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Abstract

A new method is presented for the numerical computation of the generalized eigen-
values of real Hamiltonian or symplectic pencils and matrices. The method is strongly
backward stable, i.e., it is numerically backward stable and preserves the structure (i.e.,
Hamiltonian or symplectic). In the case of a Hamiltonian matrix the method is closely
related to the square reduced method of Van Loan, but in contrast to that method which
may suffer from a loss of accuracy of order /¢, where ¢ is the machine precision, the new
method computes the eigenvalues to full possible accuracy.

Keywords. eigenvalue problem, Hamiltonian pencil (matrix), symplectic pencil (matrix),
skew-Hamiltonian matrix
AMS subject classification. 65F15

1 Introduction

The eigenproblem for Hamiltonian and symplectic matrices has received a lot of attention
in the last 25 years, since the landmark papers of Laub [13] and Paige/Van Loan [20]. The
reason for this is the importance of this problem in many applications in control theory and
signal processing, [17, 12] and also due to the fact that the construction of a completely
satisfactory method is still an open problem. Such a method should be numerically backward
stable, have a complexity of O(n?) or less and at the same time preserve the Hamiltonian or
symplectic structure. Many attempts have been made to tackle this problem, see [8, 15, 17]
and the references therein, but it has been shown in [2] that a modification of standard QR-
like methods to solve this problem is in general hopeless, due to the missing reduction to a
Hessenberg—like form. For this reason other methods like the multishift-method of [1] were
developed that do not follow the direct line of a standard QR-like method. The structure
of the multishift method is at first a computation of the eigenvalues followed by a sequence
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of exact-shift steps of a QR method that is based on the non-Hessenberg reduction of Paige
and Van Loan [20]. The method is backward stable and structure preserving but it may
suffer from loss of convergence, in particular for large problems and furthermore it needs
good approximations for the eigenvalues first. These can for example be obtained via the
square-reduced method of Van Loan [25]. In the symplectic case a similar method has been
proposed by Lin [16] and improved by Patel [21]. Both methods are structure preserving and
backward stable for a modified problem which involves the square of the original matrix. But
squaring a matrix, computing the eigenvalues of the square, and taking square roots to obtain
the eigenvalues of the original matrix can lead to a loss of half of the possible accuracy. This
was shown by the worst-case error analysis in [25].

In this paper we will present a new method which does not suffer from this loss of accuracy
and it is constructed in such a way that the same method can be used for Hamiltonian
matrices, symplectic matrices, Hamiltonian pencils, or symplectic pencils. The method is
structure preserving, backward stable, and needs O(n?) floating point operations. There are
three main ingredients for this new method, a new matrix decomposition, which can be viewed
as a symplectic URV decomposition, a periodic Schur decomposition for a product of two or
four matrices [6, 10, 11] and the generalized Cayley transformation which allows a unified
treatment of Hamiltonian and symplectic problems, [14, 18].

The paper is organized as follows: In Section 2 we introduce the notation and review
some basic results. In Section 3 we develop the theoretical basis for the new algorithm and
in Section 4 we then describe the new procedure. An error analysis is given in Section 5 and
numerical examples are presented in Section 6.

2 Notation and Preliminaries

In this section we introduce some notation, important definitions and also some preliminary
results.

We will be concerned with the computation of eigenvalues of special matrices and matrix
pencils. To simplify the notation we use in the following the expression eigenvalue for eigen-
values of matrices and also for pairs (a, ) # (0,0) for which the determinant of a matrix
pencil aF — §A vanishes. These pairs are not unique, since they can be scaled by a nonzero
factor and still the determinant vanishes. So if 5 # 0 then we identify (a, 3) with (%, 1) or
A = 5. Pairs (a,0) with a # 0 are called infinite eigenvalues.

We now introduce the classes of matrices and matrix pencils that are discussed in this

paper.

0 I,
I, 0
a) A pencil af — BA € R * is called Hamiltonian iff SJAT = —AJET. The set of
Hamiltonian pencils in R*"**" is denoted by HY,,.

b) A matric H € R*™*?" js called Hamiltonian iff (HJ)' = HJ. The Lie Algebra of
Hamiltonian matrices in R***?" js denoted by Hay,.

c) A matriz Hy € R js called skew-Hamiltonian iff (H,J)T = —H,J. The set of
skew-Hamiltonian matrices in R***?" is denoted by SHay,.

d) A pencil af — BA € R¥™?" is called symplectic iff EJET = AJAT . The set of symplectic
pencils in R™ ™ is denoted by S5, .

Definition 1 Let J := , where I, is the n X n identily matriz.



e) A matriz S € R™™" is called symplectic iff SJST = J. The Lie group of symplectic
maltrices in R™"*™ is denoted by Say,.

f) A matriz U € R?*"*?" js called orthogonal symplectic iff UJUT = J and UUT = Iy,.
The Lie group of orthogonal symplectic matrices in R*"*?" is denoted by USay.

In this paper we will mainly discuss regular Hamiltonian and symplectic pencils, (a pencil
ak — (A is called regular if det(al — A) does not vanish identically for all complex pairs
(a,).) The main reasons for this are first that we do not know of any application for
singular Hamiltonian or symplectic pencils and second that for singular pencils no eigenvalue
computation is necessary, since every complex number is an eigenvalue. We will, however,
point out in our algorithm when we detect singularity or near singularity of the pencil.

We have the following well-known properties of Hamiltonian and symplectic pencils:

Proposition 1

a) Let a& — BA be a real Hamiltonian pencil. If p = 3 is a finite eigenvalue of o€ — BA, then
also —fi, i, —p are eigenvalues of a& — BA.

b) Let a& — BA be a real symplectic pencil. If p = % is an eigenvalue of & — BA, then also
/@, @, 1/p are eigenvalues of a& — BA. This includes the eigenvalue 0 corresponding to
(a, ) = (0,1) with infinite eigenvalue (a, ) = (1,0) as counterpart.

c) Any matrizc H € Hay, can be written as H = IZ; _?;T . where F, G, H € R and
G=G", 0H==H". )
. . U, U, «
d) Any matriz U € USay, can be written as U = U, U | where Uy, Uy € R™ ™,
—Uz Uy

Proof. See, e.g., [15, 17]. O

There is a well-known relationship between Hamiltonian and symplectic pencils, which is
given via the generalized Cayley transformation, e.g., [14, 18] and there is also an interesting
relationship between Hamiltonian and skew-Hamiltonian matrices, which, however, does not
extend to pencils.

Lemma 2
a) Let a&s — BA, be a real symplectic pencil and let Ay =1 or A\ = —1.
Then
alpy — A = a(& — MAg) — B(MEs + As) (1)
is a real Hamiltonian pencil.
b) Let o€y — fAp be a real Hamiltonian pencil and let \y =1 or Ay = —1. Then

afs — BA, = a(MAg + En) — B(Ag — Mén) (2)

s a real symplectic pencil.
c) Let H be a Hamiltonian matriz, then H? is skew Hamiltonian.

Proof. Yor a) and b) see [14, 18], for ¢) see [25]. D
Further properties of symplectic and Hamiltonian pencils are discussed in [14, 15, 17, 18].



Remark 1 For Hamiltonian pencils of — A with £ invertible, Part ¢) of Lemma 2 suggests
that the pencil

afJET — BAJT AT (3)
might be a skew-Hamiltonian pencil, i.e.,
EJTETJATAT = AJAT JETET. (4)

However, in general this is not the case, since to show this we would also need that E1JA =
— AT JE& for the Hamiltonian pencil. But this holds only in some special cases. If, for example,
one of the matrices & or A is symplectic or if £71 and A commute, then (3) is a skew-
Hamiltonian pencil. In general this is not true as the following example shows.

Example 1 Let

2 0 21 0 0 2 1

2 4 1 4 -2 -2 1 4

&= -1 -1 2 2|° A= 1 1 0 2
-1 -2 0 4 1 2 0 2

The pencil & — A is Hamiltonian according to Definition 1 as can easily be checked by
computing AJET + EJAT, but

0 4 0 0
. oo | =40 0 0
Algevefsa=1 " o o
0 0 —12 0

and
0 —48 -32 -32
48 —-96 -8 32
-32 -8 -32 -16
-32 32 —16 0

EJETJATAT — AJAT JEJET =

On the other hand, as we will show below, this does not harm the spectral properties, i.e.,
we can still use (3) to compute the eigenvalues of a& — SA.

3 Theoretical Background

When one does eigenvalue computations one is usually restricted to similarity transformations
for matrices and equivalence transformations for pencils, since only these preserve all the
spectral properties.

The basis for our new algorithm, however, is a non-equivalence transformation for the
original Hamiltonian pencil, which leads to an equivalence transformation for the pencil (3).
From the eigenvalues of (3) we can then easily compute the eigenvalues of a& — A.

Lemma 3

a) Let a& — BA be a regular real Hamiltonian pencil. The pair (p,v) is an eigenvalue of the
pencil aEJET — BAJT AT if and only if the pairs (VI AV), (=1, \/V) are eigenvalues of
af — pA.

b) If X # 0 is a simple eigenvalue of a Hamiltonian matriz H then \* is a nondefective
eigenvalue of H? of multiplicity 2.



Proof. The eigenvalues of a& — S.A are the pairs (p,v) # (0,0) for which det(p& —v.A) = 0.
Now det(u€ — v.A) = 0 if and only if

det[(u€ — v A (uE — v AT = det(p?EJET — pw(EJAT + AJET) — 2 AJT AT)
= det(p?EJET —PAJTAT) = 0,

and hence a) follows.

For b) observe that if A\ # 0 is a simple finite eigenvalue of H, then also —A is a simple
eigenvalue. Let 21, x5 be the corresponding right eigenvectors, which are clearly independent
if A\ # 0. Any linear combination of z; and @ then is a right eigenvector of H?, and hence
the dimension of the eigenspace is two and A? is a nondefective double eigenvalue. [

Remark 2 From the proof of Lemma 3 b), we see that the eigenvalue condition number
1/5(\) is not uniquely defined for the eigenvalues A% of H?. Since s(\) = yz, where y and
x are the left and right eigenvectors of H corresponding to A, 1/s(A) can also be considered
as a condition number of A? with respect to H? is given by. But since any linear combination
of 1 and z3 from the proof of Part b) defines a right eigenvector of H? corresponding to A?
and any linear combination of the left eigenvectors y; and y, of H corresponding to A and
— )\, respectively, defines a left eigenvector of H? corresponding to A%, many other values for
s(A?) with respect to H? are possible.

Lemma 3 indicates a way to compute the eigenvalues of a Hamiltonian pencil via the square
roots of the eigenvalues of another pencil. This is the direct generalization of the square
reduced method of Van Loan [25] to Hamiltonian pencils. If we apply this trick explicitly or
implicitly as in the square reduced method, we will suffer from the same /¢ perturbation in
the computed eigenvalues as in Van Loan’s method.

But in this situation we can apply a trick which is based on a non-equivalence transforma-
tion applied to the Hamiltonian pencil. This transformation can be viewed as a symplectic
version of the URV-decomposition. URV-decompositions of a matrix into a product of two
unitary matrices U, V and an upper triangular matrix R, were first introduced by Stewart
in order to achieve a compromise between accuracy and computational cost between the QR
decomposition and the singular value decomposition for rank and nullspace computations, see
[23, 22].

In general such decompositions are not useful for the computation of eigenvalues, but as
we will see, in the case of Hamiltonian and symplectic pencils or matrices the situation is
different.

Lemma 4 Let al) — A be a real 2n x 2n pencil. Then there exist orthogonal transformation
matrices Q3 € R?*™X?" and Q1,Q2 € USazy,, (which can be obtained via a finite elimination
procedure), such that

fros - | ] 5)
e )

where E;, A;; € R, Eqq, Aqq, E1, are upper triangular, and AL, is upper Hessenbery.



Proof. The proof is given in a constructive way by Algorithm 3 in the next section. [

Lemma 4 describes a finite step non-equivalence transformation to a condensed form. This
form is a mixture between the Hessenberg and the triangular form for real 2n X 2n pencils.
The second result that we need is that the Hessenberg matrix As in Lemma 4 can also be
transformed to quasi-upper triangular form with the same type of transformations.

Theorem 5 Let aE—[(A be a real 2n X 2n pencil. Then there exist orthogonal transformation
matrices Q3 € R¥™ " and Q1,Q4 € USay, such that

Ell E12 All AIZ] (7)

@gE@lzl 0 EQQ]’QSTA@F[ 0 A

where L;;, Ay € R™™, Eqq, Ayq, E1, are upper triangular and AL, is quasi-upper triangular,
i.€., block upper triangular with diagonal blocks of size 1 X 1 and 2 x 2.

Proof. By Lemma 4 we may assume, w.l.o.g., that the blocks Ey;, A;y, Fd, are upper trian-
gular and A% is upper Hessenberg. We then apply the generalized real Schur decomposition,
[[9], p-396] to the pencil aFyy Ed, — 3A11 AL, Tt follows that there exist real orthogonal ma-
trices U,V € R™*" such that UT Ey; ELV is upper triangular and UT A ALV is quasi-upper
triangular. Let Uy,U; € R™ ™ be orthogonal matrices such that UITEQTQV and UT A4, U,
are upper triangular (these always exist from the QR factorization). Then it follows that
UT Ey, Uy is upper triangular and UJ ALV is quasi-upper triangular. Thus,

vt o Uy 0 ur oo Uy 0
0‘[ 0 VT]El 0 Ull_ﬂ[ 0 VT]Al 0 Uy
yields the required decomposition. O
For real 2n x 2n matrices we have the following obvious corollary:

Corollary 6 Let A € R?"%2" Then there exist matrices Q)1,0Q2 € USan, such that
Air A

T _ 11 Al

Ql AQ2 - [ 0 A22 ] ’

where A;; € R™™ ", Ay is upper triangular and AL, is quasi-upper triangular.

Proof. The proof follows directly from Theorem 5 by inverting Q3 AQ;. O

At first sight it is not clear how the above non-equivalence transformation can be used
for eigenvalue computation, but when we apply the transformation to a Hamiltonian pencil
af — A and then consider the impact of this transformation on the pencil

afJET — BAJT AT (9)
then we obtain the following result.

Theorem 7 Let a& — A be a real Hamiltonian pencil. Then there exists an orthogonal
matriz Q3 such that

(10)

QLETET Qs = [ Eu B ] [ ~Ey B ] ,

0 Fay 0o —r



and

T 44T AT | A A AL, —af,
0T AIT A ng_l el BT (11)

where Fi;, A;; € R™, By, An, E1, are upper triangular and A3, is quasi-upper triangular.
Proof. Applying the transformation from Theorem 5 we obtain

QeI Q3T = QIEQ1IQTETQsT

T
E11 E12 Ell E12
RS 2
_ | —EukEL Eukf - EnEf
0 —(En BI)T

QYATTATQsT = QIAQITQIATQsT

T
AH A12 T All A12
el 2] "
_ AnAsz _AHA?Q + A12A1T1
0 (A AT '

d
An obvious corollary is obtained for Hamiltonian matrices.

Corollary 8 Let H € Hy, then there exist ()1, € USay, such that

—H{HL, Hy HL — HoHE
Ta,2 _ 11492 114412 124417
lH Ql - [ 0 _H22H11—'1 ] ? (14)
~HX g, HLHyy— HLH
Ta,2 _ 224111 124422 224412
QQH Q2 - [ 0 _Hlj'lez ] 9 (15)

with H;; € R, Hyy is upper triangular and HI, is quasi-upper triangular.
Proof. Using the Hamiltonian structure and @)1, ¢} from Corollary 6 we obtain that
1H2Q1 = QI HQ2Q3 TH JQ1 = (Q1 HQ2)J (QT HQ2)J,

which has the required form. The proof for (15) follows analogously. O
From these two results we see that in order to compute the eigenvalues of € — A it suffices
to compute the eigenvalues of the pencil

OéEllEg; + ﬁAllA%; (16)

as it arises from (10) and (11), and to compute the eigenvalues of a Hamiltonian matrix it
suffices to compute the eigenvalues of

—H11H2TQ or —HQTQHll (17)

as in (14), (15).



Now fortunately we can compute the eigenvalues of (16), (17) from the condensed form of
Lemma 3 without forming the products. To do this we can directly employ the periodic Schur
decomposition for products of matrices or pencils of products of matrices [6, 10, 11] without
forming the products. The periodic QR algorithm applied to (17) yields real orthogonal
transformation matrices U,V € R™"*™ such that

H:=UTHWVTHLU, — AL := (UTHyuV)' (18)

are quasi-upper triangular, while

Hy :=UTH,V (19)
is upper triangular. Analogously the periodic QZ-algorithm applied to (16) yields real or-
thogonal transformation matrices U, V,Y, Z € R™*" such that
E = UTEGVVTELZ, — Fy:=UTELV,

Eg; = (ZTEQQV)T, 12111 = UTA11Y (20)

are upper triangular and
A=UTAnvyTALz, AL = (ZT ApY)T (21)

are quasi-upper triangular. After these forms have been computed, we can compute the
eigenvalues of H or aF — A, respectively by solving 1 X 1 or 2 x 2 eigenvalue problems.
We present here the formulas for the pencil situation, the matrix case is obtained by setting
FE=1,. Let

By o= UTELV = [e5]s
Ezz = ZTE22V = [fij]v (22)
Ay = UTALY = [ai;],
Agy = ZTAY =: [bi;].

In the case of a 1 x 1 diagonal block in Ay, the corresponding eigenvalue is a solution of the
equation
plei fi) + v(agby) = 0, (23)

ie., (p,v) = (—%,1) if e;ifii #0or (pu,v) = (1,0) ~ oo if e f;; = 0 and ayb; # 0. If
both products are 0 then the pencil is singular, and thus clearly if both products are close
to 0, then the pencil is near to a singular pencil, see [24]. The eigenvalues of the original
Hamiltonian pencil are then obtained via Lemma 3.

In the case of an unreduced 2 x 2 diagonal block in Agy the corresponding eigenvalue is an
eigenvalue of the pencil

€ii €4l fii Lo i 41 bi; b i1
k] k] _I_l/ k] k] , 24
'u[ 0 €141 ] [ 0 fit1,i+1 ] [ 0 aiq141 bivii bit1,i41 (24)

which has the characteristic polynomial

pla + pvb + vie (25)



where the coefficients are given by

a = €i€it1,it1fiifit1i41s

b = eifitiy1i1biv1,i41 + (@i + aiit1biv i )€iv1,it1 fixt,it1
— i1 i1 0ip1i(€i fiir + it firt,it1)s

¢ = aiiy1,i+1(biibiv1,it1 — big1,ibiitr).

We obtain that the pencil is singular if @ = b = ¢ = 0 and it is near to a singular pencil if
all three coefficients are close to 0. If this is not the case, then we have the following cases:

There exists one eigenvalue infinity if @ = 0 and b # 0 and two infinite eigenvalues if
a=b=0and c#0. If a=0and b # 0 then the other eigenvalue is (p,v) = (§,1). If a #0
then the eigenvalues are both finite, of the form (u,v) = (A;, 1), where \;, ¢ = 1,2, are the
solutions of the quadratic equation

/\2+/\§+£:0.
a a

The eigenvalues of the original Hamiltonian pencil are again obtained via Lemma 3.

In this section we have described a new method to compute the eigenvalues of Hamiltonian
pencils. We can apply the same idea to symplectic pencils by using the generalized Cayley
transformation of Lemma 2 b) to transform the symplectic pencil to a Hamiltonian pen-
cil, applying the described procedure and computing the eigenvalues via the inverse Cayley
transformation applied to the eigenvalues.

If (e, 8) is an eigenvalue of the Hamiltonian pencil obtained via the Cayley transformation
with shiftpoint A1, then (A15+a, 5—A1a) is the associated eigenvalue of the original symplectic
pencil.

Remark 3 The method described above can in principle also be applied to a pencil aF—3A
where E, A € R?"*?" are skew-symmetric since every skew-symmetric matrix B € R?7%x2"
can be factored as B = CJCT.

Remark 4 Note that the described procedure cannot be applied to complex symplectic or
Hamiltonian pencils. The reason for this is that the reduction to condensed form via unitary
symplectic matrices cannot be carried out in the same way, since with unitary symplectic
matrices less eliminations are possible. The same problem already occurs in the square reduced
method of Van Loan [25].

Remark 5 If we apply Lemma 4 to a symplectic matrix 5, i.e., we set F/ = I3, and choose

(1 = ()3, then

St 5 ] (26)

Q19Q: = l 0 s77

where ] is an upper triangular matrix and 5157 — 9257 = 0,i.e., QT SQ, is symplectic trian-
gular [17]. In addition, Q2 = I3, and (26) is equivalent to the symplectic QR decomposition
of a symplectic matrix (see [7]).



4 The Numerical Algorithm

We have already described the main features of the new algorithm in Section 3.

Algorithm 1 A structure preserving method for the computation of the eigenvalues of Hamil-
tonian and symplectic pencils.

Input: Hamiltonian pencil afy — Ay or symplectic pencil a&; — SA;.
Output: Eigenvalues of the pencil.
Step 0: If the pencil is symplectic, choose Ay € {1, -1} and form

alpy — A = a(&s — MAs) — (A& + As).

Step 1: Determine orthogonal transformation matrices Q3 € R***?" and Q1,Q, € USaz,,
such that

T _ Ell E12 T _ All Al?
QS EHQI — l 0 E22 P QSAHQQ — 0 A22 ’

where E;;, A;; € R™™", Eyy, Aiq, EJ, are upper triangular and A%, is upper Hessenberg (see
Algorithm 3).
Step 2: Apply the periodic QZ algorithm of [11] to the product pencil

aFEn B+ 8AL AL, (27)
i.e., compute orthogonal transformation matrices Uy, Us, Us, Uy € R™ ™ such that
Ul En1Usy, (U3 ExpUs)', U AUy (28)
are upper triangular and
(U3 Az Ug)" (29)

is quasi-upper triangular.

Step 3: Solve the 1 x 1 or 2 X 2 eigenvalue problems arising from explicitly multiplying out
the diagonal blocks in (27), i.e., determine pairs (p;,v;) for ¢ = 1,...,n via (24) or (25),
respectively.

Step 4: Compute the finite eigenvalues (o, 5;) of a€ — A as

(i, 85) = (V> Vi), . .
(i Bngi) = (—\/;Ti,\/zTi),} =1...,n (30)

Step 5: If the original pencil was symplectic, then compute the eigenvalues of a&; — A, as
(af,57) = (MBi + i, i — Mag), i=1,...,2n. (31)
End

The main computational work lies in Steps 1. and 2. of this procedure. While Step 2. is
well analyzed, and different procedures for this problem have been described [6, 11], Step 1
is new and we describe it in more detail below.

If we want to apply Algorithm 1 to a Hamiltonian matrix it simplifies significantly. Note
that for symplectic matrices we still need to use the pencil formulation, since the associated
Hamiltonian problem arising from the Cayley transformation is in general a Hamiltonian
pencil.

10



Algorithm 2 A structure preserving method for the computation of the eigenvalues of a
Hamiltonian matriz.

Input: Hamiltonian matrix H.

Output: The eigenvalues {7y1,...,72,} of H.

Step 1: Determine orthogonal transformation matrices ()1, ()2 € USay, such that

Hy H
T _ 11 12
- o 1. -
where H;; € R"*", Hy; is upper triangular, and HJ, is upper Hessenberg.
Step 2: Apply the periodic QR algorithm of [10] to the product matrix

—H3, iy, (33)
i.e., compute orthogonal transformation matrices Uy, Us € R™*™ such that

Ul H U, (34)
is upper triangular and

(U HooUs)" (35)

is quasi-upper triangular.

Step 3: Solve the 1 x 1 or 2 X 2 eigenvalue problems arising from explicitly multiplying out
the diagonal blocks in (34), (35), i.e., determine eigenvalues A;, i = 1,...,n, via the solution
of the 1 x 1 or 2 x 2 eigenvalue problems arising in the block diagonal of this product.

Step 4: Compute the eigenvalues of H by v = VAiy,  Yngi = —V i 1=1,...,n.
End

We now describe the reduction to the condensed form (5), (6). For this reduction we need
five basic transformations. These are transformations with Givens rotations and Householder
reflections from the left and transformations with three types of orthogonal symplectic matri-
ces from the right. Standard Givens rotations in R?"*2" operating in rows 7,5 € {1,...,2n}
are of the form

J(t,7,0):= I , (36)

IQn—j

while symplectic Givens rotations take the same form but operate in rows i,n 4+ ¢, ¢ €
{1,...,n},ie.,

Jo(1,0) = J(i,n +1,0). (37)
The third type of transformations consists of the direct sum of two n X n Givens rotations.
Such matrices operate in rows i,j,n+ i,n + j, where ¢,j € {1,...,n} and have the form
o | (i, 5,0) 0
Gs(i,5,0) = 0 J(i,7,0) (38)

11



Besides the transformations that carry out rotations, we need two types of Householder re-
flection matrices. A standard Householder reflection in R"*™ is given by

?J?JT

P(k,v) =1, — 2 (39)

vTo

where v; = 0 for i = 1,...,k — 1. A symplectic Householder matrix is defined in [20] as the
direct sum of two Householder reflections in R"*", i.e.,

Py(k,v) = l P(’g’”) P(l(c),v) ] . (40)

Numerical procedures that implement these transformations and their numerical properties
are well studied and need not be repeated here, [20, 9, 17]. The condensed form of Lemma 4
is obtained via a sequence of transformations and described in the following Algorithm.

Algorithm 3 Reduction of a general real 2n x 2n pencil to the condensed form of Lemma 4.

EH E12 _ All A12
E21 E22 A21 A22 '

Output: Orthogonal matrices Q3 € R***?" and Qq, Q2 € USy,, and transformed pencil
Enq E:12 _ Anq 412
0 o 0 Ay |7

Input: Real 2n x 2n pencil all — A = [

akl— A = aQiEQ1 — BQIAQ: = o [

where EAZ'j, Aij e R Fyy, Aqq, EQTQ are upper triangular and AQTQ is upper Hessenberg.

Step 1:

Compute a QR factorization [ gn ] = Qg [ EOH ] where Eq; € R™™ is upper triangular
21

and Qg € Usy and set b o= QOTE =: En EAU .
0 Eg
.. - ~ ~ I, 0
Compute a QL factorization Fo9 = QL and set Q¢ := 0 @ ,

FE o

@TE _ En E:712 _ t’ |:|
0 0 E22 B 9
R |

@3 = Qolo, Q1 = lap, Q2 = Io.
Step 2:
Fork=1,...,n—1

%  Annithilate An+k:2n’k.

Forj=Fk, ....n—1

Use J(n+j,n+j+1,0%1) to eliminate é, ;) from the left. Set
E = Jn+j,n+j+ 1,0k’j’1)TE,

A = Jn+j,n+j+ 1,0k’j’1)T/1,
Q3 == QzJ(n+j,n+j+1,6001

12



Use G54, + 1, %3:2) to eliminate é,4; 4,41 from the right. Set

E = EG s(4,7 + 1,085,
Q1 = Q1Gs(j4,j+ 1,082,
Use J(] j+ 1,653 to eliminate é;4, ; from the left. Set
E J(j.j+ 1,087k,
A J(j,7+1,60%53 )TA,
Q3 = Q3J(]7]+ 170k7j73)'
Endfor j
Use Jg(n,
E = Js(n,Ok’”’l)TE,
A Js(n,Ok’”’l)TA,
Qs = Qal(n, 0 ).
Use J,(n,0%™?) to eliminate é,, . from the right. Set
E = EJy(n,05"?),
Ql = Ql (n,@knz).
%  Annithilate flk_H ke
For j=n,n— k41
Use J(] - 1 ] (bk’]’ ) to eliminate @, from the left. Set
B o I 1 ohTE,
A= I - 17]7¢k’]’ A,
Qs = QsJ(j —1,j,¢").
Use G, (j — 1,4,¢"9%), to eliminate é; ;_; from the right. Set
= EG(j —1,5,6M7),

Q1 = QiGs(j —1,5,0"7?).
Use J(n +j—1,n+j,¢") to eliminate é,4; 1,4, from the left. Set

= J(n—l—]—l n+ j, M3 )TE

Ok’”’l) to eliminate Gy, ; from the left. Set

=

= J(n—l_«] _17n+]7¢k7]7 )TA7
QS = QSJ(n —I_] - 17 n+ jv ¢k7j73)‘
Endfor j
%  Annithilate flm_k k—l—l:n and An-l—k,n-l—k-l—?:Zn-
Use Ps(k+ 1,u ) to eliminate An—l—k,k—l—?:n from the right. Set
A = AP (k4 1,u )
Q2 = Q2P (k-l-l uk).
Use Js(k+ 1 ,F ) to eliminate @,,4x x4+1 from the right. Set
A = AJ, (k + 1,95,
Q2 = Q2] (k‘|'17¢)- .
Use Ps(k+ 1,v ) to eliminate A, 4g ntkt2:2n from the right. Set
A = AP (k+1,v )
QQ = QQ (k—|—1?])
Endfor k

% Annihilate agy, ,, .
Use Js(n,8™™') to eliminate ag,, from the left. Set

k= J(n R R ON
A = Jy(n, 00T A,
Qg = QgJS(n,O”’”’l).

s
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Use Js(n,ﬁ”’”’?) to eliminate éyy, , from the right. Set
FE o= EJ(n,H”’”’Z),
Ql = Qljs(nvenm’z)'
End

If only the condensed form is required (i.e., the orthogonal transformations are not accumu-
lated) then the algorithm requires about 84n® flops which is less than the initial Hessenberg—
triangular reduction in the standard Q7 algorithm which requires 90%713 flops. Although Al-
gorithm 3 generates more zeros than the Hessenberg-triangular reduction, it is cheaper as far
as the computational cost is concerned. This is due to the fact that we can apply Householder
matrices to A from the right during the reduction process whereas the Hessenberg-triangular
reduction relies on 2 X 2 rotations (or reflections).

We demonstrate how the algorithm works using a 6 x 6 example (i.e., n = 3). Suppose we
have reduced F to triangular form and updated A as in Step 1 of Algorithm 3, i.e.,

m)
(

B8 8 8 8 8
a>>
(
B8 8 8 8 8
B8 8 8 8 8
B8 8 8 8 8
B8 8 8 8 8

o OO O O R
oo oo R &
oo R &8 8
28 OR 8 8
2 OO R 8 8
2R K8 8B 8 8
2R K8 8B 8 8

The first Givens rotation Jy := J(n+ 1,n+2,0511) = J(4,5,611) is then used to eliminate
Gpt1,1 = G4,1 from the left, resulting in

2R 8 8B 8 8
2R 8 8B 8 8

[e=Rien B en Bl e M e S
o oo oK 8
OO R &8 R
828 X 8 8 8
2 o0 R 8 8
828 ORR &8 8
2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8

T
T
T
T
T
T
)

We have introduced a nonzero element €41 ,42 = €45 (denoted by ®) which is now annihi-
lated by G := G4(1,2,0%12) from the right,

>
>
oo o o® 8
D>>
[l

2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8

oo o o R R
o OO R &8 R
28 OR &8 8
2 o0 R 8 8
828 ORR &8 8
2R 8 8B 8 8
2R 8 8B 8 8

resulting in a nonzero element ey 1. This is eliminated applying J> := J(1,2,6""?) from the

left,

2R K8 8 8 8

2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8

jeo i e B an i an BN e
oo oo R &
o O R &8 8
2R O®8 8 8
2 oo ®8 8 8
2R OR8 8 8

14



Thus, we have annihilated the (n 4 1,1) = (4,1) entry of A, while keeping the zero structure
of E. Analogously, the entries 4,1, =1,...,n —1, are eliminated while at the same time
restoring the destroyed zeros in & such that

m>
(
D>>
(

[l e B an i an BN e N S
oo oo R &
o O R R R
2R K8 8 8 8
2R O®8 88 8
2 o0 ®8 8 8
2 o0 ®8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8

Next, the (2n,1) = (6, 1) entry of A is eliminated employing a Givens symplectic matrix Js :=
_ 3

Js(n, o1m1) s(3,68131) which introduces a nonzero element in position (2n,n) = (6,3) of
E?
[z =z = 2z x z]] [z 2  x a ]
0 2 z 2 2 =z T T T x T T
- T2 00 2 z 2 =z . T T T xr x T
Ei=Js b= 00 0 = 0 0] A=Jz A= 0 2 2 = 2 «
00 0 2 2z 0 0 2z 2z z 2 =z
L0 0 ® = = =z | L0 =z =z 2 2 =z |
3

Now é3,,, = €63 is annihilated by applying Jy := Js(n, 822) = J4(3,0%*?) from the right.
Hence, we obtain

a>>
(

2R 8 8B 8 8

[e=Rien B en Bl e M e S
oo o o R R
o OO R &8 R
28 OR &8 8
2 o0 R 8 8
OO R &8 R
2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8
2R 8 8B 8 8

To eliminate the upper part of the first column of A, we use a similar sequence of transforma-
tions as for the lower part, but this time we start from the bottom element a,; = a3, which
is eliminated by using a Givens rotation Js := J(n — 1,n,¢t™1) = J(2,3, ¢131).

S o O ® K8 5

2R K8 8B 8 8

o oo oo
oo R &8 8
2 R8 ORR 8 8
2 OO R 8 8
oo oo R &
2R K8 8B 8 8
2R K8 8B 8 8
2R K8 8B 8 8
2R K8 8B 8 8
2R K8 8B 8 8

To restore the triangular structure of E, we first employ G := G4(2,3, 0137,

D>>
(

jeo i e B an i an BN e
oo oo R &
o O R &8 8
2R K8 8 8 8
2R O®8 8 8
2N or 8 8
oo oo R &
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8



Then é56 can be eliminated using Jg := J(5,6, #1?) such that

With the same sequence of rotations we can annihilate the entries a;;,j =n—-1,n—-2,...

jeo i e B an i an BN e

oo oo R &

oo O R & =B

2R K8 8 8 8

2R O®8 8 8

2 oo ®8 8 8

oo oo R &

(here, this is only @3 1) and retain the triangular structure of .

m)

o O o O O R

oo o o R R

jeo e Bl an i RS T <

2R 8 8B 8 8

28 OR &8 8

a>>

2 OO &R &8 8
[e=Rien B en Bl e M e S

2R 8 8B 8 8

2R 8 8B 8 8

2R K8 8 8 8

2R K8 8 8 8

2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8

We then obtain

2R 8 8B 8 8

2R 8 8B 8 8

2R 8 8B 8 8

The next step involves only the application of three symplectic transformations from the
right to A which do not affect F. First, a symplectic Householder matrix is used to annihilate

An—l—l,B:n = A4,3:37

m)

[e=Rien B en Bl e M e S

o oo oK 8

o OO R R R

2R 8 8B 8 8

828 ORR &8 8

2 OO R 8 8

A= AP,(2,u")

[e=Rien B en Bl e M e S

2R 8 8B 8 8

Second, @,41.2 = G4, is eliminated by a symplectic Givens rotation,

m)

o OO O O R

oo oo R &

o oo R & R

2R K8 8B 8 8

28 OR 8 8

2 OO R 8 8

b

A= AJ(2,9Y

Last, another symplectic Householder reflection yields

m)

[e=R ew R e B e B e I

oo O o R R

oo o R &8 &

2R 8 8 8 8

2R OR8 88 8

2 o000 ®8 8 8

o oo oo

[e=R ew R e B e B e I

28 OR 8 8

2R OR8 88 8

2 R8 ORR 8 8 828 ORR &8 8

2R OR8 88 8

2R K8 8B 8 8 2R 8 8B 8 8

2R 8 8 8 8

z x ]
T T
T T
T T
T T
T x|
x oz ]
T
T
T
T
T x|
z x ]
T T
T T
x 0
T T
x x|

That is, we have generated the required structure in rows and columns 1 and n+ 1 = 4. In
the next execution of the outer (k) loop, the same sequence of transformations is used in rows

16



and columns 2 and n + 2 = 5 and we obtain

m>
(
a>>
(

2R 8 8B 8 8

o O o O O R
oo o o R R
o OO R &8 R
28 OR &8 8
2 o0 R 8 8
[e=Rien B en Bl e M e S
oo o o R R
2 o0 R 8 8
2R 8 8B 8 8
2R 8 8B 8 8
828 ORR &8 8

The final step consists of eliminating @s, , = 63 using J7 := J5(n, 8™™1) = J4(3,6%>1) such
that

[z o 2 x 2 x] [z o = = x z ]
0 2 2 z z =z 0 2 =z » z =z
- -0 0 = z z =z - - 0 0 2z = z =z
_ 4T _ gT i _
E_J7E0009600’A_J7A_000x960
0 0 0 = « O 0 0 0 2 2 =
L0 0 ® = z z | L0 0 0 2 2 =z |
and then restoring the triangular structure of £ by applying Jg := Js(n, 071 = J(3,6%3%)
from the right to F which yields the desired form
[z o 2 = 2 z ] [z o =z o =z z
0 2 z 2 z =z 0 2 =z » z =z
- - 0 0 2 =z z =z - 0 0 2z = z =z
E=Els=1g 002000 2 |0002 20
0 0 0 z = O 0 0 0 2 2 =
L0 0 0 2 2 =z | L0 0 0 2 2 =z |

Again the algorithm simplifies substantially if we have a matrix rather than a pencil.

Algorithm 4 Reduction of a general real 2n X 2n matriz to the condensed form analogous
to (6).

Input: Real 2n X 2n matrix A.

Output: Orthogonal matrices ()1, € USgay, and transformed matrix

e ITAQF[AH Am]

0 Ay

where A;; € R"™", Ayq is upper triangular and AL, is upper Hessenberg.
Set A := A, Q1 = Iy, Q2 = Iy,.
Fork=1,...,n—1
%  Annithilate Ak+1:2n7k.
Use Ps(k, uk’l) to eliminate An+k+1:2n,k from the left. Set
A = Py(k,uPM)A,
Q1 = Q1 Py(k,ubh).
Use Js(k, 0’“) to eliminate G4 % from the left. Set
A = J(k,0M)TA,
Q1 = QuJy(k, 8).

17



Use P,(k,u™?) to eliminate Ak—l—l:n,k from the left. Set
A = Py(k,u"?)A,
Ql = les(k,uk’2).
%  Annithilate An—l—k,k—l—l:n and An-l—k,n-l—k-l—?:Zn-
Use P,(k+ 1,v%!) to eliminate An—l—k,k—l—?:n from the right. Set
A = AP,(k+1,081),
QQ = QQPS(k + 1, ?Jk’l).
Use J,(k + 1, ¢*) to eliminate Qptk k+1 from the right. Set
A = AJ(k+1,6F),
Q2 = QaJo(k+1,¢F). )
Use P,(k+ 1,v%2%) to eliminate Atk ntkt2:2n from the right. Set
A = AP,(k+1,052),
QQ = QQPS(k + 1, ?Jk’2).
Endfor k
% Annihilate agy, ,, .
Use J4(n,87) to eliminate g, , from the left. Set
A = Jy(n, 0T A,
Ql = Qle(n,O”).
End

If only eigenvalues are required, the orthogonal transformations need not be accumu-
lated. In that case, Algorithm 4 requires 80n>/3 4 20n? flops. This is comparable to re-
ducing the Hamiltonian matrix to Hessenberg form by Householder reflections which requires
80n>/3 — 10n? flops. That is, the initial reductions necessary for either Algorithm 2 or the
standard Hessenberg QR algorithm are equally expensive as far as floating point operations
are concerned. Besides the O(n?) difference in the flop count, Algorithm 4 is more compli-
cated than the standard Householder Hessenberg reduction as far as indexing, subroutine
calls, and updating the transformations are concerned. This will in practise lead to a slightly
higher execution time than for the Householder Hessenberg reduction.

We will illustrate the reduction of a 2n x 2n to the condensed form (6) using a 6 X 6 example.
First, we have to annihilate the first column of A. Using a symplectic Householder reflection
we can eliminate all entries below the diagonal in the first column of the lower left block of

A.

A= Py(1,utHA =

o8 8 8 R
2R 8 8 8

2R 8 8 8 8
2R 8 8 8 8
2R 8 8 8 8
2R 8 8 8 8

o

The entry in position (n+1,1) = (4,1) is then eliminated using a symplectic Givens rotation
such that

A= 7,010,007 4 =

oo R & 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
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Now the elements below the diagonal of the upper left block of A are annihilated using again
a symplectic Householder reflection.

A= P(1,utHA =

oo oo o
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8
2R K8 8 8 8

The next three steps reduce the (n + 1)st = 4th row of A to the desired form. Applying a
symplectic Householder reflection form the right, we can annihilate An—l—l 3 = A4 3:3, resulting
in

>
oo O O R
2R 8 8 8

28 OR 8 8
2R K8 8B 8 8
2R K8 8B 8 8
2R K8 8B 8 8

Then, @,41,2 = a4,2 is eliminated by a symplectic Givens rotation,

[z o 2 = 2 z ]
0 2 2 = z =z
- - 0 2 2 = z =z
. 1y _
A= AJ(2,67) = 0 00 z z =
0 2 2 = z =z
L0 2 2z =z 2z =z |
Next, another symplectic Householder reflection yields
fz 2 2 2 z =z
0 2 2 = z =z
- - 0 2 2 = z =z
_ 1,2y _
A= AR =10 0 0 2 2 0
0 2 2 = z =z
L0 =z 2 2 2 =z |

That is, we have generated the required structure in rows and columns 1 and n+ 1 = 4. In
the next execution of the outer loop, the same sequence of transformations is used in rows
and columns 2 and n + 2 = 5 and we obtain

a>>
(

2R 8 8B 8 8
2R 8 8B 8 8

[e=Ren Bl en Bl e B e I
oo o o R R
2 OO R 8 8
B R8 OR &8 8
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The final step consists of eliminating dsa,,, = @63 using J,(3,6%) such that

A= 7,(3,6°) 74 =

oo oo o
oo oo R R
oo R & 8
2R K8 8 8 8
2R K8 8 8 8
2R O®8 8 8

5 Error Analysis

In this section, we will derive the error analysis for Algorithms 1 and 2.

Since in both methods all transformations are performed with orthogonal and orthogonal
symplectic matrices we can apply the standard backward error analysis of Wilkinson, e.g.
[27, 9]. To do this we need to analyse the backward error. We begin with an analysis of the
computation of the eigenvalues of a Hamiltonian matrix H via Algorithm 2.

Using the usual arguments in the analysis of orthogonal transformations, e.g., [27, 9], we
obtain that there exists a 2n x 2n matrix E, with |E| < ¢|H|, where ¢ is a small number
equivalent to the machine precision, and @1, Qz € USs, such that the computed factorization
satisfies

H = l HOH gz ] = QI (H+ E)Q,. (41)

Note that if A is a computed eigenvalue of H, we have that A2 is an eigenvalue of

~-Hi, HL Hio Hiy | o7 1o
[ 0 —nr 0 Hy | = JHJH,
and by (41) A% is also an eigenvalue of (H + JETJ)(H + E).

The condition of a simple eigenvalue A of a matrix A € R™*™ as defined in [27] is given by

1 1
Lo L (12)
s(A) |yTe]
where z and y with |z|, = |y|, = 1 are the right and left, respectively, eigenvectors of A

corresponding to A.

Theorem 9 Let A be a nonzero and simple eigenvalue of a real Hamiltonian matrizc H € Hay,
and let 1/s5(\) be its condition number as given in (42). Let ¢ be the machine precision. If the

matriz FE in (41) satisfies |E| < ¢ |H|, and |2A"|7:(";) < 1, then Algorithm 2 yields a computed

etgenvalue \ such that

3 IH| e 2 2|H| e 2
A=Al L +0(e”) < ——— 4+ 0(e7). 43

Proof. Since we have assumed that A is simple, from Lemma 3 b) we obtain that A% is a
nondefective eigenvalue of H? of multiplicity two. Furthermore, if y, z with |z = 1, |y| = 1
are the left and right eigenvectors of H to A then they are also eigenvectors of H? to the
eigenvalue \?.
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Now consider perturbations in the matrix (H + JETJ)(H + E). Clearly
(H+JETIYH+E)=H*+HE+ JETJH + JETJE, (44)

which is H? perturbed with a matrix of order O(g). From the analytical properties of simple
eigenvalues and its eigenvectors and the discussions given above, it follows that when ¢ is
sufficiently small, there exists an eigenvalue A? of (K + JETJ)(H + E), such that its unit left
and right eigenvectors §, & can be expanded as § = y + ey + O(£?), & = @ + ey + O(£?).
Multiplying by y¥ on the left and by z on the right hand sides of (44), and using y# H = A\y™,
Hx = Az, we obtain

yYIH+JETYH+E) = yI(H2+HE+JETJH+ JETJE)
= MNyMe £ X" (E+ JETT)x 4+ 0O(£?).
On the other hand,
I+ JET N+ By = (37 eyl + 0(2) (H+ TET))(H + B) (& — 201 + O(e?))
= 22 (35 - e(3™er + yi'8)) + O(?)
= NyHa 4 0(2).

Therefore
M (E+ JET )z

PG
yHa

+0(e?),

and with the reciprocal eigenvalue condition number s(\) = |y z|, we obtain
2 || IAle

s(A)
2[H]e

Using the inequality |X 4+ A| > 2|A| — |\ — A| together with the inequality oy < 1 and
omitting the second order perturbations, we obtain (43) by solving the quadratic inequality

A+ AN =A< +0(e?). (45)

2[H[ A
s(A)

A= AR =23 A- AL+ > 0.
d
As a consequence of Theorem 9 we have that Algorithm 2 is numerically backward stable.

Remark 6 From the error analysis in Theorem 9 we see the major difference between the
new method and the square reduced method of Van Loan for which the perturbation analysis
yields that the computed eigenvalues are the exact eigenvalues of H?+F, and the perturbation
satisfies |F| < e |H?|. In our new approach we can avoid squaring the matrix, but as we
have seen in Section 4, the prize is an increase in computational cost.

Now we give an error analysis for the eigenvalues of a Hamiltonian pencil.

Let (A, 1) be a nonzero finite simple eigenvalue of a real regular Hamiltonian pencil a& — A,
then by Proposition 1 a), (—A, 1) is also a simple eigenvalue of a€ — §.A. Furthermore, if y,
x with |y, || = 1 are the left eigenvectors corresponding to (A, 1) and (=, 1), respectively,
then we have

g (AE — A) =0, (A —A)JETT = 0; (46)
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d(-AE-A) =0, (=AE-AJETy=0. (47)

If we take the chordal distance (see [24, page 283]) as a metric for the complex numbers, i.e.,

_ |ad — ]
Vil + 181V + 16

then the condition numbers of (A, 1) and (—A,1) are [9, 24]

x((@, 3),(7,6))

&z
K(A) = ‘ , (48)
VI ETET T + |y AJET 3|2
ey
RK(=A) = (49)

VIeHETET g2 + [«HATET g
Since EJAT = —AJET = AJTET we have
2ETET — FPATTAT = (a€ - pAYI(a& — AT
= (af + BAJ(af + AT
It is clear that (A2,1) is a double eigenvalue of a&JET — BAJT AT, and
yTNEJET —AJTATY =0, (A\2EJET — AT ATz =0 (50)

which means that y and Z are left and right eigenvectors of a€JET — BAJT AT corresponding
to (A%, 1).

Similar to the matrix case, the eigenvalue (;\2, 1), where (;\, 1) is computed by Algorithm 1,
can be considered as an eigenvalue of the matrix pencil

a(E+ EVJ(E+ EY - BA+ YT A+ F)T,
where F and F are real small perturbation matrices satisfying
I[E, FI| <<€, Al (51)
(see [9, 19]). We then get

Theorem 10 Let (A, 1) be a nonzero simple eigenvalue of a real regular Hamiltonian pencil
af — pA. If
T T
o ()
|\l yHEJETT ’

where y, « are defined in (46), (47), and if we set k(A —A) 1= K(A) + K(—A) where k()
and k(—X) are defined as in (48) and (49), then there is an eigenvalue (A, 1) computed by
Algorithm 1 such that

(52)

XA 1), (A D) < e I8, All w(X, =) + O(?). (53)
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Proof. If (;\, 1) is the analogue of (A, 1), computed by Algorithm 1, then (;\2, 1) is an exact
eigenvalue of the matrix pencil

a(E+E)V(E+E - A+ YA+ )T

with E, F € R*"%" gatisfying (51), i.e., |[E, F]| < ¢|[€, A]|. This matrix pencil can be
considered as the pencil a&JET — BAJT AT plus a perturbation of order . Thus, from (50)
and by using the result in [24, Theorem 2.2, p.293] we obtain

- HA+ F)JT A+ )Tz )
(1) = (yyfg(si E))J((E —|—+E);x 71) +O(). (54)

From (46), (47), and (50) we get
y A+ )V A+ )z = \2yHegeTs — Ny eTFT 2 — yH FIETE) + O(e?)
and
Yy E+EV(E+E) 7 =yeIe s + yTETET T + y"EJETE 4+ O(?).
(Note that by assumption (52) and without considering the O(e?) terms,

971(E + B)VIE + B)Tal > |yeaeTe) - o(|<Ty] + |72 1ie, All >0

and hence, the right-hand side of (54) is well defined.)
Therefore

Ay e+ EVI(E+E) T -y A+ FYT(A+ )7 =
(N2 = 2Nytegels + Ny eTE s + yH EIET T)

+ A NYHETF s -y FJETE) =
N2\ (yHeTe s +yHeTE T + yH ETE 7)
)

+ N GHTETE e 4y EIE Z) + Ny ETFT Tz — T FIETE) = O(?)

Hence, by omitting the second order terms, we have
N(yHeJETz + yHEIETZ) + NyHETFT7 — yH FIET 7)
yHEJETz + yHEJETz + yHEJET R
A {/\(yHEJETf +yHEIE ) + yHETFT 5 — yHFJETi}
yHETET 1.

A2 \2

4

4

Thus,

ET MNETE

H H = H

Al (‘[Ay &,y EJ] [ I ] z+y[E, 1] [ _JeTs H)
lyHETET 7|

AVIFTEIE, FIl(|e79)+|e7z))
- |y ETET z|.

A= AN+ A

12
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By using the condition

- TETILE, Al (73] + |€7a])
NIy7E7ETe]

<1

and |A+ Al > 2|A] — [A = \|, we get

VITRPIE. Al (73] + |e72))

A=A
A=Al < Iy TEJETT]

From (46) we have
MHIETE s = yH ATET 2,
and thus
(L4 M)y ETETZ)? = |y ETET 2 + |y ATET 2|
Finally we get
A=A
TF IR 1+ A
A -4
L+ (A7
sliE, Al eTg) + 7))

VIt Py ETET T
= &, AllR(A, =),

X((’\v 1)7 (Xv 1)) =

which proves (53). O
Remark 7 Clearly, the bound (53) also holds for the eigenvalue (—A,1).

Remark 8 Usually x(A) and x(—A) are different and thus, the eigenvalue condition number
K(A,—A) < 2max{k(A),k(—A)} is a combination of x(A) and x(—A). This is the condition
number of our method both for (A, 1) and (=X, 1). If we consider structured perturbations,
ie., B, Fwith |[F F]| <e|[€, A]| such that a(E+ F)—p(A+ F) is still a Hamiltonian pencil,
then k(A) ~ k(—A) In this case, (A, 1) and (=X, 1) have equivalent perturbation properties.
So we can assume that in general x(A) and x(—A) have the same magnitude. If this is true,
then the bound (53) is as good as the standard perturbation bound.

6 Numerical Examples

Algorithm 2 was implemented in Fortran 77 and was tested for all examples given in the
benchmark collections for continuous-time algebraic Riccati equations [5], the examples given
in [25], and some randomly generated examples. Here, we present the most interesting results
obtained by these experiments.

The numerical tests were performed using IEEE double precision arithmetic with machine
precision ¢ ~ 2.2204 x 107!¢ on a HP Model 712/60 workstation with operating system
HP-UX 9.0. As compiler we used the HP-UX Fortran 77 compiler as invoked by £77. The
programs were compiled using only minimal optimization.

We compared the following methods:
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¢ URVHQR, the symplectic URV decomposition given in Algorithm 4 and Hessenberg
QR iteration using LAPACK subroutine DHSEQR, i.e., the product —HLH,; was
formed explicitly,

¢ URVPSD, the symplectic URV decomposition given in Algorithm 4 and the periodic
Schur decomposition [10] as implemented in [26],

e SQRED, Van Loan’s square reduced method as implemented in [4],
e LAPACK, nonsymmetric eigenproblem solver DGEEVX from LAPACK [3].
All subroutines use the BLAS and LAPACK [3] as far as possible.
Example 2 [25, Example 2] Let
F = diag(1, 1072, 107*,107°, 107®)
then a Hamiltonian matrix ‘H is obtained by

F 0
0 _FT]uv

with & € US,y, randomly generated by five symplectic rotations and five reflectors. Thus,

H:UT[

o(H)={£1,£107%, £107*,£107°,£107%}.

Table 1 shows the absolute errors in the eigenvalue approximations computed by the four
methods.

A URVHQR | URVPSD SQRED LAPACK
1 0 0 0 7.8 x 10716
1072 || 5.5 x 10716 | 5.5 x 10716 | 5.5 x 10716 | 5.0 x 1077
107* || 7.7x 107 | 1.6 x 107'® | 1.6 x 1071% | 2.6 x 10~18
1076 || 4.1 x 1072 | 1.0 x 107'¥ | 1.5 x 1071 | 8.4 x 10718
1078 || 1.7x107% | 3.1 x 10717 | 22x 1072 | 4.7 x 10717

Table 1: Example 2, absolute errors |A — Al

From Table 1 the loss of accuracy of |H| /|A| for Van Loan’s method is obvious. The same
loss of accuracy is observed as was to be expected when the symplectic URV decomposition is
used but the product —HJ, Hy, is formed explicitly. Using the periodic Schur decomposition
yields the exact eigenvalues with respect to machine precision as does the QR algorithm
implemented in LAPACK.
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Example 3 [25, Example 3] The Frank matrix F' € R"*" is defined by

T n n—1 n-—-2 ... ... 2 1 7
n—1 n—-1 n-2 ... ... 2 1
0 n—2 n-—2 ... ... 2 1
F = 0 0 n—3
: : .. 2 1
L O 0 0 1 1 ]

All the eigenvalues are real and positive. For increasing n, the eigenvalue condition number
becomes worse for the small eigenvalues. A Hamiltonian matrix having the same eigenvalues
as the Frank matrix together with their negative counterparts is generated as in Example 2,

|

with & € US,y, randomly generated by n symplectic rotations and n reflectors.

We tested all four methods for n = 12. Since exact eigenvalues are not known, we compare
the values computed by URVHQR, URVPSD, and SQRED with those obtained by DGEEVX
(denoted by A?F). The results for the five eigenvalues of smallest absolute value (and worst
condition number) are shown in Table 2. (Here, A denotes the computed values by either of

the three methods other than LAPACK.)

F 0

—_ T
r=u lo —Ft

A & s(\) URVHQR | URVPSD | SQRED
0.2847 | 1.8 x 107% || 1.8 x 1072 | 2.7 x 10~ | 2.8 x 10~
0.1436 | 1.8 x 1076 || 2.7 x 107™® | 9.9 x 10719 | 7.6 x 1078
0.08122 | 3.8 x 1078 || 1.4 x 1077 | 5.9 x 1072 | 5.6 x 1077
0.0495 [ 2.6x 1078 || 2.3 x 1077 | 9.8 x 107 | 1.4 x 10~
0.03102 | 5.5x 1078 || 1.2x 1077 | 5.0 x 1072 | 1.1 x 1076

Table 2: Example 3, |/~\ — \@F|

Again, the symplectic URV decomposition yields eigenvalue approximations according to
the accuracy to be expected by s(A) and Theorem 9 whereas both SQRED and URVHQR

again loose accuracy of order |H| /|l

Example 4 We tested the four methods for randomly generated Hamiltonian matrices with
entries distributed normally in the interval [ —1, 1]. Since the eigenvalue distribution for these
examples usually behaves nicely, the eigenvalues computed by either of the four methods are
computed to almost the same accuracy. We give the CPU times for 2n x 2n examples for
several sizes of n. For each size of n, we computed 100 examples. The values given in Table 3
are the mean values of the CPU times measured on a HP Model 712/60 work station.

Table 3 shows that both URVHQR and SQRED are much faster than the standard QR
algorithm. The speed up expected from the flop counts is not attained, though. This is due
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n URVHQR | URVPSD | SQRED | LAPACK
25 0.045 0.173 0.052 0.118
50 0.35 1.13 0.31 0.71
75 1.13 3.40 0.95 2.21
100 2.78 7.99 2.31 5.01
125 5.42 15.00 4.53 9.75
150 9.41 25.53 7.71 17.25
175 15.18 40.61 12.22 28.15
200 22.93 60.24 18.38 42.45

Table 3: Example 4, CPU times

to the fact that both methods are more complex as far as index handling, memory access,
and subroutine calls are concerned.

The CPU times for URVPSD are unsatisfactory. This is due to the high CPU times re-
quired by the implemented subroutines for the periodic Schur decomposition and are not in
accordance with the flop counts — even if the abovementioned effects are taken into account.

Besides the faster computation of the eigenvalues, both URV based methods and Van Loan’s
method return the right pairing of the eigenvalues as £A;,7 = 1,...,n. Since DGEEVX treats
a Hamiltonian matrix like an arbitrary unsymmetric matrix, small perturbations can cause
computed eigenvalues with small real parts to cross the imaginary axis. For instance, the
number of stable eigenvalues in Example 4 returned by DGEEVX for n = 100 varied between
96 and 106.

7 Conclusions

We have presented a new method for computing the eigenvalues of Hamiltonian matrices
and pencils which can also be used for symplectic matrices and pencils employing a Cayley
transformation. The method is numerically strongly backward stable, since it preserves the
underlying Hamiltonian structure and uses only backward stable orthogonal transformations.
The algorithms save a significant amount of computational cost compared to the standard
QR and QZ algorithms. On the other hand, the new method is more expensive in both com-
putational cost and work space than Van Loan’s method and its analogues for the symplectic
case, but does not suffer from the O(y/¢) loss of accuracy as these methods do.

Future work will include an LAPACK-based implementation of Algorithms 1. Our algo-
rithms strongly depend upon the performance of the periodic QR and QZ algorithms. Thus, in
order to obtain reasonable execution times for Algorithms 1 and 2, excellent implementations
of the periodic QR and Q7 algorithm will be required.
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