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Frequently used symbols

Unless otherwise stated the following symbols denote:
A a square complex matrix, the eigenvalues of Az = AA*x are of interest
A*  either the transpose AT or the conjugate transpose AH of A
M ,N square complex matrices, the eigenvalues of Max = ANz are of interest where

M = M* is symmetric/Hermitian, N = —N* skew symmetric/skew Hermitian
o {)\, if x=H
A ifx=T
% = 00, é = 0 conventions to unify treatment
[a] rounding towards next larger integer
|a] rounding towards next smaller integer
Q,U,V  complex unitary or real orthogonal matrices
R right triangular (R :tl) or right antitriangular (R = A) matrix
I,,I identity matrix of order n, the subscript is omitted, if clear from the context
er the k-th standard basis vector; the k-th column of the identity matrix
F,,F =lep,...,ea,e1], the flip matrix of order n
Jn(A)  Jordan block of order n corresponding to eigenvalue A
Fpn(A) = FJ,(\) flipped Jordan block
rev,P(A) reversal of the polynomial P());

reve(Ag + AA+ . AZNT) = AN+ AN A+ AT

Exceptional eigenvalues of palindromic and even pencils:

structure\x ‘ T R H
palindromic | 1,—1 Al =1 Al =1
even 0,00 Re(A) =0,00 Re(A)=0,00

Triagularity of products, inverses, transposes, flips of triangular matrices:

g
~
b
b
5

NNV A=
N[ A
HZan
HINE
ZEERN

NN AV

NNV A

L AN

AV NN

In matrix diagrams:
x: a potentially non-zero element of a matrix,
0: a zero element of a matrix,
space: same as 0,
+: fill-in, an element that was introduced by the last transformation,
0: an matrix element that has been annihilated in the last transformation,
gray: rows/columns affected by the last transformation.
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Even Kronecker blocks

(|: Op JF(A)* :| , |: Op —-F :|> c (C2p><2p % CQpXZp’ P c N, A c C

Tep(A): Jr(A) 0, F 0,
0 Jrp(A)T

._ ) 0 _Fp ® I 4px4p 4px4p
Jep(a, B) '_([JF,p(A) 0 ’[Fp®12 0 DGR x R4P*4P,

withp € N, o, 5 € R\ {0}

Epipe:i=o0 (JF(O), (;% Bf ) € CP*P x CP*P, p € Neven
Egopo(0) =0 (Jrp(B),iF) e CP*P x CP*P pe N, R
Epsp = (ng, [ _JOl;(O) }) € CP* 5 CP*% e N
Orgw —5k
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Palindromic Kronecker blocks
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00 Jpp (V)

A=1, ifx=T
Epl,pp()\) =0 0 VA ef '
0

€CP*? peN odd,with{

| Flg) 0 AN =1, iftx=H
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1
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Chapter 1

Palindromic and Even Eigenvalue
Problems

In languages palindromes are words or phrases that do not change when read from back to
front, i.e., they are invariant under reversing the order of the letters. Prominent examples of
this sort are ’dad’, ’rotor’, or the German ’'Rentner’, and 'Reittier’ meaning pensioner and
mount, respectively. Well-known phrases include

I prefer Pi.
Sex at noon taxes!
Was it a cat I saw?
A man, a plan, a canal, Panamal

and Peter Hilton’s masterpiece
Doc, note, I dissent. A fast never prevents a fatness. I diet on cod.

(all taken from [68].) There is even a (working!) C program consisting exclusively of palin-
dromes!.

In mathematics it makes sense to talk about palindromic polynomials like p(\) = 5\* +
A3 4+ 2)\2 + 7T\ + 5, where the coefficients form the palindromic sequence 5,7,2,7, 5.

Passing from scalar to matrix coefficients results in palindromic matrix polynomials,
P(X) = Zf:o A" where A; = Ap_; € C™™. While these polynomials are interesting in
themselves, a slight variation recently received a lot more attention: the x-palindromic poly-
nomials P(\) = Zf:o A;N', where A; = A} . € C™" and A* denotes the transpose or
conjugate transpose of A. So, x-palindromic polynomials are invariant under reversing the
order of the coefficients — and (conjugate-) transposing. In this work only *-palindromic
problems are considered which we call (slightly inaccurately) palindromic problems (without
the star).

An eigenvalue problem arises when asking for singular points of the polynomial together
with a nontrivial null space vector, i.e., by requesting a scalar A and a nonzero vector x such
that P(\)z = 0. Polynomial x-palindromic eigenvalue problems were introduced and analyzed
in [68].

'see http://www.ioccc.org/1987/westley.c
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In this work the scope is restricted to the linear case (AjA + Ap)z = 0. This does not
mean a strong restriction, see further below. Upon substitution of —\ for A we obtain the
linear palindromic eigenvalue problem

Ax = NA™z. (1.1)

where A is a square complex matrix and A* denotes the transpose or conjugate transpose of
A. We chose to use (1.1) instead of the linear palindromic polynomial because it is closer to
the standard form of generalized eigenvalue problems Ax = ABzx.

A further palindrome, Never odd or even [67], nicely relates to the second kind of structure
covered in this work: matrix polynomials whose coefficients alternate between symmetric and
skew symmetric matrices,

k
P(\) =Y AN, where Af = (—1)'4; € C™", i =0,... k.
i=0

These are called x-even or simply even, because P(—\) = P(\)*. As for palindromic problems,
in the following only the linear even eigenvalue problems of the form

Mz = ANz, with M = M*, N = —N*. (1.2)

will be considered.

Palindromic and even linearizations

Most polynomial palindromic and even eigenvalue problems can be transformed into linear
eigenvalue problems of the same kind. For example, the quadratic palindromic problem
(A2A% + MNA; + Ag)z = 0, A} = A can be written as [68]

A¥ Al - Ao Ao Ao AT o
Ol M (a2 W) [0
Note that both rows resemble the original quadratic problem. Their difference establishes

the claimed structure of the vector [AzT,27]T provided that A; — Ay — A} is nonsingular.
Similarly, a cubic palindromic problem (A3 Af+ A2 A%+ AA; + Ag)z = 0 can be restated as [59)]

[en]

0 0 —A 0 Ay 0 P
A AB A7 0 + 0 Ar Ay Ax | =0.
0 A5 0 —Ay 0 0 x

Here the second row resembles the original cubic problem. The first and third rows establish
the claimed structure of the vector [A2z7, \x™, 27]" provided that Ag is nonsingular.

A structure preserving linearization for cubic palindromic polynomials without restriction
is Ax + MA*x = 0 with

2A0 — AS + A1 I 0
A= I 0 I . (1.3)
0 I —24,— AS + A

A derivation of this form is given in Section 2.1.
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It is well known, that the quadratic even problem (A\2As + AAj + Ag)x = 0, where Ay, Ao
are symmetric and A; is skew symmetric, can be rewritten as

Ao x| \ 0 As | | Az
AO i o —AQ —Al x
provided that Ay is nonsingular.
For cubic even polynomials, (A3 Az + A2 A5+ AA; + Ag)z = 0, we have the linearization [3]

Ay Ay T
A I+ . (1.4)
I —A — Ay

For more structure preserving linearizations of even polynomials see [3, 21, 68, 73]. A
method to construct palindromic linearizations for palindromic polynomials of any degree is
presented in [68]. A palindromic linearization that has nearly block Toeplitz structure can be
found in [59]. Both approaches impose mild restrictions on the coefficient matrices. In [21]
so-called trimmed linearizations were introduced in order to overcome these restrictions.

All this justifies restricting the scope of this work to linear problems of the forms (1.1)
and (1.2) only.

Applications

Palindromic and even eigenvalue problem arise in a number of applications including the
modeling and analysis of the vibrations of rail tracks under the excitation of high speed
trains [43, 44]. Many more applications can be found in [68]. At this point we mention in
particular two applications in the area of control theory.

Example 1.1 A continuous-time descriptor control system [57, 72] has the form
Ei(t) = Az(t) + Bu(t), z(0)= xo,

where E; A € R™*" B € R™*P o € R", and u : Ry — RP sufficiently smooth are given
and x : Ry — R" is wanted. Under standard assumptions there exists a unique solution
x(t) called state that of course depends on u(t) called control. The problem of determining a
function u(t) that minimizes the objective function

FEGY 3 AR

5% }SJ is symmetric, positive semidefinite is known as continuous time linear quadratic
optimal control problem. Under further standard assumptions, a sufficient condition for the

solution is given by the boundary value problem

where {

0 E 0] [a) 0 A B [u@)
~ET 0 o| |z(t)| = |AT Q S| |=(t)
0 0 0f [a() BT ST R| [u(t)

with the boundary conditions z(0) = xq, lim;_oo ET uu(t) = 0, where u(t) is a Lagrange multi-
plier. The ansatz [(t)T, #()T, a(t)T]7 = Au(®)T, z(t)T, u(t)T]" turns it into an even eigen-
value problem. O
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Example 1.2 Analogously, a discrete-time descriptor control system [12, 72] has the form
E$i+1:A$i—|—Bui+fi, 1=20,...,00

where £, A € R™*" B € R™*P x5 € R", and {u;}°, € RP are given and {z;}°; € R" i
wanted. As before, under standard assumptions there exists a unique solution {x;} called
state that of course depends on {u;} called control. The problem of determining a sequence
{u;} that minimizes the objective function

=5 [ AL

Q S} is symmetric, positive semidefinite is known as linear quadratic optimal control

ST R
problem in discrete time. Under further assumptions it leads to the palindromic eigenvalue
problem

where [

0 FE 0 0 A B
MAT @ S|x=I|ET Q@ S|x (1.5)
BT ST R 0 ST R
—_— [ ——
AT A
see Appendix A for a derivation. O

Properties

Actually, (1.1) represents three different eigenvalue problems, because A* denotes either the
transpose AT or the complex conjugate transpose A” of A. Both cases have similar, though
not identical properties. Unfortunately, as we will see, the real case — when transposing
with/without conjugation coincides — inherits the difficulties of both complex cases. Thus,
we chose to call the real problem a third case (as opposed to consider it a subcase of one of
the other two cases and not mention it anymore). The three cases will be treated in a unified
way wherever possible, addressing the differences whenever necessary.

The structure in the coefficient matrices of (1.1) and (1.2) results in a structure in the
spectrum. Indeed, transposing the palindromic problem (1.1) yields z*A = )\* ¥ A*. So, if A
is an eigenvalue and x an associated eigenvector, then )\—1* is also an eigenvalue with x* as left
eigenvector. Note that for a scalar A\* reduces to either A (if x = H) or just A itself (otherwise).
The pairing also holds for a zero eigenvalue - its counterpart is an infinite eigenvalue. In the
whole thesis, we use the conventions % = oo and é = 0 in order to unify the treatment of finite
and infinite eigenvalues. Since the eigenvalues of real problems appear in complex conjugate
pairs, the eigenvalues of real palindromic problems occur in quadruples (A, A, 1/A,1/)). Also
the number and sizes of Jordan blocks corresponding to the eigenvalues A and )\% coincide, as
is shown in Section 2.2.2. For real problems an analogous statement holds.

The eigenvectors corresponding to A and /\—1* are guaranteed to be linearly independent,
provided that the pairing is nontrivial, i.e., that A # /\—1* This condition is violated for the
so-called x-exceptional eigenvalues satisfying A*A = 1 which is the case for £1 (if x = T)
or every value on the unit circle (if x = H). A major difference between the two complex
palindromic problems is that there are only finitely many T-exceptional eigenvalues while
there is a whole continuum of H-exceptional eigenvalues. The exceptional eigenvalues of real
palindromic problems are also given by the whole unit circle, because it cannot be guaranteed
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that the deflating subspaces for the pairs (A, A) and (1/A,1/)) are linearly independent. This
fact supports our above statement that the real problem combines the problems of the two
complex ones.

Returning to even problems, (conjugate) transposing (1.2) yields 2*M = —Az*N. Hence,
the eigenvalues of an even problem come in pairs (A, —A\*), and the eigenvalues of real even
problems appear in quadruples (\, X, =\, —/_\). Again, also the number and sizes of Jordan
blocks corresponding to A and —\* (every eigenvalue of a quadruple, respectively) coincide,
see Section 2.2.1. Exceptional eigenvalues of x-even problems are such that A = —A*, which
are 0 and oo in the T-case and the whole imaginary axis including oo in the real and the
H-case.

Hamiltonian and symplectic problems

Palindromic and even eigenvalue problems are strongly related to two other classes of struc-
tured eigenvalue problems: the Hamiltonian and symplectic eigenvalue problems which are
well studied, see for example [2, 7, 8, 9, 17, 23, 28, 40, 64, 72, 82, 75, 91, 94]. Let J = [ % {]
(where all four blocks are of the same size). A matrix H is called x-Hamiltonian, if 7H =
(JTH)*. Tt is called x-symplectic, if S*J7S = 7.

The eigenvalues of a Hamiltonian matrix come in pairs (A, —\*), i.e., they show the same
symmetry as even problems. This suggests a relation between the two problems. Indeed,
Hzx = Az becomes the even eigenvalue problem JHx = AJz upon premultiplication by J.
So, the even eigenvalue problem is a generalization of the Hamiltonian problem.

Symplectic matrices have reciprocally paired eigenvalues, just like palindromic problems.
However the relation between these two problems is much less understood. In Section 2.2.2 we
answer the question if every x-symplectic matrix S can be factored into A™*A. (The answer
is ’yes’ for x = H and 'no’ for » = T" and real matrices.)

This work

Often, palindromic and even eigenvalue problems model real world processes and the sym-
metries in the spectra reflect physical properties of these processes. This implies that only
methods that compute paired eigenvalues provide physically meaningful results. But, due to
rounding errors, the eigenvalues computed by standard methods for the generalized eigenvalue
problem (like the QZ algorithm) may lose their pairing. The wish to obtain paired eigenvalues
motivated the research that lead to this thesis. It is all about analyzing these symmetries
and designing algorithms that preserve them. A great source of ideas and concepts is given
by the theory and methods developed for Hamiltonian and symplectic matrices. These will
be adapted and generalized to even and palindromic problems.

The thesis is structured as follows: Chapter 2 analyses the posed problems in terms of
canonical forms under both nonsingular and unitary transformations. The former completely
characterizes spectral properties, whereas the latter can serve as target for numerical methods.

One such method is the palindromic QR algorithm. This adapted version of the standard
QR and QZ algorithms is discussed in detail in Chapter 3. This method has several excellent
properties regarding speed, stability and memory consumption, but loses much attraction by
the lack of a reduction to a Hessenberg-like form making the palindromic QR algorithm an
O(n*) process.
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The gap is filled by the Algorithms in Chapter 4 and Chapter 5 addressing the H- and
the T-case separately. Chapter 4 introduces skew symmetric generalized eigenvalue problems
and an efficient algorithm to solve them. It is then examined how the H-even problem can be
tackled by transforming it into a skew symmetric one. Chapter 5 describes a modification of
this approach for T-palindromic and T-even problems using a new matrix factorization: the
antitriangular URV decomposition. It is also discussed how the results of this method can be
postprocessed into a Schur-like form.

Chapter 6 briefly describes several further methods. These include the Laub trick that
solves the structured problem using the unstructured, but fast QZ algorithm, but has problems
with close to exceptional eigenvalues. A palindromic block refinement method is covered
subsequently. This iterative refinement method is attractive if a problem is almost solved or
as post processing step, but is too slow in general. Finally, a hybrid method is discussed that
combines the strength of the individual methods described before.

Notation

The set of positive numbers 1,2, 3,... is denoted by N. The set Ny contains additionally O.
The identity matrix of order n € N is denoted by I, its k-th column — the k-th standard
basis vector — by ey, and F,, = [en, ..., €2, e1] denotes the flip matrix of order n, sometimes
also called reverse identity or SIP (for standard involutory permutation),

In — .. ) c Rnxn’ FTL — ) K c Rnxn'

The subscript will be omitted if it is clear from the context. If a matrix is premultiplied by
F, it is flipped upside-down. Postmultiplication effects a flip leftside-right.

If B,CC™"™ are matrices of the same size, we do not distinguish between the pencil
B — \C (with an indeterminant \) and the pair (B,C). In particular, we call also (B, C)
a pencil. Simultaneous equivalence transformations on pencils are written as P(B,C)Q :=
(PBQ, PCQ) where P € C™*™ () € C™*™ are nonsingular. A pencil (B,C) € C™*" x C™*"
is called regular, if m = n and the characteristic polynomial is not vanishing identically,
det(B — AC) # 0. An eigenvalue ) is semisimple, if its algebraic and geometric multiplicities
coincide. Otherwise it is defective. A vector x is said to be an eigenvector to the eigenvalue
oo of (A, B), if x is an eigenvector to the eigenvalue 0 of (B, A). The set of eigenvalues of a
matrix A (of a pencil (B, C)) is denoted by A(A) (by A(B,C)).

Equivalence transformations of the form A — @Q*AQ are called x-congruences. If @ is
unitary we speak of unitary x-congruences. If () is real then the transformation is called a
real congruence.

A square matrix A is called (lower) antitriangular if a;; = 0, whenever i 4+ j < n. Such a

matrix is depicted by A = A The transpose of an antitriangular matrix is again antitrian-
gular, whereas its inverse (if it exists) is upper antitriangular. We depict such statements by

A‘ ! :[7. See the following figure for triangularity of products, inverses and transposes of
(anti-) triangular matrices.
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AT A1 | FA AF

N AV
OO VIN N AV
N A0
IR

N NV A
AV IN N
N UY AN N

The Kronecker product (e.g., [45]) of two matrices A € C™*™ and B € C**! is defined as

NNV A=

anB aisB -+ a1nB
aep |0 2P B,
am.lB am.gB . am.nB
It has the useful property that
vec(AXB) = (BT @ A)vec(X), (1.6)

where vec(-) denotes the vectorization operator that stacks the columns of X upon each other.
Further, we use the symbol & for the direct sum, i.e., A® B = [A B]. Rounding a scalar
a towards the next larger (the next smaller) integer is written as [«a] (as |a]).
More notation will be introduced when needed.
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CHAPTER 1. PALINDROMIC AND EVEN EIGENVALUE PROBLEMS




Chapter 2

Palindromic and Even Canonical
forms

This chapter discusses the algebraic properties of palindromic and even eigenvalue problems
in terms of canonical forms and reduced forms.

Section 2.1 introduces the Cayley transform that relates palindromic and even problems
to each other. Section 2.2 presents normal forms for even and palindromic pencils that allow
to read of the complete spectral properties. Section 2.3 is concerned with structured Schur
forms, i.e., canonical forms under unitary transformations. These also reveal all eigenvalues
and are eligible as targets of numerical algorithms. Section 2.4 covers staircase algorithms
and forms that can be used to strip off singular parts from a singular pencil.

2.1 Cayley transform

The Cayley transformation reformulates the generalized eigenvalue problem Bx = AC'z as

(B+C)z = %(3 ~O)a. (2.1)

The pencil (B, () and its Cayley transform have the same eigenvectors and the eigenvalues
are transformed as \ — p(\) = %

It is straightforward to check that regularity and singularity are preserved, i.e., a pencil
is singular if and only if its Cayley transform is singular.

Applying the Cayley transform twice to the problem Bx = ACx yields

A+l
(B+C)+(B=Cha= 37— ((B+0) = (B-O)x
A—1

which simplifies to 2Bz = A\2Cz. Thus, when treated as map acting on pencils C : (B,C) —
(B+ C,B — (), it holds that C o C = 2Id. This implies that the relation p = % is self
inverse, i.e., A = “—ﬂ Note that an eigenvalue A = 1 is not problematic. It is mapped to oo
by the first Cayley transform and back to 1 by the second one.

Using the Cayley transformation, the treatment of palindromic and even problems can

be unified, because the Cayley transform (M + N)z = %(M — N)z of an even problem

17
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is palindromic, whereas the Cayley transform (A + A*)z = $1(A — A*)x of a palindromic
problem is even.

Note that the exceptional eigenvalues of the one are mapped to the exceptional eigenvalues
of the other. Indeed, p(0) = —1,u(—1) = 0 and p(oo) = 1, (1) = co. Also, for A = a + i3
on the umit circle (i.e., o + 3% = 1) we have u(a + i3) = %z on the imaginary axis, and
vice versa.

The Cayley transformation can be generalized to polynomials as follows [68]: the Cayley
transform of a matrix polynomial P()) of degree k is defined as Po(u) := (pu — 1)kP(Z—ﬂ)
Note that the linear polynomial B — A\C' is mapped to u(B — C) — (B + C) which corresponds
to the pencil (2.1). So, the polynomial Cayley transformation is indeed a generalization of
the pencil transformation.

Example 2.1 The palindromic linearization (1.3) can be derived as the Cayley transform
of the structured linearization (1.4) as follows.

Consider the cubic x-palindromic matrix polynomial P(\) = A3Af + A\2AT + AA; + Ao.
Substituting A = Z—ﬂ and multiplication by (u — 1) results in the polynomial

pt1

Peo(p) == (p — 1)3P(ﬁ) = 13 (Af + AT + A1 + Ap) + 2 (BAS + AT — A1 — 3A0)+
B3 By
n(3A5 — AT — A1 +340) + (A5 — AT+ A1 — Ag)  (2:2)
B, By

The coefficients of Po alternate between symmetric and skew symmetric, more precisely
B; = (—1)""1B*. Polynomials with this property are called odd, because Pc(u) = —P(—pu)*.
Odd polynomials are a variant of even polynomials and can be treated analogously. For
instance, scaling the middle row of (1.4) by —1I results in an odd linearization of an odd cubic
polynomial. Applying it to Po(u) gives

B3 By 1
W I |+ -1
I —B; —By
Carrying out a second Cayley transformation, i.e., backsubstituting p = % and multiplying
by A — 1 we get

B3+ By 1 B3 — By -1
A —1I 1 + 1 1
I —B;— By I —-By+ By

which is, in fact, palindromic. A congruence transformation with diag(-, /2, =) ® I results

vV
in (1.3).

Applying this process to the even linearizations in [3] we obtain palindromic linearizations
for any polynomial degree. These linearizations are block tridiagonal and for odd degrees
do not pose any constraints on the palindromic polynomial. For even degrees, on the other
hand, the constant coefficient Ag has to be invertible and indeed its inverse appears in the
linearization. Note that the occurrence of the inverse can be eliminated by scaling a certain
row and column by Ag, but the invertibility is still needed. O
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2.2 Structured Kronecker forms

In this section we present canonical forms for palindromic and even pencils under structure
preserving transformations that reveal all spectral information. These forms can be thought
of as analogons of the Kronecker canonical form for general matrix pencils B — AC, see below.
However, in contrast to the Kronecker canonical form, these canonical forms are themselves
palindromic or even and are obtained under structure preserving transformations. Thus, the
forms do not only reflect the spectral symmetry of the given pencils, but also additional
invariants, if there are any.

Spectral information for pencils is invariant under equivalence transformations, but these
transformations in general destroy the palindromic and even structures. Thus, we restrict the
class of allowed transformations to x-congruences that preserve both structures:

P*(A,A")P = (A, A*), A= P*AP;
P*(M,N)P = (M,N), M =M*"=P*MP, N=—-N*=P*NP.

How could canonical forms look like for these structured pairs? Consider the following: if
A=A410A® - @A, or (M,N) = (M,N1)® (M2, N2) & - @ (M, Ni) are block diagonal
with square blocks then the problems decouple and the spectra are the unions of those of
the small problems, i.e., A(4, 4*) = U, A(A;, A), and A(M, N) = J"_, A\(M;, N;). On the
other hand, assume that A, or M, N are antitriangular. Then the characteristic polynomials
can be written as

det(A—MAY) = H(ap1 — )\ain)(an_m — )\a’ﬁ,nfl) (a1, — )\azyl),
det(M —AN) = £(Mp1—ANp1)(Mp—12—ANp—12) - (M1 — AN1y) (2.3)

and the roots/eigenvalues can be read off. Thus, we aim at canonical forms of a square matrix
or an even matrix pair under x-congruence that are block diagonal with antitriangular blocks.

Some more notation is needed at this point. Throughout this thesis, we will write
Jn(N), JEn(X) to denote a Jordan block corresponding to an eigenvalue A, and the "flipped”
Jordan block of order n € N, respectively, i.e.,

Al A

Jn(\) = e Jpa) = T e
A Al
The subscript n is omitted if the size is clear from the context. Note that the matrix J, ()

is not to be confused with J = [_0] 6] Analogously, for a 2 x 2 real matrix A we define the
block versions

A I A

I e R2n,2n.

In(A) = ' ' , JEn(A) =
. IQ -

A A Db

In the relevant case that A has two distinct eigenvalues A1, Ao the Jordan canonical form of

Jn(A) is given by J, (A1) @ Jn(A2).



20 CHAPTER 2. PALINDROMIC AND EVEN CANONICAL FORMS

Further, for n € Ng we define S, and Sg, as

10 0 1
10 0 1

Note that S7, o and Sg o are 0 x 1 matrices. Thus, Sy o® S}?:O is the 1 x 1 zero matrix. Again,
if the size is clear from the context then the subscript is omitted.

With these conventions we are able to state the classical Kronecker canonical form for
matrix pairs, see, e.g., [34, Chapter XII].

Theorem 2.1 (Kronecker canonical form) Let B,C € C™*". Then there exist invertible
matrices P € C™*™ @ € C™"™ such that
P(B,C)Q = diag((Bi1,C1), (B2, C2), . .., (B, Ci)) (2.4)

is a block diagonal pencil and every block (B;, C;) is of one of the following forms:

1. (Jp(N), Ip);

2. (Ip, Jp(0));

3. (FpSL,p’ FpSR,p);

4o (Fp1ST s Fpr1Sh ),

where F' denotes the flip matriz and p, A depend on the individual blocks.
Furthermore, the kind, size, and quantity of the blocks in (2.4) are uniquely determined.

We call (J,()), 1) a Jordan block of order p for a finite eigenvalue A. Analogously, (I, J,(0))
is called a Jordan block of order p for an infinite eigenvalue. Moreover, F},(Sr, 5, Srp) is called
left singular block of minimal index p, whereas Fp+1(S£pa ngp) is called a right singular block
of minimal index p. A pencil is regular if its Kronecker canonical form contains neither left
nor right singular blocks.

2.2.1 Even Kronecker forms

Below, we state even versions of the Kronecker canonical form. As preparation we discuss
the following collection of even pencils that provides an overview of the spectral properties of
even eigenvalue problems.

e If a x-even pencil is of the form

o Op JF()‘)* Op —F 2pX2p 2pX2p
JEp(N) '_<[JF()\) 0, | F oo, eC x C ,peN, A eC,
(2.5)

then (by flipping the whole pencil upside down) its Kronecker canonical form consists
of a Jordan block for eigenvalue A and one for eigenvalue —\*, both of order p. This
behavior is typical for even pencils and suggests that the nonexceptional eigenvalues
not only appear in pairs (A, —A*), as observed before, but also coincide in their Jordan
structure. The pencil Jg , () is called even Jordan block for eigenvalues A\, —A\* of order
.
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(finite exceptional eigenvalues) The T-even pencil

Op —F
2

Epipo :=0<JF(0)a F 0
2

> € CP*P x CP*P p € Neven,o € {1,—1}  (2.6)

is equivalent to a Jordan block for an eigenvalue 0 of order p. So, the T-exceptional
eigenvalue 0 can occur in single Jordan blocks of even order, i.e., it is not paired with
another Jordan block.

Analogously, the H-even pencil
Egopo(B) =0 (Jrp(B),iF) e CP*P x CP*P pe N, e R,0 € {1,-1} (2.7)

is equivalent to a Jordan block corresponding to an eigenvalue A = % of order p. So,
B

the H-exceptional eigenvalue = can occur in single Jordan blocks.

(infinite eigenvalues) If a T-even pencil is of the form

. OP _‘]F(O) 2pX2p 2pXx2p
EEg’p = (ng, |: JF(O) Op eC x C , pEN (28)

then (again, by flipping the whole pencil upside down) its Kronecker canonical form
consists of two Jordan blocks for the eigenvalue co, each of order p.

Jordan blocks for infinite eigenvalues can also occur in single Jordan blocks: the T-even
pencil

Epipo =0 (Fp, ) eECPP x CP*P peNodd, o€{l,-1} (2.9)

is equivalent to one Jordan block for an eigenvalue oo of odd order p.

An analogous example for H-even pencils is
Egspo =0 (F,iJp(0)) € CP*P x CP*P, pe N,o € {1,—-1} (2.10)
which is equivalent to a Jordan block for an eigenvalue oo of order p.

(singular pencils) If a x-even pencil is of the form

g — (| O Sk Op+1 —ST € C2PHIXHL o O L e N (2.11)
Ep - Skr Op ’ St Op ’ 0 ’

then (by flipping the whole pencil upside down) its Kronecker canonical form consists
of a left singular block and a right singular block, both of minimal index p.

We call Sg ) an even singular block of minimal index p.

Remark 2.1 The blocks defined in (2.5)—(2.11) (and others introduced later) are named by
the following convention: every block label is of the form Xy, »(X) or Xy, o (v, 3), where

e X € {J,E,S} depending on whether this is a structured Jordanblock for a nonexcep-

tional eigenvalue, a structured Jordan block for an exceptional eigenvalue, or a block
corresponding to singularities in the pencil;
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Y € {E, P} depending on whether the block is for even or palindromic pencils;

n € N (optional) is a consecutive number, if there are several blocks of one type; for
example, the blocks of (2.6)—(2.10) all are even Jordan blocks for exceptional eigenvalues;

p € Ny denotes the order of the eigenvalues (if X € {J, E}) or the minimal index [34]
of the singular blocks (if X = S); p does in general not denote the size of the block;

o € {1,—1} (optional) denotes a sign;

A € C (optional) denotes the eigenvalue;

a, 3 € R (optional) where o + i3 denotes the eigenvalue.

O

It turns out that the above collection describes the complete spectral properties of complex
even pencils as is assured by the following results.

Theorem 2.2 (T-even Kronecker form) Let M = MT N = —NT € C""™. Then there
exists a nonsingular P € C"*" such that

PT(M,N)P = diag((M1, M), ..., (M, Ny)) (2.12)

is a block diagonal pencil, where every diagonal block (Mj, N;) is of one of the following forms:

1. Jgp(X) with (Re(X) < 0) or (Re(A) =0 and Im(X) > 0), and x =T;

2. Jgp(X) with A =0 and p odd;

3. Egipa;

4. Egsp with p even;

5. Egapa;

6. Sk,p-
Furthermore, the kind, size, and quantity of the blocks in (2.12) are uniquely determined.

Proof: This form is a slight variation of the canonical form proved in [89, Theorem 1]. The
blocks presented here can be obtained from the blocks proposed in [89] by simple congruence
transformations consisting of flipping or negating some rows/columns. O

For the H-case there is an analogous result with slightly different blocks.

Theorem 2.3 (H-even Kronecker form) Let M = M7 N = —NH ¢ C"*". Then there
exists a nonsingular P € C™*™ such that

P"(M,N)P = diag((My, Ny), ..., (M, Ny)) (2.13)
is a block diagonal pencil, where every diagonal block (M;, Nj) is of one of the following forms:

1. Jgp(A) with (Re(\) < 0) and x = H;
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2. Ep2po(0);

3. EES,p,a;'

4. SEp.
Furthermore, the kind, size, sign, and quantity of the blocks in (2.13) are uniquely determined.

Proof: This form follows directly from a canonical form for Hermitian pencils presented
in [88] applied to (M,iN). O
The signs ¢ are consequences of the Sylvester law of inertia. They are additional invariants
under H-congruence. We call o the sign characteristic of a signed even Kronecker block.
This is a slight abuse of the notation in [35], where all the signs of the signed blocks in the
canonical form of a given pencil form the sign characteristic of that pencil.

The real case combines the properties of the two complex cases. Thus, there will be special
blocks for eigenvalues 0, co as well as for eigenvalues on the imaginary axis. As usual with
spectrum revealing canonical forms for real matrices, complex conjugate eigenvalues will be
combined to real 2 x 2 blocks.

We have the following additional blocks:

e The Kronecker canonical form of

. 0 Jrp(A)T 0 —F, ® I Apxdp Apx4p
JEm(a’ﬂ) o ([ Jva(A) 0 7 Fp ® Iy 0 <k <R ’
a —f3
8 «
consists of one Jordan block of order p for each of the four eigenvalues A = a +
18, A\, —A, =\ as becomes obvious upon premultiplication by Fs, ® I5.

withp € N, A = [ ],a,ﬂe]R\{O}, (2.14)

o If (M, N) is of the form

Erepo(B) =0 <JF,,,( [g g] ). F, ® [_01 éD cCT® peN, §eR\ {0},
ce{l,—1} (2.15)

then the Kronecker canonical form of (M, N) consists of one Jordan block of order p
for each of the eigenvalues A1 o = £f31.

Theorem 2.4 (real even Kronecker form) Let M = MT N = —NT € R™"™, Then
there exists a nonsingular P € R™"™ such that

PT(M,N)P = diag((My,N1),..., (M, N;)) (2.16)
is a block diagonal pencil, where every diagonal block (M;, N;) is of one of the following forms:
1. Jgp(X) with A€ R, A <0, and x =T
2. Jpp(a, B) with o, 3 < 0;
3. Jgp(0) with p odd;



24 CHAPTER 2. PALINDROMIC AND EVEN CANONICAL FORMS

4. EE1po;
5. Egepo(B) with > 0;
6. Egsp with p even;
7. Egapo;
8. Sep-
Furthermore, the kind, size, sign, and quantity of the blocks in (2.13) are uniquely determined.

Proof: This form is a slight variation of the canonical form proved in [89, Theorem 2]. The
blocks presented here can be obtained from the blocks proposed in [89] by simple congruence
transformations consisting of flipping or negating some rows/columns. O

Example 2.2 The pencil

8 2 4 1 —4 -7 —12] o 2 0 —-10 1 0
2 4 10 7 2 -1 -6 -2 0 2 1 2 3 2
4 10 16 13 8 5 0 0 -2 0 -1 0 1 O
(M,N) = 1 7T 13 10 5 2 3,1t -1 1 0 1 2 -1
-4 2 8 5 0 3 8 0 -2 0 -1 0 -1 0
-7 -1 5 2 3 6 11 -1 -3 -1 -2 1 0 1
-12 -6 0 3 8 11 16 L0 -2 0 1 0 —1 0
is R-congruent to
3 -1 1 0
PT(M,N)P = 31 , -1 e 1 , 0 —1
3 1 1 01 0
3 1 1

Thus, by above considerations, the pencil (M, N) has the double eigenvalues 3 and —3 and a
triple eigenvalue at infinity. The classical unstructured Kronecker canonical form of is given
by

(Jg(?)) © JQ(—3) D I3, 10D 1B Jg(O)).

([l
Example 2.3 The real even pencil
-6 2 2 5 —4 o 1 3 1 -1
2 -5 —4 1 3 -1 0 -1 -2 -1
(M,N) = 2 -4 2 3 1],/-3 1 0 1 =2 (2.17)
5 1 3 3 4 -1 2 -1 0 0
-4 3 1 4 =2 1 1 2 0 O
is R-congruent to
0 02 1 00l-1 0
0 0 |—-1 2 0 0] 0 —1
> 110 ol'lT 00 o @ (—1,0). (2.18)
1 210 0 0170 O
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The first block has the four eigenvalues £2 4 ¢ and the second block represents an infinite
eigenvalue. Note that by Theorem 2.4 the second block cannot be transformed to (1,0) by
real congruences.

Under complex H-congruence the pencil (M, N) can be further reduced to

(Bt Do )L dDecrn e

Here, the first block covers the eigenvalues 2 — i, —2 — ¢ and the second block carries the
eigenvalues 2 + i, —2 + i. By Theorem 2.3 the third block cannot be transformed to (1,0)
even by complex H-congruences.

Under complex T-congruence the pencil (M, N) can be reduced to

([Q?ri 23¢]’[(1) _01])@([222- 282']7[(1) _01])@(1,0). (2.20)

This time, the first block covers the eigenvalues 2 + i, —2 — ¢ and the second block carries the
eigenvalues 2 — i, —2 + i. Using the complex T-congruence i(—1,0)i, the third block can be
transformed to the block (1,0). O

A direct consequence of Theorems 2.2, 2.3, and 2.4 and the spectral properties of the
particular blocks is the following characterization of the Kronecker canonical form of even
pencils.

Corollary 2.5 a) A pencil is equivalent to a T-even pencil if and only if its Kronecker canon-
ical form has the following properties:

1. for every A € C\ {0},p € N, the number of Jordan blocks for the eigenvalue A\ of size p
equals the number of Jordan blocks for the eigenvalue —\ of size p;

2. for every p € N, even, the number of Jordan blocks for the eigenvalue oo of size p is
even;

3. for every p € N, odd, the number of Jordan blocks for the eigenvalue 0 of size p is even;

4. for every p € N, the number of left singular blocks of minimal index p equals the number
of right singular blocks of minimal index p.

b) A pencil is equivalent to an H-even pencil if and only if its Kronecker canonical form has
the following properties:

1. for every A € C,Im(\) # 0,p € N, the number of Jordan blocks for eigenvalue A of size
p equals the number of Jordan blocks for eigenvalue —\ of size p;

2. for every p € N, the number of left singular blocks of minimal index p equals the number
of right singular blocks of minimal index p.

¢) A real pencil is equivalent to an R-even pencil if and only if its Kronecker canonical form
has the following properties:

1. for every A € C\ (RUR),p € N, the numbers of Jordan blocks for eigenvalues
A A=A, = of size p are equal;
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2. for every A € (RUIR)\ {0}, p € N, the number of Jordan blocks for eigenvalue A of size
p equals the number of Jordan blocks for eigenvalue —\ of size p;

3. for every p € N, even, the number of Jordan blocks for eigenvalue oo of size p is even;
4. for every p € N, odd, the number of Jordan blocks for eigenvalue O of size p is even;

5. for every p € N, the number of left singular blocks of minimal index p equals the number
of right singular blocks of minimal index p.

2.2.2 Palindromic Kronecker forms

In the following we list structured Kronecker forms for palindromic pencils.

As for even pencils we start by studying a collection of certain palindromic pencils to get
an idea of the spectral properties of palindromic eigenvalue problems. Regarding the block
names see Remark 2.1.

e If A is of the form
Jpp(N) = [ 2;’ JFoi,A) ] e C?*% peN, (2.21)

then the Kronecker canonical form of the *-palindromic pencil (A, A*) consists of a
Jordan block for an eigenvalue A and one for 1/\*, both of order p. This suggests that
the nonexceptional eigenvalues A and 1/A* do not only appear in pairs, but do also agree
in their Jordan structure. This block is called palindromic Jordan block for eigenvalues
A, 1/A* of order p.

e (exceptional eigenvalues) Let A be of the form

0
Epips(\)i=c| 0 VA el e CP*? peNodd,o e {1,—1},
Flg; 0 0

A=1, ifx=T
with BT g 99)
A =1, if x=H.

By inspection of A™*A and noting that A = 1/\* = v/\/ VA", the Kronecker canonical
form of (A, A*) contains a single Jordan block for the eigenvalue A of odd order p.

Similarly, let A be of the form

0 Jre(d)

Fo  rereT € CP*P peNeven, v+# 0,0 € {1,—-1}
3

A=—1, ifx=T
with{ BT (993

Epapory(A) =0

A =1, if x=H.

Forming A~* A shows that (A, A*) has only the eigenvalue A = 1/A* of algebraic multi-
plicity p. Considering the rank of A — AA* shows that A is of geometric multiplicity 1
provided that v — Ay* # 0. Thus, if v — Ay* # 0 then the Kronecker canonical form of
the x-palindromic pencil (A, A*) also contains a single Jordan block for eigenvalue A of
the even order p.
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e (singular pencils) The Kronecker canonical form of a x-palindromic pencil (A, A*) with

Op1 ST
A:SP’?’::[ 5 0,

} e CHHL p e Ny (2.24)
consists of a left singular block and a right singular block, both of order p.

As the following Theorems shows these considerations cover indeed all palindromic spectral
properties.

Theorem 2.6 (T-palindromic Kronecker form) Let A € C" ™. Then there ezists a
nonsingular P € C"*" such that

PTAP = diag(Ay,..., 4) (2.25)

is a block diagonal matriz, where every diagonal block A; is of one of the following forms:

1. Jpp(A) with (|A| < 1) or (]A| =1 and Im(X) > 0);

2. Ep1p1(1) with VX = 1;

3. Jpp(1l) with p even;

4. Jpp(—1) with p odd;

5. Epapi1,1(—1) with p even;

6. Spp.
Furthermore, the kind, size, and quantity of the blocks in (2.25) are uniquely determined.

Proof: See [79, Theorem 1]. The idea of the proof can be found in Section 2.2.3. O

Theorem 2.7 (H-palindromic Kronecker form) Let A € C"*". Then there exists a
nonsingular P € C"*" such that

PHAP = diag(Ay, ..., A) (2.26)
is a block diagonal matriz, where every diagonal block Aj; is of one of the following forms:
1. Lpy(N) with |A] < 1;
2. Epipo(A) with |A| = 1,arg(VA) € [0,7);

i, if =1,

3. Ep27p7077()\) with ’)\’ = 1,"y = {1

, otherwise;
4. Spp-
Furthermore, the kind, size, sign, and quantity of the blocks in (2.26) are uniquely determined.

Proof: See [79, Theorem 5]. The idea of the proof can be found in Section 2.2.3. O
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Example 2.4 For a nonreal matrix A the pencils (A4, AT) and (A4, A7) can have drastically

different spectral properties. They do not even have to share regularity. For example, let

A=[4 Y and P=1[7"1]. Then PTAP = [98] = Jp1(0), ie., (4, AT) is regular and
(3

has eigenvalues at 0 and co. On the other hand, PHAP = (9] = Ep111(—1) @ Spy, ie.,
(A, Af) is singular and has an eigenvalue at i/i = —1. O

The signs o in the blocks (2.22) and (2.23), again called sign characteristics, are additional
invariants under H-congruence.

Because the real case represents a subcase of the two complex cases, there will be special
blocks for eigenvalues +1, as well as for eigenvalues of modulus 1. As usual with spectrum
revealing canonical forms for real matrices, complex conjugate eigenvalues will be combined
to real 2 x 2 blocks. We have the following additional blocks:

e Assume that A is of the form

- 025 JF(A)
Jp7p(04, 5) T Fp ® I ng

a

€ R with A = [ﬁ

_aﬁ], a,BER,peEN

(2.27)
such that a # 0 # 3,0 + 3% # 1. Then the Kronecker form of the real palindromic
pencil (A, AT) consists of Jordan blocks for the four eigenvalues A = a+i3, A, 1/, and
1/, each of order p. The matrix Jp,(a, ) is called a palindromic Jordan block for the
eigenvalues £« + i of order p.

e (exceptional eigenvalues) Let A be of the form
Op—1 0 Jr(A)

Fepoi®1Ip 0O Op—1 a
2

a,BER Q> +2=1, peNodd, o€ {l,-1} (2.28)

D=

or

A J—
Bripaa8)i=a | 5% o iy, |exmea=g F

Fp @1 (erel) ® I B «

a,feR,a®>+ =1, peNeven, o€ {l,-1}. (2.29)
Note that since o + 82 = 1, A is a rotation matrix, thus A = A*Tl. HerelA% is defined
as a rotation matrix with half the rotation angle of A. Thus, (A2)"TA2 = A. Then,

by looking at A~T A, the Kronecker canonical form of (4, AT consists of two Jordan
blocks of the order p, one for A = a + i and one for A = a —if =1/A\.

We can now state the real palindromic Kronecker form.

Theorem 2.8 (R-palindromic Kronecker form) Let A € R"*"™. Then there exists a non-
singular P € R™™™ such that
PTAP = diag(Ay, ..., A) (2.30)

is a block diagonal matriz, where every diagonal block A; is of one of the following forms:

1. Jpp(A) with A € R, |A| < 1;
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2. Jpp(a, B) with a # 0,8 <0, |a+if] < 1;
3. Ep1po(1) with VA =1;
4. Jpp(1l) with p even;
5. Jpp(—1) with p odd;
6. Epapoi1(—1) with p even;
7. Ep3po(a, B) with B <0, and the rotation angle ¢ of Az satisfies ¢ € (0,7);
8. Epapo(a,B) with f < 0;
9. Spp.
Furthermore, the kind, size, sign, and quantity of the blocks in (2.30) are uniquely determined.

Proof: See [79, Theorem 8]. The idea of the proof can be found in Section 2.2.3. O

Remark 2.2 If A is symmetric or Hermitian, then also the canonical form (2.25) or (2.26)
must be symmetric/Hermitian. But the only such blocks are Spg and Epj 1 ,(1) with Vi=1
and o = { :I:ll :jfl, amounting to the 1 x 1 matrices 0, and +1 respectively. So, every
symmetric matrix A is T-congruent (over C) to [I 0], whereas every Hermitian matrix is
H-congruent to I,,, ® —1I,_ @ 0,,. Thus, we recover the well-known canonical forms of
symmetric/Hermitian matrices under congruence [45]. The triple (ny,n_,ng) is called the
inertia index of a Hermitian matrix. |

Example 2.5 The matrix

4 2 20 -2 -3 -6
0o 2 6 4 2 1 =2
2 4 86 4 3 0
A=|1 3 75 3 2 1
-2 0 4 2 0 1 4
-4 -2 2 0 2 3 6
-6 —4 0 2 4 5 8|
is congruent to )
: 51 1
P AP = 1 2 @ 11

1

Thus, by above considerations, the pencil (A, AT) has the double eigenvalues % and 2 and a
triple eigenvalue at 1. The Kronecker canonical form of (A, AT) is given by

(Jo(3) @ J2(2) @ J3(1), Ir).

Note that A = %(M + N) with M, N as of Example 2.2. O
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By using Theorems 2.6, 2.7, and 2.8 together with the spectral properties of the particular
blocks we are able to characterize the Kronecker canonical form of palindromic pencils.

Corollary 2.9

a) Let F € {R,C}. A pair (B,C) € F"™" x F™*" is equivalent to a T-palindromic pair
(A, AT) € F™m x B if and only if the Kronecker canonical form of (B, C) has the following
properties:

1. for every A € C\ {1,—1},p € N, the number of Jordan blocks for the eigenvalue A\ of
size p equals the number of Jordan blocks for the eigenvalue % of size p;

2. for every p € N, even, the number of Jordan blocks for the eigenvalue 1 of size p is even;

3. for every p € N, odd, the number of Jordan blocks for the eigenvalue —1 of size p is
even;

4. for every p € N, the number of singular blocks of left minimal index p equals the number
of singular blocks of right minimal index p.

b) A complex pencil is equivalent to a complex H -palindromic pencil if and only if its Kronecker
canomnical form has the following properties:

1. for every A € C,|\| # 1,p € N, the number of Jordan blocks for eigenvalue A of size p
equals the number of blocks for eigenvalue 1/\ of size p;

2. for every p € N, the number of singular blocks of left minimal index p equals the number
of singular blocks of right minimal index p.

Proof: For both complex cases this result follows from the corresponding palindromic Kro-
necker form, Theorem 2.6 or 2.7, and the spectral properties of the particular blocks given
above. In the real case Theorem 2.8 is used and additionally the fact that if the number of
Jordan blocks for A and 1/ coincide then also the number of Jordan blocks for A, A, 1/, and
1/ coincide. O

Corollary 2.9 can be used to answer the question posed in the introduction: 'when does a

symplectic matrix S admit a palindromic factorization, i.e., when does a nonsingular matrix
A exist such that § = A7*AY’

Corollary 2.10

1. A complex T-symplectic matriz S admits a T-palindromic factorization S = A~T A if,
and only if, the number of Jordan blocks for the eigenvalue 1 of order p is even for all
even p € N.

Moreover, if S is real, then also the factor A can be chosen real.
2. Every complex H-symplectic matrix admits an H-palindromic factorization.

Proof: The required condition for T- and real symplectic matrices is condition (2) in Corol-
lary 2.9 for T-palindromic pencils. All the other conditions posed in Corollary 2.9 are fullfilled
automatically by symplectic matrices. This follows from canonical forms for symplectic matri-
ces presented in [66, 70, 71]. Thus, under the posed conditions, the pencil (S, I) is equivalent
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to a x-palindromic pencil, i.e., P(S,1)Q = (B, B*). Then, with A := Q7*BQ~! it holds that
ATA=QB*BQ™ = Q(PQ)"H(PSQ)Q™ = S. O

Thus, H-palindromic pencils can be seen as generalizations of H-symplectic matrices just
as even pencils generalize Hamiltonian matrices. On the other hand, T-symplectic matrices
and T-palindromic pencils differ in the Jordan structure at the eigenvalue 1.

Example 2.6 Consider the matrix S = [(1) H which is T-, H-, and real symplectic. The
number of Jordan blocks of S for the eigenvalue 1 of the even size 2 is 1, i.e., not even. So, by
Corollary 2.10, there is no matrix A, neither real nor complex, such that S = A~7 A. Indeed,
assuming A = [CC” Z] and considering the equation ATS = A yieldsa = b= ¢ = 0. So A would

be singular. However, for A = [20l *12’] we have A=A =5,

On the other hand, —S = [_01 :H is also T-, H-, and real symplectic and fulfills the
requirements of Corollary 2.10. Indeed, for B = —iA = [g *12] we have B™*B = —§ for every
choice of *. O

2.2.3 About canonical forms under congruence

The palindromic Kronecker forms for pencils (A4, A*) in this section can be proved by applying
the even Kronecker forms to the Cayley transform and some postprocessing. More precisely,
let P represent the x-congruence that transforms the even pencil (M, N) = $(A+ AT, A— AT)
to the appropriate even Kronecker form (2.12),(2.13), or (2.16). Then A = P*AP = P*M P+
P*NP is block diagonal, every block being the sum of the symmetric and skew symmetric
parts of the canonical blocks of Theorems 2.2, 2.3, and 2.4. It has to be shown that these
matrices are x-congruent to one of the blocks claimed in Theorems 2.6, 2.7, and 2.8.

Representatively, we show that the sum of the two matrices in the even Jordan block
JEp(Ae) is x-congruent to the palindromic Jordan block Jp,(A,) as of (2.21) (A, will be
different from A.). We have

0 TR0 ] [0 <F1_[ 0 JrOe -1
Jr(Ae) 0p F 0, Jr(Ae + 1) 0p

A %-congruence with I, ® Jp(Ae — 1)7* yields

0, I
[ Jr(Ae = 1) LIr(Ac +1) 0, } ‘

The (2, 1) block element Jp(Ae —1) "1 Jp(Ae +1) = J(A\e —1)7LJ(Ac +1) is an upper triangular
Toeplitz matrix with A, := tﬂ on the diagonal and )\il( — %) = 0 on the super diagonal.
Thus, the (2, 1)-block is similar to a Jordan block J, () [34], with transformation matrix say

X. Hence a *-congruence with X & X gives

o o]
J(Ap) Op |
A last congruence with [ % 7] results in Jpy(Ap).
For the other even blocks similar techniques can be used to transform them to their

palindromic counterparts. Uniqueness follows from the uniqueness of the even Kronecker
forms. A complete proof using this approach can be found in [79, 78].
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Also other authors have worked on block diagonal canonical forms of a square matrix
under congruence. For example, in [65] the real case is treated, and it is mentioned that
similar techniques can be used in the other cases. Other, more recent references are [77]
where the forms are derived using results from [60, 61]. [48, 49] contain the real and complex
cases of more general results in [47] which itself is based on [83].

But those forms have been developed to classify bilinear or sesquilinear forms or deciding
on the boundedness of certain difference equations rather than to read off the spectrum of
palindromic pencils. But of course, all these forms can be transformed into one another.

2.3 Structured Schur forms

The structured Kronecker forms of the last section reveal all the spectral information. Thus,
for example, an algorithm that computes the palindromic Kronecker form of a given matrix
A can be rightfully attributed to “solve the palindromic eigenvalue problem”.

However, spectral information can be very sensitive to small perturbations. We emphasize
this statement with the palindromic version of the standard example.

Example 2.7 Let
0p selelT + Jr(0)
F 0p

Then (A(0), A(0)T) has the p-fold eigenvalue pair (0,00), whereas the eigenvalues of the
perturbed pencil (A(e), A(e)T) are given by all the p-th roots of £ and their inverses which
can differ substantially form the original pair, even for tiny ¢ and moderate p. For example,
for p = 2,e = 10716 the perturbed eigenvalues are given by +10%8. O

Ae) =

In finite precision arithmetic, perturbations of the order of machine precision are unavoidable.
So, numerical algorithms should use transformations that at least do not amplify existing
perturbations. But algorithms that aim to compute the structured Kronecker forms have to
carry out a congruence transformation with a transformation matrix that can be arbitrarily
ill-conditioned. Thus, the structured Kronecker forms are not suited as targets of numerical
methods.

In this section we discuss reduced forms that can serve as target for practical algorithms.
Here, the transformation class is reduced from *-congruences to unitary x-congruences, be-
cause transformations with unitary matrices do not change the spectral and Frobenius norms
of a matrix [97] and thus do not amplify errors. At this point it shall be stressed, that in both
complex cases we use indeed unitary transformations, i.e., for the transformation matrices it
holds Q' Q = I as opposed to Q*Q = I.

Under this reduced set of transformations it is in general not possible to produce a block
diagonal or antibidiagonal form. Instead, an antitriangular form with full lower triangle will
be presented. In analogy to the unstructured problem (see below), these reduced forms will
be called palindromic and even Schur forms.

We need the concept of deflating subspaces. A matrix XC™* with rank(X) = k is said
to span a right deflating subspace of a pair (B, C) if rank([BX,CX]) < k, or equivalently, if
there exist a S,7 € C***¥ and Y € C™* with rank(Y) = k such that BX = YS,CX = YT.
In this case Y is said to span the left deflating subspace corresponding to X.

Theorem 2.11 (Generalized Schur form[85, 74, 36]) For any B,C € C"*" there exist
unitary Q,Z € C™™ such that QHBZ = S = (s;j) and QHCZ = T = (t;;) are upper
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triangular. If (B,C) is regular, then at least one of sy, ti; is nonzero for all i = 1,...,n,
and the first k columns of Z span a left deflating subspace of (B,C'), where the corresponding
right deflating subspace is spanned by the first k columns of QQ corresponding to the eigenvalues
Sii/tis with i =1,... k forallk=1,... n.

2.3.1 Palindromic Schur forms

A palindromic analogon to the generalized Schur form is given by the so-called palindromic
Schur form.

Definition 2.1 A matrix T € C™*" is called a x-palindromic block Schur form of A € C™*™,

if there exist numbers ny,...,ng with n; = ng11—; and Zle n; = n and a unitary matriz Q
such that
ni ng Ng—1 =N2 N ="n1
ni Ty
ng T5 k-1 Toy,
T'=Q"AQ = : : (2.31)
Ng—1 = N2 Th—12 -+ Tk Tk
ng=mn1 | Ty Tpa -~ Tk k-1 Tk |

Moreover, if all blocks are of size one, then T is called *-palindromic Schur form of A.
Furthermore, if A, Q, and T are real, all blocks are of size at most two, and Tjp1—; is
of size two only if the eigenvalues of (n7k+1—i>Tl:+1—i,i) are nonreal, then T is called a real
palindromic Schur form of A.

From this form eigenvalues and deflating subspaces are obtainable.

Theorem 2.12 Let (A, A*) be regular and T a *-palindromic block Schur form of A. Then,
for every j =1,...,k, the first l; := 25:1 n; columns of Q@ span a right deflating subspace of
(A, A*) with corresponding left deflating subspace spanned by the last I; columns of QM for
the eigenvalues ngl AMTht1-ii> T 1) -

In particular, the spectrum of (A, A*) is given by

,i
IMES
[y

A4, 47) {A /X x e NT Thi)} {@, if k even,
) = ) TAE kt1—iyir di py1-4) g U " .
i=1 )\(T[%]’[%]’T(g],(g])’ if k odd.
(2.32)

Proof: Everything follows from the first /; columns of AQ = QP*T and A*Q = Q™*T*. O

In the following we deduce when a (real) palindromic Schur form exists. In that we will
roughly follow the proof of the standard Schur form and more closely the proof of the T-
palindromic Schur form as presented in [67], but generalized to cover the x = H and the real
cases as well.

By Definition 2.1 and Theorem 2.12 a necessary condition for the existence of a palindromic
block Schur form with first block size ny # n is the existence of a matrix X € C™*™ whose
columns span a right deflating subspace of (A, A*) with the additional property X*AX = 0.
In the following we show that this condition is also sufficient.
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Indeed, let @1 € C™™ have orthonormal columns gqi,...,qy, such that it spans the
same space as X, then Q7AQ; = 0. Further, let ¢,,+1,...,¢n—n, be orthonormal vectors
in the orthogonal complement of span(Q1, (AQ1)*",(A*Q1)*"). Such vectors always exist
since rank([AQ1, A*Q1]) < nq, because Q1 spans a right deflating subspace. Moreover, let
Qn-ny+1, - - - qn be orthonormal vectors that are orthogonal to qi,...,¢n—pn,. Then Q =
[q1,--.,qn] is unitary and

nlT n—2n 0

. ni 0 A A
A=Q"AQ=n—-2ny | Ay Az Az |, (2.33)
n1 Az1 Az Ass

because Ay = Q7AQ1 = 0. Also Aoy and Ay, are zero, because quQl = (q]H(AQl)H*)H* =0
and QTAq; = (q]HAHQ{{*)H = (q]H(A*Ql)H*)H =0forj =ni1+1,...,n—n; by construction.
Thus, A is a palindromic block Schur form.

We now collect cases when the existence of a matrix X spanning a right deflating subspace
of (A, A*) and X*AX = 0 is guaranteed. Note that for n; = 1 the matrix X is an eigenvector.

Lemma 2.13

1. If the pencil (A, A*) is singular, then there exists a vector x and a value \ with x*Ax =0

and Ax = \A*x.

2. Assume that the pencil (A, A*) has an eigenvalue A that is not x-exceptional (AXN* # 1)
with associated eigenvector x. Then x*Ax = 0.

3. Assume that the pencil (A, A*) has a defective eigenvalue X (i.e., with different algebraic
and geometric multiplicity) with associated eigenvector x and principal vector y, i.e.,
Ax = NA*z, Ay = NA*y + A*x. Then z*Ax = 0.

From here on, the results differ for the T- and H-cases. We start with the T-case.

4. Assume that the pencil (A, AT) has an eigenvalue —1 with associated eigenvector .
Then 7 Az = 0.

5. Assume that the pencil (A, AT) has an eigenvalue 1 with associated linearly independent
eigenvectors x1, . Then there exists an eigenvector x € span(xy,xe) such that z*Ax =

0.
For the H-case we have

6. Assume that A € C"™™ is such that its H-palindromic Kronecker form (2.26) contains
at least two blocks of the form (2.22) for some eigenvalue X with |\| =1, one with sign
characteristic 0 = 1, the other with sign characteristic 0 = —1. Then there exists an
eigenvector x € C" of (A, A™) to the eigenvalue X such that z'' Az = 0.

In the real case, in order to account for complex conjugate pairs or quadruples of eigenvalues,
we now look for a deflating subspace of dimension ni = 2.

7. Assume that (A, AT) € R™" x R and let X € R™"*? span a right deflating subspace
for a complex conjugate pair of nonexceptional eigenvalues, i.e., AX = AT XL with

)’ ER2><27 )\(L) — {/\75\}’ ‘)\‘ 7& 1. Then XTAX =0.
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8. Assume that (A, AT) € R xR™ " and let X € R™ 2 span a left deflating subspace for

a complex conjugate pair of deficient exceptional eigenvalues, i.e., there is a Y € R™*2
such that AX = ATXL, and AY = ATY L+ ATX with L € R?*2, \(L) = {\, A}, || =
LAZR. Then XTAX =0.

Assume that A € R™™ is such that its real palindromic Kronecker form (2.30) contains
at least two blocks of the form (2.28) for some eigenvalue pair {\, A}, X = a + i3 with
IA\| = 1,8 # 0, one with sign characteristic o = 1, the other with sign characteristic
o = —1. Then there exists an X € R™"*? spanning a left deflating subspace of (A, AT)
for eigenvalues A\, \ such that XTAX = 0.

Proof:

1.

If (A, A*) is singular, then also A itself is singular and any vector = in the kernel of A
certainly satisfies z*Ax = 0 and Ax = AA*x with A = 0.

. ¥ (Az) = 2 (ANA*z) = MAx) x = A(AA*x)*r = N Aa* Az,

If A is not x-exceptional, then the claim follows from case2. above. So, we can assume
* _ * — * _ * * — * * *
that A*A = 1. Then y*(Az) = MAy)*z = \(\A*y + A*z)z = )\)\1 y*Ar + ;\ x*Ax.
= 0

2T Ax = (27 Ax)T = 2T AT = —27 Ax.

I xQTA:UQ =0 set & = z5. Otherwise, we have for z = z1 + oz that 27 Az = :rlTszl +

a(zT Axy + 2 Azy) + o?2] Azg. Choosing a as a root of this quadratic polynomial
results in 27 Az = 0.

If any of the two blocks is larger than 1 x 1 then the eigenvalue is deficient and the
claim follows from case 3. above. We thus assume that both blocks are of size 1 x 1.
Let P be the transformation matrix, that brings (4, A¥) to H-palindromic Kronecker
form. Choosing x1, x5 € C" as the columns of P that correspond to the two blocks gives
[x1, 2] Alz1, 22) = VA® =V, so (1 +22)T A1 + 20) = VA+0+4+0—+vX=0. Note
that z1 and xg, thus also 1 + x2, are eigenvectors of (A, AH ) to the eigenvalue A.
XT(AX) = XT(ATXL) = (AX)'XL = (ATXL)'XL = LT XTAXL.

So, by (1.6), (LT ® LT — Ivec(XTAX) = 0. The spectrum of L := LT ® LT is given by
{NiXiIAi, Aj € ML)}, see [45]. So every eigenvalue p of L is of modulus |u| = |A[? # 1.
Thus, LT ® LT — I is nonsingular, and hence XTAX = 0.

a

g
L into its real Jordan form [45] yields this structure). Note that L is orthogonal, i.e.,

L1 = LT. We have
XT(AX)LT = XTATX(LLT) = (XTAT)X = LTXT AX,
thus (L ® I — I ® LT)vec(XTAX) = 0. On the other hand, we have
YT(AX)LT = (YTAT)X = LTYTAX + XTAX,

e, (L@I—I®L)vec(YTAX) = vec(XTAX). Together, vec(XT AX) is in both, the
kernel and the image of the skew symmetric matrix (L ® I —I® L), whose intersection
consists of the zero vector only.

Without loss of generality, L = { _oﬂ with a? + 3% = 1 (otherwise transforming
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9. If any of the two blocks is larger than 2 x 2 then the eigenvalue pair is deficient and
the claim follows from case 8 above. We thus assume that both blocks are of size 2 x 2.
Let P be the transformation matrix, that brings (A4, AT) to real palindromic Kronecker
form. Choosing X1, Xy € R"*? as the two pairs of columns of P that correspond to
the two blocks gives [X1, Xa]TA[X1, Xo] = A2 & —Az, so (X1 + X2)TAX) + X3) =
A2 4+0+0—A2 =0.

O
Now the palindromic Schur forms can be proved.

Theorem 2.14 (T-palindromic Schur form) Any complex n xn matriz A has a T-palin-
dromic Schur form, i.e., there exists a unitary Q such that T = QT AQ is antitriangular.

Moreover, if (A, AT) is regular, then its eigenvalues are given by \; = Z’:ﬁ for i =
1,...,n. 7

Proof: We follow the proof presented in [67].

The proof is by recursion. A := A is transformed to block T-palindromic Schur form
with & = 3,n7 = 1 using construction (2.33). This reduction is then recursively applied to
the middle block Tho which is relabeled to AWM resulting in a sequence of matrices AW More
precisely, for the matrix A a unitary matrix @Q; is formed such that

1 1
1fo o TY

. A 13
QrAMQ,= | o AGt) T

I RE

Note that A1) has two rows and columns less then A®. So, if every step of the recursion
is possible, A("/2]) ig either scalar or void. Thus, combining the transformation matrices as

Q=0Q(1eQ101) (e Q2@ ) (In)2)-1 D Qnjaj—1 @ I|nj2)—-1)- (2.34)

yields QT AQ in antitriangular form.

In every step of the recursion an eigenvector z; of (AW, (A)T) with 27 AWz, = 0 is
necessary. The existence of such an eigenvector is guaranteed by Lemma 2.13, cases 1.-5.,
unless (A@, (AT is regular, has neither nonexceptional, nor deficient eigenvalues, nor an
eigenvalue at -1, nor an eigenvalue at 1 of geometric multiplicity at least two. But, since the
only T-exceptional eigenvalues are £1, such a pencil can only have the simple eigenvalue 1,
i.e., it is of size 1 x 1, in which case a further reduction is not necessary.

|
The corresponding result in the H-case is following.

Theorem 2.15 (H-palindromic block Schur form) Let A € C"*". Then there exists a
unitary matriz QQ such that

k k

k T3
T=Q"AQ = Too o3 (2.35)
E|T51 T3 T33

where T3y and Ti3 are antitriangular and (Tha, TQI'ZI) has the following properties.
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a. It is regqular,
b. it has only semisimple H-exceptional eigenvalues,

c. in its H-palindromic Kronecker form are no two blocks Epi p,4(X\) corresponding to the
the same eigenvalue of opposite sign characteristic,

d. it does only admit the trivial palindromic block Schur form (i.e., with one block), and

e. it is diagonalizable by a (possibly nonunitary) H-congruence.

Proof: We proceed analogously, as in the T-case. The matrix is recursively transformed to the
form (2.33) until Lemma 2.13 does not provide a further eigenvector z; with zf AWz, = 0.
Define T55 as the matrix A® where no further reduction is possible. Then (TQQ,TQg) is
regular (otherwise case 1. of Lemma 2.13 could be used), has no nonexceptional eigenvalue
(otherwise case 2. could be used), has no defective H-exceptional eigenvalue (by case 3.; so
every eigenvalue is semisimple and H-exceptional), and its H-palindromic Kronecker form
contains no two blocks Epi 4, +(A) corresponding to the the same eigenvalue of opposite sign
characteristic (by case 6.). This proves the block antitriangular form (2.35) and claims a. to
c.

Moreover, the H-palindromic Kronecker form (2.26) of a regular H-palindromic pencil
with only semisimple H-exceptional eigenvalues consists only of blocks of the form Ep 1 +(A).
Thus, it is diagonal. This proves e.

It remains to show that (Tho, T41) does not admit a nontrivial H-palindromic block Schur
form. Let A be an eigenvalue of (752, Tg ) and let X span the complete left deflating subspace
of (T2, T4%) corresponding to A. It follows from claim b. that the H-palindromic Kronecker
form of X7 T, X consists of blocks Epi16(A) only. By claim c., all have the same 0. So,

%X HTy9 X is Hermitian definite (either positive or negative, depending on ¢). Thus, there

is no nonzero eigenvector x such that 2" Tyor = 0. But this is necessary for the existence of
a block palindromic Schur form (2.31) with n; = 1.

We continue by showing that The does not admit a block palindromic Schur form (2.31)
with n; > 1 either. Assuming the converse, i.e., there exists a unitary matrix Q such that

ni ni
N .o m AT
QT = - Ty Tz . (2.36)
ni [ T51 Ts2 133
Let QHTP,lZ = il, QHT{%ZA = il be a generalized Schur form of Tgl,Tg. Then with
Q= Q(Z EBI@FQ) we have that

n ny
n /]

QU Ty0 = T [ ]|, (2.37)
m |/ L O

which is a block palindromic Schur form with n; = 1. This contradiction completes the proof.
O
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Theorem 2.16 (real palindromic block Schur form) Let A € R"*"™. Then there exists
a real orthogonal matriz Q) such that

k k

k T3
T=0Q"AQ = Ty To3 (2.38)
kT35 T30 133

where F(Ts1, T) is in real generalized Schur form and (Tae, T42) has the following properties.
a. It is regular,
b. it has only semisimple eigenvalues which satisfy [N\ = 1, X # —1,

c. it’s real palindromic Kronecker form contains no two blocks Ep1 po(1) or Ep3, (. 3)
corresponding to equal eigenvalues of opposite sign characteristic,

d. it does only admit the trivial real palindromic block Schur form (i.e., with one block),

e. it is block diagonalizable with all blocks of size at most two by a (possibly nonunitary)
real congruence.

Proof: The proof proceeds analogous to the proof of Theorem 2.15. Using construction (2.33),
the matrix is recursively transformed to palindromic block Schur form (2.31) with k = 3 and
ny € {1,2} until Lemma 2.13 does not provide a further real matrix X spanning a right
deflating subspace with X7 AX = 0. In this case (Th,T4,) is regular (otherwise case 1. of
Lemma 2.13 could be used) and has neither real nor complex nonexceptional eigenvalues
(otherwise case 2. or 7. could be used). So all eigenvalues of (Th2,Td;) are exceptional,
i.e., of modulus 1. Moreover, by cases 3. and 8., (Tha,T4,) has neither real nor complex
deficient R-exceptional eigenvalues, and also no eigenvalue at —1 (by case 4.). Hence, all
eigenvalues are exceptional and semisimple, but not —1. So the only real eigenvalue could
be 1. By case 6., the real palindromic Kronecker form of (Th, T41) contains no two blocks
Epi1po(1) corresponding to the eigenvalue 1 of opposite sign characteristic. Analogously, by
case 9., the real palindromic Kronecker form of (T2, T41) contains no two blocks Eps ;, »(cv, (3)
corresponding to equal eigenvalues of opposite sign characteristic. This proves the block
antitriangular form (2.35) and claims a. to c.

Moreover, the real palindromic Kronecker form (2.30) of a regular real palindromic pencil
with only semisimple R-exceptional eigenvalues consists only of blocks of the form Ep; 1 (1)
and Ep3 1 ,(c, 3). Thus, it is block diagonal with all blocks of size one or two. This proves e.

It remains to show that (T, T42) does not admit a nontrivial H-palindromic block Schur
form. Let A be any (real or complex) eigenvalue of (Tzo,T4,) and let the real matrix X span
the complete left deflating subspace of (TQQ,TQI"QI ) corresponding to A and A. If X is real, it
follows as in the proof of Theorem 2.15 that there is no eigenvector with z”Thez = 0. If
A = a+1if is nonreal, then it follows from claim b. that the real palindromic Kronecker form
of XTTy X consists only of blocks Eps 1, (a, 3) = oAY2. By claim c., all blocks have the
same sign characteristic o. Recall that A/2 is of the form

A2 = [g —5] , (2.39)
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where &, 3 are defined by & + i3 = v/A. Since \ is nonreal, v\ is neither real nor purely
imaginary. In particular & # 0. So, the symmetric part of X7 Ty X is congruent to &l,
a definite matrix. Thus, there is no two dimensional right deflating subspace of (TQQ,TQE)
corresponding to a complex conjugate pair of eigenvalues spanned by a real matrix X such
that XQTTQQXQ = 0.

Assuming that Ty admits a block palindromic Schur form (2.31) with n; > 1 leads, as
in the H-case (replacing the generalized Schur form by the real generalized Schur form), to
a contradiction. This implies that The does not admit a block palindromic Schur form (2.31)
with n; > 1, thus claim d. is proven. O

Example 2.8 Consider the matrices

13 -9 —6 4 4
1|-4 2 -3 3 1 4
A‘§—2—211’T_ 3|4
1 1 0 0 112 34

Here, T is a block palindromic Schur form of A, because H' AH = T for H = I — 1/2vvT
with v = [~1,1,1,1]7. Thus, the eigenvalues of (A, A*) are given by 4,1/4 and 1 (double).
The center block [!,] is positive definite and thus cannot be antitriangularized by an H-

or R-congruence. However, using Q = % [\f \_/%} we have Q7 [1 3]Q = [ﬂ%i —\2/51']7 which

confirms the existence of a T-palindromic Schur form. O

2.3.2 Even Schur forms

In this section Schur-like forms for even pencils (M, N) are presented. These forms are anal-
ogous to the palindromic Schur form of the last section. They can be proved by transforming
the Cayley transform (M + N, M — N) to palindromic Schur form. Thus the results are stated
without proof.

Definition 2.2 A pencil (T,5) € C*™ x C"*" is called a *-even block Schur form of
(M, N) € C"*™ x C™*™ if there exist numbers ny, ..., ng with n; = ng11—; and Ele ni=n
and a unitary matriz QQ such that

ni n2 Ng—1 =Nz Ng="n1
1 [ le 1
ng Th k-1 Toy
T=Q"MQ= : : (2.40)
Ng—1 = N2 Th-12 -+ Tp-1p—1  Tr—1k
ng=n1 |Tp1 T2 - Tk k-1 Thr |

and S = Q*NQ is of the same antitriangular block structure.

Moreover, if all blocks are of size one, then (T,S) is called x-even Schur form of (M, N).
Furthermore, if M, N, S, T, and Q are real and all blocks are of size at most two, and n; = 2
only if the eigenvalues of (T p+1—i, Sik+1—i) are nonreal, then (T,S) is called a real even
Schur form of (M, N).
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From this form eigenvalues and deflating subspaces are obtainable.

Theorem 2.17 Let (M, N) be a regular even pencil and (T,S) a x-even block Schur form
of (M,N). Then, for every j = 1,...,k, the first l; := >_1_, n; columns of Q span a right
deflating subspace of (M, N) with corresponding left deflating subspace spanned by the last l;
columns of QT* for the eigenvalues ngl AMTht1—iis Skt1—is)-

In particular, the spectrum of (M, N) is given by

L3)

)\(A, A*) = {:l:A A E )\(Tk+17i,i7 Sk+17i,i)} U {
1

[y

0, if k even,

)\(T[%L[%],S%L[%]), if k£ odd.

i

The following Theorems state the even Schur forms.

Theorem 2.18 (T-even Schur form) Any complex nxn even pencil (M, N) has a T-even
Schur form, i.e., there exists a unitary Q such that (T,S) = QT (M, N)Q is antitriangular.

Moreover, if (M, N) is reqular, then its eigenvalues are given by \; = s:ilﬁ for i =
1,...,n. ’

Theorem 2.19 (H-even block Schur form) Let M = MH N = —NH ¢ C**". Then
there exists a unitary matriz Q such that

k k k k
. k THT &k —sH
(T,8)=Q"(M,N)Q = Ty THI, Sy —SI1 , (2.41)

E |T31 T30 T3 | k | S31 S32 Sz

where T3y and S31 are antitriangular and (Tha, Se2) has the following properties.

a. It is regqular,
b. it has only semisimple H-exceptional eigenvalues,

c. its H-even Kronecker form contains no two blocks Egsp () or Egspe corresponding
to equal H-exceptional eigenvalues of opposite sign characteristic,

d. it does only admit the trivial even block Schur form (i.e., with one block), and
e. it is simultaneously diagonalizable by a (possibly nonunitary) H-congruence.

In the real case we have:

Theorem 2.20 (real even block Schur form) Let M = M7 N = nNT € R™™". Then
there exists a real orthogonal matriz QQ such that

k k k k
. k THT &k —si
(T,8)=Q"(M,N)Q = Toy T4 |, Sae —SH ||, (2.42)

k{131 T30 T33| k | S31 S32  S33

where F(T31,S31) is in real generalized Schur form and (Taa, S22) has the following properties.
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a. It is regqular,
b. it has only semisimple eigenvalues which satisfy Re(A) = 0,\ # 0 (including o0),

c. its real even Kronecker form contains no two blocks Ege po(3) or Egsp s corresponding
to equal H-exceptional eigenvalues of opposite sign characteristic,

d. it does only admit the trivial real even block Schur form (i.e., with one block),

e. it is simultaneously block diagonalizable with all blocks of size at most two by a (possibly
nonunitary) real congruence.

2.3.3 Stability of Cayley transformation methods

The Cayley transformation has been used to establish analogous theoretical results for palin-
dromic and even pencils. In this section it is examined if it can also be used for numerical
methods. To this end we introduce the concept of backward stability. A numerical method is
called backward stable [42], if it computes the exact result for a nearby problem. A numerical
method is called strongly backward stable [13], if it computes the exact result for a nearby
problem of the same structure. For example, a method to compute the eigenvalues of a palin-
dromic pencil (A, A*) is backward stable, if it computes the exact eigenvalues of (B, C') where
IIB — Al < ¢||A|| and ||C — A*|| < ¢||A*||, and ¢ is small. It is strongly backward stable, if
additionally B = C*.

Assume that we have a strongly backward stable method to compute the even Schur form
of an even pencil and that we use the following method to compute the palindromic Schur
form of a palindromic pencil.

Algorithm 2.1 Palindromic Schur form using an even Algorithm and the Cayley transfor-
mation
Input: A € C"*" such that (A, A*) has a palindromic Schur form
Output: antitriangular T4 and unitary @ such that Q*AQ = Tx
L M=A4+A*"N=A- A"
2: compute even Schur form Q*(M, N)Q = (T, S) using a strongly backward stable method
3: Ty = %(T +9)
We analyze the stability properties of this algorithm. In the first step, M and N are not
computed exactly, but
M=A+A"+E, with ||Ellr < e1(JAllr + |A*||F),
N=A-A"+F, with ||F||r < e2(||AllF + || A% F)-
Here, E and F' model the rounding errors and e1,2 are of the order of machine precision.
Note that the stability of matrix addition is usually treated elementwise. We have the bound
|E| < e1(]A| 4+ |A*|), where |A| denotes the matrix of absolute values. But as the second step
involves unitary matrices, we use the weaker version with the Frobenius norm here.

Since in Step 2 a strongly backward stable method is used, the computed matrices @, T, S
satisfy

QM+MQ=T=T"=/], with | M||r < e3]| M|,

QP(N+N)Q=8=-5 =], with | N||p < e4||N]|| .
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Finally, there is an error introduced in Step 3 of Algorithm 2.1 that satisfies

1 .
= (T+s+0)=/], with [|Glr < es(|1T]l 7 + [1S]r).

Combining these equations gives

TA

Ta=Q(A+ 3 (E+F+M+N+Q *GQTH)Q = Q (A + A)Q.

Using [T = [[M||r + O(e3) < 2 Allr + Oles + €1) and [|S]|r = [|N|[r + O(ea) < 2[|Allr +
O(e4 + €2) we have

|A||F < (g1 + €2 + €3 + £4 + 2e5) || All + (’)(mlaxs?).

This proves that Algorithm 2.1 is strongly backward stable.

Using the same technique, it can be shown that computing the even Schur form of an
even pencil (M, N) by computing the palindromic Schur form of A = M + N yields the
exact even Schur form of (M 4 M, N 4+ N), where both M and N are bounded in norm by

e(||M||7 + || N||r), which implies that this method is not backward stable, if M and N are of
greatly differing norms. This pitfall can be circumvented by scaling M and N to equal norm
resulting in the following strongly backward stable method

Algorithm 2.2 FEven Schur form using a palindromic algorithm and the Cayley transforma-
tion
Input: M = M* #0,N = —N* #0 € C"" such that (M, N) has even Schur form
Output: Antitriangular 7',S, and unitary @ such that Q*(M,N)Q = (T, S)
1o A= |[N||[pM + [ M||pN
2: compute palindromic Schur form Q*AQ = T4 using a strongly backward stable method
3 T = o (Ta+ T2 S = gyary (Ta = T5)

Summarizing, a strongly backward stable method for the palindromic eigenvalue problem
induces a strongly backward stable method for the even eigenvalue problem and vice versa.
Note that an analogous statement for (nonstrongly) backward stable methods can be proved
by considering generalized Schur forms instead of palindromic/even Schur forms.

2.4 Palindromic staircase forms

In later chapters we discuss several numerical methods to solve palindromic and even eigen-
value problems. Some of these methods require the problem at hand to be regular or to be free
of certain eigenvalues. Other methods may still work in the presence of these extraordinary
parts, but worse than in their absence.

For these reasons, we present a method to deflate off singularities and zero and infinite
eigenvalues from a palindromic pencil. The process is a variant of a method proposed in [49]
and can be considered a structured version of the GUPTRI algorithm [26, 90] that deflates
singular parts from general pencils.

This section differs from the previous, in that it provides algorithms, whereas before we
had mainly existence results.

Singularities or zero/infinite eigenvalues occur, if A is singular. To determine the geometric
structure of the eigenspace associated with these eigenvalues, the null space of A has to be
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determined. To do so, let d = n — rank(A) denote the rank deficiency of A and let W be a
unitary matrix whose first d columns span the kernel of A*, i.e., A*W(:,1 : d) = 0. Then
W*AW is of the form

d n-—d
d 0 0
* _
W*AW = n_d [Am Ay ] (2.43)
Next, we further reduce the As; block by determining unitary matrices U, V' such that
sz
X - n—d—z |0 0
U*AnV = p [0 R} (2.44)

with z = rank(A91), s + 2 = d and R nonsingular and antitriangular. Then, using @ =

W [V ], A is congruent to

0 U
s z n z
s |0 O 0 0
o oean |V O e [V O] 2|0 0 0 0
A=0Q AQ—[O U} W*AW o ul=alo o 433 434 (2.45)
z 0 R A43 A44

where n =n—d — z.

Assuming for the moment that 12133 is nonsingular, the blocks flg4, 2143, and Ayy could be
eliminated by block Gaussian elemination (applied as congruence). It follows that the parts
of the palindromic Kronecker form of (A, A*) belonging to the singularities and zero/infinite
eigenvalue pairs can be read off (2.45): there are s 1-by-1 singular blocks Spg, and z 2-by-2
blocks Jp1(0) for eigenvalue pairs (0, 00).

In general (when As3 may be singular) the following Lemma relates the palindromic
Kronecker forms of (4, A*) and (As3, A%,).

Lemma 2.21 Let A € C™" and A, s,z,d, 7 as in (2.45). Then the palindromic Kronecker
form (2.25), (2.26), or (2.30) contains exactly s singular blocks of minimal index 0, Spy.
There are z blocks that are either singular blocks of order larger than zero or corresponding
to (0,00) eigenvalue pairs. Moreover,

for every p € Ny, the number of blocks Spy in the palindromic Kronecker form of Ass
equals the number of blocks Spyp11 in the palindromic Kronecker form of A;

for every p € N, the number of blocks Jp,(0) in the palindromic Kronecker form of Ass
equals the number of blocks Jppi1(0) in the palindromic Kronecker form of A; and

the numbers of every other block in the palindromic Kronecker forms of Ass and A coin-
cide.

Proof: The matrices A and A are *-congruent and thus have the same palindromic Kronecker
form. The only building blocks of the palindromic Kronecker forms that do not have full rank
are the blocks Sp, and Jp,(0), each being rank deficient by one. Thus, d is the number of
all those blocks. Clearly, there are s blocks Spo. Hence, there exist z = d — s blocks of the
form either Sp,,p > 0 or Jp,(0).

Let B = P*AP be the palindromic Kronecker form of A, but permuted such that (a) the
s blocks Sp appear first along the block diagonal and (b) the first and last rows and columns
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of the z blocks Spy,p > 0 and Jp,(0) appear in rows/columns s + 1,5+ 2,...,s + z and

n+1—2z,...,n, respectively, i.e., B is of the form
s =z n z
s |0 0 O 0
0 0 O 0
B=pPAP="
n|0 0 ng 334
z |0 F 0 0

Note that Bss is in palindromic Kronecker form. The blocks appearing in Bss can be enu-
merated as the blocks appearing in B subject to the following transformation: 1) a block Sp
is erased; 2) from a block Spj, with p > 0 the first and last rows and columns are deleted; 3)
a block Jp(0) is erased; 4) from a block Jp, with p > 1 the first and last rows and columns
are deleted; 5) all other blocks remain unchanged. In other words, the blocks appearing
in the palindromic Kronecker form of Bss are obtained by applying f to the blocks in the
palindromic Kronecker form of A. Thus, it remains to prove that Ass and Bss have the same
palindromic Kronecker form, i.e., that they are congruent.

Let P = QR be a QR decomposition of P and let Rbe partitioned as B, (i.e., with diagonal
blocks R11, Rgg, R33, R44 of the order § X §, 2 x 2, (§ — 22) x (8§ — 22), Z x Z, respectively).
Then A := Q*AQ R~*BR™1 is of the form (2.45), because R is upper triangular. Partition
Q= [Ql, QQ,Qg,Q4] and QQ = [Ql,QQ,Qg,Q4] according to B. Then Q; as well as Q1 span
kernel(A) Nkernel(A*), Qo as well as Q spans kernel(A) N kernel(A*) and Qg as well as Q4
spans image(A|kemel( A*)). Since @) and Q are unitary, also Q3 and Qg span the same space
(namely the orthogonal complement of @1, Q2, Q4. Thus there is a nonsingular matrix S such
that QgS = (3 and it holds

Azz = Q5AQ3 = S*Q5AQ3S = S*A33S = S*Ryy B3z Ray' S,
ie., Ass and Bsg are congruent. This completes the proof. O

If Asz is singular then it can again be transformed to the form (2.45). This recursive
procedure can be continued until a nonsingular or void matrix Ass is encountered. Applying
Lemma 2.21 to every level of the recursion results in the following staircase form that reveals
the full singular and zero/infinity structure.

Theorem 2.22 Let A € F"*" withF € {C,R}. Then there exists a unitary matriz Q@ € F"*",
a value p > 1 and sequences n;, S;, 2i,di, @ = 1,...,p with ny = n, njy1 = n; — d — 2z =
ni — si — 22z < ni, si+ 2z =d; >0 and a matriz sequence AW € (C”ZX”Z, with A = Q*AQ
such that every AW has the form

Si <i Ni+1 Zi

Si 0 0 0 0

(i) _ Zi 0 O 0 0
AT = ni1 | O (2‘) A(z(fl) A%Z) (2.46)

“i 0 A A4Z3) A42

where Afg s nonsingular and antitriangular, rank(A(i)) =n; —d;, rank(A(iH)) > N1 — 2,
and (AW, AW* s q regular pencil with no eigenvalues at (0,00).
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Moreover, the palindromic Kronecker form of (A, A*) contains s; singular blocks of min-
imal index © — 1, Sp;—1, and z; — dix1 Jordan blocks of order i for the eigenvalues 0,00,

Jp,i (0) .

Proof: The recursive structure (2.46) is clear from above derivation. The properties of the
palindromic Kronecker form follow from Lemma 2.21 applied in every step of the recursion.
|

Theorem 2.22 leads to the following algorithm.

Algorithm 2.3 Palindromic staircase form
Input: A € F**" with F € {C,R}
Output: pu,n;,d;, si, z, A as in Theorem 2.22
i=1,A0 =An =n
2: while n; > 0 do
3:  compute @ such that the first d; columns span the kernel of A
form (2.43)
if d; = 0 then p = 4, return, end if
compute factorization (2.44)
Z; = rank(Agl), S; — di — Ziy Nj41 = Ny — di — Z;
form (2.45)
9. i=i+1,A0 = AGY
10: end while
11: p = )

*

Steps 3 and 6 of Algorithm 2.3 are mainly rank determinations. This can be accomplished
by, e.g., the singular decomposition [36] or a rank revealing URV decomposition [86]. The
ith loop in Algorithm 2.3 needs O(nf’) floating point operations. So, altogether it can take
O(un?) flops to compute form (2.46), which is very expensive for large values of u. However,
in applications the singular structure of (A, A*) is often known and can be deflated without
or only little computational efforts.

The presented method deflates all singularities and zero/infinite eigenvalues from a palin-
dromic pencil. All finite nonzero eigenvalues are preserved.

Analogous methods that deflate the singular part and zero/infinite eigenvalues were pre-
sented in [22, 21].
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Chapter 3

The palindromic QR algorithm

The standard algorithm for solving the dense unsymmetric standard eigenvalue problem Az =
Az is the QR algorithm [11, 32, 36, 53, 56, 95]. This statement shall be supported by the
quote “/[... We use] the QR algorithm — what else?’, [11, page 955]. In its simplest form the
method consists of iteratively computing a QR factorization A = QR and forming the next
iterate A, = Q7 AQ, hence its name. Modern versions do not form QR decompositions, but
rather work by chasing bulges along the diagonal of a Hessenberg matrix, either upwards or
downwards — or even in both directions at the same time. Then bulges are passed through
each other in the middle of the matrix. The algorithm has been adapted to many variations
of eigenvalue problems, like generalized, product, or Hamiltonian eigenvalue problems (called
QZ [74], periodic QR/QZ [10, 92], and Hamiltonian QR algorithms [17]). There are also
versions for real, complex and quarternion matrices [14].

In this Chapter, the QR algorithm is adapted to the palindromic eigenvalue problem. The
explicit formulation of the algorithm using QR factorizations is derived in Section 3.1. The
method is improved by using shifts (Section 3.2) and exploiting Hessenberg-like structures, see
Section 3.3. The implicit version of the palindromic QR algorithm employing bulge chasing is
presented in Section 3.4. Also real and even versions are treated there. Section 3.5 describes
how to reorder a palindromic or even Schur form. Section 3.6 discusses the problem of reducing
a matrix to a Hessenberg-like form.

In the whole chapter, it will be assumed that (A, A*) is a regular pencil with at most one
exceptional eigenvalue. This implies that A admits a x-palindromic Schur form.

3.1 The basic palindromic QR iteration

The goal of the palindromic QR algorithm is to transform a given matrix A to palindromic
Schur form, i.e., to construct a unitary matrix ) such that Q*AQ is antitriangular. In
that it is similar to the standard QR algorithm that aims at a unitary matrix @ such that
QH AQ is upper triangular. Because of this similarity between the reduction to standard and
palindromic Schur form, it seems natural to replace the QR factorization in the standard
QR algorithm by the antitriangular QR factorization, i.e., a factorization into a unitary and
an antitriangular factor, see Appendix B.1. One iteration of the resulting palindromic QR
algorithm thus takes the form

Algorithm 3.1 Palindromic QR step
Input: A € C"*"

47
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AZO A40 5
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Figure 3.1: Convergence history of the palindromic QR iteration. We plot the elementwise
common logarithm. The lighter an element is the smaller it is in magnitude. The color bar
to the right is labeled logarithmically.

Output: A4; € C*"
1: A — QR (antitriangular QR factorization, i.e., R = A)
2: A — RQH*

Note, that A; is unitarily x-congruent to A4, as A; = RQH* = Q7 AQH~.

Example 3.1 To test this idea, the palindromic QR iteration was applied to a (10 x 10) real
matrix, A, defined as follows: A = XDX” where X is a (10 x 10) random matrix (generated
by the MATLAB command rand(10)) with condition number cond(X) ~ 100. D was set to

10
[ ] Hence, the eigenvalues of (A4, AT) are i/(11 — i) for i = 1,..., 10.
1

In Figure 3.1 the results of every 20th step are plotted. It can be observed that it takes
80 iterations for the first eigenvalue pair to converge. In Agy (lower center plot) the ratio
210“1) equals 0.1 to an accuracy of 15 digits. After 194 iterations the matrix has converged to
palindromic Schur form. O

The palindromic QR iteration converged for the preceeding example. In fact, if A is
invertible, it follows from Theorem 3.1 below that every two iterations of Algorithm 3.1 are
equivalent to a standard QR step applied to A™* A, a matrix that has the same eigenvalues
and right eigenvectors as (A, A*).

Note that the invertibility of A is not necessary. On the contrary, if A is singular then two
iterations of Algorithm 3.1 implement one step of the staircase reduction process discussed
in Section 2.4. Indeed, if A has a rank deficiency of order k and if the kernel of A is not
orthogonal to the last k standard basis vectors, then A; will be of the form (2.43) with d = k
whereas Aj is in the form (2.45) with s =0,z = k.
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At this point, the basic palindromic QR iteration has been introduced. In the follow-
ing sections the method is accelerated by strategies like deflation, the use of shift or the
exploitation of Hessenberg-like structures.

3.1.1 Deflation
If during the course of the iteration, the matrix A is in palindromic block Schur form

ny n-—2n; n

ni 0 0 A13
A=n— 2n1 0 A22 A23 5 (31)
n1 As1r Az Asg

for some integer n; < |5 |, then the problem decouples into a generalized eigenvalue problem
for (Asy, A}5) and a smaller palindromic eigenvalue problem for Ags.

In this situation, A;3 and As; can be antitriangularized by the QZ algorithm, see (2.36),
(2.37). Then, the palindromic QR iteration can be continued on Agy. The subsequent itera-
tions will be computationally less expensive, because Ags is of smaller size than A.

In practice, the blocks A1y, A2, A21 generally do not vanish exactly as in (3.1). Rather
they are set to zero if they are neglectable, for instance, if ||[A11, A12, AL ]||F < 10710]|A| p.

3.2 Using shifts

In general, the palindromic QR iteration converges rather slowly (as in Example 3.1). How-
ever, an eigenvalue pair at (0, 00) is generically discovered within only two steps. If (0, 00) is
not an exact, but an approximate eigenvalue pair, then it can still be expected to be found
within only a few iterations.

The basic idea behind shifting is to apply the palindromic QR step to a transformed
matrix A, instead of A. Here, A is chosen to be a) nearly singular (so applying Algorithm 3.1
means good progress towards convergence) and b) related to A in a way that convergence for
A implies convergence for A itself. The common choice for A is

A=A—krA* (3.2)

where the parameter £ is called a shift. Note that (3.2) represents the analogon of the choice
A = A — kB used by the QZ algorithm [74]. The eigenpairs of the shifted pencil are related
to those of the original one as follows: if (A, x) is an eigenpair of (A, A*), then (f(A),z) is an
eigenpair of (A, A*) where
A—K
A) = .
F) 1—rkr*A

So, if & is close to an eigenvalue of (A, A*) and x*) is not near to 1, then (A, A*) has an
eigenvalue pair near (0, og). Note, that £ must not be x-exceptional. For if a value x with
k*k = 1 is used as shift, A satisfies

(3.3)

A* = (A—RA ) = A" —Kr"A= _—1(—/<aA* + K*KA) = _—1121
K K

Thus, every vector would be an eigenvector of (fi, fl*) associated with the eigenvalue —x and
no information could be drawn from this shifted pencil.
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A shifted palindromic QR step proceeds by applying Algorithm 3.1 to A resulting in
A = QP AQH*, where Q stems from the antitriangular QR factorization of A. Afterwards,
1211 has to be 'unshifted’. The equation fll = A; — KA} can be solved for A; (again, under
the assumption that k*k # 1) yielding

Ay = (A; + kAY). (3.4)

1—r*k

Another way is to directly apply @ to A, i.e. setting A; = Q7 AQ™*. The latter is computa-
tionally more expensive, but could be numerically preferable, since then possible cancellation
errors in (3.2) and (3.4) do not carry over to Aj.

Summarizing the discussion above, a shifted palindromic QR step has the form:

Algorithm 3.2 Shifted palindromic QR step
Input: A€ C"" k # 1/k*
Output: 4, € C™"

1. A— A—RgA*

2. A— QR with R= /]

30 Ay — QHAQH*

It remains to find an eigenvalue approximation x from A. One possible choice is

(3.5)

This is a good approximation if the first row and column of A are close to a multiple of the
last vector of the identity matrix, i.e., if A is close to palindromic block Schur form (3.1) with
ny = 1.

Example 3.2 The shifted palindromic QR iteration with shift (3.5) is applied to the matrix
from Example 3.1. As shown in Figure 3.2, the first eigenvalue pair converges within 10
iterations. After deflation it takes 6 further steps for the next pair and all together only 28
steps for the whole matrix to converge. Note, that the lower right plot of the residual norm
indicates superlinear convergence. O

3.2.1 Multiple shifts

The aim of this section is the derivation of a multi-shift palindromic QR step that combines
the action of several single-shift steps into one process.
Applying Algorithm 3.2 with the k shifts k1, ...,k to Ag = A amounts to

Ai—l — K,Z'A;J-:l = QzRu Wlth Rl :A,

A =QPA_1QF*, fori=1,.. k.
Defining Q; := Q1 ---Q; we have A; = QfIAQfI* and R; = Qf{(A — /iiA*)Qf{*l. Further,
assuming that none of the shifts is an exact eigenvalue, define

)kfl

A= (A= kAT (A — kg A TF(A — k3 AY) (A — o A%) (A — K1 A¥)
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Figure 3.2: Convergence history of the shifted palindromic QR iteration. The plotted residual
was computed as (i) = ||[A;(1,1:9), 4;(2: 9, 1)7]].

where A" means A~* if i is odd whereas otherwise it reduces to A. Moreover let

AVAVA:A, k odd
77 A7 AN,k even

(—%)F—t —x —x
R:= R} .- R*R3R;*R; =

Then, for odd & it holds that

QR = QipRyR,* Rp_2---Ry"Ry

= (QeBrQi_1)(Qr-1Rr1Qf_p) ™ - (QaR2Q7) " (Q1R1)
= (A— Kk A)(A — kp 1 A) (A — k2 A") - (A — Ko A") (A — K1 AY)

= A

So, QiR form an antitriangular QR factorization of A. Analogously, for even k, a standard
QR factorization of A is given by Q];*R

Since (anti-) QR decompositions of nonsingular matrices are unique (up to a diagonal
unitary factor) this provides a way to compute Ay without carrying out the k single-shift
steps. Instead, it can be computed as Ay = QkH AQkH*, where Q) stems from an (anti-) QR
decomposition of A. This motivates the following algorithms.

Algorithm 3.3 Multi shift palindromic QR step (odd k)
Input: A € C"™"™, k odd, k1, ..., K, not x-exceptional, not exact eigenvalues
Output: 4, € Cnxn

1A (A—KpA%) - (A — kg AY) (A — k3 A*) (A — ke AY)*(A — k1 A%)

2. A— QR with R= /]

3. A — QP AQH*
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10 10
0 5 10 0 5 10 0 5 10

Figure 3.3: Convergence history of the palindromic QR iteration using 3 shifts

Algorithm 3.4 Multi shift palindromic QR step (even k)

Input: A € C™*™, k even, k1,..., Kk not x-exceptional, not exact eigenvalues
Output: 4, € C™"
LA (A—RrgAN) 7 (A — g A") (A — RgA*) (A — ko A*) (A — K1 AY)

2. A — QR with R =\

3 Al — QFAQ
The shifts, x1,..., kg, can be chosen similarly as in the single-shift case by partitioning A
into
k. n—-2k k
k Ay A A
A=n-—-2k A21 A22 A23 (3.6)
k Az Az Ass

and using the eigenvalues of (A;3, A3;) as shifts. This will give good approximations to
eigenvalues of (A, A*) if Aj1, A2, and Ag; are small in norm.

Example 3.3 Applying Algorithm 3.3 with £ = 3 to the matrix from Example 3.1 leads
to the results plotted in Figure 3.3. After 10 iterations a block of 3 eigenvalue pairs has
converged. O

It is interesting that although the multi-shift Algorithms 3.3 and 3.4 are both equivalent to a
series of single-shift steps they differ in important aspects, for example, the type of relation
between A and A. For odd k the pencils (A, A*) and (A, A*) have the same eigenvectors.
Indeed, for k = 3, if (A, z) is an eigenpair of (A, A*) and y = A*z then

1
1—rK3A

()\ — 162)

Ar = (A= k3A%) (A — ke AY) (A — Az = (A — K3) (A = r1)y,

- 1
* _(AK _ * * ok A\ =K A* ok —
Az = (A" — kTA)(A* — KEA) " (A* — K35 A)x =

T Y
1— KA

ie ()\7&1 )\7%2 /\7&3
AN =KIA 1=Kk 1=KZN?

the eigenvalues of (A, A*) are mapped to

) is an eigenpair of (A, A*). In general, for an odd number of shifts
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Just like the single shift Algorithm 3.2, the multi-shift Algorithm 3.3 can be interpreted as
unshifted palindromic QR step (Algorithm 3.1) applied to the shifted palindromic problem
(4, A%).

For even k, on the other hand, the eigenvectors of (A, A*) and (A, A*) do in general not
coincide. Rather, A is related to A in a different way. In fact, A can be written as rational
function in A™*A. For example, for k¥ = 2 we have

A = (A — K/QA*)_*(A — I€1A*)

= (A" -~ ) HATAT)(A - mAY)

= (A7(A* = w3A)) (AT A — )

= (I—kK3A" *A) YA™A — k1)
_ . A— K1

= r(A7*A) with r(\) := ey

In general, for the 2k shifts sy, ji1, K2, fi2, - . . , kg, pi, We have A = r(A~*A) where
L POV k k
r(\) = H1 T " ey PV = E(A — i), g\ = E(A —p)(37)

Here, revyp(A) := Z?:o af_.A" denotes the x-reversal of the polynomial p(\) = Zf:o a; N,
obtained by reversing the order of the coefficients (and conjugation). Note that r(A™*A) is
defined, even if A is singular.

Remark 3.1 This shows that A is invariant under permutation of the shifts with even or
odd indices, as these do not change p or g, respectively. (The same is true for odd k&, see [80].)
0

Analogously, the inverse transpose of A shows a similar property:

q(N)

(3.8)

These properties of A are the base for the following theorem

Theorem 3.1 Let (A, A*) be a regular pencil, k € N | and ki,...,Kk; and p1,...,ux be
non-x-exceptional numbers that are not exact eigenvalues of (A, A*). Define r(\),7(\) as
in (3.7), (3.8).

Then a palindromic QR step (Algorithm 3.4) using the shifts K1, 1, K2, 2, - « -, Kk, [k €f-
fects a standard QR step on A™*A driven by the function r, and simultaneously a standard
QL step on AA™* driven by the function 7.

Proof: The first statement follows since Algorithm 3.4 performs a QR factorization of A =
r(A™*A) = QR and the fact that a congruence transformations on A effects a similarity
transformation on A™*A.

The QR decomposition of A = QR induces a QL decomposition of A~* as

FAA™) = A" =(QR)™*=Q *R™* =Q "L,
where L = R™* is lower triangular. This proves the assertion about the QL step. O
The mixed QR/QL behavior can be explained by the fact that if A is in palindromic

Schur form, i.e., it is antitriangular, then A™* A is upper triangular, whereas AA™* is lower
triangular.
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3.3 Anti-Hessenberg matrices

The dominating operation in a palindromic QR step is the antitriangular QR factorization
which needs O(n?) floating point operations. In the standard QR algorithm this number
is decreased by one order of magnitude by exploiting the structure of Hessenberg matrices.
In this section we introduce Hessenberg—like matrices that play an analogous role for the
palindromic QR algorithm.

Definition 3.1 A square matriv A € C™" is called anti-Hessenberg, if a;; = 0 whenever
i1+ j <mn. Such a matriz is depicted by A :Z].

An antitriangular QR factorization of an anti-Hessenberg matrix can be achieved by a series
of n — 1 Givens rotations and is thus computable in O(n?) operations. Unfortunately, the
palindromic QR step (Algorithm 3.1) does not preserve the anti-Hessenberg form.

Remark 3.2  Algorithm 3.1 does preserve some properties of anti-Hessenberg matrices,
however. Let A be in anti-Hessenberg form. Then

rank(A(1:i+1,1:n—14)) =1, fori=1,...,n—2. (3.9)

Such a matrix could be called generalized anti-Hessenberg matriz in the spirit of [27].

The result of Algorithm 3.1 arises from an antitriangular matrix by applications of n — 1
Givens rotations in the planes (n — 1,n),(n —2,n —1),...,(1,2) from the right. Hence it
fulfills (3.9). O

Fortunately, as will be proved in Lemma 3.2, applying Algorithm 3.1 a second time recovers
the anti-Hessenberg structure. Moreover, the computation of two consecutive steps can be
reordered to be carried out in O(n?) flops yielding the following algorithm.

Algorithm 3.5 Unshifted palindromic QR double step for anti-Hessenberg matrices

Input: A € C™*"™ in anti-Hessenberg form

Output: A is overwritten by the result of two unshifted palindromic QR steps, A is still
anti-Hessenberg

1: fori=1,...,n—1do

2. define rotation G; such that GFA(n —i:n—i+1,7) = [?]
3 An—i:n—i+1,:)—GrAn—i:n—i+1,:)

4: end for

5. fori=1,...,n—1do

6: AG,n—i:n—i+1)—AG,n—i:n—i+1)G;

7. define rotation G; such that G¥A(i : i 4 1,n — i) = [9]
8 A(i:i+1,:)— GrAG:i+1,:)

9: end for

10: fori=1,...,n—1do

11 A(izi+1) — A(ii+1)G

12: end for

Here we used the MATLAB notation for submatrices, i.e., A(i : j,:) denotes the rows i to j,
whereas A(:, k : [) selects the columns k through I. Moreover, A(i : j, k : ) denotes the rows
i to j of the columns k through .

Algorithm 3.5 needs 12n? + O(n) flops to update A and another 12n% + O(n) flops to
accumulate the rotations onto an existing unitary matrix Q.
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Example 3.4 We illustrate the procedure of Algorithm 3.5 for n = 3. The first for-loop
computes

T T T T 0 z
A=z z z |, GiIA=|0 z = |, 5(GTA) = x x| =R
xT T T w @ @ xT T T
The second for—loop computes
+ 0 =z
R1G1 = Tr X s GT(RlGl) = r X y
T T x T T x
) x x
(G’{RlGl)GQ = + z z |, Gg(GTRlGlGQ) =10 =z z | =Rs.
T T x w @ @
Finally, the third for-loop computes
~ x L T+ | B
R2G1 = + T x y (RQGl)GQ = r T X
xT T T xT T x
The latter is the result which is in anti-Hessenberg form. Together the congruence
(G3((GT((G3GTA)G1))G2))G1 G2
was formed. 0

We now prove our statement that Algorithm 3.5 applies two palindromic QR steps to a matrix.

Lemma 3.2 Let A € C™" be a nonsingular anti-Hessenberg matrix. Let Ag be the result of
two steps of Algorithm 3.1 and let Ay be the result of Algorithm 3.5. Then there exists a
unitary diagonal matriz D such that Ay = D*ALD.

Proof: Some intermediate results of Algorithm 3.5 are needed: let Ri, Ro be the value
of the matrix A at the end of the first and second for loop, respectively. Note that R
and Ry are antitriangular. Set Q1 = (In—2 2 Gi)I—3®Ga® 1) (Gp—1 ® I,—2) and
Q= (G101, 2)1®G2® I, 3) - (In_2® Gp_1). Note that Ry = Q}A, so Q"R is an
antitriangular QR factorization of A. Note further that Ry = Q5R1Q1, and thus Q¥* Ry is an
antitriangular QR factorization of R1Q1 =: Aj. Finally, we have A, = Ro()2. The assertion
follows, since antitriangular QR factorizations of nonsingular matrices are unique up to a
unitary diagonal factor. O

The invariance of the anti-Hessenberg structure under palindromic QR double steps also
holds when using shifts. Indeed, if every shift is used twice (this implies an even number of
shifts) we have in (3.7) and (3.8) that \; = p;, p(A) = ¢(\), () = 7(A\), and thus

r(A*A) = A = (A7) = r(AA™) . (3.10)
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It follows that the result of Algorithm 3.4 satisfies
02 e
(3.11)

Thus, if A bears a structure that is invariant under an update A «— T*AT for any upper
triangular matrix 7', then this structure is invariant under double palindromic QR steps. The
Anti-Hessenberg form is such a structure.

Constructing a shifted palindromic QR algorithm for anti-Hessenberg matrices seems
straightforward now.

AL = Q*AQ = R r(A*A)* Ar(AA)R™' = R Ar(AA™) r(A™A)R™!

Algorithm 3.6 Single—shift palindromic QR double step for Hessenberg matrices

Input: A € C™*"™ in anti-Hessenberg form, x
Output: A is overwritten by the result of two single-shift palindromic QR steps, A is still
anti-Hessenberg
1A A—gA*
2: apply Algorithm 3.5 to A yielding A;
3 Ay — ﬁ(ﬁl + Iizzl’f)

Note that every line of Algorithm 3.6 preserves anti-Hessenberg structure. However, this
algorithm is not backward stable, as the factor in line 3 may explode if || is close to one.
Applying the unitary transformations directly to A is also not an alternative, because during
the course of the computation the matrix becomes fully populated and although A; is an
anti-Hessenberg matrix in exact arithmetic, this may numerically not be the case. So forcing
anti-Hessenberg form by setting elements to zero also sacrifices backward stability.

The construction of multi-shift methods poses even more difficulties as it is already not
clear, how to form A without losing the anti-Hessenberg form.

At this point the limits of explicit algorithms are reached. The problems will be overcome
by the implicit algorithms presented in Section 3.4, but before these methods are discussed,
a variant of anti-Hessenberg matrices shall be introduced.

3.3.1 Anti-Hessenberg-triangular matrices

It is perhaps surprising that, unlike the standard Hessenberg structure, an anti-Hessenberg
matrix can be transformed into an even further reduced form that remains invariant under
double palindromic QR steps. In the following, we introduce such a form along with an
algorithm that transforms an anti-Hessenberg matrix into this form.

Definition 3.2 An anti-Hessenberg matriz A € C™" is called an anti-Hessenberg-triangular
matrix, if ajn—; = 0 fori =1,...,n1 := L”T_lj It is called unreduced, if a;n—i # 0 for
i=n1+1,...,n—=1and ajn_iy1 #0 fori=1,...,n1.

An anti-Hessenberg-triangular matrix can be depicted by (using no =n —nq)

ng M

_n1 OA
Cm (A L]

A
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Lemma 3.3 The anti-Hessenberg-triangular structure is invariant under palindromic QR
steps.

Proof: This structural invariance also follows from (3.11), as the anti-Hessenberg-triangular
structure is invariant under x-congruence transformations with an upper triangular matrix. O

We now show that any matrix in anti-Hessenberg form can be transformed to anti-
Hessenberg-triangular form. To this end assume that A is anti-Hessenberg and we have
already annihilated a;,—; for i = 1,...,m — 1 for some 1 < m < ng; — 1. In the following we
show only a submatrix of A.

_ 0 2
r T x

Am—-1:n—m+2,m—-1:n—m+2) =
x r T @
r x T T x
2z z - Tz x T |

We now want to zero out G, n—m by applying a Givens rotation in the rows/columns n —
m,n—m+ 1.

- .
0 =z z
Am—-1:n—m+2m—-1:n—m+2)=
= | a5 B | 48 | 4B
x x % | 4| 4
|z z xr T T |

This introduces fill-in at position (m — 1,7 —m), which can be re-annihilated by a rotation
in rows/columns m — 1, m.

- p—
0 = @
Am—-1:n—m+2m—-1:n—m+2)=
0 =z r T T
r x r xr x
|z T r T |

Both rotations together have moved the unwanted nonzero one position upwards-right. So,
by repeated application of this process the nonzero can be moved to the (1,n — 1) position,
where it can be annihilated by a rotation in the last two rows/columns without generating
fill in.

We have the following algorithm.

Algorithm 3.7 Reduction of an anti-Hessenberg matrix to anti-Hessenberg-triangular form

Input: A € C™" in anti-Hessenberg form

A~

Output: A is overwritten by A = Q*AQ in anti-Hessenberg-triangular form
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1: fori=1:|"%1] do

2 for j=i:-1:2do

3 define rotation G such that A(j,n—j:n—j7+1)G = [0, %]
4: AG:nn—j:n—j+1)«—A(:nn—7:n—357+1)G

5: An—j:n—j+1,j—1:n)«—G*An—j:n—j+1,j—1:n)
6 define rotation G such that A(n — 7,5 —1:j)G = [0, %]

7 An—j:n,j—1:5)«—An—73:n,7—1:5)G

8 AG—1:4n—j:n)—G*A(j—1:j,n—j:n)

9:  end for

10:  define rotation G such that A(1,n —1:n)G = [0, %]

11:  A(Gy,n—1:n)«— A(t,n—1:n)G

122 A(n—1:n,:) —G*A(n—1:n,:)

13: end for

The flop count for this algorithm is as follows: manipulating A costs %nS flops, accumulat-
ing the rotations into an unitary matrix ) takes another %n?’ flops, and updating an existing
Q) costs %ng flops.

The above reduction to anti-Hessenberg-triangular form is strongly related to the reduc-
tion of a certain pencil to Hessenberg-triangular form. To see this set H = FA([5|+1:n,1:
[5]) and Ry = FA(1: [5],[5] + 1 : n)*, where F denotes the flip matrix of appropriate
dimension. Note that for odd n the submatrices H and R; overlap. This does not pose a
problem. Since A is anti-Hessenberg, both, H and Rj, are upper Hessenberg. The pencil
(H, Ry) can be transformed to Hessenberg-triangular form by chasing the subdiagonal entries
in Rj, one after the other, to the top and then out. Interpreting these transformations on H
and R; as transformations on A gives the anti-Hessenberg-triangular reduction.

Example 3.5 We show how to reduce a 5-by-5 anti-Hessenberg matrix.

A 0 x T = 0 x

Ix r x r T T 0 x «x T T T T

A _55+95j1‘$—> rrzrzzz|—|l+rzrzrzr|—-|0zxzxxx|— T X T T
(222 EXZ4 T xT [z 22 [z 2 2]
H TxT a8 T 7F 98 3 77 TXTT 98 78 38
T | T a4 a8 ar |0z |z
[ 2 2] EXZA TTT [z xx EX¥a
R, TTT Oxx TT +xx Oxx
T T 0x T x

The first step annihilates the a14_ element affecting the last two rows and columns. The next
step zeros out element as3 acting on rows/columns 3,4 but this introduces the element ag ;.
This new element is zeroed out by a rotation acting on the first two rows and columns and
re-introducing element aq4. The last step is to re-annihilate this element by a rotation in the
last two rows and columns.

The matrix H is obtained by flipping upside down the submatrix of A marked by the
dash-dotted line. Similarly, R denotes the upside down flipped transpose of the submatrix of
A marked by the dotted line. O

We will come back to the connection to the QZ algorithm in the next section.
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3.4 The Implicit palindromic QR step

Algorithm 3.4 involves the formation and QR factorization of r(A™*A), where r is a rational
function. This can lead to instabilities, if a shift is close to an eigenvalue as then a nearly
singular matrix has to be inverted. Moreover, the explicit formation of 7(A~*A) takes O(n?)
flops and would thus spoil the aspired O(n?) complexity. Below we present an implicit version
of the palindromic QR step for anti-Hessenberg-triangular matrices that uses bulge chasing
rather than QR factorizations.

Let the k < 5 shifts x1,..., s, be x-reciprocal free, i.e., there are no two shifts such that
Kki=1/ k5. The process is described for k = 2 shifts. Only the lower left and the upper right
5 x 5 corners of the anti-Hessenberg-triangular matrix A are shown:

x
x x
r x
R x T T
A: T T T T
T T x
T r xr xr T
r T xr T T
z v v T =z 11 |

Let © = A*p(A=*A)e; = p(AA ") A%e; = ap(AA™*)e, with p(A) = Hle()\ — ki) and a
constant a. Since the last |25 ] columns of AA™* are in lower Hessenberg form, only the
last £+ 1 elements of x are nonzero. Let QQp be a unitary matrix such that Qjz is a multiple

of e, and apply the congruence Ay = QQ5AQo. This introduces fill-in in A called bulges.

+ + =z
r x
r z +
v T oz ® @ @
Ap : - R (3.12)

+ z z z x

r r x T X
r * x* T T
A

These bulges are then chased towards the center. To this end let Q; /2 be a unitary matrix,
such that the first row of QT/QAO(l : 3,n — 2 : n) is a multiple of e5. This could be the
unitary factor of the antitriangular QR factorization of Ap(1 : 3,n — 1 : n) or an opposite
Householder transformation, which was introduced in [96], and shown to be backward stable
in [53, Section 2.3.3]. Embedding QI/Q into a matrix of size n, Q)3 = Ql/Q @ I,_3 and
applying the congruence A/, = Q7 /2A0Q1 /2 yields

0 0 z
T T T
T T
v T T T
A1/2: T r T =z
T T
T T T T
T T
T T

8 8 8 +
8 8 8 +
8 8 8 8

Next, the first column of A;/, will be reduced. To this end, let Q1 be a unitary matrix such
that Q’{Alﬂ(n —4 :n—1) is a multiple of e3. Applying this Q1 to the rows and columns
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n—4 ton —1 results in A;

8 8 © O

8 8 8 8

8 8 8 8

8 8 8 8 8

8 8 8 8 8

8 8 + +
8 8 8 8

8 8 8 8

8 8 8 8 8

Comparing Ag with A; indicates that the two transformations just described effectively moved
the bulges one position upward-right and downwards-left, respectively.

The next bulge chasing step effects:

A1+1/2 :

After ny — k steps the bulges arrive at the center.

T
T

n is even or odd, see (3.13).

Apy—k

8 8 8 © O

8 8 8 8 +

8 8 8 8 8

n_even

8 8 8 8 +

8 8 8 8

88 88 88 ©
88 888 88

8
8

8 8 8 8 8

8 8 8 8 8

8

8 8 8 8 8

8

8 8 8 ©

8

8 8 8 ©

8 8 8 8

8 8 8 8

8 8 8 8 8

8 8 8 8 8

Note the difference depending on whether

n_odd

8

B8R 8 88
88 8 8 8

8
8
8
8

88 8 8 8 ©
88 8 8 8 8

(3.13)

At this point the chasing cannot be continued as before. Instead, the bulges have to be “passed
through each other”. In order to understand this step, the notion of bulge pencils [93, 95] is

necessary.

In the series of pencils (A;, A}) there are two bulges. One is located in the positions
(n—k—i:n—1—4,i+1:i+ k). It was created at the bottom left corner and is moving
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upwards along the antidiagonal. The other bulge is situated at (i+1:i+k,n—k—i:n—1—1).
It was created at the top right corner, and is going downwards. Defining B; := A;(n —k — i :
n—1—i,i+1:i+k)and C; := A;(i+1:i+kn—k—i:n—1—1i),fori=0,1,...,n—k, the
upwards moving bulge pencil is given by (B;, C}), while the downwards moving bulge pencil
is given by (Cj, Bf). Note that in the terminology of [95], the pencils (B;, C}) and (C;, BY)
are intermediate bulge pencils.

The bulge pencils show an important invariance property.

Lemma 3.4 Let A be an unreduced anti-Hessenberg-triangular matrixz. Then the eigenvalues
of (Bs, CF) are the shifts kq,...,k for alli =0,...,n1 —k. Consequently, the eigenvalues of
(Cs, BY) are 1/KY,...,1/K} for alli=0,...,n1 — k.

Proof: We are interpreting the palindromic bulge chase as QZ step. Set H = FA(| 5|+ 1:
n,1:[%])and Ry = FA(1: [%],|5]+1:n)*, where F denotes the flip matrix of appropriate
dimension. Note that for odd n the submatrices H and R; overlap. This does not pose a
problem. In fact, the palindromic bulge chasing process is equivalent to the bulge chasing
in the QZ algorithm applied to H and R; stopped just before the squeezing out of the
bulges. Also the nonzero part of z can written as z(|2] + 1 : n) = FRip(R; 'H)e; =
const - Fp(HRfl)el, the flipped choice of the QZ iteration.

The result follows from an analogous result for the QZ algorithm, see [95, Section 7.1]. O

Thus, the upward moving bulge carries the shifts as eigenvalues whereas the spectrum of
the downward moving bulge consists of the (conjugated) inverse shifts. In order to allow this
“shift transport mechanism” to continue, the eigenvalues of the bulges have to be exchanged.

Consider the block antitriangular subpencil of (A4,,_k, An ;) that contains both bulges,
as marked in (3.13). The eigenvalues of the top right block have to be swapped with the
eigenvalues of the bottom left block. This task can be accomplished by Algorithm 3.9 in
Section 3.5.1 which requires the shifts to be %x-reciprocal free.

It is possible that the swap fails, e.g., if the shifts are not x-reciprocal free or the resulting
linear system of equations is too ill-conditioned. In this case all transformations have to be
undone and a new attempt with different shifts has to be started. In our numerical experi-
ments (where the linear systems were solved by vectorization (1.6) and Gaussian elemination
with partial pivoting) this never happened [55].

If the swap is successful, the resulting congruence is applied to the remainder of A, _.
This defines a matrix A, +,—1 that has the same shape as A,,_;. Note the jump in the index
from A,, i to A,,+x—1 which is necessary in order to be consistent with above definition of
the bulge pencils (B;, Cf). Consequently, the eigenvalues of (B, +x-1,Cp, 1_1), Which is the
upper bulge now, are still the shifts.

Once the bulges are exchanged, they have to be chased out again. This process is the
exact opposite of the inward chase presented above and we refrain from discussing it in detail.
During this phase the bulge having 1/x7,...,1/k} as shifts is chased all the way down to the
lower left corner, where it is squeezed out.

We provide an algorithm:

Algorithm 3.8 Implicit Palindromic QR step

Input: A € C™" in unreduced anti-Hessenberg-triangular form,
x-reciprocal free shifts k1,..., kg, kK < 5

Output: One palindromic QR step is applied to A



62 CHAPTER 3. THE PALINDROMIC QR ALGORITHM
1: np = I_%_lj
2: compute z = A*p(A™*A)e; % create bulges
3: define unitary @ with Q*xz(n — k : n) = aeg41
4 Aln—k:n,:) — Q*A(n—k :n,:)
5: A(y,n—k:n) — A(,n—k:n)Q
6: fori=0:n1 —k—1do % chase bulges towards center
7:  define unitary Q with el Q*A(i+1:i+k+1,n—k —i:n—1) :aeg+1
8 A(t+1l:i+k+1n—k—i:n)—QAGi+1:i+k+1,n—k—i:n)
99 An—-k—i—-1:ni+1:i+k+1)—An—-k—i—1:ni+1:i+k+1)Q
10:  define unitary @ with Q*A(n—k—1—i:n—1—14,i+1) = aepq
11: Amn—k—-1—-i:n—1—4i+1:n)«—Q*An—k—1—i:n—1—4,i+1:n)
122 A(t+2:nn—k—-1—i:n—1—i)—A(+2:nn—k—-1—-i:n—1-19)Q
13: end for
14: apply Algorithm 3.9 to
Alni—k+1:n—1—-n+kn—k+1:n—1—ny+k) % exchange bulges
15 Alni—k+1:n—1—-ni+kni—k+1:n) — QA(n1—k+1:n—1—-n1+k,ni—k+1:n)
16: A(ni—k+1:nn—k+1l:n—1-n1+k)— Ani—k+1:nn—k+1:n—1—-n1+k)Q
17 fori=n;—k—1:-1:0do % chase bulges outwards
18:  define unitary Q with A2+i:24+k+in—k—1—i:n—1—1i)Qe; = ex41
190 AQ2+4+i:nn—-k—-1—i:n—1—4)—AQ2+i:nn—-k—1—i:n—1-149)Q
200 An—k—-1—i:n—1—4¢14i:n)«—QAn—k—1—i:n—1—i,1+i:n)
21:  define unitary @Q with Ain —k—-1—i,1+i:k+1+19)Q = aeﬁrl
222 An—k—-1—i:nl+i:k+1+i)—An—k—-1—i:n,1+i:k+141)Q
230 A(l+i:k+1+in—k—i:n)—QAQl+i:k+1+in—k—i:n)
24: end for
25: fori=k:—-1:1do % squeeze out bulges
26:  define unitary @ with A(1:i+1,n—i:n)Qe1 = e;41
27 A(,n—i:n)— A(G,n—1i:n)Q
28:  An—i:n,:)— Q*An—1i:n,:)
20:  if i > 1 then
30: define unitary Q with A(n —1i,1:i)Q = ael
31: An—i:n,1:i) — An—i:n,1:49)Q
32: A(l:in—i+1:n)— Q*A(1:i,n—i+1:n)
33:  end if
34: end for

The shifts can be chosen as for the explicit algorithm, see (3.6). We mention one subtlety:

if oo is a shift, then this shift does not create a bulge. In this case we propose to use the
explicit unshifted Algorithm 3.5 on A*, followed by Algorithm 3.8 with the finite shifts.

Algorithm 3.8 needs (8k +6)n? +O(k3n) flops to transform A and the same amount again

to update ). So, one palindromic QR step has the same operation count as one QZ step.
But in contrast to the QZ algorithm, the palindromic QR algorithm deflates at both corners
of the matrix, instead of just one. So the size of the active submatrix decreases more rapidly
and consequently the palindromic QR algorithm is usually faster than the QZ algorithm as
is supported by numerical experiments [55].
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3.4.1 The real implicit palindromic QR algorithm

Often the problems arising in physical applications are real. In these cases one wants to
keep the computations in real arithmetic, because complex computations need twice as much
memory and are three to four times slower.

If A is a real anti-Hessenberg matrix then the reduction to anti-Hessenberg-triangular
form, Algorithm 3.7, stays in real arithmetic automatically. Moreover, also Algorithm 3.8
yields a real result provided that the vector z = aATp(A~T A)e; in line 2 is real. This is
the case if the shifts are closed under complex conjugation. In this case x can be computed
completely avoiding complex operations. Note that for complex conjugate sets, T- and H-
reciprocal freeness are equivalent.

3.4.2 The even implicit QR algorithm

In the following we present an even counterpart of the implicit palindromic QR algorithm.
It can be derived by applying the palindromic QR step to the Cayley transform of an even
pencil, but it works directly on the matrices M, N.

We will assume that the pencil (M, N) is given in anti-Hessenberg form, i.e., both, M
and N, are anti-Hessenberg. The first step is to transform the pencil into anti-Hessenberg-
triangular form, in which M is anti-Hessenberg and N is antitriangular. This form can be
achieved by chasing the super-antidiagonal elements of N, one at a time, out to the (1,n—1)
and (n — 1,1) position, where they can be annihilated by a x-congruence rotation in the last
two rows and columns. Algorithm 3.7 can be adapted to even pencils as follows. In the lines
3 and 10 ‘A’ is replaced by ‘M’, whereas ‘A’ is replaced by ‘N’ in line 6. Moreover, the
transformations are applied to both, M and N.

An even implicit QR step with the shifts x1, ..., kg has the following form: compute the
vector x = Np(N~1M)e; where p(\) = Hle()\ — k). Note that N~!1M is upper Hessenberg.
Thus, only the last k+1 elements of x are nonzero. Applying a transformation that reduces the
nonzero part of x to a multiple of eg 1 to the last k+1 rows and columns of M and N creates
two bulges in the pencil. One bulge appears at the lower left corner of (M, N) carrying the
shifts as eigenvalues. Because of symmetry there is another bulge at the upper right corner,
having —x7,..., —k} as eigenvalues. By alternating elimination of a row or column of the
bulge these bulges are chased towards the center. There the bulges are passed through each
other by a technique similar to palindromic bulge exchange, discussed in Section 3.5.2. Then
the bulges are chased out again and squeezed out at the corners.

An algorithm for the even QR step can be obtained from Algorithm 3.8 upon replacing
line 2 by x = Np(N~!M)ey; replacing ‘A’ by ‘M’ in lines 10, 21, and 30; replacing ‘A’ by
‘N’ in lines 7, 18, and 26; and applying all transformations to M and N. If only one half of
M and N are stored, it has the same flop counts as Algorithm 3.8.

Note, that this algorithm is equivalent to the bidirectional QZ algorithm [95] applied to
(FM,FN) with top shifts k1,..., s, and bottom shifts —~7,..., —~}.

The algorithm reduces to the Hamiltonian QR algorithm[17] if N is of the form J =

[ 28]
3.4.3 Equivalence of explicit and implicit procedures

In this section we show that the implicit palindromic QR step carries its name rightfully, i.e.,
it effects the same transformation as the explicit palindromic QR step. Here, we define an
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explicit palindromic QR step with shifts (k1, ..., k) applied to A as the result of Algorithm 3.4
using the shifts k1, k1, K9, k2, . . . , ki, Kk, because the anti-Hessenberg form is invariant only
under double steps, i.e.,

Ay = Q AQ, (3.14)

where the unitary matrix ) stems from the QR decomposition

r(A*A) = QR, R=\], (3.15)

where r(A) = p(\)/revyep(A) and p(\) = Hle()\ — Ki).
As for the standard eigenvalue problem, an implicit Q theorem will play a prominent role
in the equivalence proof.

Theorem 3.5 (palindromic implicit Q Theorem) Let A € C™". Let Q,V be unitary
matrices such that Q*AQ and V*AV are both in unreduced anti-Hessenberg-triangular form.

Then, if Qey = const - Vey or Qe, = const - Ve,, there exists a unitary diagonal matriz D
such that V = Q@QD.

Proof: For n < 2 there is nothing to show, so let n > 3. Set n; = L”T_IJ and ng = n — ny.
We will show that the knowledge of the first or the last column of @ fixes every column up
to a constant of norm 1.

We have Q*AQ = H, with H in unreduced anti-Hessenberg-triangular form. Inverting
and (conjugate-) transposing gives

n2

WOV
7n2|:| 0|

QflAf*QH* — Hi* e

so multiplication by (the conjugate of) @ yields

AQ = Q"*H, (3.16)
AT*QH* = QG. (3.17)

Evaluating the last column of (3.17) gives A™*¢/™* = q1g1,. So, if ¢1 is given, then this
determines ¢, up to a multiple of norm one, and vice versa. Hence, at this point ¢; and g,
are known. Evaluating the first column of (3.16) yields Aq; = ¢X*hy,1 + ¢* hy—11. Since g1
and ¢, are known and ¢,_1 is orthogonal to g¢,, this fixes ¢,_1 up to a multiple of norm one.

The remainder follows by induction. Suppose the first £k — 1 and the last & columns of Q
are known. The (n + 1 — k)th column of (3.17) is

—x _Hx
dnti—k = Z%Qz nt+l—k-

This determines ¢ up to a multiple of norm one. The kth column of (3.16) is given by

k+1

Hx
Agr = it _ihnik
i=1
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This fixes ¢,,_; up to a multiple of norm one.

If n is odd, then all columns of () are determined in this manner. If n is even, the column
% is still missing. It cannot be determined by (3.17), as the column ng of G is full. However,
qz has to span the orthogonal complement of the known (n — 1) columns and is thus fixed
up to a constant of modulus one. O
So, as is the case with the reduction to standard Hessenberg form (e.g., [36]), the first column
essentially fixes the whole transformation matrix. But in case of the palindromic eigenvalue
problem this is not enough to prove that the explicit and implicit QR steps yield the same
result, because the first column of () is manipulated not only in the beginning, but also in
the very end of the implicit QR step. More work is necessary to derive the desired result.

Let A be the result of one implicit QR step applied to A and denote the accumulated
transformation matrix by V, i.e., A = V*AV. Consider the enlarged relation

[ B - 25

where © = A*p(A™*A)es, © = V*z.

Analyzing what happens to x during an implicit palindromic QR step, we note that the
first transformation reduces x to a multiple of e,. Then it stays untouched until the last
phase of the process when the bulges are squeezed out again. Then the last k + 1 elements
are transformed. Since the eigenvalues of the bulge that was squeezed out at the lower left
corner of A were 1/x7,...,1/k}, and because of the following lemma, & satisfies a relation
similar to z. Indeed,

i = Arev,p(A*Aey. (3.19)

Lemma 3.6 Let A be invertible, k < 5, and let v € C" have the property that x; = 0 for
i=1,....n—k—1and x,_ # 0. Then there exists a unique monic polynomial p of degree
exactly k such that x = aA*p(A~*A)e; for some nonzero scalar .

Proof: The result follows from an analogous result for the QZ algorithm, see [95, Section 7.1].
O
Combining (3.18) with (3.19) yields

A'p(A™A)ey ==V " = V_*fl*rev*p(fl_*fl)el = A*Vrev*p(/l_*fl)el
= A*rev,p(A*A)Vey

So,
Ver = (revip(A ™ A)) " Ip(A™*A)ey = r(A *A)ey.

By (3.15) the first column of the transformation matrix used in the explicit palindromic QR
step also satisfies
Qe1 = const - (A" A)ey.

Thus, by the palindromic implicit Q Theorem, V' and @ are essentially equal. We have thus
proved the following central result.

Theorem 3.7 Let A € C™™™ be nonsingular and unreduced anti-Hessenberg-triangular. Let
K1,...,k with k < § be a x-reciprocal free set of shifts, that are not exact eigenvalues of
(A, A*). Let Ay be the result of an explicit palindromic QR step (3.14), applied to A. Let
A be the result of the implicit palindromic QR step, Algorithm 3.8, applied to A. Then there
exists a unitary diagonal matriz D such that A= D*A,D.
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3.5 Reordering palindromic and even Schur forms

Assume that a matrix A has been transformed by some algorithm to block palindromic Schur
form T'= Q*AQ, with T in form (2.31). It is assumed that the blocks are small, so the eigen-
values are essentially revealed as A(A4, A*) = Ay U...U Ay, where A; := AN(Tk—it1,, Tlfk_iﬂ),
see (2.32). Note that A; = AT, ;, where A™* consists of the (conjugated) inverses of the
elements of A.

However, often not only eigenvalues, but also the deflating subspace corresponding to a
specific set of eigenvalues is requested. Partition Q = [Q1,Q2, . .., Qx| compatibly with T'. By
Theorem 2.12 the first block columns Q1,...,Q; span the deflating subspace corresponding
to the eigenvalues Ay U ... U A;. If the eigenvalues appearing in these blocks are not the
wanted ones, then the palindromic Schur form has to be reordered.

We assume that A; either belongs to the requested set of eigenvalues or not, but not
partially. Otherwise these blocks have to be split up. Of course, the relation A; = A,;tlfi has
to hold also after reordering. For example, it is not possible to reorder the palindromic Schur
form such that the eigenvalues A; U Ag appear first (for k& > 2).

Every order of the eigenvalues allowed by above restrictions can be reached by a sequence of
elementary exchanges of two types: a) center swaps, exchanging AL kp A( 141 and b) outside

swaps, exchanging A; < A;;1 and consequently also Ag_;11 < Ag_; where 1 <i < LgJ —1.
Outside swaps are equivalent to swapping in the generalized Schur form [50, 51, 54]

0 Th—ii+1 0 Tig—it1 |
F F :
Th—iv1i Th—it1i+1 Tivik—i Tig1k—it1

where F' denotes the flip matrix. It is not discussed in detail here. Center swaps are explained
next.

3.5.1 Palindromic eigenvalue swapping
Given a 3 x 3 block antitriangular matrix

ni n2 ni

ny A1z
A = N9 AQQ Agg y (320)
ny | A1 Az Ass

where no may be zero, we want to find a unitary matrix @ such that

ny na M

. ny A
A=Q"AQ=mnz |  Ap A (3.21)

ny | Az1 Az Ass

is still block antitriangular and A(Aszy, A%;) = M(A13, A%;) and A(Agg, A%y) = A(Asz, A%y).
For the moment, we allow nonunitary transformations. Note that, if Y, Z* € Crixm2
satisfy

AzY + Z¥Agy = —Ago, (322)
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and X € C™*™ golves
A31X —+ X*Alg = —(A33 + Aggz + Z*A23 =+ Z*AQQZ)7 (324)

then the following *-congruence transformation does the job:

X* Z* T A13 X Y I A31
Y* I Aoy Aog Z 1 = Agg
1 Az1 Az Aszz| |1 Ais

Note that for the case of ny =0, Y, Z are void and (3.24) reduces to Az; X + X*Aj3 = — Ass.

The system (3.22), (3.23) is a generalized Sylvester equation and thus has a unique solution
if and only if A(Asi, Afg) N A(Asg2, A%y) = 0, see [85] or [95, Theorem 6.6.8]. The solvability
condition for (3.24) is provided by the following lemma.

Lemma 3.8 Let B,C € C**%. Then the matriz equation
BX +X*C=D (3.25)

has a unique solution X for every right hand side D if and only if the following condition 1)
and one of the conditions 2a), 2b) hold.

1) the pencil (B, C*) is regular, and

2a) if x =T, \(B,CT)\ {1} is T-reciprocal free and if 1 is an eigenvalue, it is of algebraic
multiplicity 1, or

2b) if x = H, \(B,CH™) is H-reciprocal free.

Proof: The case x = T is proved in [19].

For the case x = H note that the operator S : (Re(X),Im(X)) — (Re(BX+X"C),Im(BX+
XH()) is linear and thus is injective if and only if its surjective.

We consider the following cases:

Case 1: Assume that (B,CH) is regular and its spectrum is H-reciprocally free. Then
AB,CH)Yn A(C,BH) = () and the generalized Sylvester equation

BX+YC=D, cHx+vyBY =DH"

has a unique solution (X,Y’). By symmetry, (Y, X#) is also a solution, so X = Y. Thus,
X is a solution of (3.25).

Case 2: Assume there is a nonzero vector z and A on the unit circle such that Bx = A\Cz,
i.e., (B,CH) is singular or has an eigenvalue on the unit circle. Then X := \/jm:H C+#0
gives S(Re(X71),Im(X7))=0.

Case 3: Analogously, if A and 1/ are distinct eigenvalues with corresponding eigenvectors
x and y, then choosing Xy = 2y C — yxf BH # 0 results in S(Re(Xs), Im(X3)) = 0. O

Once the matrices X,Y,Z are computed, a unitary matrix ) achieving the requested
transformation (3.21) can be obtained from a QR factorization

X Y I Ri1 Ri2 Ris
Z 1 |=0q Ras Ros) . (3.26)
I R33
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Note that R;;,i = 1,2,3 is nonsingular, since the left hand matrix is. Thus

) Azl R1_1*{131R§31
A=Q"AQ=R"" Aoy R = Rg_g*{lng_gl Ass ,
A1z Ry ARyt Asz Ass

has the desired property.
The material of this subsection is summarized in the following algorithm.

Algorithm 3.9 Palindromic eigenvalue swap

Input: A in form (3.20) with A(A;3, A3;) *-reciprocal free, (in the T-case except possibly for
an eigenvalue 1 of algebraic multiplicity 1) and A(Age, A5,) N A(A13, A5) = 0.
Output: A,Q satisfying (3.21) with A(Azy, A%y) = (A3, A%))
1: solve (3.22),(3.23) for Y, Z
2: solve (3.24) for X
3: compute QR factorization (3.26)
4: compute A = Q*AQ

These linear matrix equations amount to small linear systems of order 2niny and n?, respec-
tively, and can be solved routinely.

Note that numerical problems can be expected if the solvability conditions are nearly
violated. Thus, the elements in A that are above the block antidiagonal should be checked,
before they are set to zero. If necessary, the swap has to be rejected. In this case it depends
on the application how to react. If the swap is performed in order to compute the deflating
subspace corresponding to a specific set of eigenvalues then the failure indicates that the two
blocks that were to be swapped should not be separated. If, on the other hand, the swap is
part of the implicit palindromic QR step, Algorithm 3.8, then the whole transformation to
be rewinded and a fresh attempt has to be started with different shifts.

3.5.2 Even eigenvalue swapping

The reordering of an block even Schur form (2.40) works analogously as in the palindromic
case: Every allowed order can be reached by swaps either outside or at the center of the
pencil. Outside swaps can be achieved by reordering a generalized Schur form. Center swaps
are discussed in the following.

A 3-by-3 block antitriangular even pencil

ni no ni ni no ni
(M, N) = no MQQ M§2 , N2 MQQ —N§2 (327)

ny [ Mz Mz Msz | ni1 [ N3t Nza  Nsg

is block antidiagonalized by a *-congruence transformation (M, N) = W*(M, N)W with

W=12Z2 1
I
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if and only if Y, Z* € C"1*"2 gatisfy

M31Y + Z* Moy = —Ms3a, (328)
N31Y + Z*Nys = —Naza, (3.29)
and X € C™*™ ig a solution of
M3 X + X*Mgl = —(M33 + Ms3oZ + Z*M§2 + Z*MQQZ*) (330)
N31 X — X*N3, = —(Nsz+ N3oZ — Z*N3y + Z*Noo Z™). (3.31)

The system (3.28), (3.29) is a generalized Sylvester equation and thus has a unique solution if
and only if \(Ms31, N31) N A\(Mag, Nag) = 0. In order to assess the solvability of (3.30), (3.31),
we note that their sum

(M31 + N31)X + X*(Mgl — N31)* =rhs (332)

(with rhs the sum of the right hand sides of (3.30), (3.31)) is of the form (3.24) and that (3.30)
and (3.31) can be recovered as the symmetric and skew symmetric parts of (3.32), respectively.
Thus, by applying Lemma 3.8 to (3.32), the system of matrix equations (3.30), (3.31) has a
unique solution, if and only if A(Ms1+ N31, M31 — N31) is x-reciprocal free (in the T-case except
possible for an eigenvalue 1 of algebraic multiplicity 1). Because (Ms; + N31, M3; — N3j) is
the Cayley transform of (Ms1, N31), this is the case if and only if A(M31, N31) contains no
pairs of the form (A, —A*) (in the T-case except possible for an eigenvalue oo of algebraic
multiplicity 1).

The actual solution of (3.28), (3.29), and (3.30), (3.31) amounts to small linear systems,
which can be solved routinely. A unitary matrix @ such that (M, N) := Q*(M, N)Q has the
same form as (M, N) and A(M (31, N3;) = —A(M (31, N31) can be obtained as the unitary QR
factor of W, as in the palindromic case.

The material of this subsection is summarized in the following algorithm.

Algorithm 3.10 Even bulge exchange

Input: even 3-by-3 block antitriangular pencil (M, N) such that A(Ms;, N3;) contains no
pairs of the form (A, —A\*) (in the T-case except possibly for an eigenvalue oo of algebraic
multiplicity 1) and )\(Mgl, Ngl) N )\(Mgz, Ngz) = 0.

Output: A,Q satisfying (3.21) with \(Az;, A%,) = A\(Ay3, 4%))

1: solve (3.28),(3.28) for Y, Z via Kronecker product formulation
2: solve (3.30),(3.31) for X via Kronecker product formulation
3: compute QR factorization (3.26)

4: compute (M, N) = Q*(M,N)Q

3.6 (No) anti-Hessenberg reduction

In order for the implicit palindromic (even) QR algorithms to be generically applicable, a
method is needed to reduce a general square matrix A (general even pencil (M, N)) to
anti-Hessenberg form. This method should be of cubic complexity and only use unitary
*-congruence transformations.

Unfortunately, this task is related to an unsolved analogous problem for Hamiltonian
matrices. A structure preserving implicit QR algorithm has been developed in [17], but
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the reduction to a Hessenberg-like form is missing [2, 75]. It is not surprising that the
palindromic eigenvalue problem inherits some of the complications arising in the Hamiltonian
case considering the strong relation between these problem classes.

Therefore, we restrict our attention to another condensed form that under certain condi-
tions reduces to anti-Hessenberg form.

3.6.1 The even PVL form

In this section we only consider the T-even case, because the methods require the diagonal of
N to be zero, which is not guaranteed for x = H. Also, we restrict n to be even. Comments
on the case when n is odd are made at the end of this section.

Relaxing the requirements of the even anti-Hessenberg-triangular form by admitting nonzero
diagonal entries in M leads to the following definition.

Definition 3.3 An even pencil (M, N) € C™" x C™"™ with n even is said to be in even PVL
form if M can be written as the sum of a diagonal and an anti-Hessenberg matrixz, and if N

s antitriangular, i.e., if
M=+ and N = /] (3.33)

The name 'PVL form’ stems from an analogous condensed form for Hamiltonian matrices
that was introduced by Paige and van Loan [75].

Every even pencil of even dimension can be transformed into even PVL form. The reduc-
tion process is demonstrated for n = 6. For simplicity, N is assumed to be antitriangular,
otherwise this form can be obtained by a skew QRQ? factorization, see Appendix B.2. So,
M and N are of the form

r r xr T T X T
r r x T T X T T
r r xr T T X T x T
T x z x xz x|’ z 0 =z =z (3.34)
r r r r T X zr z z 0 =z

|z = 2 = T T | lz z =z =z = 0 |

M is transformed to ’anti-Hessenberg plus diagonal’ form while N is kept antitriangular. First
annihilate the (2,1) element of M by a rotation in the (2,3) plane applied as congruence.
This also zeros out my2 and introduces fill in in N at position (2,n — 2) and (n — 2, 2).

r 0 z =z = =z x
0 z z = = = 4+ @& @
® ® B B B 7 ® B (3.35)
T T X T X T + =z 0 z «x
T r T T T T zr z 0 =z
|z z z z x z | |z z x =z z 0 ]

These new elements are being zeroed again by a congruence rotation in the (n — 2,n — 1)
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plane which restores the antitriangular form of NV, but leaves invariant the zero pattern of M.

r 0 z z x =z T
0z 2 z =z «x 0 =z
r T xr Tr T X r T x
@® G @ 4B @ % 0 z 0 =z =z (3.36)
® ® B B BT z x x 0 x
|z 2 =z = T T | 2z 2z z = z 0 |

For general dimension n, this can be repeated for the entries (3,1),(4,1),...,(n/2 —1,1).
We next zero out element (3,1) of M. This is done with a congruence rotation in the

(3,4) plane. This rotation also zeroes out the element (1, 3) of M, but leaves N antitriangular,

because of skew symmetry.

8 8 8 O OR8

8 8 8 8 8 ©

8 8 8 8 8 ©

8 8 8 8 8 8

8 8 8 8 8 8

8 8 8 8 8 8

X

T
T

8 8 8 ©

8 8 ©8

8 OK8 8 8

o8 8 8 &8 8

(3.37)

We continue by eliminating the element (4,1) of M by a congruence rotation in the (4,5)
plane. This congruence rotation also eleminates m1 4, but introduces nonzero entries in N at

positions (4,2) and (2,4).
[ 0 0 0 =z =« ] [ ]
0 z 2 z x =« I+ @
0 z 2 z z z r T x
0 z z z =z = + 2z 0 =z = (3.38)
@\ @ @B @B aE z z z 0 =z
2z z x T T | lz 2z =z = x 0 |
These can be zeroed out again by a further congruence rotation in the (2,3) plane leaving

invariant the zero pattern of M.

z 0 0 0 x = T
0 z 2 =z =z x 0 = =z
0 z 2z =z =z «x T xr x (3.39)
0z 2 =z =z x 0 0 =z «x
r r r r T T r z z 0 =z
|z 2 = =z T T | lz z 2z  x 0 |

Again, for general n, this can be repeated for the entries (n/2+2,1), (n/243,1),...,(n—2,1).

At this point, all necessary zeros in the first row and column of M have been generated.
Note, that the last row and column of M and N were not altered during the reduction of the
first column of M. Thus, the zeros in the first row and column of M are preserved when the
procedure is applied recursively to the submatrices that arise from M and N by deleting the
first and last rows and columns. This yields a palindromic PVL form for (M, N).

Note that none of the transformations changes the first element. So, @) has the form
1® Q. This implies that an even PVL form with given first column ¢; of @ can be obtained
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by preceeding above reduction by a congruence transformation with any unitary matrix Qo
such that Qpe; = q1. The process is distilled in the following algorithm.

Algorithm 3.11 even PVL reduction

Input: M = M7 N =—-NT € C*»", with n even, ¢; € C"

Output: unitary Q with Qe; = q1; (M, N) is overwritten by (M, N) = QT (M, N)Q with M
is the sum of an anti-Hessenberg and a diagonal matrix and N is anti-Hessenberg

1: define unitary ) with Qe; = ¢1

2 M—QTMQ, N —QTNQ

3. N — QRQT B - % QRQT decomposition of N, Algorithm B.3
4 N—R, M —QUMQ, Q —QQ

5. for j=1:n/2—-1do % eleminate in j-th row/column of M
6: fori=j+1:n/2—-1do % eleminate M (i,j) with i < n/2
7: define unitary G with GTM (i : i +1,5) = [?]

8: Q— 11@G@InzlaM<_QTMQaN<_QTNQQ QQ

9: define unitary G with N(i,n —i:n—i+1)G = [0 «]

10: Q=Iin®Gali, M —Q"MQ, N —QTNQ, Q — QQ

11:  end for

12:  define unitary G with GTM(n/2:n/2+1,j) = [9] % eleminate M (i, j) with i = n/2
13: Q: n/2— I@G@In/Q 17M<_QTMQ7N<_QTNQ Q QQ

14: fori=n/2+1:n—j—1do % eleminate M (i,j) with i > n/2
15: define unitary G with GTM (i : i+ 1,5) = [?]

16: Q= zl@G@fnzl,MHQTMQ,NHQTNQQ —QQ

17: define unitary G with N(i,n —i:n —i+ 1)G = [0 «]

18 Q=L i1 ®GaLia, M« QTMQ, N —Q"'NQ, Q —QQ
19:  end for

20: end for

If only one half of M, N are stored and updated this algorithm needs 6n3 + O(n?) flops to
reduce (M, N). It takes additional 32n® flops to accumulate Q.

Compared to the even anti-Hessenberg-triangular form, the even PVL form admits only
5 — 1 nonzeros more. Unfortunately, it is in general not invariant under even QR steps. The
even PVL form is invariant only if the diagonal elements mi1,moo, ... ;Mz_qn_q are zero,
i.e., if the palindromic PVL form reduces to anti-Hessenberg form.

Thus, the reduction to even PVL form is not suited as a preliminary step for the even QR
algorithm, unless it yields an anti-Hessenberg-triangular pencil. The remainder of this section
analyses when an even PVL form actually is anti-Hessenberg-triangular. We start with the
following uniqueness result which is similar to the implicit Q theorem and states that an even

PVL form is fixed, once the first or last column of ) is known.

Theorem 3.9 Let M = MT N = —nT € C*" with n even and N nonsingular. Let Q1,Q2 €
C™™ be two unitary matrices such that QZT(M, N)Q; are in even PVL form normalized such
that the antidiagonal entries of QzTNQi and the super antidiagonal entries of QZ-TMQi are
real, positive, and nonzero fori=1,2.

Then Qie1 = Q2e1 or Qie, = Qaey, implies Q1 = Qa.

Proof: Let K := QT MQ,,L := (QF'NQ,)~!. Further, let Q1 =: [q1,2,--.,qn]. We will
prove that given ¢; or ¢, then K, L and the remaining columns of @) are fixed.
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Consider the relation x = ay for a given nonzero vector x, an unknown normalized vector
y and a unknown scalar a. It follows that |a| = |jay|| = |lz|| and y = Lz. So, a can be

freely chosen on the circle of radius ||z||. But if « is restricted to be real and positive, then
the solution is unique. Similar relations will arise involving the antidiagonal entries of L and
the super antidiagonal entries of K. Thus, they must be restricted to be real, positive, and
nonzero in order to have uniqueness.

From the definition of K and L it follows that

MQ, = QiK, (3.40)
N7'Q1 = QL. (3.41)

Multiplying (3.41) from the right by e, gives (note, that L is upper antitriangular)
N7, = qlin

If g, is given then this relation yields Iy, = ||[N 71,/ and 1 = ﬁN‘l(jn. If, on the other

hand, ¢; is given, the relation yields ll_il = ||Nqi|| and g, = {1,,Nqi. In both cases, at this
point q1, gn, l1n, and l,, 1 = Iy, are known.
Multiplying (3.40) from the right by e; yields (as K is “anti-Hessenberg plus diagonal”)

Maq = qikig + Gn-1kn-1,1 + Gukn,1.

From this relation we can read off the following elements:

ki1 = ¢ Maq,
kng = qp Ma,
kno11 = Mg — @ik — Guknlls
and
Gn—1 = knil,l (Mg1 — qik11 — Gnkn1)-

Thus, at this point we know ¢1, ¢n,_1, g as well as the first row and column of K and the last
row and column of L.

The remainder follows by induction. Assume that the first ¢ — 1 and the last ¢ columns of
()1 as well as the first ¢ — 1 rows and columns of K and the last i — 1 rows and columns of L
are known. Multiplying (3.41) from the right by e,4+1-; gives

(]
N Guy1- = Z qiljnri—i- (3.42)
j=1

The vector ¢; is the only unknown vector in this relation. We get

lmii—i = af N 'Guyr—i, j=1,.,0—1,
i1
liniioi = IN'Gupii = Y ailjmerill,
=1
. i—1
@ = N ' Gu1-i — Zlej,n-l—l—i
i1

Jj=1
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At this point, also ¢; and the (n + 1 —4)st row and column of L are known.
Next, we multiply (3.40) from the right by e;, yielding

Ma; = gkii+ > Gikja- (3.43)

j=n—1t

From this equation we get for ¢,—; and the ith column of K

kji = quMqi, j=tdand j=n—i+1n—i+2,...,n,
n
knoii = Mg —Gkii— Y Gkjal,
j=n+l—i
1 n
i = 7 Mg — Gikis — > Giky,

n—i, . .

j=n+1-—i

Carrying out this procedure for ¢ = 2, ..., 3 fixes Q1. O

So, an even PVL form is determined by the first (or the last) column of . This changes
the question “when is an even pencil in even PVL form in even anti-Hessenberg-triangular
form?” to “what conditions should ¢; fulfill so that the resulting even PVL form is in even
anti-Hessenberg-triangular form?’. For example, in order for (QTM@)1 1 to be zero, ¢; has
to satisfy (QTMQ)11 = ¢f Mg1 = 0. The answer is given by the following theorem that
generalizes an analogous result for Hamiltonian matrices in [2].

Theorem 3.10 Let M = MT,N = —NT € C™" with n even and N nonsingular. Let
Q € C™" be a unitary matriz such that (K,L) := QT (M, N)Q is in even PVL form with
unreduced super antidiagonal, i.e., kin—; # 0,4 = 1,...,n — 1. Let 1 = Qey be the first
column of Q.

Then (K, L) is in even anti-Hessenberg-triangular form if and only if q1 satisfies the
following conditions:

G M(N"IM)? g =0, i=0,..., 52 (3.44)

Proof: Note that (K, L) is in even anti-Hessenberg-triangular form if and only if k; ; = 0 for

i=1,...,5 —1. We will prove the following: if for some € {0,...,5 — 2} we have that
k1p="Fkoo=...=kp, =0, then for all s =0,...,7:

krir1 =0 = ¢/ (NT'M)*)TM(N™'M)*gri1-5 = 0. (3.45)

The assertion (3.44) follows from (3.45) by induction over r, in each step setting s = r.

So, assume r € {0,...,5 —2} and k1,1 = koo = ... =k, = 0. We will need the following
product, K, := ((L7'K)*)TK(L'K)*. Note that, because of the structure of L and K, the
matrix K has the pattern

r—s

K_r—s+1 0 |:|
s = |:| D;

(3.46)
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i.e., the matrix K consists of a zero block in the top left corner of size (r—s+1) x (r—s). This
can be seen by considering the action of the matrix L~'K on the unit vectors e; and noting
that Kse; = £+K (L 1K)%¢;, where the sign depends on s. This also shows that, actually,
K consists of many more zeros, but we will only use those claimed in (3.46). Multiplication
with an upper antitriangular matrix will not destroy the zero entries, but only move them to
the bottom/right. Thus,

L TK, = Hign L TK,L7! = L . (3.47)

r—s+1 ] 0o [ ]| r—s+1 ([ ] o

Moreover, multiplication with K just slightly reduces the zero block:

r—s

L1 O
T—S5 0 |:|

The statement (3.45) is proved by induction over s. Clearly, it holds for s = 0, as

L TK,L 'K = (3.48)

ki1l = @iy 1 Magryr.
Now, we prove the step ”s = s+ 17, i.e.,

G Msgri1-s =0 <= ¢ Msi1¢—5=0, for s=0,...,7r —1, (3.49)

where My := (N7'M)*)TM(N~1M)*. By equation (3.42) with i = r + 1 — s, the vector
Gr+1—s can be written as

r—s
(Nilqn—r—&-s - Z lj,n—r+s‘1j)'

1
gr+1—s = ]
=1

r+1—sn—r+s

Here, l;41—sn—r+s 7 0, since it is on the antidiagonal of L.
Inserting this into the term ¢, Mygr41—s yields

1 —_ —_ —
q?+1—squT+1—S l2 <q7€I_T+SN TMSN 1Qn—r+s
r+l1—sn—r+s
r—s
-2 Z lj:N—T+S(Q7I;I—r+sN_TMSQj) (350)
j=1
r—s
+ Z li,n—r—&—slj,n—r—ks(Q?MSQj))~
Q=1

In this sum only the first term is nonzero, because for j = 1,...,7 — s we have

_ — _ 3.47
g N T Mgy = €7 QIN"TMQe; = €L, L TKoe; "2 0,

n—r+s n—r+s
and for¢,57=1,...,7r—s

3.46
q;-‘Fquj = e;prTMSer = eTKsej (3.46) 0.

(2
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Thus, equation (3.50) reduces to

1

G MsGri1—s = 7 g NI M N Gy, (3.51)

r+l—sn—r+s
The vector gn—r4s can, by equation (3.43) with ¢ = r—s, be written as (note, that k, 5,5 = 0)

_ 1 - _
gn—r+s = L (MQTfs - Z k;j,rfsq‘]')
n—r-+s,r—s j=n—r+l4s

Here, ky—rysr—s # 0, as it is on the super antidiagonal of K.
Inserting this into the term qTIL{_r_H]\7_:[’]\45]\7_1q_n,,urs gives

1
]{72

n—r-+s,r—s

QTIL{,T+SN_TMSN_1%_T+S (q?T*SMN_TMsN_quT_S

n
2 > kjs(gf NTTMNT Mg, ) (3.52)
j=n+l-r+s

n

+ Z k’i,rfskj,rfs(qZHN_TMsN_IQj)
t,0=n+1—r+s

Also here, only the first summand is nonzero. Indeed, for j=n+1—7r+s,...,n

N TMN T Mg, = T QTN TTMN T MQe, o = I LKL ey, "2,

and for i,j =n+1—-r+s,..,n
g’ N"TMN"'g; = ¢ QUN"TMN"'Qej = ¢] LT K, L "e; B4,

Hence, equation (3.52) reduces to

1
k2

r—s,n—r-+s

g N TTMN Gy = ¢ MN-TM,N"Mgq,_,. (3.53)

Equations (3.51) and (3.53) together yield

4 Msgri1-s =c-qi_ MN TMN*Mq,_s = c-q'_;Msi16,—s,

where ¢ = l12 # 0 which is equivalent to (3.49). Thus (3.45) follows and the
r—s,n—r+s'r+l—s,n—r+s
proof is complete. O

We have proved that in order for QT (M, N)Q to be in even anti-Hessenberg-triangular
form, the first column of @ has to fulfill the § — 1 conditions (3.44). This is in sharp contrast
to the QZ algorithm. There, a unitary matrix () with arbitrary first column can be found such
that there exists a unitary matrix Z with Q¥ (M, N)Z in Hessenberg-triangular form. This
suggests, that the even anti-Hessenberg-triangular reduction is not possible without solving
the (nonlinear) constraints (3.44). For the Hamiltonian eigenvalue problem this is known as
"Van Loan’s curse”, see [8, 75].
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Remark 3.3 In the case of odd dimension n, IV is singular, as every skew symmetric matrix
of odd dimension is singular. Assuming that N is of rank n — 1, one can find a unitary
Q such that QT MQ can be written as sum of an antitriangular and a diagonal matrix,

QTMQ :A+\, and QTNQ is of the form 0 @A. Here, the first column of @ is fixed as
a vector that forms a basis of the nullspace of N. As before, the remaining columns follow
from the first one. Thus the whole matrix @ is fixed. O

Summarizing, the chances to find a matrix @ that transforms an even pencil (M, N)
to even anti-Hessenberg-triangular form or a matrix A to anti-Hessenberg form are limited.
However, there are situations of practical interest, in which this transformation is possible.
These are presented next.

3.6.2 Anti-Hessenberg reduction for special cases

In the following section we discuss how to reduce specially structured matrices to anti-
Hessenberg form. Note, that we discuss palindromic problems again and no longer restrict to
the T—case, but allow H-palindromic pencils again.

Anti-Hessenberg reduction for single-input systems

We consider the palindromic pencil (1.5) arising in the discrete time optimal control problem
for the case m = n and p = 1 as they arise for single-input systems [17, 72]. After a
permutation the matrix is of the form

m

A

»w 3 o =
O % = 3

m
0
=1 0
m | B*
We will describe how to transform A to anti-Hessenberg form by a unitary congruence
transformation. Let Q, Z € C™*™ be unitary matrices such that Q¥ (A, E)Z = (H, R) is in
Hessenberg-triangular form [36]. These @1, Z can be chosen such that additionally Q{{ b= ae

holds where « is a constant.
Then with U := diag(Q¥*F, 1, Z) we have

A =FQiAz=FH=/],

m 1 m
) m[0 b A EY =7 QI F=rrF=/]
A ZU*AUqun Ep* g .g , with {7 = FQIb = aFe;, = aep,
Q =27QZ,
s =Z%s.

Hence, A is in anti-Hessenberg form, more precisely in transposed anti-Hessenberg-triangular
form.
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Anti-Hessenberg reduction after symmetric rank—one updates

Assume, that A € C™"™ is a symmetric rank one perturbation of an antitriangular matrix, i.e.,

there are an antitriangular matrix B = A and a vector b € C" such that A = B + bb*. We
will show how to transform A to anti-Hessenberg form.
Set k = L%J —1land let U = Uy 2Uz3 - Uy k41 be a product of Givens rotations, where
Ui i+1 is a Givens rotation in the (7,7+1) plane, such that U*b vanishes in the first k positions.
If n is even, then k = 5§ — 1 and
U*AU = U*BU +U*b(U*b)*

n n

2 2 % —1 % +1
S I S A
= n =
sl20) sl o L
is in anti-Hessenberg form.
Similarly, if n is odd, then k = ”773 and
U*AU = U*BU + U*b(U*b)*
n=1 n—1 ror
2 2 n—3 nt3
2 2
% 0 0 ZI n=3 0 0 T x T
- 1 0 T TeeeT| 4 2 [ ] = T T
- N 0
sl O #le U
’ x x
_'1: .. l‘ "E e x l‘_
Finally, solving the 2 x 2 problem in the (”T_l, ”T‘H) plane (for x = H we have to assume that

a solution exists) results in anti-Hessenberg form.

Anti-Hessenberg reduction for projection methods

Here we treat the palindromic eigenvalue problem for the pencil (A, A*), where A is a large and
sparse matrix. In this situation one is usually interested in a few eigenvalues and eigenvectors
only. The methods of choice for this problem are projection methods [4]. These methods
choose a so-called search space and a test space and solve the projected problem WH AV z =
AMVH AV E where V,W € C*™ m < n, VAV = I,, = WHW are orthonormal bases of the
search and test spaces, respectively. Note that choosing W = V* implies that the projected
pencil WH (A, A*)V = V*(A, A*)V =: (M, M*) is palindromic as well.

Projection methods proceed by reducing M to palindromic Schur form by some algorithm,

ie, Q*MQ =T = A An eigenpair approximation (), z) is now given by (:’fl,VQel). If
this approximation is not good enough (for example, if the residual r = Ax —n,uA*a: is too
large in norm), then the search space is enlarged in the direction of another basis vector v.
This vector can be selected, e.g., by the Jacobi-Davidson method [31, 84]. The new search

space is given by V4 = [V vi]. The new projected system matrix is

VAAV V*Au,]  [M b
WAV wiAvg | | d]”

M+ — Vv_:_(AAV'Jr == |:
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The next step is to transform M, to palindromic Schur form, again. This can be accelerated
by first transform M, to anti-Hessenberg form. This transformation is achieved by, e.g.,

Q-i-:Q@l:aS

&

Q*MQ Q*b :

QM+ = |7 .y i =/
cQ d

is in anti-Hessenberg form. Thus, a full matrix only has to be dealt with in the first step,

when the dimension is usually very small, often even 1. In all the following steps, the matrices

can be transformed to anti-Hessenberg form.

3.7 Conclusion

The implicit QR algorithm can be adapted to preserve the structure of palindromic and even
pencils. Although the implicit palindromic QR algorithm solves a generalized eigenvalue
problem, it has some of the features of the standard QR algorithm: it operates on just one
n-by-n matrix, and one step costs (8k + 6)n? flops, the same as one step of the bidirectional
QR algorithm. The flop count and memory requirement of the even QR iteration is the same.
Both are strongly backwards stable. Moreover, modern techniques, such as multiple bulge
chases and aggressive early deflation [11] can be adapted to these variants in a straightforward
way [55]. Thus, these are the methods of choice if the problem is given in anti-Hessenberg
form. Unfortunately, the reduction of a general palindromic or even pencil to anti-Hessenberg
form is elusive. But filling this gap is necessary for the palindromic/even QR algorithms to
be generally applicable. For this reason methods have been developed that do not solve the
palindromic/even problem directly, but a related problem.
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Chapter 4

Methods for skew symmetric
pencils

The palindromic QR algorithm discussed in Chapter 3 uses a direct approach to palindromic
and even eigenvalue problems and — without a reduction to anti-Hessenberg form — is not
satisfactory. The methods presented in this and the following chapter circumvent the problem
by not treating the original eigenvalue problem, but a related one. These related problems
are generalized skew symmetric eigenvalue problems,

Sz = ANz, with $=-ST N=-NT. (4.1)

Note that the coverage of skew symmetric pencils can be restricted to the case x = T,
because a generalized skew Hermitian problem Sz = ANz, with S = —S#, N = —N# can
be transformed into an H-even problem by mere multiplication with 4, (iS)z = (iA\) Nz, and
thus, the one is not harder or easier to solve than the other.

This chapter is structured as follows: Section 4.1 presents a strongly backward stable
numerical method to compute all eigenvalues of a real or complex skew symmetric pencil. The
subsequent Section 4.2 discusses how an H-even pencil is transformed into a skew symmetric
one, and how their eigenvalues are related, resulting in a numerical method to compute the
spectrum of an H-even eigenvalue problem. T-even problems are not considered here, but in
the next chapter.

In the whole chapter all pencils are assumed to be regular.

4.1 Skew symmetric pencils

In this section an algorithm is given for the skew symmetric eigenvalue problem (4.1). We
assume that the pencil is of even size n, as only this case is used later on, see also Remark 4.1.
We consider the complex problem with S, N € C™"™ and dwell on what changes in the real
case in Section 4.1.1.

A generalized skew symmetric eigenvalue problem of the form (4.1) is a structured eigen-
value problem. Thus, it does not surprise that its spectrum is structured. Indeed, it follows
from structure preserving canonical forms in [89] that every eigenvalue of (4.1) is of even
(geometric and algebraic) multiplicity.

Our aim is to construct a unitary matrix Q such that both, 7' := Q7 SQ, and Z := QT NQ
are antitriangular. The pencil (T, Z) is called a generalized skew symmetric Schur form of

81
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(S,N). The eigenvalues can then be read off from the antidiagonals of Z and T as \; =
tint1—i/Zint1—i for i = 1,...,n. These eigenvalues are double, i.e., they fullfill the skew
symmetric spectral symmetry, because

Xi = tint1—i/Zin+1—i = (“tns1—ii)/(—Zn1—ii) = Ang1—i fori=1,...,n.

An algorithm to compute the generalized skew symmetric Schur form is given in [76].
Actually, there the generalized skew Hamiltonian problem is treated, which becomes skew
symmetric upon premultiplication by J = [_01 6] The algorithm relies on two key obser-
vations. First, the reduction to even PVL form, Algorithm 3.11, can be applied to skew
symmetric pencils. Using congruence transformations only, this process preserves skew sym-
metry. The result is a skew symmetric pencil in even PVL form (3.33), but since skew
symmetric matrices have vanishing diagonal elements, the PVL form in fact reduces to anti-

Hessenberg-antitriangular form.

QT(5.N)Q1 = (5, N) = (A. ).

The second key observation, that also follows from a vanishing diagonal element, is that the
anti-Hessenberg-antitriangular form is also in block antitriangular form. Indeed, as s,/ /2 =

0 the pencil (S, N) can be partitioned as
~ 0 512 ~ 0 N12 . /
S = 7N - s th Sio = , N+ = .
[—SE 522} [—Nsz W 2L N =/

Here, all blocks are of the same size n/2 x n/2.

Thus, the skew symmetric eigenvalue problem decouples into two unstructured eigenvalue
problems of half the size. Since these two problems for (Si2, N12) and (—Siy, —N{,) are
transposes of each other, only one of them needs to be solved. Let F' be the flip matrix and
let U and V' be unitary matrices that transform the Hessenberg-triangular pencil (F'S12, F'N12)
to generalized Schur form, i.e.,

U(FS1)V=T=\], UFNL)V=2=\] (4.2)

Setting Q2 = FUTF @ V results in generalized skew symmetric Schur form:

T—Qr50, — 0 FUFS;,V] FT 1 |0
TwrrRr T L YTSLFUTE VTSV | | —(FT)T VTSpV] A0
TR, — 0 FUFN;pV] FZ 1 |0

Z=0:NQ2 = [—VTNlTQFUTF VT Ny V ] - [(FZ)T VTNZQV] B A0

Summarising, we have the following algorithm.

Algorithm 4.1 Generalized skew symmetric Schur form
Input: S =—-ST,N=—-NT ¢ C"" with n even
Output: unitary @, antitriangular 7, Z € C™" such that T = QT SQ, Z = QT NQ
1: [Q1,5, N] — Algorithm 3.11 applied to (S, N) % PVL form
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2: [T, Z,U, V] « QZ algorithm applied to (FS(1:n/2,n/2+1:n), FN(1:n/2,n/2+1 : n))
3 Q— QUFUTFaV)

FT FZ
—(FT)T vT 5221/}’ - {—(FZ)T VT NooV
Algorithm 4.1 is strongly backward stable. If only half of S and N are stored and updated,
it needs 13n3 + O(n?) flops to compute T and Z. If Q is accumulated, this takes another
6%713 + O(n?) flops. Here, flop counts for the QZ algorithm were taken from [36]. Note that

V has to be formed, even if @) is not requested, because it is needed for the (2,2) blocks of T'
and Z.

4: T «—

Remark 4.1 We assumed the size of the problem n to be even, because in case of odd n,
the matrix S — AN is skew symmetric, hence singular, for all A € C. Thus, the pencil S — AN
is singular. So, odd dimensional pencils are of little importance. Nevertheless, we want to
remark on a numerical method similar to the presented one.

In line 1 of Algorithm 4.1 the even PVL form of (S, N) is computed. For odd dimensional
pencils the PVL-like form of Remark 3.3 can be used resulting in a pencil (sketched for n = 7)

oo 0 Sl [ 0 Np
5o = (| 8L )

8 88 8 8 ©

x
| 0 =z =z

OR 8|8 8 8 8

8 8 8|0
8 8 O8 8
8 OR[I8 &8 8
8 ORR &

0
x
x
x

8 8 OR

T
T

8 8 8

o

x

Then the pencil (FS12, F'N12) can be treated further by the GUPTRI algorithm [26, 90]. O

4.1.1 Real skew symmetric pencils

If the pencil (S, N) is real then almost the whole Algorithm 4.1 carries over to real arithmetic.
The only detail that changes is that the pencil (F'Si2, FN12) must be transformed to real
generalized Schur form in (4.2), i.e., Z is upper triangular, whereas T is block upper triangular
with 1 x 1 and 2 x 2 diagonal blocks, the latter corresponding to complex conjugate pairs of
eigenvalues.

Still, the eigenvalues of (S, N) are obtained by taking the eigenvalues of (T, Z) twice. The
resulting algorithm is very close to its complex counterpart.

Algorithm 4.2 Real generalized skew symmetric Schur form

Input: S =—-ST N = —-NT € R*»" with n even

Output: orthogonal @, antitriangular 7, Z € R™" such that T' = QTSQ, Z = QT NQ
1: [Q1,S, N] — Algorithm 3.11 applied to (S, N) % PVL form
2: [T, Z,U, V] « real QZ algorithm applied to

(FS(1:n/2,n/24+1:n),FN(1:n/2,n/2+1:n))

3 Q= QUFUTFaV)

FT } _ [ FZ

T ) )
YR T LPTT VTSV —(FZ)T VTNV
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The cost aspects of Algorithm 4.2 equals that of Algorithm 4.1.

4.2 The H-even eigenvalue problem

We derive a method to compute the eigenvalues of an H-even pencil, (M, N) with M =
MY N = _-NH" ¢ C™", by transforming it into a real skew symmetric pencil.
We use the so-called real embedding of a complex matrix A defined by

A et )]

where Re(A) and Im(A) denote the real and imaginary parts of A, respectively. It has the
useful properties that a unitary matrix is mapped to an orthogonal one and that for complex
matrices A, B, C' it holds

oo [ T [mte) o] = i) e
T

Let QY(M,N)Z = (S,T) be a complex generalized Schur form of (M, N). Applying the
real embedding to Q¥ (iM, N)Z = (iS,T) yields

Re(Q) —Im M ~Re(M)] [Re(N) —Im(N)]\ [Re(Z) —Im(Z)
Im(Q) —Im(M) "[Im(N)  Re(N) Im(Z) Re(Z2)
N
—Im(S) —Re(S)| |Re(T) —Im(T) (4.3)

Re(S) —Im(S)|’ [Im(T) Re(T) |/’
where we used Re(iM) = —Im(M) and Im(iM) = Re(M).

Using the perfect shuffle permutation [33, 53] defined by the permutation vector [1,n +
1,2,n+2,3,n+3,...,n,2n| the right hand side of (4.3) is permuted to block triangular form
with 2 x 2 blocks. Every diagonal block has the form

<[_Im(5jj) —Re(Sjj)} [Re(tjj) —Im(tjj)D '
Re(sjj)  —Im(sj;)] " [Tm(t;;)  Re(t;;)

Its eigenvalues are given by i), i\, where A\ = s;;/t,; is an eigenvalue of (M, N). Since (M, N)
is even, (S, ) has only double eigenvalues. Indeed, for every pair of eigenvalues (), —\) of
(M, N), the pencil (S, ') has the two double eigenvalues i),i\. Analogously, for every H-
exceptional eigenvalue i3 with 8 € R of (M, N), the pencil (S, N) has the double eigenvalue
i(if) = i) = .

Conversely, the spectrum of the real pencil (S, ) consists of real and pairs of complex
conjugated eigenvalues, all double. A double pair (u, i) of (S, N) corresponds to the pair
(—ip,ip) of (M, N), whereas a real double eigenvalue a of (S,N') corresponds to the H-
exceptional eigenvalue —ia of (M, N).

So, the task of computing the paired eigenvalues of a complex H-even pencil has been
transformed into computing the double eigenvalues of a real pencil. Usually, this is not a
good idea, as double eigenvalues are generally hard to compute in finite precision arithmetic.
The situation here is different, because (S,N) is a real skew symmetric pencil and thus
Algorithm 4.2 may be used that guarantees a complex conjugated set of double eigenvalues.

The previous considerations are summarized in the following algorithm.
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Algorithm 4.3 Eigenvalues of H-even pencils
Input: M = M7 N = —N" ¢ C™" with (M, N) regular
Output: vector e € C" containing the eigenvalues of (M, N)

—Im(M) —Re(M)
b= [Re(M) Im(M)]

Re(N) —Im(N)
2N [Im(N) Re(N) }

3: [T, Z] « Algorithm 4.2 applied to (S,N)
4ree——iANT(1:n,n+1:2n),Z2(1:n,n+1:2n))

The cost of Algorithm 4.3 is dominated by line 3 which takes 104n3 + O(n?) flops. (The
factor 8 over the value of Algorithm 4.2 results from doubling the dimension.) This is a lot
compared to the 30n3 flops of the QZ algorithm, but note that Algorithm 4.3 performs real
flops, whereas the complex QZ algorithm uses complex arithmetic. Thus, the flop counts of
these two algorithms are of comparable order.

Remark 4.2 A generalized Hermitian eigenvalue problem is of the form
Hzx = MGz, (4.4)

where H = H G = GH ¢ ¢,

By conjugate transposing (4.4) one can show the well known fact, that the spectrum of
(4.4) is symmetric w.r.t. the real axis, i.e. with A also A is an eigenvalue. Hence there are
real eigenvalues and complex conjugate pairs.

If the matrix G is positive definite, then (4.4) can be transformed to a standard Hermitian
eigenvalue problem by applying a congruence transformation with a Cholesky factor of G. An
extended version of this algorithm can also cover the case that a linear combination of H and
G is positive semidefinite [36]. In these cases only real eigenvalues exists. If, on the contrary,
only complex conjugate pairs exist, then both the matrices H and GG can be antitriangularized
by simultaneous unitary congruence, i.e., there is a unitary matrix @ such that Q” HQ and
QP GQ are antitriangular. All eigenvalues can be read off this form. The matrix @Q can be
computed by, e.g., an adapted version of Jacobi’s algorithm [69]. If (H, G) has both, real and
complex conjugate, eigenvalues, then neither of these algorithms can be used.

Applying Algorithm 4.3 to the H-even problem Hxz = (—i\)(¢G)z, which involves the real
skew symmetric pencil

Q-Ii?é@) Eﬁﬁfﬁ] ’ [—Igé(cg) ﬁﬁﬁgﬂ) ’ (4.5)

leads to correctly paired eigenvalues. Note that if (H,G) is real, then this method reduces
to applying the real QZ algorithm to (H, G). This looks baffling at first, but in this case the
eigenvalue pairing is guaranteed by the use of real arithmetic. O
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Chapter 5

The antitriangular URV algorithm

Here, we present methods for T-palindromic and T-even eigenvalue problems that are of
cubic complexity and that are guaranteed to produce paired eigenvalues. This chapter is
the counterpart of Chapter 4 in the sense that the palindromic and even problems are not
attacked directly, rather they are first transformed to a generalized skew symmetric form.
Here, however, the relation is more intricate and the methods for skew symmetric pencils
from Section 4.1 cannot be used directly. Instead, a new URV-type matrix decomposition is
utilized, that simultaneously transforms three matrices to antitriangular form.

A URV decomposition of a matrix A is a factorization of the form A = URVY where U
and V are unitary and R is triangular. Such a factorization is far from being unique. Thus,
it is not surprising that there are several URV decompositions for different applications, each
imposing special additional restrictions on U, V, and/or R.

The best known variant is perhaps the rank revealing URV decomposition [86], [36, Section

12.5.5], where R is of the form [RO“ %3} with Ry1 € C™" and opyin(R11) > 0max(R22), where

Omin(A) and opax(A) denote the smallest and largest singular value of a matrix A, respectively.
This decomposition can be used to find the (numerical) rank of a matrix. In this it is an
alternative to the singular value decomposition, but unlike the SVD it is computable by a
finite algorithm and it can be efficiently updated after rank-1 modifications.

Sometimes, this factorization is called the URV decomposition. However, it is stressed that
in the context of this thesis it is just one among many and that other URV decompositions
may not reveal the rank of a matrix and need not be computable by a finite algorithm.

A predecessor of the rank revealing URV decomposition is the QR factorization with
column pivoting [16, 36], a URV decomposition where V' is a permutation matrix and the
elements of R are required to decrease in magnitude along the diagonal.

Another variant, the symplectic URV decomposition [7, 8, 9] is used in the context of
Hamiltonian eigenvalue problems. Recall, that H € C?"*2" is T-Hamiltonian if (7H)' = JH
where J = [_(}n Ig] and S € C2nx2n ig T-symplectic, if ST7S = 7. The symplectic URV
decomposition restricts U and V' to be unitary and symplectic whereas R must be of the form

R= [ROH ZF}FQ} with Rj1, Roa € C™™" upper triangular. (5.1)
22

Our new URV decomposition is a generalization of the symplectic URV decomposition, see
Section 5.1 for details.

87
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This chapter is outlined as follows. The URV decomposition is motivated and defined
in Section 5.1. An algorithm for its numerical computation is proposed in Section 5.2. Sec-
tions 5.3 and 5.4 show how this URV decomposition can be used to solve the T-even and
T-palindromic eigenvalue problems, respectively.

Only regular pencils are considere in this chapter.

5.1 Motivating the antitriangular URV decomposition

In order to motivate the use of a URV decomposition to solve a structured eigenvalue problem
we consider the even eigenvalue problem Mz = ANz, i.e., M = MT N = —NT € C"*". Here,
N is assumed to be nonsingular (this implies that n is even).

Premultiplication by N~!, then squaring the resulting standard eigenvalue problem, and
another premultiplication by N yields the generalized product eigenvalue problem

MN Mz =\Nz. (5.2)
—_——
S
Since the eigenvalues of (S, N) are the squares of the eigenvalues of (M, N) and since the
eigenvalues of (M, N) appear in pairs (A, —\), we have
M, N) = {£ /i |1 € A(S, N)}. (5.3)

Note that (S, N) is a skew symmetric pencil. Thus, we could use Algorithm 4.1 to compute
its skew symmetric Schur form. Since this guarantees double eigenvalues, we could savely
split every double eigenvalue p of (S, N) into a pair &,/u of (M, N). However, because S
contains the inverse of N, this leads to instabilities, if N is nearly singular. Instead, we will
compute the skew symmetric Schur form of (S, N) without forming the product matrix S or
the inverse N1 therein explicitly. To this aim assume we could determine unitary matrices
U,V € C"™ " such that

UMV =R=/], U'NU=T=/], VINV=P=/] (5.4)
Carrying out a congruence transformation with such a V on (S, N) results in
(S,N):=VI(S,NWV = (VIMUUINUTUTMV,VINV)
= (UTMWVT(UTNU) T UTMV), (VINY))
(RTT™'R, P)
= (A4 A
= (AVAﬂA)
= (A7A)

So, V transforms (S, N) to skew symmetric Schur form and thus reveals its spectrum. The
eigenvalues of (S, N) are the ratios of the antidiagonal entries of S, N, which only depend on
the antidiagonal entries of R, T', and P. This means that the eigenvalues of (M, N) can be
read off from the decomposition (5.4). Using (5.3) we have

)\(M,N):{i TigTji izl,...,n;j:n—i—l—i}. (5.5)
Djitji 2
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Note, that the eigenvalues are paired as desired. In Section 5.3, we show how to handle the
case when N is singular and how to extract eigenvectors form the transformation matrices U
and V.

In summary, we use the URV-like decomposition (5.4) as structured periodic Schur form [10,
41, 52, 92] for the related problem (5.2).

This motivates the following definition: let A, N, S € C™*" be three given square matrices
with N, S skew symmetric. Then the unitary matrices U,V € C"*" define an antitriangular
URV decomposition of (A, N, S) if

vTav = /), v'NU=/], Vvisv=/] (5.6)

Equation (5.6) can be interpreted as a URV decomposition of A as A = URV# with antitri-
angular R under the restrictions that UT NU and VTNV are antitriangular.

An algorithm to compute an antitriangular URV decomposition is presented in the next
section. But beforehand the statement made above that the antitriangular URV decomposi-
tion generalizes the symplectic URV decomposition will be specified.

Lemma 5.1 Let A € C*?" J = [_(}n I(ﬂ and F be the flip matriz. Moreover, let
U,V,R,T, P define an antitriangular URV decomposition of the triple (7T A, J,J), i.e., all
R = UT(jTA)V, T=UTJU, and P=VTIV are antitriangular.

Then there are unitary diagonal matrices D, Dy € C™™, such that U = U(IeDYF), V=
V(I® DY F) and R:= J(I® DY F)'R(I® DY F) make up a symplectic URV decomposition,
A=URVH of A.

Proof: With U and J also T is unitary. Since T is also skew symmetric and antitriangular,
it must be of the form
T { 0 FD}

-DTF 0

where D is unitary and diagonal. U is T-symplectic as U7 JU = (I ® DFFTUT JU(I &
DHEF) = (I DERTT(I o QHF) = J. By an analogous argument, there is a diagonal,
unitary matrix Do, such that V' is T-symplectic. The matrix R is of the right form (5.1), as

R=7 I 1o A I B il D
- FDH A1 FDJI| | N '
Finally,
R=J(IeD"F)TR(IeoDIF) = 71D F)TUT g AV (IeDIF) = JUT T AV = UH AV,

thus A = URV¥. Here, we used JUJT = U1, a property of T-symplectic matrices. O
In other words, an antitriangular URV decomposition of (J7 A, J,J) defines a symplectic
URV decomposition of A.

5.2 Computing the antitriangular URV decomposition

In the following we present a method to compute an antitriangular URV decomposition (5.6)
for a given triplet of matrices A, N,S € C"*". At first, we only consider even dimensional
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matrices in order to simplify the presentation. Later, the method is modified to arbitrary n
reusing (some of) the methods developed.

Our algorithm for the computation of an antitriangular URV decomposition (5.6) for even
n is divided into four phases. First, S is transformed to antitriangular form. Using the
antitriangular QRQ” decomposition described in Section B.2 we compute a unitary matrix
V7 such that S1 = VlTSV1 is antitriangular. Set Ay := AV].

Secondly, A; is antitriangularized while keeping the structure of 57 unchanged. This can
be accomplished by an antitriangular QR decomposition discussed in Section B.1. The result
is a unitary matrix Uy such that Ay := UJ A; is antitriangular. Subsequently, Us has to be
applied to N as Ny := U2TNU2.

In the third phase, two unitary matrices Us, V3 are determined such that N3 := Ug NoUs
is in anti-Hessenberg form, while Ag := Ug AsV3 and S3 := V3T51V3 are still antitriangular.
This process is described in Section 5.2.1 below.

Finally, in the fourth phase N3, A3, and Ss are transformed to antitriangular form. In
Section 5.2.2 we describe a method to compute unitary matrices Uy, V4 such that Ny :=
U4TN3U4, Ay = U4TA3V21, and Sy := V4T,5'3V21 are antitriangular.

Choosing U = UsUsUy and V' = V1V3V) results in an antitriangular URV form (5.6),
as desired. In summary, the forms of N, A, S after accomplishing the individual phases are
depicted in the following table.

Start phase 1 phase2 phase 3 phase 4

vy oo o a 4
A b o 4 44 4
s U 44 4 4 4

Note that phases 1, 3, and 4 make heavy use of the fact that skew symmetric matrices have
zeros on their diagonal. Because of that, there is no analogous algorithm for the case x = H
when that N and S are skew Hermitian matrices, which may have nonzero (purely imaginary)
entries on their diagonal. On the other hand, if A, N and S are real, an almost identical
algorithm can be derived that stays in real arithmetics, see Section 5.2.6.

In the following sections the phases 3 and 4 are described in more detail.

5.2.1 Phase 3: URV-Hessenberg reduction

We now describe how to transform a skew symmetric matrix N to anti-Hessenberg form,
while preserving the antitriangular forms of A and S = —S7 by transformations of the form
A—UTAV, N —UTNU, S — VTSV. The process is illustrated for an 8 x 8 example. So,
the matrices N, A, S are of the form
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=

8 8 8 8|8 8 8 ©

8 8 8 8|8 8 o8

8 8 8 8|8 ok 8

8 8 8 8|o8 8 8

8 8 8 O8 8 8 8

8 8 O8|8 8 8 8

8 OK8 8|8 8 8 8

o8 8 8|8 8 8 8

T
r T

8 8 8

8 8 8 8

8 8 8 OR

8 8 ©O8(|8 8

8 O8 8|8 8 8

o8 8 8|8 8 8 8

In the following, we denote by U;; a rotation in the (7, j)-plane acting on N as a congruence
and on A from the left, i.e., N «— UgNUij, A — UZ?JF-A. Analogously, V;; denotes a rotation
in the (i,7)-plane acting on S as a congruence and on A from the right, i.e., S «— VZ-JT-SVZ-J»,
A — AVj;.

We begin by eliminating the (2,1) and (1,2) elements of N by a rotation Uss in the (2,3)
plane. This rotation, when applied to A from the left, generates fill-in at position (2,6). This
fill-in can be annihilated by a rotation Vg7 applied from the right. This restoring rotation Vg7
has to be applied to S as a congruence affecting fill-in at positions (2,6) and (6,2).

N A S
1023\

[0 0 y z|x =z x z] i x ]
00 vy uyly vuyy + y z
vy 0 vyly v yuy y y z
z y vy Ol z =z x Aﬂ T Yy Yy x
z y y |0 z z x z|0 vy y x
ryy x|z 0z x + v yly 0 vy
r yy x|z z 0 vy v yly vy 0y

Lz ¥y y |z =z x 0 ] Lz z = z|z y y 0

In order to annihilate these new elements a congruence rotation Va3 is applied to S. This,
in turn, introduces a nonzero element in A at position (6,2). Now, a further rotation Ugsr
can be used to zero out this element again. In general, if a rotation in the (7,7 + 1)-plane,
applied from either side, destroys the antitriangular structure of A, a second rotation in the
(n —i,n — i+ 1)-plane applied from the other side can be used to restore the antitriangular
form.

Applying Ugr to N does not generate fill-in in N.
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N A S
S Ve |
[0 0 =z z|xz ¥y y x] [ T ]
0 0 2z z|z ¥y y x 0 vy y
zz 0 2|z ¥y y x Yy oy y
r z z 0lz y y «x U67A r T T T
r z z 2|0 y y x z|0 z =z =z
vy vy vyyOoyy 0 y z|z 0 = z
v yyyyyO0Ouy y y vz =z 0 x
Lz 2z =z z|z vy y 0 Lz vy y 2|z =z x 0 |

This process is repeated to zero out elements (3,1) and (1,3) (in general: elements
3,..., 5 — 1 in the first row/column) of N:

N A S
LUss N\
[ 0O ylz =z = x] [ T ]
0O vy ylz z = «x T T
0y 0 yly v uyuy + y z oz
v yy 0ly vyvyuy A@) y y x
z z y y|l0 z z x + vy 0 v vy y
r z y ylez 0z 2 vy vy oy 0y y
z z y yle 0 x z z x|y y 0 x
Lz 2z ¥y y|lz =z = 0 | lz 2 =z z|y y x 0]
S Vaal

Tly Yy T x x

0 z z|ly y = = T T
z 0 z|ly y =z =2 0 vy vy vy
r z v 0y y z U56A Yy Yy yy
vy vy yl0yvyy 0 y|0 =z z =
vy vy yly 0y y y ylz 0 =z x
r z x x|y y 0 =z z y ylx z 0 x
Lz 2 = z|y y =z 0 lz 2 y ylz =z x 0 |

Next, we eliminate the elements (4,1) and (1,4) of N by a rotation Uss. Restoring the
antitriangular shape of A results in a rotation V5 that does not generate fill-in in .S, because
the diagonal entries of skew symmetric matrices are necessarily zero. Note that this fact is
still true in finite arithmetic, if the algorithm is working just on the upper or lower triangular
part of S to enforce exact skew symmetry.
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N A S
S Ver
i T T ] i T ]
0 v vyly vy vy 0 y z
y 0 yly vy vy Yy y z
y y O0lz z = «x UQSA T Y Yy T
y y |0 z z x z|0 ¥y y =z
y y x|z 0 x x 0 v yly 0 y v
ryyzlz z 0z vy yly vy 0y
Lz vy y z|lx x x 0 lz z ¢ z|x y y 0 ]

At this point, the first row/column of N is in anti-Hessenberg form. Note, that the first
and last elements of the first row/column of N were not touched during the process so far.
Thus, applying this procedure recursively to the (2 : n—1,2 : n—1) submatrices preserves the
just generated zeros. This recursive application yields U, V such that IV is in anti-Hessenberg
form, while A and S are antitriangular, as required.

N A S
! v

d

/

o eI 8 8 «

SERS IS
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o v e e r
otk 88

T Z
T r T

Pseudocode of this process can be found in Appendix B.4 and [81].

5.2.2 Phase 4: URV-triangularization

Here it is described, how N can be antitriangularized while keeping A and S antitriangular.
Note that because N is skew symmetric and n is even, (N, A, S) can be partitioned as

No]O —(FH)T g ] 0 (FRy)T g_ [0 —(FRy)T
T |FH Ny |7 " |FR3 Ay |7 |FRy Sy |’

n

where F is the flip matrix, H € C2*% is upper Hessenberg, and Ry, Ry, R3 € C2*% are
upper triangular. Let QQ1, Q2 and Z1, Zs be unitary matrices that transform H, Ry, Ro, R3 to
generalized periodic Schur form, i.e.,

QVHZ, = Ty=\], (5.7)
QIR1Z, = Ti=\
QYR 7y = T2:ﬂv
HRszy = Ty3=\]
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These can be computed, e.g., by the periodic QZ algorithm [10, 41, 52, 92] applied to the
matrix product H R} 1R2R§ . Note, that the product and the inverses therein are understood
in a formal sense and are never actually formed. Moreover, the reduction to generalized
periodic Schur form is still possible if R; and Rs are singular. Note further, that the first step
of the periodic QZ algorithm, the reduction to Hessenberg-triangular form is not necessary,
because H, Ry, Ro, R3 are already in this form.

Setting U = Zo ® FQ1F and V = Z; ® FQF, we have

UTNU - [ 0 -ZF (Fg)TFQlF] _ [ 0 —(IfT4)T] 10 /]
FQYFFHZ, Nao FT,  No A0

0T AV - [ 0 z¥ (FRl)TFQgF] _ [ 0 (F~T1)T] _ |0 /]
|FQYFFR3Z; Agy FTy A A0

ey _ [0 2} (F@)TF@F} _ [ 0 —(ET2>T} o A
|FQY FFRyZy Sao FT, Sy A0

Here, NQQ = FQ{IFNQQFQlF, AQQ = FQ{IFAQQFQQF, and 522 = FQ%‘IFSQQFQQF
At this point, phase 4 and the URV decomposition (5.6) is completed.

5.2.3 When n is odd

The process presented so far does not work if the matrices are of odd dimension. In this

section we generalize the process to cover problems of any dimension. This generalization

consists mainly of a modification of phase 1 and the introduction of an additional fifth phase.
During the first phase S is now reduced to the form

m T

m [0 0 0
Si=visy, =" |0 0 :

TOAI:‘

where r,m are such that n = 2r + m. Further, we define A; := AV;, as before.

There are several methods to achieve this reduction. If n is even, the antitriangular QRQT
factorization yields the form (5.8) with m = 0. If n is odd, the reduced antitriangular QRQ”
factorization (described in Appendix B.2) yields the form (5.8) with m = 1. An alternative is
the skew Takagi factorization which is described in Appendix B.3. It results in the form (5.8)
with 2r = rank(S5).

In phase 2, A; is transformed to antitriangular form. This is performed by the antitri-
angular QR factorization as in the even case. This results in a unitary matrix Us such that
As = U] A; is antitriangular. Define Ny := U] NUs.

Next, No and A, are partitioned according to S as follows:

<

(5.8)

r r m m T r m r r
r [N —N} —Nj r 0 0 A m [0 0 0
N2 =T N21 N22 —N?g s Ag =T 0 A22 A23 y Sl =T 0 0 823
m [ N3t N3z N3 m | A1 Az Ass r [0 =53 Ss
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Now, the usual phases 3-4 (described in the Sections 5.2.1 and 5.2.2) can be applied to the

even dimensional triple

(o~ La
Noi Nag |7 [A2

AlS] [ 0 523])
Aoz| 7 |-SL Ss3] )

This yields unitary matrices Ug, 04, f/g,, Vi Setting U; := U; ® I, Vi =1, ® f/l-, 1= 3,4, we

have
(Ny, Ay, Sy) = (UFUINUsUL, UFUT AW vy, VIV S VR V)
T T m m T T r r
rfo AL o o A m 0 0

= T

AL -

o AL

0o/

o o o 3

A

(5.9)

| I e v I

It remains to transform N4 and S4 to antitriangular form while preserving the form of Ay.

More precisely, unitary matrices Us, V5 have to be determined such that

(N5, A5, S5) = (UL N,Us, UF A4V5, ViES4V5)
T
r 0

m
0

r

/

r

m T
o o /]

o A T
o AL, m]|o
r A0 -

= m

(I, m]o o []
A 00

/]
A0 0] -

—

5.10)

Note, that the dimensions of the blocks have changed. The procedure is described in Sec-
tion 5.2.4 below. At this point, the URV decomposition is completed.

5.2.4 Phase 5

In the following we discuss how matrices N, A, S of the form (5.9) are transformed to the
form (5.10).
This process is illustrated for a 7 x 7 example with » = 2, m = 3.

N A S

i r|lx x x] i 07
r xz|lx x x 0

z|0 z|lx =z z 0

z z|lx O0|lx =z =z A T
zr z|lx |0 z =z T x
z z|lxz z|lx 0 z z|0 =z
Lz z|x z|x x 0 | | 0 0 Ojz x|z O |




5.2. COMPUTING THE ANTITRIANGULAR URV DECOMPOSITION 97

We begin by eliminating elements (4,1) and (1,4) of N by a rotation in the (4,5) plane.
Pushing the transformation through A results in a rotation in the (3,4) plane introducing fill
in in S at the positions (7,3) and (3, 7).

N A S
Ui N\
i 0 y =z z [ 0 ]
T Yy Yy T T 0
z|0 ¥y y =z =z +
V-

0 yly 0y yy A = y
v ylyy 0y y T
z x|z yy 0 z z|0 =z
Lz z|lxz y y = 0 | 100 + vy |z 0 ]

Continuing in this manner, we reduce the first row/column of N to a multiple of e,.
During this process the last row/column of S becomes fully populated.

N A S

1Use ™\
[ 0 y z] i 0 7
T T Yy Yy x +
z|0 z y y x Y
z|lz 0 y y =z AE T
0 yly y 0y y T T
vy yyvy 0wy z|0 =z
Lz 2|z =z y y 0 | L0 + v 2z 2|z 0 ]

LUs7 ™\
_ 0y , =
T T T Yy Y
z|0 z =z y y T
zlz 0 =z y vy AE T
zlxz z 0 y y T T
0 vy vy Oy z|0 =z
Ly vy vy yy 0] L+ y z =z x|z 0]

Now apply the same procedure to the remainder of the first r rows/columns of N.

N A S
! U34,U45,U5_6 AN

o X

‘/567
0 0 0|y =z Vis, Yy
010 y y|y y Vas y v
Oly 0 yly vy L]—> y oy
Oly vy 0jy y y y
yly vy y|0 y vy y yl 0 x
Lz 2|y y yly 0 Lz y|ly y y|z 0]



98 CHAPTER 5. THE ANTITRIANGULAR URV ALGORITHM

phase \ target A N,S U 1% all
la, anti QRQ” %n?’ - %n?’
1b, skew Takagi %n?’ - n?
2, anti QR %n?’ %n?’ -
3, URV-Hessenberg 30nr? — 23 12n7? 12nr2
4, periodic QZ 8nr? + 75%7“3 dnr? Anr?
5 trianeularization %n:} —n’r n® + 2n?r on? — 2n2r
» Lrahglitatzatlo —10nr? — %r?’ —8nr? —4nr?
URV(1a) ~ 24n3 B3 Ln? ~ 34n3
URV(1b) ~ 11n3 — n’r %n?’ + 2n%r 3n3 — 2n’r ~ %9713 —n’r
+28nr2 + 7313 +8nr? +12n72 +48n72 + 7373
URV(1b,r = %) ~ 33p3 ~ 4n? Und ~ 24n3
QZ 30n3 16n> 20n3 6613

Table 5.13: Flop counts of the URV algorithm. The numbers are in terms of the problem
size n and the parameter r in the partition (5.8). Only dominant terms are shown, so every
number should be understood as 'plus O(n? + nr + r?)’.

Finally, the middle block, N(3 : 5,3 : 5) is antitriangularized by an antitriangular QRQ”
factorization. Pulling this transformation through A does not change the structure of S.

N A S

/

8 ok e e |8
ot |8 &
8 ok e |8
ot R |&® &

<
e R O
Lo

<
1

At this point N, A, S are of the form (5.10) and the URV decomposition is complete. An
algorithm for this algorithm is given in Appendix B.5.

In summary, for any square matrix A and any two skew symmetric matrices N, S of the
same size we showed how to compute unitary matrices U, V such that all three, UT AV,
UTNU, and VTSV are antitriangular. In the Sections 5.3 and 5.4 we demonstrate how
eigenvalues of even or palindromic problems can be extracted from these transformations.

5.2.5 Algorithmic issues

Here we discuss the computational costs of our algorithms measured in floating point oper-
ations. Note that only dominant terms are presented and that it is assumed that only the
upper or lower triangular parts of the skew symmetric matrices IV, S are manipulated.
Table 5.13 shows flop counts for the whole URV algorithm, separated by phases and
whether only A, N, S or additionally U and/or V' need to be formed. Flop counts for classic
algorithms (QR-factorization, QZ-algorithm, etc.) are taken from [36]. Note that the flop
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numbers for iterative algorithms (QR, QZ algorithm) are based on empirical observations and
are very approximate. The iterative part of the perodic QZ algorithm is taken to consume 4
times as many flops as the iterative part of the standard QR algorithm.

The row labeled 'URV(1a)’ shows numbers for the whole algorithm using the (reduced)

n

antitriangular QRQ” factorization in the first phase (so, r = [%]). If the skew Takagi

factorization is used in the first phase (row "URV(1b)’), then r = % The next row lists
the terms for the URV(1b) algorithm for the special case of rank(S) = 2n. For comparison,
we also list the terms for the QZ algorithm applied to an n x n pencil. The four numbers
are the flop counts to compute the generalized Schur form, the transformation matrices @,
7, and the sum of all. Notably, the URV algorithm needs less flops than the QZ algorithm,
if the entire factorization is computed even by a factor of almost two (34n3 vs. 66n%). Note
further that in the case of a highly rank deficient matrix S the higher cost of the skew Takagi
factorization in the first phase pays off by lower cost for the third and fourth phases resulting
in an overall lower amount for the whole algorithm (24n? vs. 34n® for rank(S) = Zn).

We now address the errors introduced during the antitriangular URV algorithm. Let U ,
V, R, T, P be the computed decomposition (5.6) of a matrix triple (A, N,S). Note that
all used manipulations (Householder and Givens updates, computations of a singular value
decomposition or a periodic Schur form) use unitary matrices and are backward stable [36].
Moreover, N and S are transformed by congruences only. Since the concatenation of unitary
(strongly) backward stable operations is again unitary and (strongly) backward stable, it fol-
lows that the whole antitriangular URV decomposition is backward stable for A and strongly
backward stable for N and S. In other words, U and V are unitary to machine precision and
R, T, P are the exact triangular factors of a nearby problem, i.e., there exist A, N, S with
4= A2 = OE)| Al [N = N2 = OE) [Nz, [15 - Sllo = O(c S], NT = —N, §T = —§
and perfectly unitary matrices U,V such that UTAV = R, UTNU =T, VISV = P.

5.2.6 The real case

Until now, complex matrices A, N, S were modified by complex transformation matrices U, V.
However, many physical problems result in real matrices. Of course, we could just treat the
real problem as a complex one, but there are good reasons to stay in real arithmetic, e.g.,
the execution time of complex floating point operations is three to four times that of real
operations. Moreover, real eigenvalue problems have more structure: the eigenvalues appear
in complex conjugate pairs.

Luckily, almost the whole URV algorithm works in real arithmetic just as well as with
complex numbers. Householder reflections, Givens rotations, antitriangular QR-, QRQ”- and
skew Takagi factorizations all yield real results for real problems. Only one aspect changes:
the real periodic QZ algorithm in phase 4 returns a real periodic generalized Schur form, i.e.,
the matrix Ty in (5.7) is not upper triangular, but quasi upper triangular with 1 x 1 and 2 x 2
blocks on the diagonal, the 2 x 2 blocks corresponding to a pair of conjugate eigenvalues.
Thus, at the end of phase 4, N, A, S have the form

r r m m T T m r r
r [0 -Ni —-Nj r [0 0 Az m 0 0 0
N4 =T N21 N22 —Ng; , A4 =T 0 AQQ A23 N 54 =T 0 0 523
m | N3p N3o N33 m | Az1r Az Asz r 0 75’%;5 S33

with Ais, Ago, A3y, Sa3 skew triangular and Naoj quasi-antitriangular.
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At the end of phase 5, N, A, S have the form (the symbols N;;, A;;,S;; are reused for
different matrices)

r m T r m T r m r

r [0 0 -Ni r [0 0 A r 0 0 Sis

N5 =m 0 NQQ —N?g N A5 =m 0 A22 A23 s 55 =m 0 0 523
r | N31 Nso  Nsj r | Az Azx  Ass r _Sﬂ —52T3 S33

with Ays, Ao, A1, Noo, N31 antitriangular and Si3 quasi-antitriangular.

5.3 Application to even eigenvalue problems

Let us return to the even eigenvalue problem Mz = ANz with M = MT € C"*", N =
—NT ¢ ¢,

In Section 5.1 we have shown, how the eigenvalues of (M, N) may be read off an antitri-
angular URV decomposition of (M, N, N) provided that N is nonsingular. Now, we want to
generalize this idea to general regular even pencils (M, N).

Consider the 2n—dimensional even pencil

(M,N)=<[AO4 ]\04][](\)7 J(\)fD (5.11)

The following lemma relates the classical Kronecker form (2.4) of (M, N) to that of (M, N).

Lemma 5.2 Let M—AN € C™ " be a regular even pencil. Define (M, N) as in (5.11). Then,
if there exist m Jordan blocks of size k associated with the eigenvalue A in the Kronecker form
of (M, ]\[), then there are 2m Jordan blocks of size k for eigenvalue A in the Kronecker form
of (M,N).

Proof: Consider matrices X,Y € C™*¥ of full column rank k, and J;, J> € CF**_ one being
a Jordan block and the other one the identity matrix, such that M X =Y J;, NX = Y J.
This means that span(X) is a deflating subspace of (M, N). Then, with X; = [X7,+X7|T
and Yi = [YT, £YT]T we have MX, = f’i(:l:Jl) and NX. = Yy Jo. So, both, X, and
X_ span deflating subspaces of (M, N). Since (M, N) was assumed to be regular, (M, N)
has no further eigenvalues. The result follows as A and —\ agree in the number and sizes of
associated Jordan blocks in the Kronecker form of (M, N) [89]. O

The essential result of Lemma 5.2 is that (M, N) has the same eigenvalues as (M, N), but
of double multiplicity.

Remark 5.1 The pencil (M, N) in (5.11) is even, but actually it has two structures. Indeed,
scaling the first block row by —1 results in the skew symmetric pencil

(e 10 8]) (5.12)

Since the scaling does not change the spectrum, the eigenvalues are structured with respect
to the even and to the skew symmetric spectral symmetry.
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The role of the skew symmetric pencil (5.12) for the solution of the T-even eigenvalue
problem corresponds to the role of the skew symmetric pencil (S, ') in (4.3) for the solution
of the H-even eigenvalue problem. Note that for a real even pencil (M, N) the double size
pencils (5.12) and (4.3) differ by just a minus sign. O

Next, we determine the spectrum of (Z\Zf Y ). Let U,V define an antitriangular URV
decomposition of (M, N, N), i.e.,

UTMv=r=/|, U'NU=T=/], VINV=P=/]

Then, with Q = U @V, it follows that
Py T N 0 R| |T O
ar® - e (|4 oo 2l

Evaluating the determinant of M — AN, the eigenvalues of (M N ) are given by

)\(M,N):{j: Wizl,...,n,j:n—l—l—i}. (5.13)
Djitji

n

Thus, the eigenvalues of (M, N) are given by (5.13), but with 4 ranging from 1 to [5]. Note
that if n is odd, then for i = [§] we have i = j and pj; = tj; = 0, which corresponds to an
infinite eigenvalue. This nicely coincides with (5.5) for the case that N is nonsingular.

Also the eigenvectors of (M, N') can be derived using the antitriangular URV decomposi-
tion. Evaluating the first columns of MV = UR, MU = VR, NU = UT, and NV = VP
we have

Mlut,01] = [t 5] L‘fn 7"81], (5.14)
Nfus,01] = [, 5] {tgl pgl]. (5.15)

So, span([u1,v1]) is a deflating subspace of (M, N) corresponding to the eigenvalues

[T1nT
)\1;2 -+ In’nl )
tnlpnl

Thus, the eigenvectors are given explicitly by #1.2 = \/Tn1Pn1 1 £ V/T1intn1 1.

Note that it is possible that u; and v; are linearly dependent. In this case it follows
from (5.14), (5.15) that also u, and v, are linearly dependent. Thus, u; is an eigenvector
itself.

Eigenvectors corresponding to other eigenvalue pairs can be obtained by reordering the
antidiagonals of R, T, P. This can be accomplished via eigenvalue reordering in the general-
ized periodic Schur form [37, 38, 39] for the product (FT31)(FRY;) ™1 (FPs1)(FRs1) !, where
T, R, P are partitioned as in (5.10) with » = || and m = n — 2r and F is the flip matrix.
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5.4 Application to palindromic eigenvalue problems

Consider a palindromic eigenvalue problem Az = ATz,
As for even problems, we introduce a double size pencil whose spectrum is related to that

of (A, AT), ]
(3T, N) = (L?T f(ﬂ , [A _OA A_OATD. (5.16)

The next lemma relates the Weierstra$ form of (M, N) to that of (A, AT).

Lemma 5.3 Let A — AAT € C™" be a regular palindromic pencil. Define (M,N) as in
(5.16). Let the Kronecker form of (A, AT) contain m Jordan blocks of size k for eigenvalue

. Let pu(\) = A—‘?‘l with the conventions pu(oo) = 0, u(1) = co. Then the Kronecker form of
(M, N) contains, depending on X,

2m Jordan blocks of size k for eigenvalue (), if X # 0,00, %1;

m  Jordan blocks of size 2k for eigenvalue p(A) =0, if A=0,00;

2m Jordan blocks of size k for eigenvalue () =oo, if A=1;

m  Jordan blocks of each size (%1, Lg] for both eigenvalues £u(\) = j:%, if A= —1.

Proof: Let X,V € C™** be such that AX = ATXJ and AVJ = ATV where J is a Jordan
block of size k for eigenvalue A # +1, i.e. span(X) is a deflating subspace for A and span(V)
is a deflating subspace for 1. Since A # 1, [X, V] is of rank 2k. Then we have

0 Al[xx V] _ [£4TX -AV ][0 J
AT 0| |-V +X| AV +ATX||T of’
A— AT 0 +X V] _ [ATX AV |[J-I 0
0 A—AT| |-V +X| — AV +ATX 0o J-1I|

The Kronecker form of ([97], [J 61 JO_ ;]) consists of Jordan blocks of size k for the eigen-

values :l:)\—‘/f‘1 (if A # 0,%1) or of one Jordan block of size 2k for eigenvalue 0 (if A = 0). By
Corollary 2.9 a), A and % agree in the number and sizes of associated Jordan blocks in the
Kronecker form of (A, AT). This proves the cases \ # +1.

To treat the cases A = +1, let X, Y € C"** be such that AX =Y J and ATX =Y, where
J € CF** is a Jordan block for eigenvalue +1. Set C' = J3. (Here, we mean the square
root of J~1 that can be written as polynomial in J~!. For existence see [46].) So, JC? = I.
Further, let A = (J — I)C. Note, that J,C, A are all upper triangular Toeplitz matrices and
thus commute. (This all follows from the fact, that upper triangular Toeplitz matrices can be
represented as polynomials in the nilpotent Jordan block.) The diagonal elements of A are
given by /\7—5\1 Then we have

i o) e 0= [V e = [0 T0) = [0 4 lar] el

So, span([X 7, (+XC)7T]T) is an invariant subspace of (M, N) corresponding to the inverses
of the eigenvalues of +A. It remains to determine the Jordan form of A.

In case 3, i.e., A =1, A is a strict upper triangular matrix. Since it is the product of the
nonsingular matrix C' and the matrix (J — I) of rank k£ — 1 also A is of rank £ — 1. Thus A is
similar to the nilpotent Jordan block, which proves case 3.



5.4. APPLICATION TO PALINDROMIC EIGENVALUE PROBLEMS 103

In case 4, i.e. A= —1, C is of the form

1

= NI
= Nl= ol

= NI= 0olw *

=Nl ol %

This follows from the Taylor series expansion of f(x) = 277 at o= —1 yielding f(—1+¢€) =
i(1+ e+ 2€* + O(e)). Since A is the product of C' with (J — I) it is a upper triangular
Toeplitz matrix with +2¢ on the diagonal. Further, A has a vanishing super diagonal and a
nonvanishing second super diagonal. Considering powers of (AF2iI) it is clear that the Jordan
form of A consists of a Jordan block of each size [%] , {%J for both eigenvalues =% = £ (—1). O
In other words, when passing from (A4, AT) to (M, N) the eigenvalues are transformed
from A to £u()\). Note, that u(1/A) = —u(N). So, (M, N) has only double eigenvalues.
Inverting the formula p(A) = v/A/(\ — 1) implies that if p is eigenvalue of (M, N), then

N 14 2u% + /1 +4u2
- 2

5 2M

(5.17)

are eigenvalues of (A, AT). Eigenvalues computed in this way are paired as A\jAy = 1. In
order to avoid a source of cancellation one would use (5.17) to compute the value of A that is
larger in modulus (say, A1) and then set Ay = /\%

The spectrum of (M N ) can be computed analogously to the even case: let U,V define
an antitriangular URV decomposition of (A, A — AT, A — AT), i.e.,
UTav=Rr=/], UTA-ATWw=T=/], Vi A-ATyW=pP=/]

Then, with Q@ = U @ V we have
A ~ - 0 R| |T O

The eigenvalues of (M, N) are given by (5.13). So, the eigenvalues of (A4, AT) are given by

2 2
)\(AvAT): 1+ 2p5 &4 /1 4+ 4p;

Pt
. 2 Tulyi g
217
H

n
2 — , o=l i=n+1—14
" pitji [2W

The eigenvectors can be extracted from U, V. Evaluation of the first columns of AV = UR,
ATU =VRT (A— ATYU = UT, and (A — AT)V = VP gives

N .
Afur,v1] = [tin, 5] Lll 7«01]7
0 T‘n1:|

Allur,va] = [, ) |:7"1n —Pn1
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So, span([u1,v1]) is a deflating subspace of (A, AT) corresponding to the eigenvalues

Pnitnl + 2rp171n £ \/pgﬂt?ﬂ + 4pp1tn1TniTin
2r1nTn1

)\1;2 =

Eigenvectors of (A, AT) are given by

€12 = (pnltnl + \/pnltnl (pnltnl + 4Tnlrln)) U1 + 2r1ptn1 V1.

As in the even case, eigenvectors corresponding to other eigenvalue pairs can be obtained
by reordering the antidiagonals of R, T, P.

5.5 Conclusion

Considering the strong backward stability of the antitriangular URV decomposition, it is clear
that using (5.13) to compute eigenvalues of an even pencil

([AT AHN SD

yields the exact eigenvalues of the nearby even pencil

(le M &)

But it is not clear, if this implies backward stability for even or palindromic eigenvalue
problems, because there is more structure in the corresponding double size pencils (5.11)
(N =S, A symmetric) or (5.16) (N = S = A — AT). In general, the perturbed pencil does
not share these extra properties. More research is needed in this field. Note, that in the
Hamiltonian case, the symplectic URV algorithm can be shown to produce eigenvalues that
are of the same quality as those computed by a backward stable method, see [9]. However, it
is enough to achieve paired eigenvalues, which is the primary interest here.

In this chapter we have introduced a new URV decomposition affecting a matrix triple. It
was shown how this URV decomposition can be used to solve palindromic or even eigenvalue
problems. The eigenvalues computed in this way are paired in compliance with the spectral
symmetry that palindromic and even eigenproblems show.

A Matlab implementation [1] of this algorithm is available.



Chapter 6

More palindromic methods

Often, when a specialized method for a structured eigenvalue problem has to be developed,
the adaption of the QR algorithm is the canonical direction for research. This worked well for
real, generalized and periodic structures, to name a few. In case of the palindromic (and also
the Hamiltonian) structure, however, a fully satisfying QR variant has not been found (see
Section 3.6), and some think, the chances it ever will are hopeless [23]. That opened the scene
for a variety of different approaches. Some of these will be presented on the following pages.
Others are beyond the scope of this work, e.g., the palindromic Jacobi method [43, 44, 67]
or the structured doubling algorithm [24]. (Note that the latter does not solve linear, but
quadratic palindromic eigenvalue problems by a transformation to generalized symplectic
form.)

6.1 Palindromic Laub trick

So far we aimed at computing the palindromic Schur form of a matrix A in order to obtain
invariant subspaces of (A, A*). In this section we go the other way round and use knowledge
about deflating subspaces to construct a palindromic Schur form. The idea goes back to
Laub [64], who used this approach for Hamiltonian matrices. The method was adapted to
T-palindromic problems in [67] where it was called structural deflation method. Here we stick
to the name Laub trick as it is more concise.

Assume that the orthonormal columns of Z;,Q; € C™* span corresponding deflating
subspaces of (A, A*), i.e., there are matrices Sy, T) € CF** such that

AZy =151, A7y =T, (6.1)
Moreover, let the spectrum of (S1,71) be x-reciprocal-free. Multiplying (6.1) by Z7 and using
Lemma 3.8 shows that Q7Z; = 0. Thus, Z; and Q{{* can be complemented to a unitary
matrix Q = [Z1,V, Q1*], and a congruence with this matrix yields
_ [z@s mew meef] [0 o 1
R=Q"AQ = |V*Q1S1 V*AV  V*AQI* | = |0 Ry Ras
QTS QTAV QT AQ™ S1 Rs2 Rss

in palindromic block Schur form.

105
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0 0 0
5 5 5
10 10 - 10
15H 15 150
20 20 20
0 5 10 15 20 O 5 10 15 20 0 5 10 15 20

Figure 6.1: Palindromic Laub trick: Left: Applied to matrix with 6 eigenvalues near 1, without
orthogonalization, Center: orthogonality residual Q¥ @Q — I Right: with orthogonalization

The partial decomposition (6.1) can be obtained from a generalized Schur form computed,
e.g., by the QZ algorithm,

QAz=5=\], QA z=T=\] (6.2)

In order to be useful the generalized Schur form (6.2) has to be ordered such that the first
eigenvalues are reciprocal free. When deciding on the exact order of the eigenvalues it should
be taken into account that an unstructured method was used to compute the generalized Schur
form. Consequently, near-exceptional eigenvalues will probably be less accurate than far-from-
exceptional eigenvalues. A plausible heuristic is to order the generalized Schur form (6.2) such
that the eigenvalues appear in increasing absolute value along the diagonals of S and T'. This
way the first eigenvalues are reciprocal free and the problematic eigenvalues of modulus ~ 1
are placed in the middle of the generalized Schur form.

The matrix Q is then taken to be Q = [Z(:,1 : [21),Q(;,1: [2])7*F], where F denotes
the flip matrix. This corresponds to the choices

Zyv=27Z(,1:k), Q1=Q(1:k)F,, S1=FSQ1:k1:k), T1=FT{1:k1:k),

for every value k = 1,...,[5]. Thus, the matrix R = Q*AQ is not only in palindromic block
Schur form, but in palindromic Schur form.

Example 6.1 The Laub trick is applied to the matrix from Example 3.1. The Frobenius
norm rg of the elements above the antidiagonal of the resulting near-antitriangular matrix R
is of the order rg ~ 2 - 10713, The orthogonality residual rg = [|QQ — I||F is also in this
order.

A second example pencil, constructed in the spirit of [67], is of the size 20 x 20 and has
7 random far-from-exceptional eigenvalue pairs and 6 eigenvalues with a distance from 1 less
then 10713, These 6 nearly exceptional eigenvalues cause problems for the Laub trick: R is
not antitriangular, see left plot of Figure 6.1. Moreover, Q is not unitary. The center plot
depicts QHQ - I O

The problem that  is not unitary can be solved by orthogonalizing it. However, this should
be done in a way that the “trusted” columns of @ (the first and last ones) do not get cor-
rupted by the “untrusted” columns in the middle. For example, if Q is just replaced with
its unitary QR factor @ then the middle columns of @ influence the last columns of Q. This
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problem can be circumvented by permuting Q before the orthogonalization. Let Q be the
unitary QR factor of [21, g%, 29, ¢lT*, . . ., Zn/2)> qﬁ*/zj]' The used orthogonal matrix is then

[d1,43, G5, - - -+ 46> G4, G2]-

Example 6.2 We revisit the second matrix from Example 6.1. With orthogonalization Q
is unitary to machine precision and R = Q*AQ takes a form as depicted on the right of
Figure 6.1. O

Summarizing, we have the following algorithm.

Algorithm 6.1 Palindromic Laub trick
Input: A € C™"
Output: unitary @ and R = Q*AQ close to antitriangular form

1: compute generalized Schur form (6.2) of (A, A*)

2: reorder generalized Schur form such that eigenvalues appear in increasing absolute value
3 [21, %, 29, ¢d1%, . .. ,an/QJ,qﬁ%J] — QR (QR factorization)
4 Q (41,453,355 - - - » G6, 4a, G2
50 R+— Q*AQ

The Laub trick can be used to deflate the far-from-exceptional eigenvalues from a palindromic
pencil. Hence, it is best suited, if the problem has no or only a few nearly exceptional
eigenvalues. This method has the advantage over previously described methods that highly
optimized and ready to use software implementing the QZ algorithm can be used whereas the
development of palindromic solvers is still at its beginning. Of course, a palindromic method
using this trick will never be faster than the QZ algorithm.

Another viewpoint to the Laub trick is that it uses an unstructured method to solve a
structured problem and afterwards “restructurizes” the result. As such it is an instance of a
more abstract principle described in [18].

6.2 Palindromic block refinement

In this section the palindromic eigenvalue problem to be solved is assumed to be close to
palindromic Schur form. When a problem is already almost solved, refinement methods are
usually more efficient than general purpose methods. They can also be more accurate [25].
Such a refinement method for the palindromic Schur form is described in the following. The
employed process is closely related to the palindromic eigenvalue swap, see Section 3.5.1.

Almost solved palindromic problems arise, e.g., if the result of the Laub trick is to be
refined, see above. Other applications include mixed precision algorithms where a palindromic
Schur form is computed in single precision and afterwards refined to double precision. This
is especially useful on architectures like the Playstation 3, the Cell processor or modern
graphics cards that execute single precision instructions many times faster than their double
counterparts [58, 62, 5].

Assume that A can be partitioned into

A=n—-2m | An Ago Aog (6.3)
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such that [|A11]], ||Ai2||, and ||Ag1|| are small and A3 and As; are almost antitriangular. This
means, there exists a small constant € such that

max(||Au [, [| Az, [ A2all, | A1z — Asll, [| Az — Az ) = O(e) (6.4)

where Ay3, As3; denote the antitriangular parts of Ajs, A3y respectively and || A|| is of order 1.
Moreover, Ay is assumed to be of small dimension (maybe void), but it need not be of any
particular structure.
In order to improve the quality of the Schur form, a x-congruence will be performed such
that ~
I Y* X*| [An A A |1 Az
A= I Z%| Ay Asy Ags| |Y T = Agy  Aog (6.5)
I| [Asy Ay Ass| |X Z 1 A3y Asy Asg
is block antitriangular. Our block refinement method builds upon two assumptions regarding
the unknown matrices X, Y, and Z: first, | X||, ||Y||, and ||Z|| are expected to be of order

O(e), and second, it is enough to determine X, Y, and Z only approximately.
Evaluating the block position (1,1) of (6.5) yields

A3 X + X*Agl + Ay +ApRY Y Ay + Y*AQQY + Y*A23X + X*A32Y + X*A33X = 0.
Using the first assumption, this relation can be written as
A1z X + X* Az = — Ay + O(2). (6.6)

The second assumption is put into practice by neglecting the second order terms, resulting in
a linear matrix equation for X of the form (3.25). By Lemma 3.8 the existence of a solution
is guaranteed if (A3, A3;) is *-reciprocal free.

Once X is determined, the matrices Y, Z* € C*~2m*™ follow from the following matrix
equations that are obtained by evaluation of the block positions (2,1), and (1,2) of (6.5) to
first order.

AonY + Z*Agl = —(Agl + A23X) + 0(82) (67)
Y + ZF AT, = —(Afy + A5X) + O(e?) (6.8)

Again, neglecting the second order terms results in a generalized Sylvester equation that has
a unique solution if A(Aaz, A5,) N A(A13, A5,) = 0.

The transformation matrix used in (6.5) is not unitary. Hence, its unitary QR factor is
used instead.

I
Y I |=QR (6.9)
X Z I

The resplt of the refinement method is then formed as A := Q*AQ. Note that A = R~*AR~L.
Thus, A should also be close to block antitriangular form.
This leads to the following algorithm.

Algorithm 6.2 Palindromic block refinement

Input: A € C™" in form (6.3) such that (6.4) holds and A(A;3, Aj;) is *-reciprocal free,
A(Azz, A3y) N A (A, A5y) =0
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15 15 15

20 20 20
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Figure 6.2: Blockrefinement: Left: original, Center: one step of block refinement, Right: two
steps of block refinement

Output: one step of block refinement is applied to A
solve (6.6) for X

solve (6.7),(6.8) for Y, Z

compute QR factorization (6.9)

: form A — Q*AQ

Boe oo

Solving the resulting linear matrix equations (6.6), and (6.7), (6.8) via their Kronecker
product formulation is prohibitive as this would mean O(n®) complexity. Instead, for the
generalized Sylvester equations (6.7), (6.8) the Bartels-Stewart algorithm [6] first computes
generalized Schur forms of (A;3, A5;) and (Asg, A3,) and then solves the system via backward
substitution resulting in O(n?) complexity. An analogous method exists for the Sylvester-like
equation (6.6), see [19].

Remark 6.1 The Bartels-Stewart (-like) algorithms can be accelerated by replacing Ais, As1
by their antitriangular parts A;3, Az; in (6.6), and (6.7), (6.8), because (A3, A%,) is already in
(permuted) generalized Schur form. This just adds another O(¢?) perturbation to the linear
equations. On the other hand Asgs is in general full and thus should not be replaced by its
antitriangular part. Instead, (A22, A%,) can be transformed to palindromic Schur form or to
generalized Schur form. Both options are not expensive, as Ass was assumed to be small. O

Example 6.3 The refinement algorithm is tested on the second matrix of Example 6.1. An
approximate palindromic Schur form is obtained by applying the palindromic Laub trick in
single precision. This results in elements of the blocks A1, A12, and Aoy of the size ~ 1077,
see left plot in Figure 6.2. After one step of block refinement they are on the order of 10719,
A second step decreases them to the order of 10~°. The antitriangular parts of A3 and As;
were used to solve the matrix equations (6.6) and (6.7), (6.8). O

Once, A is block antitriangular, the problem decouples into the refinement of the generalized
Schur form of A3 and Ag; and a small full palindromic eigenvalue problem for Ass.

6.3 Hybrid method

All methods for the palindromic eigenvalue problem discussed in the preceeding have advan-
tages, but also flaws. A common idea in such a situation is to combine the several approaches
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to a hybrid algorithm that, in the best case, inherits all the strength of the individual meth-
ods, but none of their weaknesses. In this section such an approach for palindromic eigenvalue
problems is discussed.

A palindromic hybrid method, as proposed in [67] consists of 3 phases.

1. First, an efficient method is used to obtain an (approximate) block palindromic Schur
form that (nearly) deflates all the far-from-exceptional eigenvalues. The Laub trick is
a canonical candidate for this phase.

2. If necessary, the palindromic block Schur form is refined by an algorithm, like the
block refinement method discussed above, or the palindromic Jacobi algorithm presented
in [44, 67]. Since the methods used in phase 1 work very well for far-from-exceptional
eigenvalues only a few, if any, iterations of refinement are generally enough.

3. That leaves one with a middle block Asy containing the nearly or exactly exceptional
eigenvalues. Since this middle block is hopefully of small size, efficiency is not crucial
in this phase and (possibly very expensive, but) accurate methods can be applied.
Candidates are the explicit QR algorithm (maybe with exact shifts provided by the
URV algorithm) that tends to be able to deflate even very close-to-exceptional eigenvalue
pairs [67]. If the problem does not allow a palindromic Schur form, computing the URV
form of the middle block provides an alternative that still guarantees paired eigenvalues.
Another possibility is to diagonalize Ao by a nonunitary congruence transformation,
see Theorem 2.15 for necessary conditions.

The canonical order of the phases is, of course, 1,2,3. However, if the palindromic Jacobi
algorithm is used in phase 2 it has been observed in [67] that it is beneficial to already solve
the middle problem once before the refinement is done, i.e., to use a sequence of phases
1,3,2,3. A similar statement is true, if block refinement is used as the method computes the
generalized Schur form of (Aa2, A3,) This could be done by transforming Ass to palindromic
Schur form, see Remark 6.1.



Chapter 7

Conclusions

In this work palindromic and even eigenvalue problems were considered.

7.1 Which method to use

A number of methods for the solution of palindromic and even eigenvalue problems were
discussed in the thesis. Here, their properties are summarized. Moreover we will derive
criteria for the selection of an appropriate method for a given palindromic problem.

An ideal palindromic/even Algorithm would [53]

e be strongly backward stable in the sense of [13], i.e., compute the exact eigenvalues of
a nearby palindromic/even pencil;

e be reliable, i.e., able to solve every palindromic/even problem; and

e be more efficient in terms of necessary operations and memory consumption than general
purpose methods like the QZ algorithm.

We begin by assessing the unstructured QZ algorithm in order to set the mark, the other
algorithms have to beat. The QZ algorithm can be applied to any (regular) pencil. Except
for extremely rare cases, it will compute the generalized Schur form of a nearby pencil, i.e., it
is backward stable. Of course, it is not strongly backward stable when applied to a structured
problem. The QZ algorithm needs O(n3) floating point operations and 2n? (4n?) words of
memory to compute the generalized Schurform (and the transformation matrices). Applied
to a palindromic or even pencil, the computed eigenvalues are typically approximately paired
only for far-from-exceptional and nontiny eigenvalues. The QZ algorithm does not yield a
palindromic or even Schur form.

The first structured method considered was the explicit palindromic QR algorithm
(i.e., the iterative application of Algorithm 3.2). The method cannot find exceptional eigen-
values, however close-to-exceptional eigenvalues can be handeld. If the method converges,
it yields a palindromic Schur form and thus computes perfectly paired eigenvalues. Since
the result arises from the original matrix by a series of unitary congruence transformations,
the method is strongly backward stable. This method needs 2n?, (3n?) words of memory to
compute the palindromic Schur form (and the transformation matrix) (n? for each: A, Q and
A or its antitriangular QR factorization). A critical drawback of the explicit palindromic QR
algorithm is its quartic complexity, restricting its application to problems of small size.

111
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The implicit palindromic QR algorithm is a variant of the afore discussed explicit
method, but with dramatically improved properties. It is strongly backward stable. The
complexity is reduced to third order. In fact one iteration of the implicit palindromic QR
algorithm requires the same amount of work as one iteration of the QZ algorithm. But since
the implicit palindromic QR algorithm deflates at both corners of the matrix, it is typically
faster than the QZ algorithm [55]. Moreover, with n? (2n?) words only half of memory of
the QZ algorithm is required. The method cannot work for exceptional eigenvalues. Close-
to-exceptional eigenvalues converge slower, but typically do converge. Having converged, the
algorithm returns a palindromic Schur from and thus yields paired eigenvalues. Unfortunately,
this method has a severe drawback. It can only be applied to matrices in anti-Hessenberg
form, because a reduction procedure to this form is missing.

This drawback is overcome by the URV algorithm. It can be applied to any (regular)
palindromic or even pencil, yields paired eigenvalues, and is of cubic complexity (with lower
flop count than the QZ algorithm). On the down side, the URV algorithm does not yield
a palindromic or even Schur form. It requires 3n? (5n2) words of memory to compute the
antitriangular URV decomposition (and the transformation matrices). Moreover, the stability
properties are unknown. However, it is strongly backward stable for a related problem.

A fundamentally different approach is used by the palindromic Laub trick. It is a
postprocessing step of the unstructured generalized Schur form that yields an approximate
palindromic Schur form. The quality of the approximation decreases in the presence of close-
to exceptional eigenvalues. Thus, if eigenvalues are computed as the ratios of the antidiagonal
elements, then these numbers are paired, but they may have a large residual. The process
is strongly backward stable and needs 5n? words of memory. (The transformation matrix is
always computed.) The execution time is slightly higher than that of the QZ algorithm.

The palindromic block refinement method is intended to improve the quality of
an approximate palindromic Schur form. Every step of this iterative procedure is of cubic
complexity. The method requires 2n?, (3n?) words of memory to compute the palindromic
Schur form (and the transformation matrix). The computed eigenvalues are paired, the
process is strongly backward stable.

The Hybrid method combines several algorithms into one. The palindromic Laub trick,
followed by a refinement method deflate the far-from-exceptional eigenvalues, then a third
method solves the remaining problem corresponding to the close-to-exceptional eigenvalues.
Thus it is applicable to palindromic pencils with only a few close-to-exceptional eigenvalues.
Like the Laub trick the hybrid method needs 5n? words of memory. Its runtime is dominated
by the QZ algorithm (which is part of the Laub trick). It is strongly backward stable and, if
every step succeeds, yields a palindromic Schur form.

This leads to the following recommendations. If the problem to solve is in anti-Hessenberg
form (or easily transformable to this form) then the palindromic or even implicit QR algorithm
is the method of choice. Otherwise, if only eigenvalues are requested, then the antitriangular
URV algorithm is well suited. If a palindromic Schur form is needed and the problem is not
in anti-Hessenberg form, then we recommend the hybrid method.

7.2 Contributions of the author

The main contributions are the development of the palindromic/even QR-, and antitriangular
URV algorithms. (The implicit QR algorithms are joint work with David Watkins and Daniel
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Kressner.)
Moreover, the author provided the following contributions to the field of palindromic and
even eigenvalue problems.

7.3

In Chapter 2: the derivation of the linearization (1.3) for cubic palindromic polynomials,
see Example 2.1; the construction of a canonical form under congruence especially for
the use as palindromic Kronecker form, see Section 2.2.2, and the extension of the
palindromic Schur form from the T-case to the H-, and the real case, (Section 2.3.1)
and to even pencils (Section 2.3.2).

In Chapter 6: the palindromic block refinement method (Section 6.2) and the orthogo-
nalization of ) in the palindromic Laub trick (Section 6.1).

In Appendix A, the derivation of a palindromic pencil in the discrete time optimal
control problem via a state transformation.

Future Research

Topics of future research include the following.

FORTRAN implementations of the methods of this thesis are work in progress.
Methods for large and sparse palindromic or even eigenvalue problems.

A generalization of the theory to cover other notions of palindromic polynomials, such
as considered in [29, 30].

Perturbation theory for the antitriangular URV algorithm. The symplectic URV algo-
rithm for Hamiltonian eigenvalue problems has the same forward stability properties,
as a backward stable method [9]. An analogous result for the even or palindromic case
is probable, but open.

A transformation of the URV form to palindromic Schur form analogous to [23, 94] is
work in progress.

Finding a method that meets all three criteria stated at the beginning of this chapter.
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Appendix A

From discrete optimal control to
palindromic pencils

Here we consider the linear quadratic optimal control problem in discrete time as stated in
Example 1.2. It consists of minimizing the objective function

1 2] Q S| |z
SRR

Q S

o7 R} is symmetric, positive semidefinite, subject to

where [
FExip1=Ax;+Bu; + f;, 1=0,...,0

where the matrices E,A € R™*" B € R™P Q € R"™"™ S € R"™P R € RP*P, a vector
zo € R", and a vector sequence {f;} € R™ are given, whereas the vector sequences {z;}3, €
R”, {u;}32, € RP are wanted.

Under standard assumptions the standard approach leads in the quadratic case (n = m)
to the difference equation [72]

0 B 0] |pit 0 A B] [m fi
AT 0 0| |zia| = |ET Q S| |z|+ 0], i=0,...,0, (A1)
BT 0 0| |ui1 0 ST R| |u 0

which is not palindromic. We will present several possibilities to arrive at a palindromic
problem.
State transformation

We introduce the new variables z; = Z;:o xj, v = Z;:o uj, and g; = Exg + 23:0 fj-
Summing the original system for i =0, ...,7 gives

Eziy1=Az;+Bv;+g;, i=0,...,00.

Using x; = {Zl_i L0 Ui = {vi—& .. i>0 » the objective function becomes
-1, -1

J_l ZOT Q S| 20 +1i Zi_Zi—lT Q S| |z—=zi
_4 Vo ST R Vo 4 —1 Vi — Vi1 ST R Vi — Uij—1 )
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The scaling factor % was changed to i for convenience; it does not change the minimizing
sequences.
Multiplying out the products and regrouping yields

ASES A -E 8 )

=0
Defining the vector y = [2{, v, 2T, 0T, 21, vF .. .]T and the infinite matrix

A B —E
A B —-E
M = A B —-E ;

the system can be written as My = g with g = [g{, 97, 92,...]7. Similarly, the objective
function can be written as J = %yTLy with

[ Q S| -Q -8
ST R|-ST -R
Q S|-Q =5
L= s’ R |-ST -R

Note that although L is not symmetric, it defines a positive semidefinite bilinear form J.

We have to solve the constrained optimization problem %yTLy < min such that M Yy=g.
This optimization problem can be solved by computing stationary points of the Lagrangian
L(y,u) = 3y"Ly + p"(My — g) with the Lagrange multipliers p = [uf,pd,...]7 where
w; € R™. Differentiating provides the following conditions for the optimal solution:

M+ Ly =0,
My =g.

The latter equation resembles just the dynamical system whereas the first equation can be
written as

AT,u,1 4+ Qz0+ Svg — Qz1 — Sv; = 0,
—ET,ui + AT,LLZ'+1 +Qzi+ Sv; — Qzip1 — Svipr = 0, i=1,...,00,
BT,uiJrl + STZZ' + Rv; — STZiJrl —Rviyy = 0, 1=0,...,00.

The first two equations can be unified by introducing the additional variable pg = 0. Then
the system can be reorganized to the form

0 E 0] [—pit1 0 A B| |- i
AT Q S Zit1 = |ET Q S zi | +10], 2=0,...,00. (AQ)
BT ST R Vi+1 0 ST R (o 0
—_— —_—

AT A
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with boundary conditions zp = xg, po = 0, and lim;_, ET,ui =0.
The solution of this system can be written as the solution of the homogeneous system
plus a special solution taking care of the inhomogeneity. The homogeneous system leads to a

palindromic eigenvalue problem using the ansatz [—ul, |, 21, 1, vl 4]T = A—u], 25, o]]7.

Algebraic transformation

The nonpalindromic pencil in (A.1) can be transformed directly to a palindromic pencil by a
simple algebraic manipulation:

1, 0 A B 0 E 0 Im
I, ET @ S|-x[4AT 0 0 (1 - N1,
I, 0 ST R BT 0 0 (1—-N1,
0 A B 0 E 0
= ET @ S|-x|AT @ S
0 ST R BT ST R

The transformation matrices have poles for A € {1,00}. As a consequence, the multiplicities
of the eigenvalues 1 and oo of the transformed pencil may have changed. All multiplicities of
all the other eigenvalues, however, are preserved. For details see [99].

Note that the palindromic pencil arising here equals the one in (A.2). That can be
explained by combining the definition z;11 = 2z; + ;41 with the ansatz z;11 = Az; which
implies z;11 = (A — 1)z.. Analogously, u;y1 = (A — 1)v;. So, broadly speaking, substituting
z; and v; for z; and wu; introduces a factor (A — 1) that palindromifies the pencil in (A.1).

Logarithmic reduction

We present a third variant. Shifting the last two block rows of (A.1) one power of A upwards
results in the quadratic palindromic polynomial:

Im 0 A B [0 E 0
-\, ET @ S|-X|AT 0 0
—A, 0o ST R BT 0 0

0 A B 0 E 0 [0 0 0
OOO)\ETQS+>\2AT00]
00 0 o ST R BT 0 0

This transformation is closely related to the logarithmic reduction [63], for details see also [20].
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Appendix B

Matrix factorizations

In this appendix we discuss some of the more uncommon matrix factorizations that are used
in this thesis.

B.1 Antitriangular QR factorization

An antitriangular QR decomposition of a matrix A denotes the factorization of A = QR into
a unitary and an antitriangular factor.

Being a variant of the standard QR factorization, the antitriangular QR factorization
can be implemented as a series of n — 1 Householder reflections: the first reflection, Hi,
annihilates all but the last entries in the first column of A yielding A1; the second reflection,
H,, annihilates all but the last two entries in the second column of Ay yielding As; ... the ith
reflection, H;, annihilates all but the last ¢ entries in the ith column of A;_; yielding A;, for
i=1,...,n—1. Then, with Q = Hff ... H  and R = A,,_1, A = QR is a antitriangular
QR factorization.

Another way to compute an antitriangular QR factorization is to flip a standard QR
factorization: if A = QR (with R upper triangular), then A = (QF)(FR) is an antitriangular
QR factorization, where F' is the flip matrix.

This yields the algorithm:

Algorithm B.1 antitriangular QR factorization

Input: matrix A € C™"

Output: unitary @), antitriangular R such that A = QR
1: A— QR (QR factorization)
2: Q — QF
3 R— FR

There is also an antitriangular RQ factorization:

Algorithm B.2 antitriangular RQ factorization

Input: matrix A € C™"

Output: unitary @), skew triangular R such that A = RQ
1: A—FA
2: A — RQ (RQ factorization)
3: R—FR

119
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The cost aspects of the antitriangular QR factorization equal those of the standard QR
factorization: it requires %n?’ flops to manipulate A, and further %ng flops to generate the
unitary factor ). Applying @ to a skew symmetric matrix as congruence (as is needed in
phase 2 of the antitriangular URV algorithm, see Chapter 5) takes 2n3 flops.

The stability aspects of the antitriangular QR factorization equal those of the standard
QR factorization, i.e., it is backward stable, see [36] for details.

B.2 (Reduced) skew QRQ’ factorization

Here we describe a method to compute a decomposition of a skew symmetric matrix S of the
form

S =QRQ",

where () is unitary, and R is antitriangular and skew symmetric. This can be achieved by a
series of Householder transformations. The process is demonstrated for an 8-by-8 matrix.

8 8 8 88 8 8 ©
8 8 8 88 8 o8
8 8 8 88 o8 8
8 8 8 8 o8&k &8 8
8 8 8 OK8 8 8 8
8 8 O8|8 8 8 8
8 O8 8 (K8 8 8 8
O8 8 8|8 8 8 8

Let Hy be a Householder reflector, such that JEI15’(2 :8,1) =aqer. Set H :==1® H;i. Then

Sy := HiSHT = (B.1)

8 © ©C Ol o oo
8 8 8 8|8 8 © 0O
8 8 8 88 ©o&k O
8 8 8 8ok 8 ©
8 8 8 ©Ol8 8 8 ©
8 8 ©O88 8 8 ©
8 OK8 88 8 8 ©

OR 8 88 8 8w

The remainder of the process consists of the recursive application of the scheme to the subma-
trix 51(2:7,2:7): so let Hy be a Householder matrix that reflects S1(3 : 7,2) to a multiple
of e5 and define Hy := Iy ® Hy @ 1. Then

Sy := HyH,SHY HI =

8 8 © OO0 C o
8 8 8 8|8 © ©
8 8 8 8|lory O
8 8 8 ©O|8 8 ©
8 8 ©O8|8 8 ©
8 O&8 8|8 8 8
O8R 8 8|8 8 8 8
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Finally, defining a Householder reflector, such that H3S (4:6,3) = azes and Hs := I3 ® Hs®
I gives

R:= H3H,H,SH{ H] HY =

8 8 8/ &8 8 8 8

8 8 QOO0 ©
OR 88 8 8

T
r T T z 0

Defining Q) := H fl HQH Hf , we have S = QRQ” with antitriangular R, as desired.

Above reduction, applied to a skew symmetric matrix, yields an antitriangular matrix
regardless of whether n is even or odd. However if n is odd, the form can be further reduced.
This yields the reduced skew QRQ” factorization

S =QRQ",

where () is unitary and R is of the form 0 & A
This second phase is depicted in the following for an example of size 7. Application of the
above process brings S to antitriangular form.

8 8 8 8|0 ©
8 8 8 ©O|8 ©
8 8 © 8|8 8

[0 =z z x|z = x ] [ z
z 0 =z z|lz x = T x
r x 0 z|x x «x r T x
S=|z z x 0|z = z |,5=Q5QT = Olz =z =z
zr x x |0 x =z z |0 x =z
r z x z|lx 0 x r z z|lx 0 «x
|z z = z|x x 0 | Lz =z = z|x x 0 |

Now, we eliminate the antidiagonal elements, starting in the center going outwards. A two
sided rotation in the (3,4) plane can be used to eliminate the elements (3,5) and (5,3):

Sa

8 8 O&8 O
8 OKR[IR 8 8
o8 8K 8 8 8

8 8 O
8 8 8

X
r T

Analogously, rotations in the (7,74 1) plane can be used to eliminate the elements (i, 7+ 1—1)
and (n+1—4,7), for i =22 -1, 21 —2 1.

Sy =

o8 88 8 8 ©

8 O
8 8
8 8 8
8 8 OR
8 OKk|8 8 ©
o8 K8 8 8 8
HEQ
|
8 8 8
8 8 OR
8 O R |8 8
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At this point R := Sy is of the desired form. We have the following algorithm.

Algorithm B.3 (Reduced) skew symmetric QRQ? factorization
Input: skew symmetric matrix S € C™"; flag want_reduced, indicating whether a reduced
factorization is wanted
Output: unitary Q, skew triangular, skew symmetric R such that S = QRQ”, S is over-
written by R
1 Q«—1I,
2. fori=1:[%]—-1do
define reflector H such that HS(i +1:n+1—14,i) = aepi1-2
S—HS(i+1:n+1-—1,:)
S SGi+1l:n+1—i)HT
Q—HQU+1:n+1—1i:)
end for
if n is odd and want_reduced then
fori:%:—l:ldo
10: define rotation G such that GS(i:i+1,n+1—1i) =[?]
11: S—GS(i:i+1,:)
12: S S(i:i+1)GT
13: Q—GQ(i:i+1,:)
14:  end for
15: end if

Assuming that only one half of the skew symmetric matrix S is stored and manipulated the
reduction of S to antitriangular form needs %n?’ flops. Applying the unitary factor @ to
an n x k matrix costs n?k further operations. Forming Q itself takes %n?’ flops. Note that
the numbers for the reduced and the unreduced QRQ? factorization are equal, because the
additional operations in the reduced case are only of complexity O(n?).

As the (reduced) antitriangular QRQ? algorithm consists only of a sequence of House-
holder or Givens updates of the matrix S standard analysis techniques [36, Section 5.1] can
be used to show that the computed antitriangular factor R is the exact factor of a nearby
skew symmetric matrix, i.e., there is a unitary matrix Q such that ||S — QRQT |2 = O(¢)||S2
and HQHQ — I||2 = €. So the algorithm is strongly backward stable.

B.3 (Skew symmetric) Takagi factorization

In this section we show how to transform a skew symmetric matrix S = —ST € C"*™ to the
form
r r
T D
QSQT = 0 ,  with D :/ antidiagonal, real, positive. (B.2)
r | =DT

This factorization may be thought of as a structured version of the singular value decom-
position, as § = USV# where U = Q, ¥ = DF ©0, 2. ® FD,V = QT"F(I,,_, ® —1I,),
and F is the flip matrix. We call it skew Takagi factorization. The name is inspired by
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the Takagi factorization [87, according to [15]], a decomposition of a complex symmetric ma-

trix M = M7 € C™" into M = UXU?, where U is unitary and ¥ is real, nonnegative,

and diagonal. This factorization can be seen as a symmetric variant of the singular value

decomposition. An algorithm to compute the Takagi factorization was described in [15].
The process for the skew symmetric case is demonstrated for a 7-by-7 example.

"
I
8888880

8 8 8 8 8 o8
8 8 8 8 o8 8
8 8 8 o8 8 8

8 8 O8 &8 8 &8
8 O8 8 8 8 8
O8 8 8 8 8 8

We begin by transforming S to antibidiagonal form. First, the first row and column are
reduced to the last entry. Then the last row/column are reduced to the first two entries.

0 00 0 0 =z T
O 0 = & @ ® @ 0 2z z =z = x
0 0 z =z =« z 0 z z = 0
0 z 0 z = x|, z z 0 =z 0 |,
0 z 2 2 0 =z « z xz x 0 =z 0
0 z z z z 0 «x zr z x x 0 0
Lz z 2z z z =z 0] [z = 0 O 0 O ]

Then, this scheme is recursively applied to the S(2:n — 1,2 : n — 1) submatrix,

_ 21T .
0 00 zz « T
0 0 =z =z «x 0 z =z «x
0 z 0 =z =« , z 0 =z O ,
0 =z 0 x z x 0 O
z x = x 0 z xz 0 O
|l z =z ]l Lz =z ]
yielding S in the form
_ -
T
0 =z =«
S1 = 0 0|z
it 0
T
_:’Ux .

At this point, the matrix decouples. It can be partitioned as
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where B is upper bidiagonal. Let B = U [% 8] VH with ¥ € R™" be the singular value
decomposition of B. Then with Q = VT @ FU”F we have

T T
El A rf0 00 —(FD)T
QSIQT:(%W 0 ~VI(FB)'FUF 0 00 0
12| | FURFFBV 0 0 00 0
r|FY 0 0 0

This matrix is in form (B.2).

Algorithm B.4 Skew symmetric Takagi factorization

Input: skew symmetric matrix S € C™"
Output: unitary @, skew symmetric, skew diagonal, real R such that S = QRQ”, S is
overwritten by R
1. Q«—1I,
2. fori=1:[%] —1do

3:  define reflector H such that HS(i +1:n+1—1i,i) = aepyi—2
40 S—HS(i+1:n+1-1,:)

5 S SGi+l:n+1—i)HT

6: Q—HQUi+1:n+1—4,:)

7. define reflector H such that HS(i +1:n —i,n+1—1) = ae;
8 S—HS(i+1:n—1i,:)

9. S S8(i+1l:n—9)HT

100 Q— HQG+1:n—1,:)

11: end for

12: if n is odd then

13: Z<—%+1

14:  define rotation G such that GS(i: i+ 1,i — 1) = [?]
15: S<—GS(' i+1,:)

16: S« S(i:i+1)GT

17 Q—GQ(i:i+1,:)

18: end if

19: B+ FS([g]:n,1:|5])

20: B — UXV (singular value decomposition)

21: S([5]+1:n,1:[5]) «— FX

222 S(1:[5],[5] +1:n)— =XF

25 Q- (41,5 — VTQ(: [2].)

24: Q(|5]+1:n,:) — FU'FQ(|5]+1:n,:)

Assuming that only one half of the skew symmetric matrix S is stored and manipulated, the
first step of the skew Takagi factorization, the reduction of S to bidiagonal form costs - 4 n?
flops. The following SVD computation is neglectable, if an O(n?) algorithm is used, see [98]
and the references therein. Generating the unitary factor Q) costs another 2n? flops. Applying
Q to an n x k matrix costs 2n’k flops, if ) has been assembled before, or 3n2k flops otherwise.



B.4. URV-HESSENBERG REDUCTION 125

B.4 URV-Hessenberg reduction

Algorithm B.5 URV-Hessenberg reduction

Input: matrices A, N = —N7,§ = —-8T € C"", n even, A, S antitriangular
Output: unitary U,V such that N = UTNU is anti- Hessenberg, while A = UTAV and

= VTSV are antitriangular, A, N, S are overwritten by A, N, S

1. U+~ 1I,

2. V1,

33 forj=1:2—-1do

4: forz-]+1 5 —1do

5: define rotatlon G such that GN(i: i+ 1,7) =[] % annihilate N(i,j) by rotation in
(1,i+1) plane

6: N@:i+1,:) —GN(@Gi:i+1,:)

7: N(yi:i+1)— N(i:i+1)GT

8: U(yizi+1)«—U(yii+1)GT

9: A(i:i+1,:) «— GA(i i+ 1,:) % fill-in at A(i,n — 1)

10: % anm'hz'late A(i,n-i) by rotation in (n-i,n-i+1) plane

11: define rotation G such that A(i,n —i,n —i+ 1)GT = [0, %]

12: A(,n—i:n—i+1) «— A(, n—z’.n—z—i—l)GT

13: Vin—i:n—i+1)—=V(in—i:n—i+1)GT

14: Stn—i:n—i+1)—Sitn—i:n—i+1)GT

15: Sm—i:n—i+1,:)—GSnh—i:n—i+1,:) % fill-in at S(i,n — 1)

16: % zero S(i,n-i) by rotation in (i,i+1) plane

17: define rotation G such that GS(i: i+ 1,n—1) = [?]

18: S(i:i+1,:)<—GS(' i+1,:)

19: V(itit+1) e V(,ii+1)GT

20: A(yiid1) «— A(ii+1)GT % fill-in at A(n —i,1)

21: % annihilate A(n-i,i) by rotation in (n-i,n-i+1) plane

22: define rotation G such that GA(n —i:n—i+1,4) = [Y]

23: An—i:n—i+1,:) —GAn—i:n—1i+1,:)

24: UGtn—i:n—i+1)—UGn—i:n—i+1)GT

25: Nn—i:n—i+1,:)—~GNn—i:n—i+1,:)

26: NGn—i:n—i+1)« N(itn—i:n—i+1)GT % no fill-in in N

27:  end for

28 e g

29: % annihilate N(i,j) by rotation in (i,i+1) plane

30:  define rotation G such that GN(i: i+ 1,7) = [?]

3. N(i:i+1,:) —GN(@:i+1,:)

32 N(ni:i+ 1)« N(i:i+1)GT

33 U(hi:i+ 1)« U(,izi+1)GT

340 A(i:i+1,:) —GA@G:i+1,:) % fill-in at A(i,n — 1)

35: % annihilate A(i,n-i) by rotation in (n-i,n-i+1) plane

36:  define rotation G such that A(i,n —i:n —i+1)GT = [0, ]

37 A(,n—i:n—i+1)— AG,n—i:n—i+1)GT

38 V(in—i:n—i+1)«—V(in—i:n—i+1)GT

39: Sn—i:n—i+1,:)«—GSn—i:n—i+1,:)

100 Stm—i:n—i+1)«—Stn—i:n—i+1)GT % no fill-in in S
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41: fori=m+1:n—j5—1do

42: % annihilate N(i,j) by rotation in (i,i+1) plane
43: define rotation G such that GN(i: i+ 1,5) = [9]

44: N@:i+1,:) —GN(@G:i+1,:)

45: N(yi:i+1) e« N(i:i+1)GT

46: U(i:i+1)«—U(yizi+1)GT

AT: A i+ 1,:) «— GA@G i+ 1,:) % fill-in at A(i,n — 1)
48: % annihilate A(i,n-i) by rotation in (n-i,n-i+1) plane
49: define rotation G such that A(i,n —i:n —i+1)GT = [0, ]

50: AG,n—i:n—i+1)—A(G,n—i:n—i+1)GT

51: Vin—iin—i+1)«—V(in—i:n—i+1)GT

52: Sn—i:n—i+1,:) —GSn—i:n—i+1,:)

53: Stn—i:n—i+1)—Stn—i:n—i+1)GT % fill-in at S(n —i,1)
54: % annihilate S(n-i,i) by rotation in (i,i+1) plane
55: define rotation G such that S(n —i,4:4 + 1)GT = [0, #]

56: S(:yizi41)« S(i:i+1)GT

57: S(i: z—i—l )= GS@E:i+1,:)

58: V(iii+1)«— V(izi+1)GT

59: Az iz —i— 1)« A(,i i+ 1)GT % fill-in at A(n —1,1)
60: % annihilate A(n-i,i) by rotation in (n-i,n-i+1) plane
61: define rotation G such that GA(n —i:n—i+1,4) = [?]

62: An—i:n—i+1,:) —GAn—i:n—i+1,:)

63: Utn—i:n—i+1)—U(n—i:n—i+1)GT

64: Nn—i:n—i+1,:)—GNn—i:n—i+1,:)

65: NGn—i:n—i+1)« N(Gtn—i:n—i+1)GT % no fill-in in N
66: end for

67: end for

B.5 Phase 5

Algorithm B.6 Phase 5 of antitriangular URV algorithm
Input: matrices A, N = —NT S = —ST € C™" of the form (5.9)
Output: unitary U,V such that N = UTNU, A = UTAV, § = VTSV are of the form
(5.10), A, N, S are overwritten by AN,S
1: for j=1:rdo

22 fori=2r+1—j5:n—jdo

3: % annihilate N(i,j) by Givens rotation in (i,i+1) plane
4: define rotation G such that GN(i: i+ 1,7) = [Y]

5: N(G:i+1,:) —GN(@i:i+1,:)

6: N(yiti+1)« N(,i:i+1)GT

7: UCyiti+1)—U(i:i+1)GT

8: A(t:i+1,:) «— GA(i i+ 1,:) % fill-in at A(i,n — 1)
9: % annihilate A(i,n-i) by Givens rotation in (n-i,n-i+1) plane
10: define rotation G such that A(i,n —i:n —i+1)GT = [0, %]

11: AGn—i:n—i+1)«— AG,n—i:n—i+1)GT

12: Vin—i:n—i+ )<—V(.,n—z.n—z+1)GT
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13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:

25:
26:
27:
28:

Sm—i:n—i+1,:)—GSn—i:n—i+1,:)
Stn—i:n—i+1)—Stn—i:n—i+1)GT
end for
end for
% triangularize middle block in N
[Q,N(r+1:n—r,r+1:n—r)] « Algorithm B3(N(r+1:n—rr+1:n—r)(false)
Nr+l:n—rmn—r+1:n)—QNr+1l:n—rn—r+1:n)

Nn—r+l:nr+l:n—r)—Nn-r+1l:nr+1:n—-7r)Q

UGr+l:n—r)—UGr+1:n—7)Q

Afr+1:n—r;:) — Q*A(r+1:n—r,:) % fill in in A
% retriangularize middle block of A(i,n-i) by skew RQ factorization

Ar+1l:n—-rr+1l:n—-r)Q—A(r+1:n—rr+1l:n—r) % antitriangular RQ

decomposition

An—r+1l:nr+1l:n—r)—An—r+1l:nr+1:n—r)Q*

Vir+1lin—r)—V(QEr+1:n—r)Q*

Str+1:n—r:)«—QS(r+1:n—r)

Str+l:n—r)<=Str+1:n—r)Q*
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