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Inhalt

In dieser Arbeit werden Prokrustesprobleme in endlichdimensionalen Vektor-
rdumen mit indefiniten Skalarprodukten formuliert und untersucht. Es handelt
sich dabei um Optimierungsaufgaben zur Bestimmung von Isometrien, mit deren
Hilfe zwei gegebene Tupel von Vektoren im Sinne einer optimalen Kongruenz
transformiert werden konnen. Als Kriterium fiir dieses Optimum werden Sum-
men von Abstandsquadraten optimiert (Methode der kleinsten Quadrate).

Zur analytischen Untersuchung dieser Probleme werden H-Polarzerlegungen
und die in dieser Arbeit eingefiihrten (G,H)-Polarzerlegungen verwendet. Dabei
werden einerseits Kriterien fiir die Existenz dieser Zerlegungen angegeben und
andererseits Verfahren zu ihrer numerische Berechnung entwickelt.

Nicht alle formulierten Prokrustesprobleme konnen analytisch gelost werden.
Daher wird auch ein Newton-Verfahren bereitgestellt, mit dessen Hilfe die nu-
merische Losung aller Optimierungsaufgaben zur Bestimmung von Isometrien
moglich ist, bei denen die Optimierungsfunktion durch eine quadratische Form
der vektorisierten Isometrie dargestellt werden kann. Diese Darstellung existiert
insbesondere im Fall der Prokrustesprobleme, aber auch H-Polarzerlegungen
konnen mit dem Verfahren berechnet werden.

Letztlich wird auch noch ein numerisches Verfahren entwickelt, mit dem
die kanonische Form eines Paares (A, H) bestehend aus einer H-hermiteschen
Matrix A und einer reguldren hermiteschen Matrix H berechnet werden kann.
Dieses Verfahren beruht auf der Berechnung der Jordanschen Normalform der
Matrix A und einer Normalisierungsprozedur, die eine Verallgemeinerung des
Cholesky-Verfahrens darstellt.
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Chapter 1

Introduction

1.1 Overview

Let F be the field of real numbers R or complex numbers C and let F" be
an n-dimensional vector space over F. Furthermore, let H € F"*™ be a fixed
chosen nonsingular symmetric (F = R) or Hermitian (F = C) matrix and let
x=(21,-.,2:)T,y = (Y1, .-, yn)T € F" be column vectors. Then the bilinear
or sesquilinear functional

x,y] = (Hx,y) where (x,y) =Y 2ol (o = o if F=R)
a=1

defines an indefinite scalar product in F™. Indefinite scalar products have almost
all the properties of ordinary scalar products, except for the fact that the value
of [x,x] for a vector x # 0 can be positive, negative or zero. A corresponding
vector is called positive (space-like), negative (time-like) or neutral (isotropic,
light-like), respectively. The H-adjoint Al of an arbitrary matrix A € F**™ is
characterised by the property that

[Ax,y] = [X,A[*]y] for all x,y € F".

This is equivalent to the fact that between the H-adjoint Al and the ordinary
adjoint A* = AT there exists the relationship

A =H'A*H.

If in particular Al = A or A*H = HA, one speaks of an H-selfadjoint or
H-symmetric or H-Hermitian matrix, and an invertible matrix U with UM =
U~! or U*HU = H is called an H-isometry or an H-orthogonal or H-unitary
matrix [GLR]. If F” provides several indefinite scalar products, we also write
[,.]z = (H.,.) or A" = A5 to indicate the matrix H on which a particular
scalar product is based.

Indefinite scalar products have been a central subject of research during re-
cent years as can be seen by a large number of related publications, for example
[BR], [BMRRR1-3], [GLR], [HO], LMMR], [MMX]. Frequently, these publica-
tions generalise well-known results from an environment of ordinary (positive
definite) scalar products to an environment of indefinite scalar products. This is



CHAPTER 1. INTRODUCTION 2

also the strategy of this thesis which is primarily concerned with the investiga-
tion of several variants of least-squares or Procrustes problems!. These problems
occur in a branch of mathematics, known in psychology as factor analysis or
multidimensional scaling (MDS) (for example see [BG], [D], [H]).

In a typical application of MDS test persons are first requested to estimate
the dissimilarity (or similarity) of specified objects which are selected terms
describing the subject of the analysis. In this way the comparison of N objects
in pairs produces similarity measures, called proximities, pg;, 1 < k,I < N,
from which the distances dy; = f(pr;) are then determined using a function f,
for example f(x) = ax + b, which is called the MDS model. Based on these
distances, the coordinates of points X in an n-dimensional Euclidean space are
constructed such that ||x; — x;|| = di; where ||.|| denotes the Euclidean norm.
Now each object is represented by a point in a coordinate system and the data
can be analysed with regard to their geometric properties.

The results of interrogating the test persons are often categorised in groups,
producing several descriptive constellations of points which must be mutually
compared in the analysis. To make such a comparison of two constellations xy
and yj possible, it is first of all necessary to compensate for irrelevant differ-
ences resulting from possibly different locations in space. This is done with an
orthogonal transformation U selected such that Y-, [[Uxy, — y||? is minimised.
Thereafter the constellations x), = Uxy, and yj, are analysed.

The MDS model f is chosen in particular by adding a constant b (and by
making further assumptions such as dg; = 0), so that the triangle inequality is
fulfilled and therefore the points can be embedded in a Euclidean space [BG,
Chapter 18]. But this means that the transformed data dy; describe completely
different geometric properties than the original data py; do. It would thus be
more reasonable to avoid the transformation and to interpret the proximities
itself as distances which is possible if a pseudo-Euclidean geometry is admitted.

Following this approach we will show how to construct vectors x; and an
indefinite scalar product [.,.] = (H.,.) such that [x; — x;,x; — X;] = qr; where
qr; are given real numbers. If these numbers are defined by qx; = pil, then the
vectors Xj represent the objects of the analysis in an indefinite scalar product
space and the proximities are their pseudo-Euclidean “distances”.

Now assume that the vectors yj represent a second set of proximities. Then,
before comparing the constellations, a pseudo-Euclidean “rotation” U must be
determined such that xj, = Ux; and yj are optimally congruent. This is the
central subject of this thesis in which the following problems are considered:

Let (x1,...,xx) and (y1,...,yn) be two N-tuples (N > 1) of vectors in
F™ and let [.,.]g be an indefinite scalar product. Then the basic task is to
determine a solution of the constrained optimisation problem

N
f(U) = Z[ka — ¥k, UXg — yi|g — opt with (1.1)
k=1
h(U)=U'HU-H=0

IProcrustes, a robber in Greek mythology, who lived near Eleusis in Attica. Originally
he was called Damastes or Polypemon. He was given the name Procrustes (“the stretcher”)
because he tortured his victims to fit them into a bed. If they were too tall, he chopped off
their limbs or formed them with a hammer. If they were too small, he stretched them. He
was overcome by Theseus who served him the same fate by chopping off his head to fit him
into the bed.
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which will be called the H-orthogonal or H-unitary Procrustes problem in agree-
ment with the Euclidean case investigated in [S]. The wanted optimum depends
on the matrix H. For example, if H is positive or negative definite, then the
minimum or maximum, respectively, of the function f has to be determined.

Whereas it turns out that (1.1) can always be solved in the case of a definite
matrix H, in the indefinite case it is possible that no solution exists. This leads
to the optimisation problem

N
f(U) = Z[ka — ¥k, UXg — yilg — opt with (1.2)
k=1
h(U)= U*HU - H =0 and g(U) = U*GU — G =0,

which will be called the (G,H)-orthogonal or (G,H)-unitary Procrustes problem.
Here the geometry within the tuples is measured with the scalar product [.,.]¢
but the geometry between the tuples is measured with the scalar product [.,.]x.
The wanted matrix U has to be both an H-isometry and a G-isometry.

In addition to this, the problem

N
f(U) = Z[ka — ¥k, UXg — yilg — opt with (1.3)
k=1
g(U)=U'GU-G =0

will also be investigated. Again the distances inside the tuples are measured
with the internal metric G and the distances between the tuples are measured
with the external metric H. However, U is only required to be a G-isometry.
Here and elsewhere the matrix defining a (not necessarily indefinite) scalar
product is called a metric in accordance with its meaning in tensor algebra where

it, or more precisely its transpose, is called the metric tensor (for example see
[WEY, §5]).

1.2 The orthogonal Procrustes problem

Several matrix factorisations play an important role for the analysis of Pro-

crustes problems. In particular, the well-known singular value decomposition
(SVD) is very useful.

Proposition 1.1 (Singular value decomposition). Let F = R or F = C
and let A € F™*" . Then there exist orthogonal or unitary matrices P € Fm*m
and Q € F™"*™ such that

P*AQ = X = diag(o1,...,0p) € R™*", p=min(m,n),
where o1 > ... > 0p > 0.
Proof. See in textbooks on linear algebra, for example [GVL, Section 2.5.3]. O

Closely related to the SVD is the following factorisation which can be inter-
preted as a generalisation of the complex polar coordinates z = e*2'8(?) |z|.



CHAPTER 1. INTRODUCTION 4

Definition 1.2 (Polar decomposition). Let F =R or F = C and let A €
Fm*". A factorisation of the form

A =UM with U'U =1 and M* = M,

where U € F™"*" is an isometry and M € F*" is selfadjoint, is called a polar
decomposition of A. O

Since the SVD of a matrix A € F"*" can be rewritten as
A =(PQ"H(QXEQ") =UM,

it is clear that every square matrix admits a polar decomposition.

With this background we are able to look at a first Procrustes problem. Let
A, B € RY*" Then the least squares problem of determining an orthogonal
matrix T € R™*"™ such that the squared Frobenius norm of the residual matrix
AT — B is a minimum can be formulated as

tr[(AT — B)T (AT — B)] — min with TT? =T.

In this form the so-called orthogonal Procrustes problem was investigated by
Schénemann [S]. He showed that the solution is obtained from the singular
value decomposition (which he called “Eckart-Young decomposition”)

ATB = Qx=P”T
by forming
T = QP”.

Now, defining A” = X, BT =Y, T? = U and denoting the columns of X and
Y € RN by x1,...,xy and yy,...,yn, respectively, it immediately follows
that the transposed problem

tr[(UX — Y)T(UX — Y)] - min with UTU =1

or
N

Z(ka — v, Uxp —yi) — min with UTU =1
k=1

is solved by the isometric factor of the polar decomposition
YXT =PxQT =UM, U=PQ", M=QxqQ’.

Thus we have already found the solution of the problem (1.1) in the case F = R
and H=1

It does not surprise that for F = C and H = I an analogous statement
holds. Here the factor U of the complex polar decomposition YX* = UM is
the wanted isometry. However, when H is a selfadjoint matrix having positive
and negative eigenvalues, the things are getting more complicated. In this case
the addends in the objectives of (1.1) — (1.3) can be positive as well as negative,
so that even the criterion for the optimum of the function f has to be considered.
Nevertheless there are a lot of analogies to the definite Procrustes problems, and
it turns out that the following generalisation of the polar decomposition helps
to solve the indefinite problems.
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Definition 1.3 (H-polar decomposition). Let F = R or F = C and let
H € F"*" be nonsingular and selfadjoint. Furthermore, let A € F**™. A
factorisation of the form

A =UM with U'HU =H and M*H = HM,

where U € F"*" is an H-isometry and M € F"*" is H-selfadjoint, is called an
H-polar decomposition of A. %

In contrast to the ordinary polar decomposition, not every square matrix
admits an H-polar decomposition, so that the theory of the latter is considerably
more complicated. We will therefore have to study H-polar decompositions
before the Procrustes problems can be investigated.

1.3 Contents and notation

In this thesis we will derive theoretical results and we will also develop numerical
methods with which these results can be applied. The presentation is divided
into seven chapters which are organised as follows:

In Chapter 2 some essential properties of indefinite scalar product spaces
are described. Several subspace decompositions are given and H-orthogonal
bases are discussed. The chapter ends with the introduction of the HQR de-
composition which is a generalisation of the QR decomposition in the presence
of an indefinite scalar product.

Chapter 3 is concerned with H-polar decompositions. Some important re-
sults of the related theory are summarised and a new criterion for the existence
of H-polar decompositions is given. Furthermore, the chapter presents algo-
rithms for the numerical computation of H-polar decompositions of a complex
matrix A for which either A A is diagonalisable or A A has no non-positive
eigenvalues. In this context the H-singular value decomposition is introduced.

Chapter 4 starts with an introduction to doubly structured indefinite po-
lar decompositions, called (G,H)-polar decompositions, followed by a method
for constructing points from given values of a quadratic form. Afterwards the
Procrustes problems (1.1) and (1.2) are solved with the help of H- or (G,H)-
polar decompositions, respectively. At the end of this chapter some more general
results on (G,H)-polar decompositions are derived.

In Chapter 5 a Newton method is developed with which all stated Pro-
crustes problems and further related problems can be solved numerically. This
method will in particular be adopted to solve the problem (1.3) for which no
analytic solution has been found.

Chapter 6 presents an algorithm for computing the canonical form of the
complex matrix pair (A,H) where A is H-Hermitian and H is nonsingular
and Hermitian. The algorithm is based on the numerical computation of the
Jordan normal form of A and a subsequent H-orthogonalisation of the bases
of the generalised eigenspaces. In connection with results from Chapter 3 this
algorithm allows to compute all H-polar decompositions of a matrix A for which
A*JA has no non-negative eigenvalues.

In the final Chapter 7 the most important results on the Procrustes prob-
lems are summarised and explained with an illustrative example.
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The chapters can more or less be read independently. For the presentation
the following notation is used:

The kernel (null space), the image (range) and the rank of a matrix A
are denoted by ker A, im A and rank A, respectively. If the matrix A is square,
then tr A, det A and o(A) are its trace, determinant and spectrum, respectively.
Furthermore, the abbreviation A~* = (A*)~! = (A71)* is used.

The symbol 0 denotes zero vectors as well as zero matrices. In some places
it is additionally provided with size attributes 0,, € FP*9 or 0, € FP*P, but
lower indices may also be intended as enumeration indices. This is evident from
the respective context.

I,, N, and Z, specify the p x p identity matrix, the p x p matrix with
ones on the superdiagonal and otherwise zeros, and the p X p matrix with ones
on the antidiagonal and otherwise zeros. In particular J,(A\) = AI, + N,, is an
upper Jordan block with eigenvalue A and Z,, is called a sip (standard involutary
permutation) block. In explicit formulas we have

The notation A; @ ... ® Ay represents a block diagonal matrix consisting
of the specified blocks, and diag(aq,...,ax) stands for a possibly rectangular
diagonal matrix with the specified diagonal elements. Moreover, X & Y also
denotes the direct sum of two subspaces X,Y C F™.

Whereas only the Euclidean vector norm ||x|| = v/x*x is required, different
matrix norms are used. If A = [a;;] is an m x n matrix, then

|AllF = VirA*A and ||Al; = 121;‘?”; Jaij|

are its Frobenius (Euclidean) norm and 1-norm, respectively.
Even when no further specifications are made, a nonsingular (real) symmetric
or (complex) Hermitian matrix is always meant by H.

1.4 Acknowledgements

The present work was developed in recent years while I was also working as a
software engineer for a small company in Germany. After having accomplished
the first presentable results (parts of Chapter 4 and 5) I started to look for an
academic authority and found in Martin Buhmann (Justus-Liebig-Universitét
Gieflen) an interested discussion partner. I would like to thank him for the given
hints and support.

Since my investigations did not match Professor Buhmann’s subject of re-
search exactly, we tried to find out who might also be interested in my work,
where the contact to Peter Benner (Technische Universitdt Chemnitz) resulted
from. From that time on, Professor Benner accompanied my external research
activities. He had open ears for all questions that arouse and supported me in
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Next I thank Volker Mehrmann (Technische Universitdt Berlin) and Leiba
Rodman (The College of William and Mary) for having refereed this work.
Moreover, I would like to thank Martin L. Michaelis for his assistance in trans-
lating the first results into the English language and my employer, Klaus Nonne,
for his generous working time regulation. Last not least, I also thank my girl
friend Andrea for her patience and for always providing a place of recovery
together with our lovely cats Max and Lucy.



Chapter 2

Indefinite scalar product
spaces

2.1 Introduction

Let F =R or F = C and let F™ be a vector space in which the scalar product
[,.] = (H.,.) is defined. Then the assumption that H has positive and negative
eigenvalues has far reaching consequences. In particular, the subspaces M C F"
have properties which are not known from the subspaces of Euclidean or unitary
spaces.

In this chapter we will therefore prepare our further investigations by study-
ing some important aspects of indefinite scalar product spaces. In Section 2.2
several subspace decompositions will be derived. In Section 2.3 the construction
of H-orthogonal bases of subspaces and their extension to H-orthogonal bases
of F™ will be discussed. The results obtained in these studies will then be used
to generalise the well-known QR factorisation so that it allows to compute an
indefinite HQR factorisation. This takes place in the final Section 2.4.

2.2 Subspace decompositions

The properties of subspaces of real or complex indefinite scalar product spaces
are discussed in detail in [GLR, Chapter I1.1]. We find the following basic defi-
nitions and statements there:

Definition 2.1.

(i) A subspace M C F™ is called positive (non-negative, neutral, non-positive,
negative) if

[x,x] >0 ([x,x] >0, [x,x] =0, [x,x] <0, [x,%x]<0)
is satisfied for all 0 # x € M.

(#4) A subspace M is called non-degenerate if x € M and [x,y] = 0 for all
y € M imply that x = 0, otherwise M is called degenerate.
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Proposition 2.2.
(i) Let M C F™. The set defined by
MY = {xeF":[x,y] =0 for ally € M}
is also a subspace of F™ and is termed the H-orthogonal companion of M.
(it) It is true that

(MUY = M and dim M + dim MY = .

(#i1) 1t is true that
MnMH = {0} and M @ M =F»
if and only if M is non-degenerate?.

It is furthermore shown in [GLR, Theorem I.1.4] that every non-negative
(non-positive) subspace is a direct sum of a positive (negative) and a neutral
subspace. In addition to this, the following more general theorem holds, whose
proof is based on statements made in [GR, Sections 9.6, 9.7].

Theorem 2.3 (Decomposition of subspaces).

1. Fvery non-degenerate subspace M C F™ can be expressed as a direct sum
M = M, & M_ where M, is positive, M_ is negative and the spaces are
H-orthogonal to each other.

2. Every subspace M C F™ can be expressed as a direct sum M = My ® M,
where My is neutral, My is non-degenerate and the spaces are H-orthogonal
to each other.

Proof. 1. Let My be a positive subspace of M with maximum dimension. Then
M is non-degenerate and M, & MJ[FL] = F™. Thus a representation

MyeMaMSYy =M, Mo =mnmH
exists with two H-orthogonal addends, and it remains to show that M_ is neg-
ative. Suppose that a vector x € M_ exists with [x,x] > 0. Then it would
follow that [x +y,x +y] = [x,x] + [y,y] > 0 for all y € M. But this would
mean that the subspace M, @ span{x} is also positive, in contradiction to the
maximality of M. Thus M_ is non-positive and the Schwarz inequality [GLR,
Chapter 1.1.3]3
% ¥)12 < %Xy, y] for all x,y € M_

can be applied. Now assume that xo € M_ with [xg xo] = 0. Then the Schwarz
inequality shows that [x¢ x] = 0 must hold for all x € M_. Since it is also
true that [xoy] = 0 for all y € M, it follows that [xgz] = 0 for all z € M.
Consequently xg = 0, because M is non-degenerate.

2This is an essential difference compared with the ordinary scalar product, for which these
equations are always fulfilled for the ordinary orthogonal complement M.

3There is a typing error contained in equation (1.8): It must be read |(Hy,z)|? <
(Hy,y)(Hz, 2).
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2. Let My = M N MM, Then M, is neutral, because if a vector x € My C M
were to exist with [x,x] # 0, it would follow that x ¢ M > My. Now let M,
be a complementary subspace, so that

(MM e M, =M, My=MnM*,

with two H-orthogonal addends is satisfied. To show that M; is non-degenerate,
let xog € My with [xg,x] = 0 for all x € M;. Furthermore, [xq,y] = 0 for all
y € My, so that [xg,2] = 0 for all z € M. Thus it follows that xo € M; and
Xo € My, so that xg = 0. O

On combining the two statements of the theorem, it is clear that every
subspace M C F" can be expressed in the form

M:MJF@Mf@MO

with a positive, a negative and a neutral — mutually H-orthogonal — subspace.
In order to deduce the dimensions of these subspaces, we refer to the following
classical result [GR, Sections 9.8, 9.9].

Remark 2.4 (Projection onto subspaces). Let M = span{xi,...,X;,} be
a subspace of F". Then every vector y € M,

m
y= Z NuXp,
pn=1

can be represented uniquely by its coordinates ¥ = (9y,...,mm)7 € F™ with
respect to the given basis of M. If now X = [x;1...X,,] € F™™ is a matrix
whose columns are the basis vectors, then y = Xy and for H = X*HX ¢ Fmxm
we obtain

(Hy,z), = (HXy,X2), = (X"HXy,2),, = (Hy, ),
where

k
(X, Y)k = Z TaYq-
a=1

Consequently the properties of the non-degenerate scalar product H : F” xF"™" —
F in the subspace M can be studied with the help of the possibly degenerate
scalar product H:F" xF" - F. In particular, if O'(I:I> contains p positive and
q negative eigenvalues, and if r = m — p — ¢ is the multiplicity of the eigenvalue
0, then for the decomposition of M described above it holds that

dimM, =p, dimM_=gq, dimMy=r.

The dimensions of these subspaces are uniquely determined. This is a conse-
quence of Sylvester’s law of inertia, according to which the numbers of positive,
negative and vanishing elements are invariant for all diagonal representations
of H. Furthermore, the subspace M, is uniquely determined by the nullspace
ker H of the degenerate scalar product. In particular, if M is a non-degenerate
subspace, then det H # 0, i.e. r =0. In this case the maximum dimension of a
neutral subspace of M is given by min(p, ¢) which is proved in [GLR, Theorem
1.1.5). O
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According to Proposition 2.2 (iii) a non-degenerate subspace M C F" in-
duces a decomposition of F™ into the two complementary subspaces M and
MM A generalisation of this statement is given by the following theorem. It
describes the interesting fact that an arbitrary (degenerate) subspace induces a
decomposition of F” into four complementary subspaces.

Theorem 2.5 (Decomposition of the space). Let M C F". Then four
subspaces My, Mo, M), M C F™ exist with the following properties:

1. F™* = My @& My ® My with My = M @ M.

2. My=Mn MM and M = My ® M}y as well as M = My @ M.
3. My, My, My are non-degenerate and mutually H-orthogonal.

4. My, M{ are neutral and dim M{ = dim M{.

Proof. Let My and My be the complements of M{ which exist according to
Theorem 2.3 and for which the assertion 2. is fulfilled. Then M; C M and
M, c MWl are H-orthogonal and non-degenerate, so that M; & M, is also
non-degenerate. Consequently

F" = (M @ My) @ (M; @ Ma)

and, moreover, M} C (M; @ M), If we now choose My = (M; @ M)t =
M| @ M[/, then assertions 1. and 3. are fulfilled, too. From

F" = (My & My @ M) @ MY = (M + M3y @ MY
it furthermore follows that

dim M{' = n — dim(M + M)
=n — (dim M + dim M= — dim(M 0 M)
=n — (n — dim M)
= dim M|,

where the well-known dimension theorem [GR, Section 1.21]
dimM +dim N = dim(M + N) + dim(M N N) for M,N C F"

and Proposition 2.2 (ii) have been applied.

It remains to show that M{ is neutral. Let r = dim M{ = dim M{]. Then M,
is a 2r-dimensional non-degenerate subspace of F", which can be split according
to Theorem 2.1 into a positive and a negative subspace My = MJ @ My . Let
p = dim M and ¢ = dim M. Since My must contain the r-dimensional
neutral subspace M| it follows that r < min(p,q) and thus p > r and ¢ > r
[GLR, Theorem I.1.5]. On the other hand p + ¢ = 2r, so that p = ¢ = r.
Therefore, the subspace My admits the decompositions

My = M{ ® My = M| ® M| with
dim My = dim M; = dim M} = dim M{/
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and H-orthogonal spaces M, M, , so that the three bases

My =span{x],...,x;'}, M =span{xy,...,x, }, M} =span{x},...,x.}

with [x}7,x; ] >0, [x,,%;]<0, [x,x,]=0 and [x},x;] =0

for 1 < k,1 < r can now be chosen. Since M0+ is positive, M, is negative and
My is neutral, it must also be true that My N M} = M, N M{ = {0}, so that
each basis vector of M} can be expressed in the form

Xk - Z akzx + Z /Bk’LX with (akh ey akT>Ta (ﬁkla e 75]67’)T # 0

i=1

Furthermore, the vectors defined by

xk = Za’” and X, = Zﬁ’“

can be used as a new basis of MO+, My . Indeed, if it is assumed that the
constants (Aq, .. .,)\r) % 0 with Alif + ..., X = 0 exist, then 0 # A\x} +

AKX =M (XD A& X)) = )\1x1 +. +)\ X, € My and
thus My N M§ # {0}. The linear independence of the Vectors Xi,...,X, can
be shown analogously. Finally, defining

1"

x) =% —%, for 1 <k<r and M} =span{x/,...,x/},

then M is on the one hand a neutral subspace because

[X;clvxl] = [5(2_ - 5(];75(?_ - )N(l_] = [iﬂiﬂ + [SCI;’)N(I_]
= & %%+ %] =[x xi] = 0
and on the other hand
My = My ® My

= span{X{,..., X} ®span{x,,..., %, }

=span{X| + %7 ,..., x5 + %, } @ span{x] —x,,..., % — %, }

= M} & My,
so that the assertion 4. of the theorem is fulfilled, too. O

2.3 H-orthogonal bases

Whereas the statements have been proved so far without reference to particular
bases, we will also have to use H-orthogonal bases. The following two theorems
contain generalisations of the Gram-Schmidt orthonormalisation method, with
the help of which such bases can be constructed. Both theorems will in particular
be applied for the H-orthogonalisation of eigenspaces of H-selfadjoint matrices
(Theorem 2.6 for eigenspaces belonging to real and Theorem 2.7 for eigenspaces
belonging to non-real eigenvalues).
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Theorem 2.6 (H-Orthonormalisation of bases). Let F = R or F = C
and let X be a subspace of F" with dim X = m. Then there exists a basis
{uy,...,un} of X such that

+1, for1<k<p
[upw) =epbp, ex=19-1, forp+1<k<p-+gq
0, forp+q+1<k<p+q+r

where p+ q+r =m. In particular, if X is non-degenerate, then r = 0.

Proof. (Induction) First assume that X is non-degenerate and let {x1,..., %}
be a basis of X. Also let k,I be two indices in {1,...,m} such that |[xx,x]]|
is maximised. Then it necessarily follows that [xx,x;] # 0, because otherwise
X would be degenerate. For the case k = [ let the basis which is obtained by
interchanging x; and xj, still be denoted as {xy,...,X;,}. Otherwise, let

~ 1 ( ) ~ 1 ( )
X = —(—= (X + X and X; = —(xp — »X

where ¢ = [Xg, x;]/|[Xk, %1]|- Then span{Xy,%;} = span{xy,x;} and
Xk, Xk ] = o+ [[xp, 3] and [, %] = @ — | [xx, ]|

where a = ([xg, X] + [x1,x])/2. Hence, for

~ )N(}C, lfOzZO
Y %, ifa<o

it is always true that [y,y] # 0. Let the particular basis obtained by replacing
Xk, X; with Xy, X; and then exchanging x; and y still be denoted as {x1, ..., X }.
If we now set

u; = x1/+/|[x1,%x1]| and &1 =sign[x1,x1] € {+1, -1},

then [uy, w1] = [x1, x1]/|[x1,%1]| = €1 and for the vectors defined by

x; = X; — 61[)(7;7111]111 fOI‘ 2 S 7 S m
we obtain
[x},u1] = [x;,u1] — e1[x;, up][ug, u;] = 0.

Thus X can be expressed as direct sum of its H-orthogonal subspaces span{u }
and X’ = span{x},...,x} }, so that X', too, is non-degenerate. Now according
to the induction hypothesis there exists a basis {ug,...,u,,} of X’ with the
demanded properties, so that finally {uy,...,u,,} is the wanted basis of X, if
a suitable sorting is also made in the case of e; = —1.

If X is a degenerate subspace, the same construction can be applied, but
it then terminates after a certain number of steps, namely when no more non-
zero scalar products can be found. The remaining r vectors x; then satisfy

[x;,x;] =0form—r+1<4,j<m. O
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Theorem 2.7 (H-Orthonormalisation of pairs of bases). Let F = R or
F=C and let X, Y be two neutral subspaces of F"™ with dim X = dimY =m
and X NY = {0}. Then there exists a basis {uy,...,u,} of X and a basis
{vi,...,vin} of Y such that

1, forl<k<p

ug vi| = eply, € =
[, vil RORD =k {O, forp+1<Ek<p+r

where p+ 1 =m. In particular, if X &Y is non-degenerate, then r = 0.

Proof. (Induction) First assume that X ¢ Y is non-degenerate and let {x,
...,Xm} be a basis of X and {y1,...,ym} be a basis of Y. Also let k,I be
two indices in {1,...,m} so that |[xj,y;]| is maximised. Then it necessarily
follows that [xg,y:] # 0, because otherwise X &Y would be degenerate. Let
the particular bases obtained by exchanging x; and x;, as well as y; and y; still
be denoted as {x1,...,X,,} and {y1,...,ym} respectively. In the case F = R
now let €1 € {+1,—1} such that A\; = [x1,e1y1] > 0 and let

u; =x1/V/ A and vy =e1yi/V A1,

so that [uy,vi] = [x1,e1y1]/[X1,€1y1] = 1; in the case F = C let w? = \; =
[x1,y1] and let
u =x1/w; and vy =y /w1,

so that [uy,v1] = [x1,y1]/[x1,¥1] = 1. For the vectors defined by
x; =%; — [x;,viJuy and y; =y; — [y, w]vy for 2<i<m

we then obtain

/

[vaﬂ = [Xi,Vl] — [xi,vl][ul,vl] =0 and

[vi,w] = [yi, ] = [yi, m][vi, wi] = 0.
Thus X @& Y can be expressed as direct sum of its H-orthogonal subspaces

span{u, v} and X' & Y’ = span{x),...,x),} & span{y},...,y.,}, so that
X' @Y, too, is non-degenerate. Now according to the induction hypothesis,

two bases {ua,..., U}t and {va,..., v, } of X’ and Y’ exist with the demanded
properties, so that finally {uy,...,u,,} and {vq,...,v,,} are the wanted bases
of X and Y.

If X ®Y is a degenerate subspace, the same construction can be applied,
but it then terminates after a certain number of steps, namely when no more
non-zero scalar products can be found. The remaining 2r vectors xj,y; then
satisfy [x},y;] =0 form —r+1<i,j <m. O

These H-orthogonalisation methods are not only interesting for theoretical
purposes. With some slight modifications they are also useful numerical meth-
ods. But before explaining this, we will first continue to develop the theory
required for the investigation of H-polar decompositions in the next chapter.

By comparing Theorem 2.6 with Theorem 2.3 it is easily seen that the pos-
itive, negative and neutral vectors of the basis {uy,...,u,,} form bases of the
subspaces M, M_, and My, respectively. A corresponding basis representation
of Theorem 2.5 is provided in the following statement, whose proof corrects an
error made in [BR, Theorem 4.1] and [BMRRR2, Theorem 2.1].
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Theorem 2.8 (Extension of bases). Let F = R or F = C and let X be a
subspace of F™ with dim X = m. Then there exists a basis {uy,...,u,} of F"®
which has the following properties:

1. If U = [u; ...uy,] is a matriz whose columns are the basis vectors, then
X L, 0 0o I I, O
oo fg 5ol 5o s 5
where p+q+r=mandp+q+2r+s+t=n.
2. If the subspaces X1, X}, X{, X2 are defined by

X1 =span{uy, ..., Upyq},

X =span{Up g1, Uprgir}s

X¢ = span{Upgirit, -« Uppgrar),

Xo = span{UWp g 2r41;- - Uptgtartstt)s

then X{, X{ are neutral subspaces with equal dimensions, X1, Xo and
Xo = X @ X{] are non-degenerate and mutually H-orthogonal, and F™ =
Xo® X1 X5 as well as

X=X0X), XH=xeox) xnxW=x]

Proof. Let p+ q+r = m and let E = {e;}/, be a basis of X which exists
according to Theorem 2.6 such that

+1, forr+1<i=j<r+p
leivej] =9 -1, forr+p+1<i=j<r+p+q.
0, otherwise

Furthermore, let £ = {€;}", be a dual basis with respect to E , i.e.
[ei,gj] = (57;j for 1 < i,j < m.

Then the vectors defined by*

T
ek:ek—52[5k,gu]e# for 1<k<r
p=1

satisfy

[gk,gl] =0 for 1 <k,l<r and

[ei,65] =6 for 1<i<m, 1<k<r.
If we now set

e, = i(ek +e;) and e} = i(e;c —ey) for 1<k<r,
V2 V2
4The same construction is also specified in [BR] and in [BMRRR2] within the scope of
the proof for Witt’s theorem. However, the necessary orthonormalisation of the vectors €y is
there not carried out completely, so that the basis {e;, e%, eg} also constructed there is not
orthonormalised in general.
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then it follows that
e}, €] = Ori, [er, €] = —Op, [e),e/] =0 for 1 <k,l<r and
[ei,e,] =0, [e;,ef] =0 for r+1<i<m, 1<k<r

Thus the set of the vectors

{ula R u7n+r} = {ei}?;r—&-l U {e;c}£:1 U {e;c/ 2:1

forms an orthonormalised basis of a non-degenerate subspace Y C F™ which can

be extended with n—m—r further vectors u,, 4,41, ..., U, to an orthonormalised
basis of F™
[u;, ] =¢€;d;5, ¢, € {+1,-1} for 1 <4i,j <n.

For the matrix U consisting of these basis vectors we have
UHU=(I,¢-1I)¢eI ¢-1I,)s (I, & -L),

where s specifies the number of positive and ¢ specifies the number of nega-
tive extending vectors, and a suitable sorting is assumed. Instead of the basis

{uy,...,u,} it is also possible to use the basis
{ur, g Uppgt1, - Upigiar Upggiartt, - Un}
3 i i J— T ~ T
with {Qp4q41, - Uppgiar} = {ertroy U{en}io

For the matrix U consisting of these basis vectors we have

oo, 0o]_[o L]._[L o
UHU_[O —Iq]@[l,,. 0]@[0 —It]’

and evidently the second part of the assertion is fulfilled by this basis, too. [

An important application of this result is the following Theorem of Witt con-
cerning the extension of isometries, whose proof has been taken over from [BR,
Theorem 4.1] and [BMRRR2, Theorem 2.1]. Here m(H) denotes the number of
positive eigenvalues of the selfadjoint matrix H.

Theorem 2.9 (Witt, extension of isometries). Let F =R or F = C and
let [.,.]1, [, ]2 be two indefinite scalar products in F™ with the underlying non-
singular selfadjoint matrices Hy, Hy € F"*" for which 7(H;) = n(Hy). If X3
and X5 are subspaces of F* and Uy : X1 — Xo is a nonsingular transformation
such that

[Uox, Ugyla = [x,y]1 for all x,y € X1,

then there exists a nonsingular transformation U : F™ — F™ such that
[Ux, Uyl = [x,¥]1 for all x,y € F"* and Ux = Upx for all x € X;.

Proof. Let dim X; = m and let {eq,...,e,} be an orthonormalised (according
to Theorem 2.6) basis of X; with

+1, for1<k<p
lex.€l] = €rdpi, exr =4 -1, forp+1<k<p+gq
0, forp+qg+1<k<p+4+qg+r



CHAPTER 2. INDEFINITE SCALAR PRODUCT SPACES 17

and p+ g+ r = m. Then {f,...,f,} with f; = Uge; for 1 < k < m is an
orthonormalised basis of X5, and both bases can be extended to bases of F"
according to Theorem 2.8. For the matrices R1 = [e1...e,] and Ry = [f1 ... £,]
consisting of the extended basis vectors we have

. . I, 0 o0 L] [1, o
RiHR; = RyHoR, = [(f . | } @ [I 0} @ {0 —IJ
q T

with » + s + ¢t = n — m. This results from the fact that the number of positive
and the number of negative vectors, s and ¢ respectively, must be identical for
both bases, which is implied by the assumption of the equal signatures of the
matrices H; and Hs. Thus the transformation defined by

UR; =R, or U=RyR;"

fulfills the assertion of the theorem. O

2.4 The HQR decomposition

The H-orthogonalisation methods described in Theorems 2.6 and 2.7 allow to
derive two matrix factorisations which may be seen as generalisations of the QR
factorisation with column pivoting [GVL, Section 5.4]. For this purpose it is
useful to make the following observations:

1st observation: The proof of Theorem 2.6 suggests to determine the pivot
vector y for the H-orthonormalisation step by selecting k& and [ such that
[[xk,%;]| is maximised and then to use

Xk, ifk=1
y =Xk ifk#and |[xe,xp]| 2 |[%, %]|
5(1, if k 3& | and Hik,ikH < |[)~Cl,)~q”
where ) [ |
J 1 1 . Xk, X]
XE X = —=[xr x ith o = ————.
[ k l] \/5[ k l] |:90 _SD:| w ® kay7xl]|

With this strategy it is ensured that [y, y] # 0, but it is not ensured that

o)l = e {] sl [ &l 55,51} (2.1)

which can be seen on the following example.
Example 2.10. Let H = diag(1,—1) and x; = (2,1)T, x5 = (1,0)T. Then
[x1,x1] =3, [x1,X2] =2, [x2,%2] =1
On the other hand %; = (x; + X2)/v/2 and %3 = (x; — x32)/v/2 fulfil
[%1,%1] =4, [%o,%0] =0,

so that |[X1,%X1]| > |[x1,%1]| although |[x1, X1]| maximises |[xx, ;]| O
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The method can thus be stabilised by determining y such that (2.1) holds
which is numerically uncritical because the transformed vectors satisfy

117 4 N1l =l [ + 1< -

2nd observation: The normalisation step in the proof of Theorem 2.7 can be
modified with a factor a by setting

(% €1 .
u; = —Xq, V] = ——Yy1 if F=R or
vV )\1 a/ )\1
1
u; = gXl» Vi =—Yy1 if F=C.
w1 awi

If the particular choice & = \/|ly1]|/||x1| is made, then ||uy|| = ||v1]| is ensured
which has a stabilising effect. This is demonstrated with the following example
in which ||A||r = /tr(A*A) denotes the Frobenius norm and condp(A) =
|A|lF | A=1]|F denotes the condition number of a matrix A.

Example 2.11. Let H = diag(1,—1) and x = (z, 2)7, y = (y, —y)* with
x,y € C\{0}. Then X = span{x} and Y = span{y} are neutral subspaces of
equal dimension and X N'Y = {0}, so that Theorem 2.7 can be applied. Let
A = [x,y] = 227 and let w be one of the two square roots of A. Then the
columns [x’ y’] of the matrix

r ¥ y ¥

j— 2 | = j—

X, =Y “ | with X;Lﬁ woow
ro_y 2ay (T T

w w w w

are the vectors obtained by orthonormalisation without modification and

2 2
condp(X;) = M because
=yl
2(|=[* + [yI?) 12 _ w22 +1yl?)
X2 =22 Ty x — B TG
|| ||F |w|2 H 1 ”F 2\x|2|y|2

Now, let o = \/|ly[|/Ix]| = v/|y|/|=|- Then the columns [x” y”] of the matrix

ax Yy Yy Yy
- — 2 — —
w
X, = w aw with X2_1 _ | | aw aw
ar Y 2wy |ar_av
w aw w w

are the vectors obtained by orthonormalisation with modification and

atla + |y

condp(Xsg) = 5 =2 Dbecause
a?|z[ly|
X 12 = 2(atfz]? + |y[*) X2 = jwl?(et]z[* + |yl*)
o offw T 2022y
But for arbitrary real numbers a,b with ab > 0 it is true that 0 < (a — b)? =
a? —2ab+b% or 2 < (a®? +b%)/ab, so that in particular condz(X;) > 2 and thus

condp(X1) > condp(Xa).

Therefore, the matrix X5 obtained by modification is at least as well conditioned
as Xi; but in the case |z| # |y| it is always better conditioned. O
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Now all preparations are complete and the matrix factorisations can be de-
scribed. We begin with the factorisation corresponding to Theorem 2.6 which
will be called the HQR decomposition. Let H € F"*™ be nonsingular and self-
adjoint and let A € F**™. Then the HQR decomposition of A is given by

AP =QR (2.2a)
where P € F"*"™ is unitary or orthogonal, Q € F™*" satisfies
Q"HQ =D =D; ©0 with D; = diag,(+1) (2.2b)
and R € F™*™ has the form
_ |Ri1 Ra
R= [ 0 I } (2.2¢)

where Rj; € FP*P is an upper triangular block such that D;R;; has positive
real diagonal elements. Note that the columns of A and Q correspond to the
vectors x; and u; used in the proof of Theorem 2.6.

The decomposition is obtained by stepwise transformation of Qo = A into
Q, = Q. Suppose that after k steps

(k) (k)
Qk = APkRgl, QZHQk = Dk D Ck; Rk = |:R11 R12 :|

0 I

where Dy, = diag,(+1) and Rﬁ) € Fk*k Then the symmetric or Hermitian
matrix Cy = [¢;;] contains the scalar products of the not yet H-orthonormalised
columns of Q. To determine the pivot vector let

Ciis ifi=j
Xijg = 4 (cii +¢55)/2 + |eigl, i i <
(cii +¢55)/2 = lejil, ifi>

and let p, v be indices such that |x,.| = max|x;;|. If xu. = 0, the transforma-
tion is complete. Otherwise, let

1L, if u=v
Up =180 Uy, Usgp = Q;w(c;w/|c;w|) Hlu; if p<v
Quulevp/levp) Iy, ifp>v

where €, () = [w;;] and I1,, = [m;;] are defined by

Wpp = 9/V?2, Wy = ©/V?2, Tup =0, T = 1,
Wy = 1/\/§a Wyy = _1/\/57 and Typ = 1, m, =0,
wij = 045 otherwise mij = 035 otherwise

Then Uy, is orthogonal or unitary and the transformation
Q, = AP,R; 'U;, = A(P,U,)(Ui R Uy) ™' = AP, (R}) ™

can be made. Now we have

. ‘€ Ry R{YU
(Q.)'H(Q,) =Dy 3 C), C,=|1t 2|, Rj=|"11 12 U2z
cy Chy 0 I
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where ¢}; = X, so that the k+1-th column of Q}, actually contains the selected
pivot vector.
It remains to H-orthonormalise the columns of Qj. For this purpose let

A= \/@ and €1 = sign(c},). Then

~ /
Ck:A—*C;CA—l — |:€1 C12:| , 612_ @ for A:)\l@l

¢ Chy Y
and
1 q—k -1 _ |&1 0 "o 7c/210/12 _ 1 ei€ip
r=T""C,I'" = {0 C,2,2] , Coy = Cyy 0/11 for T = [0 I .

Hence, if we define

W, =19 Wy, Wy, =TA= {)‘1 51012]

0 I
and use the transformation
Qi1 = AP, (R)) "Wt = AP, (W R)) ™ = AP R,
we obtain
Q; 1 HQpy1 =Dy ® C) = Djy1 ® Cpqr,

k k k+1 k+1
Ry} R&’Uzz]:{R& ' R} ’].

R =
i { 0 Wa, 0 I

Thus, the transformation itself is described. However, we must also consider
that the computation of one scalar product

n
[X,Y] = Z haﬁ T Yqy
a,B=1

already requires n? — 1 additions and 2n? multiplications. It would therefore be
too expensive to recompute the matrix Cj in each transformation step. This
can be avoided in the following way:

Suppose that the matrix R is initialised with Co = A*HA and that after k

transformation steps
(k) Bk
R, = Rgl) Rg2) .
0 Cy
Then using

- R (k) R (k)
R/ [Rll R12 U22 ] , UZQCkUQQ — C%

Pl o ULCrU
and S () &)
~ R RYU . €1A1  Ci2
R = 11 12 ] 22} , W [ [ }
k+1 [ 0 W, Cl 22 “k 0 "
we find that D) s ()
Rip1 = [R” R } , Crp1=Cyy
0 Cri1
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on the one hand contains the scalar products required for the next step. On the
other hand the comparison with the matrix Ry; shows that

R{1"™Y = DR and RS = DR,
In other words, when the transformation terminates in the p-th step and the
block C, = 0 of R, is replaced by I we have computed

R, = (D, ®DR,.

This has the further advantage that the signs of the first p diagonal elements of
f{p are just the diagonal elements of D,,.

Finally, it must also be considered that the theoretical termination criterion
X = 0 is too hard and must be replaced by

Xuvw S €

where ¢ is some user supplied constant. An appropriate choice might be ¢ =
Emach||H|| F[|Al1% > emach | A*HA||p where €,,4ch is the machine accuracy.

Combining all of the above we obtain the following algorithm which is de-
scribed using the “colon” notation

A = [a;] e T,
Apr o Gps
Alp:qr:s)=|: o | e FlampFDx(s=rl) (2.3)
Qgr -+ Ggs
Ap,r:s)=A(p:p,r:s), A(p,:)=A(p,1:n),
Alp:q,r)=Ap:q,r:r), A(,r)=A(l:m,r)

introduced in [GVL, Sections 1.1.8, 1.2.5].

Algorithm 2.12 (HQR decomposition). Given the matrices A € F"*™,
H € F"*" and a tolerance parameter £ > 0, the following algorithm computes
the HQR decomposition (2.2). The matrix A is overwritten with Q. The
matrices P and R are stored in separate arrays. To keep the algorithm short
the pivot transformation is given in matrix notation.

R=A"HA, P=1,
for k=1,...,m do
a=20
for i=k,...,m do
if |R(7,7)| > |a| then
a=R,i), p=1i, v=1
end if
for j=44+1,...,m do
B = (R(i,i) + R(j, ) /2 + sign(R(i,) + R(j, ) [R(, )]
if |B| > |a| then
a=0, p=1i, v=7j
end if
end for
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end for
if |a| <& then
p=k—1
R(k:m,k:m)=1,_,
return
end if
if p# v then
p=R(p,v)/|R(n,v)|
A ::fXS2uu(p)’ P ::I)Squ(P)’ 1132252uu(p)*I{S2uu(p)
if o <0 then
w=rv
end if
end if
if p# k then
A =All,,, P=PIl,;, R=IL, RIIL
end if
o = sign(«)
a = /oa
R(k, k) = o«
p=1/a
A k)=pA(,k)
Rk,k+1:m)=pR(k,k+1:m)
for j=k+1,...,m do
p=oR(k, J)
A(,j) = AGJ) —p A k)
R(j,k+1:m)= (j,k+1 m)—pR(k,k+1:m)

R(j,k) =0
end for

end for

p=m

In order to understand how the matrix Q has to be interpreted let
im(A) = A; & Ag with dimA; =p and dim A4y =g¢q

be a subspace decomposition (according to Theorem 2.3) such that A; is non-
degenerate and Aq is neutral. Moreover, let

Q=[Q: Qo
be a partitioning where Q; € F"*P and Qg € F"*(m~P) Then
m(Ql) = Al and 1m(Q0) = A(),

so that Q; always has full rank. However, the rank of Qg depends on rank(A) =
p + q. Here the following cases can occur:

(1) ¢ =0, p+ q=m: Qg does not exist,
(2) q:03p+q<m: Q0:07
(3) ¢ >0, p+qg=m: Qp has full rank,
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(4) ¢ >0, p+q < m: Qp is rank defective.

Whereas the columuns of Qg in case (3) form a basis of the neutral space Ay, in
case (4) they only form a spanning set. If actually a basis of Ay is required in case
(4), it can be obtained via a QR decomposition with column pivoting. A QR
decomposition (without column pivoting) may also be used to orthonormalise
the columns of Qg in case (3). Clearly, the same results can also be obtained
via a further HQR decomposition by setting H = 1.

We come to the matrix factorisation corresponding to Theorem 2.7 which
will be called the HQR-2 decomposition. Let H € F"*™ be nonsingular and
selfadjoint and let A, B € F*"*™. Then the HQR-2 decomposition of A and B
is given by

APA = QARA, BPB = QBRB (2.4&)
where P4, Pp € F™*™ are permutations (one of them possibly signed if F = R),
Qa,Qp € F"*™ gatisty

QHQp=D=1,00 (2.4b)
and R4, Rp € F™*™ have the form

_|Ran1 Rane _|RB11 RpB2
A M i

where R4 11,Rp,11 € FP*P are upper triangular blocks with real or complex
diagonal elements. Note that the columns of A, B and Q4, Qp correspond to
the vectors x;,y; and u;, v; used in the proof of Theorem 2.7.

In the intended application of the HQR-2 decomposition the matrices A and
B satisfy

(2.4c)

A*HA =B*HB =0 and rank(A"HB) =m.

This means that the columns of A and B form bases of the neutral subspaces
im(A) and im(B) for which C' = im(A) & im(B) is non-degenerate. In this case
the columns of Q4 and Qp form a bi-H-orthogonal basis of C, but we do not
discuss the further situations which can occur.

The decomposition is computed analogously to the HQR decomposition, so
that not all the details need to be described again. For a better understanding
of the following algorithm it should only be mentioned that the matrix R,
initialised with Cy = A*HB, is stepwise transformed such that

R, — R? Rg,)u L R-— [ R RB,12:| _
Rf47)1*2 Cy R 1o I

Moreover, the scaling factors 73, explained with Example 2.11 are computed in
each step. Let T = diag(m,...,7,) @I be a diagonal matrix containing this
factors and let Ry, Rp, Ry contain the lower triangle, the diagonal and the
upper triangle of the final matrix R. Then at termination

Ra =T 'R} +R; and Rp = TRp + Ry.

In the case F = R it must additionally be ensured that the scalar product
of the pivot vectors is positive for which a reflection with the sign matrix X, =
diag(o;) where

-1, ifi=p
0; = .
+1, otherwise
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is applied, if necessary.

Algorithm 2.13 (HQR-2 decomposition). Given the matrices A, B € F"*™
H € F"*" and a tolerance parameter £ > 0, the following algorithm computes
the HQR-2 decomposition (2.4). The matrices A and B are overwritten with
Q4 and Qp. The matrix R and the scaling factors 7 are stored in separate ar-
rays. The permutations P4 and Pp are stored in separate integer arrays®. To
keep the algorithm short the pivot transformation is given in matrix notation.

R=A*HB, P,=1,, Pg=1,
for k=1,...,m do

a=20
for i=k,...,m do
for j=14,...,m do
if |R(4, )| > |o| then
Oé:R(i,j), p=1i, v=7j
end if
end for
end for
if |a| <€ then
p=k—-1
R(k:m,k:m)=1,_,
return
end if

if p# k then
A=AIlk, Py=Pull,, R=II,R
end if
if v # k then
B=BIl,;,, Pp=PpIl,;, R=RII;
end if
if F=R and a <0 then
B:sz, PB:PBZk, R:REk, a4 = —Q
end if
(k) = /TBG, B/TAG, B
a=a
R(k, k) =«
p=r(k)/a
A(Lk)=PpA(k)
R(k,k+1:m)=pR(k,k+1:m)
o= 1/a/7(k)
B(:, k) = pB(;, k)
Rk+1:mk)=pR(k+1:m,k)
for j=k+1,...,m do
A(:7j):A(:aj)_ﬁA(:’k>
R(j,k+1:m)=R(j,k+1:m)—pR(k,k+1:m)
p:R(k’J)

5The reflections with 3y can also be stored in the array (71, ..., 7m) representing Pg by
negating the k-th element. The corresponding matrix contains the columns sign(ﬂu)e‘ﬂu‘,

1 < p < m, where {e,} is the canonical basis of F™.
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B(’]) = B(’]) - pB(Z,k/’)

end for
end for
p=m

There are several further decompositions which generalise the QR factori-
sation in the presence of an indefinite scalar product. In particular, the HR
decomposition (for example see [BU])

A=HR, H'D;H=D,

where AJH,R € F"*" R is upper triangular and D;, Dy = diag,(£1), is
closely related to the HQR decomposition. In order to avoid confusion let us
rename the H in this decomposition to Q. Then we obtain

A=QR, Q'D;Q=D,

which shows that the HR decomposition is just a HQR decomposition for square
matrices in the particular case H = D; and P = I. Of course the HR decompo-
sition breaks down when im(A) is degenerate. However, the particular choice
of the metric allows to use hyperbolic Householder or Givens rotations to com-
pute the HR decomposition. In contrast to this our approach is based on a
generalised modified Gram-Schmidt method and might therefore not always be
perfectly accurate. Nevertheless, we will see in the next chapter that the HQR
decomposition mostly produces very well results.

We end this section with a first application of the HQR decomposition. The
following method shows how an H-orthogonal basis of a subspace can be ex-
tended to a complete H-orthogonal basis of F™. This application of Theorem
2.8 will help to compute an indefinite generalisation of the singular value de-
composition numerically.

Method 2.14 (Extension of bases). Let m < n and let X € F"*™ be a
matrix with full column rank such that

X =(XyXz), X*HX=D;®0, D;=diag,(+1)
where X; € F"*P Xy € F"*? and p + ¢ = m. Moreover, let
HX =UXV* with UeF"™ and X,V € F™*™
be a thin singular value decomposition, and let
Y = (Y1]Y,) = U~ 'v*

where Y is partitioned according to X. Then Y*HX = VX~ 1U*UXV* =1,,,
so that the matrix defined by

XM = (X1[X5|Y3)
satisfies

W prx (1) — 0, I,
XW*HX Dle}{Iq Y;HYJ'
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Now the block Y;HY 5 must be eliminated and

o 0l 1= acaed]

with A = —%G shows, that this can be done by applying the transformation

I, —1Y;HY,
IP © |:Oq Iq

to X1, Hence, for
X = (X1 |Xa|Xs) with X5 =Y — §Xo(Y;HYo)

it follows that

X®*HX®) =D; ©Dys, Das = [Oq Iq} .
I, 0,

In order to extend X(?) to a nonsingular n x n matrix let

X® = QR with Q = (Q1/Q2|Qs|Qu) € F**"
be a QR decomposition where Q is partitioned according to X. Then
X = (XX [X3]Qq) = (XP|Qu)

satisfies

XOHFHX®) — Dy & D3 X<2)*HQ4}

[QIHX®  QiHQ,
Now the blocks X(?*HQ, and QZHX@) must be eliminated and
I A]"[E F][I A] [ E EA+F
0 I F* G| |0 IT| |A*E+F" A'EA+FA+AF+G

with A = —E~!'F shows, that this can be done by applying the transformation

Iy —(D1 & Do) ' X@*HQ,
0 In—;v—2q

to X®). Hence, for
XW = (X,|X5|X5]Y,) with Yy = Qs — X (D, @ Dys)XP*HQ,

it follows that
XW*HX® = D; @ Dys @ YHY,.
Finally, using a HQR, decomposition
Y4P4 = X4R4 with XZHX4 = D4 = diagn7p72q(:t1)
and setting
X = (XX, [X3[X,)

we obtain
XO*HXOG) = D; @ Doy @ Dy.

Thus the wanted extension of X has been determined. O



Chapter 3

H-polar decompositions

3.1 Introduction

In Definition 1.3 we have already introduced the H-polar decomposition of a
matrix A € F**™ as a factorisation of the form

A =UM (3.1)

where U is an H-isometry and M is H-selfadjoint. These decompositions are
investigated in detail in [BMRRR1-3] and [MRR] as well as in the further ref-
erences specified there. More specialised results concerning H-polar decomposi-
tions of H-normal matrices (i.e. matrices which commute with their H-adjoint)
are derived in [LMMR]. An essential result of these studies is the fact that not
every square matrix admits an H-polar decomposition unless H is definite.

H-polar decompositions are also the central subject of this chapter, in which
theoretical as well as practical questions are discussed. In Section 3.2 some
results of the investigations cited above are reviewed and in Section 3.3 a new
criterion for the existence of H-polar decompositions is derived. The remaining
Sections 3.4 — 3.6 are concerned with the numerical computation of H-polar
decompositions.

3.2 Canonical forms and H-polar decompositions

The summary of well-known results begins with a theorem on the canonical
form of a complex matrix pair (A, H) where A is H-Hermitian. This form is
obtained under a transformation of the kind (A, H) — (S™1AS,S*HS). It goes
back to results of Kronecker and Weierstrass and is fundamental for exploring
H-Hermitian matrices.

Theorem 3.1 (Canonical form). Let H € C"*™ be nonsingular and Hermi-

tian and let A € C™"*" be H-Hermitian. Then there exists a nonsingular matriz
S € C™ ™ such that

ST'AS=A,9@...©A; and SSHS=H, ©...© H; (3.2a)

where the blocks A; and H; are of equal size and each pair (A, H;) has one
and only one of the following forms:

27
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1. Pairs belonging to real eigenvalues
A;=J,(\) and H; =€Z, (3.2b)
with A€ R, pe N and e € {+1,—1}.
2. Pairs belonging to non-real eigenvalues

Jp(A) 0

Aj:[ 5 me] and sz[o Zp] (3.2¢)

Z, O
with A € C\R, Im(A) > 0 and p € N.

Moreover, the canonical form (S™1AS,S*HS) of (A, H) is uniquely determined
up to the permutation of blocks.

Proof. See [GLR, Theorem 1.3.3]. O

The ordered set of the signs ¢ appearing in the blocks (3.2b) is an invariant
of the canonical form and is called its sign characteristic. It allows to classify H-
Hermitian matrices by H-unitary similarity [GLR, Section 1.3.5]. Furthermore,
an analogous form also exists for real matrices [GLR, Theorem 1.5.3], but this
is not required for our investigations.

The next statements summarise the most important results on the existence
of H-polar decompositions.

Theorem 3.2 (H-polar decomposition of real matrices). Let H € R"*"
be nonsingular and symmetric, and let A € R™"*™. Then A admits a real H-
polar decomposition A = U, M,. (U,. € R*"*™ is H-orthogonal, M,. € R"*™ s H-
symmetric) if and only if it admits a complex H-polar decomposition A = U .M,
(U, € C™" is H-unitary, M, € C"*™is H-Hermitian).

Proof. See [BMRRR1, Lemma 4.2]. O

Theorem 3.3 (Existence of H-polar decompositions). LetF =R or F =
C and let A € F**™. Then A admits an H-polar decomposition if and only
if there exists an H-selfadjoint matriz M € F**™ such that M? = AMA and
ker M = ker A.

Proof. See [BMRRR1, Theorem 4.1] and [BR, Lemma 4.1]. O

Theorem 3.4 (Existence of H-selfadjoint square roots). Let F = R or
F = C and let A € F"*"™. Then there exists an H-selfadjoint matriz M such
that M? = AFIA and ker M = ker A if and only if the canonical form of the
pair (AFIA H) satisfies the following conditions:

1. Blocks belonging to a negative real eigenvalue A < O can be represented in

the form
(@[Jm ) &3, (0], DIz, —zm).

i=1 i=1
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2. Blocks belonging to the eigenvalue 0 can be represented in the form (J(l) @
JO IO 720 g Z? @ ZG) where

M, zMy = (@[Nm o N,,], Pz, @—zpi]> with p; > 1,
i=1 i=1

(3®,2@) = <@[ij &N, 1], Ple;z,, @gjz,,jlo with p; > 1,
j=1 j=1

t

(IB), ZG)) <k@10 @ek>

8. If a basis in which the blocks from 2. exist is denoted with E1 U Es U Ej,

1 r o 2p; 2 s 2p;—1
Ey —{e() e ey B {e() bt {e }z 17

then such a basis must exist in which

)

ipit1tios @ span{e 2@ Span{e t

ker A = span{e +e
(Remark: From this condition it follows that ker M = ker A..)
Proof. See [BMRRR1, Theorem 4.4] and [BMRRRS3, Errata]. O

Whereas Theorem 3.2 makes it possible to transfer results concerning com-
plex H-polar decompositions to real decompositions, Theorem 3.3 — whose
proof is based on Witt’s theorem — and Theorem 3.4 constitute the essential
criterion for the existence of H-polar decompositions. Note that there is an error
in the original Theorem 4.4 in [BMRRR1] which is pointed out by the following
example.

Example 3.5. With the notation used in [BMRRRI1], let

oo 1 [14¢ -1-¢ v 00
=y ) xe g 118 DT xx= 0

with —1 < & < 1. Then according to the statement (ii) of Theorem 4.4
in [BMRRRI1] the equation (XX, H) = (Bg, Hp) is satisfied and ker By =
span{ej,es}. However, ker X = span{e; + e2} # ker By, so that according to
the statement (iii) of the theorem the H-polar decomposition

X = UA, U:l[1 5], A:[1 _1]

/1—¢2 &1 1 -1
should not exist. O

This error is corrected by making a change in the second condition of The-
orem 3.4. For the size of the blocks from (J™), Z(l)) now the condition p; > 1
is imposed instead of the original condition p; > 1. This correction is made in
[BMRRR3, Errata] and the Theorem 3.21 contained in Section 3.4 also shows
the need for modifying the condition.

If a matrix admits an H-polar decomposition, then it mostly admits sev-
eral H-polar decompositions. The various decompositions are described in the
following result.
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Theorem 3.6 (Canonical forms of H-selfadjoint square roots). Let F =
R or F = C and let A € F™"*"™. If there exists an H-selfadjoint matric M such
that M? = AMA and ker M = ker A, then the following relationships exist
between the (complex) canonical form of the pairs (M2, H) and (M, H):

a. Non-real eigenvalues. If the canonical form of (M2 H) contains a block
of the form

Jp(a+1iB) ® I (o — i), Zoy) with a, B €R and >0,
then the canonical form of (M, H) contains a block of the form

(J,(N) @ T, (), Zap) or (Tp(=N) @ T, (=N), Zay) with N2 = a+if.

b. Positive real eigenvalues. If the canonical form of (M? H) contains a
block of the form
(J,(a?),eZ,) with a >0,

then the canonical form of (M, H) contains a block of the form

(Jp(),eZy) or (Jp(_a)7(_1)P+1gZp),

c. Negative real eigenvalues. If the canomical form of (M2 H) contains a
block of the form

(Jp(_ﬁg) ® Jp(_62)a Z,® ~Z,) with 3> 0,
then the canonical form of (M, H) contains a block of the form

(Jp(iﬁ) D Jp(_iﬁ)a Z2p)'

d. First case with eigenvalue 0. If the canonical form of (M2, H) contains a
block of the form

(N, ©N,, Z, @ -Z,) € (I, ZW),
then the canonical form of (M, H) contains a block of the form
(Nap, Zap) or (Nap, —Zay).

Moreover, a canonical basis can be chosen in such a way that the eigen-
vector of M coincides with the sum of the eigenvectors of the two Jordan
blocks of M?2.

e. Second case with eigenvalue 0. If the canonical form of (M2, H) contains
a block of the form

(N, ®N,_1,6Z, ®cZ, 1) € (I Z?),
then the canonical form of (M, H) contains a block of the form
(Nop—1,€Zop—1).

Moreover, a canonical basis can be chosen in such a way that the eigen-
vector of M coincides with the eigenvector of the p x p Jordan block of
M2,
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f. Third case with eigenvalue 0. If the canonical form of (M? H) contains
a block of the form
(0,¢) € 3, 2),

then the canonical form of (M, H) contains a block of the form

(0,¢).

Proof. See [BMRRR1, Lemma 7.8]. O

We end this summary with a useful corollary which is obtained by combining
the Theorems 3.3, 3.4 and 3.6 (a, b).

Corollary 3.7. Let F =R or F = C and let A € F**" such that o(AFA) C
C\(—00,0]. Then A admits an H-polar decomposition A = UM such that
o(M) C {z € C|Re(z) > 0}.

3.3 A new criterion for the existence of H-polar
decompositions

We will now derive a new criterion for the existence of H-polar decompositions.
Thereby H-Hermitian as well as Z-Hermitian matrices occur, so that the nota-
tion A¥ = AP# will be used. The criterion is investigated only for complex
matrices, with regard to Theorem 3.2, and is based on the following observation.

Lemma 3.8. If A € C™"*™ admits an H-polar decomposition, then the canonical
forms of the pairs (A" A, H) and (AAY H) are identical.

Proof. Let A = UM be an H-polar decomposition of A. Then U¥ = U~! and
MY =M imply

U 'AATU = U (M) (MA U U = M? = MU (UM) = AP A,

so that A A and AA¥ are H-unitary similar. If now (R"'A?¥ AR, R*HR) =
(J,Z) is the canonical form of the pair (A¥A,H) and if S = UR, then
(ST!AAHS S*HS) = (RTIUTAAHUR,R*U*HUR) = (J, Z) is the canon-
ical form of the pair (AAY H), too. O

Clearly, the question arises whether the converse of this statement is also
true. For nonsingular matrices it can be answered with the help of the following
Lemma.

Lemma 3.9. If A € C"*" is nonsingular, then A has a square root which can
be expressed as an invertible polynomial in A.

Proof. Let RTTAR = J,, (A1) @...®J,, (\x) be the Jordan normal form of A.
Then every matrix defined by

VA=R (,/Jpl(xl) S... 0 ,/ka(Ak)> R!
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where
[ f') ') SN
O T 20 (p=1)
J,(\) = i ) " with f(\) = VA
() o) f2(!)\) th f(\)
. ')
1!

L fN)

is a square root of A. Moreover, if for all multiple eigenvalues A\g € o(A) the
same (!) branch of the multi-valued function /X is used in the blocks 1/J,(Xo),

then v/A according to [WED, Chapter VII, Theorem 2]° can also be expressed
as an invertible polynomial in A. O

Theorem 3.10. Let A € C"*" be nonsingular and let the canonical forms of
the pairs (A" A, H) and (AAHY H) be identical. Then A admits an H-polar
decomposition.

Proof. Let R and S be nonsingular matrices in C"*™ such that
(R'APAR,R*HR) = (J,Z) = (ST'AA"S,S*HS)

is the canonical form of the pairs (A¥ A, H) and (AA¥ H). Then the nonsin-
gular matrix defined by
B=S""AR

is Z-normal, as can be seen with Z~! = Z* = Z from
(ZB*Z)B = Z(R*A*S™™)Z(S"'AR) = ZR*A*HAR
=R 'H'A*HAR =],
B(ZB*Z) = (ST'AR)Z(R*A*S™*)Z =S 'AH 'A*S™*Z
=S 'AH 'A*HS =J.
Let f(B) denote an arbitrary polynomial in B. Then the commutability of B
and ZB*Z implies (ZB*Z)f(B) = f(B)(ZB*Z) or (Zf(B)*Z)B = B(Zf(B)*Z)
from which it follows that
(2f(B)"Z)f(B) = f(B)(Zf(B)"Z).
Moreover, if f(B) is invertible, then f(B) = f(B)(Zf(B)*Z)(Zf(B) *Z) =
(Zf(B)Z) f(B)(Zf(B) *Z), so that
(2f(B)"2)f(B) = f(B)(Z/(B)""Z).

Consequently, if VB is a square root of B such that vB = f (B), then the
matrices defined by

K = [Z(VB)"Z|(VB) = (VB)[Z(VB)"Z],
T = (VB)[Z(VB)~"Z] = [Z(VB) "Z](VB)

6For a deeper understanding of this statement, the corresponding fundamentals can be
studied in [WED, Chapters VII, VIII] and in [G, Chapters V, VIII].
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on the one hand satisfy
TK = (VB)[Z(VB) "Z][Z(VB)"Z|(VB) = (VB)’ = B,
KT - (VB)[Z(VB)'Z|[Z(VB)~Z|(VB) = (VB) - B.
On the other hand it is also true that
K*Z = (VB)*Z(VB) = ZK,
T*ZT = [Z(VB) ' Z](VB) Z(VB)[Z(
— Z(VB)"'(VB)[Z(VB)*

so that B = TK = KT is a Z-polar decomposition of B with (in this case)
commuting factors. Finally, let

N

M=RKR ! and U=STR .
Then

UM = (STR )(RKR™') =SBR ! = A,
M*H=(RK'R*)(R"ZR™') = (R"*ZR™")(RKR ') = HM,
U'HU = (RT*T*S")H(STR ) =R *(T*ZT)R ' =R *ZR '=H

is the wanted H-polar decomposition of A. O

A matrix A satisfying ATA = AAF is called an H-normal matrix. It
is a trivial fact that for those matrices the canonical forms of (A7 A, H) and
(AAf H) are identical, and that R = S in the proof of Theorem 3.10. This
immediately implies the next result which has also been proved in a different
way in [LMMR, Theorem 29].

Corollary 3.11. Every nonsingular H-normal matriz in C"*" admits an H-
polar decomposition with commuting factors.

In the case of singular matrices the square root cannot be built according
to Lemma 3.9 and the question of the validity of a statement corresponding to
Theorem 3.10 has not yet been clarified completely. But it can be answered
for the case in which all blocks of the canonical form (J,Z) belonging to the
eigenvalue 0 are of size 1 (nilpotency of index 1).

Lemma 3.12. Let A € C**" such that A" A = 0. Then A admits an H-polar
decomposition if and only if also AAT = 0.

Proof. [=]: Let A = UM be an H-polar decomposition of A. Then M? =
AP A =0 implies AAH = UM?U" = 0.

[«<]: For all matrices A € C™*" the easily proved equations
imAf = (ker A)Y) and ker A = (im A)H
are true [GLR, Proposition 1.2.1], so that AA# = 0 on the one hand implies

(ker A)[L] =imA” CkerA, ie. (ker A)[L] = ker A N (ker A)[H7
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and A¥ A = 0 on the other hand implies
imA Cker A = (im A)H) ie. imA = (imA)H NimA.

Thus, if

r=rank A = dim(im A) = dim(im H'A*H) = dim(im A") = rank A7
then C™ can be expressed according to Theorem 2.5 in the form

C" =X, ® X, ® X} with ker A =X, ® X} and X} = ker A N (ker A)M
as well as in the form

C"=Y, @Yy @Yy with (imA)H =Y, V] and Yy = (imA)H nim A

where X{, X{/, Yy, Yy are neutral subspaces of dimension r and X;,Y> are non-
degenerate subspaces of dimension p + ¢ =n — 2r.

Let {x1,...,Xptq,X],...,X,} be an H-orthonormal basis of ker A. Then this
basis can be extended to a complete basis of C™ by r further vectors x%,...,x/
according to Theorem 2.8, so that the matrix

X =[X1...XppgXj ... X X7 ... X))

consisting of these basis vectors satisfies

X*HX =Z with

I 0, I,
Z:|:p _I:|@|:I 0:| and AX:[010p+q+ry’1y;]
q T r

Here {y},...,y.} is a basis of the neutral space im A, which can also be ex-
tended to a complete basis of C" by p + ¢ + r further vectors yi,...,¥p+q,
yvi, ...,y according to Theorem 2.8, so that the matrix

Y =[yi - - Yptq¥1---Yr Y1 - y)]
consisting of these basis vectors satisfies
Y*HY =Z and

YK =[01...0p1g+,y]-..y,] with K= [Op 0 } @ {OT IT] .
q

0, O,

Moreover, the matrices Z and K fulfil AX = YK, Z7! =Z* =Z and K*Z =
0,44 @ 1. 0, = ZK. Finally, let

M=XKX ! and U=YX "
Then
UM =YX 'X)KX ! = YKX ! =A,
M*H = X *K*(X*H) = X *(K*Z)X !
= (X*Z)KX ' =HXKX ' =HM,
U'HU =X *(Y'HY)X ' =X"ZX '=H

is the wanted H-polar decomposition of A. O
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Remark 3.13. In addition to the H-polar decomposition of A given in the
proof,

AT = UM with M=UMU !'=YKY ! and U=U""'=XY!

is an H-polar decomposition of A¥ and, furthermore, A¥Y = XK as can be
verified using A = H™'A*H. Thus the basis vectors can be assigned to the
subspaces as follows

im A im A

! / 1 2 !/ / 11 1"
X17'"7Xp+q7X17"‘7Xr7x17"'7Xr7 YI7o-~»Yp+an1»~ "ayruy17"'7yr‘

ker A ker AH

This is also evident from the equations
im A c ker A = (im A¥) and (ker Af)H = im A C ker A#
which were not used in the proof but are valid, too. %

The following examples explain Lemma 3.12 and allow to introduce the
concept of H-indecomposability.

Example 3.14.
1. If A € C\{0} and

o AP S AR e o )

then AHA = 0 but AAH £ 0. Therefore A has no H-polar decomposi-
tions.

2. If A € C\{0} and

S RN

then AYA = 0 and AAY = 0. Therefore A has H-polar decompositions,
for example

A= UM with U = { JP(A)T, M — [0 IP} 0
p

Jp(N)

A matrix A € C"*" is called H-decomposable if there exists a non-degenerate
proper subspace M C C" such that both M and MM are invariant under A,
otherwise A is called H-indecomposable. In particular, it is shown in the proof
of [HO, Theorem 1] that the H-normal matrix A from the second example is
H-indecomposable. This is important in connection with normal forms of H-
normal matrices [LMMR, Theorem 10] and will help to give some explanations
at the end of this section.

The following sufficient condition for the existence of H-polar decompositions
can now be proved with the help of Lemma 3.12.
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Theorem 3.15. Let A € C™*™ and let the canonical forms of the pairs (AT A,
H) and (AAY H) be identical. Furthermore, let all blocks of the canonical
form belonging to the eigenvalue 0 be of size 1. Then A admits an H-polar
decomposition.

Proof. Let R,S,J,Z and B be as in the proof of Theorem 3.10, so that BB =
BBZ = J holds. Furthermore, let

J=J,8J,, JOEC’”X"‘ and Z =74 & Zy, ZOG(mem

where Jg, Zg denotes the part of the canonical form belonging to the eigenvalue
0. Then the spectra of the blocks J; and Jj are disjoint and, moreover, the
matrices J and B commute, so that B must also have the form

B=B;®By, Bge cmxm,

Now B1Z1B1 = B1B1Z1 = J; implies that B; is nonsingular and it consequently
admits a Z;-polar decomposition

B1 = T1K1 (: KlTl) with TTlel = Zl and KTZl = Z1K1

constructed according to Theorem 3.10. Moreover, the assumption of the the-
orem Yyields BOZ°B0 = BoBg0 = Jo = 0,,, and therefore By admits a Zg-polar
decomposition

Bo = T()KO with TSZ()TO = Zo and KSZO = Z()KO
constructed according to Lemma 3.12. Finally, let
T=T,¢Ty), U=STR! and K=K; $K;, M=RKR ..

Then TK is a Z-polar decomposition of B and UM is an H-polar decomposition
of A. O

Corollary 3.16. Let A € C™"*" be H-normal and let all blocks of the canonical
form of the pair (A" A, H) belonging to the eigenvalue 0 be of size 1. Then A
admits an H-polar decomposition.

Remark 3.17. If the assumption regarding the part of the canonical form be-
longing to the eigenvalue 0 is not made in Theorem 3.15, the matrix Jg from the
proof is a block diagonal matrix consisting of nilpotent Jordan blocks. Thus, if
it could be proved that every H-normal matrix A with (A# A)* = 0 for some k
in N admits an H-polar decomposition, then the present restrictions regarding
the block sizes for the eigenvalue 0 would no longer be needed. Moreover,
the corresponding corollary would state that every H-normal matrix admits
an H-polar decomposition. (Note: In the meantime it turned out that the
conjecture expressed with this remark actually holds. A corresponding proof
has been found by Mehl, Ran and Rodman [MERR, Theorem 4]. Corollary 5
and Corollary 6 of this paper show that Theorem 3.15 and Corollary 3.16 are
valid even if the blocks of the canonical form belonging to the eigenvalue 0 have
arbitrary structure.) O

A further criterion for the existence of H-polar decompositions of H-normal
matrices is given in Theorem 34 of [LMMR]. The theorem states that an H-
normal matrix X € C™*™ admits an H-polar decomposition if each of its singular
H-indecomposable blocks over C (if any) either
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(¢) has two distinct complex eigenvalues (one of them must be zero), or
(1) is similar to one (necessary nilpotent) Jordan block.

In Theorem 35 of the same paper H-polar decompositions of singular H-normal
Matrices X = UA € C™ " with U7 = U~!, A¥ = A are presented for all
possible nontrivial cases in which H has exactly two negative eigenvalues and
whose existence is not guaranteed by Theorem 34. In the listed cases, the index
of nilpotency k of the matrices X#X = XX¥ is

1, in case(I),(VI)-(VII)
k=142 in case(I)-(ILI),(VIID)-(XII)
3, in case(IV)-(V)

Thus, the existence of the given H-polar decompositions in the cases (I), (VI)-
(VII) is ensured by Corollary 3.16 and, moreover, the hypothesis expressed in
Remark 3.17 is supported, too. On the other hand for o € R and

1 0 1 i« 0 0 1

H= 1 , X = 0 1| with XX =XX¥"= 0 0

1 0 0

the existence of the H-polar decomposition
) 1, .
1 ia —5¢ + i 0 1 0
X =UA with U= 1 io , A= 0 (1) (B eR)
1

is guaranteed by Theorem 34(ii) but not by Corollary 3.16, so that the two
criteria are mutually supplementary.

3.4 Canonical forms and H-polar decompositions
in the case of diagonalisable matrices

In addition to the theoretical results presented in the previous sections we will
now consider the numerical computation of H-polar decompositions. We start
with the following observation.

Theorem 3.18. Let F =R or F = C and let H € F*"*" be selfadjoint and pos-
itive definite. Then every matriz A € F"*" admits an H-polar decomposition.

Proof. According to the assumption there always exists a nonsingular matrix
S € F™"*™ such that H = S*S. For example, if H = LL* is a Cholesky de-
composition or H = RAR* is an eigenvalue decomposition, then S = L* or
S = VAR* can be chosen. Let A = SAS™! and let A = PXQ* be a singular
value decomposition. Moreover, let

U=PQ", M=QXQ"* and U=S"'US, M =S"'MS.

Then UM obviously is an ordinary polar decomposition of A and UM is an
H-polar decomposition of A as a simple verification shows. O
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The proof directly provides a numerical method. This suggests that in the
case of an indefinite matrix H a similar approach can be adopted to compute
an H-polar decomposition. However, there are currently no numerical methods
for the computation of H-singular value decompositions available, although a
related theory is already contained in [BR]. In Section 8 thereof as in Section 3.2
the statements regarding H-polar decomposition are derived from the canonical
form of the pair (AP A, H). This suggests the following steps for computing an
H-polar decomposition:

1. Compute the canonical form of the pair (A* A, H),

2. Compute an H-selfadjoint matrix M such that M? = AM A and ker M =
ker A,

3. Compute an H-isometry U such that A = UM.

In the following section we will specify a corresponding numerical method for
the case of a complex matrix A for which A A is diagonalisable. The necessary
preparations, contained in this section, begin with the description of a simplified
canonical form of the pair (A, H) where A is H-Hermitian and diagonalisable.
This form is based on the following facts taken from [GLR, Chapter 1.2.2]:

Let A € C"*™ be H-Hermitian. Then for every non-real eigenvalue A € o(A)
also A € o(A) and the Jordan structures of both eigenvalues are equal. Let

Ex(\)={xeC": (A -M)fx=0forakecN}

be the generalised eigenspace for the eigenvalue A. Moreover, let A1,..., A, be
the real and Aq41,...,As be the non-real eigenvalues with positive imaginary
parts, and let

Xi=FEa(\) for 1 <i<7r and
Xi = Xi,l @Xi72 = EA(Az) @EA(X,) for r + 1 S 7 S S.

Then C™ can be decomposed as the direct sum of the non-degenerate eigenspaces
C"=X19..9X, X, 119...0 X,
and the following equations hold

[xg,x)] =0 for x;, € X, ;€ X; and 1 <k #1<s,
[xk, ¥k =0 for xp,yr € X1 or Xp,yr € X2 and r+1 <k <s.

Therefore, if R € C™"*" is a matrix whose columns are bases of the subspaces
X;, then R is nonsingular and

RlARAl@...@AT@[A’““’l 0 ]@...@[A“ 0],

0 Al 0 A,
* _ 0 Hr+1 0 Hs
RHR_Hl@...@HT@{H:f+1 o ]®"'®[H; 0]' (3.3)

Here the sizes of the blocks are given by p;, = dimX; for 1 < ¢ < r and

p; = dim X; 1 = dim X; » for 41 < ¢ < s. In the special case of a diagonalisable
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matrix A the generalised eigenspaces contain exclusively eigenvectors and we
obtain the simplified form

Argal 0 Al 0
-1 _ r+1ipry1 stps
R 'AR = \1, &.. .ea/\rlpr@[ 0 )‘T+1I;Dr+1:| ®.. .@{ 0 ASI;J ,
o 0 H,, 0 H,
RHR_Hl@...@HT@[H:H 0 ]@...@[H: 0]' (3.4)

The following theorem is easily derived from this representation. Its proof will
be given in two ways in order to, on the one hand, show the connection to The-
orem 3.1 and, on the other hand, to provide the foundation for a corresponding
numerical method.

Theorem 3.19 (Simplified canonical form). Let H € C"*™ be nonsingular
and Hermitian and let A € C"*"™ be H-Hermitian and diagonalisable. Then
there exists a nonsingular matriz S € C™*" such that

ST!IAS=A1®...®A;, and SHS=H; ¢ ... o H,, (3.5a)

where the blocks A; and H; are of equal size and the pairs (A, H;) have one
and one only of the following forms:

1. Pairs belonging to real eigenvalues.

AJ‘ = )\Ip and Hj = |:Ip0_q (i :| (35b)
Tq

with A € R and p,g € N, ¢ < p.

2. Pairs belonging to non-real eigenvalues
_|AL, O

Aj = [ 0 I,

with A € C\R, Im(A) > 0 and p € N.

Moreover, the simplified canonical form (ST'AS,S*HS) of (A, H) is uniquely
determined up to the permutation of blocks.

Ern

First proof. According to Theorem 3.1 a nonsingular matrix S € C"*" exists
such that the pair (A, H) is in the canonical form (3.2). Because of the assumed
diagonalisability, the size of the blocks appearing therein is always 1. Now
combining all p blocks of the form (3.2b) or (3.2c) which belong to the same
eigenvalue A € R or A € C\R, respectively, then after a suitable permutation it
is always possible to build one block of the form (3.5b) or (3.5¢). From p — ¢
blocks of (3.2b) with e = +1 and ¢ blocks of (3.2b) with £ = —1 this gives one
block of the form (3.5b).

Second proof. For all real eigenvalues A\, € 0(A), 1 < p <7, let {uy,...,up},
be an H-orthonormalised (according to Theorem 2.6) basis of eigenvectors of
E4(Xp), ordered such that (Huj,u;) =1for 1 <j <p—g¢gand (Huj,u;) = -1
for p—q+1 < j < p. For all non-real eigenvalues Ay, A\, € 0(A), 7+1 <0 <5,
let {ui,...,up}, and {vq,...,vp}, be two H-orthonormalised (according to
Theorem 2.7) bases of eigenvectors of E4(\,) and E4()\,). Now by combining
these bases as columns of the matrix S, the pair (S7'AS,S*HS) takes on the
assumed form. O
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A useful application of this theorem is the following corollary which is also
stated in [MMX, Corollary 2.4].

Corollary 3.20 (Non-defective matrix pencils). Let pH — G € C"*"™ be
a non-defective Hermitian matriz pencil where both H and G are nonsingular.
Then there exists a nonsingular matrix S € C™*™ such that

e . ~ (M
e (@) o(@ [ 5,)

j=1 j=r+1
_ -1, _ L, !
j=1 J j=r+1 J

* — T ) IPJ*% T Xjij
sas—(@x " ) o (@ [,
Jj=1 7 j=r+1 J

where A1, ..., A € R\{0} and A\r41,...,2s € C\R.

Proof. Since the pencil pH — G is non-defective by definition there exist non-
singular matrices P, Q € C™*" such that both

Ap =P 'HQ and A¢ =P !GQ

are diagonal [MMX, Definition 1.3]. Thus the matrix H™!G = QABlAgQ’l
is diagonalisable and because (H™'G)*H = H(H 'G) it is H-Hermitian. The
assumption follows by application of Theorem 3.19. O

The criteria for the existence of H-Hermitian square roots of a diagonalisable
matrix AMA can also be simplified. The following theorem contains a corre-
sponding specialisation of Theorem 3.4. Its somewhat longer proof is presented
completely in order to derive a numerical method therefrom. Furthermore, it
corrects the error made in the proof of [BMRRR1, Theorem 4.4].

Theorem 3.21 (Existence of H-Hermitian square roots). Let A € C"*"
and let B = A¥A be diagonalisable. Then there exists an H-Hermitian matriz
M such that M? = B and ker M = ker A if and only if the following conditions
are satisfied:

1. The part of the (simplified) canonical form of the pair (B, H) belonging to

negative real eigenvalues A = —a? consists of blocks of the form

B; = —a’I, and H; = [Ig (i ]
o

with a > 0 and p € N.
2. The part of the (simplified) canonical form of the pair (B, H) belonging to

the eigenvalue O consists of the blocks

B; =0, and H; = [ITO“ —I(:J

with p,r,s,t € N, 2r + s+t = p. Moreover, there exists a basis

{ela"'aeT-‘rsaflv"'afT-‘rt}
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in which these blocks appear and for which
ker A = span{e; +fi,...,e, + 1.}
@ span{e,41,...,€r15} Bspan{fr1,...,f ¢}
Proof. [=]: Let B € C"*™ be a diagonalisable matrix and let
R'BR =ML, ©...® NI,

be its Jordan normal form, so that the columns of R form a basis of C™ consisting
of eigenvectors of B. Then every matrix M such that M? = B can be expressed

in the form
M =R(V/MI, ®...¢ /NI, )R

where

VAL, = X, (VAL & —VAL)X, ! if A #0,
I, P
\/@:Xf"([o?« ]@opzr> Xt if A=0,

and X, € CP*P denotes an arbitrary nonsingular matrix. The simplified canon-
ical form of an H-Hermitian matrix M whose square is diagonalisable

R 'MR=M;®...oM;, RHR=H; ¢...» H;

therefore consists of blocks (M, H;) of the form

(% wlfy ) oo

<>‘Ip+q I @ Iq) if A e R\{0},

| I,o -1, .
; I, -1 f A=
({Oerq @0t Lol Sl ) A A=0.

where the blocks belonging to the eigenvalue 0 have been combined in evident
manner to the ordinary canonical form

@B ) (@)

- (@ o1 ) (Guedr)

Now, let (M, H) be such a simplified canonical form and let {g1,...,g,} be the
basis in which it exists. Then the simplified canonical form of the pair (M?, H)

can be constructed as follows:
(i) If A € C\RU4R and if the canonical form of (M, H) contains the blocks

AL, AL,
M om= [y Je [Py

I I
J1 J2 Ip1 :[p2
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then the canonical form of (M?, H) contains a pair of blocks of the form

M2 _ /\21P1+1”2 IP1+P2:| .

—92 y H —
J A Ip1+p2] ! |:IP1+1)2
(ii) If A € R\{0} and if the canonical form of (M, H) contains the blocks

Mjl @ Mj2 = >‘IP1+41 @ 7>‘Ip2+qw
Hjl D sz = (Ipl D _Ilh) D (Ipz D _IQ2)7

then the canonical form of (M?, H) contains a pair of blocks of the form

Mf = >‘2I(P1+P2)+(Q1+qz)7 Hj = Ip1+112 D _IQ1+Q2'

(iii) If A = i € iR\{0} and if the canonical form of (M, H) contains a pair
of blocks
_ |iad, o I,
S e I R

then the canonical form of (M2, H) contains a pair of blocks

2
2 —Q I
M _[ v _aQIp] and H;.

If a new basis {e1,...,ep,f1,...,f,} is now chosen with

1 1
ey = —=(8k + 8rtp), fr=—=(8k — ryp) for 1<k <p,
V2 V2

then
(Hjer,e)) = 0, (Hjep,£;) =0, (Hjfy,£i) = -0 for 1 <k, 1<p

and the fOHOWng blOCkS appear
M2 = 1\/_[2 d I:I = 1
i = J an j= P .

(iv) If A = 0 and if the canonical form of (M, H) contains a pair of blocks

- | P o Lo -1, _
M] - |:0p+q‘ EB Os+t7 Hj - Ip @ *Iq @ Is @ Ita
then the canonical form of (M2, H) contains a pair of blocks
M? = 02;1)+2q+s+t and Hj.
If a new basis {e1,...,epiqts,f1,. .., fpyqte} is now chosen with
1 1
ep = E(gk + 8hipte)s fr= ﬁ(gk — 8kiptq) for 1<k <p,
1 1
ey = ﬁ(gk — 8kiptq)s Tk = ﬁ(gk + 8hiprq) for p+1<k<p+g,

Ck+p+q = 8k+2p+2q for 1<k <s,
fotptrq = Bhtoprag+s for 1<k <t
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then

(Hjek:ael) = (5kl7 (Hjek:afl/> = 07 (ijp,;fu) = _6;41)
for 1<k, l<p+q+sand 1<puv<p+q+t

and the following blocks appear

1\7[? = M? and I:Ij = Lpqts

_Ip+q+t .
Moreover, it is true that
ker M = span{gi, ..., 8p+q> 82p+2¢+1s - - - » 82p+2q-+s+t )
=span{e; +f1,...,eprq + g}
@ span{epyq+1;-- - €ptgrst D span{fprgr1, ... frigie}.

[«]: Let B be diagonalisable and let R"'BR = B; @ ... ® By, R*"HR =
H; @...® Hy be the (simplified) canonical form of the pair (B, H) = (M? H).
Furthermore, let the conditions 1. and 2. be satisfied, and let 3, be k x k
diagonal matrices with diagonal elements in {41, —1}. Then the matrix M can
be constructed as follows:

(i) If A = w? € C\R and if the canonical form contains a pair of blocks of

the form
R L I,
B = [ gy | wa =g ¥,

_ w3y
M= [ o)

the equations M3 = B; and MjH; = H;M; are satisfied.
(ii) If A € RN (0,00) and if the canonical form contains a pair of blocks of
the form

then for

B, = \I, and H; = [I“ I }
—q

then for
M, = VAZ,
the equations M3 = B; and MjH; = H;M; are satisfied.
(iii) If A = —a? € RN (—00,0) and if the canonical form contains a pair of
blocks of the form
—aQIp | 1,
Bj = |: —Oé2Ip_ and H]' = —Ip s

then for

o |13, ~__- 1, __i L, I,

My = { —iaEJ = I ] and S5 = V2 [ L

the equations Sj_lBij =B, = 1\713 and STH;S; = I:Ij are satisfied (Sj_1 =
S =8S;). Therefore by setting

M,] = SJMJS;l = |: Zazp] s

1,
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we obtain M? =B, and M7H; = H;M;.
(iv) If A =0, then by arranging the basis vectors in the order
{er,..,en b, e, e B, )
it is always possible to achieve that the blocks B; and H; exist in the form
I, o I, O
Bj = Op and Hj = |:0 _IT:| b |:0 —It:|
and for
~ 0o X, =~ |0 I I, O
R L A R
L L. L. |
\/i Ir _Ir s+t
the equations S;lBij =B; = M? and S7H;S; = I:Ij are satisfied (S; = S} =
S;l). Therefore by setting

and S; =

~ 1%, -3,
M; = S;M;S; ! = 3 {Er _27‘:| D 054+

we obtain M? = B, and M7H; = H;M; and, moreover,

ker M = span{e; +fi,...,e, +{,,
er+1,...7er+s,f7~+1,...7fr+t}:keI‘A. L]

Using the notation of Theorem 3.4, the part of the canonical form of the
pair (B, H) = (M?, H) belonging to the eigenvalue 0 in the basis

{ela fi,.. et e, e B, 7f7‘+t}

can be expressed as

r S t

IV g J6 = <@[N1 @Nl]) = (@0 @ @0),
i=1 j=1 k=1
T s t

7V o 7® = (EB[Zl & —Zl]) & ( 1 & @—1)
i=1 j=1 k=1

This confirms again the correction of Theorem 3.4 explained with Example
3.5. Furthermore, the diagonal matrices ¥, used in the proof comply with the
relationships between the canonical forms of the pairs (M?, H) and (M, H) listed
in Theorem 3.6. Using a particular choice of these sign matrices we can easily
derive a statement concerning the class of H-polar decompositions described in
the following definition [BMRRR2, Section 5].

Definition 3.22 (Semidefinite H-polar decompositions). A matrix M is
said to be H-nonnegative, if HM is positive semidefinite. The particular H-polar
decompositions in which the matrix M is H-nonnegative are called semidefinite
H-polar decompositions. O
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Corollary 3.23 (Existence of H-nonnegative square roots). Let A €
C™" and let B = AFMA. Then there exists an H-nonnegative matriz M such
that M? = B and ker M = ker A if and only if B is diagonalisable with o(B) C
[0,00) and if condition 2. of Theorem 3.21 is satisfied.

Proof. If the matrix B from Theorem 3.21 has only non-negative eigenvalues,
ALy -y A > 0, Agr1 = 0, and if it is assumed that condition 2. holds, then the
blocks M; = 1/A; 3, (1 < j < k) in case (ii) of the “if” part can be chosen such
that 3, = I,_, ® —I, = H; and the block M (j = k + 1) in case (iv) can be
chosen such that 3, = I,. Then the canonical form of the pair (M, H) has the
form

k
_ I 0,
STIMS = Q}l(wjlpj,qj ® —w;I,) @ {0,« } ® [ oj ;
P

(3.6)
y I I
j=1 ’

where w; = 1/A; > 0. Thus

k
S*HMS = P w;I,, ©0, & I, & 0,44,

j=1

so that the matrix HM is positive semidefinite Hermitian.

Conversely, if M is H-nonnegative, then the canonical form of the pair
(M, H) must have the form (3.6) in which some of the blocks may not exist.
This implies

k
S_1M2S = @W?ij (&) 027‘+S+t7
j=1
so that B = M? is diagonalisable and ¢(B) C [0, 00). O

A similar statement is also given in [BMRRR2, Theorem 5.3] where the
kernel condition is formulated slightly different.

3.5 Numerical computation of H-polar decom-
positions of a matrix A for which AFMA is
diagonalisable

Now we describe the method for computing H-polar decompositions of a complex
matrix A for which AM A is diagonalisable. This method, suggested at the
beginning of the previous section, begins with the computation of a simplified
canonical form, so that a corresponding algorithm is derived first. Note that
this algorithm is a very simple version of the algorithm for computing a general
canonical form presented in Chapter 6.

Let A € C™*™ be H-Hermitian and diagonalisable. Then, according to the
second proof of Theorem 3.19, the simplified canonical form of the pair (A, H)
can be determined with the following steps:
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Step 1. Computing the eigenvalues and eigenvectors. First of all the
Jordan normal form of A must be computed

R;'AR; = diag(A1, ..., An)-

Here A1,..., A\, are the eigenvalues and Ry = [r; ... r,] is a nonsingular ma-
trix consisting of corresponding eigenvectors. For this purpose usually the QR
algorithm should be used [F], [GVL, Section 7.5].

Step 2. Grouping the eigenvalues. Now the eigenvalues must be combined
in groups of numerical multiple eigenvalues, and the eigenvalues and eigenvec-
tors must be permuted such that eigenvalues belonging to the same group are
adjacent

R;'AR, = N1, @ ... @\ L,.

Here A7, ..., A} are the numerical multiple eigenvalues, which are the average
eigenvalues of the specified groups, and Ry is the permuted matrix of eigenvec-
tors.

For this purpose there are several algorithms available: Baveley and Steward
use norm estimates [BS], Kagstrom and Ruhe use Gershgorin circles [KR1], we
will use a modified cluster analysis algorithm in Chapter 6. All these algorithms
require a user-supplied tolerance parameter, all work well when the eigenvalues
are well-separated, and all fail in particular cases. In other words, the group-
ing of the eigenvalues is an extremely difficult problem for which no absolute
reliant method exists. In our implementation, with which the numerical results
presented at the end of this section were obtained, we have chosen to apply the
following algorithm:

k=20
1=1
while ¢ <n do
* Determine the pivot eigenvalue *
p=1
for j=4¢4+1,...,n do
if |Aj| > |Ap| then
pP=7J
end if
end for
if p #i then
Ai = Ap, T Ty
p=1
end if
* Determine the adjacent eigenvalues *
o = )\1
B =a
Orel = max(|a|d, 0)
for j=i+1,...,n do
if |A\j — 3] < brel then
p=p+1
Aj e Ap, Tj Ty
a=a+ A
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B=a/lp—it+]l)
end if
end for
* Update the eigenvalues *
for j=14,...,p do
A =0
end for
* Store the block boundary *
E=k+1
by =p
t=p+1
end while

Here § > 0 is a tolerance parameter with which the relative tolerances 4, are
computed. When the algorithm terminates, k£ contains the number of groups,
the integer array b contains the block boundaries, and the eigenvalues are re-
placed by the average eigenvalues of the groups.

Step 3. Pairing the eigenvalues. Now the real eigenvalues and pairs of
non-real eigenvalues must be determined. A simple approach for this is to use
a further (or the same) tolerance parameter ¢’ and to determine the pairs of
non-real eigenvalues by demanding that |A\} — /\73‘| < ¢’. However, this is not the
most reliant method. More stable results are obtained by considering that the
matrix

Cn -+ Cyg

R;HR,; =C = | : g
Cr1 - Cg

should theoretically have the form (3.4). Let (i) be indices such that C; ;) is
the block with the maximum Frobenius norm in row ¢ for 1 < i < k. Then, if
m(i) =i, A} is a real eigenvalue, and if 7(i) = j and 7(j) = i for i # j, (A}, \})
is a pair of non-real eigenvalues. If this classification fails or the block sizes do
not satisfy p; = p;, the algorithm terminates with an error. Possibly it may

succeed with a better grouping parameter §.

Step 4. H-orthonormalising the eigenvectors. Finally, the eigenvectors
contained in the blocks (Y] ...|Yx) of Ry must be H-orthonormalised. For this
purpose the HQR and HQR~2 decomposition were developed in Section 2.4. Let

Y.P;, = QR;

Y, P, = QR; if )\z< €R and
Q {Yij =QjR;

} if A =A;€C\R
be HQR and HQR-2 decompositions, respectively. Then the matrix Rg con-
sisting of the blocks (Q1]...|Qyg) transforms the pair (A, H) into its simplified
canonical form (3.5). Note that the blocks C;; and C;; computed in the pre-
vious step should be used to initialise the HQR and HQR-2 decompositions, so
that they are not computed twice.

If the HQR and HQR-2 decompositions are not available, this step can also
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be performed in the following way: Let
Y HY,; =C;; =U;¥; V] if \] = /\73k € C\R

be eigenvalue and singular value decompositions, respectively. Then U; and
V; are unitary, ®;; is diagonal with non-zero real diagonal elements, and W¥;;
is diagonal with positive real diagonal elements. Therefore, the matrix Rj
consisting of the blocks

Q; = Y, U@,/ and Q; = YiUilIli_jl/Qa Q; = YjVj‘I’v:_jl/Q

also transforms the pair (A, H) into its simplified canonical form. O

To simplify the quotation of this algorithm we summarise as follows:

Method 3.24 (Simplified canonical form). Let A € C"*™ be H-Hermitian
and diagonalisable. Then the steps 1 — 4 described above compute the simplified
canonical form of the pair (A, H).

Now, let A € C**" be such that AFA is diagonalisable. Then, according
to the proof of Theorem 3.21, an H-polar decomposition of A can be determined
with the following steps:

Step 1. Computing the canonical form. First of all the matrix B = A A
must be computed by solving the linear system

HB = A"HA

for B. Then the simplified canonical form of the pair (B, H) must be determined
with Method 3.24. Assume that this form is given by

RIAMAR=J=J;8J, 03,8 J,,

w1 a’I —B%1 ] [0
J — P3 . P P2 fasy P1 P r+s ,
|: w21p3:| [ O‘2]:112:| |: _ﬁQIm OT-‘rt

RHR=Z;=2;3%2Z;2%Z;1&Zjy,

I I I I
7 = P3 P2 P1 r+s
! [IPS ] v [ _Iqj @ { _Ipl] @ [ _IT‘+t:| ’

R = (R3|R2|R1[Ry)

where w € C\RU R, 0 < a, 3 € R, and the rectangular blocks R;, 0 < j < 3,
correspond to the blocks of J and Z .

Step 2. Computing the H-Hermitian square root. Now an H-Hermitian
square root M of the matrix A"/ A must be determined using

STIMS=K=K3;®K,®K; ® Ky,

_ |wI,, al,, 31, L.| . |0s
I e P (P K )]
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S*HS = Zy = ZrxsDZLigsr®Zi1 @ Lk,

el Pl el el Mo )

S = (R3|R2|R1|Ry)

where R is defined by the kernel transformation described below. For the
negative eigenvalue —32 this construction is possible only if condition 1. of
Theorem 3.21 holds, i.e. only if Ry consists of an equal number of positive and
negative eigenvectors. It would then also be possible to use the blocks

I iBIPI / _ I:D1 [ i Ip1 Ip1
Kl - [ _iﬁIiUl ’ K 1101 ’ Rl B \/i R IPl _1101 ’
but this is found to be less convenient when constructing the H-isometry in the

third step. Furthermore, in the blocks of K sign matrices X,,, 3,,, 3q,, 2p,,

3., = diag(£1) could also be used instead of the identity matrices. This would
then produce another H-polar decomposition of A. For example, if A*A has
only non-negative real eigenvalues, then by Corollary 3.23 a semidefinite H-polar
decomposition can be computed this way. Finally, the required treatment of the
eigenvalue 0 consists of the following transformation.

Kernel transformation. Let Ry = (Ry|R_) be a partitioning where R
contains the r 4+ s positive and R_ contains the r + t negative eigenvectors in
ker A A, so that

R*+HR+ = IT+S and R*_HR, = —I,,«+t.

Then, if condition 2. of Theorem 3.21 holds, there must exist unitary transfor-
mations T, and T_ such that

AR/ =[-a;...—a,0;...0,] and AR” =[a;...a,0;...0]
is satisfied for
R, =R,T;=[e;...e,15] and R_. =R_T_ =[f; ...,
To determine this transformations, let
AR, =U. ¥, V| and AR_=U_X_V*
be singular value decompositions. Then the ranks of ¥, and ¥_ must be equal

AR+V+ :U+E+ = [bl...brﬂl...Os], r:rank(2+),
AR_V_=U_¥_=Ja;...a,07...0], r=rank(XZ_),

and the matrix W € C™*" defined by [by...b,]W = —[a; ... a,], i.e.
W= —(2,),'(ULU_),(£.), (r x r submatrices),
must be unitary, to ensure that

T_;,_ :V+(W@IS) and T_=V_
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exist. Now permuting the columns of R = (R/_|R’) into the order
R6 = [e]_ ...erfl...frer+1 ...er+sfr+1...fr+t]
we obtain

ARj=[-a;...—a,a;...a,0;...0,4] and
(R)'HRY) = (L & -L) & (I, & —1,).

Hence, for
1[I, I,
w-m (gl o)

AR} =—/2][0,...0,a;...a,0;...0,,] and

CR LR M

it follows that

so that the wanted basis of ker APl A has been determined. If the ranks of X,
and X_ differ or the transformation W is not unitary, the matrix A does not
have H-polar decompositions.

In an implementation of this transformation the ranks must be computed
with the help of a tolerance parameter 7 > 0. Suppose that the singular values
in ¥ = diag(o1,...,0,) are sorted in descending order. Then rank(X) is the
smallest index such that . < o17 or 0, if 07 < 7. Moreover, W may be regarded
as unitary when |[W*W —1I||p < 7.

Step 3. Computing the H-isometry. After the second step M = SKS™!
is the H-Hermitian factor, and in the nonsingular case, in which the blocks Jy,
Zjo, Ko, Zk o do not exist, U= AM~! = ASK~!S~! is the H-unitary factor
of an H-polar decomposition of A. Here the inverse of S can be computed using
S = ZxS*H which follows from S*HS = Z . In the singular case let

- - - _ I,
K:Kg@Kg@Kl@KOw1thKO:K01:{I }@Is“,

and also let
So = (S)|S§|So) with S),Sy € C™*" and Sy € C**(+)
be a partitioning of the matrix So = R{j. Then we have
ASy = (0,,,|TH|0s,54¢) and SeKo = (0,,,-[S(|0n,s41)

where Ty = —/2 [a; ...a,] by the kernel transformation. Therefore, the ma-
trices ASK™! and MSK ™! have the form

ASK™! = (AS;K;'|AS: K, ' [AS KT ASK )

= (T3|T2|T1|T6|00 r45+¢),

MSK ™! = (8:K3K; ' [S: KoK, 'S1K K ! [SoK oK )
= (

S3|S2‘Sl |S:J|On7r+s+t)
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where T; = ASjK;1 for 1 < j < 3. Their respective first m =n —r —s—t
columns

(T)m = (ASK™'),,, and (S),,, = (MSK™),,,
are bases of im(A) and im(M) which satisfy
(1), H(T)m = (8);,H(S)m = (Zk)m =

m m

IP3:| l:IP2 ] |:IP1 :|
@ 3 @ 0,..
|:IP3 _qu _Ipl

Now both bases can be extended according to Theorem 2.8 to bases of C",
(T)n = (T3|T2|T1|To| T5|To) and (S), = (S3]S2[S1/S5/S51S0),

for which (T):H(T), = (S):H(S), = Zk. This is obviously trivial in the case
of im(M), because here (S),, = S can be chosen. In the case of im(A) it is
convenient to start the necessary application of Method 2.14 with the matrix

I

b (5

(T);, H(T),, = [Im 1,,3] @ [Im Iqj v {

:l D IP2+2P1+T'> )

P1
@0,
IP1:|

whose columns already contain an H-orthonormal basis of im(A). Finally,

I

U= (T),(8),! =TS ' =TZxS*H

is an H-isometry such that UM is an H-polar decomposition of A. O

Altogether this gives:

Method 3.25 (H-polar decomposition). Let A € C**™ be such that AF A
is diagonalisable. Then the steps 1 — 8 described above compute an H-polar
decomposition of A.

In some cases an H-polar decomposition can also be obtained without com-
puting the canonical form. This is described in the following remark.

Remark 3.26. If the matrix A* A has only non-real \;, \; and positive eigen-
values p; > 0,

k m
RAFAR = (AT, @ MiI,,) © P (ly,)
j=1

i=1
the canonical form does not necessarily have to be computed. If in this case

k

K= @Dl o@ily) & Pleivinly,)
Jj=1

i=1

is a diagonal matrix with w? = \; and ¢; € {+1,—1}, then M = RKR ™! and
U = AM™! are already the factors of an H-polar decomposition of A. In the
more general case considered above, the canonical form is required to decide
whether an H-Hermitian square root exists and to determine a suitable kernel
transformation. O
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With some minor modifications Method 3.25 also computes the factorisation
A =TKS™ ! with T"HT = S*HS = Z and K*Z = ZK (3.7)

where (K, Z) is a simplified canonical form and the index at Z = Zj is omitted.
It is only necessary to transform the blocks K, Z; into its canonical form K,
Z/ in step 2, and to return the transformation T instead of U. In this form the
method allows to derive all H-polar decompositions

A =UM with U=TXS™! and M =STKS™! (3.8)

where ¥ = ¥* = 37! must be a sign matrix commuting with K and Z.

In the particular case H = I, the matrix K is a diagonal matrix with non-
negative diagonal elements and Z = I, too. In other words, in this case (3.7) is
just a singular value decomposition which leads to the following definition.

Definition 3.27 (H-singular value decomposition). Let F=R or F = C
and let A € F"*™. A factorisation of the form (3.7) is called an H-singular value
decomposition of A. O

This factorisation must in no way be mixed up with the trivial factorisation
described in the following remark.

Remark 3.28. Let H = diag, (+1) and let A € F"*™ be nonsingular. Fur-
thermore, let RAR* be an eigenvalue decomposition of AHA*. Then R is
orthogonal or unitary, respectively, and the diagonal matrix of the real eigen-
values can be decomposed as A = QHQ* where 2 = Q* has positive diagonal
elements. Now AHA* = ROHQ*R* implies that the matrix U defined by
AU = RQ is an H-isometry, and therefore the decomposition A = RQU ! is
called a hyperbolic singular value decomposition by some authors [BOS]. O

In the rest of this section we present some statistical experiments which
were made to assess the numerical properties of the Methods 3.24 and 3.25.
The philosophy in implementing the test programme was to use highly reliant
standard linear algebra software in combination with our own building blocks.
Thus, we have chosen to implement the programme in Fortran 77 using the
DOUBLE COMPLEX versions of LAPACK and the BLAS [LUG]. Our extensions for
computing the HQR decompositions (Algorithms 2.12 and 2.13), the extension
of isometries (Method 2.14), and the further steps of methods were implemented
as careful as the LAPACK codes. All results were obtained on a PENTIUM 4
processor, for which the machine accuracy is

Emach ~ 2.22 - 10716
To test the Method 3.24 we specified the canonical form
J = (M, © ML,) @ ol @ I, ©0,,
I . . .
Z= |:Ip3 ps] @ diag,, (+1) © diag,, (£1) @ diag,.(+1),
p3:5, p2:10, p1:10, r =10, n =40

and used random eigenvalues A € C\R, «, 8 € R\{0} and random transforma-
tions R € C™*™ to construct the test matrices

A=R!JR, H=R'ZR.
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Here the transformation R and the non-zero eigenvalues of J were initialised
with normally distributed random numbers from the interval [—2, 2], but it was
controlled that the magnitudes of «, 3 and A\ were at least 0.2.

Then the canonical form of the test matrix pair was computed

S"!AS=1J, S*HS=7,
whose numerical accuracy is estimated via the residuals
rag = ||AS —SJ||p, 7rsz =|S*HS — Z||r
and the reciprocal condition number
cg' =cond;(S)™, condi(S)=||S||1 ST}

The results of two experiments with K = 30 repetitions are presented in Table
3.1 where the columns “min” and “max” contain the observed minimum and
maximum values. The column “avg” lists the respective average values which
were computed as

K
z 1
avg(x) = 10° with z = 7 Zlog(xk)
k=1

to avoid the domination of the large quantities. The tolerance parameter for
the grouping of the eigenvalues, required in step 2 of Method 3.24, was always
given by

§=10""%

In the first experiment we used HQR and HQR-2 decompositions to H-
orthogonalise the eigenvectors in step 3 of Method 3.24. In the second experi-
ment this process was carried out with eigenvalue and singular value decompo-
sitions. To permit the comparability of the data, both experiments were made
with the same test matrices.

Before assessing the results in Table 3.1 it is first of all necessary to note that
the computed residuals are absolute errors of complex 40 x 40 matrices. In view
of this fact even the maximum values for rgz appear to be acceptable, so that
the canonical forms were in any case computed with an acceptable accuracy.

The comparison of the two methods for H-orthogonalising the eigenvectors
shows that the eigenvalue and singular value decompositions were minimally
more accurate, whereas the HQR and HQR-2 decompositions produced mini-
mally better conditioned transformations. We may therefore conclude that both
variants produce qualitatively similar results.

Finally, we implemented and installed some benchmark routines and counted
the numbers of floating point operations (flops) which were required for com-
puting the canonical forms. The average values

ﬂopSHQR/HQR—2 = 2.034 . 107 and ﬂOpSEVD/SVD = 2.043 . 107

reveal a minor advantage for the HQR/HQR-2 variant, but it is without signif-
icance in the overall process.
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Table 3.1: Results of two experiments with Method 3.24

with HQR/HQR-2 with EVD/SVD
min avg max min avg max
ray | 3.44e-14 2.76e-13 5.17e-11 | 3.23e-14 2.69e-13  5.14e-11
rsz | 1.35e-13 1.14e-12  9.31e-11 | 1.12e-13 9.35e-13  7.55e-11
cgl 1.17e-04  7.80e-04 2.40e-03 | 1.29e-04 8.40e-04 3.50e-03

Table 3.2: Results of two experiments with Method 3.25

original transformations modified transformations

min avg max min avg max

rark | 2.30e-12  1.97e-11 7.17e-10 | 6.75e-12  9.27e-11  2.04e-09
rrz | 1.24e-11  7.94e-11  5.85e-10 | 5.14e-13  2.49e-12  1.05e-11
rsz | 2.40e-12 2.45e-11 3.08e-10 | 4.57e-14 1.04e-13 2.46e-13
c;l 1.03e-05 2.97e-05 1.20e-04 | 1.03e-05 2.97e-05 1.20e-04
c§1 2.96e-04 8.59e-04 2.70e-03 | 2.96e-04 8.59e-04 2.70e-03
runv | 9.82e-11  1.39e-09  3.73e-08 | 4.19e-11  6.33e-10  1.57e-08
ravg | 4.27e-13  9.21e-13  2.18e-12 | 4.17e-13  9.14e-13  2.28e-12
rug | 7.99e-10  5.92e-09  5.19e-08 | 3.46e-11 1.86e-10 2.78e-09
c[;l 3.35e-07  3.15e-06  2.53e-05 | 3.35e-07 3.15e-06 2.53e-05

To test the Method 3.25 which was implemented such that is computes an
H-singular value decomposition (H-SVD), we used a similar scenario. Here we
specified the canonical form

K= (/\Ips S XIP?,) D aIPz D (iﬁlm D _iﬂIpl) D (027“ S 08)7

— I;DS 3 Ipl IT :
Z= [ng } @ diag,, (+1) © Lm @ I @ diag (£1) |,
p3:5, p2:10, p1:5,r:3, 814, n =40

and used random eigenvalues A € C\R, «, 8 € R\{0}, random transformations
R € C™*" and random H-isometries V € C™*™ to construct the test matrices

A =VR'KR, H=R'ZR. (3.9)

Whereas the transformation R and the non-zero eigenvalues of K were initialised
as in the tests of Method 3.24, the H-isometries V were built according to the
following remark.

Remark 3.29. Let w € F™ be a non-neutral vector and let

ww*H

W=I-2 e

w*Hw
be a generalised Householder reflection. Then

W*H =HW and W'HW =H,

so that W is an H-selfadjoint H-isometry. However, if V is a product of at least
two generalised Householder reflections Wy, (k = 1,2,...), then it clearly is an
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H-isometry, but it is not H-selfadjoint in general. Therefore, if the reflections
are defined by some non-neutral random vectors wg, the matrix V is a random
H-isometry which has no further structure. O

For computing the test matrix A we applied two generalised Householder
reflections to the matrix R™!KR. The corresponding random vectors w1, wo
were initialised with normally distributed random numbers from the interval
[—1,1]. To bound the norms of the reflections, the vectors wy, were only accepted
when they satisfied |wj;Hwy| > 1.

Then an H-SVD of the test matrix

A=TKS™!, T*"HT =2Z, S*HS=17Z
and also an H-polar decomposition
A=UM, U*HU=H, M'H=HM

was computed. Here the tolerance parameters for the grouping of the eigenvalues
in step 2 of Method 3.24 and the rank determination in the kernel transformation
of Method 3.25 were given by

§=10"% and 7 =102

Again two experiments with 30 repetitions we made. The results are presented
in Table 3.2 which contains the residuals

TAK = ||1AS—'I‘I<HF7 rumM — ||A—UM||F,
rrz = ||':[‘*Hr:[‘—Z”F7 T™MH = ||].\/_[*I‘I—Hl\/IHF7 (310)
rsz = ||S*HS—Z||F, rvg = ||U*HU—H||F

as well as the reciprocal 1-condition numbers of T, S and U.
In the first experiment the H-polar decompositions were computed using

U =TS,y and M = SKS;,,, with S;,, = ZS*H.

Although the residuals for the H-SVDs do not indicate serious errors, the resid-
uals ryar and ry g show a significant loss of accuracy for the H-unitary factor
of the H-polar decompositions. We therefore repeated the experiment and tried
to improve the transformations T and S. For this purpose the linear systems

(ZT*H)Y =1 and (ZS'H)X =1 (3.11a)
were solved and the modified transformations
T=L(T+Y) and S=3(S+X) (3.11b)

were used instead of T and S. Indeed this approach helped to reduce most of
the residuals. Only r4x was incremented a little.

Whereas these experiments indicate that Method 3.24 is stable for comput-
ing simplified canonical forms, we must admit that there is still some doubt
concerning the stability of Method 3.25. The major problems of this method
are:
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(a) If the matrix A is singular, then several matrix factorisations are required
for the kernel transformation and for the extension of the matrix T.

(b) If the matrix A is ill-conditioned, then the formation of AFIA can lead
to a severe loss of accuracy.

The first problem is obvious and the second is a well-known fact which for the
case H = I is discussed in many text books on numerical linear algebra (for
example see [GVL, Section 8.6.2] or [ST2, Kapitel 6.7]).

To solve these problems we have tried to modify the standard algorithm for
computing ordinary SVDs [GVL, Section 8.6] such that it computes H-SVDs.
This approach failed, because we were not able to determine the canonical form
of the pair (K, Z) by directly transforming A (and H). In the case H = I, this
form is simply (diag(k;),I) and the standard algorithm is inherently based on
this fact. A further approach succeeded and resulted in the algorithms presented
in the following section.

3.6 Numerical computation of H-polar decom-
positions of a matrix A for which A A has

no non-positive real eigenvalues
The numerical computation of ordinary polar decompositions is not only possi-
ble via the singular value decomposition. There also exists an iteration method
which is closely related to the Newton iteration for computing the matrix sign
function [HI1], [HMMT]. In this section we will adopt this method for comput-
ing H-polar decompositions and we will also describe an extension for computing

H-singular value decompositions.
Let A € F"*™ be nonsingular. Then the iteration method

1
Xpt1 = é(Xk—‘rX;*), Xo=A, k=0,1,... (3123)
quadratically converges to the isometric factor of an ordinary polar decomposi-

tion A = UM where U* = U~! and M* = M. The optimum selfadjoint factor
corresponding to the approximate isometry

U =X, with [|X;X; —I||p <e¢ (3.12b)
is given by [HP, Lemma 2.1]
. 1 - _
M = 5(U*A+A*U)7 (3.12¢)
and, furthermore, the particular polar decomposition is computed for which M
is positive definite. By substituting the adjoints in (3.12) with H-adjoints we
obtain the iteration method

1
X1 = i(X’“ +X. 1), Xo=A, k=0,1,..., (3.13)

N - 1 - -
U =X, with | XX, —I|p <& and M = 5(UHA + AfU).
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The following theorem shows that this method actually computes an H-polar
decomposition of A. Note that a similar result has been derived independently
by Higham [HI2, Theorem 5.2].

Theorem 3.30. Let F = R or F = C and let A € F*"*™ be a matriz such
that o(Af A) C C\(—o0,0]. Then the method (3.13) applied to A computes the
particular H-polar decomposition A = UM, for which o(M) lies in the open
right complex half-plane.

Proof. Let A be a matrix such that o(A* A) has the assumed property. Then
Corollary 3.7 implies that A admits an H-polar decomposition A = UyMj such
that o(My) C {z € C|Re(z) > 0}. Now applying (3.13) to A we obtain

2X; = UgMj + (UgM,) ™ = UM, + (MUY )
= UgM, + (MoUg )™ = UM, + UMy ! = Up(Mp + Mg ')

or
1
Xp = UpM; with My = (Mo + M) = MFE,

from which it follows that
_ : _ 1 —1\ _ ~gH
Xit1 = UgMpyy with Mgy = Q(Mk + Mk ) = Mk+1'

Moreover, Re A > 0 for all A € o(Mj) according to [R] implies

Jm My =1
so that we finally have
klim Xk = Uo. O

In an implementation of method (3.13) the matrices X, 7 = H !X, *H
must be computed by solving the linear system (X;H)Y, = H for Y, = X;H.
Analogously, the matrix M must be computed by solving HY = (fJ*HA +
A*HU)/2 for Y = M.

The termination criterion can be applied in the form |X;HX; — H||p <e.
It is based on an absolute error, but it is also possible to use a criterion based
on a relative error. To obtain the latter we have adopted a similar consideration
made in [HMMT, Section 4] and [HI2, Section 5]:

Let ||.|| be a submultiplicative matrix norm, and let U and AU satisfy

U*HU =H and |[|AU| < ¢||UJ.
Then the inequality
(U + AU)*H(U + AU) — H]|
= ||U'H(AU) + (AU)*HU + (AU)*H(AU)||
< [[U'H(AU)[| + [[(AU)"HU|| + [[(AU)"H(AU)||
< (2¢ +<%) [H| U
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shows that U is an H-isometry to working precision when it fulfills

|[U*HU — H||
pUH = T nTne .~ Emach-
=] U]

Hence, the iteration should be terminated when the iterate satisfies

_IXpHX, — H]p

<e f X Emach- 3.14
T K e for some € = g,,4ch ( )

Here the submultiplicative property of the Frobenius norm has been used.

Algorithm 3.31. Given the matrices A,H € F"*" a tolerance parameter
¢ and a maximum number of iteration steps maxits, the following algorithm
performs method (3.13). The matrices U and M are stored in separate arrays
and W is a working array. The notation “WY =M — M = Y” is to be read
as “solve the system WY = M and overwrite M with Y”.

U=A

for its=1,...,maxits do
W =U*H
M=H

M=WU-M (=U*HU - H)
p=IMlr Cor p=|Milp/[H|s/IU|#/IU]#
if p<e then
break
end if
M=H
WY=M->-M=Y
U= (U+M)/2
end for
if ¢ts > mawits then
return “divergent”
end if
M =WA (=U'HA)
M=(M+M*)/2
W=H
WY=M-M=Y

return “convergent”

This algorithm represents the basic form of the Newton iteration. It may be
improved with factors for convergence acceleration analogously to [HP, Section
2], but this is not considered here. We will rather turn our interest to the fact
that the algorithm only allows to compute two particular H-polar decomposi-
tions, namely, the decompositions (a) A = UM and (b) A = (—U)(—M) where
M is the principal square root of A# A. However, there are applications in which
another decomposition is required. In particular, it turns out that the solution
of the Procrustes problems requires semidefinite H-polar decompositions which
have been introduced in Definition 3.22. Now, assume that A € F"*™ is non-
singular. Then, according to Corollary 3.23, an H-polar decomposition of A is
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definite if and only if the canonical form of the pair (M, H) is

k k
SilMS = @(ijpj_Qj D _ijqg')a S*HS = @(ij_(b' S _IQj)

j=1 j=1

where w; > 0. This means that the decomposition (a) is definite when H
is positive definite, and the decomposition (b) is definite when H is negative
definite. But if H is indefinite, it is impossible to compute a definite H-polar
decomposition with Algorithm 3.31.

The solution of this problem is very simple. We only need to extend the
algorithm such that it computes an H-SVD and can then compute arbitrary
H-polar decompositions by applying Equation (3.8). The extension consists of
computing the canonical form of the pair (M, H) which for non-diagonalisable
H-Hermitian matrices is described in Chapter 6.

Algorithm 3.32. Let A € C™*" be a matriz such that o(A* A) C C\(—oc,0].
Then an H-SVD of A can be computed with the following steps:

1. Compute an H-polar decomposition A = UM with Algorithm 3.31.

2. Compute the canonical form (STIMS, S*HS) = (K, Z) of the pair (M, H)
with Method 3.24 or, if M is not diagonalisable, with the algorithm de-
scribed in Chapter 6.

3. Compute T = US, so that A = TKS™! is an H-SVD.

Now, let A be a (nonsingular) matrix such that A” A is diagonalisable with
positive eigenvalues, and let A = TKS™' be an an H-SVD computed with
Algorithm 3.32 or with Method 3.25. Then the application of (3.8) with X =Z
results in

A =UM with U=TS*H and M = SKS*H (3.15)

which is a definite H-polar decomposition of A. If A is singular and A7 A is
diagonalisable with non-negative eigenvalues, the H-SVD can only be computed
with Method 3.25. Then (3.15) is a semidefinite H-polar decomposition of A.

To be able to test the algorithms we extended our software package with a
Fortran 77 implementation of Algorithm 3.31. Again the codes were written us-
ing the DOUBLE COMPLEX versions of LAPACK and the BLAS. Then we made some
experiments in which H-polar decompositions and definite H-polar decomposi-
tions were computed. For this purpose the canonical forms

K=J,\N)aJ,\) el (a)®I.(8), Z=12Zsy®+Z,®+Z,,
p=q=r=10, n=40

with A € C\R, o, 8 € R\{0}, were specified to test Algorithm 3.31, and the
canonical forms

4
K=@NI,,, Z=diag,(£l), p; =10, n=40
j=1

with \; € R\{0}, were specified to test Algorithm 3.32. Using randomly chosen
eigenvalues, transformations R € C"*" and H-isometries V. € C"*", the test
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Table 3.3: Results of two experiments with Algorithm 3.31

moderately conditioned badly conditioned

min avg max min avg max
cn 1.15e-07 4.14e-06  2.65e-05 | 8.41e-12  5.60e-09  9.69e-08
rum | 2.31e-12 9.10e-11  4.75¢-08 | 2.71e-09 3.65e-07 8.21e-04
ram | 6.79e-13  1.42e-12  5.63e-12 | 7.81e-13  1.68e-12 1.83e-11
rug | 1.68e-12  1.50e-11  1.69e-10 | 2.37e-12  1.93e-11  1.66e-09
c(}l 7.91e-07 1.47e-05 1.47e-04 | 5.90e-08 9.91e-06 1.86e-04
its 6 7.33 8 7 8.20 10

Table 3.4: Results of two experiments with Algorithm 3.32 and Method 3.25

Algorithm 3.32 Method 3.25

min avg max min avg max

rax | 3.26e-13  8.02e-12  4.36e-10 | 9.94e-16 3.10e-15  1.64e-14
rrz | 5.13e-13  2.28e-12  1.14e-11 | 1.50e-12 2.13e-11  3.04e-10
rsz | 2.85e-13  1.40e-12 1.13e-11 | 1.84e-13 8.63e-13 1.75e-11
c}l 1.44e-05 9.21e-05 9.82e-04 | 6.78e-06 5.12e-05 3.07e-04
c§1 3.68e-04 9.94e-04 2.52¢-03 | 4.12e-04 8.14e-04 2.85e-03
its ) 6.10 7
rum | 1.37e-11  1.67e-10  1.90e-09 | 1.19e-11 1.15e-10 2.36e-09
ryg | 1.17e-12 2.76e-12 1.15e-11 | 8.26e-13 1.57e-12  4.92e-12
ryg | 6.63e-11  3.85e-10  2.76e-09 | 1.39¢-10 2.68e-09  6.53e-08
c[}l 2.12e-07  3.31e-06  5.41e-05 | 1.45e-07 1.48e-06 2.64e-05

matrices A = VR!KR and H = R*ZR were constructed as in (3.9). The
magnitudes of the eigenvalues of K were at least 0.4. The machine accuracy
Was Emach &~ 2.22 - 10716,

To test Algorithm 3.31 we made two experiments with 30 repetitions in which
moderately conditioned and badly conditioned test matrices were used. The
iteration was terminated when the relative error (3.14) was at most ¢ = 10716,
The results are listed in Table 3.3 where c;‘l is the reciprocal 1-condition number
of the test matrix, its is the number of iteration steps and the further meanings
are as in (3.10).

The table shows that the iteration required only between 6 and 8 steps in
the first experiment and also the 7 to 10 steps used in the second experiment are
not too much. Taking into account that the absolute errors ry g correspond to
relative errors near machine accuracy, the precision of the computations is very
satisfactory. The only weak point is the residual ry; obtained for the badly
conditioned test matrices. In further experiments with ill-conditioned matrices
where czl < 107'2, this residual often indicated that the computed H-polar
decomposition was utterly erroneous.

To test Algorithm 3.32 we made an experiment with 30 repetitions in which
H-SVDs and then definite H-polar decompositions were computed. The param-
eter for Algorithm 3.31 was e = 10716 and for Method 3.24 it was 6 = 10~%. The
same experiment was also made with Method 3.25 which was configured with
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§ =7 = 1078, To permit comparison of the algorithms the transformations T
and S were not modified according to (3.11). The results are listed in Table 3.4
which contains the residuals and reciprocal condition numbers for the H-SVDs
and for the definite H-polar decompositions.

The residuals obtained with Algorithm 3.32 are more balanced than those
obtained with Method 3.25. In particular the values of ry g suggest to consider
Algorithm 3.32 as the preferable method. However, its advantage is not tremen-
dous and we may conclude that both algorithms are appropriate for computing
H-SVDs and H-polar decompositions.



Chapter 4

Procrustes problems and
(G,H)-polar decompositions

4.1 Introduction

In Chapter 1 we have seen that classical multidimensional scaling (MDS) is a
technique for analysing empirical data which essentially consists of

(1) a method for constructing vectors xj such that ||xx — x;|| = dg; for given
distances dg; (1 < k,l < N) which satisfy the triangle inequality and

(2) a method for determining an isometry U such that ), |[Ux; — yi|| is
minimal for given vectors x; and y; (1 < k < N).

Moreover, we have formulated the goal to generalise these methods for real and
complex indefinite scalar product spaces which requires

(1) amethod for constructing vectors x;, and an indefinite scalar product such
that [x — x;, Xk — X;] = qi; for given real numbers g, (1 < k,I < N) and

(2") methods for solving the indefinite Procrustes problems (1.1) — (1.3).

In this chapter most of these generalisations are presented: In Section 4.3 the
method (17) is given and in the Sections 4.4 and 4.5 the Procrustes problems
(1.1) and (1.2) are solved.

Whereas the discussion of problem (1.1) is possible with the results of the
previous chapter, the investigation of problem (1.2) requires some further state-
ments on doubly structured indefinite polar decompositions which are provided
in Section 4.2 and generalised in Section 4.6. In the final Section 4.7 the nu-
merical computation of these doubly structured decompositions is considered.

4.2 Introduction to (G,H)-polar decompositions

In the previous chapter H-polar decompositions of real and complex matrices
have been discussed extensively. In particular, the semidefinite H-polar decom-
positions introduced in Definition 3.22 and characterised in Corollary 3.23 are
an important tool for solving the Procrustes problems.

62
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This chapter will also make use of indefinite polar decompositions where the
factors U and M are doubly structured with respect to two selfadjoint matrices
G and H.

Definition 4.1. (F = RorF = C) Let G,H € F"*" be nonsingular and
selfadjoint and let A € F"*". A factorisation of the form
A =UM with U? =UY=U" and M” =M =M

is called a (G,H)-polar decomposition of A. A matrix having the properties of
U is said to be (G,H)-isometric (-orthogonal or -unitary), and a matrix having
the properties of M is said to be (G,H)-selfadjoint (-symmetric or -Hermitian).
If the factor M in particular is H-nonnegative (HM > 0), the factorisation is
called an H-semidefinite (G,H)-polar decomposition. O

These factorisations will be of interest in the special case in which the ma-
trices G and H satisfy

H'G = ?G™'H for some p € R\{0}. (4.1)

A pair of matrices which has this property can be characterised as follows”.

Lemma 4.2. (F=R orF =C) Let G,H € F"*™ be nonsingular and selfad-
joint. Then (4.1) is satisfied if and only if there exists a nonsingular matriz
S € F™*"™ such that

SHS=L,¢-I,6L @ -1, and S'"GS =u(I, & -I,® -1, & 1,)
for suitable constants p,q,r,s € N withp+q+r+ s =n.

Proof. [=]: Let A € F"*" be a nonsingular matrix such that A = p?A~1! for
some z € R\{0}. Then A? = 4T so that the Jordan normal form of A must
have the form

P AP = J = diag(+u).

In particular, if A = H™!'G, it follows that
(P*HP) /(P*"GP) =P 'H 'GP =1J
=J*=P*GH 'P* = (P*"GP)(P*HP) .

Thus the selfadjoint matrices P*HP and P*GP commute and can therefore be
diagonalised simultaneously, so that an orthogonal or unitary matrix Q consist-
ing of eigenvectors of P*HP (or P*GP) can now be chosen for which

P*HP = QA4 Q" and P*GP = QAcQ*

where Ap, Ag are diagonal matrices containing the real eigenvalues. This
means that

(AF'Ac)? = (Q"(QAHQY) 1 (QAcQM)Q)” = (Q'IQ)* = 1’1

"In the case F = C the statement of the lemma also follows from Corollary 3.20. Here we
have chosen to present a further proof which holds in the case F = R as well.
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and consequently AEIAG can also be written in the form®
AL Ag = ¥ with ¥ = diag(£1).

Setting Ag = |Au|XH, Ac = |Ac|Zq, p = e|u|, where X = sign(Ap),
Y =sign(Ag), e = sign(u), we obtain

A HAg| = |pI and Ep3g = .
Hence, for 8 = PQ|Ay|~'/? we finally have
S'HS = (|An|""*)"Q"P*HPQ|Ax|""/* = |Au| " *An|An|""/? = Ty,
S*GS = (|Ax|"V2)*Q'P*GPQ|A | V2 = |Ay| Y Ac|An| Y% = w(EeSe).
The asserted form can always be obtained by suitable permutation. (The oper-
ations on A are to be applied to its diagonal elements.)

[«]: The assertion follows directly from H™'G = uS(I, 4+, & —I,45)S™! and
G 'H=yp"'SIprq®-115)S7h O
Obviously, a (G,H)-polar decomposition of a matrix A can exist only if
H'A*H=H 'M*HH 'U*H = G 'M*GG'U*G = G 'A*G

or A = AG. These matrices allow the following representation.

Lemma 4.3. (F=R orF = C) Let G,H € F"*™ be nonsingular and selfad-
joint such that (4.1) is satisfied and let A € F"*" such that A" = AS. Then
there exists a nonsingular matriz S € F*"*™ such that

S_lAS = A1 D AQ, S*HS = J1 @Jg, S*GS = ,qu D _/,LJQ,
where Ay € FPHOx(e+a) A, ¢ Fr+)X0+8) gnd J) =T, @ -1, Jo = 1, & —1,.

Proof. For the nonsingular matrix S € F"*™ from Lemma 4.2, the matrices
S*HS and S*GS take on the asserted form and H™'G = SFS~! where F =
wlpiq @ —plis. According to the assumption HAH™! = GAG™! we also
have F(S7!AS) = STI(H'!GA)S = S"'(AH !G)S = (S"'AS)F, which is
possible only if ST'AS has the asserted form. O

If the matrix A satisfies A” = A and, furthermore, admits an H-polar
decomposition, then although

G 'M'U*G =H 'M*U*H=H 'M*HH 'U*H = MU !

or M*U*GU = GM, it cannot be concluded that the matrix also admits a G-
or a (G,H)-polar decomposition. However, the following statement holds.

Lemma 4.4. (F=R orF =C) Let G,H,A,S € F**" be as in Lemma 4.3.
Then A admits a (G,H)-polar decomposition if and only if Ay admits a J;-
polar decomposition and Ay admits a Jo-polar decomposition. Moreover, such a
decomposition is H-semidefinite if and only if both Ji-polar decompositions are
semidefinite.

Proof. Let A = UM be a (G,H)-polar decomposition. Then U = U and
M =M% imply S™'US = U;8U, and ST'MS = M; $M,, where the blocks
Ay, Ji, Ug, My, have the same size (k = 1,2). A simple calculation shows that
UMy, is a Jg-polar decomposition of Ag.

8The matrices X and J have the same diagonal elements, but their ordering may be
different.
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If conversely A; = U;M; and Ay, = UM, are given J;- and Js-polar
decompositions, then these are also (uJi)- and (—uJs)-polar decompositions
and therefore A = UM with U = S(U; ® U3)S™! and M = S(M; & M5)S~*
is a (G,H)-polar decomposition.

The second part of the assertion follows from the fact that HM > 0 if and
only if J;Mj >0 for k=1, 2. O

A useful application of this lemma is the next result which ensures the exis-
tence of a (G,H)-polar decomposition in an important particular case.

Lemma 4.5. (F = R orF = C) Let G,H € F"*"™ be nonsingular and self-
adjoint such that (4.1) is satisfied and let A € F™*" such that A" = AC. If
A = UM is an H-polar decomposition with (M) C Ct = {z € C|Re(z) > 0},
then this is also a G-polar decomposition.

Proof. Let S be as in Lemma 4.3. Then from o(S7!AYAS) = o(AHA) =
o(M?) C C\(—o0,0] and

2
(ST'H™'S™)(S*A*S™*)(S*HS)(S'AS) = (P I, ' A I A,
k=1
it follows that o(A}*A;) C C\(—00,0] for k = 1,2. Thus, according to

Corollary 3.7, both blocks Ay admit a Jg-polar decomposition UxMj with
(M) C C*. Moreover, Lemma 4.4 implies that

A =UM with U=S(U; ®Uy)S™! and M =S(M,; & M)S™!

is a (G,H)-polar decomposition with ¢(M) C C*. On the other hand, according
to [PJ, Section 4], there exists one and only one matrix M for which ATA =M?
and o(M) C C*, so that M = M and thus also U = U must be true. O

In conclusion of this preparatory section, the statements of the lemmas will
be explained with the help of three examples. More general results on (G,H)-
polar decompositions will be discussed in Section 4.6.

Example 4.6. Let H = I, © I, and G = I, ® —L.. Then a matrix A €
F@+m)x(@+7) for which A¥ = A%, according to Lemma 4.3, takes on the form
A=A, ® A, where A; € FP*P and Ay € F"*". Let

A1 = P121Q*{ and A2 = PQEQQZ
be singular value decompositions and let
U=PiQ]dP2Q; and M =Q:3:Q] ® Q23:Q;.

Then A = UM is an H-semidefinite (G,H)-polar decomposition. O

Example 4.7. Let o, 3, € R with p # 0 and let H = diag(1,—1,1,—1) and
G = pdiag(l,—1,—1,1). The matrix

a=lo el d
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satisfies AT A; = AFA, = diag(—a?, —3%, —3?, —a?) and admits the H-polar
decomposition

—i 0 0 o
. 0 - i3 0
A =UM, with U= | . YoM, = 0 is o
0 —i ia 0
But it is not a G-polar decomposition because UjGU; = —G and MG =

—~GM,;. In fact when o # (3, the matrix pair (A{ Ay, G), which is already in
canonical form, does not satisfy the condition 1. of Theorem 3.4. So A; does
not have any G-polar decompositions in this case. The matrix

vl el g

satisfies AT Ay = AFA, = diag(—a?, — 32, —a?, —3?) and admits the G-polar
decomposition

A2 = U2M2 Wlth U2 = 0 i s M2 = i O

—i 0 0 i

But it is not an H-polar decomposition because U;HUy = —H and M3H =
—~HM,. Again when a # (3, the matrix pair (A Ay, H), which is already in
canonical form, does not satisfy the condition 1. of Theorem 3.4. So Ay does not
have any H-polar decompositions in this case. But if a = (3, then A = A; = A,
admits the (G,H)-polar decomposition

A = UM with U = [_Z } o {_’ ] , M= [ m} o [ Za}
—i —3 xe iy
which evidently satisfies Lemma 4.4. O

Example 4.8. Let G,H be matrices with (4.1) and let A be a matrix with
A" = AC. If H is positive definite and A nonsingular, then there exists a
definite H-polar decomposition which, according to Lemma 4.5, is a G-polar
decomposition too. However, if A is singular or H is indefinite, this may not be
always true. Consider the (semi)definite H-polar decompositions

H;, =diag(1,1,1), G; =diag(1,1,-1), z € R,

cos(z) 0 O cos(z) 0 —sin(z)| [1 0 O
A= |sin(z) 0 0| = |sin(z) 0 cos(x) 0 0 0 =U;M,;
0 0 0 0 1 0 0 0 0

where o(H;M;) = {0,1} and

H, = diag(1,-1), Gy =diag(1,1), a>|b| >0, u=b/a,
A — —Va? —b? 0 -1 1 ul|la b
2= 0 Vaz =02  J1—u2lu 1||-b —a

] = UsMos.
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where o (HaM3) = {a £ b}. Here UjG1U; = diag(1,—1,1) # G; and neither
U, is orthogonal nor My symmetric, so that both factorisations are not G-
polar decompositions. In contrast to this, the “blockwise” (semi)definite H-polar
decompositions

A= ([l ) o 1) My and Az = (-T2)(-A),

according to Lemma 4.4, are also G-polar decompositions. O

With this background on (G,H)-polar decompositions we are now able to
investigate the problems stated in the introduction, starting with the deter-
mination of vectors xi,...,xy and an indefinite scalar product [.,.] such that
[xx — X1, X — x| = qi; for given real numbers g (1 < k,I < N).

4.3 Construction of vectors from values of a qua-
dratic form

The construction of vectors from given values of a quadratic form presented in
this section is a generalisation of the work [YH] for complex vector spaces and
indefinite scalar products.

Let F =R or F = C and let [.,.] be an indefinite scalar product in F™ with
the underlying nonsingular symmetric or Hermitian matrix H € F"*". Then
for arbitrary vectors x,y € F” in the case F = R it is true that

xy] = 3 (x4 [y v~ [~y x ) (422)

and in the case F = C we have

Relx,y] = (e, x] + [y, ¥] — [x — y.x — )
= (% x| + [y, y] = iy —ix, iy — ix]),
(4.2b)

Im[x,y] = - ([x,x] + [y,y] — [x — iy,x — iy])

N~ N =

— _%([x,x] + [y, y] = [y —ix,y —ix]),

so that the scalar products of the vectors can be expressed in terms of the
quadratic form ®(x) = [x, x].

Now let N > n vectors x1,...,xy € F” be given and let X = [x;...xy] €
F"*N be a matrix whose columns are these vectors. Then

W = X*HX

is the Gramian matrix of the xj. Therefore, if span{xi,...,xxy} = F", then
the number of positive and negative eigenvalues of H and W are equal, and
furthermore the eigenvalue 0 appears in o(W) with the multiplicity N — n
(Sylvester’s law of inertia, [GR, Chapter IX, §2]). Moreover, the elements wy; =
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[x7, Xk of the matrix W according to (4.2) can be expressed in the form

Wy = %(pk +p—ogk) if F=R or (4.3a)
Wy = %(P/H-Pz —ow) + %(Pk‘i‘Pl — 1) if F=C. (4.3b)

where
Pk = [Xk, Xk], Okl = [Xi — Xk, Xp — Xp], Tht = [Xi — iXp, X; — X (4.4)

with Pk, Okl, Tkl € R, Okl = Olg, Okk = O7 Tkl + Tik = 2(pk +pl) (45)

for 1 <k, Il <N.

Conversely, let the real numbers py, ok, Ti; with (4.5) be given, and let the
elements of a matrix W be defined by (4.3). Then this matrix is symmetric or
Hermitian, respectively, and can therefore be written in the form

W = RAR"™.
Here A is a diagonal matrix of the real eigenvalues Ai,...,Axy of W and
R = [r;...ry] is a matrix whose columns form a basis of FV consisting of

orthonormalised eigenvectors. Now if p is the number of positive and n — p is
the number of negative eigenvalues and if it is assumed that

/\1,...,/\p>0, /\p+1,---7)\n<0 and )\n—i-l:-“:)\N:Oy
then the matrices defined by
A1 = diag()\l, N 'a)‘pv)‘p+17- . ~7>\n) and R1 = [I‘l . )

satisfy W = R1 AR} too. Consequently, if we set

% = diag(vV/ A1, s VA V= Apitr sV —An) and Hy, =1, -1, ,,

then the matrix

X = 'R} e FN
fulfills on the one hand rankX = n and on the other hand X*H,X =
R.:¥H,XYX*R] = R1A;R] = W. Therefore the columns x;,...,xy € F" of X
constitute a spanning set (or system of generators) for F”, and for the indefinite
scalar product defined by [x,¥], = (Hyx,y) it is true that wy = [X;, Xg]w-
This means that also

[Xk7xk]w = Wkk = Pk,
[XZ — Xk, X| — Xk]w = Wgk + Wy — Wkl — Wik = Ok,

[Xl — iXk,Xl — ’iXk]w = Wik + wy + iwkl — iwlk = Tkl (lf F = C),

so that the given numbers are values of the quadratic form ®,,(x) = [x,x],, for
particular combinations of the constructed vectors. We thus have proved the
following theorem.

Theorem 4.9 (Construction of vectors). Let F = R or F = C and let
Pk, 0kl be real numbers such that oy = oy and o, = 0 for all k,1in {1,...,N}.
Furthermore, for the case F = C let 1, be real numbers such that Tg + Ty =
2(pe+p1) forallk,lin{1,...,N}. Then the following statements are equivalent:
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(i) There exist vectors x1,...,Xy € F™ constituting a spanning set for F",
for which [xi,xr] = pr as well as [x; — Xp,X; — Xi] = ok, and in the
case F = C also [x; — ixg,x; — iXy] = Tg 18 satisfied. Thereby [.,.] is an

indefinite scalar product in F™ with underlying nonsingular symmetric or
Hermitian matrix H € F™"*™ which has p positive eigenvalues.

(ii) The symmetric or Hermitian matrir W € FN*N whose elements wy; are

defined by (4.3) has p positive and n — p negative eigenvalues, and the
eigenvalue O appears with multiplicity N — n.

For the case of a Euclidean or unitary space we immediately obtain the
following corollary in which ||.|| denotes the Euclidean norm.

Corollary 4.10. Let pg, 0k, Tk > 0 be as in Theorem 4.9. Then there exist
vectors xy, such that ||xx| = /pk, |xi — Xkl = /Ori, and in the case F = C
also ||x; — ixg|| = /Tri if and only if the matrix W is positive semidefinite.

Let F =R, N =2 and p1, p2,012 > 0. Then

1
(p1p2 + p1012 + p2012) — Z(P? + p3 + 0%y)
= 1 (02 = (Vo1 = vp2)?) (V1 + Vp2)* = 012)

det W =

| — N =

and this determinant is non-negative if and only if

[VP1 —/p2| < /o2 and (o12 < \/p1 + /p2.

But this is just the triangle inequality, so that Corollary 4.10 gives a generali-
sation of this essential property of Euclidean geometry.

In addition to these investigations concerning the geometrical properties of
the vectors xj, the consideration of their physical properties provides some
useful information for the application of Theorem 4.9 in MDS.

Remark 4.11 (Tensor of inertia). On interpreting the vectors x, = (z§)
constructed in Theorem 4.9 as the locations of point objects of mass 1, the
matrix

N
T =XX*, T=[T"] with 7% = 277 for 1<a,8<n
k=1

gives their (contravariant) tensor of inertia in the sense of Hermann Weyl [WEY,
§6]°. Here T = Z*RIR1E = ¥? = diag(|\1],--.,|\n]) is a diagonal matrix,
so that the axes of the coordinate system are also the inertial axes (principal
axes) of the constellation. Moreover, the absolute values of the eigenvalues are
the associated (contravariant) moments of inertia. From the viewpoint of MDS
this means that the coordinates of the vectors can be interpreted, as usual, as
the ratings of uncorrelated factors [BG, Section 7.10]. In addition to this, the
space-like, time-like or light-like property of the vectors x; and the canonical
basis vectors e, may also provide some useful information. O

9Weyl’s definition slightly differs from the definition given in the textbooks of classical
physics. Nevertheless, it is more reasonable when considering the rotational motion in n-
dimensional spaces.
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Remark 4.12 (Centroid). Let x1,...,xy € R" be real vectors whose centroid
lies at the coordinates’ origin, i.e. )", x5 = 0, and let ®(x) = [x,x]|. Then the
scalar products satisfy

N N
bet, %] = ;(Jifzé(xk ) +%Z¢(xi - x))

as can easily be verified [T]. Conversely, let the real numbers oy = oy, ok = 0,
1 < k,l < N be given. Then

Wkl = ;(;Zakj-kizzau—am—;QZZUU)
J i i

defines the elements of a symmetric matrix W whose row and column sums
vanish. Using the method of Theorem 4.9 again vectors x; and an indefinite
scalar product can be constructed such that wg; = [X;, Xx]. But now the centroid
of these vectors lies at the origin. An analogous construction also applies in the
complex case, but the conditions that must be assumed for the values 7; are
rather complicated there. O

Remark 4.13 (Approximation). Assume that the p positive and ¢ =n — p
negative eigenvalues of W are sorted such that

)\12...2)\p>0>)\p+12...)\p+q

when defining H = I, @ —I, and X. Moreover, let the columns of X* be
denoted by uy,...,up;vg,..., vy, so that u; belongs to a maximal positive and
vy belongs to a minimal negative eigenvalue. Then for H = I, ® —I; and

[y ... up;vs... vy, ifr<pands<gq

(XY = [ug... up;04... 041 vy... Vi, ifr<pands>gq
[ug ... upOpgq ... Op;vs... vy, ifr>pand s<gq
[

Up...up0p41...0.:505...0441vg... vy, ifr>pands>gq

it holds that
X*HX = (X')*(H)(X') + E
where the residual matrix E* = E € FV*N gatisfies
IEIF = > A%
a=r+1

In other words, if » < p and s < ¢ but the magnitudes of the eigenvalues
Argi1s---5 An—s are small, then it is still true that

X"HX ~ (X')"(H')(X'),

so that the matrices X’ and H' form an r + s-dimensional approximation of the
matrices X and H. On the other hand, if 7 > p and s > g, then it is always
true that

X*HX = (X')"(H')(X").
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Consequently, if X; € F®1+ta)xN apnd X, € Fr2ta)xN fy]fi]

W, = X'H,X,, H, =1, &-1,,
W, = X3H, Xy, Hy =1, & —1,,

then it is always possible to choose matrices such that
W, = (X])"H(X}), W2 = (X5)"H(X};), H= Lnax(pi.p2) © ~Imax(q1,a2)-

Without loss of generality it can therefore be assumed that two constellations of
vectors constructed from values of a quadratic form are embedded in a common
indefinite scalar product space. O

4.4 Solution of the H-isometric Procrustes prob-
lem

Let x1,...,xn5 € F™ be the vectors and let [.,.] = (H.,.) be the indefinite scalar
product constructed from given scalars py, o, Tk, according to Theorem 4.9, so
that (4.4) holds. For every H-isometry U € F"*" it then follows that

[Ux, Ux] = [x7, Xx] = Wi
which can also be expressed in matrix equation form
X*U*HUX = X*HX = W.

Thus the columns xj, = Uxy, contained in the matrix X’ = UX satisty (4.4),
too. Now assume that x1,...,xny and yq,...,yn are the vectors constructed
from two measurements of a quadratic form. Then on comparing the constella-
tions the question arises, what part of the observed differences is due to different
positions in space, and what part is due to actual differences in the inner struc-
ture of the constellations. Expressed mathematically, the task is to determine
an H-isometry U € F"*™ which solves the optimisation problem

N min, ifH>0
f(U) = Z[ka = ¥k, Uxg — y&] — { max, ifH<O0 , (4.6a)
k=1 min / max, otherwise

h(U) = U*HU - H = 0.

The sum of scalar products arising therein can be expressed in the form of a
trace, so that an alternative expression with

F(U) = tr[(UX — Y)"H(UX — Y)] (4.6b)

is given, where as above X = [x1...xy] and Y = [y1...yn]. Moreover, H < 0
(H > 0) stands for a positive (negative) definite matrix H and the symbol
“min / max” stands for a particular saddle point, which will be explained more
precisely below. Within the scope of Euclidean vector spaces a solution of this
problem was found in [S] where it was called the orthogonal Procrustes problem
(F = R, H = I). In the present context of indefinite scalar products it is
furthermore called the H-orthogonal or H-unitary Procrustes problem.
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The fact, that the addends in (4.6) can be positive as well as negative,
whenever H is indefinite, causes severe difficulties. On first sight one may thus
get the idea to avoid these difficulties by minimising one of the non-negative
functions

f1(U) = f(U)? 20 or fo(U) =3, [Uxi —yx, Uxg —yi]> > 0.

But the example H = diag(1, —1), Uxy = (£, )T, yx = (n,7)7, i.e.
[Uxy, — yi, Uxi —yi] = [€ = 0> = [€ —n|* =0,

shows an addend which neither in f; nor in f, makes a contribution to the result
although |¢€ — n| may be arbitrarily large. However, the intention of the optimi-
sation is to converge the constellations in the sense of an optimum congruence
which means, that the coordinate differences should become small. A first pos-
sibility to reach this goal is to measure the differences with a definite scalar
product, e.g. ||[Uxy —yx||?>. This approach will be discussed in the next section.
A further possibility is not to look for a minimum or maximum of the function
f, but to determine a particular saddle point “min /max” where the coordinate
differences are small. This is the subject of the following investigations.
Considering the case F = R first and introducing a matrix of the (unknown)
Lagrange multipliers L € R™*™ the constraints can be stated in the form

hz(U) = tr[L(U*HU — H)]
and the necessary first order condition for solving the problem is

0

%(f-FhL) =0.

Differentiation of the trace [DP] gives

of Ohr,
— = 2HUXX" - 2HY X" — =HUL+L"
30 U and 50 UL +L"),
so that U must satisfy the equation
L+L*
UXX*H+ UAH = YX*H with A = ; = A" (4.7)

Now defining M = (XX* 4+ A)H, the necessary condition becomes
A =UM with A=YX'H and U'HU =H, M"H = HM. (4.8)

Thus, if a solution of the problem exists, it can be determined by an H-polar
decomposition of the matrix A. (The question which of the H-isometries con-
tained in such an H-polar decomposition actually are solutions of the problem
will be discussed after the complex case is complete.)

In the case F = C the complex derivatives of f and hy, do not exist. However,
the necessity for (4.8) can be shown by determining the real derivatives. For
this, let the real and imaginary part of the matrix A € C™*" be denoted by Ay
and A, respectively. Then the well-known linear map 7" : C"™*"™ — R2mx2n

V2 [In —iIn} 7

A 0 A A, V2
2 iIn _In

T(A) =Q3, {O A Q2 = _A, AJ where Qa, =
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allows the real representation A" = T'(A) of A. Moreover, for every Hermitian
matrix A it is true that 2tr(A) = tr(A”) which follows from the unitarity of
Q2. Therefore, the objective function can be represented as

2f(U) = f(U") = t[(UX" - Y)"HNU'X" — Y]

having the real derivatives

oun _of 9of
U, oU;

N of of
IO l oo aUQ] = 2H U"XMN (XM - 2H YN (XM)T
The transformation of the constraints
h;(U) =Re(U'HU —H) =0 and hy(U) =Im(U'HU-H) =0

is more complicated. Introducing Lagrange multipliers Ly, Ly € R™*™ and using
H=H, + iH,, U = U; + iU, we obtain

hr1(U) = tr[L;(UTH,U, - UTH,U, + UIH,U, + Ul H,U, - H))],

hr2(U) = tr[Ly(UTH, Uy + UT H,U; — U H, U, + UL H,U, — Hy)],
from which it follows that

6hL,1 8hL 1

= (H;U; — HoUy)(L; + L] = = (H;Uy + HbUy)(Ly + LT

oo, — iU UL +Ly),  F = (HiUs + HoUy (L + L),
Ohr 2 T Ohr 2 T
= = (HU; + H1Ug)(Ly — L = = (HUy —H1Uy)(Ly — L

79U, (H2U; + H1Us) (Lo 2), 39U, (H2Uy 1U1) (L2 2),
where H; = HY and Hy = —HZ must be taken into account. Now setting

L, + LT L, - LT

A1:%:A1T, AQ:%:ng and A = A; +iAy = A,

it can be verified that

O(hp 1+hr,2) A(hr,1+hr,2)

ahL(U/\) . oU;, o0U» o ATTA(ANA
OUA | _0(hpathr2) 8(hpathro) = 2H2U(A)™
8U2 aUl

Consequently, the necessary first order conditions for an optimum

0
ou;

0
(f+hei+hr2)=0 and —(f+hr1+hr2)=0
0U,q

can be stated as
Of(U") | Ohu(UY)
oun oun
showing that (4.7) and (4.8) must be satisfied in the complex case, too. (The
conjugation is irrelevant since A may simply be renamed to A’.)
It remains to determine the particular H-polar decomposition (if existent)

which leads to the optimum congruence. For this, let UM be an H-polar de-
composition of the matrix A = YX*H, and let

= 2(HUXX* - HYX* + HUA)" = 0,

(RTAMAR,R*HR) = (J,Z;) and (S™'MS,S*HS) = (K, Zx)
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be the canonical forms (see Theorem 3.1) of the pairs (A A H) = (M2, H)
and (M, H), respectively. Returning to the initial equation (4.6b), we find that

f(U)

tr[(UX — Y)*H(UX - Y)]

tr(X*U*HUX — X*U*HY - Y*HUX + Y*HY)
tr(X*HX) + tr(Y*HY) — 2Re tr[(YX*H)(H 'U*H)]
=7 —2Re tr(AU!) =7 — 2Re tr(UMU )

=7 —2Re tr(SKS™!) = 7 — 2Re tr(K)

where 7 = tr(X*HX) + tr(Y*HY). The optimum can be found from this
equation by considering three cases:
Case (a): If H is definite, then the canonical forms are of the kind

(3,Z) = @AI @0,,@51 @ el

(K.Zg) = @\FEPJ @OT,@stJ @ el,

Here A\; > 0, ¥, = diag(£1) for 1 < j<kande=+1if H>0,e=—1if
H < 0. In the case H > 0 the value f(U) takes its minimum, when X, = +1I,,
is chosen and in the case H < 0 the value f(U) takes its maximum, when

Epj = prj is chosen. This means that in both cases

k
ZxK = VN1, €0, >0
j=1

and thus HM > 0, so that the wanted result is obtained via a semidefinite
H-polar decomposition of A. In particular, if H = I, then the solution is
determined by an ordinary polar decomposition where U* = U~! and M* = M
is positive semidefinite.

Case (b): If H is indefinite and if A admits a semidefinite H-polar decom-
position, then the following relationships exists between the canonical forms
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where A; > 0 for 1 < j <k (see Corollary 3.23). If in this case 3, = 1,
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¥, = 1, and X, =1, is chosen, then again
k
ZxK = @ VAT 4q, 0, S, @ 0,41 2 0. (4.9D)
j=1

By this choice the contributions to f(U) take on their minimum along the posi-
tive space dimensions and their maximum along the negative space dimensions.
This is what is meant by “min/max” in (4.6a). Moreover, the resulting co-
ordinate differences are “small” which can be seen in the following way: Let
X’ = UX. Then

Y(X')* = YX*U* = UMH 'U*
= U(SKS™!)(SZxS*)U*
= (US)KZg (US)*

is positive semidefinite since Zg (ZxK)Zx = KZ is. Hence, the orthogonal
or unitary Procrustes problem

o(T) = tr[(TX' — Y)*(TX' = Y)] — min with T*T =1, (4.10)

whose solution, according to case (a), is determined by an ordinary polar de-
composition

TM' = Y(X')* with M/ = (M')* > 0,

is solved for T = I. In other words, the coordinate differences >, ||x}, — y&l?
obtained with the “min / max” solution xj = Ux}, are at minimum with respect
to an orthogonal or unitary transformation in the sense of problem (4.10). This
is exactly what one would expect of a transformation to an optimum congruence.

Case (c): If H is indefinite and if A admits an H-polar decomposition but
not a semidefinite H-polar decomposition, then by definition Z x K and thus also
KZ cannot be positive semidefinite. Therefore, there always exists a solution
Ty of the problem (4.10) for which ¢(Ty) < ¢(I). Hence, the wanted result of
an optimum congruence of the constellations X’ and Y cannot be achieved in
this case.

This investigation shows that an H-isometry for which X’ = UX and Y
are at optimum congruence can only exist if A admits a semidefinite H-polar
decomposition. Conversely, let X’ and Y be matrices which are at optimum con-
gruence, i.e. for which Y (X’)* is positive semidefinite and selfadjoint. More-
over, let U be an H-isometry and let X = U™!X’. Then A = YX*H =
Y (X')*HU admits the semidefinite H-polar decomposition A = UM where
M = U 'Y(X')*HU is H-nonnegative. All in all, we thus have found the
following result.

Theorem 4.14 (Solution of the H-isometric Procrustes problem). A
solution of the H-orthogonal or H-unitary Procrustes problem (4.6) exists if and
only if the matrix A = YX*H admits a semidefinite H-polar decomposition. In
this case the H-isometry U contained in such a decomposition A = UM opti-
mises the function f. Moreover, X' = UX and Y are at optimum congruence
in the sense, that the orthogonal or unitary Procrustes problem (4.10) is solved
forT =1
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4.5 Solution of the (G,H)-isometric Procrustes
problem

Whereas the H-isometric Procrustes problem can always be solved in the case
of a definite matrix H, in the case of an indefinite matrix H it is possible that
no solution exists. But now let G and H be nonsingular selfadjoint matrices in
F»*" and let the geometry within the tuples (x1,...,xy) and (y1,...,¥n~) be
measured with the scalar product [.,.]J¢ = (G.,.), but the geometry between the
tuples be measured with the scalar product [.,.]Jg = (H.,.). Then the problem
can be expressed, instead of (4.6), as

N min, ifH>0
f(U) = Z[ka - Y&, Uxp — yk]H — 4 Iax, ifH<O0
— : . (4.11a)
k=1 min / max, otherwise
with g(U)=U*GU -G =0 and h(U)=U*HU-H=0
or in matrix notation
fU) =t [(UX - Y) H(UX - Y)] (4.11b)

which will be called the (G,H)-orthogonal or (G,H)-unitary Procrustes problem.
If the vectors x; and yj result from a construction according to Theorem 4.9,
the internal metric G is fixed, but the external metric H may be chosen within
the scope of the “compatibility condition”

H 'G = ;>G 'H for some u € R\{0} (4.12)

which is characterised in Lemma 4.2. If this choice is made such that H is
positive definite, then a sum of non-negative distance squares is minimised. In
this case a solution of (4.11) under the assumption (4.12) always exists which
will be shown in the sequel. (An analogous statement holds for a negative
definite matrix H.)

If again Lg, Ly € R™ "™ are matrices of the (unknown) Lagrange multipliers
and if the constraints in the case F = R are stated in the form

9. (U) = tr[Lg(U*GU — G)] and hr(U) = tr[Ly(U'HU — H)]

then the necessary first order condition

0
— hr)=0
50 (f+9r+hr)
leads in the same way as above to the equation

GUA + HUB = C with C = HYX* and

_ Lg+ L Ly + Ly (4.13)

A = A", B=XX* =B
2 ’ + 2

which is also valid in the case F = C. Furthermore

GUG !=U*=HUH!,
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so that the transformations

C=GUG 'GA +HUB = HUH 'GA + HUB = HU(H !GA + B),
C=GUA + HUH 'HB = GUA + GUG 'HB = GU(A + G 'HB)

can be made, yielding

UM =H'CH+ G 'CG = C with

B i (4.14)
M =H !GAH + BH + AG + G 'HBG.

If now (4.12) is taken into account, then on the one hand

M*H - HM = GBHG 'H - HG 'HBG =, (GBG - GBG) = 0,
M*G - GM = HAGH 'G - GH !GAH = ;2 (HAH - HAH) =0

and on the other hand (4.14) implies

HCH '=C+HG 'CGH ! = (4?/p>)GH !CHG ' + C = GCG™!
or H'C*H= G 'C*G.

Therefore, if (4.12) holds and if U is a (G,H)-isometry and if there exist self-
adjoint matrices A, B which solve (4.13), then there exists a (G,H)-selfadjoint
matrix M such that UM is a (G,H)-polar decomposition of C. In particular, it
is true that CH = CC.

In order to prove that the existence of a (G,H)-polar decomposition UM =C
conversely implies the existence of the matrices A and B, assume that (4.12)
holds. Then, according to Lemma 4.4, there exists a nonsingular matrix S such
that

S*HS =J, & Jo, S*GS = ,u(.]1 D —Jg), (4.15&)
S~lUS = U; @ Uy, S™IMS = M; & M,, S7!CS=C; ¢ C,,

where Jj has the form diag(+1) and UMy = Cy is a Jg-polar decomposition
(k=1,2). Let

*ONQ—* Cll 612:|
S*CS ™" = | = ~ 4.15b
{021 Coo ( )
and
A A B B
S—lAs—* — 11 12 S—lBs—* _ 11 12 415
[A;Q A’ Bi, Bu (4-15¢)

be compatible partitionings. Then from (4.14) it follows that

UM UMy, =C;pCy = Q(chnJl D JQCQQJQ) or (415d)
CH = % J1U1M1J1 and CQQ = % J2U2M2J2.

On the other hand (4.13) requires GA + HB = U*C or

Ji(pAn +Bu)  Ji(uAi+Bip) | _ [UjCn UiCyy
Jo(—pAl, +Biy)  Ja(—pAz + Ba) U3Cy; UiCyo]’
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yielding the system of equations

pA11 + B = JlUTCH = % MiJy, pA12 + Bio = JlUTcl%
—pAzz + Bag = 32U§C~322 = % MsJs, —pAi2 +Bio = clesz

Therefore, by selecting arbitrary selfadjoint blocks B11, Boo and setting

Ay = i(% MiJ, —Bu) = Af;, Ap= ﬁ(JlUfém — C35,UxJs),
Ay = i(BQQ —1M,Jo) =A%, B =1(J1UCia + C5 Uads),

the two selfadjoint matrices A and B which solve (4.13) are determined. If the
particular choice
Bii =1 MiJi, By =1 MyJ,

is made, then
A= ﬁ MJ;, Agp = 171 MyJ,

and thus
(GT'U*C+C'UG™Y) - IMG T,

A =
B=lH'U'C+C'UH) - IMH™

I I

which follows from (4.15). Summarising, the following result is proved.

Lemma 4.15. (F =R orF = C) Let G,H € F**"™ be nonsingular selfadjoint
matrices which satisfy (4.12). Moreover, let U € F"*" be a (G,H)-isometry and
let C € F*"*". Then the following statements are equivalent:

(1) There exist selfadjoint matrices A,B € F"*™ such that

GUA + HUB = C.

(i4) There exists a (G,H)-selfadjoint matric M € F"*™ such that

UM =G 'CG +H 'CH.

Using this lemma, the necessary condition (4.13) for solving the Procrustes
problem (4.11) under the assumption (4.12) finally becomes

C =UM with C=YX*H+ G 'HYX*G and

cl=ct vf=u=u"!, M =MY=M. (4.16)
Thus the solution of the problem can be determined by a (G,H)-polar decom-
position of the matrix C.

Again, it remains to determine the particular (G,H)-polar decomposition (if
existent) which leads to the optimum congruence. For this, let UM be a (G,H)-
polar decomposition of the matrix C. Moreover, let S be a nonsingular matrix
such that (4.15) holds and let
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be compatible partitionings. Then on the one hand from (4.13), (4.15a), (4.15b)
it follows that
{(:311 (:712
Ca1 Co

] =S§*CS™ = (S*HS)(S™!'Y)(S7!IX)* = §;§;§1 iﬁﬁi ’

so that according to (4.15d)
UkMk = Ck = 2Jkékk~]k = 2YkXZJk for k= 172.

On the other hand we find from the initial equation (4.11b)
F(0) = tr ([(57'US)(S™'X)—(S7'Y)] (S"HS)[(ST'US)(S'X)~ (S Y)] )

_ U X, -Y,|" U X;-Y;
= tr <|:U2X2 _ Y2:| (Jl D JQ) |:U2X2 _ Y2:|>

=2 tr[(UpXp — Yi)* I (UpXg — Yi)].

Now, using the canonical forms of the pairs (CJ*Cy,J;) = (M3?,J;) and
(My,Ji) the argumentation from Section 4.4 can be applied twice, showing
that the optimum congruence is achieved when UM, are semidefinite J-polar
decompositions of the matrices Cy. If in this case we set

X1 [UiXa| gt Yi| o1
{X’J = [U2X2 =S "UX and Y, =S7Y, (4.17a)

then the orthogonal or unitary Procrustes problems
SOk(Tk) = tr[(Tsz — Yvk)*(r]:‘k)q€ — Yk)] — min with TZTk = I, (417b)

are solved for T}, = I. Moreover, if H > 0 (H < 0), then J, =1 (J; = —I), so
that a solution then always exists (see Example 4.6). Summarising, the result
can be expressed by the following theorem.

Theorem 4.16 (Solution of the (G,H)-isometric Procrustes problem).
A solution of the (G,H)-orthogonal or (G,H)-unitary Procrustes problem (4.11)
under the assumption (4.12) exists if and only if the matric C = YX*H +
G 'HYX*G admits an H-semidefinite (G,H)-polar decomposition. In this case
the (G,H)-isometry U contained in such a decomposition C = UM optimises
the function f. Moreover, X' = UX and Y are at optimum congruence in the
sense, that the orthogonal or unitary Procrustes problems (4.17) are solved for
T, =1

4.6 More general results on (G,H)-polar decom-
positions

In the previous section it was found that the (G,H)-polar decompositions in-
troduced in Section 4.2 have useful applications. For this reason, we will now
generalise the Lemmas 4.2 — 4.4 for the case in which pH — G is a non-defective
matrix pencil. In view of Theorem 3.2 only the case F = C is investigated.
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A pencil pH — G is said to be non-defective, if there exist nonsingular ma-
trices P, Q such that both PGQ and PHQ are diagonal [MMX, Definition
1.3]. If G and H are in addition nonsingular and Hermitian, then these pencils
have a particularly simple canonical form which has already been described in
Corollary 3.20. Using this result, the following theorem is proved easily.

Theorem 4.17. Let pH — G € C™*" be a non-defective Hermitian matric
pencil where both H and G are nonsingular, and let A € C"*" be a matriz with
A = AC. Then there exists a nonsingular matriz S € C"*™ such that

STIAS=A,0...0 Ay,
S'HS=H;®...® Hg, (4.18a)
SGS=G1®D...D Gy,

where the blocks A, H; and G; are of equal size and each triple (A;, H;, G;)
has one and only one of the following forms:

1. Triples belonging to real eigenvalues of the pencil
A; eC”P H; =1, & -1 Gj=pul—g® 1) (4.18Db)
with p € R\{0} and p,q € N, ¢ < p.

2. Triples belonging to non-real eigenvalues of the pencil

R Aj,l 2px2p L IP o ﬁIP

(4.18¢)
with p € C\R, Im(u) > 0 and p € N.

Moreover, the matriz A admits a (G,H)-polar decomposition if and only if each
block A; of the form (4.18b) admits a Hj-polar decomposition and each block
of the form (4.18¢) admits a decomposition such that

Ay U,
A= { Aaﬂ] {

where Uj1,M; 1 € CP*P,

M, }
= . : . | =u,M;, 4.19
Uj,1:||: Mj,l Y ( )

Proof. According to Corollary 3.20 there exists a nonsingular matrix S € C"*"
such that H and G take on the asserted form and it holds that

sHes - DL, e @ (T, #al,)

j=1 Jj=r+1

where @1, ..., p, are the real and g1, ..., s are the non-real eigenvalues with
positive imaginary part of pH—G (p; # p; for i # j). Furthermore, HAH ' =
GAG ! implies that the matrices S™'AS and ST'H 'GS commute, so that
S~1AS must also have the asserted form.

Now, let UM be a (G,H)-polar decomposition of A. Then U# = U% = U~!
and MY = M® = M, so that U and M must have the same block structure as
A. Furthermore, U7H;U; = H; and M;H; = H;M;, from which in the case
of the non-real eigenvalues it also follows that U;2 = U; | and M5 = M7 ;.

Conversely, if each block A; admits the asserted decomposition, then it is
easy to verify that U=S(U; @ ... U,)S tand M =S(M; & ... ® M;)S™!
are the factors of a (G,H)-polar decomposition of A. O
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Whereas the existence of the Hj-polar decomposition of the blocks (4.18b)
can be deduced from Theorem 3.3 and Theorem 3.4, there is not yet a criterion
for the existence of the decomposition (4.19) of the blocks (4.18¢c). However,
from (4.19) it follows that M;, = Uj_,llAj’l = A’;,U; 1, so that this decompo-
sition exists if and only if the equation A1 = U;1A%,U; 1 can be solved for
Uj; 1. The investigation of this special non-Hermitian algebraic Riccati equation
requires some properties of the singular value decomposition which for clarity
are reviewed next.

Proposition 4.18. Let A € C™*" (m > n) and let

b

A:U[0

] V* X =diag(oy,...,0n)
be a singular value decomposition where U € C™*™ 'V € C"*™ are unitary and
01> ...> 0, >0. Then the following statements hold:
(1) If rank A = rank X = r, and if the corresponding partitioning
U= [Ur Umfr]» =300, V= [Vr anr]

is made, then the columns of U,, Uy, _,., V. and V,,_,. form orthonormal
bases of the subspaces im A, (im A)*L, (ker A)* and ker A, respectively.

(i) If rank A =rank ¥ = n, then the columns of

S
B=U { 0 } A%
form a basis which is dual with respect to the basis formed by the columns
of A.
Proof. (i) is obvious and (ii) follows from B*A =1,,. O

With the help of these properties the following theorem can now be proved.

Theorem 4.19. Let A,;B € C"*". Then there exists a nonsingular matrix
X € C™*™ such that
A =XB*X (4.20)

if and only if there exists a matrix M € C™*" such that
B*A =M? and ker A =kerM, ker B = ker M*. (4.21)

Proof. [=]: Let X be a nonsingular solution of (4.20). For M = X"'A = B*X
it then follows that B*A = M? as well as ker A = ker M. Since X*B = M*,
we also have ker B = ker M*.

[<]: Let M be a matrix which satisfies (4.21) and let p = rank M. If p = n, then
A, B and M are nonsingular and therefore X = AM™! is a solution of (4.20).
Now assume that p < n. Then there exists a singular value decomposition

s e f4]
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where P1,Q; € C™P, Py, Qq € C**("~P) and ¥, = diag(oy,...,0,), 07 > 0
for 1 < i < p. Thus, on the one hand

MQ = [M; 0] with M; = MQ, =P,%;, Mj =P, and
M*P = [M, 0] with My = M*P; = Q,X;, My = Qy,
and since ker A = ker M and ker B = ker M* on the other hand
AQ=[A; 0] with A; = AQ; and
Therefore, the matrix Y = P*B*AQ = P*M2Q has the form
Y=Y On—p with Y; = B;Al = M;Ml (: 21QTP121) € CP*P,

For ¢ = rank Y now two cases must be considered:

Case 1): If ¢ = p, let A{ and By be matrices whose columns form bases of
(im A1)+ or (imBsy)t, respectively, and let

A} = (A1By), Bj = (B2|Ay) and Mj = (M;[My), Mj = (M:|My).

Then
(B/Q)*All =Y ®Y, and (MIQ)*M/l =Y &Yy
where Y 4,Y s € Cm=P)*x("=P) are nonsingular. Hence, for
A7 = AT, @Ygl) and My = M;(I, @YJT/II)a
we obtain
(Blz)*Alll =Yel,,= (Mlz)*MY
Thus, the matrix
X = AY(M) !
is a solution of (4.20).
Case 2): If q < p, there exists a singular value decomposition
Y; = RQS* with R,S € CP*?, Q=Q;®0,_,,
where €, = diag(w1,...,wq,) is nonsingular. By setting
Al =A8(Q' 21, ,), B,=DByR and
Mll = MlS(Ql_l & IP—Q)7 MIQ = MR,
we obtain
(Bl2)*A/1 = (Mé)*Ma =1, 0p—q.

Now, let Dy = [d;...d,] and C; = [c;...c¢cp] be matrices whose columns
form dual bases with respect to the bases of im A} or im B formed by the
columns of A} = [a;...ap| or B, = [by...b,], respectively. Then

(D2)" A} = (By)"Cy =1,
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and thus the matrices defined by

Al =la;...aja,41...8, Cop1...¢p) and
B! =[by...bybys1...bydysi...d,)]

satisfy

N AN Op,q Ip,q
N

with W = [w,,], wu = (Cqqr,dgyp) for 1 < p,v < p —gq. Consequently, the
matrix

" / ! : !
Al =la;...a a51...3, ¢y ... cy)] with ¢ =cg — E (ck,dj)a;
Jj=q+1

for ¢ + 1 < k < p, fulfills

(BY)* Al =1, @ [Opq Ipq} .

Ip,q OP*Q

Again, let (A}")* and (B%)* be matrices whose columns form bases of
(im AY")* or (im BY)=, respectively, and let

Ay = (AY7|(BY)Y) and By = (BY|(AY)L).
Then
~ L 0,, I,
(B2)*A1:Iq@|:]:pq Pq:|@YA
p—a Up—q
where Y 4 € C(»=2p+a)x(n=2r+4) i nonsingular. Hence, for

~ ~

A=A, (I2p—q ® Y,Zl)

we finally obtain

~

(BQ)*AX.l = Iq D |:0pq Ipq] @ In72p+q = 7 with Z2 =1

IP—q 017_‘1

Starting with M) and MY in the same way the matrices I\N/Il and My can be
constructed which also satisfy

~

(My)*M; = Z.

Thus, the matrix

is a solution of (4.20). O

The square roots of B*A can be calculated based on the well-known results
derived in [CL], [G, Chapter VIII, §7], [WED, Section 8.06]. A correspond-
ing numerical algorithm is given in [BF]|. Thus, Theorem 4.17 presents a quite
general necessary and sufficient condition for the existence of (G,H)-polar de-
compositions which can be applied using the solution of the Riccati equation
A = XB*X provided in Theorem 4.19.
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4.7 Numerical computation of (G,H)-polar de-
compositions

To be able to solve (G,H)-unitary Procrustes problems numerically this final
section explains how (G,H)-polar decompositions can be computed. For this
purpose not really new algorithms are required. It is merely necessary to apply
the methods from Section 3.5 and Section 3.6 correctly. For simplification of the
presentation it is assumed that G and H satisfy H!G = p?G~'H for some
real p # 0.

Let A be a matrix such that A A has no non-positive eigenvalues. Then
Algorithm 3.31 can be applied and according to Theorem 3.30 it computes the
particular H-polar decomposition A = UyMj for which o(Mj) lies in the open
right complex half-plane. If A7 A additionally is diagonalisable, this decompo-
sition can also be computed with the method given in Remark 3.26 where it
must be chosen such that Re(w;) > 0 and ¢; = +1.

Now assume that A furthermore satisfies A” = A%. Then the computed
H-polar decomposition, according to Lemma 4.5, is a G-polar decomposition,
too'®. If H additionally is positive or negative definite, then A = UyM, or
A = (—Ug)(—My), respectively, is a definite H-polar decomposition (see the
explanations following Algorithm 3.31) and consequently it is also an H-definite
(G,H)-polar decomposition. Thus, in these cases an H-definite (G,H)-polar de-
composition is simply obtained by computing a definite H-polar decomposition
with Algorithm 3.31 or with the method described in Remark 3.26.

In general it is more difficult to compute such a decomposition. In fact,
Example 4.8 shows that if H is indefinite or A is singular, then a definite or
semidefinite H-polar decomposition of A need not be a G-polar decomposition,
too. Hence, in general it is necessary to transform A and H into the form
of Lemma 4.3 and then to compute (semi)definite Ji-polar decompositions of
the blocks A} according to Lemma 4.4. The required transformation S can be
determined by computing the simplified canonical form of the pair (H™1G, H)
with Method 3.24. Thus we obtain the following algorithm.

Algorithm 4.20. Let A € C"*™ be a matriz which has H-semidefinite (G,H)-
polar decompositions. Then such a decomposition A = UM can be computed
with the following steps:

1. Compute the simplified canonical form

(SilHilGSa S*HS) = (:U“IP"FQ D _HIT‘+S7J1 S5 JQ)
Ji=La 1, J=IL&- I,

of the pair (H™1G, H) with Method 3.24.
2. Compute STTAS = A; @ A,.
3. Compute semidefinite Jy-polar decompositions Ay, = UMy for k =1,2.
4. Compute U = S(U; ® Uz)S™! and M = S(M; & M3)S™ L.

10This statement also holds when pH — G is a non-defective Hermitian pencil which can be
shown using a corresponding generalisation of Lemma 4.5 obtained from Theorem 4.17 and
Theorem 4.19.
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This algorithm can easily be adopted for the case in which pH — G is a
non-defective Hermitian pencil. For its application the following rules hold:

(a) The method for computing the decompositions in step (3) depends on the
matrices Ay and Ji. If Jp = £1, then Ay = (£Uyg)(£My) is an ordinary
polar decomposition. Otherwise, if A is nonsingular, then Method 3.25
or Algorithm 3.32 can be applied. If A is singular, then Method 3.25 must
be used.

(b) If the decompositions in step (3) are not semidefinite, the algorithm still
computes a (G,H)-polar decomposition, but it is not H-semidefinite.

In the most important application for solving the (G,H)-isometric Procrustes
problem Algorithm 4.20 becomes particularly simple. Indeed, if it is assumed
that the matrices X,Y € F**N appearing in (4.11) are constructed by Theorem
4.9, then the internal metric has the form G = I, ® —I,_, and the external
metric will usually be defined by H = I,,. Consequently, the matrix C from
(4.16) is given by

Y X} 0 X Y
_ * -1 *Oy 18 — 1 — 1
C=YX*H+ G HYXG—2[ 0 Y2X§:| forX—{XQ],Y—{YQ]
where X1,Y; € FP*N and X,, Y, € FP) XN Since G, H and C are already in
the form of Lemma 4.3, only step (3) of Algorithm 4.20 is required to compute
an H-semidefinite (G,H)-polar decomposition of C. Moreover, J; = I, and
Jo =1,_,, so that in step (3) merely the ordinary polar decompositions

Y1X1 = U1M1 and Y2X2 = U2M2

have to be computed where the factor 2 is taken into M; and M. Finally,
U = U; @ Uy is the wanted (G,H)-isometry and

X'=UX = {lel}

UoXo,

are the transformed coordinates for which X’ and Y are optimally congruent.



Chapter 5

A Newton method for the
numerical solution of
Procrustes problems

5.1 Introduction
In the previous chapter we discussed the Procrustes problems

min, ifH>0
fU) =tr[(UX - Y)*H(UX — Y)] — < max, ifH<O (5.1)

min / max, otherwise
subject to the constraints
h(U)=UHU-H=0 (5.2)

or

g(U)=U*GU -G =0 and h(U)=U*HU - H =0. (5.3)
The necessary conditions for solving these problems were obtained as
HU(XX* + Ayg) =HYX"* (5.4)

or

GUA¢ + HU(XX* + Ay) = HYX", (5.5)

where Ag and Ay are unknown selfadjoint matrices of the Lagrange multipliers.
These equations were then transformed into the form

UM=A

where either
u?=Uu", M"=M

or

U7 =U=U" M°=M" =M

86
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which is trivial for (5.4) and is possible for (5.5) by assuming that
H'G = p?G™'H for some u € R\{0}.

In this way the wanted H- or (G,H)-isometry U can be expressed as the isomet-
ric factor of an H- or a (G,H)-polar decomposition of a known matrix A (see
Theorem 4.14 and Theorem 4.16).
In this chapter we are now interested in the optimisation of (5.1) subject to
the constraints
g(U)=U'GU-G =0, (5.6)

where the associated necessary condition becomes
GUA; + HUXX* = HYX"™. (5.7)
To avoid that (5.7) can be reduced to (5.4) it is furthermore assumed that
G # puH for all p e R.

Clearly, the most interesting of these Procrustes problems are those in which
the internal metric G is indefinite but the external metric H is definite. For
example, if X and Y are constructed according to Theorem 4.9, the internal
metric has the form G =1, ® —1I,,_,. If now U is determined such that f(U) is
a minimum for H = I,,, then the matrix X’ = UX minimises || X’ — Y ||r under
the constraints (X’)*G(X’) = X*GX. This is exactly what is wanted.

Unfortunately, we were not able to transform (5.7) similar to (5.4) or (5.5)
and to derive a corresponding expression for U. Therefore, this chapter presents
a Newton method with which U can be determined numerically.

The method will be designed to solve various constrained optimisation prob-
lems where the constraints are given by (5.2), (5.3), or (5.6), respectively. Al-
though it even applies for optimising (5.1) in the case of an indefinite matrix
H, we will mostly consider the case in which H is positive definite. Then the
minimum of f has to be determined and since f(U) is bounded from below it
is ensured that it always exists.

The method is described in Section 5.2 where not only the algorithm is
derived but also its applicability is discussed. In Section 5.3 some numerical
results are presented.

5.2 Description of the method

For the description of the Newton method the notation
n
Xy = Z TalYa Where X = (24), ¥ = (Yo) € F*
a=1

is used. Furthermore, the conjugation is written explicitly where it is to be
applied, so that the ordinary scalar product in the case F = C is given by

(xy)=x-y.

The method is based on the following well-known results on constrained opti-
misation problems which, for example, are proved in [ER, Kapitel V.6].
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Let U C R™ be an open set and let C?(U) be the class of twice continuously
differentiable functions in U. Furthermore, let f : U — R be an objective
function in C?(U), g : U — R™ a constraint function in C?(U), and let solution
u € U of the optimisation problem

f — min
: =0
) L
gm =0

to be determined. Then the associated Lagrange function is defined by

M, A) = f(w) + A g(w) = f(u) + ) Ajg;(w) (5.9)
j=1
and the necessary first order condition for solving the problem is
of 9yg;
_L mooN =2
8U1 + ijl J 6U1

ouy, =177 g,
g1

F(u,\) = (Vf(“) AN Vg(‘”) | s 395 o (500

Im
Here A € R™ represents the vector of the unknown Lagrange multipliers and

F(u, \) the gradient of the Lagrange function. If (ug, Ag) is a solution of (5.10),
and

e mo 92,
L(u, \) = V2f(u) + A - Vg(u) = %é’;ﬁ +ijai (5.11)
=

denotes the associated Lagrange matrix (1 < «, 8 < n), and also

M = span{Vgi(ug), ..., Vgmn(uo)},

i (5.12)
M-={yeR":x-y=0forall x e M},
then the necessary second order condition for a minimum is
L(ug, o)y -y >0 for all y € M+, (5.13)

If L(ug, \g) is not only positive semidefinite, but positive definite on M=+
L(ug, \o)y -y >0 forall y € M+, (5.14)

the sufficient second order condition for a strict local minimum of f in ug holds.

In order to apply these equations to a complex optimisation problem f :
UcCcCr—R,g:U cC"”— C™ it suffices to split f and g into their real and
imaginary parts and to represent them as real functions f” : U" C R*" — R,
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g" : UM C R?" — R?*™, Furthermore, the system of equations F(u,\) = 0 can
be solved iteratively using the Newton method

Zit1 = Z; — DF_I(ZZ') F(ZZ) with z; = (lli )\1)T S ]Rn-i-m’ (515)

for which the components of the function F and the components of its Jacobi
matrix

DF(u, )

(5.16)

_ V2f(u) + X - Vig(u) Vg(u)}

{L(u, A) Vg(u)
Vgu)T 0

Vgt 0

are required. If the Newton method converges to a solution (ug, \g) of (5.10), i.e.
to a stationary point of (5.9), then DF(ug, Ag) contains the Lagrange matrix
L(ug, Ao) as well as a basis of M, with the help of which (5.14) can also be
verified.

On the basis of these principles, the next two subsections will be concerned
with bringing the objective functions (5.1) and the constraints (5.6) into a form
from which the components of F and DF can be calculated. Thereafter the
Newton method will be specified and its applicability and starting values will
be discussed.

5.2.1 Transformation of the objective function
To transform the objective function
£(U) = tz[(UX — Y)*H(UX - Y)] (5.17)

into an appropriate form, the Kronecker product and vectorisation operator are
required.

Definition 5.1 (Kronecker product and vectorisation operator).
(i) Let A =[a,,] € F™*" and let B € FP*4. The matrix
anB - a1,B
A ® B —_ : : c ]Fmpan

amiB - am,B

is called the Kronecker product of the matrices A and B.

(i) Let ay,...,a, be the row vectors of the matrix A € F™*". The vector
al
vec(A)=| : | eF™
ay,

is called the vector of the matrix A.

The properties of these operators are discussed in detail in [GB, Chapter 8,
9], where in particular the bilinearity of the Kronecker product and the following
calculation rules are proved.

Lemma 5.2. Let A € F"™*™ B € F"*" and U,V € F"™*"™. Then

(A @ BT) vec(U) = vec(AUB) and tr(V*U) = vec(U) - vec(V).
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Using this lemma, the objective function (5.17) can be transformed into the
form

F(U)=tr(U"HUXX*)—2Re tr(U'HYX") + tr(HY'Y")
=vec(HUXX") - vec(U)—2Re vec(HYX") - vec(U)+tr(HYY ")
=[H @ (XX*)T] vec(U) - vec(U)—2Re vec(HYX*) - vec(U) +tr(HYY™).

This corresponds to the general function

f(u)=Au-u—2Reb-u+v with

2, 2 2 (5.18)
A"=AcF"*™ belF", yeR
of the vector u = vec(U) € F"* by setting
A =H® XX)T b=vecHYX"), v=tr(HYY"). (5.19)

In the case F = R the gradient of this quadratic form needed in (5.10) is
directly given as
Vi(u) =2(Au—b). (5.20)

In the case F = C it can also be obtained by taking the real derivatives, for
which a real representation of (5.18) is required:

Let the real and imaginary part of a complex matrix A € C™*™ be denoted
by A; and Ao, respectively, and let the same apply to complex vectors u =
u; +iuy € C" and complex scalars A = A1 + i)y € C. Furthermore, let the real
representations of A and u of the first and second kind be defined by

AN = [ L= 2} € R2mx2n u’ = (E:L) e R?",
1&2 1&1 2
A A u
AV 2 1 2mx2n \V. 2 2n
A{_!l !JER , u<_u1>€R :

Then the following calculation rules hold, whose proof is obtained by simple
verification.

Lemma 5.3 (Real representation of complex matrix equations). Let
A BeCm™" CeC™ DeCP uveC” and A € C. Then

1. (AA)N = A AN — MAY, (AA)Y = A AY 4+ A7,

2. (Au) = A\u” = AuY, (Au)¥ = A\u¥ + Au”

3. (A+B)"=A"+B", (A+B)" =AY +BY,

4 (V) =u v, (atv)Y =uY vV

5. (AC)» = AAC" = —AVCY, (AC)Y = AACY = AVC,
6. (Au)" = A"u" = —AVuY, (Au)¥ = Au’ = AVu",

7. Re(u-v) =u v =u’vY, Im(u-v) = —u’vV = u’v",
8.

(AD)"=(A"®@D; — AY @ D,),
(A®D)Y=(AV®D; + A" ®D,),
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9. (A7) = (A1) = (AN, (A = (A1) = ~(AV)T,

10. AN = (AMT, AY = —(AV)T, if m=n and A* = A,
11. BN = —(BMT, BY = BY)?, if m =n and B* = —B.

With the help of this Lemma it follows from (5.18) that
Au-u=Re(Au-1u) = (Au)" -u" = A" -u" and Re(b-u) =b" - u".

Hence, the equivalent real representation in the case F = C is given by the
quadratic form

fu") =AM u” - 2b" U 44 = f(u) with

5.21
A/\ _ (A/\)T c R2n2><2n2, b/\ c ]R2'r127 v e R, ( )

whose gradient is obtained as
VE(u") = 2(A%u” —b") =2(Au—b)". (5.22)

Summarising, we have:

Lemma 5.4 (Representation of the objective function). The objective
function (5.17) can be expressed according to (5.18), (5.20) — (5.22) in the form

f(u)=Au-u—2b-u+~ with
Vi(u) =2(Au—-Db) if F=R,
f(u™) = A" -u” —2b" -u” 4y with
I gl
Vi([u") =2(A"a" - b") if F=C,

where u = vec(U), A* = A, ¥ =~ and A, b, v are defined by (5.19).

5.2.2 Transformation of the constraints

The constraints
g(U)=U'GU-G =0 (5.23)

consist of n® equations g(U) = [, (U)], Vv = 7,,, which with G = [g,..],
9y = Gy, and U = [u; ... u,] can be transformed into the form

Y (U) =Gu, -0, — g =0 for 1 <p,v<n.

Considering the case F = C first, a real representation according to Lemma 5.3
must be used again

Re(v)
Im('y,w)

u
GVu

G uj) - u) — Gy = Re(y,) with g = Re(gun),
/V\ : u//: - gIW = 7Im(’}/y‘u’) with g/w = Im(g/w)~

Because of the symmetry of the real parts and the antisymmetry of the imag-
inary parts, now all requirements imposed on U can be expressed as n? real
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constraints

Tup = %Re('htu)

= 3(GMu)) - ul; — gp,) for 1<p<n, (5.24a)
T = Re(yw) = G uy - uﬁ — Guv

=G ), -u) — gy, for 1<pu<v<n, (5.24b)
Ty = Im(y,) = GYu) ~ul/) —

=-G"u) -u) +g,, for 1<v<p<n, (5.24¢)

in which the factor 1/2 has been introduced for simplification of the further
presentation. From these equations the gradients according to u2 € R?" can be
read immediately using the Kronecker symbol d,,,

Varu, = G ajdy, for 1< p<n,

Vol = G u)da, + G ujd,, for 1< p<v<n,

Varw = G'u)ba, — GYuldy, for 1<v <p<n,
and only need to be brought into the correct order for determining the gradients

according to u" € R2"".
Considering for this purpose the matrices

r p-th column
R - |
oo GMupy 0]
r p-th column v-th column
R, = \ ! for p<v
el Ghupy Lo Glug 0 p=v
r v-th column p-th column
R, = ! 1 for v <
oo =GYu)y ... GYu) 0 o
and setting U = [u], 4 = Re(uu), U = Im(uy,), it is found that their
elements are the partial derivatives of 7, according to @11, ..., Unn, W11, - - -, Unn
[ O o Oruy |
8ﬁll 87:5171, - -
. . vl
or o Or
ot ot LT 2
R,, = (97"nl A | = py,n € Renxm, (5.25a)
|24 . [id ruy,n-i—l
0l Oty
. . r 2
L Tpv,2n |
orpy oruy
_8'&711 aﬁnn_

and that the gradient of r,, according to u” is given by a corresponding ar-
rangement of the row vectors

T
pv,l

Vr,uu = VeC(R,uu) = S R2n2. (525b)

nv,2n
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On the other hand, we can write

_ A [ (n) _ AT
R,=6G _0 uﬁ 0} =G "UJ,,, (5.26a)
R,, - G" | “ ) =G 0T, f
= 0 u) uh ..o0| = v for p <w, (5.26Db)
R, = GV 0 _(IVJ)/\ 3‘2 O} = GvﬂKMV for v <p  (5.26¢)
i " AT
by defining
[0 0 0 0
_ L _ Lop nxn
Juw = 1, , Ky = 1, cR
0 0 0 0
and U= [uf ... u}]€R>>" Here it is important to note that
~_ |Us U -U| _ A
U= {UJ ” {U2 o, } - U, (5.27)

so that the position of the symbol A is of decisive importance. The constraints
and their gradients are thus represented by the vector and the matrix

r(u)=r=(r.. .rnn)T € R and

o (5.28)
Vr(u") =R = [Vru . ..Vrm} € R#n Xt
whose components are arranged in the order (11),...,(1In);...;(nl),..., (nn).
Now introducing the vector of the Lagrange multipliers
A= (M Aun)' €RY, (5.29)

it remains to find an easily differentiable, according to u”, representation of
A - Vr(u”) = R\, For this purpose we obtain from (5.26) — (5.29)

S Rudw=> Rudw+Y Rudw=> G'UJuAw+Y GUK, N

HsV p<v v<p u<v v<p
=G "U(D  Awdw) + GYU(D_ MuKu) = G'UAT + GYUAS
u<v v<p
where
A1 0 Mn 0 - =Au
Av=AT=|: | A=—AT= | 1 | ERVT
A Ann Ap1 - 0

Consequently, on account of vec(fJ) = vec(U)" = u”, Lemma 5.2 and Lemma
5.4 it follows that

R\ = vec()  Rudw) = (G" @ Apu" + (GY @ Ag)u”
o (5.30)
= (G"o AT - GY @ Au" = (Go AT)"u" = (Bu)"
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by defining
B=G®AT and A =A; +iAy = A*. (5.31)

Thus, in the case F = C all preparations are complete for expressing the
Newton method. In the case F = R it is only necessary to note that the
imaginary constraints (5.24c) are not required and that no splitting into real
and imaginary parts is necessary. Hence, we obtain the following result.

Lemma 5.5 (Representation of the constraints). The constraints (5.23)
can be expressed according to (5.24), (5.28) in the form

n(nt1) LGuy -uy—gu), 1<u<
R: r(u)=(r,)€eR 2 with 1y, = 5 (Guy - u — gup) Sps
(Gu'/‘uufgy.u)y 1</J<I/<TL

y %(GAUQ : uﬁ Gup)y 1<
C: r(u")=(ru.) €eR® with rp, = ¢ G™up - u) — G, 1<pu<v<n
GVu) uﬁ—g,w, 1<v <n

Their gradients can be expressed according to (5.25) — (5.28) in the form

n(n+1)

R: R(u) = [vec(Rw)] € R™ % with Ry, = {GUJW, 1<pu<v<n,

GA[AJJW, 1<pu<rv<n

C: R@U") = [vec(Ru)] € R with Ry, = N ="
(u”) = [vec(Ry)] TGV UK, 1<v<p<n

Moreover, the product of the gradients with the Lagrange multipliers, according

to (5.29) — (5.31), satisfies

n(n+1)

R: RA=Bu withB=GoA", A=) eR 2 | A=A,

C: RA=(Bu)" withB=G®A", A= (\w) R, A=Ay +iAs.

Here the elements of v, A and the columns of R are arranged in the order

n n—1 1
n(n+1)
R: (11),...,(1n);(22),...,(2n);...;(nn) (= =5 components),

C: (11),...,(1n);...;(nl),..., (nn) (=n? components).

5.2.3 Specification of the method

To specify the Newton method for solving the optimisation problem
f(u)=Au-u—2Reb -u+ v — min,

g(U)=U*GU -G =0,

it remains to insert the results of Lemma 5.4 and Lemma 5.5 into (5.15).
Considering the case F = C first, the gradient of the Lagrange function is
obtained as

F(u’,\) = (Vf(uA)I?Eu)\A.)Vr(uA)) B (2(A/\u/\ _rb/\) + RA) o g
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which, after the permissible multiplication of the constraints by the factor 2
(taken into the Lagrange multipliers) becomes

ApA _ A ApA _ A AggA
F(11/\7>\):2<Au b—|—R/\):2<Au b—l—Bu).

r r

The Jacobi matrix of F according to

OF _ AA+BA 3n2x2n? OF _ R 3n?xn?
P { RT ]GR anda—QO eR
is given by
AN+B" R

DF(u",\) = 2 [ RT 0

3n2x3n2
:|€R7l><77,,

so that the corresponding method (after canceling the factor % -2) is

ul u'\ [A+B) R (AN +BMu) — b’
(Aiﬁ) B (AZ) - { RY o] A - (5:320)

If the constraint h(U) = U*HU —H = 0 is to be fulfilled instead of g(U) =
0, it is only necessary, when calculating the restrictions r and their gradients
R, to use the matrix H instead of the matrix G. But if both constraints are to
be fulfilled, and if
w, 2, s S, C=HxO!

are the Lagrange multipliers, restrictions, restriction gradients and matrices
belonging to h(U) and

A A, r, R, B=GgAT

are those belonging to g(U), then the method

-1

ul u\ [A"+B)+C} R; S| /(A" +B)+CMHul — b’
)\i+1 = )\1 - R? 0 0 r;
Wi+1 W S? 0 0 S;

(5.32b)
must be used, whose vectors now contain 4n? components. Here cases can arise
in which the Jacobi matrix DF becomes singular which is possible when the
gradients of the constraints R and S are linearly dependent. Instead of the
Newton iteration

Ziy1 = 2Z; — DFil(Zi) F(ZZ) (533&)
it may then be possible to use the Gaufl-Newton iteration
Ziy1 = Z; — DF+(Z2) F(Zi), (533b)

where DF™ denotes the pseudo inverse (Moore-Penrose inverse) of the Jacobi
matrix [ST1, Kapitel 4.8.5]. We will discuss this point in the next subsection.

Assuming suitable starting values Ug, Ag, g, the iteration converges to a
vector Z,,

IF(zm)] < e with ||z|| = VzTz, (5.34)
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from which the components of the matrices U = U,,,, A = A,,,, & = £, can
be read according to

z=(u" )\)T = (U171 - - Upp U1 - - Uppy A1 - - - )\nn)T or (5.35a)
)T = (all PN r&"rm 7:L11 ‘e ﬂnn )\11 ‘e >\an w11 -- - wnn)T. (535b)
It is now still necessary to ensure that the sufficient second order condition
for a minimum holds which is achieved as follows: Let
L M
DF(z,,) = {M 0}

be a partitioning of the Jacobi matrix obtained in the last iteration step, where
L € RP*P. M € RP*? and p = 2n?, ¢ = n? or p = ¢ = 2n?, respectively. Then
L is the symmetric Lagrange matrix denoted by L(ug, Ao) in (5.14), and the
columns of M form a basis or possibly spanning set of the subspace M defined
in (5.12). Now a basis of M is required which can be derived from a QR
factorisation with column pivoting

MP = QR,

where Q € RP*P is orthogonal, P € R?*? is a permutation and R € RP*?
is trapezoidal [GVL, Chapter 5.4]. If r = rank(M), then Q and R can be
partitioned as

Q=[Q Q). R—[RO“ Rﬂ

where Rj; € R™*" is upper triangular and nonsingular and the columns of Q5 €
RP*(P=7) form an orthogonal basis of M+ = Im(M)'. Hence, the sufficient
condition (5.14) holds, if and only if the symmetric matrix

K = QILQ, € RP)x(—7) (5.36)

is positive definite. This can be verified with an eigenvalue computation.

In the case F = R the equations stated above can be taken over by eliminat-
ing the operator A from them. The arrays in the real version of (5.32a) obtained
this way are of order
n(n+1)  3n®+n

2
n + 5 = (5.37a)
and those in the real version of (5.32b) are of order
1
n24—22£2§t42::2n24—n. (5.37h)

These dimensions are fairly smaller than the corresponding values of 3n2 or 4n?
in the case F = C, so that a real problem should not be solved with the complex
method. The results obtained so far are summarised in the following statement.

Method 5.6 (Newton method). Let f(U) be an objective function which
can be expressed in the form

f(u)=Au-u—2Reb-u+7,
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where u = vec(U), A* = A and 7 = v. Then the constrained optimisation
problem
f(u) = min with U*GU = G and/or U'HU = H

can be solved numerically using the Newton method (5.33a) or possibly the Gauf-
Newton method (5.33b), where z, F and DF are determined by (5.32) (in the
case F = R without the A\ operator). If the iteration converges and the matric
K defined by (5.36) is positive definite, then the matriz U determined by (5.35)
solves the considered problem.

If A, b and v are chosen according to (5.19), the method is suitable for
minimising (5.17). But if we are interested in minimising

fU)=tr[(UX -Y)"H;(UX -Y)] (5.38a)
subject to
U*GU =G and/or U'HU = H, (5.38Db)

where the matrix H; contained in the objective may not be equal to the matrix
H contained in the constraints, we must also use Hy in (5.19). Then the upper
left block of DF and the upper part of F are given by

A+B=H;®XX)"+GaAT,

(A +B)u—b = vec(H;UXX* + GUA — H;YX"),
A+B+C=H;o XX +GeoAT +tHeQ7,
(A+B+C)u—b =vec(H;UXX" + GUA + HUQ — H;YX*).

Hence, F(z) = 0 implies
H;UXX* + GUA = H;YX", (5.39a)
H;UXX* + GUA + HUQ = H;YX* (5.39b)

which with A = Ag, @ = Ay and Hy = H is just (5.7) or (5.5), respectively.
This confirms that the isometry U computed with the iteration satisfies the
necessary conditions for solving the problem (5.1) subject to the constraints
(5.6) or (5.3), respectively. Moreover, if X € F"*™ is an arbitrary matrix and

we are defining
A=H®I and b =vec(HYH™ '),

then (5.39a) with Hy = G = H becomes HU(I+ A) = HYH ! or
UM=T. (5.40)

Here M = (I 4+ A)H satisfies M*H = HM, so that Method 5.6 also applies for
computing H-polar decompositions.

5.2.4 Application of the method

The iteration rules (5.32) need some refinements before they fit for the appli-
cation. We start with determining the vector dz = DF'F, i.e. with solving
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the linear system DF dz = F, which is necessary in each iteration step. This
system has the general form

5o (=) o)

where A = AT € RP*P, B € RP*9, u,c € R? and v,d € R%. It may be
rewritten as

(o 37l Sl 2 A6 -6 3T 6)

from which with X = A~1B € RP*? it follows that

A 0 u+A-'Bv) c
0 -BTA'B v ~\d-BTA ¢/

This suggests the following algorithm for solving (5.41).
Algorithm 5.7.

(1) Solve AX =B for X.
(2) Solve (XTB)v =XTc—d forv.
(3) Solve Au = c — Bv foru.

In the case F = C the matrix A and the vectors u, ¢ are real representations
of complex arrays and we shall exploit the further structure appearing in the

system o )
5 (V)= () 02

where A = A* € CP*P, B € CP*9, u,c € CP and v,d € RY. Here the hat over
the B has the same meaning as in (5.27). Defining X = A~!B and using X
in the same sense, it can be verified that Algorithm 5.7 also applies for solving
(5.42). The only modification required is that the real system

Re(X*B)v = Re(X*c) —d (5.43a)

has to be used in step (2).

A further modification is necessary in the case that the gradients in iteration
(5.32b) are linearly dependent. Then the system (5.43a) is overdetermined, so
that v must be computed as a least squares solution of the problem

|Re(X*B)v — Re(X*c) + d|| — min. (5.43b)

However, it is not ensured that the iteration then always converges to the wanted
result.

Now considering the case A = G ® C+H ® D for some selfadjoint matrices
C,D,G,H € F"*" we find that A is a general selfadjoint matrix, so that no
further simplification of Algorithm 5.7 is possible. But if G and H are diagonal
matrices

G = diag(g1,...,9n), H=diag(hy,..., hy),
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Table 5.1: Flop counts for some operations

Operation Flop Count
y=Ax+y, A e R™xm 2mn
C=AB+C, A e R™*P B e RP*" C e R™*" 2mnp
PAP” = LDL”, A cR™" n®/3
LDL”Px =Pb, becR" 2n?

then A is a block diagonal matrix
A=A1®...5A, with A, =¢g,C+h,D e F**"
so that with
B, (] u;
B=|:|,BeF"andc=|: |, u=|:][, c,u €F"
B, Cn up
the following algorithm for solving (5.41) and (5.42) can be formulated.
Algorithm 5.8.
(1) For v=1,...,n: Solve A, X, =B, for X,.
(2) Solve (3, Re(X;B,))v = (3, Re(Xjc,)) —d forv.
(3) For v=1,...,n: Solve A,u, =c, —B,v foru,.

In order to estimate the amount of work required for the algorithms it is
assumed that all the symmetric (or Hermitian) linear systems are solved with
the LDL* decomposition [GVL, Chapter 4.4] and that the decompositions for A
or A,, respectively, are computed only once. Counting flops in the case F = R
based on Table 5.1 (see [GVL]) yields

fra=p%/3+20%q +2p* + 4pqg + 2¢° + pg® +¢*/3  for Algorithm 5.7,
fr2=T"/3+2n%q+ n?¢* + 4n’q + 2¢* + ¢*/3 for Algorithm 5.8.

Here the counts for computing X”B or > XTB, are calculated by 2pg?/2 or
2n2q? /2, respectively, because the products are known to be symmetric. The
direct solution of (5.41) with the LDL* decomposition requires

fro=(@+a)?/3+2(p+q)

flops, so that with p = n? and ¢ = n(n + 1)/2, according to (5.37a), it follows
that
fro~9%/8,  fri~13n°/8, fro~Tnb/24. (5.44a)

Setting p = n? and ¢ = n(n + 1), according to (5.37b), results in
fro~8n°/3, fri1~11n°/3, frao~4n®/3. (5.44b)

In other words, the amount of work for solving (5.41) with Algorithm 5.7 is by a
factor 13/9 ~ 1.44 or 11/8 ~ 1.38, respectively, larger than directly computing
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the solution. But if A is a block diagonal matrix, then the application of
Algorithm 5.8 reduces the amount of work by a factor 7/27 ~ 0.26 or 1/2,
respectively.

In the case FF = C an addition requires 2 and a multiplication requires 6 flops,
so that an average factor of 4 must be taken into account for the decomposition
of A and the solution of the systems in step (1) and (3) of Algorithm 5.7. The
number of flops for computing Re(X*B) is estimated by % -2pq?, because the
product is Hermitian and only its real part is required. The estimation for
Re(X*c) or c—Bv is % -2pq in each case, because only the real part is required
or v is real, respectively. Using analogously considerations for Algorithm 5.8
the flop counts in the case F = C are obtained as

foa = 4p®/3 + 8p*q + 8p* + 8pq + 2¢° + 2pg® + ¢* /3 for Algorithm 5.7,
foo =28n/3 + 8n’q + 2n%¢* + 8n’q + 2¢° + ¢*/3 for Algorithm 5.8.

The direct solution of (5.42) with the LDL* decomposition requires
feo=2p+q)°/3+202p+q)
flops, so that with p = ¢ = n?, according to (5.32a), it follows that
foom I’ fo1~35n°/3, foo = Tnb/s. (5.45a)
Setting p = n? and q = 2n?, according to (5.32b), results in
foo = 64n°/3,  foi =~ 28n°  foo ~32n°/3. (5.45b)

Thus in the complex case we obtain the factors 35/27 ~ 1.30 or 21/16 ~ 1.31
for Algorithm 5.7 and 7/29 ~ 0.26 or 1/2 for Algorithm 5.8. This corresponds
to the real case discussed above. Moreover, the effort for solving (5.42) is ap-
proximately eight times larger than for solving (5.41) with equal dimensions p
and q.

These flop counts suggest to use Algorithm 5.8 instead of a direct solution
when A is block diagonal, but not to use Algorithm 5.7 instead of a direct
solution when A is a general selfadjoint matrix. However, flop counts do not
involve the costs for pivoting and subscripting which are smaller when using the
algorithms. Moreover, if the matrix B does not have full rank and (5.43b) is
to be applied, then the direct solution requires a singular value decomposition
of the whole matrix contained in (5.41) or (5.42), whereas an application of the
algorithms allows to compute only a singular value decomposition of B. Thus
it may be worth to consider Algorithm 5.7 for solving a corresponding linear
system, too.

We are now able to perform an individual iteration step using

DFl dZi = Fz and Ziy1 = Z; — dZi.

A more satisfactory convergence behaviour can be achieved with the line search
method
Ziy1 = Z; — W ClZi7 W; = 27" with

. ) (5.46)
r=min{s > 0: [|F(z; — 27 °dz;)| < ||F(z:)]l},

whose properties are discussed in [ST1, Kapitel 5.4.2]. This iteration rule does
not only improve convergence. It furthermore allows to terminate the iteration
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in divergent cases when after a specified maximum number of bisection steps
Smax 10 reduction of ||F(z;)|| is obtained. The iteration also fails when after
a specified maximum number of iteration steps imax the convergence criterion
(5.34) does not hold.

5.2.5 Specification of the starting values

It remains to specify the starting values for the iteration. Since the objective
(5.38a) with Hy = I also appears in the orthogonal or unitary Procrustes prob-
lem

tr[(UX —-Y)"(UX - Y)] — min with U'U=1 (5.47)

and in the unconstrained least squares problem
tr[(UX —Y)"(UX — Y)] — min, (5.48)

we will make an attempt to derive Ug, Ag, o from the solutions of these
problems. Moreover, we will focus on the case that G, H and Hy are diagonal
matrices which is required for an implementation of the Newton method based
on Algorithm 5.8.

The orthogonal or unitary Procrustes problem (5.47) is solved by the isom-
etry Uy contained in the ordinary polar decomposition

YX* = UyMy,

where My is positive semidefinite and selfadjoint (see Section 1.2 and Theorem
4.14). Inserting this result into the necessary condition (5.39) implies

GUQAO = HfU()(MO - XX*) or (549&)
GUpAy + HUQy = Hon(MO - XX*) (5491:))
Hence, if G = e¢I, H = eyl, and Hy = ¢/I with e, e, 5 € {+1,—1}, then
Up on the one hand fulfills (5.38b), and on the other hand
Ao =eger(My — XX¥) or

Ay = %(M0 ~XX*) and Qo = 2
are selfadjoint Lagrange multipliers such that (5.49) holds. Therefore, Uy is an
optimiser of (5.38a).

This observation suggests to determine the starting values in the case that
G, H and Hy are diagonal matrices having diagonal elements in {+1, -1} as
follows: Let P be a permutation matrix such that

(M, — XX*)

k k k
PGP =(Pc1,, PHP =P, PHP =P, (5.50)
i=1 i=1 i=1
where either (E(C?, 5?)) runs over all k =4 or (58), E(I?, E(fi)) runs over all £ =38
combinations of signs. Now partitioning the matrices P*YX*P and P*XX*P
accordingly and computing from their diagonal blocks

(P*YX*P); = UYM{ and A’ =) (M) — (P*XX*P),)

(analogously in the case of two constraints)
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we obtain

k k k
Uop = P(@U@)P*, Aop = P(@Aé”)P*, Qop = P(@Qg”)P*.
i=1 i=1 i=1
(5.51)
If P*YX*P and P*XX*P are actually block diagonal matrices consisting of
the blocks used in the computation above, then Ugp is a solution of (5.38)
and Apop, Qop satisfy (5.49). Although this situation almost never occurs
in practice, these matrices will be used as starting values for the iteration.
Moreover, if G, H and Hy are general nonsingular real diagonal matrices, the
matrix P is computed by using sign(G), sign(H) and sign(Hy) in (5.50).
The second approach for specifying the starting values is derived from the
solution of the unconstrained least squares problem (5.48) which is given by (for
example see [GVL, Section 5.5.4], [ST1, Kapitel 4.8.5])

Uy=YX" .
If this choice is made, then
UpXX* = YXTXX* = Y(XTX)*X* = Y(XXTX)* = YX*
which implies
H;YX* -H;UyXX"* =0.
Consequently, the necessary condition (5.39) holds for every matrices G, H and
H/ by setting Ag = 0 and Qg = 0. However, Uy is in general not a solution of

(5.38) because it does not satisfy (5.38b). Nevertheless, we will try to use the
starting values

k
ULs = P(@U&”)P*, Ars=0, Q5=0, (5.52)

i=1
where ‘
U’ = (P*YX*P),(P*XX"P);}
and P is defined as above.
Finally, we will also make an attempt to use

Up=1
If in this case G = e¢I, H = eyl, and Hy = ¢/I, then (5.39) is solved for
AO = EG<€f(YX* — XX*) or

- %(YX* ~XX*) and Q= EH;f

But these matrices are not selfadjoint in general, so that their symmetric or
Hermitian parts may be used instead. Hence, we will try to use

k k
U;=1 A;= P<@A§;>)P*, Q= P(@Qé”)P*, (5.53)
=1 =1

Ao (YX* — XX*).

where

P*YX*P), + (P*XY*P),
2

(analogously in the case of two constraints)

A = D0

— (P*XX*P),)

and P is defined as above.
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5.3 Numerical results

In order to test the performance and convergence behaviour we implemented
Method 5.6 for solving (5.38) with diagonal matrices G, H and Hy in the
case F = C. The implementation performs the iteration rule (5.46) and uses
Algorithm 5.8 for computing the vector dz. It was made in Fortran 77 using
the DOUBLE COMPLEX versions of LAPACK and the BLAS [LUG].

Although we have applied the algorithm for various combinations of matrices
G, H and Hy, we will present detailed results only for the most important case

where
G=I,_,®-1, and Hy =1,

and a G-isometry U is to be determined. In the tests the matrices X = [zq.1],
Y = [Yak] € C™N were initialised either with independent coordinates

Lok = aa + igbv Ya,k = 90 + ng
or with dependent coordinates
Lo,k = ea + ieba Yo,k = Ta,k + %(90 + ied),

where the 8’s denote normally distributed random numbers from the interval
[-1,+1]. Independent coordinates were additionally translated such that

D kZTak =0 and >, yar =0.
The machine accuracy computed with the LAPACK routine DLAMCH was
Emach ~ 2.22 - 10716

In a first series of statistical experiments we tried to find out with which
starting values (Up, Ag) the iteration converges. For this purpose the values

(Uop, Aop) or (Urs, Aps=0) or (Ur =1, Aj)

specified in (5.51) — (5.53) were tested and an additional attempt was made to
combine the three possibilities for Uy with Ay = I and with Ay = 0. Varying
the values for N, n, p and using dependent as well as independent coordinates
10 experiments were made in each case. Here the maximum number of iteration
steps, the maximum number of bisection steps and the convergence parameter
for the iteration were given by

imax = 487 Smax — 16, g = 10_3.

If an iteration converged, the matrix K defined in (5.36) was computed and the
iteration was classified to be successful when K had only non-negative eigenval-
ues. Then actually the constrained minimum of the objective f was determined.
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Table 5.2: Iteration results for dependent, unscaled coordinates

N n, Uop ULS’ I
9, 6, A | 10/10 ( 4.2/ 1.0) 10/10( 5.1/ 1.3) 10/10( 4.9/ 1.0)
I|10/10(4.3/1.0) 10/10(5.9/1.7) 10/10( 4.8/ 1.0)
0 | 10/10 ( 4.1/ 1.0) 10/10 ( 4.7/ 1.0)
9,6,3 | A| 10/10( 4.5/ 1.0) 10/10 ( 4.7/ 1.0) 10/10 ( 4.9/ 1.0)
I|10/10(4.6/1.0) 10/10(5.8/1.5) 10/10( 5.3/ 1.0)
0 | 10/10 ( 4.2/ 1.0) 10/10 ( 4.2/ 1.0)
12, 8,1 | A | 10/10 ( 4.2/ 1.0) 10/10( 6.2/ 1.7) 9/8 (6.8/2.3)
I|10/10(4.3/1.0) 10/10(6.2/1.6) 10/10( 5.4/ 1.3)
0 | 10/10 ( 4.1/ 1.0) 10/10 ( 5.3/ 1.2)
12, 8,4 | A | 10/10 ( 4.5/ 1.0) 10/10( 5.3/ 1.4) 10/10 ( 5.0/ 1.0)
I|10/10(5.3/1.3) 10/10( 5.8/ 1.4) 10/10( 5.4/ 1.1)
0 | 10/10 ( 4.1/ 1.0) 10/10 ( 4.5/ 1.0)
15,10, 1 | A | 10/10 ( 4.4/ 1.2) 10/10 ( 5.5/ 1.9) 10/ 8 ( 7.5/ 2.1)
I | 10/10(4.3/1.0) 10/10( 6.3/ 2.0) 9/9 (5.0/ 1.0)
0 | 10/10 ( 4.1/ 1.0) 10/10 ( 5.2/ 1.1)
15,10, 5 | A | 10/10 ( 4.9/ 1.0) 10/10 ( 5.7/ 1.4) 10/10 ( 5.6/ 1.5)
I | 10/10(5.1/1.0) 10/10(5.9/1.2) 10/10( 5.1/ 1.0)
0 | 10/10 ( 4.6/ 1.0) 10/10 ( 5.0/ 1.0)
Total A | 60/60 (4.5/ 1.0) 60/60 ( 5.4/ 1.5) 59/56 ( 5.8/ 1.5)
I|60/60(4.7/1.1) 60/60(6.0/1.6) 59/59(5.2/1.1)
0 | 60/60 ( 4.2/ 1.0) 60/60 ( 4.8/ 1.1)
Table 5.3: Iteration results for independent, unscaled coordinates
N’ n,p UOP ULS I
9,6, 1 A | 10/5 (9.7/ 3.3) 7/5(10.9/6.7) 6/0 (19.0/ 7.3)
I | 10/8 (8.0/3.2) 8/ 4 (154/ 8.1) 1/ 0 (28.0/ 8.0)
0 9/ 7 (7.6/2.7) 3/ 0 (23.7/ 7.3)
9,6,3 | A| 5/2 (14.6/ 5.8) 5/2(20.6/74) 5/0(17.0/ 5.4)
I 3/3 (8.3/2.0) 7/ 4 (10.6/ 6.4) 1/ 0 (41.0/13.0)
0 8/5 (7.8/2.1) 3/ 0 (15.0/ 6.3)
12,8, 1 | A | 9/1 (15.9/ 5.6) 9/ 3 (22.6/8.8) 2/0 (36.0/ 6.0)
I 8/ 4 (10.1/ 3.1) 6/ 2 (11.0/ 7.0) 1/ 0 (24.0/ 7.0)
0 8/ 6 (84/24) 0/ 0
12,8, 4 | A 1/ 0 (33.0/12.0) 4/ 1 (24.0/8.0) 0/0
I 3/ 2 (11.3/ 7.3) 3/ 1 (16.7/ 6.7) 1/ 0 (28.0/ 7.0)
0 5/ 4 (10.8/ 3.2) 2/ 0 (23.5/ 7.0)
15,10, 1 | A | 8/6 (15.0/ 5.6) 6/6 (12.7/7.8) 0/0
I 9/8 (8.3/238) 4/ 3 (15.0/ 7.3) 1/ 0 (43.0/ 6.0)
0 8/ 6 (8.4/2.3) 0/ 0
15,10,5 | A | 0/0 3/ 1 (23.7/9.0) 1/ 0 (38.0/ 8.0)
I 3/ 1 (18.7/ 5.3) 1/0 (18.0/8.0) 0/0
0 7/ 3 (13.7/ 5.0) 0/0
Total A | 33/14 (14.1/ 5.1) 34/18 (18.4/7.9) 14/ 0 (22.1/ 6.5)
I |36/26 (9.8/3.5) 29/14(13.5/7.2) 5/0 (32.8/ 8.2)
0 | 45/31 (9.2/ 2.9) 8/ 0 (20.4/ 6.9)
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Figure 5.1: Comparison of the iteration results for Upp and Upg
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The results of the experiments with dependent coordinates are listed in Ta-
ble 5.2, the results with independent coordinates are listed in Table 5.3. For
example, the entry

9/7 (7.6/2.7)

in the third row and third column of Table 5.3 describes the 10 experiments with
N =9, n =06, p =1, the starting values (Upp, 0) and independent coordinates.
It means that 9 of the 10 iterations converged in an average of 7.6 iteration
steps and an average of at most 2.7 bisection steps. In 7 of the 9 convergent
cases the minimum was found.

The entries for the starting values (Ug, 0) are empty because they are equal
to those for (Ups, Ars). Moreover, the last three rows of the tables show the
total results for the 60 experiments made with each combination of starting
values.

Table 5.2 shows that when dependent coordinates were given the iteration
in almost all experiments converged and determined the minimum. Thereby
only between 4 and 6 iteration steps were required in which mostly no bisection
steps were made. Only with the starting values (I, A;y) and (I,I) the iteration
failed in some cases. Thus, in these experiments none of the other combinations
was found to be preferable.

The situation drastically changed when independent coordinates were given.
Here the last column of Table 5.3 reveals that with Uy = I only a few iterations
converged and none found the minimum. Thus Uy = I should not be used to
initialise the iteration.

In order to compare the results for Upp and Upg we have computed the
respective average numbers of successful iterations for each choice of NV, n and
p. For example, in the case N = 9, n = 6, p = 1 the average for Upp is
(5+8+7)/3 and for Urg it is (5+4)/2. The results of these computations are
shown in Figure 5.1 where the horizontal axis represents the spatial dimension
n, the vertical axis the computed average and the cases p =1 and p = n/2 are
drawn separately.

In both graphics the solid line, representing the averages for Up p, lies above
the dashed line, representing the averages for Upg. This indicates that Upp
is the better choice for Uy which can also be seen from the total results in
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Table 5.3. In particular, with the starting values (Upp, 0) the best results were
obtained.
To confirm these observations some further experiments were made with
N =24, n =16 and p = 1 or p = 8. When dependent coordinates were
given, the iteration found the minimum with all starting values, except for
(I, A;r). When independent coordinates were given and p = 1, the starting
values (Upp,0) again produced the best results: 7 iterations were convergent
and in 5 iterations the minimum was determined. However, in the case p = 8
none of all the iterations converged.
We have then tried to force convergence based on the following heuristics:
It is well-known that the Newton method converges only if the starting values
zg are “sufficiently” closed to the solution z [ST1, Kapitel 5.3]. Now using
A )\11 s Re()\ln)
z = (ll/\>, u” = vec(U)", \=vec :

and the notation Diag(A) = diag(A11, ..., App) it can be verified that
1z — zol[* = ||U — ol + 5 (1A — Aol + || Diag(A) — Diag(Ao)l|%).

Following the experiments described above the best choice to bound the right
hand side is to set Uy = Upp and Ag = 0 which implies

Iz — zo]|* = U — Uop|% + 5 (I All% + || Diag(A)]|%). (5.54)

Moreover, if U solves (5.38), it also solves the scaled problems in which X and
Y in the objective are replaced by aX and Y for some a € R\{0}. The
corresponding Lagrange multipliers, according to (5.39), then fulfil

GUA = H¢(aY)(aX)" — HfU(aX)(aX)",
from which with U*GU = G it follows that
A =’GTIUH/(Y - UX)X".

Thus the terms containing A in (5.54) can be made arbitrarily small by choosing
a small. On the other hand, the matrices aX and oY must sufficiently differ
from O to avoid rounding errors. We have therefore intuitively chosen a such
that

laX |z @Yl =1 or a=(IX]lr[[Y]r)"? (5.55)

and repeated the experiments with the scaled independent coordinates.

Indeed it was found that the scaling approach succeeded for the starting
values (Upp,0). The results will be discussed in detail below. Also for the
starting values (Upp, App) an improvement was observed. In the case p =1
now 5 iterations converged and 3 found the minimum. However, when Uy =
Ups or Uy = I neither in the case p = 1 nor in the case p = 8 any of the
iterations converged.
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Table 5.4 contains the results of the experiments with the starting values
(Uop,0). Here the meanings of the columns are as follows:

— k is the number of the experiment,

— ¢(z0) = ||F(20)| is the Euclidean norm of F at the beginning of the
iteration,

— 7 is the number of iteration steps performed,
— s is the maximum number of bisection steps performed,

~ ¢;' = min{cond;(A,)"'} is the worst reciprocal 1-condition number
computed in step (1) of Algorithm 5.8 when solving DF dz = F,

~ ¢! = min{cond; (3", Re(X3B,)) "'} is the worst reciprocal 1-condition
number computed in step (2) of Algorithm 5.8,

— ¢(z) = ||F(2)|| is the Euclidean norm of F at the end of the iteration,

— K_ is the number of non-positive eigenvalues of the matrix K or “—” if
the iteration did not converge,

— f(I) is the value of the objective for the identity matrix,
— f(U) is the value of the objective for the computed matrix U,

- rg = ||[U*GU — G||F is the residual estimating the G-unitarity of U,

cy;t = cond; (U)~! is the reciprocal 1-condition number of U,

time is the time in seconds used for the iteration.

In these experiments the maximum number of iteration steps imax, the max-
imum number of bisection steps smax, and the tolerance parameter € were spec-
ified by

tmax = 48,  Smax = 16, €= 1078'

Whereas the iteration in the experiments 1 — 8 and 11 — 16 converged with
©(z) < g, the experiments 10 and 17 — 20 were terminated after i,,q, iteration
steps without satisfying the convergence criterion. Experiment 9 failed in the
30-th iteration step because ¢(z) was not reduced after s,,4, bisection steps.

In most experiments the reciprocal condition numbers ch and 01_31 are suf-
ficiently larger than the machine accuracy €,,4¢n, S0 that the iterations may be
regarded as stable. Only in experiment 8 there is some doubt concerning the
accuracy of the vectors dz computed during the iteration.

The comparison of f(I) with f(U) reveals a convincing reduction of the ob-
jective in all experiments and also the reciprocal condition numbers cljl indicate
well-conditioned iteration results U. But, of course, only in the convergent cases
the residuals r¢ allow to interpret U as a G-isometry. Here the minimum and
maximum residual obtained in experiment 7 and 4 show that approximately
Emach <TG < \/€mach Which is a satisfactory result.
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Table 5.5: Tteration results for various scaling factors

k Bopt i S| K_ k Bopt i S| k_
1122-24|7 1| 0 17114-16 145 6| 0
2108-10]9 3| 0 12 114-22113 3| 0
3122-2418 3 0 201 14-24 1|15 4 1
4 0.6 10 4| 0 13114-18122 5] 0
5112-14 |15 4] 0 14 1.8 15 4| 0
6 1.4 26 5| 0 11 20-24 |16 4] 0
7120-24|8 2|1 19 1.2 15 4| 1
8 116-24|19 2|1 15 1.0 35 6| 0
9 0.6 16 3| 0 18 122-24 |12 3| 4
10 0.8 1 3| 0 16 1.0 39 710

Although the iterations in experiment 7 and 8 converged, they did not de-
termine the minimum since the real 256 x 256 matrix K had one non-positive
eigenvalue A; in each case. However, the ratio

256

MU/ DAL A€ a(K)
i=1

was in both experiments very small, around 10~2 only. Thus the computed
matrices U are “nearly” solutions of the problems which were still useful in real
applications.

The numbers of iteration steps ¢ show that the speed of convergence in the
case p = 8 was considerably slower than in the case p = 1. In particular,
the iteration in experiment 17 also converged when it was allowed to take 60
iteration steps. But these are too many steps, so that we have finally tried to
accelerate convergence by choosing more appropriate scaling factors.

For this purpose some further experiments were made in which the matrices
X and Y were scaled with various factors a8 where o was chosen according
to (5.55) and B such that 0.4 < 8 < 2.4. The best results are listed in Table
5.5. Here fB,pt denotes the observed optimum for 3 and the table is furthermore
organised such that experiments made with equal coordinates are contained in
one row.

The entries where S,pt = 1.0 show that a was the best scaling factor only in
the experiments 2, 15 and 16. In the further experiments which converged with
factor « it was possible to reduce the number of iteration steps. In the remaining
experiments 9, 10 and 17 — 20 it was even possible to find the minimum or at
least a nearby solution. Thus the iteration always succeeded when a suitable
scaling factor was used.

Whereas these results are pleasant on the one hand, the different values
of Bopt contained in one row also indicate that the optimum factor agpe =
afopt does not only depend on the matrices X and Y. Unfortunately, we
are therefore not able to present an empirical formula with which it can be
determined. Nevertheless, the results obtained with the starting values (Upp, 0)
in combination with a scaling factor around « are very satisfactory.

The well behaviour of this combination has also been observed in tests with
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randomly initialised matrices G, H and Hy and computations for solving prob-
lems with one or two constraints. Moreover, the coordinates X and Y in real
multidimensional scaling applications are usually not totally independent, so
that the choice of appropriate starting values is not the major problem of the
method. It is rather the fact that the amount of work is of order n®. This also
explains the times listed in Table 5.4 which were measured on a 2GHz proces-
sor. We may therefore conclude that our algorithm is suitable for solving (5.38)
provided that the spatial dimension n is not too large.



Chapter 6

An algorithm for the
numerical computation of
canonical forms

6.1 Introduction
Almost all the results presented in Chapter 3 and Chapter 4 are based on The-

orem 3.1: If H € C™*" is nonsingular and Hermitian and A € C"*™ is H-
Hermitian, then there exists a nonsingular matrix S € C"*" such that

stas=PI,. e P [J’”(A“ 3 (M]’
i=1 il

- iS:r+1 6.1)
sus=@az, o @ [, ]
i=1 i=r41 LP

where Ap,..., A\ ER e1,...,6, € {+1,—1} and A\1q,...,As € C\R.

Whereas this canonical form of the pair (A, H) in the case of a diagonalis-
able matrix A can easily be computed numerically using HQR and HQR-2 or
eigenvalue and singular value decompositions (see Method 3.24), its computa-~
tion in the general case is a complicated problem. The major challenge is that
(6.1) contains the Jordan normal form (JNF) of the matrix A whose numerical
computation is known to be a very difficult task.

The most successful approach for computing the JNF was developed by
Kagstrom and Ruhe [KR1]. Their procedure is available in the ACM algorithm
collection as the CALGO algorithm 560 written in the programming language
Fortran 66 [KR2]. Based on this work we present a method with which the
canonical form (ST!AS, S*HS) and an associated transformation matrix S can
be computed numerically. The corresponding extension of the 560 algorithm
essentially consists of a normalisation step which constitutes a generalisation of
the Cholesky method.

The description of the algorithm is organised as follows: The required math-
ematical background is established in Section 6.2. In Section 6.3 the individual
steps of the method are explained and in Section 6.4 some numerical results

111
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are presented. The final Section 6.5 reconsiders the numerical computation of
H-polar decompositions.

6.2 Mathematical background

Let H € C™*™ be nonsingular and Hermitian and let A € C"*™ be H-Hermitian.
Then from Theorem 3.1 it follows that for every non-real eigenvalue A € o(A)
also A € o(A) and that the Jordan structures of the two eigenvalues are equal.
Let Aq,..., A\ bethereal and A,41,..., As be the non-real eigenvalues of A with
positive imaginary part. Moreover, let «; = a();) and p; = p(A;) denote the

algebraic and geometric multiplicity of the eigenvalue A;, so that a()\;) = a(\;)

and p(\;) = p(A\;) for r +1 < i < s. Then the canonical form
(ST'AS,S*HS) = (J,Z) (6.2)
of the pair (A, H) can be rewritten as

J= [Q_}l J()

where the blocks which appear have the form

S

D i

1=r+1

S

2] , L= 7]

Bz
i=1

z} , (6.3a)
1

i=r

J\) = Jp(i) N)@...d injii) (\),

R o o , (6.3b)
Z,=¢ Zpgi)@...@spi Zpéii) for 1<i<r,
30 Jpgi) N)@®...® Jpﬁ)i') (M)
(i) = I (Xi)@...@JPu)(Xi) ’
! . (6.3c)
g _ Zpgi)@...@ngi') ; L<i<
i Zp(i)@...@zp(i) orrtlsiss.
1 Pq

Furthermore, the eigenvalues can be sorted such that Ay > ... > A, and
Re(Ar+1) > ... > Re(As) where Im(\;) > Im(A41) if Re(A;) = Re(Nit1)
and pgi) > .2 p,(o? where pgi) +... +p(p? = q;.
Now, let X € C"*™ be a nonsingular matrix such that

X 1JX=J or JX =XJ.

Then the commutability of X and J implies [G, Chapter VIII, §2], that X must
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be a block diagonal matrix

, . Xiy o XY,
x—[@xi 5| @ x] with X, = | .l
i=1 i=r+1 i i
X/()z),]. T X,(01)7p1
XX 0o
) (i) %)
X, = pisl Pispi (()i) ?i) , (6.4a)
0 o Y9 @
L o0 o Yy, Y5 ]

whose blocks X,(fl) and Y,(fl) are p,(:) X pl(i) matrices of the upper triangular

Toeplitz form described by the examples

Ty z
T Yy =z 0 z y =z 0z y
Xp=|0 z y|, Xu=|0 0 z y|, Xu=
0 0 = (6.4Db)
0 0 = 0 0 0 = 00 0
= = 3 = 3’ = 4
(P =p1 =3) (Pr p=4) (po = 4,p1 = 3)
Therefore, the matrix
C=X"ZX
must be an Hermitian block diagonal matrix
ey oy el
i=1 i=r+1 i) i
ciy - Gl
0 e 0 Cﬂ* e CEJ?E
5 0 0 cx . ol
Ci = (%) () Lpi pispi s (65&)
cyy -+ Cf, 0 0
_Cf;ll Cf)li),pi 0o .- 0 |

whose blocks C,(:l) are also pg) X pl(i) matrices, but now of the lower anti-

triangular Hankel form

(6.5b)
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Furthermore, the diagonal blocks of the matrices Cz can contain only real ele-
ments. Summarising, we have

Theorem 6.1. Let H € C™*" be nonsingular and Hermitian and let A € C™"*"
be H-Hermitian. Moreover, let R € C"*™ be a nonsingular matriz such that
J = R7'AR is the Jordan normal form of A. Then the matriz C = R*HR
has the form (6.5).

Proof. According to (6.2) it is true that J = R™!AR = R7!(SJS™ 1R
(ST'R)"!J(STIR). Hence, for X = S~'R we obtain C = (S7'R)*Z(S'R)
R*(S™ZS )R = R*HR.

ol

Starting out from this theorem, the proposed algorithm for determining
the canonical form is first to compute the (numerical) Jordan normal form
J = R'AR of A, and then to normalise the matrix C = R*HR with a
transformation such that

X 1JX =J, X*CX =Z. (6.6)

Then (S~1AS,S*HS) = (J,Z) with S = RX gives the wanted canonical form.

Whereas the computation of the Jordan normal form can essentially be car-
ried out with the 560 algorithm by Kagstrom and Ruhe, the normalisation step
(6.6) must be described next. For this purpose, we define

0 1 ay
0 «
N, = ;o Cplan..ap) = 1.
1
I 0 i as - a
[ N¥ [ 0,_
NE — a |, C,.(ar..aq) = p=a.4 for p > q,
P4 0p g palar.. ag) Cy(0r.. ag) p>q
Ng,q = [OWI—P N];] ) Cpylar.ap) = [0p7q—p Cylai.. O‘pﬂ for p < gq

where the powers of the nilpotent matrix N, are given by NY =1, N, = N,

0 0 1 [0 0 O 1
o0 . 0 0
2 . - .
N, = 0 . 1| e NETI= 0o . o
0 0
- O_ . 0_
and NP = 0, ,. Now, let
1 1 1 m
Cp, (O‘(l ()1-)- O‘gz(”)g Copy .o (6%2)-- F(’%j)) o Cpypy (Péln} P?;n ;)
C— Copapr (P21 -~P2112 ) Cp, (ay -~a2p2 ) Cpop, (sz--PQZ;ZL )
] . ) . K .
Cop,..p (pgn)l Pgl )) Co,..p2 (Psn)2 PfﬁQ )) o Gy, (asn)" 0557117 ))

(6.7)
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be a nonsingular matrix with p; > ... > p,,, and assume that agl) # 0. Then

the elements pgg), 2<j<m,1< h < pj, can be eliminated successively by

multiplication on the right with the matrices

k _ k _ k _
I, ‘sz)ngl,zlu @gs)lefl,zlzg Sog'n')LNlpﬁlJl’m
Ipz 0p,.ps e 0ps.p1n
Uy = Ips Opz,Pm , 1<k <pao, (68&)
L,
by setting
A
I )
A =3 T TSRS acjam, (6.8b)
0, otherwise

In the same way the elements py{), 2<j<m, 1< h < pj, can be eliminated

by multiplication on the left with the matrices

(k) \gk— (k) nqk— (k) \gh—
Ip1 1/}12 ngl,;g 1/}13 Nl;gl,;zlzg T /(blmNI;l,;m
Ipz 0?27103 e Opzmm
VZ = IPS e 0P37Pm B 1 S k S D2,
I,
(6.9a)
by setting
p(];)
I .
o = T TSRS Sy cjam, (6.9b)
0, otherwise

If C is even Hermitian, i.e. if a;h) € R and p;];) = @(?) € Cfor1<i,j5<m,
1 < h < pj, then in particular Uy = V.

The manner of designation is to be understood here such that the elements
modified by the multiplication with Uy and V}, namely dgh), ﬁgq'), ﬁg.]i) =0 and

d§-h), ,55};.), ﬁi’;) = 0, are renamed to o™ and pyll) or pgi;) before carrying out the
next transformation step (2 < j < m, k < h < p;). This process is symbolised
below as

C=CU,—C and C=V;C—C.

Having performed all elimination steps we obtain the matrix

C' =V}, ...ViCU,...U,,

1 1
Cp, (ag . agp )) 0@1)@2 (va) Om(-,lz;m o)
_ 0ps p1 Cpy(ay ' as™) -+ Cpyp (P3m- P3m )
) . K .
Op,..p1 Cop...p2 (P5n)2 P£52 )) o Gy, (agn)-- 0‘% ))

(6.10)
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whose (1, 1)-block remains unchanged. Using matrices of the form

r.(1
Xg )Ipl
I
Wl _ P2 . ,

I
- T b (6.11a)
IP1 +X1 Np1_

I
W), = e , 2<k<p,

L L

m

and transformations of the kind C’ = WEC'W,, — C' it is furthermore possible

to normalise agl) to €1 = %1, and the remaining elements agk), 2 <k <ppcan

be eliminated successively by setting

1
— ifC*=C
(1) v |0451)\ (k) it
= 1 and y;’ =——-1—, 2<k<p;. (6.11b)

Xio = L= o
Jal

otherwise 1
In the case C* = C the elements of Wy, are real so that in particular W} = W7.
After all elimination steps we obtain the matrix

C"=W,] .. WIC'W;..W,,

Elzm Opl’Pz P1,Pm
0?27171 sz (aél) . O‘épz)) T CP%Pm (pgr)L pé%L))
_ . ' ) (6.12)
0p,.01 Cpps (pv(qi)z Pffié")) o Gy, (O‘%)" 04557”))
where £, = {il’ ifC™ = C} .
1, otherwise

However, the same result is also achieved when the transformations are carried
out in the order

C” = Y*CX with

X =W, U WU, ... W, U, W, i1 W,
Y =W ViWo V. W,V Wi W,
Y=Xif C*=C.

(6.13a)

With this sequence the element agl) takes on the constant value e; = £1 after

the first transformation, and the parameters for the subsequent transformations
are
e

k k k k k
‘ng) = ipgj)a 77[’]( ) = ipgl) and Xg =2 9

(6.13D)

Thus, the divisions by agl) are not necessary, so that (6.13) presents the numer-

ically favourable order.
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To apply this transformation to a general nonsingular matrix C of the form
(6.7), we must now determine matrices P and Q such that

.. [P*CP, ifC*=C
C= {Q”‘CP7 otherwise} —C

satisfies the condition agl) # 0. For this purpose, let p be the index with

p:plz.'.:pﬂ>pu+1Z...me,andlet
0 Ip m
_ _ L —2)p _
) =1, M) = | 0 25w g=) 0w
j=1
Io—vp
be a permutation matrix. Furthermore, in the case C* # C, let pﬁ») = agl), and

let x, A be indices such that |p,({1>\)| = max|p§j1-)| for 1 <4,7 < p. Then pf{l)\) #0,
because otherwise C would have zero rows and columns and would therefore be
singular. Thus, the wanted result is obtained with

P =1II(\) and Q =TII(k). (6.14a)

In the case C* = C, let v be an index such that |al(,1)| = max |a§1)| forl1 <j<up.
If a(yl) # 0, it is possible to use

P=II(v). (6.14b)

Otherwise ol” = ... = o) = 0, and let x, A be indices such that |p£1£\ =

max | pg;)\ for 1 <i < j < p. Then, with the same argumentation as above, it

must be true that pg)\) # 0. If now the unitary transformation

Lin—1)p . .
_ Vol Vol
C= E*CE with X = I()\—n—l)p
L1 =11
J3p J2P
Iy
for ¢ = arg(plgl)?) is applied, then &%) = —&E\l) = |pf€1/\)| With a subsequent
permutation
P = XII(xk) (6.14c¢)
or
P = XTI()\) (6.14d)
we can therefore also achieve that |dg1)\ = | p,(_il)?| # 0.

If the elements a,g), af\l) are non-zero when applying 3, we obtain d,g) =

w,il)\) + |pf€1/\)\ and o?g\l) = w,(:)\) - |p£1£ |, where wS)\) = (04,9) —|—ag\1))/2. It thus makes

sense to specify the pivot element a§1> in the case C* = C as follows:

1. Determine v such that |04,(,1)\ is at maximum.
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2. Determine &, A such that |w,i1)\)\ + |p,(il)\)| is at maximum.
3. If |ozl(,1)| > |w,i1)\)| + \pgﬂ use (6.14b). Otherwise, if w,(il)\) > 0 use (6.14c).
Otherwise, use (6.14d).

In this way a high numeric robustness of the procedure is ensured.
Using the transformations described so far, any nonsingular matrix of the
form (6.7) can be transformed into the form

€1Zp1
o 022 T CQm
YiQiCP: X, = : |- (6.15a)

Cm2 e Cmnz

Here the submatrix consisting of the blocks C;;, 2 < 7,5 < m, again is a
nonsingular (possibly Hermitian) matrix of the form (6.7), so that the inductive
application of the procedure yields

Y'CX=Z =612, &...5en,, with
X=PX;..P,,X,,, Y=Q:Y:...Q,Y,, (6.15b)
Y=X, ¢==%1if C*=C and ¢; =1 if C*#C.

Finally, considering that

S A A e

we have all in all

Theorem 6.2. Let H € C™"*" be nonsingular and Hermitian and let A € C™*"
be H-Hermitian. Moreover, let R € C™*™ be a nonsingular matriz such that
J =R 'AR is the Jordan normal form of A and let C = R*HR.. Then there
exists a nonsingular matriz X satisfying JX = XJ such that Z = X*CX has
the form (6.3).

Proof. Application of the procedure (6.7) — (6.15) to the blocks C; and C; of
the matrix C according to (6.5) produces the blocks X; and X; of the matrix
X. These blocks commute with the blocks .i ;and J i of a matrix J according to
(6.3). Furthermore, the blocks Z; = X7C;X; and Z; = X;C;X; of the matrix
Z take on the asserted form. O

This normalisation procedure seems to be difficult on first sight, but it is
in fact based on a simple relationship. To explain this, let n > m and let
B € C"*"™ be a matrix with full column rank. Then B admits the well-known
and uniquely determined QR decomposition

pir - Pim
B:Q]-:{'v Qecnxm7 Recmxm7 R= ’

Pmm

where Q is a matrix with orthogonal columns Q*Q = I,, and R is an upper
triangular matrix with positive diagonal elements [ST1, Kapitel 4.7]. On the
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other hand, the matrix A = B*B = A* € C"™*™ is positive definite, so that it
admits the uniquely determined Cholesky decomposition

)\11
A=LL*, LeC™™ L=|: - :

/\ml o )\mm

where L is a lower triangular matrix with positive diagonal elements [ST1, Kapi-
tel 4.3]. Since LL* = A = B*B = R*Q*QR = R*R and both decompositions
are unique, it must be true that L* = R. Thus, the orthonormalisation of
the columns of B can also be obtained via a Cholesky decomposition of the
matrix A.

Now, let the matrix R from Theorem 6.2 be partitioned in

R=[R, -~ R R - RJ.

Then the matrix C consists of the blocks C; = f{ij{i and C; = R’{HRi.
Therefore, the transformations X:CZXZ = Zz and X;‘CiXi = 7; are merely
the H-orthogonalisation of the blocks of R via generalised (inverse) Cholesky
decompositions of the blocks of C. Here the following correspondences exist

BHRiaRiu InHHv AHC’DC% LHX;*7X;*7 ImHZ'LaZZ

Moreover, the normalisation procedure is a generalisation of the HQR and
HQR-2 decomposition (Algorithm 2.12 and Algorithm 2.13), in which the rela-
tionship to the Cholesky decomposition is more obvious.

6.3 Description of the algorithm

This section describes the overall algorithm (CNF) which has been implemented
in ANSI Fortran 77 using the DOUBLE COMPLEX versions of LAPACK and the
BLAS [LUG]. The description contains both, the mathematical theory of the
steps performed as well as the most important details on the actual Fortran
implementation. Throughout the section (A, H) is assumed to be a matrix
pair, where A is H-Hermitian and H is nonsingular and Hermitian.

The two major tasks of the algorithm are the computation of the Jordan nor-
mal form of A (JNF) encapsulated in the subroutines ZGEES, ZTRGRP, ZTRBLK,
ZTRDFL, ZTRJNF, and the subsequent normalisation of the eigenspaces encapsu-
lated in the subroutine ZSPCNF!'!. Whereas the theory of the latter has essen-
tially been developed in Section 6.2, the theory for JNF is mostly taken over
from [KR1]. Nevertheless, we have modified some steps contained in the origi-
nal implementation which will be referred to as the 560 algorithm [KR2]. The
individual steps of CNF are:

HThe naming scheme has been assimilated to LAPACK. The first letter Z indicates double
complex data type, and the matrix types GE, TR, SP denote general, triangular and sip block
matrices.
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Step 1. Computing the Schur decomposition (ZGEES) The matrix A is
transformed into upper triangular form using the Schur decomposition

ANk e ok

)\2 *

QAQ=T, = :
An

computed with the LAPACK routine ZGEES. Here Q is unitary and A;, 1 <1 < n,
are the eigenvalues of A. This well-known transformation is based on the QR
algorithm which is, for example, described in [GVL, Algorithm 7.5.2]. In the
560 algorithm, the LR algorithm is used to obtain T;.

Step 2. Grouping the eigenvalues (ZTRGRP) The grouping of the eigen-
values is the most sensitive step in the overall algorithm. Kagstrom and Ruhe
use for this purpose eigenvalue estimates based on Gershgorin circles. However,
in practical application of the 560 algorithm it was found that these estimates
strongly depend on the tolerance parameter EIN, whose satisfactory choice is
not always easy. Our approach tries to avoid this difficulty by grouping the
eigenvalues with the help of a hierarchical clustering algorithm [A, Chapter 6]
which has been modified by introducing a maximum cluster distance.

Let x1,...,X;, be given points in R™ and let d be a real distance function
defined for two sets of points in R™. Moreover, let pmin € {1,...,n} and
Omax € [0,00) be parameters. Then the points can be partitioned into clusters
by applying the following algorithm.

Ci:{XZ'}, t=1...n

p=n
0p=20
forever do

51200
for 1<i<j3<p do
if d(Ci,Cj)<(51 then
51:d(C’,-,Cj), Tzi, Szj

end if

end for

if p < Pmin Or 01 > dmax then
break

end if

C.=C,UC

Ci:CiJrh i:S...p—l

p=p—1

o = 01

end forever

The number of clusters finally generated p satisfies p > pmin. Moreover, the
maximum distance of the combined clusters g and the minimum distance of
the remaining clusters ¢; fulfil dg < dmax as well as g < d;. Thereby one of the
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functions
dmin (X, Y) = min ||x; — Yj||27 dmax(X,Y) = max [|x; — yj”Q?
davg X Y ZZ ||Xz yj||2; dmean X Y sz ZYJ )
i=1 j=1 j:l 2

where x; € X, 1 <i<r,andy; €Y, 1< j < s, may be used for the distance
determination.

A further distance function can be defined as follows: Let Z = {z1,...,2,}
be a set of points z; = (2;;) € R™ (1 <i<m, 1< 4 <r). Then the vectors
u = (p;) and 02 = (0?) having the components

T

1 < 1
:75 ;i and o? = E = w)? (o2=0ifr=1
7njzlzd and 0 = — (zij — 1s)” (o] if r )

j=1

contain the (empirical) averages and variances of the points. Therefore, the

non-negative scalar
m
{2)= Yo
i=1

gives a total scatter measure for the set Z, and the function
dyar(X,Y) = 0?(X UY)

defines a distance of some sets X and Y. This measure does not seem to be
known in the literature. Nevertheless, it has turned out to be particularly useful
for grouping the eigenvalues A1, ..., A, € 0(A) which are considered as points
in R? for this purpose.

The implementation in the routine ZTRGRP allows to specify the distance
measure to be used and to control the grouping by an expected number of
eigenvalues ppin and/or a maximum grouping tolerance dpax, respectively. It
returns the number of groups (clusters) finally generated p, the assignments of
the eigenvalues to the groups, and the distances dg and §;.

Step 3. Sorting the eigenvalues (ZTRBLK, JOB=’S’) The matrix Ty is
unitarily transformed such that eigenvalues belonging to the same group are
adjacent

Ti1 T2 -+ Ty
Ty, -+ Top

U'TU=T;= .
Tpp

Now each upper triangular T block contains the ¢ eigenvalues which have
been assigned to cluster Cj, for 1 < k < p.

This transformation is based on a sequence of eigenvalue interchanges which
is (for the case F = R) described in [GVL, Algorithm 7.6.1]. The implementation
in the routine ZTRBLK uses the LAPACK routine ZTREXC for this purpose. It
returns the number of diagonal blocks p in the variable LBLOCK and the block
boundaries Zle t; for 1 <k < p in the array BLOCK.
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Step 4. Computing the block diagonal form (ZTRBLK, JOB=’D’) The
matrix Ty is transformed into upper triangular block diagonal form

Y Ty Y =T; =T &...0T,,

using the matrix

I Y - Yy
v_ I ... Y'zp
I

which is obtained by subsequent solutions of Sylvester equations as is described
in [GVL, Algorithm 7.6.3]. The norms of the spectral projectors

Y1

satisfy the estimate

k—1 P
Pl < [ 14+ ([ DoIYalZ ) (14| D 1Yl | (6.16)
i=1 j=k+1

where (Y ')y, stands for the corresponding block of Y~'. These norms are
relevant condition numbers for the associated groups of eigenvalues.

The implementation in the routine ZTRBLK uses the LAPACK routine ZTRSYL
to solve the Sylvester equations. It returns the reciprocal right hand sides of
(6.16) in the array COND.

Step 5. Computing unitary bases of the invariant subspaces (ZTRDFL,
JOB=’0’) Let S = QUY be the accumulated transformation matrix as com-
puted in the foregoing steps. Moreover, let S = Q. Ry, 1 < k < p, be QR
decompositions of the n x t; blocks corresponding to the Ty blocks. Then
Q =SR;®...5R,)! consists of the unitary Q}, blocks and

(Q)'AQ) =T, &...aT,,

where T}, = RkakRgl is still upper triangular. It must be considered here,
that the S; block is already unitary, so that its QR decomposition consists of
the factors Q; = S; and Ry = 1.

After this orthogonalisation process the bases of the invariant subspaces
formed by the columns of the Qj, blocks are unitary. In the 560 algorithm, the
modified Gram-Schmidt method is used to perform this transformation.

Step 6. Computing the block structure (ZTRDFL, JOB=’D’) Each T},
block is unitarily transformed such that

Wi (T, — MiDWy = Ey, + By, (6.17a)
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where A} = tr(Tkx) / tr is the average eigenvalue and the blocks have the form

E11 0 B12 te qu
Eo Eo 0 - By

E, = . . . , By = . . (6.17Db)
Eqn Ep - Eg 0

The matrices By are nilpotent, the matrices E; have a negligible Frobenius
norm ||Eg| p &= 0, and the sizes of the square diagonal blocks furthermore satisfy
my > ... > mg. This transformation is based on the following algorithm:

Let A = A;; € CPt and let
A= U121V1‘

be a singular value decomposition, where the singular values are sorted in as-

cending order U§1) <...< agl). Moreover, let 7 > 0 be a constant and let m;y

be an index such that 07(72 <7< 023 41+ Then the singular values are just the

Euclidean column norms of
ViA;1V; =ViU 3,

so that the partitioning

2 mi
E11 B(l) . 2 Ell (1)72
V*A11V1 = 12 with Ell S lexml’ m = 1 = o,
' ED Ay | ;[ ]

can be made. The same procedure applied to Agy € ClE=m1)x(t=m1) yvie]dg

. E B(2) . e E 2 me
ViAnVs = | & 2 | with By € Cmme, = |05 =3 0]
32 33 2 lp i
Hence, for
E) sn(1) 2 o) )
W2 =Vi(l,, & Va) and | o8| = VB, B2 BY|=B{V:
we obtain
2 2
By 0 0] [0 B By

WiAW, = |E) Ex 0 [+|0 o BY|=E:+By,
E{Y) EY) A 0 0 0

where |Ea||% = n? + 03 + ||As3]|/%. The iteration can be continued until in the
g-th step either all my; =t —my — ... — my_; singular values are smaller or all
are greater than the specified constant 7. Then

Mg

VoA Vq= [EQ‘J with Egq € C™e™™a, 773 = ||qu||% = Z[U(q)f'

q )
i=1

Hence, for W = Vi (L,,, ® Va) ... (I, 4. 4m,_, ® V) we finally obtain
W*AW = E + B,
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where E and B have the forms as in (6.17). Moreover, if o\? < 7, then ||| =
40l < (mi+ . mg) T =t

In the application of the algorithm for computing (6.17) it is important that
relations of the kind

U$2§71<<72<0$2+1, 1<h<gq,

hold at the splitting points. Namely, the coupling elements 35, ; computed in
the next step from the blocks By, 41 satisfy the estimate
(h) ;
1Bhjl > Oy i1 > T2, 1< <mpgy,

and these elements must not become too small [KR1]. Therefore, the imple-
mentation in the routine ZTRDFL first of all determines the index m; with
a,ﬁ},{ < 7, = TOL and checks the validity of the relation 07(:2 11 > T2 = 1037
thereafter. If this check fails, my, is incremented by one. Furthermore, at least
one deflation step is performed, so that in the case agh) > 7y the index mp =1
is chosen. The relation of the constants 7, = 1037 is thereby not compelling,
so that other factors were possible, too. The values of ||Eg||r are stored in the
array DELE to provide information on the deflation process. They should not
significantly exceed the optimum value ||Eg||p < /¢ - TOL.

After this step, the structure of the diagonal blocks can be represented by
the block sizes

my Mg, Mg +..4+qp-1+1 Mgy +...4qp
(1) (1) (p) (p)
My .., Mg ..., my ey My, ,
t t,
_. . . k .
where m; is merely a consecutive numbering scheme for mgl ). The routine

ZTRDFL stores Zle g; for 1 < k < p in the array DBLK and 2?21 m; for 1 <
h < g + ...+ gp in the array DEFL. Thus, the block structure is represented
such that BLOCK(k) = DEFL(DBLK(k)) for 1 < k < p (see Step 3).

Whereas in the 560 algorithm the blocks T}, are overwritten with By +\;I+
(E11 @ ... ® E,;,), the routine ZTRDFL overwrites these blocks with By + A;L
This has no effect on the following transformations, but allows a more efficient
implementation.

Step 7. Computing the coupling elements (ZTRINF, J0B=’C’) Each
By, + A1 block is transformed such that

M, 'B;M; = B}, (6.18a)
where the blocks have the form
0 X
0 Brhi®...® ﬁh,mh+1

B;C = with Eh,h-i-l = 0

z311—141

(6.18D)
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The non-zero real elements (y,; are called the coupling elements. Their deter-
mination is based on the following algorithm which is sufficiently explained on

the example
0 B2 Biz By

_ 0 Bas Bas| _ Lo
B= 0 Byl BY.
0

Let B,(Z) = U3X34V} be a singular value decomposition, and let M3y =16 16
U3 ¢ V4. Then

0 BY BYU, BV,
0 0
o BYU; BYV,

M;,BOM;, = =BW.
o o UBYV,
0
Now using Gauss eliminations of the form
bi;
Gl =1+ eef, (6.19)

b
where e; denotes the canonical basis of C*, the elements b;; above the diagonal

elements by; of the Bgz) = X34 block can subsequently be eliminated which is
all in all described by

o B By 0

(1)
G??41B(1)G34= 0 B(2)3 2(;4 =B®,
0

Let Bg) = Q2Rs3 be a QR decomposition, and let Mo =TI P Qo ®IDI. Then
0 BYQ. BY o0

e
M, B@Mys = 0 ngBzg 20 _B®.
34
0

Again using Gauss eliminations of the form (6.19), the elements above the di-

agonal of the Bg‘? = Ro3 block can subsequently be eliminated which is all in
all described by

3
o BY o o
0 S 0
0

X34
0

GiB®Gy3 = =BW,

In the same manner the B%) block can be transformed, so that for M = M3,G34
N M12G12 ﬁnally (618) holds.

This algorithm differs from the one given by Kagstrom and Ruhe in that
it uses a singular value decomposition for the first elimination step. It has the
advantage that if the By block only contains a Bis block, the whole step can
be performed with a unitary transformation. In contrast to the 560 algorithm,
where the complete process is carried out with Gauss eliminations, the imple-
mentation in the routine ZTRJINF uses the algorithm described here.
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Step 8. Permuting the coupling elements (ZTRJINF, J0B="P’) Each B +
ALI block is permuted such that

Pi(Bj, + AiDPy = Jj, = I, (AD) @ ... @ J7 (M),
where J;. (\}) is a not yet normalised Jordan block of the form

)‘Z /61,5

ﬁrsfl,s
A%

with r¢ = max{h | my > s} for 1 < s < m = my. The permutation matrix
P;. required for this step is defined as follows: Let the canonical basis of Ct* be
partitioned in

{er,...,ep fU{en 11, et U U{e,, 41,0 5€u, ),

where pp = Z?Zl m;. Now, taking from each of the sets the first vector and
inserting it as column of Py, then taking the second vectors and continuing the
process until all vectors have been taken, we obtain

P.=[eie 1. € 415 - 5 €me€utm - €u _im]

This matrix contains m = my = u; groups of basis vectors corresponding to the
Jordan blocks. Inspecting the s-th group reveals that 7y = max{h | up—1 +s <
pun} = max{h | s < my} which explains the block sizes already specified above.

The implementation in the routine ZTRINF updates the arrays DBLK and DEFL
such that they describe the Jordan structure analogously to Step 6. This and
all subsequent steps are not contained in the 560 algorithm.

Step 9. Normalising the coupling elements (ZTRJINF, JOB="D’) Each J},
block is transformed such that

DD =T =3, (\)@... T, (),

where J,_ (A}) is a normalised Jordan block for 1 < s < m. The diagonal matrix
Dy, required for this step is defined by

D,=A1D...0A, with

As =1® ﬂl,s 2] 61,8/62,3 D...0 ﬁl,sﬁQ,s v ﬂrs—l,s-

Step 10. Pairing the eigenvalues (ZSPCNF, JOB=’P’) Accumulating all
transformations made in the foregoing steps we obtain the matrix

p
R = QUY (@ RkIWkMkPkal) :
k=1

Now, according to Theorem 6.1, the matrices J = R"!AR and C = R*HR
must theoretically have the form

J= [EB Iy

S

@ I

1=r+1

D , C= 2]

® e

i=r+1

Be.
i=1
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up to a permutation of the blocks. Here the notation of Section 6.2 is used, so

that AT,..., Ay are the real and A}, ,..., A} are the non-real eigenvalues lying
in the open upper complex half-plane. In order to classify the blocks of
Cll e Clp
c-| | w=2s-1)
C,i ... Cp

accordingly, let 7(k) be indices such that

I1Ck. x| = max ||Cu;ll

for 1 < k < p. Now, if w(k) = k, the Cyi block is classified as a C; block.
If (k) = [ and () = k and if the Jordan structures of the corresponding
eigenvalues are equal, the Cy; and C;, block are classified to belong to a C;
block. Moreover, the Frobenius norms of the matrices

Cr=1[Cr1-- - Crrt)—1 Chmk) 1 - - Chypl

are used to estimate the H-orthogonality of the eigenspace E4(A}) spanned by
the columns of Ry to its H-orthogonal companion E A(/\Z)[L] spanned by the
columns of R without the R () block. (For the definition and properties of the
H-orthogonal companion see Section 2.2.)

The implementation in the routine ZSPCNF returns the indices w(k) in the
array PAIR and the norms |Cg||r in the array ORTH. It returns an error, if the
classification of the Cyg; blocks fails.

Step 11. Normalising the eigenspaces (ZSPCNF, JOB=’N’) The Cyy
blocks and pairs of Cy; and Cj; blocks are normalised such that

X’,;Ckak =2y, = Elzrl D...0en1L (6.203)

Tm

and

[Xk Ckz] [Xk Zkl] (6.20b)

XJ [Cm XJ - {Zm
with Zy, = Zj, = ZT1 D...D Zrm7

where X and X @ X; commute with J; or Ji @ J;, respectively. Thereafter
the matrix S = R(X; & ... ® X,,) transforms the pair (A, H) to its canonical
form.

The implementation in the routine ZSPCNF uses the subroutine ZSPEVR to
compute (6.20a) and the subroutine ZSPEVC to compute (6.20b). These routines
implement the algorithm described in Section 6.2 for the cases C* = C and
C* #£ C, respectively. ZSPCNF returns the signs €5 in the array SIGN.

In addition to the routines performing the individual steps, the driver routine
ZHHCNF!? has been implemented for convenience. This routine expects a matrix
pair (A, H) and computes its canonical form by subsequent calls to the routines
described above. Thereby the parameter STEP allows to specify which of the
steps are to be performed. If STEP is set to at most 9, the routine may also be
used for computing the Jordan normal form of an arbitrary matrix A.

1241 stands for H-Hermitian.
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6.4 Numerical results

In this section some numerical results of the routine ZHHCNF are presented. In
order to make the data more comprehensible we start with a brief discussion of
the parameters and control variables of the algorithm (see also [KR1]).

6.4.1 Parameters and control variables

The grouping of the eigenvalues is controlled by the method of distance determi-
nation JOBGRP and the parameters LBLOCK = pp,in and/or DEL = dpax (see Step
2). Although the routine ZHHCNF allows to select any of the distance measures
described in the previous section, we recommend the utilisation of the function
dyay which has produced appropriate groupings in all examples investigated.

If the number of (multiple) eigenvalues of the matrix A is known to be pa,
the parameter configuration p,,in = Pa, dmax = 00 should be used. Otherwise,
the configuration ppmin = 1, dmax = ||All\/Emack is a good initial guess. (emach
denotes the machine accuracy.) If LBLOCK = p is the computed number of
groups and &g, 01 are the computed cluster distances, then any of the parameter
configurations pmin = P, Omax = 00 OF Pmin = 1, 09 < dmax < 01 produces
the same groups. Moreover, dg ~ ¢; indicates, that the groups are not well
separated. In this case, the choice of either §.x > §1 or dmax < dp may be of
advantage.

Further information on the groups of eigenvalues is provided by the reciprocal
condition numbers COND(k) > | Pill;' (see Step 4) and the deflation norms
DELE(k) = ||Ey||r (see Step 6). Too small values of ||Pyll3" (say < \/Emach)
combined with too large values of [|Ey|r (say > \/Emacn) indicate, that the
groups of eigenvalues should be made larger by increasing dyax or decreasing
Pmin-

Too large values of || Ex||r may also indicate, that the Jordan structure is
not well defined. In this case not all coupling elements 3}, ; are sufficiently larger
than ||Ex||F (see Step 6 and 7). If the computed Jordan chains are too long,
the deflation parameter TOL = 7 must be increased, if too short, the parameter
must be decreased. A good initial value is 7 &~ \/€mach-

An easy way for inspecting the coupling elements is to perform the compu-
tations up to STEP = 8. Then the superdiagonal of the matrix A = J® contains
these elements. Moreover, the Euclidean norms of the corresponding principal
vectors ||s£8) |2 contained in the matrix S = S(®) should also be inspected. Too
large norms may indicate inappropriate groups of eigenvalues.

If the computed Jordan normal form of A is incorrect, the classification
of the blocks of the matrix C usually fails (see Step 10). Otherwise, the H-
orthogonalities of the eigenspaces ORTH(k) = ||Cg||r estimate the deviation
of the numerical eigenspaces to their theoretical counterparts. If these values
are too large, the normalized transformation matrix S = S(*!) obtained after
STEP = 11 cannot be expected to be perfectly accurate. Nevertheless, the
computed canonical form may still be correct, when the magnitudes of the
corresponding sip block elements of H = Z('") are near unity. (All variables in
typewriter style denote parameters of the routine ZHHCNF.)
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6.4.2 Results of the routine ZHHCNF

We come to the presentation of some numerical results which were obtained
on an INTEL PENTIUM 4 processor (2GHz) in a Cygwin environment CYG-
WIN_NT-5.1. The program binary was created with the GNU compiler g77/gcc
2.95.3-4, and the machine accuracy computed with the LAPACK routine DLAMCH
was

Emach = 2.22 10716,

In addition to the parameters and control variables discussed above, the residual
rag = ||[A"H —HA||p
estimates the accuracy of the test matrices, and the residuals
ra; =||AS =SJ||F, 7z =|S"HS —Z||F
as well as the condition number
cs =[Sl IS7H s

estimate the accuracy of the computed Jordan normal form S™'!AS = J or
canonical form (ST'AS,S*HS) = (J,Z), respectively. Moreover, g; denotes
the grade of the i-th principal vector.

For the first example the Jordan normal form of the test matrix

1 11 21 -1 2 -2 4 -3]
1 23 —42 -2 4 —4 8 -6
-1 05 53 -3 6 —6 12 -9
-1 03 —4 4 —4 8 —6 16 —12
A _ |1 03 -6 5 —4 10 -10 20 —15
1.0 3 —6 2 -2 12 —12 24 —18
-1 03 -6 2 -5 15 —13 28 -21
-1 03 —6 2 -5 12 —11 32 -24
-1 03 —6 2 -5 12 —14 37 —26
-1 03 —6 2 -5 12 —14 36 —25]

has been computed. This example was taken from [KR1] to permit comparison
with the 560 algorithm. All variables contained in Table 6.1 indicate stable
computation of the Jordan Normal form

JW = [J,3) @ J2(3)] @ [I3(2) @ T2(2)] & I1 (1)

which corresponds to the results presented by Kagstrom and Ruhe.

The further examples from [KR1] have also been recomputed. In case of the
Frank matrix (n = 12) the parameters pyi, = 12, do = 0.0, §; = 1.7-10~* apply
for computing the Jordan normal form J = A1 @...® Ao with ray = 4.76-10714
and cgl = 5.03-107°. In case of the “ill conditioned” matrix (o = 10~%) the
parameters pmin = 8, dg = 0.0, 61 = 5.0 - 10~? apply for computing the Jordan
normal form J = A\; @ ... ® g with 747 = 3.47-107'2 and c¢g5' = 1.67 - 107°.
Since both test matrices are diagonalisable, there are no deflation steps to be
performed, so that the parameter 7 may be chosen arbitrarily. We do not present
all details on these examples, because the computation of a trivial Jordan normal
form is rather a test of the LAPACK routine ZGEES than of ZHHCNF.
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In order to present some results on the computation of canonical forms,
the literature was searched for corresponding examples. Although H-Hermitian
matrices frequently appear in theoretical books or papers, we have not found
concrete numerical examples which were large enough to give appropriate test
cases. Therefore, the matrix pair

2 0 0 -1 0 -1 -1 0 0 -17
2 3 —4 2 -2 2 1 0 -3 2
1 1 1 1 -1 1 1 0 0 1
0 -1 -3 0 -1 -1 -2 -1 -2 -1
@ |-1 1 -3 1 0 1 0 0 -2 1
ReA™ =11 7 0o 1 -1 2 1 0 0 1
o 0 0 0 0 0 2 0 0 0
3 -2 7 -2 4 -2 0 2 5 -2
o 1 1 0 0 0 0 0 2 1
2 -1 4 -2 2 -2 -1 0 3 0]
't 0 2 0 0 0 1 0 1 07
1 -1 =2 -1 0 -1 -1 0 -2 -3
0O 0 -1 0 0 0 -1 0 0 0
3 -2 1 -2 2 -1 1 0 0 -3
@ |1 -1 -1 -1 1 -1 -1 0 -1 -2
mAT =10 "9 0 0 0 -1 -1 0 0 0
1 0 0 0 -1 0 0 -1 0 1
4 2 1 2 -2 2 1 -1 2 6
1 1 -1 1 -1 1 1 0 0 1
2 1 2 1 -1 1 1 -1 2 4]
0o 1 1 1 0 2 i 1 0 0]
1 0 24i 0 0 0 i 0 -1 0
1 2—i 0 1 —-1-—4i 1 i 1 14i —i
1 0 1 0 0 0O 0 0 0 0
g _ |0 0 —1+i 0 0 i 0 0 0 0
2 0 10 i 0 0 0 -1 0
i —i i 0 0 0 0 —i 2 i
1 0 1 0 0 0 i 0 0 0
0 -1 1-i 0 0 -1 2 o0 0 -1
) i 0 0 0 —i 0 -1 0]

has been constructed from the canonical form

J<2>—J2(2)€BJ2(2)®{JZ)OH)@JI(H” Jo(1—d) @ Ji(1—14)|’

Z(Z) :_Z2®Z2@ |: Z2®Z1:|

Zo D7y

to serve as the next example. The results presented in Table 6.2 report on
perfectly accurate computations resulting in very small residuals. It cannot be
seen in the table that the eigenvalues are correct up to an error of 1071°. They
are much closer to the theoretical values than those computed with ZGEES in
step 1 some of which had errors of order 1078, A similar effect was observed in
all the computations made.
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For the last examples the canonical form

3 = o) @ o) @ [ 11 @ T SO

Js(X) @ J2(N) @ T (V)

Zg@ZQ@Zl]

720 = 7,07
2® 2@[236922@21

was specified and the test matrices were defined by
AC) =R 1JOR and H® = R*'ZOR,

where

n
1 Fl

R=2L,+ Y (3,(0)" = (3.00)" " +iz,

1 i=1

N3
|

K3

for n = 16. For all examples we used y = 0 but varied A from 2+ to 2+ 1073i.

Table 6.3 contains the complete results for the case A = 2 + ¢ which are
as satisfactory as in the last example. In particular, the eigenspaces obtained
after step 9 were H-orthogonal up to machine precision (see ||Ck||r) and allowed
to compute the canonical form with small residuals 747, rgz and an excellent
reciprocal condition number cgl.

However, when moving A\ closer to the real axis, the results were getting
worse. Table 6.4 shows an significant increase in ||Cy||r and thus also in ryz
for the cases A = 2 + 1074, m = 1,2,3. Nevertheless, all canonical forms
(J,Z) were computed correctly and the residuals 74, and reciprocal condition
numbers cg even pretend to be excellent.

In order to determine the reason for this behaviour the algorithm was in any
case performed until step 4. Hence, the matrices QUY were computed such
that

(QUY) 'A(QUY) = Ty1(p) @ Taa(X) & Tas(X),
where Ty (w) denotes an upper triangular block having diagonal elements close
to w. Theoretically, the matrices

Fi = [Fi2 Fi3], Fo=[Fy Fap), F3=[Fs Fa
defined by the blocks of

Fii1 Fio Fi3
(QUY)'H(QUY) = |Fy1 Fy Fo3
F31 F33 Fa3

should then have been equal to or at least near to zero. However, the Frobenius
norms ||Fy||r listed in Table 6.4 present another result. In other words, the
invariant subspaces spanned by the columns of QUY were already not as H-
orthogonal as they should have been.

Since the transformations Y according to the values of ||[Pylly! must be
regarded as stable and the unitary transformations U are uncritical, the major
error was already made during the computation of the Schur decomposition
Q*AQ = T. But the LAPACK routine ZGEES used for this purpose is well-known
for its stability, so that our last examples are at the bounds of the mathematical
possibilities. Nevertheless, these examples also report on the well behaviour of
the grouping algorithm and the stability of the overall transformations which
did not increase the errors ||Fy||r until the final steps as is indicated by ||Cy||r
and rgz.
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Table 6.4: Further results for the test matrix pair (A®) H®))

k, m(k) Ak Pxllz " x| 7 [Cklr [F x|~
1(1) 0.0 291-107t 1.11-107° 1.56-107'* 57010714
2(3) 20401 1.78-107!' 520-107 2.04-107' 250-1071
3(2) 20-0.1i 261-1071 4.69-107 6.20-107 1.48.1071°

TAH, TAJ, THZ, Cg 2 4.78-1071% 539.107% 1.47.107' 7.03-1072
1(1) 0.0 291-1071 1.15-107 1.31-107™ 6.27-107 14
2(3) 20+0.01i 1.59-107' 3.48-107'° 1.16-107% 1.48-10°6
3(2) 20-0.01i 269-107' 230-107'° 4.23-107% 1.20-107°

TAH, TAJ, THZ, Cg' i 4.88-1071 3.69-107'° 9.90-10~7 7.03-102
1(1) 0.0 291-107t 6.18-10716 1.33-107'* 6.06 10714
2(3) 2.0+0.0015 1.77-107' 3.22-107'® 3.99-10"! 4.85-107!
3(2) 20-0.0015 262-107t 1.77-1071% 4.22.10* 1.11-107?2

TAH, TAJ, THZ, Cg ¢ 5.55-1071% 3.46-107* 9.01-1072 6.99- 102

6.4.3 Further numerical considerations

In addition to the examples presented we have performed many tests which
confirmed that the algorithm works well. But unfortunately we are not able to
present a detailed error analysis.

Clearly, the numerical computation of the Jordan normal form of A or the
canonical form of (A, H), respectively, is a discontinuous problem. A tiny per-
turbation may destroy the results in exact sense. Therefore, the algorithm tries
to find the nearest matrix A or the nearest pair of matrices (A, I:I)7 respectively,
such that

|A— Al <calAl,  ST'AS=],

|H-H| <eq|H|, S$'HS-=Z
where J , Z, S are the computed matrices and € 4, e should be small constants.
Exact perturbation bounds for these constants are not available due to the
complexity of the overall process. For this reason, the analysis of the stability
information provided by the algorithm and the computation of the residuals,

condition number, and vector norms are the only possibilities for assessing the
quality of the computed normal forms.

6.5 Numerical computation of H-polar decom-
positions of arbitrary matrices

We conclude this chapter with some remarks on an extension of the CNF al-
gorithm for computing H-singular value decompositions or H-polar decomposi-
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tions, respectively. Consider the following diagram:

Method 3.24 Algorithm 3.31 CNF
A diagonalisable o(AMA) ¢ C\(~o0,0] A arbitrary
(ST'AS,S*HS) A =UM (S"'AS,S*HS)
|
l \ i / l
\
Method 3.25 Algorithm 3.32 HSVD
A¥IA diagonalisable o(AMA) € C\ (=0, 0] AIA arbitrary
A =TKS™! A =TKS! A =TKS™!

The diagram shows the dependencies of the methods and algorithms presented
in Chapter 3. Here CNF is applied in step 2 of Algorithm 3.32 when the matrix
M, computed in step 1 with Algorithm 3.31, is not diagonalisable and Method
3.24 cannot be used for determining the canonical form of the pair (M, H). On
the other hand, Method 3.24 is the foundation for Method 3.25 which computes
an H-SVD (or H-polar decomposition) of a matrix A from the canonical form
of the pair (A'IA, H) provided that A*A is diagonalisable. Now, using CNF
instead of Method 3.24, it is possible in principle to generalise Method 3.25 such
that H-SVDs of arbitrary matrices can be computed.

Assume that in step 1 of such an algorithm, called HSVD, the canonical form
(R'AMAR,R*HR) = (J,Z) has been computed with CNF. Then in step 2
square roots of the Jordan blocks contained in J must be determined. For non-
zero eigenvalues this is possible using the formula given in Lemma 3.1 which
can be written in the form

_'u’ fl (N) f2(/~L) . fpfl(,uz)_
poo filw) ;
K, (n) = " - )
e fi)
L 0]
where
i’ ifi=1
filp) = (71)#1(% 3 |
(201 p2i-1 if2<i<p-—1
with

ay_ J13- i s odd
244,44, ifiiseven
These Toeplitz matrices satisfy K,(u)? = J,(u?) for all p € C\{0}. Now, if
(J, Z) contains the blocks
(I® ZG)) = (I, (w?) ® T, (@2), Zyp) with w € C\RUIR,
(IPZ?) = (I, (a?), €Z,) with a € R, &= +1,
(3, 20) = (Ip(=8%) & I, (=), Z, © ~Z,) with BER,
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then the matrices defined by
K® =K, (w) oK, @), K% =K,(a) and (6.21)

1[I, I
D _ w-1 . ; ; _
KO = W5l (K, (i) ® K,(—if)) W, with W, = NG {Iz _ij

fulfil
(K(j))Q —JW@ and (K(j))*z(j) — 70K

for j = 1,2,3 (see [BMRRR1, Theorem 4.4]). Here the blocks belonging to
the negative eigenvalue —3? must satisfy condition 1 of Theorem 3.4 because
otherwise the H-Hermitian square root cannot be formed.

Whereas these transformations are simple, the kernel transformation re-
quired in this step is extremely complicated. Let

JO = éNm, z = égizm
i=1 =1

be the part of the canonical form (J, Z) belonging to the eigenvalue 0 and let RO
be the corresponding (rectangular) block of R. Then the kernel transformation
is possible only if condition 2 of Theorem 3.4 holds. It then requires to determine
a matrix W such that

JO — (W(O))flJ(O)W(O), 7.0) — (W(O))*Z(O)W(O)

and such that the basis spanned by the columns of R(OW () expresses ker(A) as
specified in condition 3 of Theorem 3.4. Here several possibilities for combining
the blocks of (J(©), Z(®)) exist. For example, if J(®) consists of the blocks N,
N3, N3, Ny, and Z(© consists of the block Zs3, —Z3, Zo, —Zo, then

JO = (N3 & N3) @ (Ny ®Ny), ZO = (Z3® —Z3) (2o © —Zs)
as well as
JO = (N; @ Ny) @ (N3 & Ny), ZO = (Zs®Zy) @ (~Z3 ® —Zo)

fulfil condition 2 of Theorem 3.4 (taken from [BMRRR1]). Moreover, even if it
is clear which of the blocks have to be combined for building the square roots,
it is still complicated to determine the transformations

N, Ny = ngl (Np ® NP)WZIM
Z,® -2, = ng (Zp ® _ZP>W2P
and
N, @& N1 =Wy | (N, &N,_1)Wo,_1,
Zy ®Zyp 1 =W3, | (Zp®Zp1)Wap_
which transform into an appropriate basis.
Confronted with these difficulties we have not found a way for the numer-
ical computation of the matrix W(®), so that this approach has not led to an

algorithm for computing H-SVDs of arbitrary matrices. Nevertheless, it is still
possible to combine (6.21) with the kernel transformation of Method 3.25 to
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obtain an algorithm for computing H-SVDs of matrices A, for which the part
of the canonical form of the pair (A" A, H) belonging to the eigenvalue 0 has
the form (0p4q,p+¢,Ip ® —I;). On the other hand, equation (5.40) shows that
the Newton method from Chapter 5 allows to compute H-polar decompositions
of arbitrary matrices. Hence, by using this method in step 1 of Algorithm 3.32,
we are in principle (and, in many cases, in practice) able to compute an H-SVD
of an arbitrary matrix A.



Chapter 7

Conclusions

This final chapter summarises the most important results on the Procrustes
problems and gives an illustrative example. Moreover, some suggestions for the
application in multidimensional scaling are made.

Let F=Ror F =C and let G,H € F"*" be nonsingular and selfadjoint.
Furthermore, let X = [x; ... xn], Y = [y1 ... yn] € F**¥ be given coordi-
nates of vectors and let U € F"*". Then the function

F(U) = [Uxx — y&, Uxg — yilu = tr[(UX = Y)*H(UX - Y)]
k

measures the congruence of the constellations and the constrained optimisation
problems

f(U) — opt with U"HU = H, (7.1)
£(U) — opt with U'HU = H and U*GU = G, (7.2)
£(U) = opt with U*GU = G (7.3)

determine isometries, with the help of which a transformation to an optimum
congruence can be achieved. The wanted optimum depends on the matrix H
and must be chosen according to

ift H > 0 (positive definite)
opt = ¢ max, if H < 0 (negative definite)

min,

min /max, otherwise (indefinite)

where min / max describes a particular saddle point of the function f.
Our studies show that the H-isometric Procrustes problem (7.1) has a solu-
tion if and only if a semidefinite H-polar decomposition

A = YX*H = UM with
uf=vu-t, M?f=M, HM >0

exists (see Section 4.4). Analogously, the (G,H)-isometric Procrustes problem
(7.2) has a solution if and only if an H-semidefinite (G,H)-polar decomposition

C=YX'H+ G 'HYX*G = UM with
ufl=vu9=u"', M7=M%=M, HM > 0,

139
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exists (see Section 4.5). Here it is additionally assumed that G and H satisfy
H'G = p*G'H for some p € R\{0}.

In both cases the matrix U contained in the decomposition is the wanted isom-
etry and the decomposition always exists when H is definite.

In contrast to these handy results, no analogous solution of the Procrustes
problem (7.3) has been found. Here the necessary condition for determining the
isometry is

GUA + HUXX* = HYX"

where A = A* beside U is unknown. Moreover, the additional assumption
G # pH forall peR

must be made to avoid that the problem can be reduced to (7.1). However,
under these prerequisites we were not able to express U as a factor of some
matrix decomposition (see Section 5.1).

For the numerical solution of the Procrustes problems the following methods
are given:

(a) the Method 3.25 for computing H-singular value and H-polar decomposi-
tions of a matrix A for which A A is diagonalisable,

(b) the Algorithm 3.32 for computing H-singular value and H-polar decompo-
sitions of a matrix A for which A A has no non-positive eigenvalues,

(¢) the Algorithm 4.20 for computing (G,H)-polar decompositions of a matrix
A for which A A is diagonalisable or has no non-positive eigenvalues,

(d) the Newton method from Chapter 4 for optimising functions of the form
f(u) = (Au,u) — 2Re(b,u) + v with u = vec(U)
under the constraints U# = U~! and/or UY = UL

(a) and (b) apply for solving (7.1), (c) applies for solving (7.2), and (d)
applies solving for (7.3).

Although (d) might also be used for computing solutions of (7.1) and (7.2),
the other methods are preferable because they are more efficient and allow
to decide whether the wanted decomposition exists. If the Newton method is
applied to solve a problem in which H is indefinite and the iteration diverges, we
can usually not decide whether this failure is caused by inappropriate starting
values or by the fact that the considered problem is unsolvable. Fortunately,
this difficulty does not arise in the case of a definite matrix H in which the
existence of a solution is guaranteed, so that in this case only suitable starting
values must be found.

In the following application the different Procrustes solutions are illustrated
with a concrete numerical example.

Example 7.1. For N =5, n =3, Jo; = diag(1,1,—1) and

—0.2373  0.5122  1.7640 —0.5979  0.5173  —1.8355
1.2910 —0.8456 —0.8393 —0.5616 —1.2324 0.4944
XT=1 16640 0.0378 —0.8054|, Y''=|-1.2682 —0.5380 0.4147
—2.3035 0.8568  0.3262 1.7739  1.4836  0.2375

—0.4141 —-0.5612 —0.4456 0.6539 —0.2305 0.6889
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the solution of (7.1) with H = J5; computed with Algorithm 3.32 is

—0.4986 0.6111 —1.8480

—-0.9676 —0.3915 —0.2991 —0.6670 —1.2842  0.6457
U;=[-0.3681 0.9302 0.0268 |, XT=|-1.3839 —0.5989  0.3903
—0.2677 —0.1360 —1.0441 1.7958 1.6536 0.1596

0.7537 —0.3815 0.6524

The solution of (7.2) with G = Js 1 and H = I3 computed with Algorithm 4.20
is

—0.0069 0.5645 —1.7640

—-0.9021 -0.4315 0.0 —-0.7998 —1.3198 0.8393
U,=|-0.4315 0.9021 00 |, XY=|-1.5174 —0.6839 0.8054
0.0 0.0 -1.0 1.7084 1.7668 —0.3262

0.6158 —0.3276  0.4456

and the solution of (7.3) with G = J2 1 and H = I3 determined with the Newton
method is

—0.5347 0.5202 —1.8302

—0.9773 —0.3858 —0.3226 —0.6648 —1.2468 0.5650
Uz=|-0.3744 0.9276 —0.0248|, X1 =[-1.3811 —0.5679  0.3290
—0.3088 —0.0965 —1.0510 1.8155 1.6490  0.2858

0.7650 —0.3545 0.6503

The residuals after the transformation X = UiX are listed in the following
table in which Xy = X denotes the original coordinates.

congruence measure k=20 k=1 k=2 k=3
(a) tr[(Xp —Y)T(Xr —Y)] 48.4274 0.1427 1.2481 0.1015
() tr[(Xe = Y)TJ2 1 (X —Y)] | 13.3900 0.0807 -0.0590 0.0691

As one would expect, the solution of (7.3) results in the best congruence
with respect to the Euclidean measure (a), but it is only a little better than
the saddle point solution of problem (7.1). For solving (7.2) only a rotation
in the xy-plane and a reflection along the z-axis is admitted (H = I, ® I; and
G =L, —1,), but this still produces an acceptable improvement in comparison
with the starting situation.

These results can also be observed in Figure 7.1 in which the Y constella-
tion is depicted with dashed lines and the X constellations are depicted with
solid lines. The respective first point (first row of the transposed matrix) is
surrounded by a circle and the figures show the projections onto the coordinate
planes. O

With this example our studies are complete and it would now be interesting
to apply the results in some real psychological multidimensional scaling investi-
gations. In this context it could be analysed whether the mathematical property
of vectors to be space-like, time-like or light-like can also be given a meaning in
psychology (see Remark 4.12). Moreover, it were possible to search for the laws
of cognition in indefinite scalar product spaces or even in Riemannian spaces.
For this purpose, the following approach may be used:
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Figure 7.1a: Projection onto the xy-plane
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Let wy, be given objects and let pg), ceey p,g?) be sets of proximities measured

at the times ¢ = 0,...,7 (1 < k,I < N). Moreover, let xfco),...,xg) be
constellations of vectors, determined according to Theorem 4.9, such that
(t) (1) () ()7 _ (,(0)\2
xp —x" %, —x"] = (py)
where [., ] is an indefinite scalar product with underlying matrix G =1, & —1,.

Then by setting
(0) _ . (0)
Y =X
and subsequently applying Procrustes solutions (for example of problem (7.2)
with H=1,,,)

Z[U(t)xl(:) _ y,(f_l),U(t)xg) _ y](Ct—l)] — opt, yg) — U(t)XECt)
k
fort=1,...,T, it can be achieved that adjacent constellations in y,(co), e ,y,gT)
are optimally congruent. Now, for example using n-dimensional cubic splines,
it is possible to determine curves y(7), 7 € [0,T], such that

yi(t) =y

Each curve y(t) describes the movement of an object wy, in an indefinite scalar
product space with metric G, and if it is assumed that these curves are sort of
“shortest curves” the situation appearing here has a well-known counterpart in
physics: Einstein’s theory of gravitation.

In general relativity the moving objects are cosmological objects such as
galaxies or planets, and the curves are the geodesics of an Riemannian space
with metric

-1

-1

G(z,y,2,t) = + W (z,y,2,1)

-1
1

where ¥(z,y,2,t) = [Yap(x,y, 2,t)] is symmetric [SU]. Isn’t it possible that
similar laws apply in cognition and that the curves y(t) are just geodesics
in an Riemannian space? If this is true, are there more and deeper analogies
between cognition and the universe?

Although this seem to be very interesting questions, their discussion is far
beyond the scope of this work, so that they must be clarified at another place.
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