into a linear pencil A\E — A [220]. Hence, we will refer to this transformation as lin-
earization. The two most standard linearizations are the first companion linearization

(2.32)

Ny 0 0o M 0 .
b= {0 M]’ A= LK ,D} , Fi= {BJ , Lo=[Cr Y] (2.33a)
and the second companion linearization
D M _|-K 0 B e
E27|:]\/'2 0:|7A2*|:0 N2:|-,F2*|:O:|7L27[C 0]7 (233b)

?Available at http://portal.uni-freiburg.de/imteksimulation/downloads/benchmark under
the ID=38881.
3See http://www.maths.manchester.ac.uk/~djs/ifiss/.
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2.4. Used Software, Hardware, and Test Examples

where Nj, Ny are arbitrary nonsingular n x n matrices. Common choices for those are
Ny =1, or Ny =—K in (2.33a) and N, = I,, or N, = M in (2.33b), respectively.

The scalable triple chain oscillator [223], abbreviated by chain, describes three coupled
chains of masses interlinked with springs and dampers. Its equations of motion can
be formulated in the form (2.32). Using ng = 7,000 masses yields matrices M > 0
and K > 0 of dimension n = 3ny + 1 = 21,001. The matrix D > 0 is modeled as
D = 0.02M + 0.5K with v = 5 added to the first, n-th, and 2n + 1-th diagonal entry,
and Bj is a random matrix of dimension n x 5.

The Brazilian Interconnected Power System Examples

The Brazilian interconnected power system models* provide a number of differential-
algebraic systems (2.5) defined by the block structured matrices

o Ell 0 . All A12 nxn . Fl nxr
E—{O 0],A_[A21 AQZ]GR F=|p| €R (2.34)

with Ey; € RY*™ and Ay, € RO—0)%(=n1) pongingular. All the other subordinate
block matrices have appropriate dimensions. The number ny < n refers to the number
of finite eigenvalues in A(A, E), which are supposed to be located in C_. The special
structure of E implies that the pair (A, E) is of index one [148]. Since the inverse of
FE does not exist, the formulation of an associated GCALE is not as straightforward as
before. In [98] a GCALE associated to (2.34) is defined by

APEy, + EyPA" = —FFT

R L ] . L R (2.35)
with A=Ay — ApAsy Agy e RV F = Fy — Ap Ay Fy € RV

which we employ for our studies. By the abbreviation bips we refer to the system

bips07-3078 with n = 21,128, ny = 3,078, Eyy = I,,,, and 7 = 4. As in [98, Section V.A]

the shifted matrix A —0.05F is used since the original pair (A, F) has finite eigenvalues

very close to the imaginary axis.

4Available at http://sites.google.com/site/rommes/software.
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ITERATION FOR LYAPUNOV AND SYLVESTER
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This chapter introduces the most important algorithm of this thesis, the low-rank
alternating direction implicit (LR-ADI) iteration for computing low-rank solution fac-
tors of large-scale Lyapunov and Sylvester equations. A short summary of the historical
origin of ADI methods is given in the next section. The subsequent two sections treat
the application of the ADI iteration for Lyapunov and Sylvester equations separately.
The low-rank ADI iteration for standard and generalized Lyapunov equations is derived
in Subsection 3.2.1 which is followed by a brief overview of the shift parameter problem
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

and suitable termination criteria in Subsections 3.2.2 and 3.2.3, respectively. In Subsec-
tion 3.2.4, we investigate the structure of the Lyapunov residual in the ADI iteration
and develop a novel formulation of the low-rank ADI iteration, where the residual norm
can be computed much more efficiently compared to other approaches. Some specially
tailored versions of this reformulated ADI iteration for certain structured problems are
given in Subsection 3.2.5, and 3.2.6 presents some numerical experiments. Afterwards,
similar investigations are carried out for generalized Sylvester equations in Section 3.3,
where also special cases, e.g., discrete-time Lyapunov equations, are considered. After
numerical examples illustrating the performance of the proposed methods, Section 3.4
summarizes and gives some further research perspectives.

3.1. The Origin of the Alternating Directions Implicit
Iteration

The original ADI iteration was developed in [181] for solving linear systems

Au=1b
with A € R™" symmetric, positive definite, arising in the numerical solution of elliptic
and parabolic differential equations. Assume A can be expressed as A = H + V with

syminetric, positive definite matrices H, V' € R™*" such that the above linear system
can be equivalently stated as

Hu+Vu=h.

For instance, if A represents a centered finite difference discretization of a partial dif-
ferential equation in two dimensions, then H and V' can be chosen as centered finite
difference discretizations with respect to the z and y direction, respectively. The ADI

iteration is for 7 = 1,2,... defined in terms of double steps
(H+ aj[”)u]-f% = (oI, = V)u,;—1 + b, 31)
(V +a;l)u; = (o1, — H)u]-,% +0, ’

where o; € R, are appropriately chosen parameters. Provided that A and V' commute
(HV =V H), there exist shift parameters such that the ADI iteration above converges
with a superlinear convergence rate [15].

3.2. The Low-Rank ADI lteration for Large-Scale
Continuous-Time Lyapunov Equations

3.2.1. The Application of the ADI lteration to Lyapunov Equations
The standard CALE (2.10)
AX + XAT = —FF", FeR™ (3.2)
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3.2. LR-ADI Iteration for Lyapunov Equations

with a c-stable A represents an ADI model problem since the operator L : X — AX +
XA" is a sum of the commuting operators Ly : X + AX and Lp : X + XAT. The
original approach to derive an ADI scheme for (3.2) is to formally apply the iteration
(3.1) to Ly, Lg which gives

(A + Oé]‘]n)Xj7% = 7FFT _ X]-,I(AH — OéjIn)a

(3.3)
(A+ L) X[T = —FF" = X (A" — a1,

where the shift parameters a; € C_ are allowed to be complex now, and the iteration is
started with an initial guess X, = XI € R, Rewriting (3.3) into a single step yields

Xj=(A+ O‘j]n)il(A - OTJ'In)Xj—l(A - CTj[n)H(A + O‘j]n)iH
—2Re (o) (A + ;1) " FFY (A + a;1,) 7 (3.4)
=C(A, a;)X;_1C(A, a)" + Q(ay)

with the Cayley transformation (see Definition 2.15)

C(A,a) = (A+al,) (A-al,) and (3.5a)
Q(a) := —2Re (a) (A + al,) 'FFT(A+al,) . (3.5b)

We will refer to the iterative scheme (3.4) as ADI iteration for CALEs. There, the X

are always Hermitian matrices although the iterates X;_ 1 in the double-step iteration
(3.3) are not. The restriction a; € C_ leads to p(C(A, ¢;)) < 1 by Proposition 2.16c.
Before we continue, we show an alternative insightful way to derive the ADI iteration

(3.4) on the ground of the following important lemma.

Lemma 3.1 ([212, 183, 119]):
For all o ¢ A(A) the CALE (3.2) is equivalent to the DALE (Definition 2.26)

X =C(A,0)XC(A,a)" +Q(a) (3.6)

with C(4, ) and Q(«a) as in (3.5). %
The equivalent DALE (3.6) motivates the functional iteration

X; = €A, ) X;1€(A, o) + Q(a) (3.7)

for j = 1,2,... which is essentially the Smith iteration [212]. Varying also the shifts
a, ie., a different a; is used in (3.7) for each j, immediately yields the ADI iteration
(3.4). As discussed in [119], the iteration (3.7) (with or without varying shifts) can
also be interpreted as transforming a continuous-time dynamical system (2.5) into a
discrete-time dynamical system (2.6).
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

The Low-Rank ADI Iteration The ADI iteration (3.4) operates on n x n matrices
and does not exploit the low-rank structure of the right hand side FF7 in (3.2). Hence,
it is not suitable for computing low-rank solution factors of large-scale equations. For
deriving a low-rank formulation of (3.4), the following lemma will be useful.

Lemma 3.2:

For all M € C™*™ and «, 8 € C, the matrices (M +al,)*! and (M +31,)*! commute,

provided the inverses exist. O
If we introduce the low-rank factorization X; = ZjZJH and set Z; = 0, then (3.4)
accumulates the low-rank factor Z; via

Zy = /—2Re ()(A+aiL,)'F, (3.8)

Z; = [\/72Re () (A+ ;L)' F, C(A, )7, (3.9)

where we exploited the symmetric structure of Q(c;). In this way, rj columns have to be
processed at iteration j, i.e., j shifted linear system with r right hand sides each have to
be solved, such that the iteration gets increasingly expensive. Introducing the notations

v = 1/—2Re (o), TFj:=(A+aq;I,)""F,
(3]- = G(A/(l]), and 617] = G(A,(,Y1'7 (,Y]) = (A - (,Tzln)(A -+ ajln)717

the low-rank factor Z; in the above scheme can be written as
Z; =55, 18T -1, 1j-2€€ 1T 0, €y €T
Now by Lemma 3.2 one observes that C;JF; = C; ;F; and C;C; = €, ;C;; Vi, j, such that
Zj = [F5 %-1Ci-13F5 %-2Ci-25-1Ci-13F5, - nCra - €y T

Thus, Z; is for j > 1 augmented by r columns which are constructed from applying
a Cayley transform to the previous r columns processed at the iteration step j — 1.
Reversing the order of the shift parameters yields the low-rank ADI iteration

‘/1 = (A + 011]71)71F7 Zl =V —2Re (al)Vl (310&)
Vi=Ci1,Via=Via— (o + a5 )(A+ L) Vi, j>1, (3.10b)

Zj= {Zj—h \/mvj} ; (3.10c)

where we used Proposition 2.16a to rewrite C;_; ;. In this form, only 7 columns need
to be processed in each iteration step and the main computational effort comes from
the solution of the associated shifted linear system with r right hand sides. From now
on, we assume that we are able to solve the linear systems efficiently by either sparse
direct [87, 74] or iterative solvers [199, 225], and that the obtained numerical solutions
are approximate enough such that any errors can be neglected. The case of inexact
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3.2. LR-ADI Iteration for Lyapunov Equations

linear system solves is considered, e.g., in [202, 219]. As the low-rank solution factor Z
is augmented by r columns in each iteration step, the approximate solution is given as
sum of dyadic products of these columns:

J
X;=2;Z' = -2 "Re (a;) ViV (3.11)

i=1
Dealing with Generalized CALEs. Generalized, continuous time Lyapunov equations
AXET + EXAT = —FFT (3.12)
with nonsingular £ can be transformed to standard CALEs
AX + XAT = —FFT with A=E'A, F=E'F

and the iteration (3.10) can be applied to A, F in a straightforward way. From a
numerical point of view, this is not wise since forming A might be too expensive in a
large-scale setting. Moreover, it can possibly become ill-conditioned and dense. A more
sound way to deal with £ is using

(A+al,) ™ =(A+aE)'E

in the linear systems in (3.10). This amounts to work with generalized Cayley trans-
formations (Definition 2.15b) in the above derivation of the ADI iteration which yields,
again by using Proposition 2.16a,

Vi=(A+ o E)'F,
Vi=Via— (o +a ) (A+ g E) H(EVia), j>1,

see, e.g., [18, 201]. Compared to (3.10), the identity I, in the shifted linear systems
is replaced by £ and the right hand side for j > 1 is EV;_;. The resulting low-rank
ADI iteration for GCALEs (G-LR-ADI) is summarized in Algorithm 3.1. For standard
CALEs (3.2), we use the abbreviation LR-ADI for Algorithm 3.1.

Remark 3.3:
Due to the Cholesky-type structure X ~ ZZH of the computed approximate solution,
Algorithm 3.1 is also frequently called (generalized) low-rank Cholesky-factor ADI
iteration and abbreviated by (G-)LRCF-ADI. In this thesis we refrain from using the
term Cholesky-factor since the computed low-rank factors Z are not triangular and
because it shortens the used abbreviations for the algorithm to come. Also note that
in several instances, the (G-)LR-ADI iteration is formulated using scaled iterates of
the form /Re (o) /Re (aj_1)V. O
In Algorithm 3.1, the G-LR-ADI iteration is written using complex arithmetic op-
erations because some of the shift parameters can be complex numbers. Hence, the
computed low-rank factors Z are complex matrices in this case, although the intrin-
sic GCALE is defined by real matrices. Chapter 4 is entirely devoted to handle this
undesirable property.
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

Algorithm 3.1: G-LR-ADI iteration for GCALEs [18, 201]
Input : Matrices A, E, F defining (3.12) and shift parameters
{ov,..., 0.} CC_.
Output: Z € C™Imx such that ZZ7 ~ X.

1 Zo =]

2 for j =1, ; Jmax do

3 if j = 1 then

4 ‘ Solve (A + ay E)V; = F for 14.

5 else

6 Solve (A + a,;E)V = EV,_, for V.
v Vi = Vi — (o + @)V

8 | Z;= {Zj—h \/W(%)VJ] :

3.2.2. Error Reduction and Shift Parameters

The shift parameters in the iteration schemes (3.3), (3.4) of the ADI iteration and, thus,
also in the low-rank version (3.10) and Algorithm 3.1 are crucial for a fast convergence.
Often, these shifts are constructed such that they reduce the error X; — X. The next
lemma quantifies this error, where we stick to the case £ = [,, for simplification and due
to the equivalence discussed in the previous subsection.

Lemma 3.4 (Error of the ADI iteration [202, 94, 135]):

The error at iteration step j of (3.4) and of the equivalent reformulations (3.3), (3.10),
is given by

= {li[ e} (X — X) {li[ ef’} . (3.13)

Proof. Combining Lemma 3.1 with (3. ) immediately gives the result. O
I
it can be factorized as A = QAQ™* Wlth A =diag (A1, ..., \,), and @ contains the right

eigenvectors of A. Then
J
i=1

i=1
j J
H Ai—ag An—0y
dla‘g < Ata; )\ +a1> H
i=1

j
=w(@]]r(CA, @) =x(Q)

see, e.g., [160, 161, 119]. A few remarks concerning the non-diagonalizable case can be

found in [119]. By Proposition 2.16¢, if a; € C_, Vi > 1 it holds p; := p (C(A, «;)) < 1

This lemma yields || X; — X|| < | Xo — X||. Assuming that A is diagonalizable,

J

IIe

i=1

-
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3.2. LR-ADI Iteration for Lyapunov Equations

J
and, hence, r; := [] p; < 1. Moreover, r; = p;rj_1 < r;j—; indicating that the sequence
i=1
of the spectral radii r; is monotonically decreasing and, in the limit, will approach the
value zero. Hence, for every prescribed tolerance 7 > 0, there is a j(7) € N such that

I Xz — X|| < 7. Now consider the resulting error bound
1% = X < w(Q)*r} 1 Xo — X =: 7.

If there exists 0 < p < 1 such that p; < p, Vj > 1, the sequence 7; converges by [142,
Definition 4.1.1.] g-linearly to zero and, consequently, the iterates X; converge r-linearly
towards X.

From the above bound we see that, for non-normal A, the speed at which the error is
reduced is slowed down because £(Q) > 1. Further investigations concerning the effects
of non-normality can be found in [202, 7]. One often used approach to achieve a fast
reduction of the error is to make the spectral radii r; as small as possible which yields
the min-max problem

1<t<n

@
H)\er

where A(A, E) is used for GCALEs. This rational optimization problem is also known
as ADI shift parameter problem [232, 233]. We postpone further details regarding (3.14)
until Chapter 5 which is entirely concerned with strategies for computing shift param-
eters. There, we also give information on approaches for solving (3.14) analytically or
heuristically. For now we only mention that one heuristic approach [183] consists of
replacing A(A, E) by a small number of approximate, stable eigenvalues of (4, E) and
solve (3.14) in some sense approximately, resulting in a small number J < n of shift
parameters. This is especially helpful for the large-scale case in this thesis since the
entire spectrum is unlikely to be available or efficiently computable in this situation.
Typically, these J shifts are used in a cyclical manner if the number of iteration steps
exceeds J. In this case, bounding the spectral radii is trivial because p := llil[agf](pg) < 1.

) . A€ AA), (3.14)

{af, ..., aj} = argmm (max

The approximate eigenvalues of (4, FE) in the heuristic approach, but also in several
other shift generation strategies [202, 39|, are typically taken as Ritz values, i.e., the
eigenvalues of (QTAQ, QTEQ) for Q € R™* QT(Q = I,.. For obtaining p < 1 it has to
hold A(QTAQ, QTEQ) c C_. This is, for instance, the case when E = I,, and it holds
for the field of values [132] of A: W(A) := {2 Az, 0# 2 € C", ||z| =1} C C_. This
condition holds not generically, e.g., when A+ AT is not negative definite [132]. In that
situation, some additional precautions are required to obtain «; € C_ and, therefore,
p < 1. These techniques, as well as alternatives to the heuristic shift selection approach
mentioned above, will also be subject of Chapter 5

3.2.3. Stopping Criteria

One way to stop Algorithm 3.1 is when the change in the approximate solution is small,
e., when [|[X; — X;_|| < 7, which can be computed efficiently in the spectral and
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

Frobenius norms via
1X; = X5l = 12,2 = Z; 12| = —2Re () [IV;V,"]| = =2Re (ay) [[Vj]|*,

see [161]. A relative change can also be used, e.g., by scaling with ||X;||. However,
the computation of the norm of the approximate solution might be expensive in large
dimensions. Taking the computed symmetric low-rank structure Z;Z into account,
using a power iteration or Lanczos process [111] can be employed to reveal the spectral
norm since || M||2 = |Amax(M)| = p(M) for any symmetric matrix M. A similar stopping
criterion is based on the relative change in the low-rank factors [42, 184] measured in
the Frobenius norm, i.e., to stop the ADI iteration if

IVille/l1Zjlle < 7

It is not necessary to compute || Z;||z every time, because ||Z;||% = ||Z;_1]|% + |V;||%,
only the Frobenius norm of V; has to be computed in each iteration step. A disadvantage
of both approaches is that the used (relative) norms do not necessarily decrease as the
LR-~ADI iteration progresses and one often observes a quiet irregular behavior. Hence,
we do not employ these approaches in the remainder.

Instead we focus on terminating Algorithm 3.1 based on the norm of the (generalized)
Lyapunov residual matrix

L;=AX;E" + EX;A" + FF". (3.15)

A popular stopping condition is

1£501/¢; <,
where ¢; is a suitable scaling constant. Typical choices are ¢; = ¢ = |[FFT|| and a
backward error related scaling ¢; = || FFT || + 2| A|||E|||| X;|| which is more expensive to

evaluate. We will usually employ the first choice. For large-scale Lyapunov equations,
using the Lyapunov residual for terminating the ADI iteration is difficult since £; is
a large and dense matrix, such that even constructing and storing it is infeasible and
computing, e.g., the spectral or Frobenius norm is expensive. We mention briefly two
approaches for this purpose.

Computing the Lyapunov Residual Norm One approach to compute ||£;||p more
efficiently was proposed in [182, 183] and uses the decomposition
0
0 0 I

0 I; 0
L;=H;D;H, H;:=[AZ;, EZ;, F], D;:= {z 0} : (3.16a)

Using the thin QR decomposition Q;R; = Hj, Q; € C@+r R, e CE+Ur=@it+lr,
the spectral and Frobenius norms of the residual can by computed by

1£511 = 1 R; D; R|. (3.16b)
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3.2. LR-ADI Iteration for Lyapunov Equations

To reduce the computation costs, the QR decomposition can be updated incrementally
in each step since H; is updated by 2r columns. As j increases, this approach can
nevertheless become easily more expensive than the remaining computation in each step
of the G-LR-ADI iteration.

Alternatively, since £; is also a symmetric matrix and || £,]|2 coincides with the spectral
radius of £;, one could use, by exploiting the low-rank structure X; = ZJZ]T provided
by the G-LR-ADI iteration, a power iteration or a Lanczos process (see, e.g., [111])
to retrieve this largest eigenvalue. This would essentially require only matrix vector
products with A, E, G, Z and their transposes. Unless the power iteration or Lanczos
process converge in very few steps, this can still lead to a high portion of computational
effort in the G-LR-ADI iteration. Especially the power iteration tends to converge
increasingly slow when the residual gets smaller. Since the column dimension of the low-
rank solutions factor increases as the G-LR-ADI iteration proceeds, the computational
costs for applying a power iteration or a Lanczos process will also increase.

In the next subsection we investigate the Lyapunov residual (3.15) in more depth. A
novel result on the low-rank structure of (3.15) will be derived which not only enables
a cheap evaluation of ||£;||, but also reveals a new way to reformulate Algorithm 3.1.

3.2.4. The Low-Rank Structure of the Residual Matrix and a
Reformulated Iteration
The next theorem gives a novel result on the structure of £; within the G-LR-ADI

iteration and constitutes the main contribution of this section.

Theorem 3.5 (Low-rank structure of £; [37]):
The residual at iteration step j of the G-LR-ADI iteration is of rank at most r and
given by

L;=AZ;Z'E" + EZ;Z A" + FFT = W,W ], (3.17)
where W; € C™*" is given by
W, = (A—o;E)V; (3.18a)
= ‘/Vj,1 — 2Re ((J(j) E‘/} (318b)
= W(] + EZ]F](lj ® IT) (318C)

with Wy := F, I'; := diag (71,...,7;) ® I, v == /—2Re (a;) for i = 1,...,j, and
1, =[1,....,1JT e R". If a; & A(A, E) for all j, then the rank is exactly r. Moreover7
the iterates V; in Algorithm 3.1 can be equivalently constructed by

Vi=(A+o;E) "Wy, j>1. (3.19)

Proof. To ease the representation, we consider the application of the LR-ADI iteration
to the standard CALE

AX+ XAT+ FFT =0, A:=E'A, G:=E'F (3.20)
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

which is equivalent to applying the G-LR-ADI iteration to the GCALE (3.12). Using
Lemma 3.4:

reveals, by employing the Lemmas 3.1 and 3.2, as in [94, Lemma 5.3], [135, Lemma
5.2], that the residual at iteration step j of Algorithm 3.1 can be written as

L;=AX; + X;AT 4 FFT = A(X; — X) + (X; — X)AT
J
[1e an”

i=1

J

[TeA )

i=1

Lo

Now since Xy = 0 in our setting, we have ﬁg = FFT such that the above relation
immediately yields

J
Ly =W;W} with W, = ]] €A a)F. (3.21)

i=1
This already shows that rank(ﬁ i) =rifa; ¢ A(A 1), vj. I any shift o is an eigenvalue of
A, then the inverse of A+« i1, still exists, but the matrix A- a;l, has a rank deficiency
and, thus, the rank of £; may drop below r. The increment V; can be expressed as
Vi = (A-aL)(A+ a;L) Vi
=(A—a L) A+ ;L) Y A-aG L) (A+a; L)'V,
= (A+ayl )71(1‘1*%‘ 1] YA+ i) A = @531V

= (A+ a1, 1H€Ao¢2 (3.22)

where we used Lemma 3.2 again. Comparing (3.21) and (3.22) yields W]- = (A—@Jn)vj
which is (3.18a). The relations (3.18b), (3.19) are then established by

Vi = (A+ o) (A = a5L) Vi = (A+ a51) 7' Wi
Wj = (‘Z1 707]'171)‘/}' = (Ai @ 71)(A+O(J )" lI/VJ 1
= (= oy + ) (A + ayL) ™) Wiy = Wy = 2Re (o) V;
which holds also for j = 1 if we define Wy := F'.
The results (3.18a), (3.18b), (3.19) for GCALEs are obtained via
L; = EL;E" = EW,WHET = w,wl,
W; .= EW; = (A—a@E)V; = W,_1 — 2Re (a;) EV},
‘/]' = (A -+ ()Z]']n)ile',l = (A + (,Y]' ) lEW] = (A + a]vE)*lW]-,
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3.2. LR-ADI Iteration for Lyapunov Equations

Algorithm 3.2: Reformulated G-LR-ADI iteration

Input : Matrices A, E, F defining (3.12), shift parameters
{ov,...,aj,..} € C_, and tolerance 0 < 7 < 1.

Output: Z € C™" such that ZZH ~ X.

1 ZO:H7 W0:F7 ]:1

2 while ||I/Vﬁ1W,»,1H > 7||[FTF| do

3 Solve (A + a; E)V; = W;_4 for V.

4 W; =W,_1 —2Re (ay) EV}.

Zj=1Zj1, V—2Re (})Vj].

j=j+L

(=23~

and Wy := F. The expression (3.18¢) simply follows from subsequently using (3.18b)
and the definition of the low-rank solution factor Z; in Algorithm 3.1. |

Remark 3.6:
Note that the relations in (3.18b), (3.18¢c) were (in a slightly altered notation) in-

dependently derived in a different way in [235, Theorem 5.1., Corollary 5.1.], where

the authors used the relation of the LR-ADI iteration with rational Krylov subspaces

[160, 161, 96, 21]. %
This novel result has the following impacts. At first it enables the computation of the
spectral or Frobenius norm of the Lyapunov residual via [|£;]| = [[W;W/|| = [[W/W;|
which is much cheaper than the other approaches mentioned above. For the spectral
norm it also holds ||£;|ls = ||W;]|3. The only requirement is the computation of the
spectral norm of a small 7 x r or a thin rectangular n x r matrix. This is significantly
cheaper than the approaches mentioned in Subsection 3.2.3 as we will also see in the nu-
merical example in 3.2.6. Moreover, the result is exact (in finite arithmetics) compared
to the approximate results obtained with power iteration and Lanczos process. Another
effect of the Theorem 3.5 is that combining (3.18) and (3.19) reveals a novel but mathe-
matically equivalent formulation of the G-LR-ADI iteration, where the low-rank factors
W; of L; are an integral part of the iteration, see also [234, Corollary 5.15]. Due to
the initialization Wy = F, no distinction between the first and all other iteration steps
j > 2, as in Algorithm 3.1, is required. The complete reformulated G-LR-ADI iteration
is given in Algorithm 3.2, where we used (3.18b) and already included a termination
criterion based on the scaled residual norm.

Remark 3.7:

We point out that the relations developed in Theorem 3.5 only hold if the linear
systems (3.19) are solved exactly as we assumed from the beginning on. If they are
solved inexactly, e.g., by applying an iterative solver until the norm of the linear
system’s residual falls below a certain tolerance, Algorithm 3.2 can still be applied.
However, in that case the W; are not anymore the low-rank factors of £; such that
[WW;]| is not equal to || £;]|. If the tolerance regarding the linear system is chosen
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

too large, HVVJH W;|| appears to underestimate ||£;|| and the Lyapunov residual norm
should be estimated in a different way, e.g., via the Lanczos approach mentioned
above. Choosing a small enough tolerance gives a negligible discrepancy between
W/ W;|| and ||£;]|. Deeper investigations regarding the ADI iteration with inexact
linear solves can be found in [202, 219]. ¢
This new formulation also reveals another insightful point of view of the G-LR-ADI
iteration. In each step Algorithm 3.2 implicitly solves a GCALE defined by A, E and
the previous residual matrix W;_; Wj’f 1-
Corollary 3.8:
Consider the GCALE (3.12) and the shift parameters {ay, ...} C C_. Let Z

be the low-rank solution factor after k iterations of the G-LR-ADI iteration (Algo-

rithm 3.1 or 3.2). Moreover, let Zék) denote the low-rank factor after ¢ iteration steps
applied to the GCALE

AXET + EXAT + W,WH =0 (3.23)
and the shift parameters &; := ayy; for i = 1,...,¢. Then for k + ¢ iteration steps of
Algorithm 3.2 it holds Zy., = [Zy, Z,@]. O

Proof. The cases k = 0 and ¢ = 0 are trivial to proof. For £ > 1 we have

‘/k = (A+(,Y]¢E)71Wk,
Wi=F +EZTy(1,© L),
Zy =MV, wVel, Tk =diag(n,...,m) ® I

with 4; := /—2Re (o), 1 = 1,...,k. Let \N/Z(k), VNVZUC) denote the iterates and residual
factors after ¢ > 1 steps of the G-LR-ADI iteration applied to the GCALE (3.23) and
the shifts a;, i = 1,...,¢. By Theorem 3.5 it holds

VY = (A+ B WP, = (A+ e B) A - e BV

= .. =(A+apE) (A—aE) - (A+ ap B) WP
= (A + Oék+@E)71(A - Oék+g_1E) e (A + O{k+1E)711/Vkv = V‘]H_[.

Hence,
ZP = mv®, AP = e Vi - Y Vierd
and the result is established. Also note that
W =W + EZPTP (1,0 1) =W+ EZPTP (1L 0 1)
= F+ B |2, 2)"] diag (T, T) (Les 0 1)

=F+EMmV, Vi Y Vit - YerdVierd Deve(Lepr @ 1)
=F+EZi Vipe(Lopr @ 1) = Wiy O
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3.2. LR-ADI Iteration for Lyapunov Equations

With the help of the relations (3.18), the low-rank solution factors generated by the G-
LR-ADI iteration can also be expressed as the solutions of certain Sylvester equations.
Similar results regarding the original G-LR-ADI iteration (3.10) can be found in [160,
161].

Corollary 3.9 (Adaptation of [235, Lemma 3.1], [234, Lemma 5.12]):

For the GCALE (3.12), shift parameters {a1,...,o;} C C_, and v; = /—2Re (o),
i=1,...,7, the low-rank solution factor Z; after j steps of the G-LR-ADI iteration
(Algorithm 3.2) satisfies the Sylvester equations

AZ; + EZ;iBapr = FGhpy, (3.24a)
AZ; — EZ;BYy = W;Ghp (3.24D)
with
ar =2 o SN
Bapr = 5 ® 1, € C"™97 Gapri=T;(1;®1,). (3.24¢)
-1
j

Note that only a real transposition is applied to the possibly complex matrix Bpy in
(3.24D).

Proof. The GCASE (3.24a) is exactly the one in [235, Lemma 3.1], [234, Lemma 5.12]
adapted to our notation. The basic idea of the proof is to consider and merge (3.19),
(3.18b) fori=1,...,5:
i1
AV; = Wiy — ;EV; = Wy — ;EV; = 2E > Vi Re ()
k=1
= WO - E[‘/l, ey ‘/;”2 Re (al) [ra ey 2Re (ai—l) Ir, (YiIT]T

such that

a1 2Re(ay) -+ 2Re(ar)
AVA,.. Vi =Wo(1T @ L) — E[VA,..., V] e ®1I,
. 2Re (aj—1)
@;j
Incorporating Z; = [V4,...,V;]T; into this formula yields (3.24a) after some basic ma-
nipulations.

For (3.24Db) it is by iteratively using (3.18b) easy to see that

i—1
W]-,i:WjHEZVj,kRe (aj ), i=1,...,5—1

k=0

Hence, it holds for i =1,...,j — 1
A‘/],, = I/V] + E[V},, ey ‘/}H_aj—i[m 2 Re (Oﬁ,,) ]7‘7 ceey 2 Re ((1]) IT]T
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations
such that with AV; = W, — o; EV},

2Re (02)

e(az) —ag

AWL, LV =W @ 1) + B, .. V] Lo 1
2Rc.(aj) ZRC(.CVJ) —aj

The final result (3.24b) is again obtained by inserting Z; = [V4,..., V;|T;. O
Representing the low-rank solution factor Z; via (3.24) will be useful in the upcoming
Chapters 5 and 6. It is known that the G-LR-ADI iteration can be connected to rational
Krylov subspace methods [160, 161, 82, 96, 235, 237, 234]. In this context the relations
(3.24) do not appear surprising as they represent generalizations of some results from
(193, 194]. The authors in (235, 237, 234] use (3.24a) to investigate the connection
between the G-LR-ADI iteration and Hy model order reduction, see also [96, 21]

3.2.5. Structure Exploiting Versions of the G-LR-ADI lteration for
Special GCALEs

The Second Order LR-ADI lteration

Second order systems (2.32) are often formally rewritten as equivalent generalized state
space systems (2.5) of first order with matrices £, A € R F ¢ R [ ¢ RP*2n
defined by, e.g., (2.33) (cf. Section 2.4).

In order to compute and approximate solutions to the GCALESs defined by £, A, F, L
it is not recommended to explicitly form these augmented matrices. It is possible to ex-
ploit the structure given by (2.33) efficiently by suitably rewriting the occurring matrix
vector products and shifted linear systems. For the G-LR-ADI iteration in its original
form (3.12) this has been done in [201, 51, 178, 37] which leads to the so called sec-
ond order LR-ADI iteration (SO-LR-ADI). Here we briefly sketch the adaption of this
approach to the reformulated G-LR-ADI iteration in Algorithm 3.2, where we restrict
ourselves to the second companion linearization (2.33b) with N, = M, i.e.,

D M ~K 0 B v
EQ:{M ()},AQ:{O A/},FQ:{J],LQ:[CP .

The key ingredient is to partition the 2n x r arrays V; and W} into blocks of dimension
nxr

Then, the linear systems (As + o F2)V; = W;_; are equivalent to
(02M — a;D + K)V" = - WP, + oW, (3.25a)

VY = —a V) 4 MW (3.25b)
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3.2. LR-ADI Iteration for Lyapunov Equations

Algorithm 3.3: Reformulated SO-LR-ADI iteration
Input : Matrices M, D, K and F defining (2.33Db), shift parameters
{ov,...,aj,..} € C_, and tolerance 0 < 7 < 1.
Output: Z € C** guch that ZZ" ~ X.

W(p) .
1 Zg=1], W(") =F j=1.

2 while W/, W,_,| > r||[F"F|| do
Solve (a2M — a; D + K)V” = ~W®, + a;W () for V7).

3

4 if j =1 then

. VO = o,V

6 if Wy” # 0 then VY = V¥ 4 M1
7

8 else

o | | VY =—av® + v —amvh.

w0 | WP =W —2Re (a;) (DV + MVY).

1 W<V> W(V> 2Re (a;) M V(V>.
v®)
12 Z] = |:Z]',17 2Re |:V(V):|:|'

18 | j=Jj+1

and, likewise, the blocks for the residual factor are given by
W® =W —2Re (a;) (DVY + MVY), (3.25¢)
W;” = WJ._1 —2Re (a;) MV (3.25d)
Multiplying (3.25d) by M~! yields with (3.25Db)
MW = MW, — 2Re () VY = VY 4 (a; — 2Re (a;)) VP
and, thus, it holds for (3.25b) and j > 1

VY =~V + V) 4 (1 — 2Re (a;1))V 7).

This way the required additional linear solve with M in (3.25b) can be circumvented
for 7 > 1. For iteration step j = 1 it is only required once if Wév) # 0. Otherwise,
(3.25b) simplifies to Vl(v) = - pr). For this particular choice of the linearization, the
resulting reformulated SO-LR-ADI iteration is illustrated in Algorithm 3.3.

It is worth mentioning that Algorithm 3.3 can be easily modified to handle the first
companion linearization (2.33a) and we outline only the essential changes: In the Lines 3

9 one simply has to interchange V(p) with V; Y N, = K in (2.33a), M in Line 6 has
to be replaced by K. The blocks of the r051dual factors in the Lines 10,11 are simply
deduced from the structure of Fy, see [37].
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The SLRCF-ADI lteration for Index One DAEs

Another special case we will frequently use in the upcoming numerical examples is given
by the dynamical system (2.5) with the structure (2.34). One can associate a generalized
Lyapunov equation defined by A= Ay — AlgAgzlAgl and F = F— A12A521F2 to (2.34)
(cf. [98]).

Solving this generalized Lyapunov equation with G-LR-ADI is of course possible,
but the matrices A + a;Fy; in the occurring linear systems will in general be dense
which prohibits the use of sparse solvers. In [98], the Sparse LRCF-ADI (SLRCF-
ADI) iteration, a specially tailored G-LR-ADI iteration, is proposed which solves (2.35)
without forming the matrices A, F explicitly. The prefix SPARSE in SLRCF-ADI refers
to this sparsity preserving implementation. The key ingredient exploited in [98] is the
observation that the solution of the dense linear system (121 + o;E11)V; = Wy of size
ny can be equivalently and more efficiently be obtained from the sparse linear system

A +ajEn Al |Vl (Wa
A Aw| W] T 0| (3.26)

of size n, where ¥ € C""/*" ig an auxiliary variable. It can be shown that the right
hand side in the first iteration can be set to [F{, FI]7. The residual factors are given
by W; = W;_1 — 2Re (o) E11V}, where for W, the matrix F has to be computed once
at the beginning of the iteration which requires one solve with the (n —ny) x (n —ny)

matrix Ag, or, alternatively, the solution of the larger system

L, Au] [F] _[R
0 Ayl || |F|”
There are also LR-ADI approaches for handling DAE systems of higher indices [217, 171].
For instance, in [10] the authors work with an approach regarding the index-2 case arising

in optimal control of the (Navier)-Stokes equation. In [31], a combination of the SO-LR-
ADI and SLRCF-ADI iterations for second-order systems of index one is investigated.

3.2.6. Numerical Examples

Here, we briefly use the ocean and rail79k examples to investigate the novel approach for
computing the Lyapunov residual norm in the G-LR-ADI iteration. For both examples,
we use a fixed number J of heuristic shift parameters [184] which are obtained from k.
and k_ Ritz and inverse Ritz values, respectively, which are computed by two Arnoldi
processes (w.r.t. A and A~!) using F'1, as starting vector. We employ the scaled residual
norm g := ||£;]|2/||FT F||2 as stopping criterion with a tolerance 7. For comparison we
employ the three previously mentioned different approaches to compute the spectral
norm of £;. At first, an incrementally updated QR factorizations as in (3.16) and,
secondly, a Lanczos process without reorthogonalization applied to £; to approximate
its largest eigenvalue. The Lanczos process is started with the initial vector 1, and
is terminated after 5 steps or when the relative change of the approximate eigenvalue
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3.2. LR-ADI Iteration for Lyapunov Equations

Table 3.1.: Results obtained with different strategies for computing the Lyapunov resid-
ual norm within the G-LR-ADI iteration.

Parameters Results
Example |k, k_, J T | Jiter | €jiper ‘tADI tw tor Lan
ocean 40, 40, 30 |10719| 69 |7.5-107 11 |117.4 6.2 467.4 85.2
rail79k |40, 40, 20 [10710| 54 [7.0-107  |53.4 0.7 35.6 7.7
10t} [’O'tADI,j -l 5 1R, — tLan,; - {/———/B*’/”’E/ o]
9]
%
2 100
wn
b
= N
Z 10-1
210
1072

5 10 15 20 25 30 35 40 45 50 55 60 65
iteration step j

Figure 3.1.: Computation times of the G-LR-ADI iteration itself and of the different
variants of computing ||| against the iteration step j for the ocean exam-
ple.

is smaller than 1072. The last approach uses the novel low-rank factorization of £;
established in Theorem 3.5 with the cheap expression (3.18a) for the residual factor W,
which allows to determine the spectral norm via ||£;[| = [[W/W;]|. We measure and
compare the times spend in seconds for computing ||£;|| via each of these approaches as
well as the time spend in the remaining computations of the G-LR-ADI iteration.

The used parameters to set up the shift parameter generation and the LR-ADI iter-
ation, as well as the results, are summarized in Table 3.1. It is evident that using the
low-rank factors of the Lyapunov residual leads to a negligible amount of time spent for
computing ||£,]|. The approaches using a Lanczos process or updated QR factorizations
require considerably more computation time, where the time ¢gp of the QR approach can
even surpass the remaining computation time ¢opy of the iteration. This can also be seen
in Figure 3.1 showing the progress of the computation times as the LR-ADI iteration
proceeds for the ocean example. The timings tap; and ty remain at an approximately
constant level whereas tqr and fp,, clearly increase with tgr becoming greater than
tapr at some point of the iteration. To conclude, the new approach to compute the Lya-
punov residual norm via the low-rank factors IW; substantially outperforms the existing
approaches. We remark that this is only the case when the linear systems are solved
exactly or to a high accuracy because otherwise ||I/V]H W; || might not be a good indicator
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3. Low-Rank ADI Iteration for Lyapunov and Sylvester Equations

for ||£,||. In that case, the Lanczos approach appears to be an reasonable alternative. In
the next section we continue with similar investigations regarding Sylvester equations.

3.3. The Low-rank ADI lteration for Sylvester Equations
We now consider the numerical solution of Sylvester equations of the form
AX — XB=FG" (3.27)

with A € R B e R™™ F e R G e R™" and the sought solution X € R"*™.
We assume that the spectra A(A) and A(B) are disjoint which ensures the existence of
a unique solution of (3.27), see e.g., [151, 132]. We also assume that A, B are large,
sparse matrices. In what follows we review the ADI iteration for (3.27) and its low-
rank version in the next subsection. There, we also briefly discuss the shift parameter
problem, stopping criteria, and the handling of generalized Sylvester equations. After
that, we generalize the results for GCALEs given in Section 3.2.4. This includes new
properties of the Sylvester residual and a reformulated low-rank algorithm.

3.3.1. Derivation, Shift Parameters and Stopping Criteria
The ADI scheme for (3.27) with two sets of shift parameters {a, ..., ;.. } and
{B1.- -, Bjuae } 18 given by
(A- Bil, n) X j—% =X;- (B~ Bil, m) + FGTv
X;(B —ajl,) = (A— ;1) X, 1 — FGT,

i3

(3.28)

see [229]. By assuming 8; ¢ A(A), «; ¢ A(B) Vj the above two half steps can be written
into one single step

X]' :(A - (J/,]'In)(A - ‘Bj]n)ilXjfl(B - [f][m)(B - aj]m)71

- ~ (3.29)
+ (BJ - O(J)(A - /3j[n) 1F‘C;T(B — ajIM) B
:G(A, *ﬁjg Oé]‘)Xjfle(B7 —Qj, /3]) +T(Oéj7ﬂj)7 (330)
where
T(a, B) :== (B — a)(A - BL,)'"FGT(B — al,,)™! (3.31)

and € denotes Cayley transformations (Definition 2.15). Alternatively, there is the
following connection [212] between continuous and discrete-time Sylvester equations.

Lemma 3.10:

For every 8 ¢ A(A), o ¢ A(B), a # [ the CASE (3.27) is equivalent to the DASE
(Definition 2.31)

=C(A4,—5,0)XC(B, -, ) + T(a, B). (3.32)

48



3.3. The Factored ADI Iteration for Sylvester Equations

Proof. The proof can be carried out along the lines of [135, Lemma 3.1.1]. |

Similarly to the CALE case, this represents another motivation for the iteration (3.29).
As detailed in [162, 43], similar techniques as in Section 3.2 can be employed to derive
a low-rank version of the above ADI iteration for (3.27). Setting X, = 0, exploiting the
structure of the iterates given by the low-rank right hand side FG”, and reordering the
shifts, leads to the low-rank ADI iteration for (3.27) which is in the remainder referred to
as factored ADI (fADI) iteration [19], [43, Algorithm 1], [162, Algorithm 2.1]. It follows
the iterative scheme

Vi=(A=pl,)'F, S =(B-al,) "G, (3.33a)
Vi =Vier+ (B — aj-1)(A = BiL) Vi, (3.33h)
Sj = S]‘,1 + (Olj - ‘6]',1)(3 - (Xj[m)_HSj,1 (333(,)

for j > 1. After jiax iteration steps of (3.33a)-(3.33¢c), low-rank solution factors Z;, .. €
Crxmimax |y, € CMXTimax T, g ClimaxXTimax are computed such that 7, T, Y =~
X. In each iteration step, these low-rank solution factors are constructed via

max max Jmax = Jmax © Jmax

Zy=Z;-, Vil Yy=[Yj, S, T =diag(Tj-1, (8 — ay) 1) (3.33d)

i.e., 7 new columns are added to the low-rank factors Y;_y, Z;_1, and I';_; is augmented
by an r x r diagonal matrix. In terms of fADI iterates, the solution is constructed as

e
X = (B = a))V;S]".

=1

which is for efficiency reasons never built explicitly. At the start, Zy, Yy, and [y are
initialized as empty arrays. Note that for Lyapunov equations (B = —AT, G = —F,
B; = —a;) the above scheme gives the low-rank ADI (LR-ADI) iteration in Algorithm 3.1
[183, 161, 201, 42]. The main computational tasks are the solutions of the linear systems
of equations with the shifted A, B matrices. As before we assume that we are able to
employ sparse-direct or iterative Krylov subspace methods. Moreover, it should hold
that r < n since the column dimension 7 of F'; G determines the number of right hand
sides in the linear systems. A small value of r is by Theorem 2.41 also crucial for the
existence of a low-rank solution of the Sylvester equation. The shift parameters {o;},
{5;} steer the convergence of the iteration and are discussed briefly in Subsection 3.3.1.

Generalized Sylvester Equations Generalized Sylvester equations
AXC — EXB = FG" (3.34)

with nonsingular £ € R™" and C' € R™*™ can also be dealt with by the fADI iteration
(3.33). As for GCALEs, the key is to formally consider the equivalent standard Sylvester
equation AC — XB = FGT with A .= E-'A, B = BC', F = E-'F, and G =
C~T@. Applying the same manipulations as those leading to the G-LR-ADI iteration
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(Algorithm 3.1) for GCALES, one finds that (3.33) for the equivalent standard Sylvester
equation can be written as

Vi=(A-BE)'F, S =(B-a0) G, (3.35a)
Vi =Visi+ (8 — a51)(A= B E) " (EV;), (3.35b)
Sj = Sj1 4 (aj = Bj-1)(B — ;C)~H(CTS;1) (3.35¢)

which is from now on referred to as generalized fADI (G-fADI) iteration. For some of
the following theoretical investigations using the equivalent standard Sylvester equations
simplifies the occurring derivations.

Remark 3.11:

In [158] a generalized ADI scheme for (3.27) is introduced. There, “generalized“ does
not refer to generalized Sylvester equations (3.34). Instead, it reflects the case when
the iteration (3.28) is modified such that different numbers of incremental steps are
carried out w.r.t. A and B. Here, we do not follow this approach and restrict ourselves
to the case when single steps w.r.t. A and B are employed as in (3.28), (3.29). O

The Error of the fADI Iteration and Shift Parameters The following lemma is helpful
for providing insights into the ADI iteration (3.29) and represent a straightforward
generalization of Lemma 3.1.

Lemma 3.12 (Generalization of Lemma 3.4, [202]):

The error after j iteration steps of the Sylvester ADI scheme (3.29) can be expressed
as

- X = |:li[ C(A4, —,31,041):| (Xo — |:HC =y, B :| . (3.36)

Proof. Combining Lemma 3.32 with (3.29) and using Lemma 3.2 immediately yields
Xj— X =C(A, -8, 5)(X;-1 — X)C(B, —ay, 5))

and (3.36) follows from a repeated application of this identity. O
By taking norms in the error expression (3.36) we obtain

X, — X
H|X XH = HHC —Bi i) lll€(B, —as, Bi)l- (3.37)

By similar steps as in Subsection 3.2.2 for the ADI iteration for GCALESs, this leads to
the two-variable ADI parameter problem [230]

s (A=) = Bi)
FHA =B (1 — i)

min max
i€C AeA(4)

BieC pen(B) '

(3.38)
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for finding shifts that minimize the right hand side in (3.37). For generalized Sylvester
equations (3.34), one has to use A(A, E) and A(B, C) in (3.38). Some approaches for
solving (3.38) analytically, approximately, or heuristically can be found in [230, 233, 202,
162, 43]. For large-scale problems the often used approach [162, 43] is, similar to the
Lyapunov case, to replace both spectra by small numbers kﬁ, kf and k%, kP of Ritz and,
respectively, inverse Ritz values w.r.t. A, E and B, C. We postpone further discussions
regarding shift parameters for (G-)fADI until Chapter 5 which is solely concerned with
this issue.

Stopping Criteria The G-fADI iteration (3.35) can, similar to the G-LR-ADI iteration,
be stopped when the residual

§; = AX;C — EX;B — FG" e C™™
is small enough, where one usually employs a condition like
HSjHST(bj, <7kl

There, ¢; is a scaling factor for which a popular choice is, e.g., ¢; = ||[FGT||. Further
remarks regarding the efficient computation of the residual norm are given in the next
subsection.

Alternatively, the relative changes of the low-rank solution factors Z, Y can be used
as stopping criteria, as it is also used in the G-LR-ADI iteration for Lyapunov equations
[42]. There, one stops the iteration if

Wile . ISile
1Zle =" %ls

where ||Z;]|%, ||Y;]|% can be computed cheaply using the accumulation technique pre-
sented in Subsection 3.2.3. However, both quantities can converge quite irregularly as in
the Lyapunov case. Moreover, for the G-fADI iteration it is theoretically possible that
this stopping criterion is fulfilled for the Z-, but not for the Y-factors, or vise-versa.
In principle one could still continue the Y-iterations alone which would, after fulfilling
the relative change criterion there as well, produce Z- and Y-factors with different col-
umn dimensions and a rectangular ['-factor. For instance, if Z- and Y-sequences are
stopped after jz and jy iterations, respectively, then Z;, € C2" Y, € C™9r" and
I' € C/#m*¥" We do not pursue this idea further and exclusively use the residual based
stopping criterion in the remainder. For the Sylvester residual matrix we will in the
following establish similar results as in the GCALE case in Section 3.2.3.

3.3.2. The Sylvester Residual Matrix within the fADI Iteration

The next lemma reveals that the Sylvester residual matrix within the fADI iteration can
be written in a similar expression as the error in (3.36).
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Lemma 3.13 (Generalization of [135, Lemma 3.5.2], [94, Lemma 5.3]):
For the residual after j iteration steps of (3.29) it holds

8;=AX; - X;B - FG" = [He (A, —Bi, o) } 8o [He ,—ai, 3) } . (3:39)

Proof. Using AX; — X;B — FG" = A(X; — X) — (X; — X)B yields with (3.36) the
sought expression because A and C(A, 3;, ozj), as well as B and C(B, o , 3;), commute
for all j by Lemma 3.2. |

The following theorem generalizes Theorem 3.5 for the G-LR-ADI iteration applied to
GCALESs [33] and is the main contribution of the current section.

Theorem 3.14 (Generalization of Theorem 3.5, [33, Theorem 1]):

Assume that rank (G) = rank (F') = r. Then the residual after j iteration steps of the
G-fADI iteration (3.35) is of rank at most r and can be factored as

8, := AX,;C — EX;B — FG" = —W,T/". (3.40)

The residual factors W; € C**", T; € C™*" and G-fADI iterates V;, S; are given by

W;:=(A—oE)V; T;:= (B - p;C)"s, (3.41a)

i1+ BV, =Tj-1 —7CTS; (3.41D)

=Wy + EZTv( i@ 1), =T, - C"Y, I (1, ® 1), (3.41c)

V (A ﬁ] ) —1 S] = (B - ajC)fHT]-,l, (341d)

where v; 1= f; —aj, Wy = F, Ty == G. O

Proof. For simplification we go through the proof for the fADI iteration applied to the
equivalent Sylvester equation defined by A = E~'A, B = BC™', F = E'F, and G =
C~T@. Since fADI (3.33) starts from X, = 0, it holds Sy = AX]- 7XjB7ﬁCA¥T =_FGT
and the expression (3.39) yields already 8, = ijTjH with

J
HG(R — @‘)H ¢

i=1

J
W7 = |:H C(A> —fi, )
i=1

This shows that rank(8;) = r if 8;, a; ¢ A(A)UA(B). If a; € A(A) or 8; € A(B) for
some 7, the inverses still exist but A- a1, or respectively B-— B, is singular, such

that the column rank of W or T can be smaller than r. Following the manipulations in
Theorem 3.5, [33, Theorem 1], the increments V;, S; in (3.33a)(3.33c) can be expressed
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as
Vi = (A—a; 1 L)(A = B;L,) Vi
= (A= 8;L) (A= i ln)(A = aja L) (A = B4 1) 'V
(A - ijn)ile(Av _/8]‘—17 04_7—1)("21 - 0‘]‘—2]71)%'—2

= =(A-pI,)™" [H C(A, B, ap)| F=(A=p5L) W,y (3.43a)

Sj ( - a] |:H C —Qy, 51)H:| G = (B - ajln)iHijL (3.43b)

A comparison of (3.42) with (3.43) yields Vj > 1

W= (A- o)V, T;=(B-pL)"s

]' .
Consequently,

W' = (A= o L)(A= BL) "' Wiy = Wiy + 9,V = Wo + ZT,(1; @ 1), (3.44a)
(B ﬁ] m) ( - O{J]m) Hijl = ijl *TjSJ‘ = TD - Y}‘FJH(IJ' ® ]r)v (3-44b)

where the right most expressions are obtained from setting Wo = F , Ty = G and using
the definition of the low-rank solution factors Z;, Y; and I';. The desired formulas (3.41)
for the low-rank factors W;, Tj of §; and the iterates Vj;, S; corresponding to GCASEs
are easily established from §; = ES]-C = EVAV]-T]U C = WjT]-H and transforming the
linear systems in (3.43). O
Theorem 3.14 reveals an equivalent formulation of the G-fADI iteration (3.35), where
the low-rank factors W, T} of the residual matrix 8; are an integral part of the iteration.
This reformulated G-fADI iteration is illustrated in Algorithm 3.4 which uses the recur-
sive expression (3.41b) for W;, T} and a stopping criterion based on the scaled residual
norm. A generalization of Corollary 3.8 for the G-LR-ADI iteration (Algorithm 3.2)
can be formulated in a straightforward way, i.e., the G-fADI iteration implicitly solves
the Sylvester equation AXC — EXB — I/VjSJH = 0 in each iteration step. The fac-
torization (3.40) of 8; enables a cheap and efficient computation of the residual norm
18,1l = W, T[] in the spectral norm via

IWGTS N = G WSTI) = P W WTE) = P (T T W), (3.45)

There, we used that the nonzero eigenvalues of AB are the same as those of BA for
all A € C™™ B € C™ ", see, e.g., [128, Theorem 1.32]. This essentially reduces the
residual norm computation to the computation of the largest eigenvalue of the r x r
matrix (TT;)(WHW;). Although its cigenvalues are obviously real, roundoff errors
might introduce very small imaginary parts, therefore it is wise to take the square
root only over the real parts. This approach is slightly cheaper than the approach
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Algorithm 3.4: Reformulated generalized factored ADI (G-fADI) iteration for
(3.34)
Input : A, B, E, C, F, G as in (3.34), shift parameters {4, ..., a;,..},
{B1... ., Bjuae }» and tolerance 0 < 7 < 1.
Output: Z;, € C"/mex Y, e C™¥imax ;e CrimaxXTimax guch that

'max I Jmax max
e L i Y X -
1 W():F, T():G, ZU:FU:)/():[],kzl
2 while |W,_, T | > 7| FGT|| do
Vi=(A=BE)" Wi,  Sj=(B—-a;0) T
Vi = ,8]' — Q.
Wi =W +3EV;, T =T, —7;C"S;.
Zj =121, Vil, Yy = [Yj, Sjl, Ty = diag (T, ;1)
=+ 1L

N o gk w

proposed in [32] which uses a thin QR decomposition of either W; or T;. Beyond
that, it is significantly cheaper than, e.g., estimating the spectral norm indirectly via a
Power iteration or a Lanczos process applied to S;’ 8; or SJSJH . There, the main work
for each Lanczos iteration would be matrix-vector products y = §;z, = € C™, and
z= SJH y, y € C". These products can be formed without an explicit construction of 8,
requiring only matrix-vector products with the involved matrices and their transposes.

Remark 3.15:

Alternative approaches based on the product SVD, e.g. [80], can also be used to
efficiently compute |[W;T/"||. These methods are constructed for computing the SVD
of products of matrices to a very high accuracy in a numerically robust way. For
using the residual norm as stopping criterion, only Umax(WjTjH ) is of interest and one
is usually satisfied when the exponent v in ||W7T]H || &= ¢-107" is computed exactly.
Hence, computing HIV,T]-H || by the approach (3.45) is sufficient for our purposes, and
also never failed to deliver an accurate estimate of ||8;|. O
The approach employing a Lanczos process might, however, still be useful if the low-rank
solution is improved by Galerkin projection approaches [43] since then (3.41) does not
hold anymore. Some numerical evidence that computing the residual norm via (3.45) is
more efficient than using Lanczos can be found in Section 3.3.4, [32]. Also, if the linear
systems (3.41d) are solved inexactly, considerations similar to Remark 3.7 can be drawn
as the computed quantity [[W;SF|| might be no longer equal to [|8;]|. Other approaches
for computing ||8;|| similar to the ones mentioned in Subsection 3.2.3 are also possible
but unlikely to be more efficient than (3.45).

The low-rank solution factors 7, Y are solutions of GCASEs.

With the help of Theorem 3.14, the following results can be derived which constitutes a
generalization of (3.24a) in Corollary 3.9, [235, Lemma 3.1], [234, Lemma 5.12].
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Corollary 3.16 (Sylvester Equations for the fADI low-rank solution factors):

The low-rank solution factors Z;, Y; constructed after j steps of the G-fADI iteration
(Algorithm 3.4) satisfy the GCASEs

AZj— EZjo} = W,;GT, BTY; - Y0 = TyGT (3.46)
with a_"f = diag (a1, ..., ;1) —~;j, 0'_‘: = diag (b1, ..., 0;1) + i
7(')2 0 S .
= ®L eC™, G =(1;81) R,
o v 0
and W;, T; are the low-rank factor of the residual §;. O

Proof. The result can be established in analogy to the proof of Corollary 3.9. By (3.41a)
in Theorem 3.14 it holds AV; = W, + o;EV;, i = 1,...,j. Inserting (3.41b) in these
relations reveals
j—i
AV; =W+ BV, = EY Y gnVign, i=1,...,j—1
k=1

such that

72 a2
from which the GCASE for Z; in (3.46) can be easily deduced. The GCASE for Y; is
established in the same way using the relations for S;, T; in (3.41). |

3.3.3. Special Cases of Generalized Sylvester Equations

We already mentioned that for generalized Lyapunov equations (B = —AT,C = ET,
G=-F o= 7/37-), the G-fADI iteration reduces to the G-LR-ADI iteration. In this
section we discuss further special cases of the general Sylvester equation (3.34) which
also lead to specially tailored variants of the G-fADI iteration.

Cross Gramian Sylvester Equation
Choosing B = —A, C' = E leads to GCASEs of the form
AXE + EXA=FG" (3.47)

which occur, e.g., in cross Gramian model order reduction [215]. There, the defining
matrices A, E, F, G represent a linear, time-invariant control system (2.5). We use the
usual assumption that this underlying system defining (3.47) is asymptotically stable,
ie., A(A, E) C C_. The reasonable choice ; = —a; leads to the iteration

Vi =(A+0o;E)" Wy, Sj=—(A+a;B) T, (3.48)
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If the linear system for V; is solved using a sparse LU decomposition LU = (A + a; E),
the LU factors can be reused for solving the second linear system for S; since UYL =

Remark 3.17:

Although we mainly employ sparse direct solvers for the solution of the linear systems,
a few remark regarding iterative solvers are in order. There exist some iterative
Krylov subspace methods which can be used to solve the adjoint systems in (3.48)
simultaneously, i.e., only one run of the particular iterative solver is required to obtain
both V; and S;. This holds especially in the case r = 1, where Krylov subspace
methods based on the two-sided Lanczos process can be applied. Prominent methods
belonging to this class are the bi-conjugate gradient (BiCG) [97] and quasi-minimal
residual (QMR) [101, 168] methods. Next to the ability to solve adjoint linear systems
simultaneously, another advantage of BiCG, QMR is that both are short-recurrence
methods which essentially fixes their computational effort and memory requirements
to a constant level through their whole progress. However, due to the inherent two-
sided Lanczos process, they are susceptible to breakdowns for which countermeasures
can be found, e.g., in [8, 9, 99]. The case r > 1 can be tackled by proceeding column-
wise through W;_; and Tj_; or by employing block versions [179, 100]. Other, less
known methods also capable of solving both linear system simultaneously are the
GLSQR [188, 110] and unsymmetric MINRES [204] methods. O

Lyapunov Equations with Unsymmetric Inhomogeneity
A similar special case is the matrix equation (B = —AT, C' = ET)
AXET + EXAT = FGT (3.49)

which might be considered as generalized Lyapunov equation with an unsymmetric right
hand side. A sufficient condition for a unique solution is A(A, E) C C_. Setting
B = —a; yields

Vi = (A+@GE) "Wy, Sj=—(A+a@GE) ' Tj-y, (3.50a)
I/Vj = I/V]',I —2Re (O(j) E“/J~ 7} = ’T]',I + 2Re (Oéj) ES] (350b)

Since the coefficient matrices in both linear systems are identical, we can solve for V}, S;
at once via

Vi Sj] = (A+aGE) W), Tj]
which requires, if a sparse direct solver is applied, only one factorization of the coefficient
matrix. In Section 7.3, we will encounter GCALEs of the form (3.49).
Discrete-Time Lyapunov Equations

It is obvious that a GCASE (3.34) can be seen as a discrete-time Sylvester equation and,
thus, also those equations can be solved by the G-fADI iteration. Choosing C = A7,
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B = E” and G = —F leads to a generalized discrete-time Lyapunov equation (GDALE,
see Definition 2.26)

AXAT - EXE" = —FF" (3.51)

which has a unique symmetric positive (semi)definite solution if |A;| < 1 for all \; €
A(A, E) by Lemma 2.28. Often, A, E, F are the matrices defining a discrete-time,
linear, time-invariant system (2.6). There exists already some work on solving large-scale
GDALES, e.g., by Krylov subspace [203], Smith [29, 165], or ADI type methods [27],[203,
Section 6.3]. Here we follow a rather unconventional approach by solving (3.51) with
the G-fADI iteration for generalized Sylvester equations. There, some simplifications
occur as follows, where we assume that 0 ¢ A(A, E) and oy # 0, |o;| < 1 V). Since
A(B, C) = A(ET, AT)=1/A(A, E), we set 3; = 1/a;. Then V;, W; are given by

Vi = (A= BE)" Wy = (A= g B) Wi

— 1-foy?
Wy =Wjo1 + o5 BV

For S;, Tj first note that

W, — el g
J 2 =1

AVJ— EV;+ W, = Tjo,P

- _1
e I2 1=|ay[?

Then one finds for the first iteration
S =(B—-aC) "G =(@A—E)"'F = f—Vl
T=—F+200Ag = —F 4+ Bl ay = - Log,.

Subsequently applying this procedure for j = 2,3,... yields

9]*1 .
Sj =V, Ty =—0,W;

with 0, := (Jeg|2- ... |a;[2) ", 6y = 1. Hence, S;, Tj as well as the solution factor Y;
are not required. Accumulating the constants in front of S; in the above expressions
into the I'-factor leads to the iteration

Vi= (A= ZhB) Wiy, W, =W + o 09k BY;, (3.52a)
Zj = [ijlvvj]’ Fj = diag (ijla (1 - ‘aj| )HJI) 9 - ‘u ‘z~ (352b)
The spectral norm of the residual can be computed via ||£;| = |6;|||W;|?>. The itera-

tion (3.52) can be rewritten such that the coefficient matrices in the linear systems are
|o;|2E — ;A or ajA— E. This will essentially introduce other constants in the defining
equations for V;, W; and I';. Which choice will be the best, e.g., w.r.t. numerical ro-
bustness, might be a topic for further research. Note that this iteration is different from
the ADI scheme for (3.51) presented in [27, 203]. There, the whole low-rank solution
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factor Z;_; has to be processed similar to the iteration (3.8) and no residual factors are
incorporated.

The construction of §; constitutes a weakness of the above iteration since it can easily
become extremely large if |a;| < 1 for some shifts. This was also observed in some
numerical examples. Moreover, the case ;| ~ 1 can lead to cancellation. We plan
to pursue the circumvention of these issues in future work regarding ADI methods for
discrete-time Lyapunov equations.

If the right hand side of (3.51) is FGT, similar techniques as for (3.49) in Section 3.3.3
can be applied to construct a modified version of iteration (3.52).

3.3.4. Numerical Examples
Efficient Computation of the Norm of the Sylvester Residual

Similar to the experiments in Section 3.2.6, the novel strategy for the residual norm
computation in the G-fADI iteration is briefly investigated. To define a GCASE we use
two different versions of the ifiss example (cf. Section 2.4: the matrices —A, F and
B, C are taken from the ifiss16k (n = 16641) and, likewise, the smaller ifiss4k example
(m = 4225). The complete GCASE example is denoted by ifiss16k/4k. This setup is
motivated by the Sylvester example in [21], where the authors use different versions of
the rail example to define a GCASE.

We employ the G-fADI iteration (Algorithm 3.4) and use J = L = 30 heuristic shift
parameters proposed in [162, 43] which are generated from kﬁ = k,f =10, k4 =kB =20
Ritz and inverse Ritz values. The iteration is terminated when ¢; := ||§;||/| FGT|| < 7 =
1071° where the Sylvester residual norm is computed using the novel approach (3.45)
which takes the low-rank structure of §; from Theorem 3.14 into account. For comparison
we also apply a Lanczos process to Sf 8; which was set up as in the GCALE examples
before. Without taking the residual computation into account, the G-fADI iteration
required £ap;=31.2 seconds in j;;=89 iteration steps leading to e; = 7.22 - 107", Using
(3.45) for computing [|8;|| took in total 0.0771 seconds which amounts to a negligible
fraction of top;. In comparison, using a Lanczos process required in total 63.2 seconds,
i.e., roughly twice the amount of t5p; would be spent in computing the residual norm. In
Figure 3.2, the time for computing the residual norm is plotted along with the timings of
the remaining computations for each iteration step j and clearly, the time #r,, ; for the
Lanczos approach increases notably with j whereas the time tyyg; for the novel approach
(3.45) stays approximately constant. The Lanczos timings ty.,; are also visibly close to
the remaining computation times tspy,;.

Modifications of the G-fADI lteration for Special Sylvester Equations

Here we investigate the proposed versions of the G-fADI iteration for the special cases
of Sylvester equations in Section 3.3.3. We use the following examples for comparing
the specially tailored iterative schemes (3.48), (3.50), and (3.52) to the standard G-fADI
iteration.
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Figure 3.2.: Time (in seconds) needed for computing the Sylvester residual norm with
different approaches and for the remaining computations in the G-fADI
iteration against the step number j for the ifiss16k/4k example.

Table 3.2.: Numerical results obtained with standard and structure exploiting G-fADI

Iteration.
Parameters Results
Matrix Equation kﬁ EA T | dier Ejiver tsmndard‘tmodiﬁcd
cross Gramian (3.47) 10, 20, 30 |110{4.7-107*)  71.9| 705
unsymmetric GCALE (3.49) 10, 20, 30 |111]4.0-107 74.1 54.1
DALE (3.51) 10, 0, 10 68/9.4-10711|  12.6 6.4

To define a cross Gramian Sylvester equation of the form (3.47), we use the matrices
A, FE from example ifiss16k and B = —A, C'= E. The resulting equation is dealt with
by the specially tailored iteration (3.48) of Section 3.3.3.

Similarly, using the same matrices A, E, but now B = —A”, ¢ = ET leads to an
equation of the form (3.49) such that the iteration (3.50) is applied as well.

To generate a DALE (3.51) to be solved by the iteration (3.52), we take the matrix
A = CT from [203, Example 1] which is of dimension n = 50000, skew-symmetric, and
tridiagonal with —0.49, 0, 0.49 on the lower, main, and upper diagonal. Furthermore,
B=F=1, and ' = —G consist of the first 7 = 2 canonical vectors.

As tolerance for termination the iterations we use again 7 = 1071°. Table 3.2 sum-
marizes the used parameters, the required number of iterations ji, the final residual
norm ¢, , as well as the computation times tsandara and tmodifiea for the standard and
modified G-fADI iterations, respectively. Note that these timings incorporate also the
times needed to compute the residual norm and, since for these special cases no 3 shifts
are required, no values for k¥, L are listed.

For the cross Gramian Sylvester equation there is only a negligible difference between
the timings of the G-fADI iteration and scheme (3.48). Note that the adjoint linear
systems in the iteration are solved separately since computing and reusing LU factors
of A — aF as mentioned above took more than twice as long, i.e. around 193 seconds.
The reason for those large differences is, to our knowledge, that the MATLAB backslash
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command uses different techniques to compute the LU factors than the 1u command.
In other software and hardware environments it can be possible that reusing the LU
factors pays off.

For the matrix equation (3.49), the application of the adapted iteration (3.50) leads
also to a significant reduction of the computation time. This is mainly because the
factorization of the shifted linear system has to be computed only once for constructing
both V; and ;.

A clear decrease of the run times is also apparent for the DALE example when applying
(3.52) instead of the G-fADI iteration. However, in some cases the algorithm broke
down when some of the a; were too small in magnitude which resulted in an overflow
when computing the value 6;. Hence, we set k&4 = 0 and used only the Ritz values
approximating the eigenvalues with the largest magnitude.

3.4. Conclusions

The low-rank ADI iteration for computing low-rank solution factors of large-scale gen-
eralized Lyapunov and Sylvester equations has been reviewed. Special emphasis was
put on considerations regarding the matrix equation’s residual. It was shown that the
rank of the residual in low-rank ADI methods is at most equal to the rank r of the
inhomogeneity. Hence, the residuals can be written in terms of a low-rank factorization.
We also proposed explicit and easy ways to obtain the low-rank residual factors which,
in fact, turned out to appear directly within the iteration. These relations lead to the
derivation of reformulated versions of the G-LR-ADI and G-fADI iterations for GCALEs
and GCASESs, respectively, where the low-rank factors of the residual are an integral part
of the process. As main contribution of this chapter, the low-rank residual factors enable
a very cheap and efficient computation of the residual norm during the iteration. In this
way the computation of the residual norm only requires a negligible amount of effort
which is significantly cheaper than traditional approaches for estimation the residual
norms as the numerical experiments confirm. However, the proposed low-rank expres-
sions for the residuals do not hold if the occurring linear systems are solved inexactly.
This issue is subject of current research [202, 219] which also includes investigations
regarding the minimum required accuracy of the approximate linear system solves such
that convergence of the low-rank ADI methods is still maintained.

We also discussed certain modification of the G-LR-ADI and G-fADI iterations to deal
with problems having a special structure, e.g., GCALEs arising from the study of second
order control systems. For special GCASEs; e.g., cross-Gramian Sylvester and GDALES,
new modified low-rank ADI methods have been proposed. Numerical experiments with
those methods reveal that additional, considerable computational savings can be gained
from this structure exploitation. Further research in this direction includes especially
to make the proposed low-rank ADI iteration for GDALEs more robust with respect to
shift parameters of small magnitude.
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ADI based methods require a number of shift parameters to attain a fast convergence.
These shifts are in one way or another related to the spectra of the coefficient matrices (or
matrix pairs), where we explicitly focus on the case when there are complex eigenvalues
in these spectra. This might lead to complex shift parameters for the ADI iteration,
which will produce a complex (low-rank) solution, or complex low-rank solution factors.
Since the original matrix equations we consider in this thesis involve only real matrices,
but the ADI will then contain complex arithmetic operations and storage, which yields
higher computational costs as in the real case, this is an undesirable property. Therefore,
our goal is to investigate strategies for computing real low-rank solution factors with
modified versions of the low-rank and factored ADI iteration, which should employ no,
or at least only an absolutely necessary amount of complex arithmetic operations and
storage. In the following section we investigate this issue for the G-LR-ADI iteration for
GCALEs (Section 3.2). We start by introducing the concept of proper shifts and give a
brief motivation why complex shift parameters might be beneficial for the convergence
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speed of the iteration. After that we review two existing approaches to deal with complex
shift parameters, where we give a slight improvement of a completely real G-LR-ADI
iteration [42, 161, 183]. In Section 4.1, we establish some novel interconnections of the
data in the G-LR-ADI iteration w.r.t. complex conjugate shifts. A careful usage of these
interconnections will lead to a further modification of the algorithm, which employs
a considerably reduced amount of complex arithmetic operations as well as memory
demand and produces real low-rank solution factors in the end. Numerical experiments
illustrate the performance of this new modified algorithm and compare it to the other
approaches. Similar considerations for the G-fADI iteration for generalized Sylvester
equations are carried out in Section 4.2, where novel interconnections of complex iterates
are proved. A modified G-fADI iteration that computes real low-rank solution factors
at a reduced effort is presented. The adaption of this approach to the special GCASEs
(cf. Section 3.3.3) is given in Section 4.2.2. Selected numerical examples shown the
efficiency of this modified G-fADI iteration in Section 4.2.3 and conclusions are given in
Section 4.3.

4.1. Complex Shift Parameters in the G-LR-ADI
Iteration for Lyapunov Equations

4.1.1. Proper Shift Parameters

All the considerations and approaches discussed in this section require the natural and
important convention that the used sets of shift parameters are proper in the sense of
the following definition.

Definition 4.1:

(Proper Complex Sets) A complex set A C C is said to be proper if it is closed under
complex conjugation (A = A) and if its elements are ordered in the form

{ar,..;auy ={m,...,pr}, L <,

where p; is either a real number ;1; = «; or a pair of complex conjugate numbers

,LL]:{(,Y]I O(]'+1:Oé7j}f0rj:1,.“,[/‘ <>
This convention is obviously not a restrictive, but very natural, assumption since complex
eigenvalues of a real matrix also appear in complex conjugate pairs. Assuming that the
set of used ADI shift parameters is proper directly implies that, if for every complex shift
also its conjugate is used, ZZ € R"™*/™ although Z will in general be a complex matrix.
Hence, it is not advised to terminate ADI in between a pair of complex conjugated shift
parameters. When we speak in the following of proper shifts for the ADI iteration for
GCALEs, this automatically implies A C C_.
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4.1.2. A Short Motivation for the Need of Complex Shift
Parameters

If the spectrum of the matrices defining the GCALEs contains complex eigenvalues, then
the ADI shift parameters, which are in one way or another related to the spectrum, can
be complex as well. This can also be seen from the associated optimization problem
(3.14) which can have complex solutions. The following small example shows that for
matrices with complex eigenvalues, a larger error reduction can be achieved by using
complex shifts compared to real shifts. Let for this

-1 0 0
A=10 -1 1| with A(A)={-1.-1+£,}.
0o -1 -4
Since the complex eigenvalues occur complex conjugate pairs and by the demand for
proper shift parameters, we compare two complex conjugated shifts versus two real
shifts. Recall from Lemma 3.4 that the error reduction at iteration step j of the ADI
iteration is related to the norm of the product of j Cayley transformations. Hence, for

our example, we use
flan, @) = [|CoCy|| = [[(A+ aal) (A — D )(A+ an )M (A — en )|,

where ay, ay € R_ for one instance, and oy = Re (a;) + Im (o) € C_, ap =@ in a
second test. Note that since A is normal, the spectral norm coincides with the spectral
radius of C,C;. We employ an optimization routine to find the values of «y, s where
[ achieves its minimal value f;, in both situations. This leads, one the one hand, to
Smin(ca, ao) =0.382 with a; = ay = —1.118 for two consecutive real shifts, and, on the
other hand, to fuin(c1, a7) = 0.1998 with a3 = —0.7362 + 70.8158. The surface plot
of f in Figure 4.1 shows that f w.r.t. a pair of complex conjugated shifts achieves a
considerably deeper sink compared to two real shifts.

However, if the imaginary parts of the eigenvalues are small compared to real parts,
i.e., the spectrum is located within a small strip in C_, then using only real shift param-
eters might be adequate, see, e.g., [232, 233]. Complex shift parameters are therefore
particularly interesting for problems having eigenvalues with large imaginary parts, i.e.,
the spectrum has a large opening angle (A, E) (cf. (2.27)).

4.1.3. Previous Approaches
Here we briefly describe two older approaches that deal with complex shift parameters
in the G-LR-ADI iteration before we present our new one.

Completely Real Formulation of the LR-ADI Iteration

In [42, 161, 183], a real formulation of the original LR-ADI iteration (3.2) for (3.2) is
presented, which exploits the identity

(At al,)(A+tal,) =A% +2Re (a) A+ |a*l,, VAER™" acC.
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Figure 4.1.: Surface plot of f in dependence of ay, as € R_ (left) and Re (a7), Im ()
for oy € C_ (right).

Concatenating two LR-ADI iteration steps associated with a pair of complex conjugate
shift parameters into one step leads to a completely real LR-ADI iteration (LR-ADI-R)
[42, Algorithm 4.]. To illustrate this method let, for instance, p; = {a;, a1 :=a;} be
such a pair, aj_; be real and j > 2. Then the LR-ADI-R iteration updates the low-rank
solution factor as

Zi1 = [Zj1, 2\/ = Re (a)lyV, 24/ Re (a;)Vid], (4.1)

where \7j, I7j+1 € R™" are real iterates constructed via
= (A% +2Re () A + |ay[2L,) " ((A - aj,lfn)f/j,l) L Vi =AY, (42)

and Vj,l is also real due to an appropriate treatment of the complex shifts in the pre-
ceding iterations. The other situations, i.e., j < 2 as well as ;1 € C_ are dealt
with similarly. A complete algorithm following this strategy can be found in [42, Algo-
rithm 4.],[161], but unfortunately no derivations of the involved formulas are given. A
complete derivation of this implementation can be found in the appendix of the preprint!
of [38]. This reformulation has the advantage that no complex arithmetic operations are
required but the disadvantage that linear systems with coefficient matrices of the form
A% 4+ 2Re () A + |oy|I, are encountered. For large-scale matrices, A? might not be
computable in an efficient way and even if, it will not preserve the original sparsity of
A such that the application of sparse direct solvers is derailed. Iterative solvers can still
be applied since they work with matrix-vector products only, such that the explicit con-
struction of the operator is not needed. However, the condition number can be increased
due to the squaring which might deteriorate the efficiency of iterative solvers as well.

! Available at https://www2.mpi-magdeburg.mpg.de/preprints/2011/08/.
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4.1. Complex Shift Parameters in the G-LR-ADI Iteration for Lyapunov Equations

The situation worsens for GCALEs (3.12) for which the above equations are
Vi = (AE"'A 4 2Re (a;) A+ o [2E) ((A - aj,lE)x”/j,l) Vi = ETIAT,. (4.3)

Solving the linear system in (4.3) requires to build — or multiply a vector to — the matrix
AE~'A which can, depending on the structure of £, easily become dense. Hence, except
when FE is an easy matrix (e.g., diagonal), this real formulation of G-LR-ADI is inefficient
in a large-scale setting. Moreover, for each complex pair, an additional solve with £ is
required which introduces even higher computation costs. Nevertheless, an algorithm
following this approach for GCALES is referred to as G-LR-ADI-R iteration and given in
[35, Algorithm 1], where also similar modifications for the SO-LR-ADI and SLRCF-ADI
iteration can be found.

So far, for both CALEs and GCALEs, this strategy has been only worked out for
the original (G-)LR-ADI iteration (3.2), (3.12) and not for the new formulation (Algo-
rithm 3.2) which we developed in the previous chapter. A straightforward application
of the techniques mentioned above to Algorithm 3.1 yields

V;= (AE7'A+2Re () A+ |0,|PE) " Wy, Viyy=E AV, (44)
VV]'+1 = I%,] —4Re ((Xj) E‘%+1 B Wj—l —4Re ((Jéj) A‘?]

In contrast to (4.2),(4.3), these relations hold for each pair of complex conjugated shifts,
independent of j and the type of shifts encountered before, which simplifies the resulting
completely real G-LR-ADI iteration.

We show now how (4.4) can be further rewritten to get rid of the difficult coefficient
matrices. The occurrence of AE~'A and the additional solve with E for XN/]-H can be
circumvented by solving the augmented linear system

Vil [2Re () A+ |ayPE A ! Wi 16

A e =

which is equivalent to the construction of Vj, Vj;; in (4.4). Instead of (4.4) one has

to solve a 2n dimensional, real, linear system. The numerical properties of the 2n

dimensional matrix in (4.6) might, however, be better compared to the one in (4.4),

especially since it is still sparse if A, E are. This strategy can, of course, also be

applied in the case E = I, to avoid working with A% in (4.2). Algorithm 4.1 illustrates

the completely real G-LR-ADI in the new formulation and using the augmented linear

systems (4.6). We will use the reformulated versions (4.4), (4.6) of the G-LR-ADI-R
iteration for comparison to our novel, and often more efficient approach later on.

LyaPack Approach

Another approach can be found in the latest implementations of the LR-ADI iteration in
LyaPack [185]. Unfortunately, a derivation of this approach cannot be found anywhere
in the literature. The crucial point there is that again for Vj, Vj,; corresponding to
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4. Efficient Handling of Complex ADI Shift Parameters

Algorithm 4.1: G-LR-ADI-R
Input : Matrices A, E, F defining (3.12), proper set of shift parameters
{oa, ..., 0.} CC_, tolerance 0 < 7 < 1.
Output: Z = Z; € RV "max guch that 227 ~ X.

max

II/V():}‘_Y7 Z():[L ]:1

2 while [|[W] W, || > 7||FTF|| do

3 if Im (o) = 0 then

4 Solve (A + a; E)V; = W;_4 for V.

5 W =Wy = 2Re (o) BV}, Z; = [Zj-1, /=205V]].
6 j=j+1

7 else

8 v; = 2y/Re ().

|| s [t 4115 ] 2 9] b T
10 Wit = Wi + 73 EV.

1 Zjt1 = {Zj—lv Yilas |V, “/jVj+1]-

12 j=7+2

wj = {aj, a1 =05}, provided that Re (V;), Im (V;) have both full column rank r, it
holds

vank (N,) = 2r, Ny := [Re (V}), Im (V}), Re (Viia). Im (V)] € R (47)

which will be derived in the next subsection. In LyaPack, the current solution factor Z
is expanded by real block columns using Algorithm 4.2 which processes column wise the
imaginary and real parts of Vj, Vj,;. Hence, the matrix Nj used there is of dimension
n X 4 and has rank 2. To neglect the linearly dependent part, a thin singular value
decomposition (SVD)

~ o1 pu T
N; =USQT = [uy, ua, uz, wi [ 200] [fh G2 g3 qd

ol

in Line 2 of Algorithm 4.2 reveals the blocks corresponding to range(N;). Adding N, to
the current low-rank factor will introduce the new blocks?

-~ o2
NN = [u1, uo] { ! 02} w1, ws]" = T;T)
2

2We point out that in the original implementation a superfluous SVD HSPT = [hy, ho)T[p1, pa] is
used to get the new blocks via [Z;(:,¢), Zj41(:,0)] =T = [o1uy, oau]HS.
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Algorithm 4.2: Augmentation of Z by real block columns

Input : Low-rank factor Z;_; € R™ U=V iterates Vj, Vj;1 € C™" wr.t.
= A{ay, a;}
Output: Z;,, € R™U+D" that is, Z; ; augmented by 2m new real columns.
1 for/=1,...,rdo
2 Compute (thin) singular value decomposition (SVD)

USQ" = [Re (V;(, ). Im (Vy(:,0)), Re (Viur (. 0) T (Vi (-, )] € R™

3 Partition U, ¥ w.r.t. nonzero singular values

U= [ul, Us, Us, 11,4], Y = diag (01, 09, 0, 0)

4 | Determine new real columns Z;i(:,0) = ovun, Zjga (5, 4) = oous.

5 Zini = Zjm1, Zj, Zia] € ROV

with Tj := [o1u1, 02us] in the approximate solution of (3.2). This is carried out in Line 4
and ensures that only the columns of U which correspond to the linearly independent
part of ]\7j are added to Z;_;.  Obviously, this approach generates a real low-rank
factor Z after termination of Algorithm 3.2, but uses complex arithmetic and requires
the computation of 7 singular value decompositions of n x 4 matrices for each complex
pair v; encountered. Since r is typically much smaller than n this usually yields minor
additional costs. This approach does not alter the linear systems to be solved compared
to the previous approach, such that the performance of sparse direct or iterative solvers
is not negatively affected. In the next part we propose a new approach which explicitly
determines the linear dependence of the real and imaginary parts of V}, V;;; and makes
the linear system with A + ;11 F = A 4+ a;F redundant.

4.1.4. A New Approach Based on the Interconnection of ADI
Iterates

Our new approach exploits (4.7) by using the correct linear combination of the linearly
dependent part of N; without using a SVD. The following theorem states that Vj;; is
explicitly known once V; has been computed.

Theorem 4.2 (Revised version of [38, Theorem 1]):

Assume a proper set of shift parameters and real matrices A, F, F defining the
GCALE (3.12). Then for two subsequent blocks V}, Vj1 of the G-LR-ADI iteration
(Algorithm 3.2) associated with a pair of complex conjugated shifts v; = {a;, o1 :=a;}
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it holds
Vi =V, 420, (V). (4.80)
Wi = W1 —4Re (o)) E(Re (V;) 4+ 6;Im (V) € R™" (4.8b)
with d; = E: Ezji Furthermore, regardless of the type of shifts encountered before, if
«; is real, then V; and W are real n x r matrices. O

Proof. Assume at first that we are at iteration j of the G-LR-ADI iteration and W,_; is
a real matrix. This is obviously the case when j = 1 since W = F' and when all shifts
ai,. .., - are real. According to the G-LR-ADI iteration (3.12) we have

(A+aE); = Wiy
and, by splitting «;, V; and W; into their real and imaginary parts,

(A+Re (o) E) Re (V;) — T (ay) Em (V) = W},
(A+Re (o) E)Im (V;) +1Im (o) ERe (V;) =0

since Im (W;_;) = 0. Hence, E Re (V;) = ———(A+Re (a;) E) Im (V;) which reveals

T Tm(ay)
W]' = LVj,l —2Re (OLJ) E (Re (‘/J) + jIIIl (‘/J))
= W1+ 25923 ((A+ Re (aj) B) Im (V;) = Tm (a;) ETm (V)

Im (o)

=Wy +25;(A+aGE) Im (V).

For Vj, associated to aj;1 = @ this yields

Vier = (A+@GE)™'W; = (A+aGE) ™' W, + 20;(A + aGE) ™ (A + aGE) Im (V)
=V, +26;Im (V)

and (4.8a) is established. The relation (4.8b) follows easily from
W1 = Wj = 2Re (o) EVjr = Wiy = 2Re (ay) E (V; + V; + 26, Im (V)

which is a real n x r matrix. Hence, the assumption W; € R"*" is always fulfilled after
a complex conjugated pair has been processed. If a;; € R_ it holds obviously V; € R™"
by (3.12) and W; € R™" follows which completes the proof. O

Remark 4.3:
Theorem 4.2 adapts [38, Theorem 1] to the new formulation of the G-LR-ADI iteration
proposed in Section 3.2.1 which incorporates the residual factors W;. In [38] the
original iteration (3.2) is used which yields exactly the same expression for Vj 1, but
the proof is more complicated. The residual factors W; are the right hand sides of the
linear systems to be solved and, since it is proven that these are always real, minor
additional computational savings can be achieved in the solutions process [36]. O

68



4.1. Complex Shift Parameters in the G-LR-ADI Iteration for Lyapunov Equations

The above theorem reveals that, in the case of a pair of complex conjugate shifts, V1,
W41 corresponding to the shift o1 := @; can be constructed entirely from the previous
iterate V; and shift a; without solving a second complex linear system with A + @ E.
This reduces the numerical costs for generating both iterates roughly by one half and
enables to process the whole complex conjugate pair at once. However, it is still required
to solve one complex linear system.

Remark 4.4:

To get rid of the remaining complex arithmetic operation, it is possible to rewrite the
complex linear system into an equivalent real representation [75], e.g.,

A+4Re(a)E —Im (a)E } {Re <vj>} B [W]

Im (a;) E A+ Re (o) E] [Im (V}) 0 (49)

and also formulate the rest of the G-LR-ADI iteration in terms of Re (V}), Im (V}).
This leads to another completely real version of the G-LR-ADI iteration. For algo-
rithms see [34, 35], where the original iteration (3.12) is used. The price one has to pay
is that the augmented linear systems (4.9) are of dimension 2n and typically harder
to solve than the original complex system which can usually be dealt with perfectly
by modern computing environments. This is also confirmed in the numerical experi-
ments later on. Moreover, there are different ways of an equivalent real representation
of the complex linear systems. Sparse direct as well as iterative solvers might perform
differently on different real formulations [75]. In the remainder we use the form (4.9).0
Using (4.8), (4.9), it can be shown that Re (V;), Im (V;) and the iterates V;, V1, in
(4.6) of the old completely real G-LR-ADI iteration (4.3) are related to each other via

V= s Im (V). Vi = Re (V) +28,Im (1),
see also [36]. Relation (4.8a) shows moreover that for two subsequent iterates Vj, Vjiq
generated with a complex pair a;, @; of shift parameters, statement (4.7) holds indeed,
as it is also implicitly exploited in LyaPack using a singular value decomposition, see
Algorithm 4.2. Hence, instead of adding V;, Vji; to the current low-rank solution
factor, it is sufficient to add Re (V;), Im (V}) in the correct way as we will show next.
This will also reduce the amount of memory required to store complex data.

The approximate solution incorporating the data generated in the iteration steps
J, j+1wrt. o, @jis given by

Xj+1 = Zj,lZ]T,I + ZZH

where Z denotes the n x 2r block to be added to Zj—1 which we assume to be real. By
(4.8a)

~ a a Ir ]r
Z=ulVs V] = [Re (0) I (R]T, 1= Llr (26 *.7)Ij

with v, := /—2Re (q;).
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Remark 4.5:
Note that it is claimed in [98] that the columns in the factor Z which were generated
using a; and @; are complex conjugate to each other and hence, Z can be transformed
into a real form by applying
AR L
2 1 — 7
to these columns. As Theorem 4.2 shows, only the imaginary parts of these columns
are complex conjugate versions of each other, rendering the above claim and the
transformation incorrect. . O
With Z := [Re (V;) Im (V)] € R™?" the contribution of Z to the low-rank solution
of (3.2) is given by
N 21, 20,1, =
272" =711 77 = 7 ! I T,
7 {ZJ-IT (462 + 1)1, }

The 2r x 2r matrix 777 in the middle is always real symmetric and positive definite

which can be shown using the factorization 17T = ’yzLFLT with

N 1 0 . 2 0
e[} Jor et e

J

Thus, it has a unique Cholesky factorization given by

. 1 0
TTH =LL", L:=%
’ Y {5]- NOEE

with 4; == 24/—Re ( 04] =2 27; which follows immediately from the above LTL7-
factorization. Since ZZ¥ = ZLLTZT we can add the 27 real columns

L=[Re(V;), Im (V)] L =4 {Re (V) +6Tm (V;), /(82 +1) -Tm (vj)} (4.10)

® Ir c RQT‘XZ"

to Z;—1 and, hence, a purely real low-rank solution factor is generated throughout the
whole iteration.

The resulting G-LR-ADI iteration equipped with this strategy is shown in Algo-
rithm 4.3, where storing complex data is only needed for the iterate V; and the linear
system A + a;E (e.g., for the sparse LU factors) whenever a pair of complex conju-
gated shifts «;, @; is encountered. Compared to the standard G-LR-ADI iteration
(Algorithm 3.2), the memory required for storing the low-rank solution factor Z is con-
sequently reduced by a factor of two. Notice that the variable Vj 1 w.r.t. aj1 =@y is
not formed since only W;_; is required to continue the iteration. Furthermore, in order
to stay as much in real arithmetic as possible, stopping criteria, e.g., the residual norm
should be computed only after the complete complex pair is processed. Although we do
not discuss strategies like column compression and Galerkin projection [201], they also
naturally benefit from real, low-rank solution factors which reduce their computational
effort, too.
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Algorithm 4.3: G-LR-ADI-r iteration for computing real low-rank solution fac-
tors.
Input : Matrices A, E, F defining (3.12), proper set of shift parameters
{av,...,aj,..} € C_, tolerance 0 < 7 < 1.
Output: Z; € R"*", such that ZZ7 ~ X.
II/V(]:F, Zo:[], j:1
2 while ||[W] ,W,;_1|| > 7||[FTF|| do

3 Solve (A + a; E)V; = W;_4 for V.

4 if Im (a;) = 0 then

5 Wj=Wj1—2Re (o) BV},  Z; = [Zj-1, \/—205V]].

6 j=j+1

7 else

8 7; = 2y/—Re (q;), 5J:II:EZj;

o || Wikt = Wyt +32E (Re (V) + ;I (V).

10 Zisi =21, A3 Re (V) 4+ 65 Tm (V7)) %,/(07 + 1) - Tm (V)]
11 | J=J+2

The Sylvester equation corresponding to the real low-rank solution factor

We can also generalize Corollary 3.9 in order to express the generated real low-rank
solution factor as solution of a generalized Sylvester equation. For the sake of brevity
we restrict these consideration to generalization of (3.24b) as we will use this relation
in the upcoming chapters. The following corollary is a generalization of Corollary 3.9,
[235, Lemma 3.1], [234, Lemma 5.12].

Corollary 4.6 (Generalization of Corollary 3.9):

The real low-rank solution factor Z; after j steps of the G-LR-ADI-r iteration corre-
sponding to the proper set of j shift parameters satisfies the GCASE

AZ; — EZ;Bapr. = W;Ghp (4.11)
There,
Gaore = bl AfIF, f = {?710] BRI (F
Bapir =6 'ad, & =diag(6,...,d;), a= [agll } , (4.12b)
Yilr, a; € R,
o {ﬂv i iz | @1, aecC, (120
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P {%IT;R . weRs (4.12d)
" {Im(al)g(l(iidz) 71{2 Z ] ®L, aeC,
2Re (ay) I, ap,a; € R,
2Re (ag),0)® 1, ap€eR_,a; €C_,
i g Ten, aeCaeR, (4.12¢)
[l @, avec aec
for 1 <k<i<j. ¢

Proof. At first note that by (4.8a) for V11, V; corresponding to a pair of complex con-
jugate shifts o, a;41 = @; it holds

A‘/i+1 = I/V,H,l + CY]'E‘/I'+1 = V[/i+1 + OziE (Vl-‘r 261 Im (‘/z)) .

Inserting (4.8a) also in the left hand side of the above equation, collecting the real and
imaginary parts of V; into Z; = [Re (V;), Im (V;)] yields, after performing some basic
manipulations,

> > . Re (a; —Im (a;
AZ7 = [I/V,'Jrl, 0] -+ Elelu with Qi = [Im ?ai)e((liléf) —Re EZJ] .

If we do this for all the involved shifts and iteration data we end up with
AlZy,.. . 25 = Wh, ... Wil + ElZy,. .., Z;] diag (o, . . ., ) ,
7 _ Vi, oeR, W, a; € R,
" |[Re (Vi), Im (V})], a,€C_, " |[W; 0], a;€C_,

and the diagonal blocks cy; from (4.12d). Using (3.18b) for real and (4.8b) for pairs
of complex conjugated shifts yields, similar to the proof of Corollary 3.9 and using the
notation introduced in (4.12e),

i—1
W]-,i:WjJrQEZZ]-,kaM, 7;:1,...7j717
k=0

such that
AlZy,.. 2 = W, ..., W]+ E[Z4, ..., Z]ex.

By (4.10), we have for the generated real low-rank solution factor

such that
Z; = Wj,...,W;)d + EZ;6 ' ad. (4.13)

from which the result (4.11) can be easily established after rewriting [VAVJ7 ce Wj](s . O
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Similar to the short discussion after Corollary 3.9, by the connections of the G-LR-ADI
iteration to rational Krylov subspace methods [82, 96, 235, 237, 234], the relation (4.11)
can be seen as generalized version of results from [195]. The relation (4.11) will be useful
in the next chapter for computing AZ; without matrix vectors products involving A.

4.1.5. Numerical Examples

In this section we test the different ways to generate real, low-rank solution factors with
the G-LR-ADI iteration. We employ the following variants:

M1 G-LR-ADI (Algorithm 3.2) without any handling of complex shifts,

M2 G-LR-ADI-R (cf. Section 4.1.3, [42, Algorithm 4.], [36]) in the new formulation
(4.4),

M2* M2 using the augmented linear system (4.6) (Algorithm 4.1),

M3 G-LR-ADI with LyaPack realification (Algorithm 4.2),

M4 novel approach given in Algorithm 4.3 in Section 4.1.4,

M4* completely real version of M4 using real linear systems (4.9) (cf. Remark 4.4).

We test the different approaches for solving standard (3.2) and generalized (3.12) Lya-
punov equations. The examples ocean, ifiss16k, chain and bips are used (cf. Section 2.4).
The latter two examples inherit the structures (2.33b) and (2.34) such that the SO-
LR-ADI and SLRCF-ADI iteration is employed (cf. Section 3.2.5), respectively, which
includes appropriate adaptations of the variants M2 — M4*. In all variants, the scaled
residual norm ¢; := || £,||2/||FTF || is used as stopping criterion with a tolerance 7. As
before we employ a fixed number J of heuristic shift parameters [183] which are obtained
from ky and k_ Ritz and inverse Ritz values, respectively. In the remainder Jg denotes
the number of real shifts, and, respectively, Jc the number of pairs of complex conjugate
shifts.

For the ocean example, Figure 4.2 illustrates the scaled residual norm against the iter-
ation number. Apparently, all six tested variants show almost indistinguishable residual
norms during the iteration and converge after 86 iterations to the desired accuracy of
7 = 107'% This illustrates the mathematical equivalence of the different approaches.
The small deviations in the residuals occur in variant M1 in the iteration steps which
work with a pair a;, @; of complex shifts, see the enlarged area in Figure 4.2 around
step j = 15. There, the intermediate residual after the first complex shift parameter o
is computed in M1, but this does not happen in the other variants M2-M4*. After the
conjugate shift @; has been processed, too, the residual norms coincide again.

Now we compare the different variants in terms of the computation times required
until termination. The results as well as the used setup parameters for the G-LR-ADI
iteration and its variants are summarized in Table 4.1. Apparently, for all examples the
novel approach M4 requires the smallest computation times, closely followed by M4*
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10°
—o-M1 -e-M2
—=— M2* —— M3
104 -+ M4 ---M4*

1078

T

scaled residual norm

—12
10 5 10 15 20 25 30 35 40 45 50 55 60 65 70

iteration number j

Figure 4.2.: History of the normalized residual norms obtained with the LR-ADI itera-
tion and its variants generating real low-rank solutions factors for the ocean
example. The dashed thin black line indicates the chosen tolerance 7.

Table 4.1.: Parameters, required ADI iteration steps ji, final normalized residual norm
€j,.. and computation times in seconds for the examples ocean and bips.

Parameters Computation time in seconds

Example ky, k, J, (Jr, Jo) | 7 |Gw| i | ML | M2 | M2%| M3 | M4 | M4*
ocean |40, 40, 30, (18, 6) 10710} 69 [7.52:10711]122.2|103.6| 84.1 [122.7| 68.2 | 81.7

ifiss66k |30, 20, 20, (10, 5) 107101165|8.62-10711[233.5| — |223.7|234.3|135.6|192.9
chain |80, 80, 50, (20, 15) | 1078 [476] 9.98-107° | 46.6 | >1 h| 31.1 | 40.1 [ 19.4 | 31.5
bips |80, 80, 61, (11, 25) | 1078 [194] 9.36-107% | 25.5 | 16.8 | 18.3 | 24.3 | 13.3 | 17.6

and then M2* is most cases. Only for the examples FDM and bips the approach M2,
which uses the squared matrix A2, is competitive. It needs considerably more time for
the other examples and could not be carried out for example ifiss66k in a reasonable
amount of time and is therefore neglected there. Over one hour of computation time is
consumed by M2 for example chain. Apart from these two examples, M1 and M3 require
the longest computation time since two complex linear systems have to be solved for
each complex conjugate pair of shift parameters.

To conclude, an intelligent treatment of complex shift parameters can greatly reduce
the computational complexity of the G-LR-ADI iteration. The approaches M2*, M4 and
M4* outperform the other, existing approaches in all examples. Here, our novel variant
M4 performed best w.r.t. the required computation times. For other examples and com-
puting environments which of the approaches M2*, M4, M4* is superior appears to be
problem dependent and essentially reduces to the question whether the original complex,
or the augmented 2n x 2n linear systems (4.6), (4.9) can be solved more efficiently. Only
in a few cases, e.g., if £ = I,, and forming A? does not introduce too much fill-in, the
traditional completely real approach M2 [42] can also be competitive. However, for the
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4.2. Computing Real Low-rank Solutions by the fADI Iteration

general case with E # [, it is very expensive and cannot be recommended.

4.2. Computing Real Low-rank Solutions of Sylvester
Equations by the Factored ADI Iteration

In this section, we consider approaches for generating real low-rank solutions within the
fADI iteration. This will lead to a generalization of Theorem 4.2. As for the GCALE
case we require that the matrices defining (3.27), (3.34) are real. Moreover, another
main and natural ingredient for generating real solution factors is that both sets of shift
parameters are proper in the sense of Definition 4.1, i.e., they are of the form

{ar,...;as} ={p, ..., u5} CC,
{Blau-vﬂL}:{Vlv'“»Vf,}C(C7

where 1, v;, (j =1,..., Joi=1,..., i) are either real numbers or pairs of complex
conjugate numbers y; == {a;, @}, v; == {B;, ;}. Moreover, we restrict the pairs (u;, v;)
to the following cases:

1) Both p; and v; are real numbers o and §;.

2) Both p; = {aj, aj11 =@} and v; = {B;, B;+1 = B;} are pairs of complex conjugate
numbers.

3) One complex pair and two real shifts:
a) «;, ajy1 are real numbers and v; is a complex pair,

b) p; is a complex pair and §;, 5;41 are real numbers.

This is not a severe restriction since it can be achieved by a simple and usually slight
reordering and rearrangement of the sets of shifts. Moreover, the iterates of the (G-)fADI
iteration after a number of iterations do not change if the order of the processed shifts
is changed. These restrictions, however, drastically simplify the encountered equations
for generating real low-rank factors which will become clear later.

4.2.1. Interconnections Between Complex lterates

Our approach for computing real solution factors is motivated by Theorem 4.2 regarding
the G-LR-ADI iteration for GCALEs. It will turn out that, depending on the type of
the current shift parameters, the current iterates can be constructed from the real and
imaginary parts of previous iterates. We work through the different cases of possible
subsequences of shift parameters and begin with case 2 since nothing has to be taken
care of in case 1.
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4. Efficient Handling of Complex ADI Shift Parameters

Theorem 4.7:

Let W] L € R T € R {ay, ajqn = @), {85, Bit1 == B;}, and define
= B; — a;. Then it holds at iteration step j 4 1 of Algorithm 3.4:

Vipn=Vj+ (ﬁ 5 m (Vj), (4.14a)
W1 =W, +2Re (7;) ERe (V)
e o (4.14b)
+2Re (v;) E (m —2Im (Vj)) Im (V;) € R™,
Siv1=5j + ey Im (S5), (4.14c)
Tj1 = Tj1 — 2Re (7;) C" Re (S))
(4.14d)

- ( m 5 +2Im ( J)> CTIm (S;) € R™.
Proof. At Line 3 of Algorithm 3.4, V; is obtained from (A — 5;E)V; = W;_; € R™".
Splitting 8; and V; into their real and imaginary parts gives

(A~ Re (8) E)Re (V;) = Wy,
(A~ Re (8) E)Im (V;) = Im (8;) ERe (V}). (4.15)

For Vj; this yields, employing (4.15),

Vit = (A= BB Wios = (A= BB)™ (Wyos + 3 BV))
=V, +7v(A-BE)! (Im(ﬁ (A—=Re (5;) E)Im (V) +yEIm (V}))
=V + ey (A= BE) (A= FE) Im (V)

and (4.14a) is established. The relation (4.14b) follows from

1/Vj+1 = Wj + ’}/j+1E‘/j+1 = Vijl + ’Y]‘EV' +’W‘E (7+ Imw(ijﬁj)EIm (V])>

= W,_, +2Re (7;) ERe (V)+( ) (A,j)>E1m (V).

Tn (8
For S; we have (B — Re (a;) C)" Im (S;) = —Im (a;) CT Re (5;) and thus,
Syo1 = (B-m0) " (11— 5C7S))
= 5+ ey (B=aC) " ((B—Re (o) C)"Im (S;)—yIm () O Im (S)))
giving (4.14b) and consequently (4.14d) via
Tj1 =Tj = 7:1C" S

=T, , —2Re (7;) CT Re (S;) — ( WP 4 2Im (%)) CTTm (S). O

Tm (o
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4.2. Computing Real Low-rank Solutions by the fADI Iteration

Note that only Wj,y, T4, are required to continue the iteration and since both are real,
the result also holds if the algorithm is continued with two further pairs of complex
conjugate shifts.

Exactly as in the result for the G-LR-ADI iteration for Lyapunov equations, the data
corresponding to iteration step j + 1 is constructed from quantities already available
after iteration step j such that the linear systems w.r.t. the complex conjugate shifts
@j, B; are obsolete which significantly reduces the overall computational costs.

The solution factors Z;_1, Yj_1, and I';_; are augmented by

Vis Vin] = [Re (V) +yIm (V) Re (Vipr) + 71m (Vs )]

1
= [Re (V}), Im (V})] [] M} ® I,
—_——

Im (85)
_7 —
I
0 Sl = [Re (5), i (5)] |, Boteten | 1,
—_— m (o
::yj =:Gy

J
Ljje1) = diag (v, 75) ® 1.
The corresponding part of the solution Xj 4 is

Vi, VisrlDganlSs, i)t = Z TPV € Rrxm

with
0 =Gyl GY
i o Zit (3,5+1)Yy;
il

2Re (v;) Im +2Im (v;) (416)
" (o) @I, € R2>?,

; [il?
Tn () 2 1m (09) (WM) Re (v;)

such that only real data is added to the existing low-rank factors. This finishes the
treatment of case 2.

In case 3, i.e., if only one of the two pairs is complex and the other two involved shifts
are real, the situation changes slightly but can be deduced directly from the previous
theorem.

Corollary 4.8:
Let W;_y, Tj_1 be real. For case 3a, i.e., B, Bj11 = B; and a;, ajy1 € R it holds

Vigr = Re (V) + =8 Im (V) € R™7, (4.17a)

Wi = W1+ (Re (%) + Re (7541))E Re (V)

2 4.17b

+ Re (’YJ)RQI(IZJ‘(JE))*lm (B5) EIm (V}) c ]Rnxr7 ( )

S =8 = Y1501, S = (B = a;aC)TCTS; € RV, (4.17¢)
Ty = Tj1 = (Re (3) + Re (7;41))C7S; + 6,07 5551 € R™, (4.17d)
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4. Efficient Handling of Complex ADI Shift Parameters

where §; := aJZH —2Re (8)) aj1 + |B5%
For case 3b, i.e. §;, f;31 € Rand o, ;1 = @; € C we have

]+1 V +’Y]+1V'+1 c Cnxr’ ‘7]'4,1 = (A — ﬁj+1E)71EV}' c Rnxr’ (4183)

Wi = Wjmt + (Re (1) + Re (7;41)) BV, + §;EVj11 € RY, (4.18b)
Sj1 = Re (S») e Tm (8;) € R™, (4.18¢)
Tip = — (Re () + Re (’YJH))CT Re (T))
+ 7RF(A/])RIE‘H<:£](:1))+IIH("J CT Tm (T) ]Rmxr7 (4'18d)
where §; := 87, — 2Re (a;) Bj11 + |y >, O

Proof. In case 3a the relation (4.17a) follows directly from relation (4.14a) by using
Im (a;) = 0. Plugging this into the constituting equations for ., leads, after some
simplifications, to (4.17b). The equation (4.17d) is nothing else but the original con-
structing formula for Sj41 = S; — Y41 ((B — 0;1C)"T(CTS;)) and exploiting that the
solution of the occurring linear system is real due to 1 € R, S; € R™*". Using this
with some simple rearrangements leads then to (4.17d). The case 3b is proved using
similar steps. O

Along the lines of case 2 the new parts in the low-rank factors in case 3a are given by
the real blocks Z; := [Re (V;), Tm (V;)], ¥; := [S;, S;11], and

£ (30) Re (vj)+Re (vj+1) —9j P
F]- = | Re ('yj)Re('yﬁrl)—Im(ﬁJ) —Re(y;)5; | ® Ir € R4, (419)
Im (8;) Tm (8;)
Similarly, the low-rank factors in case 3b are augmented by Zj = [V, f/jﬂ], )A/J =
[Re (S;), Im (S;)], and
e () Re (;41) ~Tm (a5)*
f(lﬂb) — ("u)Jch(“rJH) 511;20(4:/)) ol ¢ R2%2r (4‘20)
J Y J
9 Im (aj)

which finishes the discussion regarding case 3.

Remark 4.9:
Without the restrictions on the possible shift subsequences (cases 1 - 3) it is possible
that there are longer recurrences of the V;, W, iterates. Consider, for instance, the
sequence (3, Bi1 = B;, Biva, Birs = Bjr2 € C, aj € R, i1, jpn = @51 and
a3 € R. Using the same techniques as above, it is possible to show, e.g., that

_ Im(Bj42)—Im (« Re (Bj42)—Re(aji1)
Vi = Omm @) Re (V) + PCR2RE08 T (V40)

Im (0oj41) Im (aj+1) Re (8))—a “r
Im(S;:) Re (V}) — 0 (ﬁjﬂ)Whn (V;) e R"

and similar, equally complicated relations exist for W;.3, Sji3, and 7};3. Hence, 4r
new columns are added to Z;_y, Y;_1, and j — 1 is augmented by an 4r x 4r block at
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4.2. Computing Real Low-rank Solutions by the fADI Iteration

its diagonal. However, if a3 is complex, the expressions get even longer and more

complicated. Real extensions for the low-rank factors can only be generated if the

shift sequence ends with either an v or § shift being real. However, since ADI type

iterations are independent of the order of the shifts, these longer relations are not

required. ¢
Using the relations and real expansions discovered in the previous section, we are now
able to provide a modified G-fADI iteration which takes proper care of complex shifts
with respect to the above considered cases. Note that the V.S quantities encountered
in case 3 do not require additional storage of an n x r array in a clever implementation.
Algorithm 4.4 illustrates the complete G-fADI iteration for generating real low-rank
solution factors (G-fADI-r). Moreover, some of the constants calculated for the com-
putation of the W, T matrices can be reused in the I' factor. It is also reasonable
to test for convergence via the residual norm when the W, T variables are real, i.e.,
after the current case has been processed. The same holds if one wishes to improve the
solution X via Galerkin projection ideas [43, 162], or decrease the storage requirements
by employing column compression techniques on the low-rank factors [19, 201], which
then can be carried out in real arithmetic only.

Avoiding All Complex Operations Algorithm 4.4 computes real low-rank solution
factors, but temporarily employs some complex arithmetic operations and storage al-
though the amount is significantly reduced compared to the original Algorithm 3.4. In
particular, these are the solutions of the linear systems when a shift is complex, and the
corresponding V; and S iterates. These remaining complex instances can be circum-
vented by rewriting the linear system w.r.t. complex shifts into augmented real ones as
in Remark 4.4 and formulate Algorithm 4.4 in terms of Re (V;), Im (V;), Re (S;), and
Im (S}). The solution of the augmented 2n x 2n system can, however, be more expensive
compared to solving the original n x n complex ones.

Another way to work exclusively with real arithmetic operations is given by gener-
alizing the ideas of the LR-ADI-R iteration . Exemplary for {ay, @i} and {1, 51}, we
obtain V5 = falf/l + \72, Sy = ,Egl + 5‘2, where

Vi = (AE7'A—2Re (61) A + |%|*E)"'F, Vy = E"Y(AW}),

Sy := (BC™'B —2Re (ay) B + |y *B)71 G, Sy :=C7I(BTS,).
It is possible to solve instead 2n x 2n linear systems similar to (4.6). As the numerical
experiments in Section 4.1.5 suggest, keeping the n x n complex system seems to be the

most efficient way in the majority of cases and we do not pursue these completely real
approaches either.

4.2.2. Special Sylvester Equations

In this section we discuss how to deal with complex shift parameters in the G-fADI
modifications proposed in Section 3.3.3 for certain special GCASEs. This will lead to
specially tailored variants of Algorithm 4.4.
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4. Efficient Handling of Complex ADI Shift Parameters

Algorithm 4.4: G-fADI-r iteration for generating real low-rank solutions of (3.34)

Input : A, B, E, C, F, G as in (3.34), proper, suitably ordered sets of shift
parameters {o, ..., .}, {61, Bjma > tolerance 0 < 7 < 1.
Output: 7, € RX7jmax Y € Rm>rimax T, ¢ RrmaxXTjmax gych that

max Jmax

YlP ~X.

Jmaxt Jmaxd ji

Jmax

1W0:F7T0:G7j:1.
2 while [|[W,;_, T || > 7[| FGT|| do
s | Vi=(A=BE) Wi, S = (B - a;C) T
4| =i
5 if Case 1: B; €e R Naj € R then
6 W, = le—&-’yJEVT Tl—’TJCS
7 Zj=12; Vil, Y = [Yio1, S)], T = diag (Tj—1,751,).
8 L J=J+ 1.
9 if Case 2: B; € C Na; € C then
10 Wi1 = W1+ 2Re (v;) ERe (V}) (Im(ﬁ —2Im ('y])> ElIm (Vj).
11 Tiv1 =Tj—1 —2Re (7;) CT Re (S)) < ]‘:{a y+2Im (ﬂ/])) CT1Im (S;).
12 Zjy1 = [ZJ 1, Re (V;), Im (V})], Yjs1 = [Yjo1, Re (S;), Im (S;)].
13 = diag <F] 1, F<2 > with F(2) fro ( 6).
14 | J=7+2
15 if Case 3a: B;€ C A ajeR A aji1 € R then
16 Y1 = B = g, 85 1= = ajy — 2Re (B)) aj + B
2
17 Wip1 = W1+ (Re (v; + ij))ERe V) + W};Im (V;).
18 Tj = Tj—1 — (Re (7;) + Re (7;41))C"S;.
19 Sj+1 = (B — Oéj+1C)7TCTSj, ,Tj+1 T -+ (5 C S]+1
20 Ziin = Zys, Re (1), I (V)], Yy = Mpa, S50 il
21 I; = diag (ijh f§$a>> with 1;;-3“) from (4.19).
22 | J=7+2
23 if Case 3b: B; € R A Bjp1 € R A a; € C then
24 Yit1 = B — @, 05 = B3 — 2Re (a;) B0 + |ay .
2 Wj =W+ (Re (7;) + Re (7541)) EV.
26 ‘/}4,1 = (A — [))]'+1E)7]E‘/}', Wj+1 = VV] + (5]E‘/]+1
27 Tj1 =Tj-1 — (Re (75) + Re (%ﬂ))c Re (S))
28 + —Re (V;)RISH(]’Y(QI)HI“‘ (a))? 7T Im (S )
29 Ziw = [Zj-1, Vi, Vial, Y = [Yio1, Re (5;), Im (S5)].
30 I; = diag (Fj—h f‘é}ib)) with F;db) from (4.20).
s | | =gt
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4.2. Computing Real Low-rank Solutions by the fADI Iteration

Cross Gramian Sylvester Equation A variant of the G-fADI iteration for the cross
Gramian Sylvester equation

AXE + EXA=FGT (4.21)

is given in (3.48). Obviously, case 3 cannot happen and for o, aj11 = @; one gets, using
(4.14a)-(4.144d),

Vig1 = V+21ma)lm (Vj),
Wj41 = W;_1 —4Re (o) ERe (V;) —4Re (o) 0; ETm (V}),
Sj+1 S -+ 21111((1 Im (SJ).

Tiy1 =Tj_1 +4Re (a;) E" Re (S;) — 4Re (a;) §;E7 Im (W)

with d; := Re (a;) /Im (j). The 2r x 2r augmentation of T';_; can also be deduced
from (4.16):

fj = —4Re (qa;) {51 252+]] ® I, = —4Re (q;) [511 ﬂ [153“] [(l)_j{] ® I,

where we assumed that o; € C_, Vk. This factorization of fj can implicitly be ac-
cumulated into the augmentations of Z;_; and Y;_; such that fj is not required. The
resulting modification of the G-fADI-r iteration for solving the cross Gramian equation
(3.47) is given in Algorithm 4.5. Note that the equations for W, as well as Zj 11, Yj1
are very close to the formulas in Algorithm 4.3 for GCALEs.

Lyapunov Equation with Unsymmetric Inhomogeneity For the matrix equation
AXET + EXAT = FGT (4.22)

an adapted G-fADI iteration is given in (3.50), where case 3 can also not occur. If o is
a complex shift followed by its complex conjugate, we find, using (4.14a),(4.14b), that

Wj1 =W, 1 —4Re (o) ERe (V}) +4Re<‘j; ETm (V;),

Im

Tj1 = Tj-1 +4Re (o) ERe (W) — 45 ;*f CEIm (W),

as well as a similar 27 x 2r augmentation of I';_; by the
[ = —4Re (a)) [5 252+1] ® I, = —4Re (ay) LM, L],
Li=[s%]®L, M;=dag(l,6+1)®]I,
which is the same LDLT factorization as used in the G-LR-ADI-r iteration for GCALEs
([38], Algorithm 4.3 in Section 4.1.4). The factors L;, M; can be again implicitly mul-
tiplied to [Re (V;), Im (V})] and [Re (W), Im (W;)]. The resulting G-fADI-r iteration
for solving (3.49) is given in Algorithm 4.6. Note that the conjugation of c; in the linear

system has been revoked since it is not important in which order the shifts of a complex
conjugated pair are processed.
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Algorithm 4.5: G-fADI-r for generating real low-rank solutions of (4.21)
Input : A, E, F, G as in (4.21) and proper shift parameters

{ov, ..., 0.} CC_, tolerance 0 < 7 < 1.
Output: Z,,, € R, Y, € R¥in such that Z;,, YT ~ X

1 W() F T() = G ] =1.

2 while ||V, 1TT1|| > 7| FGT| do

s | V= (A+aE) Wy, S = —(A+a,B) MTy,

4 if a; € R then

5 W, = W,_, — 20, EV;, T T |+ 20, ETS;

6 Zj= [ijlv V20 V ], Yii, v 720‘.7'5.7‘]7 J=J+1L

7 else

8 v = 2y/—Re (o), §; := ﬁ:EZj)

9 Wit = W1 +7E (Re (V;) = 6;Im (V).

10 Tjp1 =Tjoy — v ET (Re (S;) 4 6; Im (S5;)).

1 Zisi = | Zy1,7i(Re (V) + 05T (V;), 93/(@2 +1) - T (V).
12 Yiet = [Yionv(Re (8) = 8 Tm (S5)), 7:4/(2 + 1) - Tm ()]
13 | J=J+2

Discrete-time Lyapunov Equations A low-rank ADI method for the GDALE
AXAT - EXET = —FFT (4.23)

was previously derived and given in (3.52). For dealing with complex shifts, let W;_; €
R™" and a;, o4 =@ € D\{0}. By using similar techniques as above we obtain

Vigr = V + 70"1111] lo %) 7y, (V}),

Wi =W, + 2Re (a)( 12 loi | )ERe (V]) + (1*|0¢7|2)(\0]\2*\%‘\4*2[“‘(@,7‘)2)Ehn (V]),

] [eej[? Tm (a;)
and
s L|a[? 0;(1=|a;[?) 2rx2
—— _ 2)A . J 3 J rX2r
L= (= lesP)rim [@(1—\%\2) \aj\2+62<1—2\a]\2)+|a]\4(1+52)] oL eR
with 711 = ‘O T 0; = EEE?:’; It can be easily shown that F] is positive definite

since we assumed |a;| < 1, and its Cholesky factor can implicitly be multiplied to
[Re (V;), Im (V})] such that I‘J is also not required.

As a small extension of the method proposed in [32, Algorithm 5|, we present a further
simplification for dealing with pairs of purely imaginary shifts o; = jIm (o), @41 =
—7Im (a;), 0 < |Im (a;)| < 1. Tt is in this case easily established that

Vier = Vi + (1 = Tm (a)*) Im (V)
Wi =W, 4 + wEIm (V)

Im (o)

82



4.2. Computing Real Low-rank Solutions by the fADI Iteration

Algorithm 4.6: G-fADI-r for generating real low-rank solutions of (4.22)
Input : A, E, F, G as in (4.22) and proper shift parameters
{ov,..., ...} CC_, tolerance 0 < 7 < 1.

Output: Zj,,, € RV imax YJrmx € Rvrimex such that Z;,,, Yl ~ X.
1 W(] F T() = G j =1.
2 while ||V, 1TT1H > 7—||FGTH do
3 Vi, S]} (A+04] ) Wiea, =Ty
4 if o; € R then
5 Wy, T;] = [W;— TJL]—O—QaJE[V S;].
6 Z_[Z,l,\/TaV =[Y_1, /—20;S;], j=j+1
7 else
R )
9 Wit =W+ 7 E (Re (V;) = 0; Im (V).
10 Tjp1 =Tjo1 — v E (Re (S;) — 6;Im (S))).
11 Ziy1 = [Zj,l, 7 (Re (V;) + 6;Im (V})), 754/(67 + 1) - Tm (V])}
12 Viet = [Vt % (Re (8) + 8 Tm (5)), 71/(82 + 1) - Tm () ]
13 j=7+2

and, since 0; = 0, T = /(1T = |z P)7511(1 + |oy|?) diag (., o] 21,).
The resulting algorithm for computing real, low-rank solutions factors for (4.23) is
given in Algorithm 4.7. The constants ¢; 53 in the Steps 9, 12, and 13 are the entries of

the Cholesky factor of T';(,/7;71) "

4.2.3. Numerical Examples

Now we test the modification of the G-fADI iteration that exploits the interconnections
between the complex iterates. As before we stop the iteration when ¢; := ||8,]|/||FGT|| <
7 =107 where the residual norm was computed using the novel relation (3.45). The
shift parameters were computed as in Section 3.3.4.

The following CASE example is constructed entirely for testing purposes and without
any background in applications. To obtain the matrix A, we use the example FDM (cf.
Section 2.4) with ng = 110, f; = 517 f, = 1000&,, and f3 = &;. Likewise, —B is
obtained from using no = 90 and f = sin(&; + 2&), fo = 20e%¢, and fs = £&. This
yields n = 12100 and m = 8100 and the matrices F, G are random matrices with r = 4
columns. We abbreviate this example by FDM-S which is similar to [138, Example 2|.

For a generalized Sylvester equation we take the example ifiss16k/4k introduced in
Section 3.3.4 consisting of the matrices from the ifiss16k and ifissjk examples.

The special Sylvester equations used in Section 3.3.4 are also reused here and dealt
with by the iterations (3.48), (3.50), (3.52) as well as their real implementations (Algo-
rithms 4.5-4.7) proposed in Section 4.2.2.
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Algorithm 4.7: G-LR-ADI-r iteration for GDALEs (4.23)
Input : A, E, F asin (4.23) and proper shift parameters {o, ..., a;,..} with
0 < |aj| < 1, tolerance 0 < 7 < 1.

Output: Z;,,, € RV such that Z;,, Z] ~ X.
IW():F,"}/():l,jil.
2 while [3,42[W, 1]/> > 7][F| do
s | Vi=(A- 2B Wi,
4 if a; € R then
5 W =Wy + S2EV;, = e
6 Zy=[Zj1,,)(1 = )y V]
7 j=j+1L
8 else
9 ’Yj+1:i2f|iyél::m'
10 if Re (a;) # 0 then
1 Wipn=W;1+ %WE Re (V)
+(1*\0‘1\2)(\(27‘\‘22*1:?5:)211“(aJ)Q)EInl (V])
12 d; = :EZZ; ly = 61_1(5]'(1 — Jaj )%
13 b= \/(1 = lag ) (o + 65 (1 = 2lay[?) + oy |* (1 + 67)) — 63.
14 Ziy1 = [Zj,l, Vi (G Re (Vi) + 6 Im (V))), /Y11l Tm (V) ]
15 else
16 Wi =W + 282 pm (1)),
17 | Zjy1 = [Z;-1, Vit Re (Vy) , \/ala] Tm () [Tm V]
18 | J=J+2

The settings kf, kA4, kf, kB, J, L for the shift parameter computation, the number
of the required fADI iteration steps ji; until termination, the final scaled residual norm
Pj.» and the computation times tc, tg in seconds for the standard complex as well as
the G-fADI-r iteration (Algorithms 4.4 — 4.7) for computing real, low-rank solutions
are summarized in Table 4.2. There, Jg, Lg denote the numbers of real a, [ shifts
whereas Jg¢, Le refer to the number of complex pairs of shifts. It is evident that for
all examples the methods computing real solution factors required, depending on the
number of processed complex shifts, substantially less computation time. By exploiting
the interconnections between complex iterates up to half of computation time could be
saved. The obtained solutions were almost identical, except for possible deviations on
the level of rounding errors. This can also be seen in the residual history shown in
Figure 4.3 for the FDM-S example. Both the complex (Algorithm 3.4) and real version
(Algorithm 4.4) have almost identical residual norms throughout the iteration. Only
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Table 4.2.: Parameters, required iteration steps ji;, final scaled residual norm ej,, and
computation times fc, tg in seconds of basic and real implementations of
G-fADI iteration and its special modifications.

Parameters Results
Example A e il e ‘J(JR7JC),L(LR7L(c) Jit ‘ Ejie tc‘ tr
FDM-S 10,10,10,10 20 (6,7), 20 (12,4) 70 | 6.5:1071113.7| 8.1
ifiss16k/4k  ]10,20,10,20 30 (12,9), 30 (12,9) |89 | 6.2.107"1[31.2]18.1
ifiss16k (4.21)]10,20,~ 30 (12,9), — 110| 4.7-107™70.5[40.1
ifiss16k (4.22)]10,20,- 30 (12,9), — 111/4.01-107[54.1]29.3
DALE (4.23) |10,0,~ 10 (0,5), — 68 | 9.4-107'| 6.4 3.3
10°
oo ~o--fADI
\\ -+-fADI-r
JE— \
ED 10| \‘mm\ 1 100f :
= e
@107 \&t\& 200 | —
e R
0™ 30 50 100 200
iteration number j #nonzeros = 504

Figure 4.3.: Results for the F'DM-S example: residual norms against iteration number j
for the fADI and fADI-r iteration (left), sparsity pattern of the matrix T'j,
in the fADI-r iteration (right).

minor deviations occurred exactly when the complex method is in between processing a
pair of complex conjugated shifts, i.e., cases 2 or 3. This is a similar observation as in
(38, Example 1, Figure 1] and Figure 4.2. From the sparsity pattern of the matrix I'j,
in Figure 4.3, one can see that the cases 2 and 3 were encountered 27 times which is
revealed by the respective number of 21 x 2r blocks along the diagonal.

4.3. Conclusions

We considered the issue of dealing with complex shift parameters in low-rank ADI meth-
ods for both GCALEs as well as GCASEs. Novel interconnections between the iterates
corresponding to pairs of complex conjugate shift parameters have been established.
Based on these results, modified G-LR-ADI and G-fADI iterations were proposed which
are able to compute real, low-rank solution factors in the presence of complex shift pa-
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4. Efficient Handling of Complex ADI Shift Parameters

rameters. They achieve this at a reduced amount of complex computations and storage
requirements. Similar modifications are also derived for certain special cases of GCASEs.
Several numerical tests show that these modified algorithms are indeed more efficient
than the standard complex iterations. In the GCALE case they also outperform existing
approaches for handling complex shifts in the majority of cases.
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5.1. Introduction and Motivation

In the previous two chapters we mainly discussed structural properties and their im-
provement of the low-rank ADI iteration for GCALEs and GCASEs. We have not
extensively touched the problem of finding good shift parameters which are crucial for
a fast convergence. The dependence on shift parameters is probably the largest disad-
vantage of ADI methods. Optimal or high quality shifts are usually difficult to obtain,
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5. Self-Generating ADI Shift Parameters

especially for large-scale problems. Either, they rely on spectral data which is hard to
get for large problems, or their generation involves inefficient and expensive computa-
tions. Thus, the emphases in the current chapter are new and efficient strategies for
computing shift parameters that also lead to fast convergence but without these draw-
backs. We especially focus on approaches that are automatic in the sense that they do
not require any special a-priori knowledge or setup data. In the following, we start by
restricting the discussion to the G-LR~-ADI iteration for GCALEs, where we review some
existing strategies, which compute shifts before the actual ADI iteration is started, in
the next section. After that we present in Section 5.3 novel shift strategies whose goal
is to compute shifts adaptively in the course of the G-LR-ADI iteration, ideally without
the need for any setup data. These new strategies will be evaluated in several numerical
experiments regarding their computational efficiency as well as their influence on the
convergence speed of the G-LR-ADI iteration. There, we also compare the G-LR-ADI
iteration equipped with the most promising shift approaches with some other, compet-
itive, low-rank methods for GCALEs. Afterwards, in Section 5.4, the shift parameter
strategies, both the precomputed and proposed self-generating versions, are adapted to
the G-fADI iteration for Sylvester equations. Finally, we conclude and give possible
future research perspectives in Section 5.5.

5.2. A Short Overview of Precomputed ADI Shift
Parameters

By Lemma 3.4 in Section 3.2, the error of the ADI iteration (3.4) and its low-rank
versions (Algorithms 3.1-3.2) after iteration step j is given by

J
X=X =A;(Xo - X)AY, Aj=]]€, € :=A+aE) (A-&E). (5.1)
i=1

Clearly, the convergence speed of the ADI iteration is influenced by the spectral radii
p(A;) of the A;, see also [119, 202, 233]. One strategy to produce good shifts is to make
the radii p(A;) as small as possible to ensure fast convergence. We briefly reestablish a
result from Section 3.2.2. Assuming that all eigenvalues of (A4, E) are semi-simple and
taking norms in the equation above yields

. . 2
X5 = X 2 ol (T as e
— 2~ = < ||A < U d 1= An— QG
”XO _ XH — H J” — K( ) 1ag i A +a;? 71.:1 Anta;
j 2
_ 2 Ae—ay
= k(U) max o

i=

where U is the matrix containing the (right) eigenvectors of (A, E) with AU = EUA,
A= dl'(lg (Ah ey )\n)'
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5.2. A Short Overview of Precomputed ADI Shift Parameters

A well known result for minimizing the spectral radii of A; is, see, e.g., [232, 233],
that the optimal shifts {a, ..., a;} for j iteration steps of (3.4) (and, thus, also of its
low-rank versions) are given by the solution of the rational min—max problem

J
[T
Arta
i=1

which is also referred to as the ADI shift parameter problem [231, 232, 233].

One very apparent conceptual issue of using this optimization problem for finding ADI
shift parameters is that in the transition from the error expression (5.1) to the min-max
problem (5.2), all information regarding the inhomogeneity FFT of the GCALE is lost.
However, we know that the inhomogeneity is of tremendous significance for the existence
of low-rank solutions as we discussed in Section 2.3.3, see also, e.g., [184, 4, 113, 222]. In
particular, the low-rank of FFT i.e, rank (F) = r < n, is one influential factor, which
is not embraced in (5.2). Moreover, no information regarding the eigenvectors of (A, E)
enters (5.2).

Apart from this issues, (5.2) has lead to a number of different shift strategies which
are frequently and often also successfully applied in low-rank ADI methods. We briefly
describe some of those strategies, which we are also going to employ in our numerical
tests.

) M EAA, EB), (5.2)

min max
at,..,0;CC— \ 1<0<n

5.2.1. Wachspress Shifts and Related Approaches

In [233], an analytic solution for (5.2) is proposed which uses

Im ()
Re (/\/)

a:= min Re (A b := max Re (A and v := (A, E)= max arctan
1<6<n (A, 1<<n (A, 4 ¥(4, E) 1<6<n

for \y € A(A, E) to estimate the shape of the spectrum A(A, F) via an elliptic functions
domain. The computation of optimal shifts to achieve || X; — X|| < e is then based on
elliptic integrals involving the desired tolerance € and the above spectral data a, b, and
1, see (233, 201] for details. If the spectrum A(A, E) is real or the imaginary parts
of the complex eigenvalues are small compared to the real parts, this approach always
provides real shift parameters. In the case of large imaginary parts which dominate
the real parts, there exists a modification that produces complex shift parameters. We
will refer to these shifts as Wachspress shifts in the following. For large-scale matrices
the required spectral data, especially the angle ¥ for complex spectra, can be hard to
obtain exactly. An easy way to get approximate Wachspress shifts [45] (also called
suboptimal shifts [201, Section 4.3.2.]) is to approximate A(A, E) by small numbers of
ky Ritz and k_ inverse Ritz values, i.e., Ritz values w.r.t. E~1A and A~'E, respectively.
These Ritz values can be computed using two Arnoldi processes. If A = AT < 0,
E = ET = 0, an alternative is to use a single Lanczos process equipped with the E-
inner product [6, Chapter 5.5] to get approximation to both small and large eigenvalues.
One then computes a, b, 1 on the basis of this typically small set of Ritz values and
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carries out the Wachspress computations as before. This approach will be referred to
as approximate Wachspress shifts for which an implementation can be found in [201,
Algorithm 4.2]. The quality of these approximate Wachspress shifts depends on the
quality of the approximation of a, b, and v provided by the Ritz values. Differences
in at least one of these values can lead to a considerable different error reduction as it
is investigated, e.g., in [202]. Hence, the prescribed values k., k_, but also €, have a
certain influence. From a computational point of view, the employed Arnoldi methods
introduce additional costs which are dominated by the k; and k_ solves with F and A
for generating the Ritz and inverse Ritz values. For symmetric systems, i.e. A= AT =0
and £ = ET <0, only a, b need to be estimated which can be done less costly in one
run of a Lanczos process using the inner product induced by E. The computability of a,
b, ¢ obtained from the Ritz values may be increased by using shifted matrices [45]. The
employed Krylov methods also require a starting vector for which there is also no known
result on how to choose a suitable one. The authors in [38] used F1, in their numerical
experiments, but whether there are better choices remains unclear. The computed Ritz
values can have positive real parts if AET + EAT is indefinite. These must be neglected.

5.2.2. The Heuristic Penzl Strategy

A frequently used heuristic approach to obtain ADI shifts was proposed by Penzl in
[183]. There, A(A4, E) is again replaced by a much smaller set N consisting of Ritz
values and reciprocals of Ritz values w.r.t. E~'A and A~ E, respectively, also using k,
and k_ steps of Arnoldi or Lanczos processes. Then, the ADI shift parameter problem is
dealt with heuristically in the sense that a prescribed number J < k; + k_ of elements
are chosen from N that minimize the rational function in (5.2) with A(A, E) replaced
by N. The complete procedure for the generation of .J shift parameters is illustrated
in [183, Algorithm 5.1]. The obtained shifts are often called heuristic or Penzl shifts.
Although this strategy has been used successfully in numerous cases, it comes with
several drawbacks similar to the approximate Wachspress shifts. The procedure requires
that the values k., k_ and here, additionally, .J are provided by the user, but there is
no known rule how to actually set these values. The same holds for the initial vector of
the Arnoldi or Lanczos process. Of course, the quality of the Ritz values influences the
quality of the shifts in the end. If the convergence of the Arnoldi or Lanczos processes
is slow and the Ritz values are poor approximations of eigenvalues, the shifts may be
of poor quality. In some cases, the values k;, k_ need to be so large that the cost for
the Arnoldi or Lanczos processes is non-negligible. Numerical experiments show that
the performance of these heuristic shifts is more susceptible to changes in ky, k_ than
that of the approximate Wachspress shifts. Even small changes in at least one of these
parameters can lead to a significantly differing performance of the G-LR-ADI iteration
in the end.
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5.3. Self-Generating Shifts
5.2.3. Other Shift Strategies

There exist a number of other shift parameter approaches. For completeness, we mention
a few here. For E = I, an approach based on Leja points is given in [216], where the
spectra of I, @ AT and A" ® I,, are embedded in subsets &, F C C. For arbitrary values
from €, F, shift parameters are recursively obtained by maximizing the rational function
in (5.2). A related potential theory based approach can be found in [202]. For real
spectra and shifts, an improvement of Penzl’s heuristic selection strategy (Section 5.2.2)
which introduces marginal additional costs is also proposed in [202, Section 2.2.4]. In
[223], a shift strategy is presented which uses the eigenvalues of a small sub-block of
A corresponding to the nonzero block of the inhomogeneity F'F7 which is present in
certain applications. For the case where the considered Lyapunov equation is related
to a linear, time-invariant control system, dominant pole based shifts are mentioned in
[201, Section 4.3.3.], [28]. The investigations show that these shifts can be beneficial
for a subsequent model order reduction process. A number of further shift parameter
approaches can be found in [202].

The iterative rational Krylov algorithm (IRKA) [117] is a prominent method for com-
puting reduced order models of large dynamical systems (2.5) which are locally optimal
in the Hy-norm. In [21] it is shown, by drawing connections to a Riemannian optimiza-
tion framework [228], that IRKA can also be used for computing low-rank solutions of
large Lyapunov equations. If A = A7 < 0 and E = E = 0, the obtained approximate
solution satisfies an optimality condition w.r.t. a certain energy norm. For the unsym-
metric case a similar optimality property holds w.r.t. the residual. In [21, 82, 96] it is
shown that this IRKA solutions are identical to the ADI solutions if the shifts provided
by IRKA are used as shifts for the G-LR-ADI iteration. These shifts are usually referred
to as IRKA-shifts and have attracted some attention recently. They represent a rather
theoretical tool because their computation, i.e., running IRKA until a certain stopping
criterion is met, is very expensive. Some numerical experiments with IRKA shifts can
be found in [39], where they cannot compete with other shift strategies in regard of the
computational costs. Moreover, their success appears to be highly dependent on the
particular problem as well as on the data used to initialize the IRKA process.

5.3. Self-Generating Shifts

The previously mentioned shift parameters are computed before the actual iteration of
G-LR-ADI is started. Here we investigate two approaches to compute shift parameters
automatically during the iteration. The first one is based on projecting the coeflicient
matrices A, E onto spaces spanned by certain iterates available in the iteration and then
solving the resulting small eigenvalue problem. The second approach aims at finding the
shift that minimizes the Lyapunov residual norm in each iteration step.
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5.3.1. Shifts Obtained from a Galerkin Projection on Spaces
Spanned by LR-ADI Iterates

The heuristic shifts in Section 5.2.2 are essentially Ritz values w.r.t. A, E and F. Here
we investigate the use of Ritz values which are generated from different spaces where the
possibly expensive Krylov subspace construction is not needed. Let Q = span{Q} c C"
be a k-dimensional subspace with k¥ < n and Q = [q1, . .., q,] € C™* contain the basis
vectors which we assume to be orthonormal. The approaches will be based on a Galerkin
projection of A, E, i.e., the shift will be taken from

AAEYNC_, A:=Q"AQ, E =Q"EQ.

The intersection with C_ ensures that possible unstable eigenvalues of A(A7 E) are ne-
glected since those would be of no use in the G-LR-ADI iteration. Alternatively, unstable
eigenvalues can just be reflected at the imaginary axis. The matrices A, E are typically
called restrictions of A, F onto Q. In the following we present two approaches from
[39] where Q is generated cheaply in the course of the G-LR-ADI iteration. For this we
assume that we have already processed j iteration steps and wish to compute shifts for
the j + 1-st and subsequent iteration steps.

Using Already Constructed Parts of the Low-rank Solution Factor

The first idea is to simply take the subspace Q = span {V;}, where V; is the last computed
block iterate of the G-LR-ADI iteration, and use a matrix @; which has orthonormal
basis vectors of Q as columns. In [39] it is proposed to take eigenvalues of Aj,Ej as
the shift parameters for the next r iteration steps. The shift parameters constructed
that way will in the following be referred to as V'-shifts. After these r shifts have been
used, too, the next shifts are generated from Vj, in the same way and the iteration is
continued. In case of a pair of complex conjugate shifts, i.e a; = @;—7, V; and also A F
are complex matrices. In this situation it is wise to process a;_i, too, and work with
Q =span{[Re (V;), Im (V})]} instead which will yield 27 new shift parameters.

An extension of the original V-shift approach from [39] is mentioned in [54], where all
iterates Vj_y,41,...,Vj, u > 1, corresponding to the last u processed shifts are used to
span the subspace Q. In other words, the last ur columns which were added to Z are
used. We refer to this generalization as V(u)-shifts, where the number u can be seen as
horizon which defines how many previous iteration steps are taken into account. The
set of these u shift parameters should be proper, such that it can happen that r(u + 1)
columns of Z have to be considered.

A further enhancement of the basic V-shift approach from [39] but also of the V (u)-
shift extension from [54] is obtained by recalling from Corollary 4.6 that

AZ] = W]'G,};DLR + EZjBADI-R-

This also holds similarly for Z;, := Z(:,(j — u)r + 1 : jr) by taking the appropriate
blocks Gj,u =G (j—u)r+1:jr)and Bj,u = Baprr((j—w)r+1:jr, (j—uw)r+1:jr)
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of GaprLr and BapLg, respectively:
AZju= WG, + EZjuBju. (5.3)

Assume for now that Zj,u has full column rank and let P; € R**"" be a nonsingular
matrix such that Q; := Z;, P; is orthonormal, i.e., Q]TQj = Iy Then

A; = Q] AQ; = QIW,GI, Py + E;P; ' By, E; = QEZP;.

Hence, no additional matrix vector products of A with @; are required to form the
restriction A]'. Only ur matrix vector products with £ have to be stored or recomputed
to build 121_7- and E, The number of obtained Ritz values is ur and a smaller number,
e.g., r or 2r, of these values should be used as the next set of shift parameters. We carry
out a selection by using the wr Ritz values as inputs for the heuristic Penzl strategy
mentioned before.

Using the Residual Factors

Instead of using the space spanned by V; as projection basis, it is proposed in [39] that one
can conceptually also use the GCALE residual factors W, i.e., Q = span{W;}. Using
an orthonormal matrix @; for span {W;} and proceeding similarly as above yields r shift
parameters, which we call W-shifts in the remainder. Unfortunately, Corollaries 3.9 and
4.6 cannot be applied such that it is not possible to construct the small matrices ;1]-, Ej
without additional multiplications with A and FE.

According to (4.8b), the residual factors are always a real n X r matrices such that
no distinction between real and complex shifts is necessary as for the V-shifts. This, of
course, implies that one uses W, after a complex conjugated pair o, o1 = @; has
been fully processed.

Using the Whole Low-rank Solution Factors

For completeness we mention a third approach which uses Q = span{Z;} at iteration
step j as projection basis and, thus, essentially equals the V(j)-shift strategy. There,
after j shifts have been processed, jm Ritz values are computed. The selection of a
smaller number of shift parameters from these jm Ritz values can be done as for the
V (u)-shifts.

Clearly, this third variant is significantly more expensive than the V-, V(u)-, and W-
shifts since computing an orthogonal space for span {Z;} requires the orthogonalization
of the span of Vj for each j = 1,..., j against the previous Z;_. This might lead to costs
that are not negligible anymore and the same holds for the solution of the eigenvalue
problem which is now of dimension jr. As for the V (u)-shifts, Corollary 4.6 can be used
such that savings for constructing the projected matrices 121]-, E]- can be achieved by
storing EZ; and using (3.24b), see also [235, 237, 234]. We do not pursue this approach
further but remark that in [201, 50], span {Z;} is used to perform a Galerkin projection
on the GCALE to improve the convergence behavior of the G-LR-ADI iteration.
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Initialization, Orthogonalization, and Other Implementational Considerations

Before the V(u)- or W-shifts can be used, G-LR-ADI has to be started with at least one
initial shift parameter. In order to explicitly introduce the matrix F' in the process, we
propose to use an initial Ritz-Galerkin projection with Q = span {F'} which provides r
shifts to begin with. Let Qg be an orthogonal matrix for span{F}. Obviously, build-
ing the small, projected matrices Ay = QT AQq, Ey = QT EQ requires matrix vector
products of A, £ with @Qo. Another possibility is to use any number of the previously
mentioned precomputed shift parameters as initial shifts and start generating V'(u)- or
W-shifts once these have been depleted.

In the considerations we have not specified how to choose the matrix P; that orthonor-
malizes Vj, Z(:, (j —u)r + 1 : jr), or W;. We now briefly discuss some possibilities for
the orthogonalization of a matrix N € R™* which can be any of the choices above.

One possibility to obtain the orthonormal basis is to use a thin QR-factorizations, e.g.,
N = QR such that P = R~!. Since k < n, the numerical cost for their computation is
often negligible. One could, e.g., also use a singular value decomposition of NV to obtain
the orthogonal basis matrix.

It is also possible to employ implicit orthogonalization procedures. The applied Ritz-
Galerkin projection for (A, E') works with the orthogonal projection P = N(NTN)~INT.
Using the eigenvalue decomposition

NDNT =NTN, NTN =1, D=diag(t,....6,) =0, 6 >..>0,

leads obviously to P = ND=%. The advantage is that computing the eigenvalue decom-
position of size k x k is typically less costly than computing a QR-factorization or SVD
of the n x k matrix N. Moreover, it allows to check N for nearly linearly dependent
columns by monitoring the magnitudes of the eigenvalues 6;, i = 1,..., k and take only
those which are larger than a certain tolerance (e.g., 8; > kfUyaen) and the correspond-
ing eigenvectors in N into consideration. If some nearly linearly dependent columns are
detected and neglected, the number of obtained new shifts will be smaller than k. We
will employ this form of implicit orthogonalization in the remainder. To account for
numerical instabilities caused by possible very small magnitudes of the 6;, it is advised
to perform this orthogonalization twice.

We have already mentioned above that A(/Nlj, Ej) might contain unstable eigenvalues
which should not be used. Also, if it happens that E]- is singular, the occurring infi-
nite eigenvalues should be neglected as well. Throwing away nearly linearly depended
columns in @); usually ensures that E]- is nonsingular. Taking all this into account, it
may happen in rare occurrences that A(A]-, E]-) contains no usable shift parameters at
all. In that case one can simply reuse the previously used V(u)- or W-shifts and try the
shift generation again afterwards.

As already stated, the main computational costs for carrying out the V(u)-, and W-
shift strategies arise in the orthogonalization of an n xru matrix as well as solving a small
eigenvalue problem whenever new shifts are required. Since ru < n, this is considered
as inexpensive. Only a very small number of additional matrix vector products with
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FE but no linear system solves are required. This makes both proposed shift strategies
significantly cheaper than the previously mentioned precomputed shifts which rely on
spectral data generated from an Arnoldi or Lanczos process. A further big advantage
of both proposed variants is, compared to the Wachspress and heuristic approaches in
Sections 5.2.1-5.2.2, that no setup parameters such as J, k;, k_ are required which
makes these approaches completely automatic and, hence, user-friendly. Additionally,
for several numerical tests these shifts even seem to outperform the heuristic shifts. This
seems to be the case especially for the V' (u)-shifts and problems defined by matrix pairs
(A, E) having a complex spectrum. Problems can occur for GCALEs with a rank-
one right hand side, i.e., when » = 1. Then, the single shift computed in the W-shift
approach is actually a generalized Rayleigh quotient

P Q7 AQ;
J+1 = QZ"EQ]~

and, hence, will always be a real number which can be disadvantageous for problems
with a complex spectrum. A similar observation can be made for the V-shifts, where, if
a; € R_ is the last encountered shift before the computation of new shifts, all subsequent
constructed V-shifts will be real as well. In this situation the V'(u)-shift strategy with
u > 1 should be employed. Another drawback of the V' (u)- and W-shifts is the lack of
a deeper theoretical foundation. It is also not clear which of the two variants is better,
although in most of our numerical tests the V'(u)-shifts seem to be superior.

Special Cases

In this section we briefly discuss the adaption of the proposed V (u)-, and W-shift strate-
gies within the structure exploiting versions of the G-LR-ADI iteration for the special
GCALEs mentioned in Section 3.2.5

SO-LR-ADI The SO-LR-ADI iteration (Algorithm 3.3) for dealing with problems re-
lated to second order dynamical systems 2.32 can easily be equipped with the V' (u)- and
W- shifts. For instance, consider the augmented block matrices

_ -K 0 o D M 2nx2n _ By 2nxr
A_{o M}’E_{M O]ER » F=lg| R

as in (2.33b), where M, D, K € R™" B; € R"™". The construction of fl]-, E‘j is
implicitly carried out with A, F, i.e., only matrix vector products with M, D, K and
n X r matrices are required. By Corollary 4.6 and (5.3), these products are not required
for the V(u)-shifts. The W-shifts, on the contrary, demand multiplications with A and
E. There, some further savings can be achieved at the construction of /Nlj, E'j ifM=M":

A= Q7AQ =~V KQY + (@)Y, Q) = MQ,
E;=QVEQ; = (Q™)'DQW + M, + M M, = (Q)Q\),

95



5. Self-Generating ADI Shift Parameters

where Q(p) Q(V> € R™ denote the lower and upper n rows of ();, adopting the notation
used in Scctlon 3.2.5. Analog observations can be made for block matrices of the form
(2.33a). Regardless if V(u)- or W-shifts are used, the resulting small matrices A

do not inherit the block structure of A, FE.

SLRCF-ADI Recall that for index one descriptor systems defined by (2. 34) the SLRCF-
ADTI iteration [98] computes a low-rank solution of the GCALE APET+EPAT = —F ﬁ T
with E = E117 A = All A12A22 A21 € Rxns, F = Fl A12A22 F2 € anxr ce
(2.35), where these matrices are only dealt with 1mp1101tly. Applying the V(u)- shlfts in
this framework is straightforward since by Corollary 4.6 and (5.3) at most ru additional
matrix vector products with Fy; are required. The W-shifts in contrast, require the
computation of the matrices

QTAQ; = QTALQ; — QT A (A3 (401Q))), QTELQ;

such that ru solves with the matrix Agy of size n — ny are needed. This can make the
W-shifts substantially more expensive than the V-shifts. Notice that the above matrices
have to be used also if the initial shifts are based on span{F'} which requires one-time
r further solves with Ago.

A modification of the V'(1)-shifts proposed in [39] is to carry out the Galerkin pro-
jection with the original matrices (2.34) of dimension n and use span {V;‘“g } with the
augmented iterates V"¢ := [V;T, OT]T € R™" from (3.26). We refer to this modification
as V*"&-ghifts. The Spectrum of the projected matrices can be deduced from (5.3) and
is for j > 1 given by

MQIAQ;, QIEQ;) = A (@)W1, (@) BV ) o

. aug QW
with ‘/J = QjR]' = Q.(Z) Rj
J

for a; € R_ and similarly for complex a;. This shows that the construction of the
Vaue_ghifts is very close to the V(1)-shifts. The exception is the case j = 1 for which

A(QIAQ;, QIEQ) = A (@) R+ Q) oy (@) EwY; ) — .

Similarly, we can modify the W-shifts to W?*"¢-shifts and work with the augmented
residual factors for the W-shifts
W,

Waug Waug —92Re (OZJ) Vjaug _ |: )

with an auxiliary matrix T € C*™ ™. A simple calculation exploiting the structure of
E shows that T = F,. Compared to the V(1)- and W-shifts, the V8- and W"8-shifts
are slightly more expensive since they need an orthogonalization of an n x r instead of
an n—ny X r matrix. The initial shifts for both V*"¢- and W*"s-shifts are obtained from
using an orthonormal basis of F'.
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5.3.2. Residual-Norm Minimizing Shifts

As shown in Section 3.2.4, the residual in the spectral or Frobenius norm is, combining
(3.18b) and (3.19), given by

e, = W7 with W, = Wi(ay) = Wyot — 2Re (o)) B (A + a,E) "W).

Assume that iteration step j — 1 is completed and we look for the next shift «;. Apart
from that shift every quantity in the above formula is known after iteration step j — 1.
Hence, an intuitive idea is to choose the next shift «; as the value that minimizes |||
because this will also minimize ||£,||. Let o = v+ 5§ with v < 0 and define the bivariate
function

fi(v, € = Wjmy = 20E (A + (v + 9§ B)"' W) |I? (5.4)

= HG(AEv a)m/j—1H2> .
where C(A, F, «) denotes the generalized Cayley transformation (cf. Definition 2.15b
and Proposition 2.16a). Following the idea proposed in [39], the real and imaginary
parts of the next shift a; = v; 4+ 7§; can be obtained from solving the minimization
problem

—
ot
ot

=

[vj,&] = argmin f;(v, &).

vER_ EER
In other words, the optimal shift a; is obtained by minimizing the norm of the action of
the generalized Cayley transform C(A, E, o) on the matrix W;_;. If it is known that the
spectrum of A, E is real, e.g., when A = AT <0, E = ET = 0, the ADI shifts will also
be real and (5.4) should be simplified accordingly by setting £ = 0. Complex shifts can
also be alternatively produced by using the relations (4.8) and minimizing the function

2

0 €)= Wl = [Ws — 08 [Re () + Z1m (1) (56)

where V; = (A + (v + §)E)'W,_1. In that case, the residual norm is minimized
with respect to two iteration steps associated with a pair of complex conjugate shifts.
Numerical tests did not reveal a significant difference between using (5.4) or (5.6), and,
hence, we decided to use the objective function (5.4) for problems for which it is unknown
if A(A, E) contains only real eigenvalues. In practice, unless A(A, E) C R_, one usually
does not know in advance if the minimizing shift o; will be real or complex such that
the simplification { = 0 cannot be used. However, the imaginary part &; of the obtained
solution a; of (5.5) should be neglected if it is very small compared to the real parts v;,
e.g., if &/la;| = 0.

Assuming we found the globally optimal shift o satisfying (5.5), the decrease from
[I1£;-1]] to ||£;|| will be the largest one possible in the sense

W (a)II* < [1Wj(e)|I* Va; € C_.
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Since we only consider the residual norm minimization from one iteration step to the
next one, it does in general not hold that the above inequality also holds for k > j.
Some remarks regarding a possible minimization with respect to several future iteration
steps are given later on.

In the given form these residual-norm minimizing shifts are very difficult to obtain. On
the one hand, solving (5.5) is computationally not feasible. Applying any optimization
method to handle (5.5) will require to evaluate the function f; at several values. For
each of these values a linear system with r right hand sides has to be solved. Hence,
the computation of the optimal shift a; itself will easily become more expensive than
carrying out the current iteration step of the G-LR-ADI iteration.

On the other hand, a further issue is that f; (and also g;) might have several local
minima. For the best result regarding the reduction of the residual norm ||£;]|, the
global minimum should be used. Taking only a local minima will still decrease ||£;||,
but the convergence speed of the G-LR-ADI iteration will be slower. Including the
constraint v; € R_ is essential since f; will have minima at locations in the right half
plane C; which cannot be used as shifts for G-LR-ADI. Moreover, f; has poles in C
at —A(A, E). Figure 5.1 illustrates these issues for two small examples. On the left,
the CD player example [66] (n = 120, E = I,,) is used and the plot shows the norm
of the scaled Lyapunov residual ||£]|/||F||* at iteration step j = 18 of the G-LR-ADI
iteration in dependence of real and imaginary part of the shift ;. The shifts before this
iteration step were also global minima of (5.5). Because A, E, W,_; are real matrices,
only the upper half of C_ is shown. There are clearly two minima of f; visible: the
global one at o™ ~ —10.34 + 579.3 with ||.£;||/||F||* = 1.26 - 1072 and, respectively,
a local one at a &~ —10.34 + 355.2 with ||£;||/||F||* = 1.29 - 1073. Apparently, the
difference of the function values at both minima is in the present situation only minor.
In other situations the difference might be larger, but the LR-ADI iteration will still
converge as long as v € C_. Hence, the possibility of detecting only local minima in
C_ is not a severe issue. For the second example, we use a centered finite-difference
discretization of the negative Laplace operator on [0,1]2. Using Dirichlet boundary
conditions and 10 grid points yields n = 100. Since A = AT < 0, only real values for o
were used and the right plot in Figure 5.1 shows the scaled residual norm for the first
iteration, i.e., ||C(A, a)F||/||F||*. Clearly, there are local minima located in R between
the singularities at v = —\;(A). These minima should not be used as shift because
p(C(A,«)) > 1 which can deteriorate the performance of the LR-ADI iteration or even
lead to divergence. Using a constrained optimization routine as mentioned above can
ensure that the detected minima are stable. Of course, one could, similar to the V- and
W-shifts, simple negate any computed unstable shift. However, the restriction to the
open left half plane ensures that (5.4) is continuous.

Another issue that one might face in the case r > 1 is that the function (5.4) might
not be differentiable at some values a. Further details on this issue and how to overcome
it are given later.

In the following we prioritize strategies that aim at reducing the costs of the numerical
realization of computing these residual-norm minimizing shifts.
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Figure 5.1.: Plot of [|€(A, a)W;_4||/||F||*> in C_ and R for CD-Player (left) and, respec-
tively, 2D-Laplacian (right).

Enhancing the Computation of the Residual Norm-Minimizing Shifts

Here we present some strategies for improving the generation of the residual-norm min-
imizing shifts. We mainly restrict to the strategy where the minimization problem (5.5)
is solved by any form of smooth optimization algorithm which requires evaluations of
the objective function and possibly also of its derivatives.

Including First and Second Order Derivatives Several optimization methods for find-
ing min f are based on an iterative solution of the first order optimality system V f = 0,
provided f is sufficiently smooth. Hence, adding explicitly computed gradients and Hes-
sians of (5.4) can help to accelerate the iteration of the employed optimization routine.
Note that since the only constraints we will consider are upper and lower bounds for the
optimization variables, the gradient and Hessian of the original objection function can
be used for the constrained optimization problem. We omit the iteration index j if this
does not lead to confusion. The following theorem states how the gradient and Hessian
of (5.4) can be expressed and computed.

Theorem 5.1 (Gradient and Hessian of the objective function (5.4)):
Let a =v+ 3§ € C_, W € R and define L(v,§) := A+ oF,

Wi = EL(v,€)"'W, Wi := EL(v, €)' W gi1, W, =W — 20W,,
W= Wy — vWye, Wiy 1= Wi — 20W g,
R, :=-W1, Re = WHW,e

for i = 1,2. Moreover, assume Wf W, has r distinct eigenvalues and let (6 ,uy) =
Or(v, &) ,ur(v, €)) with |Jug|| = 1, k = 1,...,r, be its eigenpairs ordered such that
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0y > ... >0, > 0. Then, gradient and Hessian of (5.4) are given by

R ( (WHW) ) Re (UHR,,U]>
V=4 e (ug Uy _ 1 ! (5.7)
—vIm ( ) (WJr WA'z) ul) —vIm (quREul)
and
9 Re (ull (W42 —0W 43) T Wi+ WHW )ur ) s
Vv f =8 |: hio vRe (u{I(WH LV++VWH W42)u1)
r 5.8
Z 3 [utl (RE + Ry )uy,|? B{E (58)
+ 010y A [ufl (RE —Re)uy |2
k=2
. 1
with Ay = 3 Im (ulHW(’;)VIQ - 21/14/52W/<1)u1) s
Eﬁ’;’ = —Re ((u{{(éf —+ }?L,)uk)(jl/ukH(Rf — Rg)Ul)) . O

Proof. With C(A,E,v,§) = C(A,E,a = v+ j€), the objective function (5.4) can be
expressed equivalently as

£ ) = e (04 B W) = A (310, 6).

(5.9)
where (v, €) := WTC(A, B, v,&)1C(A, B,v,6)W = WHW, e C™".

It is clear that Wy = W — 2vEL(v, €)W is the factor of the Lyapunov residual w.r.t.
the shift o = v + 7§, For a parameter-dependent matrix M (s, t) with distinct eigenval-
ues, it holds by [149, 173] for the eigenvalues 6(s,t) that 39(3 D — y(s)”%&””‘(q) and
similarly for %ﬁ’). Here, y(s,t) and (s, t) are the left and rlght eigenvectors of M (s, t)
scaled such that y(s,#)#x(s,t) = 1. In our situation, the parameter-dependent matrix

F(v, &) is Hermitian such that z(s,t) = y(s, ). Hence, the partial derivatives of f(v, &)
are

of _ (2 of _ (9

T ¢ {0%0) P S G s I (5.10)

where u; is the eigenvector which corresponds to the largest eigenvalue 6, of F(v, &).
Since

C(A, B, v,&)" = ETC(AT E" v, —&)E"

it is easy to see that the derivatives of J are

(,fyg( O =WT(SH+3,)W, §,:=CA, E, v aa—é(A,Ew,f),
A (5.11)
T ) =W (G + S W, S = (A B &) 2804, B.1se),
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Both partial derivatives of the Cayley transformation are

7]
ov
%@(A B v, &) = 2wEL(v,&) ' EL(v,&)™!

where we used C(A, E,v,€) = I — 2vEL(v,€)~". The abbreviations defined above yield

C(A,E,v,€) = —2BEL(v,&)""(I — vEL(v, &)™),

WTG,W = —2W7 (€(A, E, v, )" EL(v, &) (I — vEL(v,£)™))W
=2WH (W, —vW2) = 2R,
WTSEW = —ZJVH/T(é(A, E.v,O)"EL(v, f)flEL(l/,{)*l)W = QJVWfWAz = 2]1/]~{5
and with (5.10), (5.11)
V= 2u{;(1~%f~+ R,)u } 4 { Re (U{’f?yjn) ]
2wy (—Ré’ + Re)uy —vIm (u{{Réu1>

and, consequently, (5.7) follows immediately. For the Hessian of f recall from, e.g., [149],
[173, Lemma 2.1.(iv)] that the second order derivatives of the eigenvalue 6, (s, t) of the
matrix M (s, t) € C™" are given by

0,(s, 1) O M(s, 1) P (2 ) (gl 2t )
1 (s, g O*M(s, ! s L ot

- 2R
dsor — W a1 2Re (D

ps b1 — by

As above, (0;,u;,v;), 7= 1,...,r, are the eigentriplets of M (s, t) scaled such that y7u; =
1. For the second partial derivative w.r.t. v we have, exploiting y; = u; again and using

(5.11),
03 (v, ), HBJ(V &)
PF(w, ©) r (uf 25 ) (w25 )
_H
fm/ = Uy o2 u; + 2Re (; 0, — 0,
0 - ~ ~
= uf' WP (U + 6,) W + ; il (R + R,)uf” (5.12)
Furthermore,
%SV ;C(AEZ/Q (AEV§)+(?(AE1/£) (AEyg)
9% 4 - 0 _1 ~1
S C(A By, €) = = 25 FL(,€) (I - vEL(1,€) ™)
—2 (BL(,&) ™)’ (I - vEL(.)™")

)2
+2(EL(,&) )’ =2 (EL(v,6)")°
=AFL(v,&) ' EL(v, &)™ —4vEL(v, ) ' EL(v, &) ' EL(r, &)™}
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Algorithm 5.1: Evaluation of f, Vf and V2f at a = v 4 7¢
Input : A W, E, v, &
Output: f(z/, 5)7 Vf(l/7 5) VQf(Vv é)
1 Compute Wy = E ((A+ (v + 6)E)"'W) and overwrite W = W — 2vW4.
2 if r :=coldim(WW) > 1 then
3 Compute eigendecomposition UfWHWU = diag (61, . . .,0,) with UTU = I,,
||’1L7‘H = 1, 91 > . ..9,« > 0. Set f = f/'/)l.
4 Overwrite W = WU, W4 = WaU.
5 else
6 | Set f= W]
7 Compute Wye = E ((A+ (v + 1) E) ' Wa).
1

4Re (R, (1, R .
( A( )) Ry = (—Wa + oW W, Re = WHW .
—4rIm (Rg(l,l))

9 Compute Wy = E((A+ (v + ) E) "W).
10 Define W = Wy — vWaz, Wy 1= Was — 20Waisr, i = 1,2,

8 Set Vf =

vzfzs{

Re (W42 (1) —vWH (C0)W ()+WH ()W (1)) £ Tm (Wg)(:,l)W(:,l)—ZVWCI;IQ(:‘I)W(l)(:,l)):|

S (W GOW D —20W (1) W) (1)) vRe (WH ()W 1)+ (1W,2(:,1))

11 3

(2)

12 if 7 > 1 then
13 for k=2,...,r do

14 LVZf—VZf—FGlsgk[

R,,(lc,l)JrI:EU(l,k:))Q he=Re (R (e 1)+ R (10 ) v (Re (e 1)~ Re (1)) ) ]
3 VZ‘Rg(k,l)fégu,k)r

such that by incorporating the introduced notation

WTO%SVW =AW — vWa2) (Wi — vWye) + AW (W2 — vWss)

—4 (WHW FWH (W — VWA3)) . (5.13)

Setting (5.13) into (5.12) leads, after some basic manipulations, to the (1,1) entry of
V?2f. The other entries, i.e., the partial derivatives f,¢, fee, can be found using similar
steps yielding the Hessian formula (5.8). O

Obviously, Theorem 5.1 reveals that to evaluating both Vf and V2 f at v and &, requires
the solution of two additional linear systems with the coefficient matrix (A+ (v + y§)E)
and r right hand sides. The extra work is usually compensated by the significant lower
number of iteration steps of the optimization routine. If only V f is needed or sufficient,
a closer inspection of the gradient formula (5.7) reveals that only Waeu, is required,
i.e., only a single right hand side Wu; is needed in the additional linear system for
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W42. A clever incorporation of the necessary eigenvectors u;, i = 1,...,r, and reuse of
already computed quantities leads to the following pseudo code in Algorithm 5.1 which
illustrates the evaluation of the objective function, its gradient and its Hessian at the
point o = v + j€.

To obtain a new shift a; for the G-LR-ADI iteration for the use in step j, we can use
W;_1 and call Algorithm 5.1 from within any optimization algorithm. In the upcom-
ing numerical experiments we employ the fmincon routine which is part of the MAT-
LAB optimization toolbox™. Tt comes with different available optimization algorithms
from which the interior-point and trust-region-reflective (see, e.g., [177]) algorithms led
to the best results for our purpose. An often used stopping criterion in optimization
methods is to monitor the gradient of the objective function and stop the iteration, e.g.,
when ||V f|| < 7ope. The tolerance 0 < 7o,y < 1 should be chosen sufficiently small w.r.t.
our goal [|£]| = [|[W]> < 7||FTF|| and we use Top, < 7. Since f will become small in the
course of the iteration, it can be wise to work with a scaled version instead to account
for numerical difficulties, e.g., dividing by the residual norm of the previous iteration
step £/[| Wyl

Dealing with Non-Differentiability The assumption in Theorem 5.1 that the para-
meter dependent function F(v, §) in (5.9) has r distinct eigenvalues for all v, £ is rather
strict but crucial for our purpose as it ensures analyticity of the parameter dependent
eigenvalues, i.e., the existence of the derivatives of the objective function. In practice this
is, however, difficult to ensure since it can happen for some values of v, £ that, e.g., the
largest and second largest eigenvalue 61, 05 coalesce. It is, in fact, often observed that this
coalescence occurs exactly at the minimum of f. Thus, 6;(v, &) will not be differentiable
at this point which essentially prohibits applying smooth optimization techniques based
on the first order optimality conditions. For more details regarding these issues and
also possible alternative optimization approaches we refer to, e.g., [180, 159, 173, 174]
and the references therein. If r = 1, the optimization problem reduces to a scalar
one and such issues are not present. Moreover, if we are only interested in real shifts,
i.e. the variable £ is not considered, conditions ensuring the analyticity of the largest
eigenvalue of univariate Hermitian parameter dependent matrices are mentioned in [173,
174]. The situation for the multivariate case, i.e. an optimal complex shift is sought in
our application, is more difficult. To tackle these potential issues regarding 0; (v, &) not
being differentiable, we simply transform our problem to a scalar one by enforcing r = 1
in the optimization algorithm. This is easily achieved by multiplying the residual factor
W with an appropriate vector d € R" before we enter the optimization routine. The
computation effort w.r.t. the gradients and Hessian matrices in Algorithm 5.1 is also
relaxed by this simplification since the Lines 2—4 and 12-14 are not required. An obvious
choice is to set d equal to the left singular vector corresponding to the largest singular
value of W. With respect to the upcoming projection approach, this transformation to
a scalar optimization problem represents an additional layer of approximation of (5.5).
In several numerical experiments this approximation does not appear to significantly
deteriorate the quality of the obtained shift parameters. It is, of course, also possible to
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use derivative-free optimization routines to avoid computing gradients and Hessians at
all, as is was done in [39].

Decreasing the Numerical Costs by Projection The main issue with the presented
residual-norm minimizing shifts is that solving the optimization problem involves ex-
pensive evaluations of the function (5.4). The main numerical effort of these evaluations
stems from the solutions of the inherent linear systems (A+ aE)V = W;_y for V. If the
optimization algorithm needs jo, iteration steps to detect the local minimum of f and
if gradient as well as Hessian information is used, approximately 3jy linear systems
have to be solved to obtain a single shift parameter. This number reduces to 2jop if
only the function and its gradient are used. Here, we present strategies for reducing
the costs of the linear systems by performing a projection approach which leads to an
approximate objective function and, thus, the obtained shift parameters will be referred
to as approximate residual-norm minimizing shifts.

The first idea is to use, exactly as for the V' and V' (u)-shifts, the spaces spanned by
block columns of the low-rank solution factor Z corresponding to one or more previous
iteration steps. With the matrix ; € R™*™ containing the orthonormal basis vector
of these spaces, we replace A, E, W; in (5.4) by the projected matrices A; = QTAQ;,
E; = QTEQ;, W, = QTW; to obtain a reduced objective function

F s = Wy = 20E; (A + (v + 56 B) W5 ) |1 (5.14)

By using the same replacements in (5.7), (5.8), also reduced gradients V f and Hessians
V2 f can be constructed. The matrices fl]-, E'j are constructed efficiently as we showed for
the V'(u)-shifts, see (5.3), Corollaries 3.9, 4.6. Since the linear systems to be solved are
now of dimension ur < n, evaluating f ,V f , V2 f by Algorithm 5.1 is much less costly as
with the original matrices. These approximate residual-norm minimizing shifts can be
seen as an augmentation of the V (u)-shift approach. Although there is no guarantee that
fv, &) = f(v, ), our numerical experiments show that the approximate residual-norm
minimizing shifts can lead to a comparable or even better convergence speed compared
to other shift strategies. Increasing the horizon u typically increases the quality of the
obtained shifts. Especially for the situation r = 1 choosing u > 1 is recommended.

An alternative and also obvious approach is to use (block) Krylov subspaces for the
projection. For this, one can exploit the fact that only the shift « in (5.4) changes but
the right hand sides remain constant. For £ = I,, W = W,_; € R" (r = 1), the well
known shift-invariance of Krylov spaces provides that Ky (A4, W) = K(A+al,, W) for
any scalar o. Let (A, W) = span {Qx} with QT Qy = I and A := QT AQ, € R¥*
the restriction of A onto K (A, W). This enables to extract approximate solution to all
shifted linear systems

(A+al,)Ve=W. (5.15)

from one single Krylov subspace Ky (A, W). For instance, if a Krylov solver based on
a Galerkin condition such as the full orthogonalization method (FOM) [199] and a zero
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initial condition is used, the approximate solutions of the linear systems extracted from
Ki(A, W) can be represented as

Ve r V2 = Qul(A + alp)'QIW), (5.16)

which basically corresponds to the multi-shift FOM approach [208]. Hence, for every
shift & we obtain approximate solutions from the same matrices Qx, Ax, which have to
be constructed only once. For each shift, the approximate solution Ve is obtained by
solving a k dimensional linear system. Numerous other Krylov subspace methods for
(5.15) built upon the shift-invariance exist and might be used as well, e.g., multi-shift
variants of GMRES [103], IDR(s) 85, 226], BiCG [2], or BiCGstab(¢) [102], to name a
few. Using as example the approximations by the multi-shift FOM approach in (5.16),
leads to an approximation of the objective function (5.4) of the form

v, & = filv, &) 1= |W — 20V T2 (5.17)
= Wlller =20 (Ax+ v+ 1) e ) 12, (5.18)

where we exploited the orthogonality of @ and QW = |[W||e;. Using Algorithm 5.1
with Ay, I, e; to evaluate fi, and its derivatives, is now, exactly as with the spaces
generated in the V' (u) approach, much cheaper compared to (5.4). For r > 1 everything
can be carried out by employing block Krylov subspace methods which leads to A, €
R"™7F  The usage of preconditioners, which is usually mandatory to achieve a fast
convergence of Krylov methods for linear systems, unfortunately destroys the shift-
invariance in general. For special classes of preconditioners, the shift-invariance can
be restored which leads to preconditioned multi-shift Krylov methods see, e.g., [85,
226, 2]. We do not pursue this topic further since a sufficient discussion of the usage
of different multi-shift Krylov methods as well as appropriate preconditioners would be
beyond the scope of this thesis. Additionally, the subspaces spanned by ur columns of Z
typically lead to better approximate residual norm-minimizing shifts compared to Krylov
subspaces. This was observed in several experiments even if v < k. Moreover, using
Krylov subspaces requires matrix multiplication with A to construct the restriction Ain
contrast to the spaces w.r.t. block columns of Z, where this is by the Corollaries 3.9, 4.6
not necessary. There are also other reasons that prevent a successful application of these
preconditioned multi-shift Krylov methods. For E # I,,, the shift-invariance of Krylov
subspaces is lost since it holds in general K(A, W) # Kp(A + aE, W). In [226],
a shift-and-invert preconditioner P ~ A + &F is used on top of a multi-shift Krylov
subspace method such that the shift-invariance holds for the coefficient matrix of the
preconditioned system. For this the knowledge of a seed shift & is required for which
a reasonable choice is not known for our application. The numerical costs for applying
P, i.e., solving linear systems defined by P, in every iteration step in every call of the
employed Krylov subspace method will easily accumulate such that this approach will
become expensive. Alternatively, one can, similar to (5.14), formally use the restriction
B, = TEQy to obtain a reduced objective function even though this is not justified
theoretically by the shift-invariance. Moreover, the preconditioned multi-shift Krylov
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methods often require that the shifts  in (5.15) are known in advance which is not
possible in our situation since we want to solve the optimization problem (5.5) iteratively
by an optimization algorithm.

Restrictions of the Optimization Variables and Initial Guesses In (5.4), we intro-
duced the constraints v € R_ and £ € R to ensure that the obtained local minimizer
a=v+ 3¢ € C_. Since we only consider GCALEs defined by real matrices and always
demand proper sets of shift parameters for the G-LR-ADI iteration, we can use the
restriction & € Ry. We can further tighten these restrictions, e.g., by

v.<v<v, 0<£<E,. (5.19)

This can be helpful for the used optimization method because, roughly speaking, a
smaller set of values of v, £ has to be scanned. An obvious choice is to use information
regarding the extremal eigenvalues of (A, E) for vy, &, ie., v— < minRe (A), vy >
max Re (A), and & < |maxIm ()| for A € A(A, E). The minimal and maximal real
and imaginary parts can be obtained approximately by iterative eigenvalue algorithms
or via estimates read off from Ritz values as for the approximate Wachspress shifts.
In [2], a harmonic Arnoldi process is used to obtain approximations of the smallest
eigenvalues in magnitude. A straightforward and easy to compute simplification is v_ =
& = p(A, E) = max |\ which can be estimated easily by an Arnoldi process. For the
approximate residual norm-minimizing shifts employing the above projection approach,
we propose to use the eigenvalues of (fl]-, E]-) to read off the bounds v, &, .

Some optimization algorithms require an initial guess of the sought local minimizer to
start. Here, we use the first value returned by the heuristic shift approach on the basis
of A(4;, E)).

Alternative Optimization Approaches The eigopt software proposed in [173, 174]
contains a global eigenvalue optimization method for computing global minimizers or
maximizers of the eigenvalues of a parameter dependent matrix M(s) € C*™" s =
(S1,...,8q4). It restricts to boxed domains s;— < s; < s;4, ¢ = 1,...,d, similar to
(5.19). It can, therefore, also be applied to find a global minimizer of A (F(v,§))
in (5.9) for solving the present minimization problem (5.5) or its reduced counterpart
(5.14). Tt requires, however, a lower bound for Ay [VZAmax (F(v,€))]. Since a reliable
bound is currently not available for (5.9), we do not consider this approach further.
First preliminary tests, where Awin [V Amax (F(v, €))] was computed explicitly, showed
that especially in the later iteration steps of the G-LR-ADI iteration, eigopt seems to
have difficulties in finding the minimizer.

The chebfun and chebfun2 packages [79] can also be used to deal with (5.4). For
uni- or bivariate functions f, chebfun and chebfun2 construct approximations of f by
expansions in uni- and bivariate Chebychev polynomials, respectively. The commands
min and min2 can then be used to find minima. This can be done in MATLAB, for
instance, by the following commands:
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cf=chebfun2 (@ (nu, xi) norm(W—Z*nu*E*((A+(nu+1i*xi)E)\W),2),
[nu$_-$,nus$_+$,0, xi_$+$], 'vectorize','on');
[fmin,pl=min2 (cf); nu=p(l); xi=p(2);

Although technically not designed as optimization routine, chebfun and chebfun2
seemed to be very successful in finding the global minimum of f. However, the con-
struction of the Chebychev polynomials was significantly more expensive compared to
the other approaches, even for the projected objective function (5.14).

5.3.3. Numerical Experiments

We are now going to evaluate and compare the performance of the presented shift gen-
eration strategies. As usual, the G-LR-ADI iteration (Algorithm 4.3) is carried out until
I€]] < 7||F||? with 0 < 7 < 1 is achieved or a maximum allowed number ™% of itera-
tions is reached. We use the test examples FDM, rail79k, ifiss66k, chain, and bips. For
FDM, ng = 50 and ng = 350 grid points lead to dimensions n = 2500 and n = 122500,
respectively. The functions defining the convective and reactive terms are f; = 10%¢;,
fa =103, and f3 = 0, similar to the settings in [184, Example 1].

The heuristic shift strategy and its settings are denoted by heur(J, k., k_). Likewise,
Wachs(e, ki, k_) stands for the approximate Wachspress shifts obtained from k., k_
Ritz values and a tolerance e which results in a number of .J shifts parameters. For these
two approaches, the initial vector for the Arnoldi processes is F'1,,. For the rail79k
example having A = AT, E = ET = 0, we do not use a less expensive Lanczos process
in the inner product induced by E [6] because this led to worse approximations of
the eigenvalues of small magnitude, resulting in heuristic and approximate Wachspress
shifts of worse quality. As in the chapters before, these precomputed shifts are used in
a cyclic manner if it occurs that the number of required G-LR-ADI iteration steps is
higher than the number of the available shifts. The computation of the orthonormal
bases for the V(u)- and W-shifts, where u denotes the horizon, is carried out using
an implicit orthogonalization. The residual norm-minimizing shift strategy using the
projected matrices are denoted by V(u)-res.min. and FOM(k)-res.min., where FOM(k)
refers to the usage of the multi-shift FOM approach w.r.t. a Krylov subspace of order
k. Because of the symmetry properties and A(A, E) C R_ for example rail79k, all of
the self-generating shift parameter strategies are adapted such that only real shifts are
generated.

Experiments with Exact and Approximate Residual Norm-Minimizing Shifts

At first we investigate the residual norm-minimizing shifts as well as their approximate
versions using different subspaces for the projection. For this we use the FDM example
with ng = 50 such that n = 2500. This size admits the computation of the exact residual
norm-minimizing shift in a reasonable time. For solving the optimization problems w.r.t.
exact (5.4) and approximate objective function (5.14), we employ the MATLAB routine
fmincon with the interior point algorithm. Both first and second order derivatives are
provided to fmincon by using Algorithm 5.1. This led to better results compared to
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Figure 5.2.: Left: History of the normalized residual norms obtained with different ver-
sions of the residual norm-minimizing shifts. Right: number of LR-ADI
iteration steps ji; against dimension of (5.14) for V(u) and FOM(k) bases.

the first occurrence [39] of the residual norm-minimizing shifts, where the derivative free
fminsearch routine was used. Notice that using fmincon without second order deriva-
tives still led to useful results. However, providing also no first order derivatives usually
leads to a failulc of fmincon. The stopping tolerance for the optimization iteration was
set to Topti = 7‘ The constraints on the optimization variables and initial guesses are
set as descrlbcd above. For the exact residual minimizing shifts the restrictions A E
w.r.t. the V(1)-shift approach were used for determining the initial guesses. For tho
approximate residual norm minimizing shifts the subspaces provided by the V' (u)-shift
approach and the multi-shift FOM(k) approach are used for different values u and k. For
comparison, we also employ the heuristic and approximate Wachspress shift parameters
which we set up as heur(10, 20, 10) and Wachs(1071°, 20, 20), respectively. The history
of the scaled CALE residual norm against the iterations index j for the different shift
parameters is shown in the left plot in Figure 5.2.

Apparently, the residual norm-minimizing shifts lead to a faster convergence of the
LR-ADI iteration than the heuristic or approximate Wachspress shifts, where the lat-
ter ones yield an extraordinarily slow reduction of the residual norm. It is important
to mention that only minor improvements are attained if more accurate or even exact
spectral data is used for the quantities a, b, ¥. The lowest number of iteration steps is
provided by the projected residual norm-minimizing shifts using the subspaces from the
V (r)-approach and FOM(r). These subspaces yield equally many or even slightly less
iteration steps than the exact residual norm-minimizing shifts. We observed that the em-
ployed optimization method for the exact approach encountered problems in computing
the local minimizers in several iteration steps. These problems showed through a prema-
ture termination of the optimization algorithm before an approximate local minimum
was found which was caused by too small relative changes of the optimization iterates.
The optimization routine seems to have less difficulties to solve the significant smaller,
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Figure 5.3.: Scaled residual norm against iteration step j of the G-LR-ADI iteration
employing different shift strategies for rail79% (left) and ifiss66k (right) ex-
amples.

projected optimization problem. For this, equally good results can also be obtained if
no exact Hessians are provided and also if the trust-region-reflective algorithm within
fmincon is used. We also see that increasing the dimension of the reduced optimization
problem by higher values u for the V(u)-approach usually yields shift parameters of bet-
ter quality, i.e., less required LR-ADI iteration steps ji;. In the right plot in Figure 5.2
we observe that the V' (u)-approach appears to require smaller subspace dimensions com-
pared to FOM(k). Therefore, this is the method of choice in the remaining experiments
for obtaining the projected optimization problem.

Comparison of Different Shift Parameters for the G-LR-ADI lteration

The results for all five test examples and different shift strategies are summarized in
Table 5.1. The approximate residual minimizing shifts are now computed with the
trust-region-reflective algorithm within fmincon. We do not include exact Hessians by
Algorithm 5.1 because this brought only minor performance gains of the optimization
routine at the expense of higher shift generation times.

The results for these examples and the different shift strategies are summarized in
Table 5.1ty and tap; denote the times (in seconds) spent for computing the shifts
and executing the G-LR-ADI iteration, respectively, and the total consumed time is
Liotal- The required iteration steps ji, and the final obtained residual norm ¢, are also
given. The smallest values of tgpif, tiotal, and ji, for each example are emphasized using
bold letters. We only report the shift strategies where the desired accuracy was met in
in less than j™* iteration steps. In addition, Figure 5.3 shows the scaled residual norm
against the ADI iteration number for the examples rail79% and ifiss66k.

For the heuristic and approximate Wachspress shifts it is apparent that, compared
to the plain ADI computation time topy, a significant portion g, of the total execu-
tion time fya 1S spent in the involved Arnoldi processes. They manage to steer the
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Table 5.1.: Results for the examples using different shift strategies.

Example ‘ shift strategy

thitt tADI‘ ttotal‘ Jit €jie

heur(10, 20, 10) 10.4(245.9| 256.2| 157|7.71-10~1

FDM Wachs(10719, 20, 20), J =31  |19.8/149.4| 169.2| 99/9.94-10~!
T=10"1° V (2)-shifts 0.7150.5| 151.2| 104|9.44-10~ 1
Jmax = 250 W-shift 1.8/160.8| 162.6] 113]9.59-10*
V(3)-res.min. 7.4/118.3|125.7| 77(8.51-1071!

, heur(20, 40, 40) 24.9| 56.8| 81.7| 54|7.00-10~ M
:m_”f(’)‘;w wachs(10-19, 20, 10), J =47 | 6.5 73.9| 80.4 47/6.27.10-1
e = 100 V(3)-shifts 1.2| 744| 75.6| 605.31-1071
V(1)-res.min. 2.7 57.6| 60.3| 49(8.05-107!!

_ heur(20, 30, 20) 19.2]141.6| 160.8| 165|8.62-107!*
;ﬁsj%’iw Wachs(10710, 20, 10), J = 33 |10.2|163.4| 173.6| 193/6.88-101
e = 200 V(2)-shifts 1.2| 84.9| 86.1| 103]2.69-1071
V (2)-res.min. 3.3| 79.1| 82.4| 91]4.03-10°1

4 heur(50, 80, 80) 18.8] 19.6| 38.4|476]9.98-10~°
ihf”fo% Wachs(1071°, 20, 10), J =160 | 1.5| 8.6 10.1|370|8.96-10~°
o = 400 V (1)-shifts 0.4| 6.5/ 6.9]167/8.95107°
’ V(1)-res.min. 4.3| 12.2| 16.5(153|9.57-107°
heur(40, 50, 70) 9.3] 23.9] 33.1| 378|5.94-107°

heur(60, 80, 80) 8.2| 12.3| 20.5|194|9.36-10~°

bips Wachs(107%, 30, 30), J = 216 29| 16.7| 19.6] 187|9.65-10~°
T7=10"% V (2)-shifts 0.1 5.6 5.7 85|7.64-107°
Jmax = 400 W-shifts 170 72| 89| 96]9.88.10°°
Vaus_ghifts 0.1 57 59| 85/9.81.10°°

V(2)-res.min. 29/ 6.0/ 89| 81847107

iteration to the desired accuracy, but for each example there is at least one other shift
strategy which required less iteration steps. The number of used Arnoldi steps ky, k_
can substantially influence the quality of the heuristic shifts as it is seen in the bips
example. There, two settings are used: the first one uses exactly the values J, ki, k_
as in the original SLRCF-ADI paper [98, Section V, Table V] while the second one was
chosen through extensive trial and error optimization. The difference in both execution
time as well as iteration steps is distinct. As expected, the approximate Wachspress
shifts lead to a very good performance both in terms of execution time and required
iterations for the symmetric example rail79k. Their typical residual curves can be seen
in Figure 5.3 (left plot). They loose this superiority for the examples where complex
spectra with large imaginary parts are encountered. There, they can often not compete
with the heuristic, and in several accounts also not with the other shift strategies which
is evident in the right plot of Figure 5.3 for the ifiss66k example. In additional tests the
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Wachspress shifts seemed to be less sensitive w.r.t. the values k;, k_ than the heuristic
shifts.

Now, we move on to the novel self-generating shifts proposed in Section 5.3.1-5.3.2.
The V (u)- and WW-shifts in all examples require a very small construction time tg;¢, which
is in most cases a negligible fraction of t.. However, except for FDM and bips, the
W-shifts did not achieve the required accuracy before j™** ADI iterations. The V(u)-
shifts outperform the heuristic and approximate Wachspress shifts for all but except
the FDM and rail79k examples. Especially for the chain and bips examples they lead
to a drastically reduced number of required iterations. In fact, we never experienced a
faster ADI convergence for the bips system. There, the performance of the V*"8-ghifts
is comparable to the V-shifts. The W-shifts achieved convergence while the W*"e-ghifts
did not.

The residual norm-minimizing shifts using the basis of the V'(u)-shifts lead to a further
speed up of the G-LR-ADI iteration for most examples. For FDM and ifiss66k this led
also to a lower computation time #i,. Due to the inherent optimization problems,
the generation times tgir are noticeable larger compared to the V(u)-shifts. Their
generation is still less costly than for the heuristic and approximate Wachspress shifts
which leads to even smaller computation times for the symmetric rail79k examples. In
the left plot in Figure 5.3 we see that they lead to a more even decrease of the residual
norm, compared to the Wachspress shifts which achieve a fast rate of convergence after
a comparable slow phase in the beginning. In some cases, convergence problems in the
employed optimization algorithm were encountered in the residual norm-minimizing shift
approach. This can be seen from the short stagnation phases in the left plot Figure 5.3 for
the rail example. To conclude, the V' (u)-shifts appear to be a very promising approach,
especially for Lyapunov equations with nonsymmetric coefficient matrices, where the
spectrum contains complex eigenvalues. For problems with real spectra the approximate
Wachspress shift are usually also a reasonable choice. The extension to the V' (u)-residual
norm-minimizing shifts appears to lead to further improvements in most cases.

Another big advantage of both approaches is, although not reflected in the timings
and iteration counts, that they can be applied completely automatically in the sense
that they can be implemented without the user having to take care of selecting ADI
shifts at all. The exception is the horizon parameter u for which © = 2 appears to be
sufficient for most situations. In [39], the setting u = 1 is used which already delivered
significant speed ups compared to existing shift strategies. The V(u)-res.min. shifts
rely on a successful numerical solution of the projected optimization problem, where
problems occurred for some examples. The success of the inherent optimization routine
seemed, in some instances, also to critically depend on the chosen constraints of the
optimization variables and the initial guesses. Further enhancement of this optimization
phase are mandatory for making the V (u)-res.min. shift strategy more robust.

Comparison with Other Low-Rank Methods for GCALEs

Having improved and automated the shift parameter issue for the G-LR-ADI iteration,
we now run some comparative studies with two other low-rank methods for GCALEs.
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For this we employ the Extended and Rational Krylov Subspace Methods (EKSM and
RKSM) [209, 82] with the same stopping criterion based on the scaled residual norm
as before. A basic implementation of RKSM can be found in Algorithm A.1 in the
appendix. All of the examples used before have r > 1 and, therefore, block versions
of EKSM and RKSM are employed. RKSM demands, similar to the ADI iteration, a
number of shift parameters &y, ..., & € C, and the adaptive strategy proposed in [83]
is used. Complex shift parameters are dealt with along the lines of [195] (see Line 8 in
Algorithm A.1).

Since Krylov subspaces are usually defined by a single matrix and the initial vector
(or block column), some remarks are in order on how to deal with the matrix E # I,
for generalized problems. Because FE is nonsingular, Krylov subspace methods can be
implicitly build from A := E'A and B := E~'B. For EKSM also matrix vector
products with Al = A7'E are required such that in each iteration step two linear
systems have to be solved: one with A and one with E. The linear systems required
in each step of RKSM can, in complete analogy to Algorithm 3.2, be expressed by
(A —&E)™E. Alternatively, one can implicitly work with A = LAL™T, B = L TR
if 0 < E = LLT, where L is the lower, triangular Cholesky factor of E which has to
be constructed only once in the beginning. Since in this case EKSM also works with
A=1' = LT A-1L, it requires additional linear solves as well as matrix vector products with
L and LT. The shifted and inverted matrices of RKSM are given by L(A+&E) LT see,
e.g., [209, 83]. It is noteworthy that the G-LR-ADI iteration (Algorithm 4.3) does not
require any solves with E or its Cholesky factors. For EKSM it can also be advantageous
to compute and store a factorization of A before the actual iteration and reuse its factors
in each iteration step. For the examples chain and bips, modifications of EKSM and
RKSM are used which employ similar structure exploiting techniques as in the SO-LR-
ADI and SLRCF-ADI iteration.

For example FDM, we will also take the opportunity to compare to the original LR~
ADI iteration (3.10) from Section 3.2 without any of the improvements developed though
the Chapters 3-5. That is, no exploitation of the low-rank structure (Theorem 6.1) of
£L; and therefore computing [|£;|| via a Lanczos process, no handling of complex shift
parameters (cf. Section 4.1), and using only the heuristic shift parameter approach.

The results are summarized in Table 5.2 which gives the column dimension d of the
computed low-rank solution factor. For EKSM and RKSM, this is also the dimension
of the used extended or rational Krylov subspace. Furthermore, computational timings
tsols torth.s tsmall, Cshite, and t.s for different stages of the algorithms corresponding to
linear system solves, orthogonalization, solving the small, projected GCALE, computing
the residual norm, and generating shift parameters, respectively, are given as well the
total computation time ty,,. Notice that since we do not include further computational
stages, for instance, initializing data structures, augmenting the low-rank solution fac-
tors, or constructing certain auxiliary quantities, the actual total computation time ¢y
can be slightly larger than the sum of ty., forth., tsmalls tshife, and tres.. The smallest value
of tiotar 1s written in bold letters. Due to the nature of particular algorithms, some of
the single timings are not present. Since the G-LR-ADI iteration uses orthogonalization
routines exclusively for the shift generation and not as part of the intrinsic iteration, the
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corresponding value g includes any possible orthogonalization timings. In addition,
Figure 5.4 shows for two examples the progress of the scaled Lyapunov residual norms of
all three low-rank solvers as the column dimension of the low-rank solution factor grows.

Table 5.2.: Comparison between G-LR-ADI iteration, EKSM and RKSM.

Example |algorithm ‘dim.‘ tml“tmh, tsmall‘tshift‘ Lres. tmtal‘
old LR-ADI, heur. 770(411.1 - —110.2|213.8| 636.8
FDM LR-ADI, V/(3)-res.min. 385(112.2 - - 74| 0.7)125.7
=107 |EKSM 930]127.6/95.0/1134.9| —| 0.02] 363.6
RKSM 355|101.9]42.5| 10.9|14.1| 8.1| 178.7
) G-LR-ADI, V/(1)-res.min. 343] 52.9| - —-| 2.7| 0.6/ 60.3
rail7% EKSM 980| 83.6/51.4[112.3] | 0.02| 251.6
T=10 RKSM 294 | 45.7|13.8| 17.6| 5.6| 5.4| 89.2
) G-LR-ADI, V(2)-res.min. 450| 76.2| — —-| 3.3] 04| 824
fiss60k I prsM 1030(110.5/ 49.2/188.3] | 0.03] 352.1
T=10 RKSM 400| 66.4|24.6| 20.3|17.1| 5.1| 134.1
, SO-LR-ADI, V/(1)-shifts 835 50 | o4 01| 6.9
chain _s |EKSM no convergence
T=10 RKSM 775 7.1158.2] 69.7|85.3] 12.2| 233.4
bips SLRCF-ADI, V (1)-shifts 3401 5.5 0.1] 0.1 5.7
r=10"% |EKSM no convergence
RKSM 320) 4.9) 11| 52[11.8] 02| 233

In all examples, the G-LR-ADI iteration achieves the desired accuracy in the smallest
amount of time. RKSM requires slightly smaller dimensions of the low-rank solution
factors which directly translates to slightly less iteration steps. Because of the inherent
orthogonalization processes and the solution of the small, projected GCALESs, the com-
putation times are noticeable larger compared to the G-LR-ADI iteration. The adaptive
shift generation within RKSM appears to be also more costly than the used shift strate-
gies for the G-LR-ADI iteration. In contrast, EKSM cannot compete with either RKSM
or the G-LR-ADI iteration as it exhibits a much slower residual norm reduction leading
to significantly higher times o, and tgna. EKSM does fail to deliver an approximate
solution for the examples chain and bips. It should be noted that for EKSM and RKSM,
solving the small GCALE only at every couple of steps, e.g., every 5th step, is a very
obvious procedure for reducing tg,.n. A further development using a minimal residual
type extraction [166] instead of the Galerkin approach points towards improvements of
the convergence speed of EKSM and RKSM. It is, however, also mentioned in [166] that
this minimal residual extraction becomes expensive for » > 1. Employing tangential
directions [84] can help to reduce the overall computational effort, especially regarding
the orthogonalization, in EKSM and RKSM. There, the basis of the subspace is, e.g. in
RKSM, augmented by s = (I — A/¢)"1Ud for U € C*™™ and an appropriately chosen
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Figure 5.4.: Scaled residual norm against the column dimension of the low-rank solution
factors generated by different low-rank methods for the FDM (left) and
rail79% (right) examples.

tangential direction vector d € C™. A first concept to introduce tangential directions
into the G-LR-ADI iteration can be found in [236]. For this, however, there is no efficient
generation strategy for the tangential directions d available so far. It is noteworthy that
except rail79k, none of the examples satisfies the condition

E7'A+ATETT <0 & AET+EAT <0 (5.20)

which ensures that the coefficient matrices defining the projected GCALE (cf. the de-
scription in Section 2.3.4) are asymptotically stable. Apparently EKSM or RKSM were
not negatively affected by this violation in the majority of experiments. Only for the
bips example, EKSM encountered severe convergence problems caused by a violation of
(5.20). This resulted in a frequent construction of unstable coefficient matrices defining
the projected GCALEs and, consequently, to defective results. Such unstable projected
matrices also appeared with significantly less occurrences in RKSM and, for FDM, for
both RKSM and EKSM. In these cases, however, the algorithms seem to recover from
this and still produce meaningful results. For chain, the convergence speed of EKSM
was comparably very slow as it achieved a scaled residual norm of e, ~ 3.6-1073 in 150
iterations and a subspace dimension of 1500 after which we terminated the routine.

To conclude, for the used examples the G-LR-ADI iteration is definitely competitive to
RKSM and EKSM. The good performance of the G-LR-ADI iteration is to a substantial
amount also achieved by the efficiency enhancements introduced prior in Sections 3.2 and
4.1. Without those modifications, any superiority compared to EKSM, RKSM would
be lost, as we see from the large timings of the old version of the LR-ADI iteration for
example FDM. The newly developed self-generating shift parameters further improve
the G-LR-ADI iteration. It is important to keep in mind that both RKSM and the
G-LR-ADI iteration critically depend on good shift parameters, and their absence can
yield severe losses w.r.t. the performance of both methods.
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5.4. Shift Parameters for the Sylvester ADI Iteration

In this section, we discuss shift parameters strategies for the G-fADI iteration for
GCASEs. We begin again by reviewing some selected existing shift strategies. After
that we generalize the projection based and residual norm-minimizing shifts discussed in
Section 5.3 in a straightforward way. Numerical experiments illustrate the performance
of the G-fADI iteration under the influence of different shift generation approaches.

5.4.1. Existing Shift Strategies

Similar to the G-LR-ADI iteration for Lyapunov equations, the error reduction in the
ADI iteration (3.29) and its low-rank version, the G-fADI iteration (Algorithm 3.4),
for generalized Sylvester equations depends by Lemma 3.12 critically on the iteration
matrices

J
AD =TT eV, €Y =CA B —p ar) = (A= BE) (A - ),
o (5.21)
B9 =T]ey, ey =eB.C —ar ) =(B—a0) " (B - BO).
k=1

In [230, 202, 162, 43], approaches are presented to obtain shifts for j iteration steps of
the G-fADI iteration such that the spectral radii of A, BU) are as small as possible.
This leads to the rational optimization problem

(Ae = ay) (s — By)
(Ae = B5) (ke — o)

J
] < |
min (1121&); | ), M eANA, E), iy € A(B, C), (5.22)

1<k<r I=1

which is also referred to as two-variable ADI parameter problem [230, 233] and is harder
to solve than the optimization problem (5.2) for Lyapunov equations. Using (5.22) as
starting point for finding shift parameters has the same conceptual drawback as (5.2),
i.e., the low-rank structure of the inhomogeneity F'G” is not embraced. In the following,
we review existing generalizations of the Wachspress and heuristic shifts for the G-fADI
iteration which are based on (5.22). Afterwards, generalizations of the self-generating
shifts presented in Section 5.3 are proposed.

Optimal Shifts for the Two-Variable ADI Parameters Problem

Analytic solutions for solving (5.22) are proposed, e.g., in [230],[233, Chapter 2 &
4] and are based on spectral alignment and, as in the Lyapunov case, elliptic inte-
grals. They require knowledge of the smallest and largest real parts a := min; Re (),
b := max; Re (\;), ¢ := min; Re (1;), d := max; Re (;) and the opening angles (cf. 2.27)

E’;Ef\‘m Yp = max; arctan|IR";EZ:;\ for \; € A(A, E) and yu; €

tha = max;arctan |
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A(B, C). An implementation of this shift generation strategy is given in the parsyl!
routine provided in [233]. If the spectra A(A, E), A(B, C) are contained in real, disjoint
intervals [a, 0], [¢, d], another similar approach for generating an equal number J of a-
and [-shifts is given in [202, Algorithm 2.1].

As in the Lyapunov case, one might use Arnoldi or Lanczos processes to obtain ap-
proximations to a, b, ¢, d, 14, p in the large-scale case for both approaches. We
propose to approximate A(A, E) by a set consisting of k% Ritz and k? inverse Ritz
values w.r.t. E7'A and A7'E. Likewise, A(F, G) is replaced by k? Ritz and kZ inverse
Ritz values w.r.t. C~'B and B~'C. Approximations to the extremal eigenvalues and
the spectral angles of A(A, E) and A(B, C) can then be read of easily. However, as
for the approximate Wachspress shifts in the GCALE case, the obtained shifts can be
sensitive w.r.t. the quality of the approximations of the extremal eigenvalues. This was
numerically investigated in [202, Section 2.2.2] for the optimal real shift parameters.

Heuristic Shifts

In [162, 43], a heuristic approach is proposed which generalizes the Penzl shifts (Sec-
tion 5.2.2) to the solution of Sylvester equations. The spectra A(A, E), A(B, C) are
approximated in the same way as for the optimal shifts above. With these sets of Ritz
values, one solves (3.38) in an approximate sense to get J < ki +&% a- and L < k2 + kP
[-shifts. A detailed implementation can be found in [162, Algorithm 3.1], [43, Algorithm
2]. In [32], just the k% +&* and k2 + kP Ritz values are used as shifts which worked suffi-
ciently well. This heuristic approach suffers from the same disadvantages as the heuristic
approach for Lyapunov equations discussed in Section 5.2.2: there is no known rule on
how to select the predefined numbers J, L, kf:, kA, kf, and kB, the quality of the Ritz
values (and, hence, of the shifts) depends on the performance of the Arnoldi processes
which also introduces additional costs due to the required linear solves. Moreover, there
is no known strategy for choosing their initial vectors suitably.

Other Shifts

An overview over several other approaches for generating shifts for the Sylvester ADI
iteration, for instance, generalizations of the Leja point based shifts, can be found in
[202]. For a generalized version of the iteration (3.28), specialized shift strategies can be
found in [158]. Shifts for Sylvester equations occurring in image restoration are proposed
in [64].

For symmetric Sylvester equations with F, —C, —A, —B spd, a generalization of
IRKA for GCASEs (symmetric Sylvester IRKA, (Sy)?IRKA) is given in [21, Algo-
rithm 3],[22]. Similar to the IRKA approach for GCALEs, the obtained approximate
solutions again satisfy an optimality condition w.r.t. their residual in a certain norm.
The shifts obtained from (Sy)2IRKA can also be used within the G-fADI iteration lead-
ing to equivalent approximate solutions as discussed in [96]. (Sy)?IRKA can be easily

! Available at http://extras.springer.com/2013/978-1-4614-5121-1.
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modified to a general Sylvester IRKA (SyIRKA) to handle GCASEs with nonsymmet-
ric coefficients. This strategy has the same drawbacks as the similar one in GCALE
case, especially the high computational cost of SyIRKA makes it a computationally less
feasible as it is reported in the numerical experiments with SyIRKA in [39]. As in the
GCALE case, they also appear to be highly susceptible regarding the starting data for
SyIRKA. The SyIRKA shifts are rather theoretically motivated due to the interesting
theoretical properties [96, 21, 22] of the IRKA shifts.

5.4.2. Self-Generating Shifts

In the upcoming subsections, we present generalizations of the V' (u)-, W-, and residual
norm-minimizing shifts from Section 5.3 for the use in the G-fADI iteration. In line with
the considerations in Section 4.2, we assume that the used sets of shift parameters are
proper (Definition 4.1) and are ordered in the introduced form (cases 1-3)

Shifts Obtained via Projections with ADI lterates

In [39], the V' (u)- and W-shifts for GCALEs in Section 5.3.1 are in a straightforward
manner generalized to GCASEs. Assume we completed step j of Algorithm 3.4 having
the iterates Vj}, S; computed, and look for shift parameters for the subsequent iteration
steps. Let @, U; contain orthonormal columns which span the bases of span {V;} and,
respectively, span{S;}. Then the a- and S-shifts for the next r iteration steps are
taken as the eigenvalues of the restrictions corresponding to Ritz Galerkin projections
of (A, F) and (B, C') w.r.t. span{V;} and span {S;}:

{(¥j+17 cany aj+'r} = A(AJ = QfIAAQ]7 EJ = QfEQ]L
{Bis1, -, Bisn} = M(B; == U/'BU;, C;:=UCU).

In analogy to the V-shifts, this approach is referred to as V/S-shifts, [39]. As in the
GCALE case it is reasonable to work with orthonormal bases of [Re (V;), Im (V)] and
[Re (S;), Im (S;)] when Vj}, S; are complex iterates. Due to the complicated and bulky
formula derived in Theorem 4.7, Corollary 4.8 w.r.t. the handling of complex shift pa-
rameters, we keep to the complex G-fADI iteration (Algorithm 3.4) as this considerably
eases and shortens the representations.

As for the V(u)-shifts, we can also incorporate the block columns of the low-rank
solution factors Z, Y w.r.t. w > 1 previous iteration steps which directly leads to
V/S(u)-shifts. To construct the restrictions 14]'7 Ej more efficiently we can, along the
lines of (5.3), modify the relation (3.46) or Corollary 3.16:

AZ;u=W,Gl, + EZ; 0%, B'Y,=T,Gl, +C"Y, .00, (5.23)
where ZA_M =27, (j—u)r+1:jr), Yw =Y (0, (j—uwr+1: jr), and 5, afu € Cruxru,
G} are the appropriate blocks of o, o'f, G;.

Incorporating the relations established in Theorem 4.7, Corollary 4.8 will change ZA']-J,,,
)A/Ju o, and aﬁu to real matrices. The formula (5.23) can be used to construct the
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restrictions w.r.t. orthonormal bases of span(Z;,) and span(Yj,) without additional
matrix vector products with A, B. For the restrictions of B, C, the formulas (3.46),
(5.23) suggest to actually work with BT, C7 instead which does not represent any
difficulties since both are real matrices. Some matrix vector products with £, CT have
to be stored or recomputed, however. Similar to the V'(u)-shifts, we propose to select a
smaller number of, e.g., r, a- and [-shifts from the entire ru eigenvalues by using the
previously mentioned heuristic strategy.

In [39], also an intuitive generalization of the W-shifts, called the W/T-shifts, is
proposed by using orthonormal bases for span {W;}, span {7;}. Again, the restrictions
for these W/T-shifts cannot be built without multiplications with A, B.

For both, V/S(u)- and W/T-shifts, initial a- and S-shifts can be constructed by
using orthonormal bases of F' and G, respectively. In our upcoming experiments the
orthogonalization process is carried out exactly as in the GCALE case. It can happen in
both shift generation strategies that the number of obtained a- and [-shifts is different,
and, hence, new a- and [-shifts do not need to be calculated at the same time, but we
restrict to this situation here for simplification. Notice that one should ensure that the
new shifts satisfy a # .

Residual Norm-Minimizing Shifts

Motivated by the Lyapunov residual norm-minimizing shifts in Section 5.3.2, one can
derive a similar framework for Sylvester equations. At step j of the G-fADI iteration,
the (spectral or Frobenius) norm of the Sylvester residual 8; is by (3.40), (3.45) given
as

1851 = IWSTE | = \ A (TIT)(WEWS),
where the residual factors are

Wi = W1+ (B — ) EV; = Wioi + (B; — 0y) E (A = BE) ' Wja)

Ty =Tj1 = (B — 0;)C"S; = Tjoa = (B — 0)C" (B = a;C)"T;0) .
Since Wj_y, Tj_; are known at the beginning of step j, the only unknowns above are
the shift parameters o, 8; and we may see ||S;||*> as a function

hj(ag, B7) = Mnax (W W) (TFT})) (5.24)

in two complex variables. By decomposing «, 5 as a = v+ 3§, f = + m, we can also
consider h; as function in four real variables h;(ay, 5;) = h;(vj, 0;, &, n;). Finding the
optimal shifts w.r.t. to (5.24) motivates the optimization problem
v, 05, &, m;] = argmin h;(v;, 0;, &, n;). (5.25)
veR,EeRy
dERMER L
The remarks from the GCALE case regarding global and local minimizers of the ob-
jective function fit here as well and we, therefore, restrict to the detection of local
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minima only. Solving (5.25) exactly is again very expensive since each function evalua-
tion of h; in an optimization routine alone requires to solve two shifted linear systems
with 7 right hand sides. In the following, similar strategies compared to the residual
norm-minimizing shifts in the GCALE case are introduced to help with the formidable
eigenvalue optimization problem.

Derivatives of the Objective Function The same techniques regarding the derivatives
of eigenvalues of parameter dependent matrices [149] which we employed for the residual
norm-minimizing shift in the GCALE case can be applied here to (5.24). Neglecting for
the moment the iteration index j, the next theorem expresses Vh in terms of the involved
matrices and the shift «, .

Theorem 5.2 (Gradient of the objective function (5.24)):
With A, E, B,C defining a GCASE, W, T the low-rank factors of the residual of
the G-fADI iteration, two complex numbers o = v + 3¢, § = ¢ + jn with a # [,
a,B ¢ ANA E)YUA(B,C), and let
W, =W +yEW,, Wai=EL]'W, Waa, = EL;'W,, La:=A—BE,
Ty =T —5CTTs, Tp:=CTLFT, Ty, = CTLF'T,, Ly :=B—aC,
yi=F—a=3§—-v+y(n-2%§). O
Assume that (WHAW,)(THT, ) has r simple eigenvalues for all o, 3 and let 27, y; with

yf ;=1 be the right and left eigenvector corresponding to the largest eigenvalue.
The gradient of h = h(v,d,&,n) is given by

—Re (yf!WIW, THT a,) Re (y{’WfWJrTgHT+x1>
Re (y{{ Wi W T{T m) —Re (y'WIW,THT, x,)
Vh=2| N vy i 2 PR (5.26)
m (yl AWHdy +371) —Im (yl Wy W+TBZ,+T+1'1>
Im (yf[W,fz,J%TfTwl) Im (y' WHW. THT, ;)

Proof. We can proceed largely similar to the proof of Theorem 5.1, although we now
have to deal with two Cayley transformations and in total four variables. With

H o= (WH(C) AW ) (T (Cp)"CpT) = (WIW, )(THT,),
éA = éA(A7 E: v, 5~,§77]) = [n + ’YEL;, éB = éB(V‘, 6*6177) = [m - WCTLE?Ha

it holds again by the results from [149, 173] that h, = yl %ﬂ{ml, where y can be any

of the variables v, d, &, n. The derivative of H is (using the notation % =0y)

DI = (ax(w”éf éAW)) (THRHELT) + (WHEHE,W) (aX(THég’ éBT)>
w7 ((axéfj )eu + éﬁaXéA) WTHET, + WHW, TT ((axég )ep + € axé,;) T
- (WT((?X@Z YW, + WH (OXéA)W> THT,

+WHW, (TT(aXég )Ty + T (GXéB)T> .
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For instance, the partial derivatives of e A, e B w.r.t. v are
0,64 =—EL3", 0,65 = (I, —7CTL;1)CTLG"
such that
A,H =—-(Wiw, + WfWA)TfTJr + WfW+ (T§21+T+ + T5T32,+) .
Using similar steps for the partial derivatives w.r.t. ¢, &, and 7 yields

—(WHW, + WHW,)
(W Wy + WHWa L)

h=yl THT, x
V=S, ey | T
(W W~ W W ) 5o
(TH To+THTp ) '
H H
wywinw, | AT T )

J(TI%,+T+ —T{Tp )

=TT, —T{Tp)

Obviously, h(v,d,&,n) = 61 € R such that the equations for the eigentriplet (61, =1, yi)
are

(WflV+)(TfT+)ll = 61.’1}1., (TfT+)(‘VfW+)y1 = 9111/1.
Under the given assumptions, ¢ p is nonsingular s.t. Tf T, is positive definite and can be
factorized as THT, = R Ry, where Ry € C™" is an upper triangular Cholesky factor.

Then with Z; := Rraq, 1h = R;H y1, the above eigenvalue equations can be rewritten
as

RT(WEW+)R7,:1£1 = 91.’%1, RT(W5W+)R¥?}1 = ()1@]1
which reveals Z; = ;. Hence, for any matrix K of appropriate size it holds

U{{KTfT+I1 = u{{KR;IRTxl = ﬂ{{RTKRTI—!jl = f{IRTKHRQHﬂI
=g Ry KERL 3 =yl R Re KH RYE Rypay =yl KATHT, xy.

In the same manner it can be shown that y? WHW, Koy = y#WHW, K7 z;. As conse-
quence, (5.27) simplifies to (5.26). O
Similar to the formula (5.7), evaluating the gradient requires that two additional linear
systems of equations with L4, Lp have to be solved to obtain Wy ;, Tpge 4. Similar to
the GCALE situation, only W2 1y; and T2 THT,y; are required in (5.26), such that
the right hand sides in the necessary linear systems can be reduced to single columns
Wiy and T, WHW, yy, respectively. Thus, in order to evaluate both h and Vh at the
point «, [, the solution of two linear systems with L4, Lg and r + 1 right hand sides
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each, is required. We refrain from using also exact Hessians of h since this did not lead
to improvements in the numerical experiments in Section 5.3.3. As in the GCALE case,
the assumption that the largest eigenvalue of (WHW.)(THT,) is simple for all values
of v,6,&,n is difficult to ensure in practice. A violation of this requirement might lead
to a non-differentiable objective function. As a simple measure to circumvent this issue
we again artificially reduce (5.24) to a scalar problem (r = 1) by using Wdy, Tdr with
dw, dr € R" instead of W, T, where dy, dr are the left singular vectors corresponding
to the largest singular value of W, T. With this, evaluating the simplified objective
function and its gradient requires the solution of two systems with L4, Lp and two
right hand sides each.

Using Projected Data For reducing the numerical effort that comes with the required
linear solves for evaluating the objective function and its gradients, we pursue a similar
approach as in Section 5.3.2. Let Q;, U; be the orthonormal basis matrices corresponding
to the proposed V/S(u)-shifts, and A; = QTAQ;, E; = QTEQ; and B; = Ul BU;,
C’j = UjTCUj the restrictions of A, E and, respectively, B, C' onto span {Q;}, span {U;}.
With W; = QTW; and T, =U T'T;, one can construct a reduced objective function

i = )\max(W(av ﬂ)lfvv(?éwg) (Oé ﬁ)iIT(aHB))* (528)

whose evaluation is now cheap due to the small dimension ru of the involved matrices
defining the linear systems. The same holds for the gradient of (5.28) which can be
constructed by (5.26) using the projected matrices.

Constraints for the Optimization Variables and Initial Guesses Also similar to the
GCALE case, we employ boxed constraints for the optimization variables:

vo<v<v, 0SE<&,
(5.29)

0-<0<6dy, 0<n<n,.
If the spectra A(A, E) and A(B, C) can be strictly separated by a vertical line (cf. Corol-
lary 2.41), this separation should be reflected in (5.29). For instance, when A(A, F) €
C_ and A(B,C) € Cy, i.e., the vertical line is positioned at the origin, the used shifts
should obey this restriction, i.e., Re (8) — Re (o) = d — v > 0, and we set v < 0 and
0- > 01in (5.29). This also automatically ensures that 5 # «. We point out that the
already used as well as the upcoming GCASE examples fit into this class. We know
that for GCALEs defined by coefficients with A(A, E) € C_, the G-LR-ADI itera-
tion constitutes a convergent process as long as also the shifts have negative real parts
since p(C(A, E,«)) < 1. The situation for GCASEs is considerably more complicated.
From the viewpoint of (5.21), (5.22), and the reduced objective function (3.39), we may
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demand that every pair of shifts «, 5 satisfies

2
<1, VA€A(4;, Ey), Vi€ A(B;, Cy), (5.30)

A-a)(—p)

1D = B

which implies sups ﬁq(a, £) < 1. This represents r*u? conditions to be satisfied by
the optimization variables. In terms of v, 4, &, 7, the rational function ¢(«, 8) can be
written as

_ PP+ 2+ € - 2Re(Nr + Im(N)E) |Al* + 6>+ * — 2(Re () 8 + Tm (1) 1)
[A]2 4 02 + 52 — 2(Re(A)d + Im(A)y) AP+ 12+ & —2(Re (2) v +1Im (7))’

q(a, B)

These additional restrictions can be added as nonlinear constraints of v, 4§, &, n to
the optimization problem (5.25). Numerical experiments show that without (5.30) the
obtained shift parameters can lead to an oscillatory behavior of ||8;]|.

If the applied optimization algorithm demands an initial guess, we follow the same
strategy as in the GCALE case, i.e., we take the first pair of shifts returned by the
heuristic approach [162, 43] on the basis of A(4;, E;), A(B;, C;). This can also be
related to (5.30), where this pair of shifts leads to the smallest nonzero value of ¢(c, )
evaluated at A(A;, E;), A(B;, C)).

5.4.3. Numerical Experiments

In this section, we test some of the proposed shift strategies for the Sylvester ADI
iteration. In all examples, the G-fADI iteration is terminated when ; := ||8;||/|| FGT|| <
7 with 7 = 10710 or after j™** iteration steps.

We take the following test examples. At first, the example FMD-S introduced in
Section 4.2.3 consisting of two variations of the FDM system. We increase the leading
dimensions to n = 40000, m = 22500 (corresponding to ny = 200 and my = 150 grid
points) and keep r = 4.

As in [21], we construct a GCASE by merging two version of the rail example. The
matrices A, F, F' and —B, C, —G are taken from rail79 and rail20k, respectively, where
F,G are the corresponding input matrices of the associated dynamical system (2.5).
Since ||FGT|| ~ 107 we use 10* - F, 10* - G instead to avoid potential numerical
instabilities by scalings with || FGT||. This GCASE defined by symmetric matrices with
n = 79881, m = 20209, and r = 7 is abbreviated by rail79k/20k.

In a similar way, the third example is a larger version of the example ifiss16k/4k
from Sections 3.3.4 and 4.2.3. We merge the matrices from ifiss66k and ifiss16k to the
example called ifiss66k/16k with n = 66049, m = 16641, r = 5.

We compare the performance of the G-fADI iteration when different the shift param-
eter approaches are used. The approximate optimal shifts for solving the two-variable
ADI shift parameter problem (5.22) are obtained by the parsyl routine [233], which we
modified such that (inverse) Arnoldi processes are used to obtain the required approx-
imate spectral data. This is more efficient than using eigs as it is done in the original
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Table 5.3.: Setup data and results for the Sylvester examples using different shift strate-

siter

gies. The smallest values of ¢y, and 7" are emphasized by bold letters.

Example ‘shift strategy tenite tADI‘ tiotal | J10 €jiter
heur(20, 10, 10, 20, 10, 10) 3.9] 26.6] 30.5] 55[9.42.10710
FDM-S Wachs(10, 10, 10, 10), J =12 3.7) 224| 26.1| 48|5.74.10720
jmas — 60 V/S(2)-shifts 0.1| 17.3| 17.5| 36/9.13-10"1°
active-set W /T-shifts 0.1| 18.7| 18.8| 42|1.04-1071°
V/S(2)-res.min.appr. 5.2 16.4| 21.6| 36|4.69-10~1°
heur(80, 80, 40, 40, 40, 40) 31.4]217.5| 248.9]153|6.25-10°1°
rail79k/ 20k Sabino(10, 5, 10, 5), J = 100 4.9/123.6| 128.5| 93|3.36.10-1
;Ctiv;igo V/5(4)-shifts 2.0| 92.6| 94.6| 73|1.20-10-1°
V/S(2)-res.min.appr. 10.4| 64.5| 74.9| 53|5.36:1071°
) heur(30, 30, 10, 20, 10, 20) 16.2]136.6| 152.9/139]9.95-101°
ifiss GGk 16k Wachs(20, 20, 20, 20), J =64  |18.9|124.4 143.2|126|6.78-10~1°
=150 V/S(2)-shifts 1.1(108.0/109.1|106{6.63-10-1°
interior-point .
V/S(2)-res.min.appr. 22.7| 93.3| 116.0| 92|1.45-107%°

parsyl implementation. We refer to this strategy by Wachs(k4, k%, kB, k), where
k4, kA, kP, kP denote the orders of the used (inverse) Krylov subspaces. The number
J = L of returned shifts is also given. For example rail79k/20k, the parsyl does not
provide good shifts and the method presented in [202, Algorithm 2.1], abbreviated by
Saloino(kf7 kA, k’f, kB), is employed instead. The heuristic shift approach [43, 162]
w.r.t. (5.22) is denoted by heur(J, L, k%, k%, k¥, kP), employing also (inverse) Arnoldi
processes. The generating of the orthonormal bases for the V/S(u)- and W/T-shifts is
done as in Section 5.3.3. The execution of the optimization process for the projected
residual-norm minimizing shifts is also carried out with the help of fmincon. However,
due to the additional nonlinear constraints (5.30), the trust-region-reflective algorithm,
which we used before, is no longer applicable. The active-set or interior-point algorithms
are employed instead.

The setup data as well as the results are summarized in Table 5.3, where the first
column also indicates which optimization algorithm is used. Additionally, Figure 5.5
shows the scaled residual norm against the iteration number for the examples FDM-S
and ifiss66k/16k.

In part, similar observations can be made as in the GCALE examples. The heuristic
shifts manage to steer the G-fADI iteration to the desired accuracy within j™* iterations
for all examples. Compared to the heuristic shifts, the Wachspress type shifts require
smaller values of kfr‘, kA, k’f . kB to get the necessary spectral data, leading, therefore,
to smaller times ¢, They also seem to converge similarly to the Wachspress shifts for
Lyapunov equations with real spectra. However, the required setup numbers seemed to
be highly influential for the performance of both the heuristic and Wachspress shifts.
Different values than the ones used here led to a clearly different and often slower
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103 - -©-- heuristic 106 --©-- heuristic
- - Wachs. - - Wachs.
# —=— V/S(2)-shifts —&— V/S(2)-shifts
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Figure 5.5.: Scaled residual norm against iteration index j of the G-fADI iteration us-
ing different shift strategies for the FDM-S (left) and ifiss66k/16k (right)
example.

convergence, especially for the examples FMD-S and ifiss66k/16k which have complex
spectra.

As before, the V/S(u)- as well as the TW/T-shifts obtained from projections onto spaces
spanned by G-fADI iterates or residual factors require the smallest generation times tgyig.
However, the W/T-shifts only lead to convergence for the example FDM-S. The residual
history of both, the V/S(u)- and W/T-shifts, seems to be highly oscillatory as it is
clearly visible in the residual plots in Figure 5.5 (right plot). There are very high spikes
in ||8;|| which appear to unnecessarily prolong the iteration. An investigation of this
phenomenon revealed that, in terms of (5.21), these peaks are the result of pairs of shifts
ag, B with p(@f))p(@g)) > 1. This indicates that the corresponding computed shifts
g, B are of no good quality. In some situations and other experiments, these spikes
were so high that numerical overflow led to unusable results in the end. In the results
presented in Table 5.3, the G-fADI iteration manages to recover from these instances.
The approximate residual norm-minimizing shifts largely avoid such oscillations thanks
to the constraint (5.30). Without (5.30) such peaks are also present for the residual norm-
minimizing shifts. The plots in Figure 5.5 reveal that the residual norm-minimizing shifts
allow a much smoother and monotonic decrease of ||8;]| compared to the V/S(u)- and
W /T-shifts which also leads to the smallest number of iteration steps j* for all examples
except for ifiss66k/16k. There, the residual plot in Figure 5.5 shows some smaller peaks
towards the end of the iteration. However, solving the reduced optimization problem
(5.25) appears to be more formidable than (5.5) for the G-LR-ADI iteration. This shows
in the generation times tg,;g in Table 5.3 which are sometimes clearly larger compared
to the other shift approaches. The example ifiss66k/16k appears to be exceptionally
difficult for all shift strategies but also w.r.t. the solution of the optimization problem
(5.25). Only the interior-point algorithm leads to useful results but still has severe issues
in detecting a local minimizer in some iteration steps.

The existing shift approaches are outperformed by the proposed self-generating strate-
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gies but there is still room for improvement. Modifying the V/S(u)-shift such that the
large spectral radii caused by infeasible shifts do not occur, might lead to a further
performance improvement. At the current stage they, unfortunately, lead to numerical
instabilities for difficult GCASEs. However, their small execution and generations times,
as well as the advantage that they are computed in an entirely automatic way, makes the
V/S(u)-shifts nevertheless a promising approach. The V/S(u)-residual norm-minimizing
shifts lead to a much smoother convergence behavior and therefore more robust execu-
tion of the G-fADI iteration. They can also be computed automatically for the most
part, provided the optimization routine is able to detect local minima of (5.25) with low
effort. As for the GCALE case, future research effort should be devoted to improving
the numerical solution of this optimization problem.

5.5. Summary and Further Research Perspectives

5.5.1. Conclusions

We have discussed shift parameter strategies for low-rank ADI methods for solving large-
scale Lyapunov and Sylvester equations. After reviewing some prominent approaches to
compute shifts a-priori, two novel strategies have been proposed which generate shifts
automatically during the ADI iteration without any setup data needed. The first one
uses Galerkin projections onto spaces spanned by the current ADI iterates to obtain a
small number of Ritz values as next shifts. The second one is intrinsically designed to
compute the new shift such that the residual norm is minimized at each step. The latter
approach was enhanced by using derivative information and a projection framework in
order to significantly reduce the computation costs compared to the original setting in
[39]. The obtained shift parameters showed impressive numerical results that consider-
ably outperformed the existing shift strategies w.r.t. both the required execution time
and the required number of ADI iteration steps. The projection based V-, V/S-shifts,
and the associated residual norm-minimizing shifts, are definitely competitive to existing
shift parameter approaches, especially for problems with complex spectra. With these
new shift generation strategies, numerical experiments confirm that the G-LR-ADI it-
eration for GCALEs compares very well with other low-rank algorithms such as EKSM
[209] and RKSM [82]. For Sylvester equations, the proposed dynamically updated shifts
can lead to an oscillatory residual behavior which deteriorates the convergence, espe-
cially for the V/S-shifts. The (approximate) Wachspress shifts appear to be still a viable
choice for problems with real spectra, even though the novel strategies managed to out-
perform them in some cases. Moreover, in contrast to the existing precomputed shift
approaches, the novel strategies admit a largely automatic shift parameter generation
in the course of the iteration, which represents a clear user-oriented advantage.
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5. Self-Generating ADI Shift Parameters

5.5.2. Future Research Possibilities and Outlook

We already mention in the previous section that the optimization process for the residual-
norm minimizing shifts can be improved further, especially for the G-fADI iteration for
GCASEs.

Here, we propose a few additional strategies that might further enhance the shift
generation itself, but also the overall ADI iteration. We restrict to the G-LR-ADI
iteration since generalizations to the G-fADI iteration are obvious.

The first extension of the residual-norm minimizing shifts is of conceptual nature.
Our motivation for considering (5.5) is to maximally reduce the residual norm from one
iteration step to the next by finding an appropriate shift parameter. In other words, the
goal is to decrease ||£;|| down to ||£;11]| as much as possible. It is easy to incorporate
more than one, say ¢ > 1, future iteration steps by considering

Wit = C(A E, aj o)W1 = C(A, B, aj40)C(A, B, ovjp—1)Wige—a

4
=...= (H C(AE, am)> W;.

i=1

After iteration step j is completed, W; is known and, thus, the next ¢ shift parameters
iy = Vi +9&, 1 =1,...,( are obtained from the solution of the optimization problem

[, v &, &) = argmin fi (v, €),
IIER[,,EGR[

<He (A, B, v(i §(i))> W,

in 2¢ variables. Here, ¢ can be seen as a horizon defining how many future iterations
we look ahead. If the global minimum of (5.31) is found, the resulting residual norm
[|W¢|| will be the smallest one possible w.r.t. to all admissible sets of £ shift parameters.
Assuming that all pairs (v, &) are distinct and taking the complex conjugates of the
obtained shifts into account (i.e., using —¢;), these residual minimizing-shifts can be used
in up to 2¢ iterations. On the one hand, solving (5.31) is likely more demanding than
(5.5) but, on the other hand, it has to be dealt with only every /-th (or 2¢-th) iteration
step. Preliminary tests showed no significant speed ups of the G-LR-ADI iteration that
were worth the additional effort resulting from solving the harder optimization problem
(5.31).

A second potential further research topic was already partly discussed when the
reduced objective function (5.14) was introduced. The approach based on the shift-
invariance of Krylov subspaces can be enhanced if the occurring linear systems of the
G-LR-ADI iteration are dealt with by iterative Krylov subspace methods. We could
then in principle employ a multi-shift variant, e.g., [103, 85, 226, 2, 102], of a Krylov
subspace method for solving all linear system that occur in the optimization routine for
(5.5) and, after a local minimizer a1 has been detected, also for solving the linear sys-
tem (A + o 11,)Vip = W of the G-LR-ADI iteration. The required iterate Vj,; could

2 (5.31)
f] o\, E

126
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also be reused from the final iteration step of the optimization routine. In [160] it is
shown that the LR-ADI iteration can be rearranged such that the right hand sides of the
linear systems in every iteration step are always equal to F'. Hence, the use of multi-shift
Krylov methods can even be extended to the whole algorithm. However, the drawbacks
as mentioned in Section 5.3.2 prevent the success of this strategy: the absence of a priori
knowledge of the occurring shifts and the difficulties arising in the situation F # I. Also
note that, as remarked in [202], finding good ADI shift parameters might compete with
the goal to obtain a fast convergence of the employed Krylov solver. If these issues can
be solved in future research, this might lead to a highly efficient low-rank ADI iteration
incorporating preconditioned iterative solves and high quality residual norm-minimizing
shifts.
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This chapter is concerned with the computation of factorized solutions of low-rank
of continuous-time and non-symmetric algebraic Riccati equations. For this, low-rank
implementations of a Newton’s scheme will be considered, where the occurring Lyapunov
and Sylvester equations are dealt with by the respective low-rank ADI iteration. The
previously established enhancements of the low-rank ADI iteration are incorporated as
well.

6.1. Continuous-time Algebraic Riccati Equations
We consider generalized, continuous-time, algebraic Riccati equations (GCARE)
R(X)=A"XE+ E"XA-E"XFF'XE+CTC =0 (6.1)

with A, E, X € R™" F nonsingular, C' € RP*" and F € R™*" (cf. Definition 2.34).
Here, in contrast to the GCALEs (3.12), the right most coefficient is AT because such
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6. Low-Rank Newton Methods for Algebraic Riccati Equations

GCARES often arise in the design of linear-quadratic-regulators (LQR) to stabilize or
control generalized state-space systems of the form (2.5). There, one is interested in the
stabilizing solution X, such that A(A — FKT E) C C_, where K := ETX,F € R™"

is usually referred to as stabilizing feedback matrix. In contrast to GCALEs, this also
means that the spectrum A(A, E) is allowed to have unstable eigenvalues. We assume in
the following that the conditions of Lemma 2.35 are fulfilled which ensure the existence
and uniqueness of X,. Moreover, with r,p < n one can expect that a fast decay of
the singular values of X, which, as in the GCALE and GCASE cases, motivates to
approximate X, by a low-rank solution X, ~ ZZT with Z € R™‘ rank (Z) = { < n.
The singular value decay of X, as well as the existence of such a low-rank approximation
is investigated in [23].

6.1.1. Newton Methods for GCAREs
Because the Riccati operator R(X) is nonlinear in X, one can apply a general Newton
iteration to find X. Starting from an initial guess Xy, the step k of this iteration is,
following, e.g., [5, 150], given by
X® = x4 N1 (6.2a)
with the update N*~1 obtained from the Newton step
R (NFD) = —R(X D), (6.2b)
There, R'|y is the Fréchet derivative of the Riccati operator (6.1) at X and is given by
Rlx : N (A-FF'XE)'NE + E'N(A - FFTXE). (6.2¢)
Hence, obtaining N*~1 demands the solution of the GCALE

(AT NE - EFTN® AR — (X *-1) (6.3)

with the closed-loop system matrix A®) = A — F(K*7T By using the Kleinman
trick [145], it is possible to solve for X*) directly which changes (6.2b) to

R ey (XP) = —pEREENT ) — (o7 jeh=1] (6.4a)

with K¢ .= ETX®DF_ In terms of the corresponding GCALE to be solved this
becomes

(ANTX® g L BT X ® AR = _ ) p)T (6.4b)
The resulting Newton-Kleinman iteration is illustrated in Algorithm 6.1. Both formu-

lations (6.2) and (6.4) are in fact equivalent and produce the same iterates X*) provided
KO = ETXOF in Algorithm 6.1. It is shown in [150, 145] that, under the conditions
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6.1. Continuous-time Algebraic Riccati Equations

Algorithm 6.1: Newton-Kleinman method for GCAREs
Input : Matrices A, E, F, C defining (6.1), initial guess X© or K©.
Output: Approximate solution X.

1 fork=1,... kpna do

2 | F® .= [CT KD

3 Solve the GCARE

(A= FP(KENOYT xR p L BTXW (A - p(KEDYT) 4 FEEEYT =

for X®).
4 | Set K® .= FTXW® R

of Theorem 2.35 and provided X© is stabilizing, the sequence of iterates converges
quadratically towards X,.. Moreover, it satisfies

XW = X® = =X, and AA-FFIX®E) cC_ VEk>0.

A further improvement of the convergence behavior by using a line-search strategy can,
e.g., be found in [25, 16]. If (A, E) is Hurwitz, X, = 0 is a viable stabilizing initial
guess. Otherwise, if A(A, F) contains also anti-stable eigenvalues, finding a good initial
guess is a formidable task. Some strategies are given in [150, Section 5.3],[55, Section
3.3.1], and the references therein. We will later on mention an approach that is also
applicable for large-scale problems.

Comparing the GCALEs to be solved in both the original Newton and the Newton-
Kleinman iteration, one observes that (6.3) and (6.4b) only differ in the right hand side.
In the following we investigate the handling of the occurring GCALEs by the G-LR-ADI
iteration which was studied in the chapters before. The Newton-Kleinman iteration is
the better choice for this because it holds

rank (F(k)(F(M)T) < rank (ﬁ'<k)> <ptr<n,

i.e., the right hand side has a very small rank. The right hand sides 7fR(X(k"1>) of the
original Newton iteration (6.2b) do, in general, not share this property.

6.1.2. The Low-Rank Newton-ADI for GCAREs

Introducing the G-LR-ADI (Algorithm 3.2) into the Newton-Kleinman method (Algo-
rithm 6.1) is straightforward and has already been considered in, e.g., [42, 201, 135, 94,
49, 50, 10, 52]. The main goal of this section is to also insert the improvements for the
G-LR-ADI iteration established in the previous three chapters into this framework. Us-
ing the G-LR-ADI iteration to solve (6.4b) for each k, transforms the Newton-Kleinman
method into an inner-outer iteration, consisting of an outer, the Newton iteration, and
an inner iteration, the G-LR~-ADI iteration. To distinguish these two stages we will from
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6. Low-Rank Newton Methods for Algebraic Riccati Equations

now on use the notation that subscripts ; and bracketed superscripts ®) will refer to
quantities associated to the inner and outer iteration, respectively. The inner-iteration
in our novel reformulation (Section 3.2, Algorithm 3.2) follows in each outer iteration k
the scheme

k k — k k k k
Vi = (AW + P B W =W —2Re (o) BTV, (65)

k k k . .
7 =12, \=2Re (@)V;"]. G =1 o
where I/Vék) = [CT, K1), Zék) =[], and uj(.k) are shift parameters corresponding to
(A® B). As before we indent to use the residual norm based criterion

1P < Tapd|WEPI2, 0 < 7ap < 1

for terminating the inner iteration. Including also the relations (4.8) regarding the
treatment of complex shifts as in G-LR-ADI-r (ALgorithm 4.3) leads to the low-rank
Newton-ADI iteration for GCAREs (LR-NADI-C) illustrated in Algorithm 6.2. We
naturally assume that the sets of shift parameters {a§"'>7 R a(]k)} are proper. Hence, the
LR-NADI-C iteration will produce real low-rank solution factors and, consequently, also
real feedback matrices K®). Some numerical evidence that this leads to computational
savings can be found in [38, Section 5.2].

In the following we go through some further aspects and subproblems of Algorithm 6.2.

Solving the Linear Systems

The coefficient matrices A®) + a;k)E in the linear systems in Line 6 are the sum of a

sparse matrix A+a™ F and a low-rank update F(K (T Hence, if sparse-direct solvers
are employed, the Sherman-Morrison-Woodbury formula [111] might be applied:

Vs, Vil = (A -+ ol ), w0 (6.6)
- -1 ol

VI = Vs + Vi (I, = FTVi) ™ (FTVs). (6.7)
Hence, 2r 4 p linear systems with the sparse coefficient matrix A + o™ E have to be
solved in each inner iteration. Iterative solvers [199, 225] that work only with matrix
vector products of the coefficient matrices might be applied directly to A®) + aik)E
However, the low-rank updates might severely increase the condition number such that

the Sherman-Morrison-Woodbury formula might still be preferable.

Implicit Updates of the Feedback Matrices

In each inner iteration, the intermediate feedback matrices can be updated recursively
by

J
K® = 23" ERe () VP (VP)F = K, —2Re (a;) ETVY (V) F
i=1
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6.1. Continuous-time Algebraic Riccati Equations

Algorithm 6.2: Low-rank Newton-ADI for GCAREs (LR-NADI-C)

Input : Matrices A, E, F, C defining (6.1), initial feedback K© and stopping
tolerances 0 < Tapr, nm << 1.

Output: ZFwe ¢ R +2) guch that Zkeex(Zkme)T ~ X | stabilizing feedback
matrix KFme € R with A(A — F(K*)T F) c C_.

1 fork=1,... kpn. do
2 Determine shifts {agk e } wrt. (A® = A - P(KE-DT E) .
s | WP =07 KUn), 2P = [ }, K =0,j=0.
4 | while [WP)? > mp WiP)1? do
5 j=j+1
6 Solve (A®) + a;.k)E)HVj(k) = 1/1/].(5)1 for V]-(k).
7 if Im ((y(k)) =0 then
8 ,.YJ ) /_ (k) V ._( (k))ZETv(k)
o W =w 4 Vi, 2% = 2, 4PV,
10 K" _K(k +V+(vk>)TF
11 else
A . Re (at®)
R
13 W® = w4 ()2ET (Re (V) + ot ().
14 Z, = 7 [Re (V(k)> + 5(k Im (V(k)) ((5;”)2 +1)-Im (V](k)ﬂ
15 Z®, = [Z;’?l, Z+], KW =KW 4 ETZ (ZTF).
16 L J=J+1L
| KW = KW, 20 = 7.

as in Line 10 and, in the case of a complex shift, Line 15. The matrix vector products
with E7 can be reused from the construction of Wj(k). Therefore, storing the low-rank
solution factors Z\) is not needed at all if only the feedback matrices are of interest.
This leads to significant savings regarding the memory requirements of Algorithm 6.2
and was already exploited in the implicit low-rank Newton method [42, Algorithm 6].

Computing Initial Guesses

The outer Newton iteration might benefit from a nonzero K as initial guess, especially
if KO ~ ETX,F. If A(A, E) contains unstable eigenvalues, a nonzero K© is even
necessary. Here, we briefly mention one often used approach to generate such K© for
large-scale problems [10]. Let (Ausi, Gusis Yusi)s @ = 1,...,nus << 1, be the eigentriples
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6. Low-Rank Newton Methods for Algebraic Riccati Equations

corresponding to the unstable eigenvalues \,s; € A(A, E)NC, and define
Qus = [qus,h ) Q\ls,n\h]s Yus = [yus,lv ) Z/us,n.,s] € Crxttus,
Then let Xapg be the solution of the generalized algebraic Bernoulli equation (GABE)

AuHSXABEEus + EZXABEA{I{S - EﬁXABEE ustZXABEEus =0, (6.8)
Aw = YTAQu, Euw:=Y"EQ., By:=Y!B.

The initial feedback matrix is then
K(O) = ETKlsXABEBus ecCcrr (69)

and it can be shown that —\,; € A(A—B(K©)? E). The GABE (6.8) is of dimension
nys and can be solved by methods for small, dense Bernoulli equations, e.g., [13]. The
required eigentriples can be computed by iterative algorithms for large-scale eigenvalue
problems, see, e.g., [198, 6, 192]. In practice, however, it can be difficult to guarantee
that said eigenvalue methods have found all unstable eigenvalue of A(A, E). For the
use in Algorithm 6.2, it is reasonable to consider a real initial feedback matrix K© by
constructing Q,s, Yus using the real and imaginary parts of the right and left eigenvectors
corresponding to complex unstable eigenvalues.

The Riccati Residual Matrix and Stopping Criteria

By Theorem 3.5, the Lyapunov residual matrix for each j is given by Lgk) = W;k) (W, ]-<k))H
and, hence, rank (L‘,_gk)) < p+r. Granted by this low-rank factorization of L_g.k), a similar

result can be established for the GCARE residual matrix. For brevity, we keep the
complex formulation of the G-LR-ADI iteration since the incorporation of the relation
(4.8) for generating real residual factors W;k) is obvious.

Theorem 6.1 (Generalization of Theorem 3.5, [37, Theorem 4.1]):

The GCARE residual matrix w.r.t. the solution X;k) = Zj(-k) (Z;k))H produced at outer
iteration step k and inner iteration step j has at most rank 2r 4+ p and is given by

R = R(XP) = £¥ — AKP(AKE = L DL, (6.10a)
where

AR =K — kD ecmr L= AKP e cm . (6.10D)
D = diag (I, —1,) | (6.10c)

with K" = ETXVF. 0
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6.1. Continuous-time Algebraic Riccati Equations

Proof. Writing out the GCARE residual matrix and including the definitions of K®)
K" and WY yields
J o yields

RXP) = ATXPE + ETXPA - ETXPFFTXME + 0TC
= (A= F(K*)yMHIxW g gTXM (A - PED)H)
+ K(k—l)FTXy(_k)E + ETX;/C)F(K(I«—I))H _ ETX]WFFTX;]C)E
+ 070+ K(k—l)(K(k—l))H _ K(k—l)(K(k—l))H
= (AMNHIXPE 4+ BT X AW L wiP (w)H
+ K(k—l)(K](_k))H + K](k)(K(k—l))H o K](_k)(KJ(_k))H _ K(k—l)(K(k—l))H
= WEWEYT 4 (K9 G|k g0

from which (6.10) follows since L;k) = I/I/J,(’“>(Wl,(’“))H by Theorem 3.5. O

It holds rank(fR_g-k)) = 2r + p only if L_E»m has full column rank and there are some
possibilities when this is not the case. Obviously, if K(®) = 0, then rank(I/Vj(l)) < p and,
thus, rank(Lgl)) < p+r. Also, by the same discussion as in the proof of Theorem 3.5,
if a; € A(A®), E), (A - aﬁk)E) is singular and VV]-(M can be of rank smaller than r + p.
Of course, solving the inner GCALE equation exactly, i.e., I/V]-(k)(W;k))H = 0, will lead
to rank(iRg»k)) <r.

The result of the above theorem can be equivalently proven by using a Taylor ex-
pansion of R(X) of order two [135, 52]. In contrast to the GCALE residual matrix
L;k), the GCARE residual matrix 32;.]“) is in general indefinite since A(D) = {£1}. If
L;-k) > AK]@(AK]“))H, it is positive semidefinite and if L;k) = 0, it is negative semidef-
inite. The outer iteration can be stopped, e.g., when

e = |IRPI/1CI? < mmllCI?, 0 < 7w < 1. (6.11)

This criterion can actually also be monitored during each single or every couple of steps
of the inner iteration. This allows to stop G-LR-ADI when (6.11) is satisfied, regardless
of the magnitude of £(X;). Especially in the last outer iteration step this can lead to a
reduction of the number of carried out inner iteration steps and, thus, to computational
savings. Motivated by the expected quadratic convergence rate of the Newton process,
we propose to start monitoring the inner GCARE residual norm when e*~1) < V/TNM-
For a given 7y, one typically chooses Tap; < 7w to ensure that the required accuracy
can be achieved. From the theory of inexact Newton methods it might conceptually
be possible to solve the Lyapunov equation in each outer iteration less accurately and
still maintain quadratic convergence of the Newton process, see, e.g., [77, 88]. In the
context of algebraic Riccati equations this appears to be less straightforward because
one has to additionally ensure that the Newton method still converges to the desired
stabilizing solution. This issue is subject of ongoing research initiated, e.g., by [94, 135].
In [125], a novel theoretical and numerical framework for the LR-NADI-C iteration with
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6. Low-Rank Newton Methods for Algebraic Riccati Equations

inexact inner solves is established. We will not further consider inexact solves of the
inner GCALEs in the sense 7apr > M-

The norm of the GCARE residual matrix can be computed very efficiently in a sim-
ilar fashion as, due to the indefiniteness, for ||8;|| in the fADI iteration for Sylvester
equations:

() _ ® pep®EY| (k)y .09
IR = [ (L5 DY) | = P (1)L D)
N (WJ.W)HW;’“) —(Wfk))HAKJ(k)
= max (AKJ(”)H"VJ“) 7(AKJ“C))"AK](‘€)

The matrix (V[/j(k))H I/V].(k) from the computation of ||L§k)\\ can be reused here. Hence,

computing Hﬂz;k) || boils down to finding the largest eigenvalue of a matrix of size 2r + p.
By the same reasoning as in Section 3.2.4, this is considerably less costly than estimating
HfR(-k) || via a Lanczos process applied to fR;M or using an orthogonal factorization of fR;k
[42, 52] similar to (3.16) for £;.

6.1.3. Shift Parameter Strategies for the Inner lteration

The inner G-LR-ADI(-r) iteration requires a set of (proper) {a(lk), o ,agk)} € C_ shift
parameters corresponding to (A% = A — F(K&NT  E). Here we discuss various
strategies for their choices that are based on the approaches mentioned in Chapter 5.

Shifts Computed Before Each Inner Iteration

In Line 2 in each outer iteration step, shift parameters are exemplarily computed before
the G-LR-ADI iteration is started. As proposed in [201], this could be relaxed by keeping
the same sets of shifts for ks > 1 outer iterations. Moreover, the shift computation can
be moved outside the Newton-loop such that only the shift parameters w.r.t. (A1), E)
are used in the whole process. This might, depending on the magnitude of the changes in
K™ slow down the convergence speed of the inner G-LR-ADI iteration, but save some
execution time due to skipping the shift generation. Basically, all the shift strategies
mentioned in Section 5.2 can be applied here. Generating the Wachspress or heuristic
shifts at the beginning of each inner iteration will require linear solves with A®) for
obtaining the inverse Ritz values. For this the Sherman-Morrison-Woodbury formula (cf.
(6.6)) can be used. Notice that even if A = AT, the matrix A® is nonsymmetric such
that the spectrum A(A®  E) might contain complex eigenvalues even if E = ET > 0.
Let E = I, for simplicity, in which case
th(A(k), F(k)) = span {F(k)7 AW pk) (A(k))?F(k)7 e (A(k'))hflp(k)}

= span {CT, KD ACT, KEDFTOT AR gEDpT G0

= ... =Ku(A, F®),
a property that is typically referred to as feedback invariance of Krylov subspaces. This
observation can be seen as justification for keeping the same heuristic of Wachspress
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6.1. Continuous-time Algebraic Riccati Equations

shifts generated from the Krylov subspaces w.r.t. (A, F®) for several outer iteration
steps, especially if the feedback matrices K®) only change marginally in the course of
the outer iteration.

Self-Generating Shifts

Motivated by the promising results with the proposed self-generating shifts in Section 5.3,
we will adapt this strategies to the LR-NADI-C iteration. The self-generating V' (u)-shift
parameters can be included right away into LR-NADI-C by carrying out the projections
using the matrix pair (A(k), E). The same remarks concerning the generation of stable
shifts apply here as well and Corollary 4.6 generalizes as follows.

Corollary 6.2 (Generalization of Corollary 4.6):

The real low-rank solution factor Z" at outer iteration step k and after j inner
iteration steps corresponding to a proper set of j shift parameters satisfies the GCASEs

(AT Z8 — BT 2 Bapr, = WM Gy (6.12a)
ATZY — B 20 Bypr, = WG, + KO BT ZP. (6.12b)

There, Bapir, Gipr, are defined as in (4.12) but w.r.t. the complex conjugates of the
used complex shifts. O

Proof. The result (6.12a) follows directly from Corollary 4.6 by taking care of the fact
that the inner iteration is applied to (A®)T, ET. The definition of the closed loop
matrix A® yields (6.12b). O
Similar to (5.3), no additional matrix vector products with (A®)T are necessary to build
the restriction required for the V (u)-shift parameters.

An alternative but similar approach proposed in [23] is based on the following propo-
sition which is established very easily.

Proposition 6.3 (The residual GCARE [23, Theorem 5(c)]):

The error Eﬁk) =X - X;-k) at the inner and outer iteration steps j and k of Algo-
rithm 6.2 is the solution of the residual GCARE

(ANTeWE + ETeM AW — ETeWeTce Ve + LD =0, (6.13)

where A;k) =A- K;MQT and L;k), D are the factors of fR;k) from Theorem 6.1. ¢
The matrix pair

* A® cre

— J

E 0 2nx2n
=y k) ONIE 91:{ }GR
! L’ DL (A"

0 ET

is associated with (6.13). Let UHJ-C;"')Q =T, UHiKQ =Ty be the generalized Schur form
of (J{;k), G) with UHU = Q¥Q = I,,. Partition the right Schur vectors as §; = {‘?}

;
a
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¢, g» € C"fori=1...,2n. As Algorithm 6.2 converges, the lower left block of fH;k) will
become smaller and smaller, and in the limit (6.13) will have a trivial solution. Hence,
the norms ||E@?|| for the right Schur vectors ¢; corresponding to the stable eigenvalues of
(3, 9) will also converge towards zero. Assuming the conditions of Theorem 2.35 hold
for (6.13), then by [150, Theorem 7.2.8], (J{;k), G) has exactly n stable and n anti-stable
eigenvalues which are also identical to the spectra iA(A;k) —FF TE;“E , E). Following
the approach mentioned in (23, Section 3, Example 6-7], one selects the next shift o
as the stable eigenvalue of (H;k), G) for which Eq! has the largest norm. However, since
(fJ-C;-k), 9) is a high-dimensional matrix pair, the computation of this eigenvalue is not
feasible. Instead we propose to work with the reduced matrices

G0 (k)fl;-k)(k) QjTCiT(gQJ gw EJ ~(9C) (6.14)
! QLY D(L;)Q;  — (AT ! 0 (BT

where .Zlf) = Q]TAJ(.’“)Q]., E](-k) = Q]TEQj and @; are the matrices from the V'(u)-shift
approach. We will call the shift parameters obtained with this strategy H(u)-shifts. In
the first occurrence of this approach [23], all columns of the current low-rank solution
factor are used.

The discussed residual norm-minimizing shifts can also be applied here on the basis
of (A® E) and W].(k)‘ The use of the reduced objective function (5.14) constructed by,
e.g., A;k)7 E](k) and Q]TW ]-(k) from the V(u)-shift approach, is also advised here to lower
the evaluation of the function and the gradient.

6.1.4. Accelerating the Outer lteration by a Galerkin Projection

In [201, 50], the outer iteration of the low-rank Newton-ADI method for CAREs is
accelerated by performing a Galerkin projection onto the space spanned by the current
low-rank solution factor. This often leads to an impressive convergence boost where the
number of outer iterations is reduced to one or two. For this, let Q(Zk) € R"9 be a
rectangular, orthonormal matrix for the spaces spanned by the low-rank solution factor
Z®) after the inner iteration in the outer iteration step k has been finished, i.e., right
after the while-loop in Algorithm 6.2 is terminated. A clever orthogonalization routine
should neglect nearly linearly independent columns in Z®*) such that g < (r + p)ji(f)7
where ji(tk) is the number of executed inner iteration steps. Along the lines of [50] we
look for an approximate solution of (6.1) of the form X, = Q% X (QY)7 for which the
residual R(X,,) satisfies a Galerkin condition. In that case, X € C%9 has to be the
solution of the projected GCARE

ATXE+ E'XA-XFF'X +C7C =0 (6.15)
with the restrictions A, E of A, E and F := (Q(Zk))TF, C = CQ(Zk)A

Corollary 6.2 and, in particular, the relation (6.12b) can be used to construct the re-
strictions without additional matrix vector products with A”. Since the inner GCALE is
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defined by (A®)T ET it is reasonable to work with the restriction A = (Q(Zk))TATQ<Zk)7
E= (Q(Z’C))TETQ(Z]C) such that the projected GCARE is given by

AXET + EXAT - XFFTX +CTC = 0. (6.16)

The projected GCARE is of much smaller dimension than (6.1). It can be solved directly
by, e.g., the Newton-Kleinman method in Algorithm 6.1, the Schur vector method [55,
Listing 3.4], [154, 155], structure preserving methods for the Hamiltonian eigenvalue
problem [67, 63], or by the sign function iteration [191].

Once X is computed, the next outer iteration step &+ 1 in Algorithm 6.2 starts with
the updated feedback matrix K, := ETX,,F = ETQgC)XF. The GCARE residual
R(Xpr) does not have the low-rank structure (6.10) from Theorem 6.1. Hence, ||R(X,)]]
has the be computed differently, e.g., via applying a Lanczos process to R(X,,) to get
an approximation of the largest eigenvalue value in magnitude. Numerical experiments
[201, 50] confirm that this Galerkin acceleration indeed decreases the required number
of outer iteration steps significantly. However, in contrast to the projection for the self-
generating shift parameters above, computing orthonormal basis of Z®*) is usually more
expensive because more columns have to be orthogonalized.

Remark 6.4:

In [201, 50], a very similar Galerkin projection framework is used within the inner G-
LR-ADI iteration of Algorithm 6.2. We refrain from this idea because of the following
reasons. At first, since orthonormal spaces for the low-rank solutions factors of the
inner GCALE are required, one could have used a projection method as inner iteration
from the start. Popular representatives of these methods are Krylov subspace meth-
ods, e.g., [137, 209, 218, 83, 82, 84], which produce the required orthonormal matrices
anyway. Moreover, in [82, 235] it is shown that the G-LR-ADI iteration generates a
rational Krylov subspace, but it works without any orthogonalization and solutions of
projected GCAREs. Hence, from this viewpoint adding explicit orthogonal bases for
the low-rank solution factors is not expected to give significantly better results than
the plain G-LR-ADI iteration. Moreover, as mentioned in [201, 50], adding a Galerkin
projection within the G-LR-ADI iteration destroys some structural properties of the
method. Most notably, the associated GCALE residual does no longer have the low-
rank factorization (3.15). From the view point of the used reformulated iteration (6.5),
it is then not clear what to use as right hand side for the linear systems. O

6.1.5. Numerical Experiments

Here, we evaluate and compare the performance of the LR-NADI-C iteration regarding
different shift generation strategies and the Galerkin acceleration.

As mention before we employ stopping criteria based on the scaled residual norm
for both outer and inner iteration using thresholds 7aop; and 7ny. Alternatively, the
inner and outer iteration is stopped after jax or knax = 10 iteration steps. We use the
matrices A, E, B of the test examples FDM (n = 122500), rail79 (n = 79841, r =7)
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and ifiss66k (n = 66049), from Section 5.3.3. For example FDM, C in (6.1) is chosen
randomly with p = r = 5. The rail79% example provides a matrix C' with p = 6 and ¢C
with ¢ = 10 is chosen as factor of the constant term in (6.1). The scaling parameter ¢
is used to make this problem more demanding for the outer iteration as in [10]. Finally,
the constant term for ifiss66k is set to C' = [Cy,0] with a random C; € R™", r = 5.
With general C, the outer Newton iteration encountered severe problems for this, but
also for other examples not reported here. These difficulties could be solved by the
enhancements of Algorithm 6.2 proposed in [125]. Since this would be beyond the scope
of this work, these strategies are not investigated here. We restrict the discussion to the
effects of different shift parameters and the outer Galerkin projection.

Influence of Different Shift Generation Strategies for the Inner Iteration

At first, we test the performance of the LR-NADI-C iteration when different shift strate-
gies mentioned in Section 6.1.3 for the inner G-LR-ADI iteration are used. The different
approaches are carried out with the same settings as in Section 5.3.3. For the heuristic
and Wachspress shifts we also investigate the case when these shifts are only computed
every ks > 1 outer iterations. Since for all examples K@ = 0, such that K is the
first nonzero feedback matrix, this relaxation is started when k£ > 1, i.e., new shifts are
generated at the steps k = 1, ky, 2k, ... of the outer iteration. Table 6.1 summarizes
the setup parameters and the results. There, tguir and tioa refer to the time consumed
in generating shift parameters and in the complete execution of Algorithm 6.2, k;; is
the number of required outer Newton steps, jy = Zf‘z‘l Jk 1s the total number of inner
G-LR-ADI iteration steps, the average over all outer steps is javs. = [Jj52/kic], and gkie)
is the final obtained scaled norm of the GCARE residual.

Obviously, the different shift parameter approaches do not influence the outer itera-
tion, provided they manage to steer the inner iteration towards the desired accuracy.
Similar to the experiments in Section 5.3.3, the generation times tg,; of the heuristic
and Wachspress shifts are considerably large portions of the complete execution times
tiotal. These generation times could be reduced by the setting ks = 2 which resulted
in slightly more inner iteration steps. This effect is more pronounced for the heuristic
shifts: only a slight reduction of ¢y, is achieved by k, = 2. Since the first nonzero
feedback matrix occurs in outer iteration k = 2, setting k; > 2 is not recommended
as this resulted in drastically more inner iteration steps for the outer iteration steps
1 <k <k, Interms of j5, javg., the approximate Wachspress shifts appear to be a
good choice for the example rail79k with symmetric matrices A, E. Among the self-
generating shift approaches, the V(u)-shift lead to the smallest generating times gy
and also to good results w.r.t. js=, javg. for the examples FDM and ifiss66k. For rail79k,
ifiss66k they also lead to the smallest times tyo,. For the FDM and ifiss66k the best
performance of the inner iteration is achieved by the V(u)-residual norm-minimizing
shifts whose generation times tg,5 are, however, comparably large. This is especially
the case for example ifiss66k. The H-shifts managed only for example FDM to steer the
inner iteration towards convergence. For example rail79k, this approach generated the
same shift over and over again, whereas for ifiss66k the extended Hamiltonian pencil
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Table 6.1.: Setup parameters and results for the examples using different shift strate-
gies. The smallest values of fuis, tiotal and j5, javg. for each example are
emphasized using bold letters.

Example ‘shift strategy ‘ tohitt it ki)
heur(10, 20, 10) 40.6]1353.6 5277 176] 3]6.72.10~1
heur(10, 20, 10), ks = 25.0|1335.8|527, 176| 3(6.84-107!

ff[’f: L0 | Wachs(10719, 20, 20 ) 78.9| 810.0|305, 102| 3|8.74-10~ "1

ot — 109 Wachs(1071, 20, 20), k 49.9| 797.1|305, 102| 3(8.91-107

s = 200 ' V(3)-shifts 5.4] 648.1/1275, 92| 3|4.34-107!
3 (1)-shifts 13.6] 814.8|317, 106| 3|3.38-107 !
V' (3)-res.min. 32.3|557.9|235, 79| 3|7.22-10~ 1
heur(20, 40, 40) 244.82(916.05| 271, 55| 5|4.56-107!

rail79% heur(20, 40, 40), k, = 2 131.77|788.64| 271, 55| 5[4.56:10~1

Tapr = 10719 | Wachs(10710, 20, 20) 116.12|683.18| 221, 45| 5/5.09-107

v = 1070 Wachs(1071, 20, 20), k 63.91/631.02| 221, 45| 5(5.09-1071

Jmax = 100 V(3)-shifts 4.35|545.25| 230, 46| 5|1.14-107!
V(2)-res.min. 20.8| 481.5|207, 42| 5(9.54-107!
heur(20, 30, 20) 160.3| 371.4| 135, 20| 7/6.36-101

ifissG6k heur(20, 30, 20), ks = 2 89.5| 400.3| 194, 28| 7/6.76:107°

Tapr = 10719, |wachs(1071°, 20, 10) 87.1| 341.0| 160, 23| 7/6.58-107°

~a = 1077 wachs(1071°, 20, 10), k, = 2 48.7| 305.2| 162, 24| 7/6.50-1071°

Jmax = 50 V(1)-shifts 13.8] 304.5| 175, 25| 7/6.64-107%
V(1)-res.min. 61.1| 265.9/122, 18| 7(6.72-1071°

(6.14) had exact or almost purely imaginary eigenvalues which resulted in inappropriate
shift parameters. This was also observed in several further experiments not reported
here. To conclude, similar recommendations regarding the shift generation approach as
for GCALEs can be given for GCAREs: the approximate Wachspress shift are a good
choice in case of real spectra and the V(u)- or V(u)-residual minimizing shifts otherwise.

Galerkin Acceleration of the Quter lteration

We repeat the above experiments but perform the acceleration approach via the Galerkin
projection in every outer iteration after the inner iteration satisfies the termination
criterion. For this, we do not consider the simplification of the heuristic approach and the
approximate Wachspress shifts with ks > 1. The construction of the orthonormal basis
matrix for the low-rank solution factor is, similar to the V'(u)-shift approach, carried out
using a singular value decomposition of (Z!N)7Z®) with Z(*) € R***2 and exploiting
(6.12). All singular values with 0;/01 < Wpacn.nz are neglected. The results are listed
in Table 6.2, where now the time tgp needed for performing the Galerkin projection is
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Table 6.2.: Results for the previous examples using the Galerkin projection after each
outer iteration. Here, tgp denotes the execution time spent in performing
the Galerkin projection.

Example ‘shift strategy ‘tGp‘ tmtal‘ Jss Jave. | Fit g (ki)
heur(10, 20, 10) 5.2| 364.1]187, 187| 1[4.86-10~"
fDM: L0-10 wachs (1071, 20, 10) 3.1] 244.1]101, 101| 1|3.04-1071
Tgf;: 10-9 V(3)-shifts 2.8|162.7| 89, 89| 1/3.56-10~"
jx _ 2007’ J(1)-shifts 3.5| 214.8/106, 106| 1|2.34-10~1
V(3)-res.min. 24| 166.2| 87, 87| 1(4.03-107
rail 79k heur(20, 40, 40) 1.5 92.3| 51,51] 1/1.80-1071
Tapr = 10710, wachs (1071, 20, 20) 3.4| 87.7| 41, 41| 1]6.94-10~
™ = 107, V/(3)-shifts 2.7| 80.5| 52, 52| 1]1.60-1071°
Jmax = 100 V(2)-res.min. 2.0| 61.9] 43,43| 1]1.62-1071°
ifissG6k heur(20, 30, 20) 1.7| 96.4| 41,21| 2[1.43-107%
Tapr = 10710, wachs(1071, 20, 10) 1.4 79.9| 41,21| 2|1.49-1071°
v = 1079, V(1)-shifts 1.2| 67.8| 44, 22| 2|2.75:107%
Jmax = 50 V (1)-res.min. 1.0/ 60.1| 33, 17| 2/9.56-10~1

given. This includes constructing the orthonormal basis as well as solving the projected
GCARE (6.15) by the care command. Apparently, the Galerkin projection reduces the
number of required outer iteration steps down to one or two. This yields a significant
reduction of the computation times compared to the results in Table 5.1. The ranking
regarding the different shift approaches is mainly not changed. The clear reduction of
the required number of outer iteration steps by the Galerkin projection was also observed
in several other experiments, e.g., [50, 201]. The Galerkin acceleration appears to be
worthwhile when the outer Newton iteration requires several steps before the quadratic
convergence phase takes place which is the case for example ifiss66k.

Comparison to Other Low-Rank Methods for CAREs

Here, we will compare the G-LR-NADI-C (Algorithm 6.2) with two other low-rank
methods for GCAREs. Because of the comparison in Section 5.3.3, we will not consider
the case when the inner G-LR-ADI iteration is replaced by EKSM or RKSM since
similar results can be expected. Instead, the extended block Arnoldi method for CAREs
(EBA-CARE) proposed in [127] will be used. This is a straightforward modification
of the EKSM for GCALEs [209], where in each iteration step a projected GCARE
similar to (6.15) has to be solved. The MATLAB routine care is employed for this
task. In the same way RKSM can be modified to deal with GCAREs [211] and we
refer to this modification as RKSM-CARE. We do not include the iterative subspace
method proposed in [167] as the examples there suggest that it cannot compete with
RKSM-CARE although closely related. The shifts for RKSM-CARE are again computed
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adaptively using the strategy in [83]. The results are summarized in Table 6.3, where
dim. stands for the column dimension of the computed low-rank solution factor before
any rank truncation, tsor, torth., Lsman, fshite and tres denote the times (in seconds) spent
for solving the occurring linear systems, the orthogonalization processes, the solution
of the projected GCARESs, the shift generation, and the residual norm computation,
respectively. The total time of the method is tya. As explained in Section 5.3.3, tiogal
can be slightly larger than the sum of the single times. For the G-LR-NADI-C iteration
the subspace dimension is the column dimension of the low-rank solution factor in the last
outer iteration. The G-LR-NADI-C iteration is carried out with Galerkin acceleration
and with the shift parameters which lead to the best results in Table 6.2 w.r.t. both the
execution time and required iteration steps.

Table 6.3.: Comparison between the G-LR-NADI-C iteration, EBA-CARE and RKSM-

CARE.
Example |algorithm ‘dim.‘ tSOL‘torth, tomall |Eshife tre&‘ tmm‘
LR-NADI-C, V/(3)-res.min. 435(124.9] 2.4, 09| 94| 22.5/166.2
FDM EBA-CARE 910]148.01 88.2|1303.7| —| 0.05] 541.1
RKSM-CARE 3401101.3|37.0 19.3[13.3| 7.5 179.5
LR-NADI-C, V/(2)-res.min. 258 44.0| 1.2| 0.8 44| 7.0 61.9
rail79k  |EBA-CARE stagnation at ¢ ~ 107°
RKSM-CARE 186| 30.5| 6.0] 12.6| 3.9] 2.5| 56.4
LR-NADI-C, V/(1)-res.min. 170 39.5| 0.9] 0.02/12.7| 4.6| 60.1
ifiss66k  |EBA-CARE 80| 8.9| 54| 0.3 —-0.001] 15.3
RKSM-CARE 110| 18.7]16.5| 9.1} 3.6] 29| 514

The LR-NADI-C method is only the fastest one for the example FDM. It is outper-
formed by RKSM-CARE for the other two examples, and, for ifiss66k also by EBA-
CARE. Comparing to the GCALE results in Section 5.3.3, this is somewhat surprising
because there, EKSM could not compete for the ifiss66k example. Apparently, the al-
tered inhomogeneity present here leads to a significantly different behavior of EKXSM.
For the example rail79k, EBA-CARE dropped into stagnation phase which was caused
by problems in solving the projected GCAREs by care. In fewer instances such difficul-
ties could also be observed in RKSM-CARE which, however, still managed to produce
an accurate low-rank solution. Replacing care by a different GCARE solver did not
solve these issues. Compared to the results in Table 6.1, the LR-NADI-C iteration is far
behind if the Galerkin acceleration is not used. Similar to the short discussion after the
comparative experiments in Section 5.3.3 it should, on the one hand, be mentioned again
that the RKSM and EKSM type approach can be further improved by basic simplifica-
tions (solving the projected GCARE only every ks > 1 iterations) and the techniques
proposed in [166, 84]. On the other hand, recent results in [125] promise significant
improvements of the LR-NADI-C iteration by employing inexact GCALE solves of the
inner iteration as well as a clever implementation of a line-search strategy [25, 26]. For
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instance, we observed severe difficulties of the outer Newton iteration without these tech-
niques for arbitrarily chosen matrices C' in the ifiss66k example. These issues appeared
to be also independent of the employed algorithm for solving the inner GCALEs.

6.2. Nonsymmetric Algebraic Riccati Equations

In this section, we consider non-symmetric algebraic Riccati equations (NARE) of the
form

R(X)=AX + XB - XFG'X +UP" =0 (6.17)

with A € R™" B e R™ ™ F e R™" G € R, U € R"*P. P € R™*P and the sought
solution X € R™™. Applications where NAREs arise include, e.g., total least square
problems [76], fluid queue models [187], the numerical treatment of transport equations
[140, 163], the study of open loop Nash games [1], and methods to compute or refine
invariant subspaces of matrices or pencils [78, 62]. Often, the block matrix

M::{ B FGT}

-UPT A

is an M-matrix (cf. Definition 2.37). These MNAREs (Definition 2.37) were recently
subject of extensive research in both theoretical and computational aspects, see, e.g.,
[57, 55, 140, 121, 122, 120, 164, 241] and the references therein. We focus on numerical
methods for large-scale NAREs with low-rank matrices F, G, P and U, i.e., rp <
min{n,m}. For instance, NAREs arising in transport theory [140, 163] involve matrices
F, G, P, and U of low-rank. Often, the minimal, nonnegative solution X" > (
which satisfies X™") < X for all possible solutions X of (6.17) if of interest. Recall
that <, > refer to the element wise partial orderings of matrices. By Theorem 2.38, [55,
Theorem 2.9], this minimal, nonnegative solution always exists if M is a nonsingular, or
an irreducible, singular M-matrix.

The goal of this section is, without using M-matrix properties, to present a generaliza-
tion of the LR-NADI-C method (Algorithm 6.2) for large-scale NAREs which generates
a low-rank approximation Xj,. The factored alternating directions implicit iteration
(fADI) see, e.g., Section 3.3, [43] is used to deal with the involved Sylvester equations.

6.2.1. Newton Methods for NAREs
As for CAREs and DARESs, a Newton’s scheme can be applied to (6.17) which yields

X0 = x4 NGB Nk = ,(fR’X(kil))—1:}3()((11'—1))7

where R is again the Fréchet derivative of R at X. The increment N® is the solution
of the linear matrix equation

R'|xon (N®) = —R(X*7D)
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Algorithm 6.3: Newton-Kleinman method for NAREs
Input : Matrices A, B, F, G, P, U defining (6.17), initial guesses K©, H©)
stopping tolerance 0 < 7y < 1.
Output: Approximate solution X.
1 while [|[R(X®D)|| > 7y |UPT|| do
2 | F® = [U, K&V] GW =[P, HED),
3 Solve the Sylvester equation

(A— KEDGET)X® L x®(p— p gE-DTy L pO GO —  (6.19)

for X®), Set K®) 1= XM P, {0 — (X))@,

which turns out to be a Sylvester equation. The resulting iteration for £ > 1 and an
initial guess X(© e R™™ is

RXED) = UPT 4 AXED 4 XtV g x*-D paT x k-1, (6.18a)
0=(A-XEVRGHN® + NO(B - PGTXED) 4 R(X*D)  (6.18b)
X0 = x*=b 4 Ny (6.18¢)

see, e.g. [55, Listing 3.11]. It is shown in [122, 120] that if M is a nonsingular or singular
and irreducible M-Matrix, then the iteration (6.18) initialized with X® = 0 produces
a sequence of nonnegative matrices X 0 < xO < . < xmin) tha¢ converge to the
minimal nonnegative solution X ™™ The convergence is quadratic provided M is a
nonsingular M-matrix, where additional assumptions are needed when M is singular and
irreducible. In some cases, the convergence may be only linear, but there are approaches
that cure this remedy: one can either apply a shifting technique to the NARE or start
the iteration with an appropriate initial guess X [55]. For brevity we will not include
these techniques as they can be easily implemented.

Similar to the Newton-Kleinman [145] and Newton-Hewer method [126] for CAREs
and, respectively, DAREs, inserting N*) = X® — X(#=1 into (6.18b) gives a reformu-
lated Newton iteration for NAREs illustrated in Algorithm 6.3. There, we introduced the
matrices K® .= X®F ¢ R, g®) .= XK "G € R™" which might be considered
as analogue to the feedback matrices in the CARE / DARE case. The basic New-
ton iteration (6.18) and Algorithm 6.3 are mathematically equivalent if K = X©
HO = (XO)TG and produce the same results in that case.

The Sylvester equations in (6.18b) and (6.19) are defined by the same coefficient but
different right hand side matrices. It holds rank(F®(G®)T) < r 4 p in (6.19), which
will enable us to formulate a low-rank version of Algorithm 6.3 provided r + p < n, m.
Solving the Sylvester equation in each iteration step is the main computational effort
for both algorithms. Here, we employ the factored ADI iteration (Section 3.3, [43, 32])
for this purpose since this combination has already been successfully applied for CAREs
[42, 201, 135, 94] as well as DAREs [27]. For special cases of NAREs arising in transport
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Algorithm 6.4: Low-rank Newton-ADI iteration for NAREs (LR-NADI-N)
Input : Matrices A, B, F, G, U, P defining (6.17), initial guesses K, H(©),
and stopping tolerances i, Tapr < 1.
Output: 7, € C00i y, e cmxt+p)i T, ¢ CU+pix(r+2)i such that
Lrwnse L e LXYH ~ X.
1 while [|[R(X*-D)|| > TNMHUPTH do
2 Determine shifts {(x(lk)‘, R ,‘(]k)}‘, {[3£k), - ,[ﬁf,k)} wrt, A® = A - KEDET
and B®) .= B — F H*D",
3 W(k) [U (k= 1)] T(k) [P Fk=1) ] Z(k) F(k) O(k) — [ ]7 =0
a | while [ (T)H|| > 7|1, é’“)(Té“)”H do

5 j=j+1
6 Solve
(A® +BPLIVE =W (B9 +al1,) 50 = 1",
(k) (k)

for Vi, W™

7 Update low-rank factors of Sylvester residual
k k k k k) —alk k k

o || W =W 0 1 o =+ o)
9 Augment the low-rank solution factors

= 2%, v y® = [v#), 5P, T® — diag (rﬁ’“l, WL).

ji—1

w0 | KW =20y ) B =y O z0)nG.

theory, this has also been done in [241] but here we focus on the general situation and
also include the enhancements for the fADI iteration discussed in the Sections 3.3, 4.2,
and 5.4.

6.2.2. Low-Rank Newton-ADI for NAREs

Applying the fADI iteration (Algorithm 3.4) to solve the Sylvester equations (6.19) in
the Newton-Kleinman method for NAREs (Algorithm 6.3) directly yields the low-rank
Newton-ADI for NAREs (LR-NADI-N) which is illustrated in Algorithm 6.4.

In Algorithm 6.4 we use the original fADI iteration from Algorithm 3.4 which inhibits
complex arithmetic operations if some of the shifts are complex numbers and, thus,
the resulting low-rank factors Zi, ., Ik Yewe. are also complex. Provided the shift
parameters obey the conditions set in Section 4.2, Algorithm 4.4 for generating real low-
rank solution factor is also applicable here. Since the involved formulas of Algorithm 4.4
are rather long and complicated, but not crucial for this section, we keep the simpler
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but possibly complex representation given in Algorithm 6.4 as well as in the upcoming
investigations. In the appendix, a version of the LR-NADI-N method incorporating the
fADI-r iteration (Algorithm 4.4) for generating real solution factors Z;-k) e Rx(r+p)i
Y]-(k) € Rmx(r+p)i F;k) € RO+PIX(+p) a5 well as real K® | H®  can be found. This
algorithm will be used in the upcoming examples whenever complex shift parameters
occur.

In analogy to the discussion regarding the LR-NADI-C iteration (Algorithm 6.2) for
CARES, we will now consider some of the major steps of Algorithm 6.4 in more detail.

Solving the Linear Systems

The coefficient matrices of the linear systems in Line 6 will in general be dense, even if
A and B are sparse matrices. In that case A®) + /Bj(k)ln and B®) 4 a(»k)]m are given as a
sum of a sparse matrix and a low-rank update. In complete analogy to the LR-NADI-C
method, the Sherman-Morrison-Woodbury formula [111] can be used for obtaining Vj(k)
via

Wi, Vil = (A+ B9 1) 1w, KO-,
Vi = Viy + Ve (I, = P"Vie) ™ (PTVay).

The equations for generating S;k) are similar. Similar to the GCARE case, r + 2p linear

systems with the sparse coefficient matrices A + ﬂ;k)]7l7 B+ a;-k) I, have to be solved.
In certain applications, e.g. [140], the matrices A, B are given by

A=U—s" B=U—uy" (6.20a)

with diagonal matrices ¥ € R™™ ¥ € R™™ and s, t € R*, , y € R™. In this
situation, the solutions of the linear system are, by another use of the Sherman-Morrison-
Woodbury formula, given by

VI = Vs + Vie(Tpa — [, T Vi) (1, TV Vs,

- _ (6.20b)
Vs = (U + B1,) " WL Ve = (0 + 8;1,) s, K],

and similarly for S](.k). The inversions of ¥ + 3,1, and U+ a1, come basically for
free, leading to a very low computational effort for solving both the linear systems and,
consequently, also for the overall algorithm. More precisely, the complexity for solving a
linear system defined by a diagonal matrix of dimension n and r right hands sides can be
described adequately by 2nr floating point operations. Hence, the complete algorithm
will basically have a linear complexity. Tricks similar to (6.20b) have also been applied
in other methods for MNARES, see, e.g., [122, 140, 57, 172, 241]. For the case r = p = 1,
explicit and even cheaper to compute solutions of (6.20b) are proposed in [241] which
leads to a specially tailored version of Algorithm 6.4. The implementation for these
special NAREs employed here uses similar techniques for solving the linear systems.
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Implicit Updates of K" H®

The approximate low-rank solution of the Sylvester equations is generated via

J
i=1

in each inner iteration step. It is again possible to recursively update the matrices
KW H® in every inner iteration step as well:

EW = xPu = kP + v (s,

k k k —alk k

Similar to the implicit low-rank Newton-ADI method for CAREs [42, Algorithm 6], if
only K®_ H® are of interest, accumulating and storing the low-rank solution factors in
Line 9 in Algorithm 6.4 is not required which can reduce the overall storage requirements
of the LR-NADI-N method.

Stopping Criteria

As in the GCARE case we stop both the inner and outer iteration using the scaled
residual norm, cf. Line 4 of Algorithm 6.4.

The following theorem from [41] generalizes the Theorems 3.5, 3.14, 6.1 to the LR~
NADI-N method.

Theorem 6.5 (Low-rank structure of the NARE residual [41]):
The NARE residual matrix w.r.t. the solution X](k) = Z;k)Fﬁk)(Yj(k))H produced at

outer iteration step & and inner iteration step j in Algorithm 6.4 has at most rank
2r + p and is given by
RXM) =8(x ) — AKPAHI)H = L (DI, (6.22a)
where
AEW = KM — kD e v AH® = g — HED e cmr, (6.22b)
LY =" AK®) D =1, AHM) (6.22c)

with K J(k), H ](k) defined as in (6.21) and I/V].(]“), T}M are the low-rank factors of the
Sylvester residual matrix 8§(X ](M) O
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Proof. Writing out the NARE residual and including the definitions of K® H® as well
as of K;k), H;k) yields

RXM) =4xP + xWB - XxPFa"XY + UPT
=(A— K* V6N X" + x(B - P(H*)T)
+ KEDETX 4 xRt - x P peTx M
+UPT + K(k—l)(H(k—l))H o K(k—l)(H(k—l))H
=A® X P 1 X W B0 Ly (1
+ K(k—l)(H](k))H +KJ(_1€)(H(1C71))H o K](_k)(H](k))H - K(k—l)(H(k—l))H
:W](k)(T](k))IJ + [K(k—l) _ K](_k)“H](k) _ H(kﬂ)]n

from which (6.22) follows. O

Similar discussion as for the GCARE (Section 6.1) and the CASE residual matrix (Sec-
tion 3.3.2) w.r.t. a possible rank deficiency of Lgk)7 D;k) can done here [41]. The result
of the above theorem can again be equivalently proven as in [135, 52 by using a Taylor
expansion of R(X) of order two.

For using (6.11) to stop the outer iteration, the spectral norm of R(X J(»k)) can then be
computed in the same fashion as (3.45) for the Sylvester residual matrix:

k k k k k k 13
IROED) = 28 DB | = \ A (L8P L (D) D),

Some of the matrices from the computation of H«Sj(-k) | = ||I/Vj(k)(T](k))HH can be stored and

reused for forming (L;k))HL;-k)(D](-k))HD](-k)). Therefore, computing HR(X]UC))H reduces to

finding the largest eigenvalue of a matrix of size 2r + p.

Shift Parameters

Two sets {agk), o ,(xf,k')}, {[f%k), e )"(,k)} of shift parameters corresponding to the matri-
ces AR := A~ K®DGT and B® := B—F(L* D)1 are required by the fADI iteration.
In Line 2 these shifts are, in each outer iteration step, computed before the fADI itera-
tion is started. In case of an MNARE, after convergence of the method the spectra of
the matrices A®, B® will be located in the right half plane [55, Theorem 2.11.] such
that it might be reasonable to neglect or negate the occasionally computed anti-stable
eigenvalues of the projected matrices.

The self-generating V/S(u)-shift parameters and their residual norm-minimizing ver-
sion from Section 5.4.2, [39] can be easily included into LR-NADI-N by performing the
projections using the matrices A®), B®*),

An approach similar to the 3(u)-shifts for the LR-NADI-C iteration is based on
the following proposition which can be proved very easily along the lines of [21, Theo-
rem 5(c)].
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Proposition 6.6 (Generalization of [21, Theorem 5(c)]):

The error E;M =X - X](k) at the inner and outer iteration steps j and k of the
LR-NADI-N method (Algorithm 6.4) solves the residual NARE

APe® 4 e®p® _eWpaTe® + LMD = o, (6.23)

where A;-k) =A- K](-k)GT and B](k) =B — F(H](k))H. o
The m +n x m + n matrix

BW FGT
J

(k) k)i (k)
LDy ¢

is associated to (6.23). Consider the Schur form QHﬂﬁk)Q =T of H with Q¥Q = I,n1»,
and partition the Schur vectors as ¢, = H)’:] u, € C", 0; € C*for h =1...,m+n.
If Algorithm 6.4 converges, the norm of the lower left block of H™ will decrease and
in the limit (6.23) will have a trivial solution. Therefore, the norms |0, and ||yl
corresponding to the stable and, respectively, anti-stable eigenvalues of ﬂ{gk) will also
decrease towards zero. In particular, if (6.23) is a MNARE associated to a nonsingular
M-matrix, then by [55, Theorem 2.11], TH;-)C) has exactly n stable and m anti-stable
eigenvalues which are also identical to —A(Aj(.k) - E;k)F GT) and A(B](.k) - F GTEE.k)),
respectively. In case of a singular M-matrix, there will be at least one zero eigenvalue
in one of these spectra. In order to modify the approach mentioned in [21, Section 3,
Example 6-7] for GCARES, a straightforward idea is to choose the next shift ;4 as the
negative of the stable eigenvalue of H;k) whose 0y, has the largest norm. Likewise, the
shift ;41 is set to the anti-stable eigenvalue of J-C}k) with the largest norm of . Since
J{;k) is a high-dimensional matrix, this generation strategy of cv; 11, ;41 is too expensive,
and we propose to work instead with the reduced, at most u(r + p) dimensional matrix

qw._ | UEBMUs  UNFGTUL|
7 Lo —ugAPUL|

where Uy and Up are the orthogonal matrices associated to the V/S(u)-shifts. The shift
parameters obtained with this strategy will be referred to as 3(u)-shifts.

Accelerating the Outer Iteration

We have seen in the experiments w.r.t. the LR-NADI-C iteration for GCAREs that
performing a Galerkin projection onto the space spanned by the low-rank solution factor
often yields an impressive convergence boost, where the number of outer iteration steps
is reduced to one or two. This approach can also be inserted into Algorithm 6.4. For
this, assume Q(Zk) € C"Y and Qgﬁ) € C™" are orthonormal matrices for the spaces
spanned by the low-rank solution factors Z® and Y*) after the inner iteration in the
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outer iteration step k& has been stopped. We look for an approximate solution of (6.17) of

the form X, = (Zk)f( ~(Q$‘ ))H for which we impose a Galerkin condition on the residual
R(X,y), i.e., it holds X € C7*" solves the projected NARE
AX+XB—-XFG"X +UPT =0 (6.24)

defined by A := (Q7)"AQY), B = (QY)'BQY, F == (QY)'F, G = (Q%)"G,
U= (Q(Z’”'))HU7 and P := (Qgﬁ))HP. Because of the much smaller dimension of (6.24)
direct methods are applicable, e.g., the Newton methods in (6.18), Algorithm 6.3, or
the Schur vector method [55, Listing 3.5]. The latter method is susceptible to numerical
problems when (6.24) is associated to a singular M-matrix. A modified and more stable
variant of the Schur vector method proposed in [121] should be used for this situation.
With the solution X of (6.24), the next outer iteration step k + 1 of Algorithm 6.4
is initialized by Kp, = X,,5 = Q(ZIC)XF and Ly, := XgT = Q@XHC:' However, The-
orem 6.5 does not apply to the NARE residual matrix R(X,) and, thus, |R(X,,)| has
to be computed differently, e.g., by computing an approximation of the largest singular
value by a Lanczos process applied to R(X,,)7R(X,,). As before, computing the or-
thonormal bases for Z*), Y can become expensive. Hence, regarding the numerical
costs the acceleration of the outer iteration will only pay off if the effort for the orthog-
onalization of Z®), Y'(¥) is not too high. To achieve this one should keep the number of
processed inner iteration steps small, e.g., by using high quality shift parameters.

Remark 6.7:

The presented acceleration via a Galerkin projection is a straightforward generaliza-
tion of the idea in [43, Section 4], where the authors use basically the same approach
for accelerating the convergence of the fADI iteration. Hence, one could also im-
plement the Galerkin projection within the inner fADI iteration of Algorithm 6.4.
We refrain from this inner Galerkin projection because of similar reasons as given in
Remark 6.4 concerning the LR-NADI-C iteration. O

Generalized Equations
Everything discussed in this section so far can be modified to handle NARESs of the form
R(X)=UPT + AXC+ EXB - EXFGTXC =0 (6.25)

which we shall call generalized NAREs (GNARE). The matrices £ € R™" and C' €
R™ ™ are assumed to be nonsingular. In Algorithm 6.5 only the necessary changes
in the LR-NADI-N method (Algorithm 6.4) are given which can be derived easily by
following, e.g., the manipulations done in Section 3.3, [32] for generalized Sylvester
equations.

6.2.3. Numerical Experiments

We evaluate the performance of the LR-NADI-N iteration, where, similar to previous
experiments, the outer iteration is terminated when ¢® := ||R(X®)||/|UPT| < Txm
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Algorithm 6.5: Low-rank Newton-ADI iteration for GNAREs
2 Determine shifts {(xgk), NN (15,“}, {H%k), e [7’3"")} w.r.t. the matrix pairs
(A® E)and (B®, C).
» Solve (A® + P EYWE =W (B® 4 oWy s® = 170 for vV, 510,
k k k) p(k K)o k k k
o WO WO 4,5V, IO T 4 TS0, 0y - (3 4 o)

w KW = 0P () F) 1% = ety D)z,

=2}

and, likewise, the inner iteration is stopped using the criterion employed in Algorithm 6.4
with 7apr or when j,.., iteration steps have been performed. If not stated otherwise, the
initial guess X = 0 is used, i.e., K =0 and H® = 0.

We use the following examples:

mnarel: As an adaptation of [55, Example 3.18] we take

3 -1 2 -t
A _ 3 B c Rnxn7 B = 3 c Rme7
o1
| -1 1.9 |1 3
r M-1 -1
U= ermer U, = VRS eR™,  P=1
- ) 1 — - - ] — Imrs
0 -1 -1
L L 0.9
r r
F 11
F= 01 € R™*P, F=| . . |eRrr, G =1,
L L 11

with n = 30000, m = 20000, = 3, and p = 5. This example constitutes a MNARE and
we use the abbreviation mnarel.

transp: We take the setting from [140] which inherits the structure (6.20a) with

= diag (9,....6,), ¥ =diag (51,....6,)

t=x=U=P=(q,...,qu)", s=y=F=-G=1,,
1 - 1 w;
bj=—r, dj=——, = for i=1,...,n.
! Cfi(l + V) ¢ Cfl(l - I/)/ % 252 ’

There, 0 < c < 1,0 <v < 1,¢, w; are the quadrature nodes and weights corresponding
to a Gaussian quadrature on [0,1], and 15 denotes the column vector of length h with
all entries equal to one. It obviously holds » = p = 1 and the other dimension is set to
n =m = 20000. We set the other defining constants to ¢ = 0.5 and v = 0.3. The relation
(6.20b) is used to solve the occurring shifted linear systems. The obtained NARE is an
MNARE of the structure arising in transport theory [140] and therefore abbreviated as
trans.
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Table 6.4.: Setup parameters and results for the NARE examples using different shift

strategies.
Example shift strategy tenite | Tootal | Kit | I3, Jave. gkie)
heur(10,10) 5.41] 15.34] 5] 77,16 |1.44-10°2
mnarel . 1
i o V/S(1)-shift 0.12| 5.96| 5| 45,9 |1.41-10
Tapr = 1075, am = 10777, 13
i a0 H(1)-shift 0.61| 8.14| 5| 55, 11 |4.13-10
V/S(1)-resmin | 9.02| 16.60| 5| 59, 12 |2.06-10~*!
; heur(50,40) 12.86| 22.67| 3|413, 138]9.26-1071°
s 3 V/S(1)-shift 0.36| 4.24| 3| 230, 77 |5.30-10"11
Tapr = 1077, mam = 1077, ~10
o = 300 H(1)-shift 0.73| 5.49| 3| 242, 81 |2.44-10
e V/S(2)-res.min |11.06| 13.96| 3| 177, 59 |6.98-10~2°
FDMNARE heur(10,10) 10.30[148.66| 11| 408, 38 | 5.23-107°
S 00 g8 V/S(1)-shift 0.72|113.88|11] 362, 33 | 2.84-10~°
7““;100 PN H(1)-shift 6.44|207.53| 11 626, 57 | 1.78-10~°
e V/S(1)-res.min |54.63|161.03|11| 345, 32 | 3.88-10~°

FDMNARE: Similar to the examples FDM-S in Sections 4.2.3 and 5.4.3, we take two
versions of the FDM example (cf. Section 2.4). The settings for A are ng = 110,
fi =ef8 o =sin(6,&), and f3 = (€2 — £?). Likewise, the matrix B is obtained from
using ny = 90 and f; = 1005, fo = 10({1 + &), and f3 = /&) + &2, These settings are
close to the Sylvester equations used in [60, Example 1]. The matrices F, G, P, U are
random matrices with p = 5 and r = 10 columns of uniformly distributed entries. This
entirely for testing purposes constructed example will be referred to as FDMNARE.

Influence of Different Shift Generation Strategies

At first, we test the performance of LR-NADI-N for these examples when different
shift strategies for the inner fADI iteration are used. We employ the heuristic Ritz
value based shifts [162, 43], the V/S(u)-, and V/S(u)-residual norm-minimizing shifts
from Section 5.4.2, [39], as well as the H(u)-shifts introduced above. The optimiza-
tion problem for the residual norm-minimizing shift dealt with the same settings as in
Section 5.4.2, except that the active-set algorithm is used within fmincon.

Other approaches, e.g., the one proposed in [202, Algorithm 2.1] or the parsyl! routine
provided in [233] were not able to compete with those strategies. The setup parameters
as well as the results are summarized in Table 6.4. There, heur(ky, k_) refers to the
heuristic shifts [162, 43] which are generated by using ky = k% = kP and k_ = k4 = kP
Ritz and inverse Ritz values w.r.t. A® and B®). As before also the total and average
numbers, jy~ and jaye. = [j52/kic], of inner iteration steps are given.

For all examples, the LR-NADI-N algorithm is able to compute low-rank solutions of
the large-scale NAREs in a small amount of time. Apparently, as for the LR-NADI-C

! Available at http://extras.springer.com/2013/978-1-4614-5121-1.
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method for GCARESs, the progress of the outer Newton iteration is largely not effected
by the different shift generation strategies, as is it can be seen by the constant number
of required outer iteration steps kj.

For all examples, the V/S(u)-shifts lead to the smallest executions times tyora1, closely
followed by the H(u)-shifts.

For the trans example, the residual norm-minimizing shifts lead to the smallest number
of inner iterations, but due to their computationally more demanding generation, the
resulting time i, is larger. The heuristic shift approach required high numbers &k, k_
of Ritz values in this example to provide convergence of the inner iteration within jp.x
steps. Although the generation of the heuristic shifts uses (6.20b), the generation time
is larger than for the other shift approaches. We point out that for this MNARE, the
obtained low-rank approximations

X® = ZXQ)F(_?‘;) (Y_f(@)? E=1,... ks
were indeed nonnegative matrices, regardless of the used shift strategy. Hence, as for
the Newton methods (6.18) and Algorithm 6.3, the LR-NADI-N iteration produces a
sequence of nonnegative approximations. The low-rank solution factors Z](_ﬁ?)‘, I‘;@), Y]gg
alone were, however, not nonnegative. "’ ! !

The example FDMNARE appears to be the hardest one for the LR-NADI-N method
resulting in the largest number of outer iteration steps kj. The usage of an appropri-
ately chosen initial guess X could be of great value. Here, the heuristic shifts lead
to a similar progress of the inner iteration compared to the V/S(u)-shifts. The latter
ones can, however, be generated cheaper such that the computation time tia is still
smaller than for the heuristic shifts. Moreover, the optimization process for residual
norm-minimizing shifts experienced difficulties very similar to those mentioned in Sec-
tion 5.4.3. We observe that the V/S(u)- and H(u)-shifts lead in some outer iteration
steps to an oscillatory behavior of the inner Sylvester residual norm. The observation is
similar to the experiments regarding the G-fADI iterations for GCASEs in Section 5.4.3
(cf. Figure 5.5) and [32, Section 3.6]. The H(u)-shifts cannot compete with the other ap-
proach since they had difficulties to steer the inner iteration towards convergence within
Jmax steps. This was especially apparent in the early stage of the outer iteration when
the approximate solution is still too far from the real solution. Hence, the H-shifts lead
to the largest number of total inner iterations ji; as well as the highest total execution
times tyopal-

In Figure 6.1, we illustrate these issues, where the left plot shows the progress of the
scaled inner Sylvester residual norm at the outer iteration step & = 5 for all three shift
ab)cg)roaches‘ The right picture shows the number of total required inner iteration steps
Ji  against the outer iteration step k as the outer iteration proceeds.

From the given results in Table 6.4 we suggest to use the V/S(u)-shifts unless better
strategies are available. This choice appears to be a good trade-off between shift genera-
tion effort and the achieved speed of the inner iteration. As for the GCASE experiments
in Section 5.4.3, the optimization process of the residual norm-minimizing shift should
be further enhanced.
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Figure 6.1.: Problematic behavior of the inner iteration for the example FDMNARE. Left
plot: History of scaled Sylvester residual norm \\555)||/\|FGT|| of the fADI
iteration at the fifth outer iteration step. Right plot: number of required
inner iteration steps ji(tk) against outer iteration index k.
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Effect of the Galerkin Acceleration in the Outer lteration

We repeat the above examples, but employ the Galerkin acceleration after each outer
iteration step. The small, projected NARESs (6.24) are dealt with by the basic Newton-
Kleinman method (Algorithm 6.3). The settings w.r.t. stopping criteria and the shift
parameter generation are kept unchanged. The results are given in Table 6.5. It is again
remarkable that, similar to the LR-NADI-C iteration for GCARESs (Section 6.1.5, [50]),
the Galerkin projection reduces the number of required outer iteration steps down to
one or two. This leads to a reduction of the computation time compared to the results in
Table 6.4. For the example trans the already fast outer iteration is only accelerated by
one iteration step which does not yield a huge reduction of ¢, because of the numerical
costs of the required orthogonalization procedure and the extraordinarily cheap solution
of the linear systems by (6.20b). In summary, the Galerkin acceleration appears to be
a worthwhile strategy, especially when the outer Newton iteration requires several steps
before the quadratic convergence is reached, which is the case for example FDMNARE.

Comparison with Other Methods

Here we briefly compare the LR-NADI-C method (Algorithm 6.4) to two existing ap-
proaches for large-scale NAREs. The first method is the Newton type algorithm pro-
posed in [57] which is intrinsically designed for problems of the form (6.20). The second
competitive method is the structure preserving doubling algorithm given in [164], where
the implementation we gratefully received from the authors is also only applicable to
problems of the form (6.20). Hence, only the example trans can be used for a compari-
son with these two approaches. The LR-NADI-N iteration is carried out with the same
stopping criteria as before, the V/S(1)-shifts, and with the Galerkin projection.

The Newton type method by [57] led to a residual norm of 8.63- 107! after 4 iteration
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Table 6.5.: Results for the examples with Galerkin projection in each outer iteration
step. Here, the execution time spent in performing the Galerkin projection
is denoted by tgp.

Example shift strategy tap| tiotal | Kit|J5s Jave. | i)

) heur(10,10) 0.08] 1.83] 1| 11, 11 |1.44-107 12
mnares o, V/S(1)-shift 0.06] 2.00 2| 17,9 |L41.1071
Tapr = 1075, 7o = 10777, 13
P H(1)-shift 0.08/ 1.09] 1| 10, 10 |4.13-10

V/S(1)-resmin  |0.06| 5.61| 2| 21, 11 |2.06-10~1
; heur(10,10) 0.84(15.12| 2|265, 133]9.26-10~1°
s i V/S(1)-shift 0.25) 3.08] 2| 145, 73 |5.30-10"11
Tapr = 107, 7w = 1077, —10
300 H(1)-shift 0.33| 2.88| 2| 142, 71 [2.44-10

V/S(2)-resmin  [0.36| 8.61| 2| 119, 60 [6.98-1071°
FDMNARE heur(10,10) 1.36/21.84] 2| 79,40 |5.23-107°
000 10 V/S(2)-shift 0.71| 5.13| 1] 31,31 |2.84-107°
jADI;mO PN H(1)-shift 0.96| 7.60| 1| 42,42 |1.78:10°°
e V/S(1)-resmin  [0.70|19.37| 2| 56, 28 |3.88-107°

steps and approximately 256 seconds. It required around 3 GB of memory during its
runtime. For this algorithm we used the original Fortran 90 implementation provided by
the authors compiled (using gfortran-4.8.2 and the compiler options -O2, -march=native)
with netlib.org reference implementations of LAPACK95, LAPACK, and BLAS. We
expect even better results with optimized LAPACK and BLAS, especially when all
CPU Cores are exploited. However, the gain to be expected from such an optimization
is unlikely to make up for the performance gap to the LR-NADI-N iteration.

After roughly one hour of computation time, the doubling algorithm [164] did not
manage to provide an approximate solutions of the desired accuracy. The major part
of time was spent in the necessary rank truncation steps and in evaluating the inher-
ent recursive computations. It also required significantly more memory compared to
Algorithm 6.4.

Consequently, compared to the timings in Tables 6.4 and 6.5, the LR-NADI-N iteration
is clearly superior to both alternative methods for large-scale NAREs.

6.3. Conclusions

We investigated the numerical solution for large-scale GCARES and NAREs by a low-
rank Newton iteration. Motivated by similar approaches for linear matrix equations,
the core idea is to approximate the ARE solution by a factorization of very low rank.
In each step of the Newton iteration, a large Lyapunov or Sylvester equation has to
be solved, for which we employed the relevant low-rank ADI iterations from Chapter 3,
[183, 161, 162, 43]. The improvements discussed in Chapters 3-5, [38, 36, 37, 39, 32]
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were incorporated into this combination of Newton scheme and low-rank ADI iteration
which lead to improved low-rank Newton-ADI methods for AREs [42, 201, 135, 94, 49,
50, 10, 52, 41]. This allowed, for instance, to express the residual of the ARE w.r.t.
the approximate solution at any stage of the iterative process explicitly as low-rank
factorization which allows the cheap computations of its norm. Since the performance
of the low-rank ADI iteration heavily relies on the shift parameters, we adapted existing
strategies known for the inner ADI iteration [183, 43, 39], but also approaches which are
closer connected to AREs [21]. An acceleration strategy for the Newton iteration based
on a Galerkin projection [50] has also been presented and shows remarkable speedups in
the execution time at essentially no accuracy loss. With this acceleration, the proposed
low-rank Newton-ADI methods are competitive to other, existing low-rank algorithms
for AREs, e.g., [127, 211, 164]. In the NARE case the proposed low-rank Newton-ADI
iteration was able to highly outperform existing methods for large NAREs [57, 164]. As
for the the low-rank ADI iteration for GCALEs and GCASEs, although the employed
shift parameters also worked satisfactory here, there is still room for improvement. Apart
from the shift parameters, further research effort should also be put w.r.t. speeding
up the Newton iteration, e.g., by the promising techniques in [125]. Carrying over
the improvements of the G-LR-ADI iteration to the low-rank qADI iteration [238, 21],
which are specially tailored low-rank ADI type methods directly applicable to GCARES,
is currently investigated [24].

157






CHAPTER [

I—APPLICATIONS TO MODEL ORDER REDUCTION

Contents

7.1 Concepts and Goals of Model Order Reduction . . . . . . ... ... 159
7.2 Balanced Truncation Model Order Reduction . . . . .. .. ... .. 161

7.2.1  Numerical Solution of the Gramians with the Dual LR-ADI
Iteration . . .. ... oo Lo 162
7.2.2  Stopping the Dual Tteration . . .. .. ... ... ... ... 165
7.2.3  Shift Parameters for the Dual Iteration . . . . . .. ... .. 167
7.2.4  Balanced Truncation for Second Order Systems . . . . . .. 168
7.2.5 Numerical Examples . . . . .. ... ... ... ....... 170
7.3 Balanced Truncation in Limited Frequency Intervals . . . . . . . .. 172
7.3.1  Frequency-Limited Gramians . . . . . ... ... ...... 174

7.3.2  On the Eigenvalue Decay of the Frequency-Limited Gramians 176
7.3.3  Numerical Methods for Computing the Low-Rank Approxi-

mations . . ... Lo 182

7.34  Miscellaneous . . . . ... 189

7.3.5 Numerical Examples . . . . ... .. ... ... ....... 193

7.4  Conclusion and Outlook . . . . . . ... ... ... ... ... .. 200

7.1. Concepts and Goals of Model Order Reduction

Linear dynamical control systems of the form (2.5) are used in many fields of appli-
cations, e.g., for simulation and stabilization purposes. In many applications the still
increasing demand for more realistic models can lead to large system order n, i.e., the
size of z(t) and the leading coefficients A, E. For instance, (2.5) can be the result of a
spatial discretization of a partial differential equation. These large degrees of freedom
yield high computational effort for solving the differential equation in (2.5). Model order
reduction is the process of approximating the original large-scale system by a system
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having a drastically reduced state space dimension that accurately describes the dy-
namical behavior of the original full-size system. These reduced systems, called reduced
order models, enable more cost efficient simulations.

Most model order reduction approaches can be interpreted as a Petrov-Galerkin style
projection using x(t) ~ Tri(t), & € R" with » < n, and a right projection matrix
Tr € C™" whose columns span a low-dimensional subspace Tp C C". In the following,
let 2(0) = 0. The imposed Petrov-Galerkin condition [3] is

Bi(t) — Az(t) — Bu(t) L T, (7.1)

with a second low-dimensional subspace T, C C". Using a basis matrix 7, € C"*" for
T and adding the appropriately projected output equation, (7.1) leads to the reduced
order model

Ei(t) = Az(t) + Bu(t), §(t) = Ci(t), (7.2)

defined by the reduced matrices E 1= THETyp, A := TF AT € C™", B := TFB € C™™,
C = CTy € C». Since r < n, the reduced system (7.2) can be simulated with much
less computational effort. Of course, 7(t) should approximate the original output y(t)
accurately, such that the error § — y is small in an appropriate norm.

Let x(s), u(s), y(s) denote the Laplace transforms of z(t), u(t), y(t). Then y(s) =
H(s)u(s), where

H(s)=C(sE—-A)'BeC™, scC (7.3)
is the transfer function matrix of (2.5). The H,.-norm of (7.3) is given by

[ llsc = 5up OmaxH (30) = sup || H (3)]>- (74)
weR Y weR Y

If H is the transfer function matrix of (7.2) it holds [44, Section 1.2] that
15 = yll2 < |H = Hllsc.. |ull: (7.5)

such that finding a small error § — y can be recast into obtaining a small error H — H
in the H,-norm. Due to the Paley-Wiener theorem [240], (7.5) holds in time as well
as frequency domain, and || - ||o stands for the corresponding 2-induced norm w.r.t. the
function spaces for u, y. The preservation of important system properties, e.g., stability
(A(A, E) € C_), is also an often desired goal.

Different model order reduction approaches [3, 205, 44] differ in the way the subspaces
Tgr, T, or more precisely, the projection matrices Ty, T, are generated. Here, we will
exclusively consider model reduction via the balanced truncation [221, 175] framework
which is topic of the next section. There, we will investigate the usage of the G-LR-ADI
iteration for computing low-rank approximations of the involved Lyapunov equations.
We also discuss some stopping criteria adapted to the use in this model reduction context.
A modification of balanced truncation for second order systems (2.32) is also briefly
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explained. The presented balanced truncation framework is intrinsically designed to
find reduced systems that are accurate for all values of w in (7.5). In Section 7.3, a
version of balanced truncation is investigated where this goal is relaxed to w from smaller
intervals € C R,. This restricted form of BT, referred to as frequency-limited BT, will
lead to different Lyapunov equations which incorporate also matrix valued functions,
which makes computing approximate low-rank solutions more demanding. Specialized
methods for computing approximate low-rank solutions of these equations are developed
after a short investigation concerned with the eigenvalue decay of their solution.

7.2. Balanced Truncation Model Order Reduction

Balanced truncation (BT) introduced in [221, 175] has shown to be a reliable system
theoretic method for model order reduction (MOR), see, e.g., [3, 205, 44]. Consider the
generalized state space system (2.5), where E, A € R™™, F is assumed to be invertible,
and A(A, F) C C_, i.e., the system (E; A, B,C) is asymptotically stable.

The key ingredients of BT are the reachability and observability Gramians [72, 129, 3]
which are given by

P= /exp E-'A)E'BBTE Texp (E7'At) dt, (7.62)
0
ETQE:EI/GXP 1At C’Cexp( ’1At)th. (7.6b)
0

Recalling Lemma 2.25, P, Q solve

APET + EPAT = —BB7, (7.7a)
ATQE + ETQA = -C"C, (7.7b)

which we also refer to as reachability and observability GCALEs. The magnitude of the
eigenvalues of P and ETQFE constitutes a measure of how well states can be controlled
and, respectively, observed. Following this reasoning, the square roots of singular values
o, of the product of both Gramians, PETQE, represents a joint measure for controlla-
bility and observability. The o; are also called Hankel singular values of the system and
are system invariants w.r.t. state space transformations. The aim of balanced trunca-
tion [221, 175] is to identify and truncate components that are weakly controllable and
observable. This is achieved by a state space transformation via a nonsingular matrix
T € R™™ that simultaneously diagonalizes both Gramians through congruence, i.e.,

TTPT = T'ETQET " =% = diag (o4, ...,0,)

and, hence, it holds for their product T" PETQET-" = 2. In other words, the system
is brought into a balanced realization. This balanced realization allows to easily iden-
tify weakly controllable and observable state components which correspond to diagonal
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entries of X2 that are very small in magnitude. As the system is assumed to be stable
and, thus, P and ETQF are positive (semi-)definite, there exist Cholesky(-like) factor-
izations P = ZpZk and Q = ZQZCG . The balancing transformation is then easily found
by computing the singular value decomposition Z5EZp = RYLT, RTR = LTL = I,
and defining 7' := 7, pLE’%. It can be shown that the inverse of 7' can be written as
T-! = ZQRE’% provided P, ETQE > 0 which holds if (2.5) is controllable and observ-
able (cf. Definition 2.21, Lemma 2.25). The truncation is carried out by using only the
r largest singular values oy, ..., 0, and corresponding singular vectors for constructing
T and T~'. This procedure, often referred to as the square-root balanced truncation
(SRBT) method, was introduced in [221, 156]. One can show [3] that the reduced sys-
tem generating by balanced truncation is, like the original system, asymptotically stable
and that the error is bounded by

1 — Hllse, = max(| H(w) — H(w)ll2) <2 o (78)
j=r+1
without taking the multiplicities of the o; into account. The error bound (7.8) admits
to automatically determine the reduced dimension r, for instance, one could adjust r
such that

n
2 Z 0']' S TBT, (79)
j=r+1

where 0 < 7y < 1 indicates the desired accuracy of the reduced order model. For
large-scale systems with m, p < n, the Gramians are typically approximated by low-
rank factorizations P ~ ZpZb, Q =~ ZQZS with Zp € R, Zg € R™™ r, ry < n
which can be computed with suitable low-rank algorithms. In that case the GCALEs
(7.7a), (7.7b) are only solved approximately and one occasionally speaks of the low-rank
or approximate square-root balanced truncation method which is summarized in Algo-
rithm 7.1. By construction of the transformations, it always holds that £ = TIETR =1
and, moreover, LR-SRBT constitutes a Petrov-Galerkin model order reduction method.
It is important to note that both the stability preservation as well as the error bound
(7.8) are intrinsically only proven for the case when Zp, Zg are exact solution factors,
ie. ZpZL =P, ZQZg = @ solving the GCALEs in (7.6) exactly. The effects of using in-
exact Gramians in balanced truncation have been investigated in, e.g., [119, 3, 118, 237],
but to the author’s knowledge, precise ramifications of this inexactness are still not well
understood.

The next section is concerned with the computation of Zp, Zy by a variant of the
G-LR-ADI iteration.

7.2.1. Numerical Solution of the Gramians with the Dual LR-ADI
Iteration

Obviously, the G-LR-ADI iteration can be readily applied to solve (7.7a) and (7.7b) in
two separate runs. However, one can also establish a variant for a simultaneous solution,
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Algorithm 7.1: Square root balanced truncation for generalized state-space sys-
tems using low-rank factors (LR-SRBT)
Input : System matrices E, A, B, C' defining the dynamical system (2.5),
truncation tolerance egp
Output: Matrices E, /NL B, C of reduced system
1 Compute low-rank solution factors Zp, Zg of the solutions of (7.7) such that
P=ZpZE Q=~ ZQZg.
2 Compute and partition a (thin) singular value decomposition

¥ 0

RELT = [Rl RQ] 0 s,

} [Ll LJT — Z5EZp, (7.10)

where ¥; contains the largest (approximate) Hankel singular values.
3 Construct transformation matrices T and T},

TR = ZleEl_f, TL = ZQRlEI_? (711)

4 Generate reduced order model

E:=TI'ETs, A:=TFATgy, B:=T'B, C:=CTp. (7.12)

motivated by the adjoint nature of both GCALEs (7.7). In the following, the subscripts
p and g denote quantities that belong to the iteration for P and, respectively, (). Recall
that for the reachability GCALEs (7.7a), the G-LR-ADI iteration proceeds as

Vpj = (A+a;E) B Wpj-1, (7.13)
WP,]' = vajfl —2Re (aj) E“/p,j7 (714)
Zpj=[Zpj-1, \/—2Re (o) Vp,], (7.15)
where Wpj := B. If we now use the same shifts a, ..., o for the observability GCALE

(7.7b), then this translates to

-1
Vo, = (AT + @jET> Wa,i-1: (7.16a)
I/VQ‘]' = WQﬁjfl —2Re (Ozj) E‘T‘/Q‘]'7 (716b)

ZQ‘]' = [ZQJ,], 1/—2 Re (aj)VQ,j] (716C)

with Wgo = CT. As before, we assume that the set of shifts is proper, such that
a complex shift is followed by its complex conjugate. In that case, interchanging o;

163



7. Applications to Model Order Reduction

Algorithm 7.2: The dual G-LR-ADI iteration [33]

Input : System matrices E, A, B, C defining (7.7), shift parameters
{ov,..., 0.} CC_, and tolerance 0 < 7 < 1
Output: Zp = Zpj,,.. € R™Mimax 74 = Z, . € RPImax guch that
ZPZ}: ~ P, ZQZ% ~ Q
Wp‘g:B, WQT():CT ZP,O:ZQ,():[L J:1
while [[(Wp;1)"Wpi|| = 7| BB or [|(Wg,i-1)"Wo -l = 7 |CCT|| do
3 Solve

[

(A + CY]'E)VP_]' = VVPJ',L, (A + a]‘E)HVQJ = WQ,j—l (717)

for Vpﬁj, VQ‘]"

4 if Im (a]) =0 then
5 Wy, Wl = Wej1, Wo,a] —2Re (o)) [EVe;, ETVg,l.
6 Zpj=[Zpj-1, /20;Vegl, Zgy=[Zg -1, / 203Vl
7 j=j+1.
8 else
Re(a
9 7]-:2‘/—Re (CYJ), 5]: Im%aj;‘
10 (W1, Woj41] =

(Wrj—1, Woj—1]+7} (Re ([EVrj, ETVo,l) +0;Im ([EVp;, *ETVQ,J']))-
11 Zpyjq,l = [Zp,j,l, 'yj(Re (Vp,j) +5]' Im (Vp,j) ), ’7]'1 / (612 + 1) -Im (Vp_j) ]
12 ZQ‘]'+1 = [ZQ,jfh ’Yj(Re (VQJ) _6j Im (VQ_J') ), Yiv/ (53 + 1) -Im (VQJ) ]

13 j=J+2

and @; in the iteration (7.16) yields (A" + a5 ET) = (A+ ajE)fH. The relations for
Vejr1: Wejst, Vg, Woj+1 wr.t. a pair of complex conjugated shifts can be easily
deduced from (4.8b). The resulting dual G-LR-ADI iteration for simultaneously solving
both GCALEs (7.7) is illustrated in Algorithm 7.2. As for a single GCALE, the most
expensive step is the solution of the linear systems of equations in Line 3. Since the
linear systems are adjoint to each other one can, similar to the fADI iteration (3.48)
for cross-Gramian equations (3.47), compute a LU factorization of (A + o;E) = L;U;
in the P-iteration and reuse it in the Q-iteration via (A + oy E)¥ = UFLF ie., Vp; =
Uj’l(Lj’le,j,l), 0 = L;H(UJ’HWQJ,l). As we have seen in Section 3.3.4, solving
both linear system separately, e.g., by the MATLAB backslash, can be faster than
computing and storing the triangular LU factors. Again, which way is faster appears to
be highly dependent on the problem and the computing environment. In the case of a
separate solution there is no necessity to use the same set of shift parameters for both
the P- and Q-iteration, although generating a single set might save some computations.

For symmetric matrices A = AT and £ = ET, both iterates can be obtained by solving
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one single linear system with an augmented right hand side:
Ve, Voul = (A+a;B) " [Wpyo1, Wog-1l.

This is the same as the situation in the fADI iteration (3.50) for GCALEs with unsym-
metric inhomogeneities. As reported in Section 3.3.4, this will indeed be faster than
solving for Vp;, Vi ; separately. Obviously, the associated Algorithm 4.6 can be readily
applied here with F' = B, G = —C. The low-rank solution factors for P and @) are given
by the computed factors Z and Y. Hence, after the same number of steps, Algorithm 4.6
and Algorithm 7.2 construct identical results in this case.

Remark 7.1:

For the case E = I,, a conceptually very different approach that tries to deal with
both CALEs in (7.7) at the same time is proposed in [243]. The approximate im-
plicit subspace iteration with alternating directions (AISIAD) successively computes
dominant, invariant subspaces of P and @ and uses the subspace for P to reduce
the amount of computations in the next step for ) and vice versa. In each itera-
tion step of AISIAD, the key ingredient is to transform the two CALEs in (7.7) into
specially structured Sylvester equations. These can then solved efficiently by Arnoldi
type methods or specialized algorithms for CASEs [215, 30]. For (7.7a), the CASE to
be solved at step k& > 1 is of the form

AP+ BAg+ My =0, Py, M, € RV, A, € P,

Since the dimension of A;, € R¥* increases with k in the course of AISIAD, this ap-
proach is likely to be numerically more expensive compared to our LR-SRBT approach
employing the dual G-LR-ADI iteration. ¢

7.2.2. Stopping the Dual Iteration

As we discussed in the previous chapters, the G-LR-ADI iteration can be terminated
once the norm of the scaled Lyapunov residual is smaller than some tolerance. For
the dual G-LR-ADI iteration, where we have to monitor two residuals £pj, Lg; for
(7.7a),(7.7b), this gives a termination criterion

1£pill = IWEWrill < 7| BBl A [1£q,ll = WG ;Waull < 7| CCTII - (7.18)

which is already included in Algorithm 7.2.

In [33, 37], some arguments against this residual based stopping in the context of BT
are given. The residual of the GCALEs is often not directly related to the accuracy of
the reduced order model that we are actually interested in the model order reduction.
On the one hand, one frequently observes very good reduced order model accuracies
even when the G-LR-ADI iteration does not converge at all. On the other hand, there
are examples where one of the ADI iterations converges much faster than the other one.
Since the dimension of the reduced order model is at most as large as the smaller of the
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two column dimensions of Zp and Zg, this can limit the accuracy of the reduced order
model and prevent us from fulfilling prescribed error bounds. Therefore, we discuss
alternative stopping criteria ideas next that try to overcome these issues in balanced
truncation model order reduction when the dual G-LR-ADI iteration, but also any other
dual Lyapunov solver, is employed to solve (7.7).

Goal-Oriented Stopping via the Approximate Hankel Singular Values

The actual properties of interest in the (LR)-SRBT method are the Hankel singular
values of the original system. To be precise, we want to capture the leading Hankel
singular values as accurate as possible since these describe the dominant dynamics of
the system and thus need to be reflected in the reduced order model. The two solution
factors Zp, Zg can be employed to compute (7.10) during the dual iteration for (7.7).
In the following, superscripts ) denote quantities of the SVD (7.10) at iteration step j
of Algorithm 7.2. Hence, at step j we have j - min(m, p) nonzero approximate Hankel
singular values. We will consider two stopping criteria based on these values.

At first, let us assume we are searching for a reduced order model of a fixed dimension
r € N. Following [33, 37], we monitor the change of the leading r singular values in
25” € R™". Once these singular values stagnate we have matched the corresponding
subsystem and, thus, get a good reduced order model evaluating (7.12). This way we find
a reliable criterion when to stop the iteration in contrast to the Lyapunov residuals that
may not tell us anything about the approximation. In finite arithmetic it is sufficient to
drive the relative change of the leading Hankel singular values below a certain tolerance.
Here, relative is to be understood as relative to the largest singular value. This suggests
a termination criterion of the form

Ao = o) — agj’])Hm/Ug” < 1, 0<7, <1, (7.19)
where o) := (UY ), ces o >)T. We can use a start-up phase in which we do not evaluate

the stopping criterion at all. This phase is pre-determinated by the size of the matrices
B and C. The dual G-LR-ADI iteration should at least be running as long as Zp and
Zg do not have a minimum of r linearly independent columns each. Moreover, after the
start-up phase one can also evaluate this measure only every couple of steps, e.g., every
5th-step, of the dual G-LR-ADI iteration.

An alternative but similar approach which does not depend on a pre-specified reduced
order r is motivated by the theoretical error bound (7.8). We can also monitor the
relative change in the sum of all j - min(m, p) computed nonzero singular values. Let
ol = (09), oW )T such that the stopping criterion becomes

*0 Y j-min(m, p)

Mo = |lo P = | oDl < 7, 0= (0 0, ) (7:20)

© Y j-min(m, p)

If the change in ||o||; is only marginal, we may stop the iteration since the largest HSVs
are found and the smallest ones will be neglected in the truncation step anyway. Notice
that [|o? ||y is also the Ky-Fan and Schatten-1 norm [131] of the matrix G; = Z% ;EZp;.
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The quantitative analysis of the convergence of the Hankel singular values is still
under investigation [118]. In [33], some basic qualitative ideas to motivate the stopping
criteria (7.19),(7.20) above can be found. From a practical point of view it is obvious that
the criteria are reasonable quantities to look at if the Hankel singular values converge.
Unfortunately, as we will see later, both criteria (7.19) and (7.20) often show an irregular
behavior in practice as the dual G-LR-ADI iteration proceeds. It may happen that these
criteria might terminate the dual G-LR-ADI iteration too early which can destroy the
stability preservation of BT [3] due to utilizing crude low-rank approximations of P, Q.
Some of the upcoming numerical experiments indeed show such effects.

The tolerance 7, can in both cases be related to the desired accuracy pr. Since only
approximate singular values are used in (7.19), (7.20) one should use 7, < Tgr.

Implementational Aspects

The stopping criteria above require in each step of Algorithm 7.2 the computation of
a thin SVD of the matrix G; = ZgﬁjEZpJ which can become more expensive than
computing the norms of the GCALE residuals. Here, we mention some basic strategies
to make this step less costly. The matrix G; does not need to be computed completely
from scratch since it can be accumulated efficiently, assuming that the shift o is real,
via

e G azZh v
Cs = ZasB2rs YWVai) ' EZpj V*(Voi) EVr;|’

where v := /—2q;. In the complex case this augmentation can be carried out similarly
by adding 2p rows and 2m columns w.r.t. the the double step. Since G; is obtained by
adding new columns v(Zg ;—1)" EVp; and new rows [v(Vo ;) EZp;—1, v*(Vo;)TEVp,)
to Gj_1, updating strategies for the SVD [115, 61] can be employed to reduce the cost
for computing the SVD of GG;. There, however, either new rows or columns are added to
a matrix with an already known SVD but not both as it is the situation here, such that
the proposed updating strategies in [115, 61] have to be applied consecutively, e.g, once
for the new rows and afterwards for the new columns. For most of our examples, the
encountered SVDs are comparably small and only minor savings are expected from these
ideas such that we do not pursue them further. Once the dual G-LR-ADI terminates
using the stopping criterion (7.19) or (7.20), the SVD of G; can be reused for the
construction of Ty, Tg in (7.11). Further savings can be made if Zp; = Zg; which is
the case when A and E are symmetric and B = +C7.

7.2.3. Shift Parameters for the Dual Iteration

We briefly discuss the adaptation of the shift parameters generation strategies from
Chapter 5 to Algorithm 7.2. The a-priori computed Wachspress or heuristic shift pa-
rameters from Section 5.2 can be used right away since these are typically generated
from Ritz values w.r.t. (A, E) resulting in a single set of shift parameters. Regarding
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the self-generating V (u)-shifts from Section 5.3.1, we propose to merge the Ritz values
obtained from applying this approach to both the P- and Q-iteration. For the latter one
it holds, similarly to (6.12a), by Corollary 4.6 that AT Zg ; = W ;Gpp, + ET Zg i Bapir
with Bapr, constructed as Bapr, w.r.t. the conjugated set of shift parameters. Hence,
(5.3) can be used twice to obtain the restrictions of A and AT without additional matrix
vector products. This will yield a set of cardinality up to (u + 1)(m + p) from which a
smaller number, e.g., max (p, m), is chosen using the heuristic shift approach.

For the residual minimizing extension of the V'(u)-shifts, we might look for the single
shift o1 that simultaneously minimizes both GCALE residual norms. This can be
easily achieved by considering, e.g., the joint objective function

1
£, €)= 5 (184, Bea) W2 + |64, B 0) Wo, ). (7.21)

The gradient and Hessian of (7.21) are basically obtained by adding gradient and Hessian
of the two objective functions (5.4) w.r.t. Wp; and Wy ;. The other techniques discussed
in Section 5.3.2 are applied here as well in a straightforward manner.

It should be mentioned that it is indeed possible that the so obtained residual norm-
minimizing shifts lead to a slower convergence compared to using (5.4) separately for
the P- and Q-iteration, i.e., working with different shifts for both GCALEs. However,
in our numerical tests only minor differences were observed and using the single shift
approach with (7.21) paid off due to a cheaper generation effort.

7.2.4. Balanced Truncation for Second Order Systems

By rewriting a second order system (2.32) into an equivalent generalized first order
system (2.5) defined by, e.g., (2.33a) or (2.33a), LR-SRBT can be readily applied. The
low-rank factors Zp, Zg of the Gramians can be computed by the SO-LR-ADI iteration
(Algorithm 3.3) which is especially tailored for this purpose. The reduced system (7.2)
will, however, no longer have the second order structure of the original system (2.32).
Hence, the reduced states no longer have physical interpretations which is, e.g., especially
important in elastic multibody systems [157, 92, 91, 178] or certain electrical systems
[239]. These applications demand the preservation of the second order form. Several
structure preserving variants of BT have been developed for this purpose [65, 239, 189,
51, 53, 178, 31, 37] and are often referred to under the name second order BT.

The main idea is to partition the Gramians P and @ accordingly to the structure
present in the equivalent generalized first order system:

Qp Q1,2
T,Z Qv '

Pp Pl,g

P=
pl, P

',‘Q:

where P,, Q, € R and P,, Q, € R"*" are called position, velocity reachability and
observability Gramians, respectively.

We will restrict in the following to symmetric second order systems, i.e., M, D, K = 0
symmetric and By = :I:Cg,, Cy =0or By = £CT, C, = 0. This class is especially
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present in the applications [157, 92, 91, 178, 239] mentioned above. Symmetric second
order systems can be transformed into an equivalent symmetric first order system with
E =E" A= AT and B = +£C7 such that P = Q, see, e.g., [37]. Consequently, it
is enough to consider only P, and P, [178, 37], or respectively low-rank factorizations
P, ~ Z,ZT and P, ~ Z,ZT. Following the approach in [189], one can choose between

p
four possible SVDs

Z; A[sz :Xx1><zEX1><2YXT1XZ
DI 0 (7.22)
:[XX1X2,1=XX1X22] Xbxz, » [YX1X2>17YX1X2,2]T7
X1X2,2

where the subscripts x1, x2 € {p, v} denote whether the position or velocity blocks of
P are used. Similar to the first order case, the X,,,,1 € R™" block contains the largest
singular values. Depending on the choice of xi, x2, they are referred to as position-
position (PP) if x; = x2 = p, velocity-velocity (VV) if x1 = x2 = v, velocity-position
(VP) if x1 = v, x2 = p, and position-velocity (PV) singular-values if x; = p, x2 = v.
This yields four different pairs of matrices which perform the reduction:
1
TR:XIXQ = Z YXle 12)(1)(21 TL,Xle = szXchzJE 5

X1x2,1°

(7.23)

Hence, second order BT can be carried out in four variants which yields four different
possible reduced order models in second order form:

A[X1X2 ( ) + DX1X2 ( ) + KX1X2 (t) = BXlxzu(t)
§(t) = CF,1(t) + O, 2(8),

with

] T y D _ T
ijn(z i TL Xlxzj\/[TR X1X27 DX1X2 i TL XlXZDTR X1X27

Ky = TE K Thpe €RT, By, = TE B eR™™, (7.24)
e = B TRy C;IXQ =BT TR,XIX2 e R™",

It can easily be shown that the reduced mass matrices ]UXlX2 are always equal to the
identity. The reduced position and velocity output matrices C%, ., C; 1xe are only built if
they exist in the original model. The preservation of the second order structure comes at
the price of the absence of the guaranteed stability preservation of BT (if exact Gramians
are used). Hence, second order BT does not provide an error bound like (7.8). As an
alternative one can monitor the ratio of the entries in X and determine the reduced

dimension once

X1X2

o
JX1X2 S TBT (725)
T1x1x2

is fulfilled [201]. There is no theoretical result describing which variant of second order
balanced truncation will lead to the most accurate reduced order models. One advantage
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of the position-position and velocity-velocity approaches is that they preserve stability
[178, 37] and also the symmetry of the system, i.e., all reduced coefficient matrices remain
symmetric, positive definite, and the reduced input matrix is still the transpose of the
reduced (position or velocity) output matrix. The velocity-position and position-velocity
reduced order models are adjoint to each other. Hence, they show the same frequency
response plot in the spectral or Frobenius norm [178].

The goal-oriented stopping criteria mentioned before can by directly carried over to
second order BT and the SO-LR-ADI iteration by simply using the relevant singular
values in ,,,, see [37].

7.2.5. Numerical Examples

Here, we evaluate the execution of LR-SRBT (Algorithm 7.1) by means of low-rank
solution factors computed by the (dual) G-LR-ADI iteration (Algorithms 4.1, 7.2) using
a few numerical studies. We consider the test examples ifiss66k, bips and chain. The
matrices B, C for the ifiss66k example consist of m, p = 5 columns and rows with random
entries. For bips the SLRCF-ADI iteration [98] (cf. Section 3.2.5) and the corresponding
adapted version of BT is used. The chain example is a symmetric second order system
such that the SO-LR-ADI iteration (Algorithm 3.3) is used and the reduction is carried
out to first as well as second order form.

At first, we briefly compare to solution of the GCALEs for both Gramians (7.7)
by two separate runs of the G-LR-ADI iteration and by the dual G-LR-ADI iteration
(Algorithm 7.2) for the examples ifiss66k and bips. The residual norm-minimizing
shift approach from Section 5.3.2 is employed as well as the modification using (7.21)
for the dual iteration. We do not reuse the LU factorizations because this did not led
any performance gains. The history of the normalized residual norm of the P- and
Q@-iteration by both approaches is plotted in Figure 7.1. For the ifiss66k example the
dual iteration requires slightly fewer iteration steps and a smaller computation time of
164.1 seconds compared to 170 seconds for the separate iterations. The result for the
bips example are similar: the dual G-LR-ADI iteration required with 21.8 seconds less
time than the separate approach which took 27.4 seconds. Using the joint objective
function (7.21) to obtain shift parameters appears to work satisfactorily for the dual
iteration. Figure 7.1 also shows the progress of the goal oriented stopping quantity Ao
from (7.20) during the dual G-LR-ADI iteration. Apparently, Ajo leads to an earlier
termination of the iteration but its highly oscillatory behavior makes it somewhat less
reliable as anticipated. The criterion (7.19) showed similar oscillations which is in line
with the observations reported in [33, 37].

Now, we carry out LR-SRBT (Algorithm 7.1) on the basis of the low-rank factors
obtained after the residual norm related termination using (7.18) and via the goal-
oriented stopping with (7.20). The dimension of the reduced order model was determined
adaptively using (7.9) with 751 = 107>, As error measurement we compute the transfer
function matrices H(s) and H(s) of original and reduced systems and consider the
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Figure 7.1.: History of the residual norms within single and dual G-LR-ADI iteration as
well as Ayo for the ifiss66k (left) and bips (right) test systems.

absolute and relative errors
e (w) == [|H(w) — H(w)ll2, € (w) := E™*(w) /| H (jw)l|2 (7.26)

for values w € Q = [wi, we] C Ry from a prescribed interval. Table 7.1 gives the
used interval 2 and stopping tolerances 7, 7,, the number of dual G-LR-ADI iteration
steps j&, jff? the final obtained residual norms ai, Ec.i w.r.t. both Gramians, the total
consumed execution time tap; of the dual G-LR-ADI iteration, the obtained reduced
order r, the largest values of the relative errors (7.26) in €, as well as the value of
theoretical error bound (7.8). In the last column we also indicate if the generated
reduced order model is stable. The error bound, absolute and relative errors €25 and
&l of the ifiss66k and bips examples are illustrated in Figure 7.2.

Evidently, using the goal-oriented stopping approach (7.20) leads to fewer total it-

eration steps and smaller G-LR-ADI execution times t5py, but also to larger residual
P _Q

norms ¢, €5 and the generated reduced order models are also less accurate judging
by the values of €™ . For the examples ifiss66k and chain, this earlier termination

of the dual G-LR-ADI iteration has drastic consequences because of the generation of
unstable reduced order models. This could also be observed for the residual based stop-
ping with larger values of 7, which suggests that a minimum accuracy of the Gramian
approximations might be required in order to preserve stability. Recall that in case of an
unstable reduced order model, the error bound (7.8) looses its meaning. Hence, the cri-
teria (7.19),(7.20) based on the approximate Hankel singular values should be employed
with care.

It is also important to note that for the examples ifiss, chain a violation of the theo-
retical error bound (7.8) can be observed in some case. As remarked earlier, we suspect
that this is caused by the usage of approximate GCALE solutions since (7.8) only holds
when exact solutions are used.

For the symmetric second order system chain, we additionally apply the second order

171



7. Applications to Model Order Reduction

Table 7.1.: Results for the examples regarding Gramian approximation and model re-

duction.
‘Examplc ‘stop ji{’, ji? ‘eﬁt, eﬁ ‘ tADI‘ r‘Eff,’gx ‘bound ‘(C,?‘
ifiss6Ok e =10710191, 91 [6.8:107'2, 7.6-107'2{164.1|339]1.1-10-19|7.5.1076 |1
Q=[10"1,10% |7, =107 |60, 60 |6.3-10~7, 5.1.10~7 |110.7]282|1.4-1075 |3.3.1076 |0
bips e =107% |86, 143]7.6:107%, 9.7-107° | 21.9]159]2.7-10~°> |8.4-1076 |1
Q=[10"1,10%] |7, =107 |85, 85 |1.6-10~7, 3.5:1072 | 16.7|157|2.6:1075 |8.2.106 |1
chain e = 10710192 6.7-10~11 22.7/6442.1-10~7 [4.6:1076 |1
Q=[107%,10%] |7, =108 |105 8.6:1070 16.4|433|4.8-107° [3.0-107 |0
chain stop type G tapr| &, |C_?
Q=[1073,107] pp 1.3.10711
reduction to second order form with |Tc=10710|vv 192]9.6:10710122.9/9.5.107|1
r =300 vp 3.2.107%|1
D 87(3.2.107* [12.5]2.0-1072|1
To=10"8 |vv 12312.9-1077 |21.6]9.5-107%|1
vp 123]2.9-1077 |21.7|2.0-1072|1

BT variants but fix the reduced dimension to r = 300 which roughly corresponds to
the half of the dimension of the reduced system obtained by BT to first order form.
The obtained reduced order models in second order form are, however, less accurate
than the reduced systems in first order form. The results from using the goal-oriented
stopping criteria lead to reduced systems of comparable accuracy at an reduced amount
of G-LR-ADI iteration steps. Because of the required SVD computations, no significant
time savings are gained despite the smaller numbers of iteration steps compared to the
residual based stopping. Other goal-oriented stopping ideas, e.g., based on (7.25), led
to similar reduction results.

To conclude this section, the G-LR-ADI iteration can be used right away to construct
low-rank solution factors of the Gramians (7.6). This can be done simultaneously by
the dual G-LR-ADI iteration. The proposed goal-oriented stopping criteria lead to an
earlier termination of the iteration at the price of less accurate reduced order models
which are occasionally also unstable. Hence, further research effort should be put to deal
with these disadvantages. For instance, taking also the singular vectors of the matrix
G into account might give more reliable criteria.

7.3. Balanced Truncation in Limited Frequency Intervals

By looking at the error bound (7.8), the above balanced truncation framework aims at
generating reduced order models that are accurate for all values w € R, which, from an
application oriented view, are typically considered as frequencies. In several applications,
however, the underlying physical or technical system operates only in a small frequency
interval [wy, ws] of interest. Restricting the BT procedure to this frequency interval
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Figure 7.2.: Absolute and relative errors w.r.t. the transfer function matrix for the
ifiss60k (left) and bips (right) test systems.

establishes frequency-limited balanced truncation (FLBT) which was proposed in [107].
One motivation for FLBT is that, compared to ordinary, unrestricted BT, by restricting
to a small interval [w;, ws], we hope to obtain higher accuracies with reduced order
models of the same dimension, or to achieve a comparable accuracy with smaller reduced
order models inside the interval, while allowing for larger errors outside.

The main purpose of this section is to provide a numerical efficient framework for car-
rying out FLBT for high-dimensional systems. For the ease of representation we restrict
to standard state-space systems (E = I,,, 4, B,C) = (A, B,C) in the main part of this
section. The general situation £ # I, is elaborated on later. We start by reviewing the
concept of frequency-limited Gramians and show how to formulate a procedure similar
to the square root approach in Algorithm 7.1 for balanced truncation without frequency
limitations. In Section 7.3.2, we investigate the eigenvalue decay of the frequency-limited
Gramians. For the occurring CALEs, we will, as in the unlimited case, employ low-rank
approximations of the solutions. It turns out that frequency-limited balanced trunca-
tion involves, in addition to solving these CALEs, evaluating a nonlinear matrix valued
function whose efficient numerical treatment is topic of Section 7.3.3. We will show that
it is possible to deal efficiently with both the matrix valued function and the CALEs in
a single algorithm using extended or rational Krylov subspaces with appropriate shifts.
Generalized LTT systems (2.5) and some comments on further modifications and vari-
ations of balanced truncation with restrictions are given in Section 7.3.4. Numerical
experiments in Section 7.3.5 illustrate the performance of our approaches with respect
to the accuracy of the constructed reduced systems and the computational efficiency
regarding the GCALE solution.

Remark 7.2:

The techniques discussed prior in Section 7.2, i.e., the simultaneous solution of both
occurring matrix equations, the goal-oriented stopping criteria, and structure exploit-
ing variants for second order systems, can be modified easily for the use in FLBT and
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are, hence, omitted for the sake of brevity. O

7.3.1. Frequency-Limited Gramians

By employing the Fourier transformation, the Gramians (7.6) of (A4, B,C') can be rep-
resented in the frequency domain as

Py [vwssY Q= o- [womrcTceme @

with the resolvent W(jv) := (yjul—A)~!. Restricting the integration limits in the integrals
(7.27) to certain (unions of) intervals 2 C R, gives the frequency-limited Gramians P,

QQ‘

Definition 7.3 (Frequency-limited Gramians [107]):

For the system (A, B, C'), the frequency-limited reachability and observability Grami-
ans w.r.t. 2 C R are defined by

Po= 5 [ WO BE U@, Qo= 5 [wonTCTORGan (129
Q

Since the system (A, B, C') is defined by real matrices, the considered frequency region
should be symmetric w.r.t. zero: 2 = —(Q, for instance, in the form

Q= [~wa, —wi] U [wy,wa], 0<w; <wy < o0. (7.29)

The following Theorems 7.4-7.5 give important representations of Po, Qq and their
proofs can be found in, e.g., [107, Section 4] and [186, Section 3.1].

Theorem 7.4 (CALEs for the frequency-limited Gramians [107, 186]):

Consider the system (A4, B,C) and a frequency region @ C R, Q = —Q. Then the
frequency limited Gramians Py and Qq are given in the following equivalent ways:

1. Using the ordinary reachability and observability Gramians P and @ from (7.6),
it holds that

Po=FoP+PFy, Qo=FiQ+QF, (7.30)

with

1
*2—/ (yv)dw. (7.31)
Q
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7.3. Balanced Truncation in Limited Frequency Intervals

2. Ome can express Py, Qq as the solutions of the frequency-limited reachability
and observability CALEs

APq + PoAT + FoBBT + BBTFE =0, (7.32a)

ATQq 4 QuA + FECTC + CTCOF, = 0. (7.32b)

The eigenvalues of the product PoQq are, similar to the case Q = R, called frequency-
limited Hankel singular values. The next theorem establishes that the matrix Fy, is real
and can also be represented via the matrix-valued natural logarithm.

Theorem 7.5 (Expression of Fq [107, 186]):
The matrix-valued integral (7.31) can, for Q as in (7.29), be expressed via

Fo = %Re /\IJ(]V)dV (7.33a)
= Re (% In ((A+ gunl,) A+ ]wzln))> = Re (% In (G(A,]wl,]m))) ,

(7.33b)

where C(A, p, v) = (A+ pl,) Y (A + vi,) denotes a Cayley transformation of A

(cf. Definition 2.15) and In(M) is the principal branch of the matrix valued natural

logarithm of M with A(M)NR_ = 0. O
For frequency regions of the form Q = [~w, w], it can be shown that (7.33b) simplifies
to

Fo = Re (% In(—A —]wI,,L)> .

Moreover, the above Theorems 7.4 and 7.5 can be generalized to multiple, concatenated
segments in the frequency domain

k
0= U[*UJ% —wai1| U [wai1, wo] with 0 <wy <wsy < ... < wy < 00,

i=1

where the matrix-valued logarithm of a product of k& Cayley transformations occurs,
see [186, Corollary 3.1]. For simplification and brevity, we mainly focus on frequency
restrictions of the form (7.29) in the remainder.

Computing Fy involves the evaluation of a function f(.) in A with f(z) = In ziﬁf,
i.e., the logarithm of a Cayley transformation. For matrices of large dimensions, this ap-
pears to be a very formidable and expensive task. Some strategies that make an efficient
treatment of I, possible are proposed in Section 7.3.3. There, the numerical approxima-
tion of the frequency-limited Gramians by means of low-rank solutions Py ~ Zp,ZF,
Qo =~ Zg, Zgn is also investigated. The eigenvalue decay of Py, Qq and, consequently,
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how well they can be approximated by such low-rank solutions is considered in the next
section. With the low-rank solution factors Zp,, Zg,, FLBT can be carried out in a
similar way as Algorithm 7.1 by substituting the CALEs (7.6) for the infinite Gramians
by the frequency-limited CALEs (7.32) in Line 1 and using Zp,, Zg,, in the remaining
steps. In contrast to BT without frequency restrictions, FLBT is not guaranteed to
preserve the stability of the original system and also no error bound like (7.8) can be
given. We briefly come back to this issue in Section 7.3.4.

7.3.2. On the Eigenvalue Decay of the Frequency-Limited Gramians

We expect that the frequency-limited Gramians Py, Qq in (7.32) can be well approxi-
mated by low-rank solutions because their inhomogeneities are of low rank 2m, 2p < n.
Comparing the infinite CALEs (7.6) with the frequency-limited ones (7.32), these inho-
mogeneities are the only differences in (7.46). Recalling the theory on the existence of
low-rank solutions of matrix equations [184, 4, 113, 222], the rank of the inhomogeneity
of a matrix equation is an influential factor on the numerical rank of the solution. The
rank of the inhomogeneities in (7.32) is twice as large as the rank of the inhomogeneities
BBT and CTC of the CALEs (7.6) for the infinite Gramians. Thus, one is, e.g., by
reviewing Corollary 2.41, tempted to expect that the numerical ranks of Py, Qq are
larger than the numerical ranks of P, (). Observations in practice, however, often show
the exact opposite phenomenon, i.e., Py, Qq have smaller numerical ranks than P, Q.

On the one hand, this seems to be counterintuitive as the coefficient matrices in
both (7.6) and (7.32) are identical. On the other hand, comparing (7.27) and (7.28), it
appears intuitively clear that Py, QQq have smaller numerical ranks since the integration
range is smaller such that less information enters the integrals. A general approach
for investigating the numerical rank of solutions of matrix equations is to look at the
eigenvalue decay of the solutions. As for the unlimited Gramians, however, obtaining a
general analytic prediction on the exact eigenvalue decay is difficult. Motivated by the
approaches used in [4, 222] (cf. Section 2.3.3), we try to bound the eigenvalues of P
and Py in the following. To this end, we restrict to the infinite and frequency-limited
reachability Gramians P, Py in the SISO case, i.e., B = b € R". The observability
Gramians can be dealt with similarly and generalizations to the MIMO case can be
drawn from, e.g, [4]. We introduce the notation /ﬁ which refers to the j-th largest
element in magnitude of a complex set {p;} C C, 7 > 1, i.e., the y;’s are assumed to be
ordered like |p1] > ... > |pn|. The next lemma provides useful factorizations of P and
Py.

Lemma 7.6 (Factorization of P and Pg):

Let Ain (7.6) and (7.32a) be diagonalizable, i.e., there exists a nonsingular matrix X €
C™ " such that A = XAX ! with A = diag (A1, ..., \n), \i € A(A) (cf. Definition 2.2).
Furthermore, assume that (A, b) is controllable (cf. Definition 2.21).

a) The reachability Gramian P can be expressed as

P=X,KX}" with X,:=Xdiag(X"'p). (7.34)
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n
The matrix K = ( AjT) is a Hermitian positive definite Cauchy matrix.
it /=1

b) The frequency-limited reachability Gramian Py can be factorized as
Py = Xy Ko X[, where Kq:=TK+ KD (7.35)

with I' = X 1Fo X = diag (é1,...,0,). The matrix Kq is a Hermitian positive
definite Loewner matrix. O

Proof. The result a) is established in [4, Lemma 3.2], see also (2.28).
For b), the expression (7.30) reveals

Py = FoP + PFY = XTX ' X, KX + X, K X! X HrH X1
— XTdiag (X 'b) KX + X, K diag (X ') T XH,

from which the factorization follows since diagonal matrices commute. Upon closer

-—\n
inspection, Ko = 'K + KI'H = (%) is obviously a Hermitian Loewner matrix
1T, g=1

[95], which inherits the positive definiteness from Py > 0. O
For every product FTL of three matrices I, T, L of appropriate dimensions, there is
the well known result [132, Theorem 3.3.2] that o;(FTL) < ||F||||L|lo;(T). Applying
this to (7.34) and (7.35) yields

X (P) < CAJ(K), Aj(Pa) < CA(Ka) (7.36)

with ¢ := ||X,||>. Here, we used that for any Hermitian positive definite matrix, its
eigenvalues in a decreasing order coincide with its singular values. Hence, the eigenvalues
of P and P, are bounded by the eigenvalues of K and Kg, respectively. However, as
[|X3]| can be arbitrarily large, e.g., when A is non-normal (x(X) > 1), there might be a
large deviation between )\j(P)7 )\JJ"(PQ) and )\j(K ), )\j(Kg). The effect of non-normality
to CALE solutions is investigated from a different perspective in [7]. At this point we
stress out that the focus of this section is not to give a precise estimation of the eigenvalue
decay of the Gramians, but to relate /\ﬁ(P) to )\j(PQ) in the sense that )\]i-(K o) can be

bounded by )\]i-(K ). For this, the following bound can be readily established.

Lemma 7.7:

=

For the eigenvalues of the matrices K and Kq in (7.34) and (7.35), respectively, it
holds for j =1,...,n that

XH(Kq) < 2IAHI)|AH(EK) < 2p(D)AN(K),

and, thus, A (Pa) < 2C|6AY(K). 0
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Proof. Recall that, for any matrix M € C™*™ its Hermitian part is Hy; := %(]\1 + M.
The eigenvalues of Hy can be bounded by the singular values of M by [132, Corol-
lary 3.1.5]. Obviously, Kgq is twice the Hermitian part of N := 'K, i.e, Kg = 2Hy =
N+ N and a straightforward application of the said corollary and [132, Theorem 3.3.2]
yields )\j(KQ) < 20j(N) < 20;(I')oj(K), which leads to the result since both I is diag-
onal and K Hermitian positive definite. |
This result should by no means be understood as very accurate because [132, Corollary
3.1.5] introduces a large over estimation regarding the magnitudes of )\j(Kg). To the
authors knowledge, there are no tighter bounds for the eigenvalues of the Hermitian
part of a matrix available. Nonetheless, Lemma 7.7 reveals that the spectral radius
p(T) = p(Fq) has a huge influence on the eigenvalues of Kq. In the next lemma we
derive insightful bounds for the eigenvalues and the spectral radius of Fy.

Lemma 7.8 (Eigenvalue bound for Fy):
Let A satisfy the same assumptions as above and define

pi=Al, 7:=1]Im (N)], Ag:=argmax g’;fi;’,
AEA(A)

i.e., A, is the eigenvalue where the opening angle ¢)(A) of A(A) is attained (cf. (2.27)

in Section 2.3.3). Then Fy is nonsingular and for ¢; € A(Fy), j = 1,...,n, it holds

that

1
0 < Re (¢;) < 3 (7.37a)
[Im (¢;) | < £1n /p:?/ = (7.37b)
and, consequently, p(Fo) = p(I') < 3v/1+ 4.2, O

Proof. Since A is assumed to be diagonalizable, we have

Fo =Re (% In (G(A,]wl,]wg))> = Re (%Xln (diag (01, ...,6,)) X‘1>

= Re <Xdiag (g2>174..7<;3n> X’1> s

where
A ws

- X + g € AMC(A, ywi, Jw2)), Aj € A(A).

2 J

¢; = - (ln 16;] +]arg0j) .
Since ; # 1 it holds <Z>j # 0 Vj, which proves the non-singularity of Fg. Furthermore,
the eigenpairs of A occur either in the form ();, z;) € R_ x R™ or as two complex
conjugate pairs (\;,z;), (A\jy1 = Aj, zj41 = T;) € C_ x C". Hence, there exists a
block-diagonal, nonsingular matrix 7' = diag (T1,...,7,,) with 7; = 1 if A € R_, and

T; = [1 ’]] if \; € C_, such that Xg := XT € R™" and, hence,

1

Fo = Xz Re (Tfl diag (él, o én) T) X (7.38)
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Let us at first investigate the case of real eigenvalues A; for which 7; = 1 and the diagonal

entries above are
o ) A —argl,;
o; = ¢; = Re <¢j) = TJ

Since
o )\? + wiws ](UJQ - UJ]))\J‘
J A2t wf A2+ w?

, (7.39)

we have Re (Oj) > 0 and Im (6]-) < 0 such that —F < argf; < 0, which yields the
desired result (7.37a), as well as trivially (7.37b). .
For each complex conjugate pair of eigenvalues A;j, A; the associated 2 x 2 block in

(7.38) is
Re (7}71 dlag (ng7$j+1) 73) - %Re <[§ 71]} |:QE)J ‘ZE'J'O+1:| |:} ]J]>

lee bitdit1 —a(d=djs1)
27 Woi—bjv1)  Sitdin

_ L [ —arg6 a1 Infos|-In (0]
o —In|0;[+In|0;41] —argt;—arg ;11
i —arg0;-0j41 In|0;/0;11]

2 —In0;/0;41| —arg0;-0;11

Hence, Fy has the eigenvalues
—1
{6, 001 =95} = {g (arg (6; - 041) F 7n \9_7‘/9j+1|)}
corresponding to each complex pair of eigenvalues {\;, A;} C A(A). It holds

1 2
9j9j+1 = ;((P‘J'Q — wg)(|/\J\2 - wf) +4W1UJ2 Re ()\J)

(7.40)

+]2 Re ()\]) (‘A]P -+ UJ1UJ2)(W2 — W1)>
with z = (]N]2 — w})? + 4wiRe (/\]-) we find Im (0;0,41) < 0 such that —7 <
arg 0;0;,1 < 0 from which Re (¢;) ( ]> s arg (0;6;,1) < & follows. For the

imaginary parts of ¢; assume w.l.o.g. Im ( J) >0 and consider
2 - |)\]\2+wf—21m( ])wl [\; |2+w2+21m(z\ )w
- |/\j\2+wf+21m( ])wl |2 24w — ZIm(/\ ) - C1<2

with 0 < ¢; <1 < (5. Hence,

9+1

0<0; ‘

[In©;| < max (Inmax O, | In min ©;]).
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Now , (, is, for a fixed A, maximal if wy = |A;|. In that case

G = l+m (%) y/14a2+g; o Im ()

T () Ve BT R ()

which increases as ¢; increases and, hence, the maximum value of (, is attained at

(max = ‘I};:((iq))l, i.e., for A,. Using also max(; =1 (attained at wy = 0), yields
q

max 0; < (”f”) .

=1
Furthermore, min(, = 1 and, for a fixed \;, (; is by a similar reasoning minimal if
wi = |Ag|. This leads finally to

from which (7.37b) follows. O

Because the proof deals with the real and imaginary parts of the ¢; independently,
the results represent upper bounds for the largest attainable real, imaginary part and
spectral radius. Also, if w; = 0, the bound for p(I") can be slightly altered to p(I") <
%\/1 + 16.2. Together with Lemma 7.7 these bounds reveal how the spectral radius of
I" influences the eigenvalues of Kq. In particular, we can deduce possibilities when the
/\j(KQ) are significantly smaller than the )\j(K ). For matrices A with real spectra, Fo
also has only real eigenvalues with 0 < ¢; < % by Lemma 7.8. Thus, I' > 0 such that the
bound in Lemma 7.7 becomes /\j(KQ) < 2¢§/\j(l( ), for j = 1,...,n. Obviously, if the

. . . . . A
considered frequency interval is small, i.e.; wy —wy is small compared to 72—, then
j

In 252
i

|In©;] < max (ln ot
=

Im (Hj) will be close to zero and so will arg 6;.

If A(A) has complex eigenvalues the situation is considerable more subtle, but the
proof of Lemma 7.8 already indicates that setting the interval limits w;, we equal or
close to absolute values of eigenvalues of A can increase the spectral radius p(Fy). In
particular, setting the interval limits close to |\, will lead to the largest values of ¢ in
(7.37b) and, thus, to large spectral radii. This is observed in numerical experiments but,
however, even if p(F,) > %, the eigenvalues of Kq seem to be never much greater then
the ones of P.

To conclude, we expect that the values of )\j(KQ) will be noticeably smaller than
)\Jiv(K ) if the chosen interval [wy,ws] is small compared to the spectral radius of A and
if the interval boundaries wy, ws are not close to the magnitude of the eigenvalues of
A whose imaginary parts dominate their real parts. This argumentation will also carry
over to /\j(PQ) and )\j(P) by (7.36).

The main conclusion of this section is that although

rank (FQBBT + BBTFg) — 9rank (BBT) ,
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7.3. Balanced Truncation in Limited Frequency Intervals

under reasonable and quantifiable assumptions on the interval [wy, ws], we can expect
that the eigenvalues of Py decay at a faster rate than those of P. Hence, P, has a
smaller numerical rank than P. Consequently, we can expect that there exist low-rank
solution factors Zp and Zp, leading to low-rank solutions of comparable accuracy in the
sense

|P— ZpZE| ~ | Po — Zp, ZHE |

but with rank (Zp) > rank (Z p,)- This is also confirmed by our numerical experiments.
The same holds trivially also for low-rank approximations of @) and Qq. Moreover, it
will turn out later that in some cases computing Zp,,, Zq,, is less costly than computing
Zp, Zg, which can even make FLBT numerically cheaper than the standard (unlimited)
BT. Algorithms for computing the low-rank solution factors are topic of the next section.

Remark 7.9:

a) For the standard CALEs (7.6), the above considerations are continued in [4], where
a square-root free Cholesky factorization of the form K = LAL? with a unit lower

triangular L and A = diag (5(1), e 75('”) > 0 is used. There are explicit formulas

[108] for the diagonal entries 0@ which appear to decay to zero at a similar rate
as the eigenvalues of P, especially if A is not too far from normal. A square-root
free Cholesky factorization also exists for the frequency-limited Gramian: Kq =
LoAqLH with Ag = diag ((58)7 . .7(5&71)) = 0. A basic Cholesky algorithm [111]
can be employed to find how the entries of L and Ag are built from the entries
of L, A, and T'. Tt is easy to show that 55(11) = 2Re (¢1) M < 6O, but the
calculations for the remaining entries become very tedious and lengthy such that
we do not report them here as this would clutter the presentation.

=3
=

In Corollary 2.41 we mentioned another well known theoretical result from [113]
regarding the existence of low-rank solutions of linear matrix equations. Following
[113], low-rank solutions of P and Pq are given by Py := Zilfk &;B;BY, B; :=
exp(t;A)B and Poy = ZfszdiBiFmB}", B; = exp(ﬂ-A)[B7 Bg], respectively,
with the flipping matriz

Foi= 2@ I (r.41)
Using (2.25) the approximation errors can be bounded by

1P = Pell < Cuyapm " IBIP, 1P = Poll < Cuyapr 'II[B, Ba] FlB, Balll,

where the constant (1., depends entirely on A (cf. (2.26)). Obviously, the bound
rank (Poy) < 2(k 4+ 1)m is larger than rank (P;) < (k + 1)m and the above error
bounds differ only by the norms of the inhomogeneities of the CALEs (7.6), (7.32a).
Notice that the difference in the decay rates of the eigenvalues of P and Pn can
be also observed if the inhomogeneities would be scaled to unit norm. Hence, this

approach offers no useful explanation why P, can in practice often be approximated
by low-rank solutions of smaller rank compared to P. O
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7. Applications to Model Order Reduction

7.3.3. Numerical Methods for Computing the Low-Rank
Approximations

Motivated by the expected low numerical rank of Py, Qq, we aim at computing, as in
standard BT, low-rank approximations Po ~ Zp,Z},, Qo = Zq, 2%, with Zp, € R™™,
Zg, € R™™2 1, ry < n. Before the frequency-limited CALEs can be approached
by numerical methods which compute low-rank solution factors, the matrix Fy, has to
be treated. This is the subject of the next subsection. After that, some strategies for
computing the low-rank solution factors Zp,, Zg, will be discussed.

Dealing with the Matrix-Valued Logarithm

In FLBT, the matrix Fp requires the evaluation of a matrix-valued function f in A.
Most state-of-the-art algorithms for that purpose work, e.g., with the Schur form of A
and additional matrix multiplications [128]. For the matrix-logarithm, a very robust
and often applied method is the inverse scaling and squaring algorithm [128, Chapter
11] and its variants. The method is called by the MATLAB routine logm. However,
as computing the Schur form has a cubic complexity and quadratic memory demands,
these approaches are not feasible for the large-scale case we are interested in.

If we plan to obtain the frequency-limited Gramians Py, Qg via approximate solutions
of the frequency-limited CALEs (7.32), we observe that only

Bg :=FoB = f(A)B and Cq:=CFy=Cf(4) (7.42)

are required for setting up the inhomogeneities in (7.32). Hence, only the products
F(A)B and f(A)HCT, ie., m and p matrix-vector products with f(A) and f(A)H,
respectively, are needed. Although f(A) is still involved, computing the matrix-vector
products of the form

w= f(Aw, w,veC" (7.43)

constitutes a much more attractive problem to overcome, even for large matrices A, see,
for instance, [128, Chapter 13], [146, 73, 104, 147, 123] and the references therein, which
provide several efficient numerical methods for this task.

Remark 7.10:

The computation of the frequency-limited reachability Gramians Py by (7.30) and
using a low-rank solution factor Zp of the ordinary Gramian P can also be reduced
to the problem of computing the matrix-vector products of f(A) with Zp € R**F»
and similarly the problem of computing Qq by (7.30) using f(A)? Zg € R™*e. This
approach is in general more expensive than using (7.42) and subsequently solving
(7.32) because, in general, kp > m and kg > p, such that significantly more matrix-
vector products with f(A) would be required. O
In the following we discuss some approaches for (7.43) and their usage in frequency-
limited balanced truncation.
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7.3. Balanced Truncation in Limited Frequency Intervals

Quadrature Based Approaches Recall that F was at first defined as the integral
(7.31) which simplifies to (7.33a). These integrals are also obtained by using the integral
expression [190]

1

InM = /(M —L)YH(M — L)+ L) 'dt, ¥M eC™, AM)NR_=0
0

and setting M = C(A, jwi, —jws). Exemplary, for Bq = FoB, one can approximate
(7.53) by means of a quadrature rule, i.e.,

w2 h
1 " 1
Bo=—-R I, — A)'Bdv | = =R wel, — A)7'B 7.44
2= —Re /(Jl/ . )" Bdv —Re ;Ck(_/l/k . ) (7.44)
using quadrature nodes vy, € [wy, ws], and weights ¢, k =1, ..., h whose choice depends

on the selected quadrature approach. In principle, any quadrature rule can be applied,
where for reasons of accuracy, as well as efficiency, a method using an adaptive selection
of nodes and weights is typically chosen. The integral command in MATLAB, e.g.,
employs adaptive Gauss-Kronrod quadrature [141] and will be used in our numerical
examples. Using (7.44) requires the solution of h shifted linear systems with m right hand
sides, which might easily become expensive, depending on the number of quadrature
nodes. In [136], numerical quadrature is applied directly to the integrals (7.53) to obtain
low-rank solution factors of P, Qq. The POD approach in [93] is analogous.

Projection Type Methods A further, often successfully applied, and investigated ap-
proach for the matrix function times vector problem (7.43) is to use projections onto
low-dimensional subspaces. Let Q C C" be a subspace with dimQ = k& < n and let
Qr = [a1,---,q) € C™* with {q,..., ¢} being an orthonormal basis of Q. Typically,
v € Q such that v = Q¥ with ¥ := Qffv € C*. Approximating w by its orthogonal
projection onto Q gives

wr QrQw = Qi € Q, iy, = QFw e C*.
Imposing a Ritz-Galerkin condition on this approximation yields
Qriy — f(A)Qrt, L Q & = Q f(A)Qur ~ f(Ar)ik
with A, == QHF AQy,. Hence, the approximate result can be computed by
wy, = Quf(AL) Q.

Due to the small size of A; € CF*k_ the computation of f(Ak) can then be carried
out using methods for small, dense problems, e.g., the inverse scaling and squaring
method discussed earlier in this section for our particular application. The quality of
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the approximation wy, depends on how good Q. f(A)QFv approximates f(A)v which,
for general matrices A and functions f, is difficult to predict. The above projection
framework is usually carried out in an iterative manner using a sequence of nested
subspaces Q; C Qy C ... C 9 C Qpyy with increasing dimensions. To stop this
iteration, we will employ the simple stopping criterion

lwi, — w1 < 77lJwg)- (7.45)

For certain choices of Q, special matrices, and functions, more advanced stopping tests
as well as error bounds can be found, e.g., in [128, Chapter 13.2], [104, 147, 123, 139].
The the sequence of subspaces can be constructed in different ways and we will re-
strict ourselves to the most common ones, e.g., similar approaches as we used before in
Section 5.3.3.

Setting up the subspace Q as standard Krylov subspace

Ki(A, v) = span {’U,A’l}, A, ., Ak’lv}

is used for the approximation of (7.43) in, e.g., [146, 197]. The construction of the
matrices Qy, Ay, is usually done by the Lanczos or Arnoldi algorithm [111] for Hermitian
and, respectively, non-Hermitian A. It can be shown that with X, the function f
is approximated by a polynomial py_; of degree at most k& — 1 whose roots are the
eigenvalues of Aj. To obtain a good approximation of (7.43), often large dimensions k
are needed, which makes this approach less practical.

Rational Krylov subspaces [83, 123] often provide much better approximations with
smaller subspace dimension k. They can by defined via

KA, v) = dyp1(A) T KR(A, v)

k=1
with the denominator polynomial dj_y(z) = [](1 —

j=1
poles &,...,&-1 € CU {oo}. Hence, with K} the function f is approximated by a
rational function r, = pr_1/di—1. The poles £ of r; are typically referred to as shifts
for the rational Krylov subspace. The orthonormal basis for K™ can be constructed by
the rational Arnoldi algorithm [193] whose main numerical costs occur at solving linear
systems of the form (I — A/&)s = u for s.

The shifts are crucial for a fast convergence and good approximation results. A com-
prehensive overview addressing various choices of a priori selected shifts for several func-
tions f can be found in [123]. In [83], an adaptive strategy is proposed, where the shift
&1 1s computed from the data available after the rational Arnoldi iteration step £ is
completed. The main idea is to consider the greedy method,

z

5) of degree k — 1 having the

&y = argmax [ry(s)| 7Y,
seDy,

where Dy, is a set of discrete points from the boundary of the convex hull of —A(Ay).
As in the experiments in Section 5.3.3, we will use this adaptive shift generation in the
upcoming numerical examples.
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7.3. Balanced Truncation in Limited Frequency Intervals

In our situation f can be represented as integral (see (7.27)) of ¥(jyv) within the inte-
gration domain € and, thus, it appears reasonable to restrict the shifts to the imaginary
region j€2. Therefore, we propose as modifications of the above adaptive shift strategy to
choose the set Dy, as set of discrete points from the purely imaginary interval jlw;, ws).
In most examples this leads to better results compared to the adaptive shifts based on
the convex hull of —A(Ak)‘ A simplification of this approach is to simply use the shifts
Eo = ywr and &1 = Jws alternatingly.

Choosing the shifts & = oo and &y—1 = 0 in an alternating fashion yields the
extended Krylov subspace K§*'(A, v) proposed in [81] and further investigated in [147].
In [209], an efficient algorithmic framework for constructing the basis and representation
matrix Q, /Lc is established. One advantage of that choice is that the coefficient matrix
of the linear system to solve does not change such that one can store and reuse a
factorization of A if direct solvers are applied. This can also be done if the shifts £ for
K2t are constant which yields the shift-and-invert Krylov subspace K31(A, v) [176, 224].
For the alternate use of jwy, jws, two sparse matrix factorizations might be saved. We
end this short introduction to Krylov subspace methods for v = f(A)w with a number of
comments regarding actual implementations. For the numerical tests in this section, we
will use a version of Algorithm A.1 in the appendix, modified to tackle also the problem
(7.43).

Remark 7.11:

1. As before, complex shifts £ are dealt with by the modification of the rational
Arnoldi process proposed in [195]. This will also yield a real restriction Ay.
Using this modification is, of course, reasonable because the number of com-
plex arithmetic operations is reduced. In our application, since establishing
the relation (7.33b) from (7.31) relied heavily on the fact that the matrix A in
W(yw) = (juI — A)~" is real, having a real restriction Aj appears to be also
important if we want to safely employ (7.33b) to Ay Tssues with complex shifts
are not present in methods using standard or extended Krylov subspaces.

2. For the case m > 1 we utilize block versions of K" and K. Alternatives might
be global Arnoldi methods [218] or, in the case of rational Krylov subspaces,
tangential approaches [84].

3. In our application we also need matrix vector products z = f(A)Tu of the trans-
posed matrix function for computing Cq, = C'Fy. Thus, the above approaches
have to be also applied using A” and u, leading to a subspace Z generated by
AT and u, e.g.,

2 = K (AT, u) = span {u‘, ATy, ..., (AT)kfl}

and the dual versions of K™ K are ecasily deduced. It is possible to utilize
a two-sided Petrov-Galerkin condition [130] and construct Z bi-orthogonal to
Q. Both spaces can be generated simultaneously with the two-sided Lanczos
process or modifications thereof. Further details on generating dual subspaces
Q, Z can, e.g., be found in [179, 114, 117]. O
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Computing Low-Rank Solution Factors of the Frequency-Limited Gramians

Having computed approximations of Bg and Cq, the frequency-limited CALEs (see also
(7.32))

APy + PQAT + BQBT + BB?; =0, (7.46&)
ATQQ + QoA+ CéC + CTCQ =0 (746b)

have to be solved for low-rank approximations. Any low-rank solution algorithm for
large-scale CALEs can be employed here. In the following, we will discuss extended and
rational Krylov subspace methods as well as the LR-ADI iteration from the previous
chapters for this task. We will mainly focus the treatment of the frequency-limited
reachability CALE since the frequency-limited observability CALE can be dealt with
analogously.

Using Krylov Subspace and Related Methods

In a similar way as we discussed in Section 7.3.3, we can use a projection approach
for solving the frequency-limited CALEs. Having a low-dimensional subspace Q; =
span{Qy} constructed, the low-rank solution is obtained as Py &~ Poy, := Qk;’f’QJCQf7
where F)Q’k; is the solution of the projected frequency-limited CALE

ApPoi + PogAf + BaxBi + BB, =0,  By:=Q[B. (7.47)

Due to its small dimension, it can be solved by direct methods. Choices for Q; include
the same possibilities as for the matrix-function evaluations: standard [137], extended
[209], as well as rational Krylov subspaces [83, 84], generated using A, B, and possibly
a collection of (adaptively computed) shift parameters. If Pg, is not accurate enough,
the particular Krylov process used is continued.

Now assume By, is approximated by such an projection approach, i.e., Bo = Bqy =
QkBQ.k with Bgzﬂk = f(flk)QfB, Ay = QF AQy., where Qy is a real orthogonal matrix,
which spans one of the aforementioned (rational or extended) Krylov subspaces. In that
case an obvious strategy is to reuse the information contained in the basis matrix @)}, and
continue the Krylov method for solving the frequency-limited CALE. In the majority
of our numerical tests only very few additional iteration steps of the employed Krylov
subspace method were necessary to obtain the desired accuracy for P, once an accurate
Bg i, was found. Often, accurate approximations By and Py were obtained in the
same iteration step k, which makes this approach exceptionally efficient. Provided that
pQ,k > 0 in the projected equation (7.47), low-rank solution factors of P, are given by
Zpyrx = QrLy, where Ly is a lower triangular Cholesky factor of ng Alternatively,
an eigendecomposition of pQJC can be used which also enables a rank truncation, see,
e.g., [209]. In Algorithm 7.3, we illustrate this strategy for approximating B and Py
in a single Krylov subspace algorithm. In Lines 1 and 14, orth should be understood
as any stable (block) orthogonalization routine. By adjusting the basis generation in
Line 14 appropriately, any version of extended, rational or adaptive rational Krylov
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7.3. Balanced Truncation in Limited Frequency Intervals

Algorithm 7.3: Krylov subspace method for frequency-limited CALEs (7.46a)

Input : A, B, [wi,w,] as in (7.46a), tolerances 0 < 7y, 7p < 1.

Output: Zp,; € R™*ra such that Zp, ;(Zp, ;)7 &~ Po with kp, < mj < n.
1 @1 = orth(B).
2 for j=1,2,...do
s | A =QTAQ;, B;=QTB.

4 BQJ = Re (i In (@(A]-7 Jwr, jwz))éj), Bg; = QJBQJ-.

5 | if [|Ba; — Bajall/[Bajll < 77 then

6 Solve

7 A]'PQJ' -+ PQJ'A;F -+ BQ]BJT + Bng;,]- =0 for PQJ'.

8 Set

9 fj = “BQJBT+BB£]“ = )‘BQvJBf+BJB£,]“ and

£5i= |4 (QPosQF ) + (QiPasQF) A™ + By BT + BB || /6.

10 if £; < 7p then
11 Compute (and truncate) Eigendecomposition Py ; = X;Aq ; JT ,

XJI‘X] = ]mj7 AQJ‘ = (h‘dg (5\1, ceny 5\",])

. S o1
12 Construct low-rank solution factors Zp, ; = Q;X;A§ ;.
13 Stop Krylov process.
14 Orthogonally extend basis matrix (); by new basis vectors S:

| Qjs1 = orth([Q;, S]).

subspace methods (cf. Algorithm A.1) can be incorporated easily. The restriction Aj
in Line 3 can be computed efficiently without additional matrix vector products with
A by using relations developed in [209] and [193] for extended and rational Krylov
subspace methods, respectively. Typically one has span {B} C span {Qj} and, thus,
Bj = Q]TB = [T, 0]7 € R™>™ with 8 € R™™ such that the inhomogeneity of the
projected CALE in Line 7 is given by

BQJB? + BJB;];J =

BT + BT gT]
g 01’
(7.48)

where g: =087, Bg, = [?

:| B ER™™ § e RG-Dmxm
After || Bg j—Ba,j-1l|/||Ba,;|l < 7 is achieved, one can also skip the computation of newer
approximations Bq, k > j, in the following iterations to save some computations in
Step 4. In Line 10, we employed a stopping criterion based on the scaled norm Lyapunov
residual matrix. This norm can be computed efficiently without working with matrices

187



7. Applications to Model Order Reduction

A, B, B, Q; of leading dimension n [209]. If the rational Krylov subspace method with
the adaptive, imaginary shifts has been used to approximate Bg ;, one should switch to
the convex hull based adaptive shifts in the iteration steps associated to the CALE. For

the approximation of the CALE solution, the LR-ADI iteration can be an alternative.

Using the LR-ADI lteration

We can also employ the LR-ADI iteration which was extensively studied in the previous
chapters. The LR-ADI iteration considered so far expects that the inhomogeneity of
the CALE to be solved is given in a symmetric definite form, BBT. However, the
inhomogeneities of the frequency-limited CALEs (7.46) are given by

BoBT + BBY = BF,,B", B =B, Bql,

CHC+C"Co=C"RC, C=[4]

with the flipping matrix F), from (7.41). Since A\(F},) = {1}, these inhomogeneities are
in general indefinite matrices. To tackle the indefiniteness of the inhomogeneities, the
LDL-variant [152, Algorithm 1], [153] of the LR-ADI iteration can be used. This will
only introduce the following slight changes to Algorithm 3.2: the computed approximate
solution and the corresponding residual after j iteration steps are of the form

Po~ fIZM])I = ZP&ZJ (Ij ® Fm) (Zan]')Tv
LJ'(PSIEA,]]'DI) = HL%FT"VV]'H” = )‘IH&X(WJ'HVVJ'F"L)'

Although I; ® F), is an indefinite matrix, we assume Pé‘?l > 0 since Py > 0. In practice
this might only hold if Pgﬁ?l is a sufficiently accurate approximation of Py. A semidefi-
nite factorization of Pg‘i?l can be obtained as follows: compute a thin QR-decomposition
UiR = Zp,; followed by a spectral decomposition UQ[\U;’ =R (I i ® Fm) R” with
UTUy = Iopy, A= diag <5\17 ce ;\gmj). Then, the approximate solution PS’;]DI can
be represented by a semidefinite factorization

PS/;,]]—)I = ZAP&ZJ(ZAPU«,J')T7 ZF’SZ:j = UlUZA%

By neglecting very small eigenvalues A and the corresponding columns of Us, this proce-
dure also enables a rank truncation of the approximate solution P{;]J?I, similar to Line 12
in Algorithm 7.3, to get rid of nearly linearly dependent columns.

Observe that Py = Ng + NI, where Ngq solves the Sylvester equation
ANq + NoAT + BB = 0. (7.49)

Hence, the modification of the factored ADI (fADI) iteration [43] given by (3.50), Algo-
rithm 4.6, [32, Algorithm 4] can be applied directly to (7.49) and yields, after j iteration
steps,

No & Noj = Zpyj(Yraj)'s  Zpaj, Yea; € RV,
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The constructed low-rank approximation is Po & [Zp, j, YroilFjmlZpg s Yia,|" which
can be transformed into a semidefinite factorization using similar steps as above. Ne-
glecting this transformation, both approaches are equivalent. The numerical effort of
both methods is also identical and we use the LD L™ version of the LR-ADI iteration in
the remainder.

The additional requirement to construct semidefinite low-rank factorizations intro-
duces additional costs. This can be seen as a disadvantage of the LR-ADI iteration.
Another shortcoming is that the information from computing Bq is not reused which, as
observed in practice, often leads to more required iteration steps of the LR-ADI iteration
compared to the projection type approach mentioned above, e.g, Algorithm 7.3.

7.3.4. Miscellaneous
Generalized State-Space Systems

Until now we only considered standard state-space systems, but everything can easily
be modified to handle generalized state-space systems (2.5) with a nonsingular 7 # E €
R™ ™ by using similar techniques as in the unlimited BT framework in Section 7.2.

Corollary 7.12 (Frequency-limited Gramians for generalized systems):

For a generalized state-space system (2.5) and the frequency intervals Q in (7.29), the
frequency-limited Gramians are Py and ETQqFE, which are obtained from either of
the following two approaches:

1. Using the solutions P and @ of the ordinary reachability and observability and
GCALESs (7.7), it holds

Py = FoEP + PETFY, Qo= FIETQ+ QEF, (7.50a)

with

L _a)t
Fo:= o /(]DE A)"dw. (7.51)
)

2. The frequency-limited Gramians are given from the solutions of the frequency-
limited reachability and observability GCALFEs

APGE" + EPGAT + BoB" + BBy =0, Bq:= EFgB (7.52a)
ATQoE + FTQoA+ CLC + CTCo =0, Cf:=CFyE. (7.52b)

The matrix-valued integral can be represented in terms of the matrix logarithm via
Fo =Re (l In ((A+ jnE)'(A +]w2E))) E™ (7.53a)
™

= FE'Re (i In ((A+ g E)(A+ jle)’l)) . (7.53b)
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Proof. Using the equivalent standard state-space system defined by A := E'A, B :=
E'B, C leads, by employing (7.31) and (7.51), to

1 .
o (wl, — A)7'dv = FoF
Q

which, by applying [186, Theorems 3.1-3.2] and (7.30), immediately gives (7.50). The
reachability CALE w.r.t. A, B is

0= APy + PoAT + FoEBBT + BBTFIET
=E APy + PoATE" + FoBBTE"T + ET'BBTF
& 0= APyET + EPGAT + EFoBB” + BBTFYET

and (7.52a) is established. The frequency-limited observability GCALE (7.52b) is de-

rived using similar steps. For (7.53), first note that Fo = 5 [(jvl, — A tdwEt
Q
from which (7.53a) easily follows by using Theorem 7.5. Alternatively, it holds Fy =

E‘liﬂ (yvI, — AE~Y)~1dy, which, by applying Theorem 7.5 again, leads to (7.53b).0
The algorithms we suggested in the standard state-space case for computing approx-
imations of Bg, Cq, Py, and Qq are also applicable here with minor modifications.
Some care must be taken when Krylov subspace methods are used for this purposes,
since they implicitly work on E1A or on L7'AL™T if 0 < E = LLT. Hence, the
correct formulation of Fy should be chosen. As alternative, the use of the generalized
LR-ADI (G-LR-ADI) iteration (Algorithm 3.2, [39]) for the GCALES is straightforward.
The concept of frequency-limited Gramians for descriptor systems and certain classes
of nonlinear control systems is considered in [136] and [206], respectively. However, the
numerical efficient realization, e.g. in terms of low-rank approximations, of FLBT for
such systems is still not investigated.

Stability Preservation and Modified Frequency-Limited Balanced Truncation

It is not guaranteed that FLBT preserves stability in the reduced order model [107]. In
[116], a modification of frequency-limited BT is presented which ensure this preservation.
Consider the EVDs of the inhomogeneities of (7.46) and (7.52):

BoB" + BBY = QpSpQF, Sp=diag(0y,...,05,,0,...,0) € R™",

CHC +C"Co = QcSeQl:  Sc = diag (1,17, 0,...,0) € RV
with QEQp = QEQc = I, Qp, Q¢ € R™™. Assuming that rank ([B, Bg]) =r5 < 2m
and rank ([C7, CE]) =re < 2p, it holds 6;,m; # O0fori=1,...,rp,j =1,...,7c. How-

ever, there can be both negative and positive values of 6;, n;. Let Q1 € R™"2, Q¢ €
R™*7¢ be the first rp as well as r¢ columns of QQp and (¢, and consider the modified
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frequency-limited GCALEs
APglodET + EPS‘OdAT + Bg}OdBalOdT _ 07
ATQ?ZlodE + ETQgOdA -+ CS}DdTCSmd =0

1 . 1
with B;?”d = @Qp, diag (|01\, e \9,B|) z Cg“’d = diag (|7]1\7 e |77Tc|) 2 gl

(7.54)

That is, the negative values in Sp and S are essentially simply negated. Computing
the rp,r¢ < n nonzero eigenvalues ¢;, n; and their corresponding eigenvectors can be
done very inexpensively. Performing balancing and truncation on the basis of these
modified frequency-limited Gramians P24, Qu°d yields modified FLBT (FLBT™d).
This approach ensures that, under some mild conditions [116, Theorem 11|, the reduced
order model is asymptotically stable and that, similar to (7.8), the error bound

1H = Hllse < 28Il Tell D ope, (7.55)
Jj=r+1
Jp :=diag () [n7’], -, L) 2Q5. B, Jo = CQcadiag () [n{l, ..., |ns.|) 2,

can be established, where the 0™°? denote the modified frequency-limited singular values,
i.e., the square roots of the eigenvalues of Pg°lQ%°d. The computation of low-rank
factors of PZed, Qued can be carried out similarly as without this modification using
Algorithm 7.3, i.e., after an accurate approximation to, e.g., Bg has been computed,
By°d is constructed as above. For reusing the generated Krylov basis to subsequently
compute low-rank solution factors of P§°d, some small changes are necessary. Since
B3°d is obtained by altering B, Bg, the inhomogeneity of the projected, modified,
frequency limited GCALE cannot be built similar to (7.48). Hence, B&°? has to be
projected explicitly via QF B&°d. The inhomogeneities of (7.54) are symmetric positive
semidefinite, such that the (G-)LR-ADI iteration can be applied directly.

However, because PE°d, QB4 do not fulfill the relations (7.30) and (7.50), one cannot
expect that they also exhibit a fast eigenvalue decay similar to P, Qg. Some numerical
experiments show that the eigenvalues of P24 Quod decay at a similar speed as those
of the infinite Gramians P, ). This can also lead to more iteration steps required by
the applied Krylov subspace method or the G-LR-ADI iteration compared to Py, Qq.

Time-Limited Variants

In [107], a series of related approaches is proposed which restrict BT (for the case F = I,,)
in certain ways. One possibility is to consider a time interval T, e.g., T = [0, ¢,], t; < oo.
Restricting BT to T leads to time-limited BT and aims at finding a reduced model whose
output ¥ is an accurate approximation of the original output y, but only within the time
frame T. This leads to time-limited Gramians Pr, @ which are the solutions of the
time-limited CALEs

APy + PrAT + BBT — ByBE =0, ATQr+ QrA+CTC — CECr =0,
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where By := B, Cp := CFr with Fr := e, Hence, the numerical approaches for
FLBT presented before can be easily adjusted to this time limiting setting. The main
difference is that one has to deal with the matrix valued exponential. It is also possible
to combine frequency and time-limited BT, where products of the form FqFr occur that
have to be dealt with.

Restricted Balanced Truncation for Discrete-Time Systems

Both frequency- and time-limited BT can also be carried out for discrete-time systems
(2.6). Let for example Q4 = [~wy, wi], wy < m, and Tq = [0, #], i1 € Ny be the
considered frequency and discrete-time intervals. The infinite, frequency-, and time-
limited Gramians are the solutions of the DALEs

P— APAT = BBY, Q-ATQA=C"C,
Po, — APy, A" = Bq,B" + BB}, Qa, — ATQq,A=Cl C+C"Cq,,
Pr, — APy, A" = BB" + By,Bf | Qr, — A"Qr,A=C"C + Cf Cn,,

where

Bqg, = Fo,B, Cq,:=CFy, Fo,:=3Re (wil—2yln(l— Ae ")),
BT,/ = FTJB7 CTd = CFTd, FTd = Ail,

see, e.g., [107, 186]. Approximating the products with the different matrix valued func-
tions Fy,, Fr, can be done exactly as we described above. Subsequently, computing
low-rank solution factors of the DALEs can also be done by similar methods, e.g. Al-
gorithm 4.7, as we used before, which again enables an efficient realization of these BT
variants also for large-scale systems. We plan to investigate the eigenvalue decay of the
Gramians mentioned in this section, as well as specially tailored numerical algorithms
for their approximation, in future work.

BT at a Single Frequency

Another conceptually very different modification is presented in [86], where BT is re-
stricted to a single frequency w; € R,. There, the CALESs to be solved are

Ay P+ Py Al + B, BT =0, A7 Q., + Q. A, +CL C, =0,

where B, := F,, B, C,, = CF,, with F, := ¢e(el, + jwiI, — A)~! and A, = g1l +
e(el, + g I, — A)"H(gwi I — A), € > 0. Here, B,,, C,, are easily obtained by solving
linear systems of equations, but since the coefficients of the occurring CALEs are now also
matrix-valued functions of A, the application of low-rank solvers is not as straightforward
as for the cases considered before. Also note that the CALEs are defined by complex
data such that P, , Q,, will be complex. An extension of this approach to frequency
intervals is under current research. First experiments in [86] raise the expectation that
the eigenvalues of P,,, )., also decay faster than those of P, ().
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7.3.5. Numerical Examples

Here, we numerically evaluate the results of Section 7.3.2 regarding the eigenvalue decay
of the frequency-limited Gramians, the numerical approaches presented in Section 7.3.3
to approximate the product with the matrix-valued function as well as the low-rank
approximations of the GCALE solutions, and the accuracy of the reduced order models
obtained by the considered BT variants employing these low-rank approximations.

As test cases we use the FDM example with f; = 10%¢,, f, = 10%°¢, with ng = 350
grid points, as well as the rail79% and ifiss66k examples (cf. Sections 2.4, 5.3.3).

Eigenvalue Decay and Numerical Rank of the Gramians

For illustrating the eigenvalue decay, we use a small version of the FDM example with
no = 30 grid points such that n = n3 = 900 for A. The input matrix B € R" is chosen
as vector with random entries from a normal distribution. This small system admits
an exact numerical computation of the controllability Gramians P, Py, and P3°? (cf.
(7.54)) by using the lyap routine of MATLAB.

At first, the frequency interval boundaries are w; = 103, wy = 10* and the matrix
valued function Fg can be computed by the logm routine. The eigenvalues of all three
Gramians P, P, and P3°d, scaled by their respective largest entry, are plotted in the left
plot of Figure 7.3. Apparently, the eigenvalues of P, decay significantly faster than the
ones of P and P5°?, which decay nearly identically. The numerical rank of the infinite
Gramian w.r.t. the machine precision obtained by the MATLAB command rank is
rank (P, Upacn) = 72.

In Table 7.2 we list the numerical ranks of the frequency-limited Gramian Pq, of the
modification P3¢, and the spectral radius of the matrix I'. For the used frequency
interval, the numerical rank of Py, is, as predicted by Figure 7.3, noticeable smaller then
the numerical rank of P. We also tested other frequency intervals, where we used the
quantity |\, from Lemma 7.8 , i.e., the magnitude of the eigenvalue where }g‘;g;\;} is
maximal. Notice that in the right plot of Figure 7.3, the Bode magnitude plot of the
transfer function matrix H shows a distinct bulk near |A,|. According to the discussion
in the end of Section 7.3.2, setting the interval boundaries equal to |\,|, can increase
the spectral radius p(I") and thus slow down the eigenvalue decay of Pg. The results in
the last row confirm this for the choice wy = |A,| which yields p(I') > 1 and very close
numerical ranks of Py and P. In conclusion, the results in Table 7.2 seem to confirm
the expected influence of p(I') on the numerical rank of Py. For the last frequency
interval [0, 10°], one can also see that p(T") approaches % for increasingly large frequency
intervals. The numerical rank of the modified frequency-limited Gramian P5°? appears
to be largely unaffected by different frequency intervals and is always very close to the
numerical rank of P.

Influence of the Different Inhomogeneities to the Low-Rank Solvers

Before we test the proposed Algorithm 7.3 and carry out frequency-limited balanced
truncation using the computed low-rank GCALE solutions, we consider how the different
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Figure 7.3.: Left: Scaled eigenvalues of the Gramians. Right: Transfer function plot of
the system.

Table 7.2.: Computed numerical rank of the different Gramians w.r.t. various frequency
interval boundaries. Here, rank (P, Umaen) = 72 and || = 2.5337 - 10%.

w1, W p(T) [rank(Pq, Umach) rank(Pg‘Od,umch)
10%, 10* 0.43 39 74
102, 10% 0.21 10 69
10%, |\, 0.57 67 74
0, 10° 0.49 74 74

low-rank solvers perform when applied to the standard GCALE (7.7), the frequency-
limited GCALEs (7.30) and (7.50) as well as the modified frequency-limited GCALE
(7.54). In other words, we investigate how the performance of the low-rank solvers
differs w.r.t. to the different inhomogeneities, as these are the only differences in all
three GCALEs. For this we restrict the investigation to the controllability Gramians
P, Py and P;{‘”d. Since the direct calculation of the matrix valued logarithm via the
logm command is too much memory and time consuming, we use approximations of Bg
obtained by numerical quadrature employing the integral command. The necessary
eigenvalues and -vectors to construct Bg°? for (7.54) (cf. Section 7.3.4) are computed
using the eigs routine, which took less then one second in all cases. We employ EKSM
[209], RKSM with the convex hull based shifts (RKSM(D)) [83] as well as the G-LR-ADI
iteration [183, 36, 39] (and its LDLT-variant [153] for Pg) for computing the low-rank
solution factors. We point out that computing low-rank solution factors of Po and Pgod
in this way only serves a comparative purpose. As shown later in Section 7.3.5, using
the proposed approach in Algorithm 7.3, is clearly more practical and efficient as it
also provides approximations to Bg at once. The shifts for the G-LR-ADI iteration are
generated adaptively using the approximate residual norm-minimizing shifts proposed in
Section 5.3. All methods are terminated as before when the scaled GCALE residual norm
(cf. Line 10 in Algorithm 7.3) drops below 7p = 1078. Afterwards, a rank truncation (cf.
Lines 11-12 in Algorithm 7.3) is invoked, where all eigenvalues of the low-rank solution
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Table 7.3.: Numerical results regarding the approximation of the different Gramians by
different methods.

P Po Py

Example method d‘ g‘ te d‘ g‘ te d‘ g‘ te
, EKSM 850[334]237.3] 880(233]157.3[1060[344[242.1
fﬁsfﬁk oy — 107 RKSM 300(290| 95.4| 490|242|118.5| 550|359|141.9
’ LR-ADI 335/322| 63.8 680(247| 95.8| 720(350(103.4
_ EKSM 812]202|168.2[1260(190[325.1|1092|217[232.4
Z‘Z‘gﬁ),z w10 |RESM 245|202| 76.4| 252|172| 59.5| 336|208| 84.9
' LR-ADI 315225| 60.2| 588|189| 88.9| 574|218| 93.9

EKSM 800(345(246.9| 60| 38| 9.5 no conv.
5 lD fm. wy—10°  |RESM 305(305|144.9| 90| 38| 26.7| 860|294|450.2
’ LR-ADI 340|318|108.1| 800| 42|179.6| 650|299|147.6

with A/Apax < 10712 are neglected. The required subspace dimensions d = dim(Q),
the ranks g of the obtained low-rank solutions after this truncation, as well as the
computations times ¢, for all methods and test systems are summarized in Table 7.3.
Due to the applied rank truncation, g also coincides with the column dimension of the
low-rank solution factors. For the LR-ADI methods, d is the column dimension of the
computed low-rank solution factor.

The different inhomogeneities of the frequency-limited GCALEs (7.30) and (7.50)
clearly affect the performance of EKSM and RKSM. As expected in Section 7.3.2, the
ranks ¢ of the low-rank approximations of P, are smaller compared to the approxima-
tions of P. However, the required subspace dimensions d for the low-rank approximations
of Py are only smaller for the example FDM, where the computation time is also smaller
compared to P. For the ifiss66k and rail79k examples, these differences are less pro-
nounced since the subspace dimensions d = dim(Q) and computation times ¢, are higher
for Py. However, recalling that the inhomogeneities of (7.30) and (7.50) are of rank
2m, one can see that the number of required iteration steps is actually less compared
to P. For the rail79k system, the ranks of the approximations for P and P, show a
less pronounced difference which also explains the higher subspace dimensions. The
LR-ADI iteration seems to be somewhat less affected by the different inhomogeneities
since the computation times for P, are in the majority of cases larger than for P. It
achieves, however, the smallest computation times for the infinite Gramian P for the
examples FDM, and ifiss66k. In most cases, computing the low-rank solution factors
of the modified frequency-limited Gramians Pg°? seems to be more demanding for all
methods compared to P, Py. Apparently, the ranks of the computed low-rank approxi-
mations for P3¢ are very close to those for P, which is one explanation for the higher
computational effort.
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Table 7.4.: Results for approximating Bq, Py by Algorithm 7.3 using extended and ra-
tional Krylov subspaces with different (adaptive) shifts.

‘Example ‘method ‘ d dp, dpn‘ Reinal Lﬁnal‘ te
ifiss66k, RKSM(D) 415 415 0] 1.73-107%| 1.25-107%|182.6
lquad = 788 RKSM(92) 295 295 0[5.92:10710]3.85-1071%| 98.6
EKSM 868 868 0| 8.06:107| 7.79-107°454.3
rail 79k, RKSM(D) 336 336 0| 7.25-107°| 1.51-107°|103.0
tquaa = 556 RKSM(9) 273 273 0] 1.93-107%| 1.66-107%| 73.6
RKSM(gw, wa)) 322 259 63| 1.19-107%| 1.55-107%| 90.2
EKSM 130 130 0|2.44-1071°]2.26-10710] 23.2
FDM, RKSM(D) 320 320 0| 1.18-107%| 1.08-107%|169.2
tquad = 374 RKSM(;Q) 65 65 0[9.63-10712/8.83-10712| 23.6
RKSM(y[w1, wa]) 65 65 0[1.23-107*]1.13-107*| 23.6

Numerical Approximations for f(A)b and the Gramians by Krylov Subspace
Methods

Here, we evaluate the numerical strategies presented in Section 7.3.3 for obtaining ap-
proximations of Bg and Py. We employ the projection approach given in Algorithm 7.3
for different choices of Krylov subspaces. The results are summarized in Table 7.4. For
RKSM, the abbreviations (D), (5Q), (jlwi,ws]) refer to the use of the adaptive shifts
based on the convex hull, the imaginary interval j§2, and the alternating usage of jwy,
Jwse and their complex conjugates. The approximation of Bg is regarded as accurate
enough when the basis criterion (7.45) is satisfied with 7, = 1075, After reaching this
condition, Algorithm 7.3 continues with computing the low-rank solution factor of Py
until the criterion based on the GCALE residual norm in Line 10 with 7p = 1078 is
satisfied. In case of RKSM(j€2) and RKSM(j[w:,w,]), these iteration steps devoted to
the GCALE solution were carried out using the convex hull based adaptive shifts, i.e.,
RKSM(D). We also list the dimension d = dp, + dp, = dim(Q) of the generated sub-
spaces, where dp, denotes the subspace dimension necessary to approximate B to the
desired accuracy and dp, is the number of (additional) basis vectors required to achieve
also the desired accuracy w.r.t. the GCALEs. The quadrature approximation of Bg

ref

from the previous examples serves as reference solution Bg'. The final relative error
A ref >, >,
Rinal = || By" = Ball/[|Ball;

the final normalized GCALE residual norm Lg,, obtained after a rank truncation, as
well as the consumed computing times tqu.q and t. in seconds for the quadrature ap-
proximation B! and the Krylov method (Algorithm 7.3), respectively, are also given.
Apparently, the projection approaches need less time than the quadrature approxi-
mation. Also, once the approximation of By is found, in most situations there are no
additional basis vectors necessary for generating the low-rank solution factor of Po. Us-

ing RKSM with adaptively computed shifts based on ) appears to be the best choice
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regarding the required subspace dimensions (which directly reflect the required itera-
tion steps) as well as the consumed computation time. RKSM(D) leads to higher sub-
space dimensions and longer computing times for all test systems. The simplification
RKSM(j]wy, wa]) of RKSM(592) as well as EKSM are competitive candidates only for the
FDM example. They required larger subspaces for the rail79k example and failed to
compute accurate approximations for the ifiss66k example. Notice that EKSM did not
manage to compute a low-rank solution factor of Py (cf. Table 7.3 in the previous Sec-
tion) for the ifiss66k system. To conclude, using the adaptive, purely imaginary shifts
from 52, leads to a fast convergence of RKSM for approximating Bg and sufficiently
accurate low-rank solutions of the frequency-limited GCALEs are obtained immediately
from the generated rational Krylov basis.

Reduction Results

Now we carry out the standard BT, frequency-limited BT, and its stability preserving
modification [117] on the basis of low-rank solutions of the respective GCALEs. For the
infinite Gramians P, (), we use the low-rank solution method that achieved the smallest
time in the experiment in Section 7.3.5 (cf. Table 7.3). The low-rank factors of Py
are selected from the fastest method from Table 7.4 in Section 7.3.5. The observability
Gramians as well as the modified frequency-limited Gramians Pg°?, Q%°d are similarly
dealt with by Algorithm 7.3 with the same settings of 74, 7p. The obtained low-rank
solution factors are used within Algorithm 7.1 to carry out the three balanced truncation
variants to generate reduced order models of a prescribed order r. It is noteworthy that
no significantly differing reduced order models were constructed when another method
is employed to compute the low-rank solution factors.

For each test system, the Bode magnitude plots of the original and reduced transfer
function H and H, respectively, as well as the relative errors € (w) (cf. (7.26)) are shown
in Figure 7.4, where the thick red lines indicate the frequency interval boundaries wy,
wy. We also indicate the theoretical error bounds (7.8) and (7.55) of BT and FLBT™4,
respectively, for w € R. For the ifiss example, (7.8) and (7.55) overestimate the true
error by several order of magnitude (cf. Table 7.5) and are, thus, not shown in the
respective error plot in Figure 7.4. While the reduced systems from BT match H in
the entire frequency range, those obtained with the frequency-limited variants FLBT,
FLBT™4 show slight deviations outside the considered frequency interval [wy, w,]. The
relative error plots clarify this as they reveal smaller errors obtained by the frequency-
limited approaches within [wy, ws], where especially unmodified FLBT yields superior
approximations. With the exception of example rail79k, it also achieves a somewhat
higher accuracy for w < wy.

To quantitatively measure the approximation quality, we consider the largest relative
error within the relevant frequency region €2 via

& ()= max &°(w).
wE[w1,wa]
The results are given in Table 7.5 which also includes the overall time ¢yjog which sums
up the computation time to acquire the low-rank Gramian factors and the generation
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Figure 7.4.: Results obtained by different BT versions: Bode magnitude plot of original
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bounds (right). The vertical red bars indicate the frequency limits wy, ws.
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Table 7.5.: Reduction result obtained by different BT versions.

‘Example, settings ‘BT type ‘algorithms ‘tMOR‘ Eff]lax(Q)‘ bound‘stable?‘
ifiss66k BT LR-ADI  [130.2[1.4810~4] 1.89-10° 1
[wi, wo] = [1, 10?], FLBT RKSM(59)|201.0/8.82:1076 - 1
r =160 FLBT™ed RKSM(]Q) 320.9(5.68-107°| 1.21-10° 1
rail 79k BT LR-ADI 105.4{1.53-1072|1.54-10~* 1
[wi, wp] = [1072, 10], |FLBT RKSM(5€2) |144.8/2.59-1073 - 1
r =50 FLBT™ed RKSM(]Q) 187.9(2.41-1072|3.42-10~* 1
FDM BT LR-ADI  [221.1(8.76-1072{1.09-10~! 1
[wi, w] = [10, 10%], |FLBT EKSM 54.9(1.03-1077 — 0
r =30 FLBTmod RKSM(592)|330.6|7.61-10~2 2.17 1

of the reduced order model by Algorithms 7.3 and 7.1, respectively. We also indicate if
the constructed reduced system is asymptotically stable.

It can be clearly confirmed that FLBT provides reduced systems with the best ap-
proximation quality in [wy,ws] for all test systems. Hence, the goal, mentioned in the
beginning, to achieve better accuracies at the same reduced order is fulfilled. For com-
parison, BT achieves a comparable accuracy, e.g., for system ifiss66k, if the reduced
order is increased to r & 200. Regarding the computation times tyjor, FLBT is in some
cases more expensive due to the required handling of the matrix function. If an efficient
numerical low-rank approach is used, computing the required low-rank solution factors
of the frequency-limited Gramians can, however, be cheaper compared to the infinite
Gramians. This is especially the case when the numerical ranks of the frequency-limited
Gramians are noticeable smaller than those of the infinite ones, e.g., for the FDM ex-
ample. There, carrying out FLBT requires less time than BT. For the FDM example,
however, FLBT returned an asymptotically unstable reduced system. This was also
observed for the other systems for some smaller reduced dimensions r. The stability
preserving modification FLBT™? does always provide a stable reduced order models
but the computation times are significantly higher than for BT and FLBT. Similar to
the experiments in Section 7.3.5, it seems to be harder to solve (7.54) for low-rank so-
lutions. Moreover, this stability preservation appears to sacrifice the obtained accuracy
in [wy,ws]. In particular, for the rail79k and FDM systems, the accuracies of FLBT™d
and ordinary, unrestricted BT are very similar which renders the introduction of the
frequency restrictions essentially redundant. If stability preservation is really crucial
and FLBT fails in this direction, but if also the efficient numerical realization of the
model order reduction approach is demanded, we suggest to use BT without frequency
limitations.

Similar to the results in Section 7.2.5, in some cases a violation of at least one of
the theoretical error bounds (7.8), (7.55) associated to BT, FLBT™¢ can be seen in
Figure 7.4 and Table 7.5. In particular, this occurs for the rail and fdm example. This
is again caused by the errors induced by the approximate GCALE solutions.
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7.4. Conclusion and QOutlook

We considered the execution of BT by means of approximate low-rank solutions of the
Gramians which are computed by the G-LR-ADI iteration a dual version thereof. This
admits to monitor the approximate Hankel singular values as the iteration proceeds
and use these as goal-oriented stopping criterion instead of the GCALE residual norms.
Numerical experiments show that this might lead to a earlier termination of the dual
G-LR-ADI iteration which can save some numerical effort but the produced reduced
order models can potentially be less accurate or even unstable. A structure preserving
variant of BT for second order systems was also discussed.

As second main topic of this chapter, BT restricted to limited frequency intervals
(FLBT) was investigated. Compared to standard BT in the first two sections, in FLBT
a matrix-valued function occurs in the inhomogeneities of the Gramians which have
to be computed. The effects of this matrix-valued function on the eigenvalues of the
Gramians within FLBT have been investigated. The established eigenvalue bounds
indicate faster decaying eigenvalues of the frequency-limited Gramians compared to the
infinite Gramians which can result in smaller numerical ranks. Due to some of the
employed eigenvalue inequalities, the found bounds are not very tight such that further
research in that direction will yield further insights. A single rational Krylov subspace
method with suitable shift parameters can be employed to intelligently deal with the
matrix-valued functions, as well as the computation of low-rank solution factors of the
occurring GCALEs. This suggested approach was, in the numerical tests, superior to
other approaches, e.g., the extended Krylov subspace method or the G-LR-ADI iteration.
Further improvements of RKSM [84, 166] might yield additional performance gains and
are subject to future investigations. Carrying out FLBT using this method led to reduced
order models of better accuracy compared to BT. In some cases, the numerical effort of
FLBT was even smaller because of the lower effort to approximate the frequency-limited
Gramians. The stability preserving modified FLBT approach [116] was also considered,
but, although similar techniques can be employed, the occurring GCALEs appear to be
significantly harder to deal with, independent of the used low-rank method. Improving
the handling of these modified Gramians, as well as related approaches with restrictions
on time or for discrete-time systems, are also further research perspectives.
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CHAPTER 8

CONCLUSIONS AND OUTLOOK
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8.1. Summary

This thesis investigated the numerical feasible computation of low-rank solution factors
for large-scale algebraic matrix equations. It is motivated by the often observed as well
as theoretically predicted fast decay of the singular values of the solutions [184, 4, 113,
222, 20, 23, 7]. The main focus of this thesis lay on approaches based on the low-rank
ADT iteration for Lyapunov and Sylvester equations [183, 161, 43]. The first contribution
in Chapter 3 was, that the residual during these iteration has a small, fixed rank and
can be given explicitly in a low-rank factorization. The incorporated low-rank factors of
the residual can be plugged into the method as intrinsic part which led to reformulated
versions of the low-rank ADI iteration. Moreover, this also enabled to compute the
residual norm very cheaply compared to older approaches.

Methods based on the ADI iteration require a number of shift parameters to achieve
a fast convergence. In various applications, these parameters can be complex and we
proposed in Chapter 4 a novel efficient approach to deal with these complex shifts and
still generate real low-rank solution factors in the end.

The efficient numerical generation of high quality shift parameters was investigated
in Chapter 5 which led to novel strategies, where the shifts are generated during the
low-rank ADI iteration. This is done completely automatic during the course of the
iteration such that the low-rank ADI methods essentially become independent of a pre-
computed shift parameters and, to a large extent, also to setup data required for the
shift generation. One key concept of these shifts is based on successively minimizing
the residual norm which is considered as function dependent on the shift parameter as
variable. These new shift generation strategies lead to a faster convergence of the ADI
iteration compared to traditional approaches in the majority of cases and also made the
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low-rank ADI iteration competitive with other low-rank methods, e.g., rational Krylov
subspace methods (83, 82].

As application, the usage of the low-rank ADI iteration for Lyapunov and Sylvester
equations within Newton methods for large-scale, symmetric [42, 201, 94] and, respec-
tively, nonsymmetric algebraic Riccati equations [241] was considered in Chapter 6. The
proposed efficiency enhancements also led to performance improvements and reduced
computation times in this situation. The outer Newton iteration of these algorithms
can be further drastically accelerated by performing a Galerkin projection using the
space spanned by the current low-rank solution factors. By incorporating all these tech-
niques, the low-rank Newton-ADI method performed well compared to other, existing
algorithms. However, the rational Krylov subspace method [211] was superior in some
experiments w.r.t. symmetric Riccati equations.

Balanced truncation model order reduction [175] was selected in Chapter 7 as second
application of the investigated low-rank matrix equation solvers. Here, a pair of adjoint
Lyapunov equations has to be solved by means of low-rank solution factors for which a
dual low-rank ADI iteration was used. This admitted to monitor quantities relevant for
the model order reduction application during the iteration and formulate goal-oriented
stopping criteria. Using the low-rank solution factors generated by this dual low-rank
ADI iteration led to accurate reduced order models. This accuracy was noticeably de-
creased when the iteration was terminated earlier because of the goal-oriented stopping
and in some cases, unstable reduced order models were constructed. Balanced truncation
can be restricted to finite frequency intervals which leads to frequency-limited balanced
truncation [107]. There, the inhomogeneities of the occurring Lyapunov equations in-
volve a complicated, matrix valued function which has to be dealt with in addition. The
eigenvalue decay of the solutions of these Lyapunov equations was investigated in more
detail and a different behavior compared to the Lyapunov equations in unrestricted bal-
anced truncation was revealed. It is possible to tackle both the matrix valued functions
as well as the Lyapunov equations by a single rational Krylov subspace algorithm with
appropriate shift parameters and utilizing a subspace recycling idea. It is due to the
presence of the matrix valued function that the low-rank ADI iteration is not compet-
itive in this particular situation. The generated reduced order models were of smaller
dimension and of better accuracy in the considered frequency interval in comparison to
unrestricted balanced truncation. In some cases it was even possible to generate the
required low-rank Lyapunov solution factors with smaller numerical effort.

8.2. Future Research Perspectives

With respect to the theoretical prediction of the singular value decay of solutions of ma-
trix equations, there is still not much known about the influence of the inhomogeneities
and the eigenvectors of the coefficient matrices. Some first investigations in this direction
can found, e.g., in [160, 222, 7]. Non-normality of the coefficient matrices seems to lead
to counter-intuitive effects as reported in [7]. For algebraic Riccati equations even less is
known w.r.t. these topics. Some results w.r.t. Lyapunov equations can be generalized to
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symmetric Riccati equations [23]. A better understanding of these issues could help to
further improve the existing or develop new low-rank algorithms for matrix equations.

The developed low-rank factorization of the residual within low-rank ADI methods
does only hold when the occurring linear systems are solved exactly. Some investigations
regarding inexact solutions, e.g., by iterative Krylov methods for large linear systems
can be found in [160, 202, 219], but there the original low-rank ADI methods were used
without the explicitly incorporated low-rank residual factors. Further research w.r.t.
those inexact linear solves is necessary, especially when sparse direct solvers cannot be
applied in a computationally feasible way.

The developed novel automatic shift approaches in Chapter 5 led to a significant per-
formance improvement of the low-rank ADI methods. However, further enhancements
can be achieved by applying more sophisticated and specially tailored optimization rou-
tines, e.g., approaches designed intrinsically for the occurring eigenvalue minimization
problems, see, e.g., [173, 174, 180]. Especially in the case of Sylvester equations, the op-
timization problems appear to be demanding for the optimization routines. Of course,
knowledge or further theoretical investigations of the analytic solution of the occur-
ring optimization problem might be invaluable to further enhance the residual norm-
minimizing shifts.

All the just mentioned points naturally also apply to the considered Newton-ADI
hybrids in Chapter 6 for large-scale algebraic Riccati equations. Further research topics
include the use of inexact solves of the inner, linear matrix equations and using line-
search strategies [25, 94, 135]. Both ideas are subject to current research in [125], where
it is shown that they potentially yield additional, noticeable performance gains and even
enable convergence when the standard Newton-ADI method fails.

Regarding the low-rank balanced truncation framework an open problem is how the
inexact solutions of the Lyapunov equations influence the reduction process. The ex-
periments in Chapter 7 reveal that a premature termination of the low-rank method
can yield noticeable less accurate and unstable reduced order models. Hence, further
research is needed in this direction, e.g., by determining bounds for a minimal required
accuracy of the Gramian approximations in order to preserve stability. This, in turn,
might provide more reliable goal-oriented termination criteria.

The bounds regarding the eigenvalue decay of the Lyapunov solutions occurring in
frequency-limited balanced truncation are descriptive but somewhat conservative and
not very tight. Obtaining better bounds might yield further insights how the frequency
restrictions influence the eigenvalue decay. This might then be used to improve the
methods for dealing with the involved matrix valued function and computing the low-
rank Gramian factors. Computing low-rank solution factors of the stability preserving
modification [116] of frequency-limited balanced truncation was computationally more
demanding compared to original, frequency-limited as well as unrestricted balanced trun-
cation. The accuracy of the obtained reduced order models appear to also suffer from
this modification. Hence, further research effort might be devoted to alternative ways
to maintain stability in frequency-limited balanced truncation.

203






APPENDIX A

ADDITIONAL ALGORITHMS

In Algorithm A.1, a basic implementation of the rational Krylov subspace method
(RKSM) [82] for GCALESs is illustrated. There, in Lines 1,6,8, orth refers to any stable
(block) orthogonalization routine. The matrix A, in Line 9 as well as \\L(Q]X]Q]T)\\ in
Line 11 can be computed more efficiently [83]. Moreover, E can also be incorporated us-
ing its Cholesky factors [209, 83] if E = ET = 0. By adjusting Line 3, Algorithm A.1 can
be rewritten into a standard [196, 137] or extended Krylov subspace method (EKSM)
[209].

Algorithm A.1: Rational Krylov subspace method (RKSM) for GCALEs
Input : A, E, F asin (3.12), shifts {si,...,s;,..} C C, tolerance 0 < 7 < 1.
Output: Z € R™* such that ZZ7 ~ X with k < n.

Fg = E‘le‘7 Qo = orth(FE)

for 7 =1,2,..., jumax do

Generate new basis vectors ¢; = (A — s;E) ' Eq;_;.

Orthogonally extend basis matrix Q;_1:

if s; € R then

| Q= orth([Q;-1, g])-

else
| Qj = orth([Q;-1, Re(g)), Im(g)))), j = j + 1.
o | A =QTE'AQ;, F; = QTFp.
10 Solve Aj)zj+)~(jAJT+EFJH =0 for Xj.
1| if [|£(Q;X;QT)| < 7||FFT|| then

® N e A W N R

12 Compute (and truncate) EVD X; = W_,-]\joT, WIW; = I,
]\j = dlag (5\1, ey 5\,,-j>.

13 Construct low-rank solution factor Z = QJW/J]\f

14 Stop rational Krylov process.
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Algorithm A.2: LR-NADI-N-r for generating real low-rank solutions of NAREs

[Z-I I

© 0 N O s

11

12

13

14

15

16

17

18

19
20
21

22

23
24
25
26
27
28

29

30

31

Input

: Matrices A, B, F, G, U, P defining (6.17), initial guesses K, H©)

and stopping tolerances mny, Tapr < 1.

Output: Z(F) ¢ R4 YR ¢ Rmxt TR ¢ Rbxt gt ZOTE (YT ~ X

k=1

while HfR(X(k*l))H > 7yul|[UPT|| do

Get shifts {a;}, {8:} wart. AW = A-KEDGT p®W .= p— p(HED)T,

[U K(k—l)] TU [P H (k— 1] Z (k) _ F(k) O(k) — [ ].’ ] =0

whlle IWi(TH || > Tapd|[Wo(To) || do
J=i+Ly =06+

V= (AW 4+ B;1,) W, 1, S; = (B® + o, 1) HT;_5.

if Case 1: f; € R ANa; € R then

Wi =W =V, T = Tioa — 755

| Zi =V, Ye=S, Ty =yl h=1.

if Case 2: f; € C Naj; € C then

W1 = W1 — 2Re(3;) Re(V;) — (f255 — 2Tm(y;)) Im(V;).
Tjs1 =Tyt — 2Re(y;) Re(S)) + (s — 21m(y;)) Im(S)).
Z. = [Re(V;), Im(V})], Yy = [Re(S;), Im(5;)].

| = f‘f) from (4.16), j =7+ 1, h = 2.

if Case 3a: 3; € C N o € R A ajy1 € R then

Va1 = Bj + g, 85 = af g + 2Re(B))aj + [,

W1 = W1 — (Re(y; +7j41)) Re(V;) — R Rl htm@ 1y (7).
Ty = Tj1 — (Re(y;) + Re(v541))S;-

Sir1=—(B® + aj11,) TS, T =T + 6,541

Zy = [Re(Vj), Im(V)], Yy =[S}, Sjl.

ry F(a)f10111(419)j7]+1 h=2.

if Case 3b: f; €e R A ,B]HGR A a; € C then

Vi1 = Bjr1 + 0, 65 = [7);+1 +2Re(;) B + |y

Wy = W1 — (Re(y;) + Re(3540))Vi-

Vi = (A(k) + B ln) Vi, Wi =W +6;Via

T;

j1 = Tjo1—(Re(7;) + Re(7;41)) Re(S;) — e e Reians) gy ;).
Zy = [V} Vj+1LY+ = [Re(5;), Im(S;)]-
I, =0 from (4.20), j = j +1, h=2.

7k k k k
| 2P =120, 2], vV =1y, vi], T = diag(T,, 1)), k=k+ 1.
K k)

=z F), HO =y <r§’“> (z"ia, tj:(r+p>j.
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APPENDIX B

THESES

t

. This thesis deals with numerical methods for large-scale algebraic matrix equa-

tions. Linear matrix equations of Sylvester and Lyapunov type, but also quadratic
equations of Riccati type, are considered.

. The low-rank phenomenon exhibited by the solutions of large-scale algebraic ma-

trix equations is reviewed. This leads to the concept of computing approximate
solutions in the form of low-rank factorizations which is the backbone of the in-
vestigated algorithms.

. For Sylvester and Lyapunov equations, the main emphasis lies on methods based

on the low-rank version of the alternating directions implicit (LR-ADI) iteration.

. It is shown that in each step of the LR-ADI iteration, the residual with respect to

the current approximation of the solution can be exactly expressed as a low-rank
factorization. The rank of the residual is bounded from above by the rank of the
inhomogeneity of the matrix equation. This leads to a novel way to formulate the
LR-ADI iteration and to efficient approaches for computing the residual norm.

. The ADI iteration demands shift parameters which have a significant influence on

the rate of the error reduction. If the considered matrix equation is defined by real
nonsymmetric matrices, these shift parameters can occur in complex conjugated
pairs. Based on newly discovered interconnections of the iteration data associated
to these complex conjugated pairs, new strategies to reduce the amount of the
resulting complex arithmetic operations and storage are presented.

. The dependence on shift parameters is a conceptual disadvantage of the LR-ADI

iteration, because shifts of high quality are usually hard to obtain for large-scale
matrices. Novel shift generation and selection approaches are developed, where the
shifts are efficiently and automatically computed during the course of the iteration,
making the LR-ADI iteration basically parameter free.

. The newly established low-rank factorization of the residual can be exploited to

develop a shift generation strategy based on a minimization of the residual norm.
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8.

10.

11.

12.

13.

208

The proposed self-generating shifts outperform existing shift selection approaches
in the majority of experiments, leading to fewer iteration numbers and less con-
sumed computation time.

. Equipped with the established numerical enhancements and the new shift strate-

gies, the LR-ADI iteration compares well against competitive approaches, e.g.,
projection based methods using rational or extended Krylov subspaces.

Large-scale symmetric and nonsymmetric algebraic Riccati equations can be solved
by Newton type methods, where the occurring Lyapunov and Sylvester equations
can be dealt with the LR-ADI iteration, including all of the proposed performance
improvements. Adding a Galerkin projection to the Newton iteration can further
accelerate the algorithms.

Balanced truncation model order reduction requires the solution of two Lyapunov
equations which are adjoint to each other. These can be handled simultaneously by
a dual LR-ADI iteration, which can be equipped with specialized stopping criteria
connected to the model reduction process.

Balanced truncation restricted to limited frequency regions leads to Lyapunov
equations, where the inhomogeneity involves a nonlinear function of a matrix.
It is investigated why the eigenvalues of the solutions of these special Lyapunov
equations often decay faster compared to the equations arising in classical bal-
anced truncation. Results explaining the influence of the frequency limits on this
accelerated eigenvalue decay are established.

A projection approach employing rational Krylov subspaces is proposed which can
handle both the matrix function and the Lyapunov equation by a single, computa-
tionally efficient algorithm. As result, frequency-limited balanced truncation can
be carried with a numerical effort comparable to unrestricted balanced truncation
and yields reduced order models of higher accuracy in the considered frequency
region.
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