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1. Introduction. In this paper we study the effects of linear perturbations on
the spectra of structured matrix pencils arising in control theory. The results that
we present complement and generalize general perturbation results for Hamiltonian
matrices as they were recently studied in [14] and we also extend results in [21, 22, 23].

Our main motivation arises from the following classical problems in optimal and
robust control. Consider a linear constant coefficient dynamical system of the form

(1.1) Ei = Az + Bu, z(rp) = 2°,

where z(7) € C" is the state, 2° is an initial vector, u(r) € C™ is the control input
of the system and the matrices £, A € C™", B € C'™" are constant. Here we discuss
only the case that the matrix F is nonsingular, thus we allow implicit systems but we
do not discuss descriptor systems.

The objective in linear quadratic optimal control, see e.g. [12, 17] is to find a
control law u(7) such that the closed loop system is asymptotically stable and such
that the performance criterion

om swo= ] [ & 5[] e

is minimized, where Q = Q¥ € C*»", R = Rf ¢ C™™ is positive definite and

SH R
conjugate of A € C™".
Application of the maximum principle [17, 20] leads to the problem of finding a
stable solution to the two-point boundary value problem of Euler-Lagrange equations

[ @ 5 } is positive semidefinite. Here A denotes the transpose of the complex

fi p
(1.3) Nel| @ | =He| x|, a(r)=a"  lim p(r)=0,
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with the matrix pencil

0 A B 0 E 0
(1.4) H,—AN,:=| A" Q s |—-x| -E% 0 0
BH SH R 0 0 0

It is well known that the finite eigenvalues of H. — AN, are symmetric with respect to
the imaginary axis (and if the problem is real then also with respect to the real axis).
If E is invertible, then under the usual control theoretic assumptions [17, 26, 27], this
pencil has exactly n eigenvalues in the left half plane and n eigenvalues in the right
half plane plus m infinite eigenvalues. Clearly then the pencil has a unique deflating
subspace associated with the eigenvalues in the open left half complex plane. If E or
R are not invertible, then the situation is more complex and different approaches can
be taken, [4, 6, 7, 17]. In this paper we discuss mainly the case that E and R are
invertible.

The solution of the boundary value problem (1.3) can be obtained in many dif-
ferent ways. The approach in most computer aided control design packages is to
decouple the boundary value problem via the computation of the solution of an as-
sociated algebraic Riccati equation. But one may also directly solve the boundary
value problem (1.3) by computing the generalized Schur-form of the pencil H. — AN,,
[2, 17, 27, 26], i.e., one determines unitary matrices P, Q € C?+m:2n+m quch that

Ni1 N2 Nis Hyy Hiyp His
PN.Q = 0 Ny Noz | ,PH.Q= 0 Hyp Hy |,
0 0 N33 0 0 H33

where the subpencil Hy1; —AN7; has all its eigenvalues in the left half plane, to decouple
the forward and backward integration in the boundary value problem.

In this paper we study the perturbation theory for the eigenvalue problem (1.4).
For this several different types of perturbations should be considered as separate
cases. If one uses classical methods that do not preserve the structure, like the QZ-
algorithm [9], to compute the generalized Schur form in finite precision arithmetic,
then the special structure of the pencil is ignored and hence the whole matrices H,, N,
are subject to perturbations. We do not discuss this case here, since it is well analyzed
in the monograph [24].

If one studies perturbation theory in order to deal with uncertainties in the data
of the system, then the blocks F, A, B,Q, S, R are subject to perturbations of only
the blocks F, A, B, since typically the matrices of the cost function are free to be
Q S
SH R
definite. Also one may study the particular case that F = I is not perturbed.

In all cases it is essential to analyze whether the perturbations can lead to eigenval-
ues on the imaginary axis, in which case the spectral symmetry and the uniqueness
of the deflating subspace associated with the open left half plane may be lost, see
[8, 17, 21, 22, 23].

It is well-known, see [17, 18], that the discrete-time analogue to the linear qua-
dratic control problem leads to slightly different matrix pencils of the form

chosen under the constraints that is positive semidefinite and R positive

0 A B 0 E 0
(1.5) Hi—ANg=| -E% @Q S |-X| -A% 0 0
0o SH R -BHE 0 0
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Here the spectral symmetry is with respect to the unit circle, i.e. the finite
11

eigenvalues come in pairs A, % or quadruples \, \, %y In the case of real matrices.
The perturbation problems can be discussed analogously and here the important
question that arises is the study of perturbations which lead to eigenvalues on the
unit circle, where again the spectral symmetry and the uniqueness of the deflating
subspace associated with the eigenvalues in the open unit disk may be disturbed.
The second motivation comes from the optimal H,.-control problem which arises
in the context of robust control in frequency domain, see, e.g., the recent monographs
[10, 28]. In the context of the so called ~-iteration, in the newly developed approach
suggested in [5], generalized Schur forms have to be computed for matrix pencils of

the form

R R 0 A B 0 E 0
(1.6) H.(t) — AN, := AT 0 S M| —=EF 0 0
BHE sH R(t) 0 0 0
with an indefinite Hermitian matrix
Ri1 —tI Ryg |
R(t) =
( ) R{{2 R22 |

which varies with the positive parameter ¢ (playing the role of the parameter + in the
~-iteration), while the other coefficients are constant in ¢. Here besides the classical
questions of perturbation theory as above, we are interested in the eigenvalues and
deflating subspaces as functions of ¢ and we want to study the size of perturbations
that is needed to bring any of the finite eigenvalues to the imaginary axis.

Again there is a discrete-time H, analogue to this case [10] which leads to matrix
pencils

A A 0 A B 0 E 0
(1.7) Hyt)—ANg=| -E%f 0 S | —-x| A" 0 0
0 SH R -BHE 0 0

Here again we are interested in the eigenvalues and deflating subspaces as func-
tions of ¢t and we want to study the size of perturbations that is needed to bring any
of the finite eigenvalues to the unit circle.

The paper is organized as follows. First we introduce the notation and give some
preliminary results in Section 2. In Section 3 we formulate a framework for analyzing
the effect of linear perturbations on general matrix pencils. We then study the special
cases of perturbations for general skew-symmetric/symmetric pencils arising from
continuous-time problems in Section 4 and the corresponding discrete-time problems
in Section 5.

2. Notation and preliminaries. We denote the set of all complex (real) ma-
trices of size n by C™™ (R™™). Given a matrix A, we denote its complex conjugate
by A, its transpose by AT and the transpose of its complex conjugate by A¥. We
denote the identity matrix of size n by I,,. Also we consider the ‘flip’ permutation
matrix

0 0 0 1

0 0 1 0
Fo=|: i 1o |ecm

0 1 0 0

1 0 0 0



We denote the spectrum of a square matrix A and a pencil (4, B) by ¢(A) and
o(A, B), respectively. Given a set S we denote its boundary by 9S. For A € C™",
we define the spectral radius of A as r(A) := max{|A| : A € o(A)}.

Also, given z € C, we define
sepr(z, AH,AN) := min{|t| : z € o(H + tAH,N +tAN),t € R}.

It is well known (see e.g.[25]) that for every matrix A € C™"(R™™) there exist
symmetric matrices T = T7 and S = ST, where S is also nonsingular, such that
A = TS~!. Note that if A is not real then these factors in general are complex
symmetric but not Hermitian. Furthermore, if A € R™", then T and S can be chosen
to be real matrices. Since this result is due to Frobenius, we refer to 7' and S as
Frobenius factors of A. In our work, we will need similar factorizations, however with
Frobenius factors that are Hermitian. It is easy to see that if A € R™™, then A always
has Hermitian Frobenius factors. However, if A € C™"™, then Hermitian factors need
not exist. This follows by observing the fact that if A = T'S~! with T# = T and
SH = S, then we must have AS = SAH  that is A = SAH S~1. This, implies that the
matrices A and A must be similar and hence they must have the same eigenvalues.
Thus, a necessary condition for the existence of Hermitian Frobenius factors 7" and .S
is that o(A) = o(Af).

We show that 0(A) = o(A) is also a sufficient condition for A to have Hermitian
Frobenius factors. For this, we first observe that o(A) = o(A) implies that for every
non-real eigenvalue of A its complex conjugate is also an eigenvalue with the same
multiplicity.

PROPOSITION 2.1. Let A € C™™ be such that 0(A) = o(A®). Let ni,ne,...,n, be
the pairwise distinct real eigenvalues of A and let A1, Mo, ..., )\p,)\_l, Ao, ... ,)\_p, be the
pairwise distinct non-real eigenvalues of A. Furthermore, let mi,ma, ..., my be the
multiplicities of the eigenvalues A1, Aa, ..., Ay, respectively such that Zle m; = m,
and let ki, ks, ..., k. be the multiplicities of 11,72, ...,ny, such that Z;Zl kj =k, and
n =2m+ k. Then, with the permutation matrix

U = diag (Fom,, Fomgs - s Fomy s Frys Frgy - Fny)
we have that A and A™ have the Jordan decompositions
A=PJP', AP = (P~ HUYJ(P~HU)T!,
where the blocks are ordered as in

J = diag (Jmy (A1)s Ty A1)+ Ty (M) Iy (Ap),
(2'1) Jn1(771)aJn2(772)a'"aJnT(nT))a

such that fori=1,2,....;p, j=1,2,...,7,

N @ 0 - 0 0
0 N @ - 0 0
0 0 0 N
0 0 0 0 N



and

nop 0 0 0
0 n; o 0 O
o) =+ 1 A
0 0 0 - 7 o
0 0 0 -~ 0 wn

with ¢ =0 or ¢ = 1 and U satisfies JU — UJH = 0.
Proof. Let A= PJP~! with J as in (2.1) be a Jordan decomposition of A. Then,
Al = p~H JH pH ith
JH = (7)T = diag (Jml (/\_1)7 ‘]ml (/\1)7 SRR ‘]mp ()‘_;D)v ‘]mp ()‘P)v
T
‘]nl (771)7 Jn2 (772)5 R Jnr(m)) )

and fori=1,2,...,p,

[N @ 00 1
_ Xi @ 00 10
Jmi()\i) 0 F . :
0 T, (Ng) | 7™ - .
Ai 1 00
| Ai 10 00
[0 0 0 ¢ N
0 0 © N 0
e X 0 0 0
LN 0 0 0 0
[0 0 0 1 X
00 10 o N
01 - 00 © A
|10 - 00 © A\
o [0 0 T
oA 0 T, (Ni)

Similarly for j = 1,2,...,s, we have J,,, F},;, = Fy, Jgj and thus it follows that JU —
UJH=0. 0O

Using Proposition 2.1 together with Theorem 12.5.1 of [16] we then construct a
nonsingular Hermitian solution S of the equation AS — SAH = 0.

THEOREM 2.2. Let A € C™" be such that o(A) = o(AH). Then there exists a
nonsingular Hermitian matriz S such that AS = SAH.

Proof. Using the notation of Proposition 2.1, it follows by Theorem 12.5.1
in [16] that all solutions of the equation AS — SAH = 0 are of the form S =
PY(P~HU)=! = PYUPH. Here Y satisfies JY —YJ = 0 and has the block-form
Y(z)z Y(Z)Z ] € C?mi2mi each Y; ; being an
5

Y =diag (Y1,Ys,...,Y}, Ii), where V; = [



arbitrary upper triangular Toeplitz matrix for ¢ = 1,2,...,p. Since we want YU to
be Hermitian, a possible choice is Y; ; = I;,,. Then for i =1,2,...,p, we have

YiFom, = diag (Fmi7Fmi) = Fon,Yi,

which implies that (YU)? = URYH = UY = YU. Thus, S := PYUPH is nonsingu-
lar and Hermitian. O

Theorem 2.2 immediately provides a necessary and sufficient condition for A €
C™" to have Hermitian Frobenius factors.

COROLLARY 2.3. Given A € C™", there exist Hermitian matrices, T and S
where S is also nonsingular such that A =TS~ if and only if 0(A) = o(AM).

Proof. Suppose that there exist Hermitian matrices 7' and S, where S is also
nonsingular such that A = TS~!. Then T = AS and T = TH and hence AS = SAH
or A= SAHS™1 ie., o(A) = o(AH"). For the converse, suppose that o(A) = o(AH).
Then by Theorem 2.2, there exists a nonsingular Hermitian matrix .S such that AS =
SAH . This implies that A = (SAH)S~! and the proof follows by setting T = SA.
a

Since the factorization A = TS~ with S = S and TH = T, if it exists, depends
on the choice of S as a solution of AX — XA = 0, it is evident from Theorem 2.2
that this factorization is, in general, not unique.

In the following we will need Frobenius factorizations for matrices that depend on
a complex parameter. Suppose that A depends smoothly upon a complex parameter
z and o(A(z)) = o(A(2)H), and let A(z) = T(2)S(z)~! be a Frobenius factorization
of A(z) with T(z) = T(2)# and S(z) = S(2)#. Using the spectral factorization of
T(z), there exists a unitary matrix U(z) such that

D (z)

where D, (z) € C™™,—D_(z) € C¥” are diagonal matrices with positive diagonal
elements and 7 (z) > v(z) where (7(2),v(2),w(z)) with 7(2) + v(2) + w(z) = n is the
inertia-index of T'(z), see [16].

Setting

(D4(2))7 Ix(2)

we have for given z a factorization
(2.2) A(2) = Q(2)Ir(2)Q™ (2)S(2) "

Note that the choice 7 > v makes the matrix Ir(z) unique, while there is still much
freedom in the choice of the transformation matrix Q(z). In an analogous way we can
construct a factorization

(23)  A(2) =TE)(V(2)Is())V(2)T) " =T()V(2) T Is(2))V(2)

by using the spectral factorization and the inertia index of S(z).

An interesting open question that one may discuss in this context is how to obtain
a smooth Frobenius factorization, when the matrix depends smoothly on a parameter
as in our case.



3. Linear perturbation of general matrix pencils. In this section we con-
sider the effect of perturbing a regular square matrix pencil (H, N) where H,N €
C™™ (R™™) by linear perturbations (H+tAH, N+tAN). Here AH, AN € C™"(R™")
are fixed perturbation matrices and the parameter ¢ varies over the real numbers.

LEMMA 3.1. For every z € C we have sepg(z, AH, AN) < oo if and only if (AH —
2AN)(H—2zN)~! has a non-zero real eigenvalue. Moreover, if sepg(z, AH, AN) < oo,
then

-1

sepr(z, AH,AN) = I/I\lgﬂ%{{/\ € o((AH — zAN)(H — zN)™ ")}

Proof. The proof follows immediately from the fact that for A € o(H, N), we have
H+tAH — M(N +tAN) = [I + t(AH — NAN)(H — AN)"'] (H — AN).

Hence \ € o(H +tAH, N +tAN) if and only if —1/t € o((AH —NAN)(H —AN)™1).
a

As discussed in the introduction, we are interested in conditions which guarantee
that all the eigenvalues of the perturbed pencils (H +tAH, N +tAN), t € R, remain
within a particular open subset, say C,, of the complex plane. Since the eigenvalues
of (H+tAH,N + tAN) move continuously as ¢ varies in R, the smallest value of |¢|
for which these eigenvalues move out of C is evidently equal to

r(Cy, AH,AN) := é%lg: sep(z, AH,AN).
? g

Note that similar distances are very important in other contexts of control theory,
where the smallest perturbation that makes a system unstable is called the stability
radius [11] and the smallest perturbation that makes a system non-passive is called
the passivity radius [19)].

Since a complex number z becomes an eigenvalue of the perturbed pencil (H +
tAH,N + tAN) for some ¢ € R if and only if the matrix (AH — z2AN)(H — zN)~!
has a non-zero real eigenvalue, it is possible that there exist pencils (H,N) with
corresponding perturbations (AH, AN) and sets C, such that 7(C,, AH,AN) = o0,
that is, the eigenvalues of the perturbed pencils (H + tAH, N +tAN) always remain
inside C4 as t varies over the real numbers. In such cases, sep(z, AH, AN) = oo for
all z € 9C,. This is illustrated by the following example.

EXAMPLE 3.2. Consider the pencil (H, N) where

1 2 0 1
me 32 o] 1]

Its eigenvalues are V3 and —/3. Let

1

AH:{O

0 ] , AN :=0
-1
be the perturbations to H and N, respectively.

Let C4 := C\{z € C: Re(z) = 0}. Then the boundary 9C, of C, is evidently the
imaginary axis. Therefore, by Lemma 3.1 for all £ € R, the eigenvalues of the pencils
(H +tAH,N 4+ tAN) are always in C,,, if and only if the matrix

7



has no non-zero real eigenvalue for every z € C lying on the imaginary axis. The
eigenvalues of (AH —2AN)(H — zN)~! are i/+/(3 — 22) and —i//(3 — 22). Now for
every z lying on the imaginary axis, there exists a real number ~, such that z = iy.
Therefore, for z € dC,, the eigenvalues of (AH — 2AN)(H — zN)~tare i/\/(3 +~?)
and —i/+/(3 +~2). This shows that (AH —2AN)(H —zN)~" has no real eigenvalues
for all z € 9C,. Hence, o(H +tAH, N +tAN) C C,, for allt € R. O

Since z € o(H +tAH, N +tAN) for some t € R, if and only if the matrix F(z) :=
(AH—2AN)(H—2zN)~" has a real eigenvalue, we identify conditions under which the
latter matrix has a real eigenvalue. Under the assumption that o(F(2)) = o(F(2)%),
let F(z) = T(2){S(2)} ! be a Frobenius factorization of F(z) where T'(2)" = T(z)
and S(z)H = S(z). The following result gives a necessary and sufficient condition for
this matrix to have a real eigenvalue.

LEMMA 3.3. For a fixed z € C, let T(z) and S(z) be Frobenius factors of
F(z) == (AH — zAN)(H — 2N)~Y, where T(2)" = T(2), S(2) = S(z) and S(z)
is nonsingular. Let (mp(z),vr(2),wr(2)) with mr(z) > vr(z) be the inertia index of
T(z). Furthermore, let I (2), Q(z) be as in a factorization of the form (2.2) of F(2).

Then (AH — zAN)(H — zN)~! has a non-zero real eigenvalue if and only if the
matriz I7(2)Q(2){S(2)} 1Q(2)" has a non-zero real eigenvalue.

Proof. The proof follows, since F(z) and Ir(2)Q(2){S(2)} 'Q(2)" are similar.
a

It is evident that the roles of the matrices T'(z) and S(z) in Lemma 3.3 can be
interchanged.

LEMMA 3.4. For a fized z € C, let the matriz T(z) and S(z) be Frobenius factors
of F(z) == (AH — zAN)(H — 2zN)~! such that T(2)" = T(2), S(z)# = S(z) and
S(z) is invertible. Let (ms(z),vs(z),ws(z)) with ms(z) > vs(z) be the inertia index
of S(2). Let, furthermore, Is(z), V(z) be the factors in a factorization of the form
(2.3) of F(z). Then (AH — zAN)(H — zN)~! has a non-zero real eigenvalue if and
only if the matriz V(2) " T (2)V(2) " Is(z) has a non-zero real eigenvalue.

In general, the function sepg(z, AH, AN) is discontinuous as a function of z, since
it depends on the matrix (AH —2zAN)(H —zN)~! having a real eigenvalue. However,
it is possible that given a set C, C C, the structure of the matrices H, N,AH, and
AN are such that the matrix (AH — z2AN)(H — zN)~! always has one or more real
eigenvalues for z € 9C,. Let these eigenvalues be hi(z),...,hy(z). Then (AH —
zAN)(H — zN)~! is an analytic function of z € C\ o(H, N), and hence in particular
of z € 0C,4 (Theorem 1.5, pp. 66, [13]) and the eigenvalues hi(z),..., hy(z) are
continuous (Corollary 3, pp. 105, [3]). Therefore, for such cases we have for z € 9C,,

sepgp(z, AH,AN) = {max{|hr(2)| : k=1,... ,p}}_l,

which implies that sepg(z, AH, AN) is a continuous function of z. In the special
situation that all the eigenvalues of (AH — zAN)(H — zN)~! are real, we have
sepr(z, AH,AN) = {r((AH — zAN)(H — zN)~!)} 7! for all z € 9C,. In such cases,
the distribution of the eigenvalues of (H+tAH, N+tAN) on 0C, may be analyzed by
plotting the level curves of the spectral radius function r((AH — zAN)(H — zN)~1)
in neighbourhoods of dC,. Then the smallest value of |¢| for which some z € 0C, is
an eigenvalue of (H + tAH, N + tAN) is evidently given by the smallest value of e
for which the level set

L(e, AH,AN):={2€ C\o(H,N) :7((AH — 2AN)(H —zN)™ 1) = ¢ '}
8



intersects dC4. In other words, for such problems, the distance to the boundary of
C, is given by

(3.1) r(Cy, AH,AN) := min{e € R: L(¢, AH,AN) N 9C, # 0}.

By Proposition 2.1 of [1] the spectral radius function r((AH — zAN)(H — zN)~1) is
non-constant on open subsets of C\ o(H, N). This together with the fact that it is
also continuous on C\ o(H, N) implies that the level sets L(e, AH,AN) are closed
sets which have no interior points. In other words, they are curves on the complex
plane. Furthermore, the curve L(e, AH, AN) intersects 0C, at only a finite number
of points, since at each such point we must either have z € o(H + e¢AH, N +eAN) or
z €0(H —eAH,N — eAN). This justifies the use of 'minimum’ instead of ’infimum’
in (3.1).

In the following theorem, we give sufficient conditions for all the eigenvalues of
the matrix (AH — 2AN)(H — zN)~*! to be real.

THEOREM 3.5. All the eigenvalues of the matriz F(z) = (AH — zAN)(H —
2N)~Y z € C, are real if there exists a Frobenius factorization F(z) = T(2)S(z)~1,
with T(2)? = T(z), and S(2)? = S(z) and the Frobenius factors T(z) and S(z)
satisfy any of the following conditions.

(i) T(z) and S(z)~1 commute.

(ii) T(z) is positive semidefinite.

(111) S(z) is positive definite.

Proof. (i) Since (AH — 2AN)(H — zN)~! = T(2)S(2)~!, where T(z) and S(z
are Hermitian, the matrix (AH — zAN)(H — zN)~! is Hermitian if 7'(2)S(z)~! =
S(2)71T(z) and therefore all its eigenvalues are real. This proves (i).

(i) If T(z) and S(z) do not commute but T'(z) is positive semidefinite with m(z)
non-zero eigenvalues, then we obtain the Frobenius factorization (2.2) as F(z) =

Q) Ir(2)Q(2)15(2)" with Ir(z) = { P ] If we partition

~—

Qs - [ 19 S50 ]

conformally with fT(z), then S11(z) is Hermitian and

Q(Z)HT(Z){S(z)}—lQ(Z) _ |: 5110(2) 51%(2) :| .

Therefore, o((AH — 2AN)(H — zN)™ ') = 0(S11(2)) U {0} which is real.

(iii) The proof follows as in (ii) by exchanging the roles of S and T and using the
factorization (2.3). O

Note that Theorem 3.5 also holds if the condition of positive semidefiniteness
in (ii) and positive definiteness in (iii) are replaced by negative semidefiniteness and
negative definiteness, respectively.

4. Linear perturbation of structured matrix pencils arising from conti-
nuous-time control problems. In this section we apply the results from Section 3
to the specific pencils from control theory that we introduced in Section 1. The ma-
trices H and N then have special structure and in order not to destroy the properties
of the pencils it should be guaranteed that the perturbations preserve this structure.

This means that we study the effect of perturbations (H +tAH, N+tAN), t € R,
where the matrices AH and AN have the same structure as H and N, respectively.

9



Although we consider complex pencils, the results of this section also hold for real
pencils.

4.1. Perturbation of pencils arising in continuous-time control. The first
application that we discuss are matrix pencils of the form (1.4) where we perturb only
the blocks E, A, B,Q, S, R but such that @ and R stay Hermitian, i.e., we consider
the case

0 A B 0 E 0
(4.1) H=| A% @Q S |,N=|-E% 0 0],
BH gH R 0 0 0

with 4,Q,F € C™", B,SH ¢ C»™ R c C™™, Q = Q", R = R" and we assume
that FE is invertible. The perturbation matrices are

0 AA AB 0 AE 0
(4.2) AH=| (AAH AQ AS |,AN:=| —(AE)Y 0 0 |,
(AB)T (AS)T AR 0 0 0
where the dimensions are analogous and where we assume that (AQ)H = AQ,

(AR) = AR and that E + AE is still invertible. The pencils (H, N) and (H +
AH, N+ AN) are then both Hermitian/skew Hermitian pencils and we are interested
in the set C; := C\ {z € C : Re(z) = 0}. Hence, the quantity of interest is the
smallest value |t|, t € R, such that (H + tAH, N + tAN) has a purely imaginary
eigenvalue. In view of Lemma 3.1 (with z = i, v € R) this is equivalent to finding
the smallest |y| such that the matrix (AH — ivyAN)(H —iyN)~! has a non-zero real
eigenvalue.

Evidently, we have the following expressions for Hermitian Frobenius factors T'(i)
and S(iv) of the matrix (AH —iyAN)(H — iyN)~L.

0 AA—iyAE AB
T(iv) = | (AA—iyAE)H AQ AS |,
I (AB)H (ASH AR
[ 0 A—ivE B
S@iv) = | (A—iyE)? Q S
| Bf sH R

We may directly use Lemma 3.3 and Lemma 3.4 to obtain conditions for (H+tAH, N+
tAN) to have a purely imaginary eigenvalue, as ¢ varies in R. But the special structure
of the Frobenius factors provides another condition that is more specific to the problem
at hand. To obtain it, we assume without loss of generality that the matrix [A B] is
not a square matrix, i.e., that the matrix B has at least one column.

THEOREM 4.1. Consider a matriz pencil (H,N) and associated perturbations
AH and AN as in (4.1) and (4.2). Let

P(t,y) :=[A —ivE + t(AA — iyAE) B +tAB],
Q+tAQ  S+tAS

20 =1 (§14AS) R+IAR |-

Let V(t,7y) be the set of right singular vectors of P(t,~) corresponding to the singular
value 0, and let W (t,v) be the range of P(t,~)H.

10



Then for given real numbers t # 0 and vy, the purely imaginary number ivy is an
eigenvalue of the matriz pencil (H +tAH, N +tAN) if and only if

ZO)V (t7) "W (t,v) # 0.

Proof. We make use of the fact (H + tAH,N + tAN),t € R has a purely
imaginary eigenvalue iy, v € R if and only if —1/t is an eigenvalue of the matrix
(AH — iyAN)(H — iyN)~!. Considering a Frobenius factorization

(AH —iyAN)(H —iyN) ™" = T(i7)(S (7)™,

it follows that 7 is an eigenvalue of (H + tAH, N + tAN) if and only —1/¢ is an
eigenvalue of T'(iv)S(iy) ™1, i.e., if and only if there exists a vector x # 0, such that
T(i7)S(ivy) 'z = —fz. Setting y := S(iv)~', this, in turn, implies that v, is an
eigenvalue of (H + tAH, N + tAN), if and only if there exists a vector y # 0, such
that S(iy)y = —tT(iy)y. Writing down the expressions for T'(iy), and S(iv), we have

0 | A—ivE+t(AA—iyAE) B+tAB
(A —iyE +t(AA —iyAE)H Q + tAQ S+tAS |y=0.
(B+tAB)H (S +tAS)H R+tAR

This in turn can be written as

v S A R

Hence, we have the following system of equations.

P(ta’}/)yQ =0
P, y1 + Z(t)y2 = 0

From the first equation we have that either yo» = 0 or 0 is a singular value of
P(t,v) and y2 a corresponding singular vector. But as [A B] is not a square matrix,
neither is P(t,v) = [A — ivE + t(AA — iyAFE) B+ tAB]. As a consequence a non-
zero vector yo satisfying the first equation always exists. Therefore, a necessary and
sufficient condition for 7y to be an eigenvalue of (H + tAH, N + tAN), is that for
every right singular vector y of P(t,v) corresponding to the singular value 0, there
exists some vector 1, such that —P(t,v)”y; = Z(t)y2. This implies that the matrix
Z(t) maps at least one right singular vector of P(t,~) corresponding to the singular
value 0, to the range of P(t,~)". Since V (t,7) is the set of all these right singular
vectors of P(t,~), it follows that 7 is an eigenvalue of (H + tAH, N + tAN), if and
only if Z(t)(V(t,y))NW(t,y) #0. O

In the applications from control theory, the matrices @, R and S are associated
with the cost function and often these cost functions can be chosen. If this is case,
then we may assume that the corresponding perturbations AQ, AR and AS are all
equal to zero. Under this assumption, we have the following immediate corollary of
Theorem 4.1.

COROLLARY 4.2. Suppose that W (t,~) and V (t,7) are as in Theorem 4.1 and that
ZO = S%I z
iy if and only if Zo(V (t,7)) N W (t,v) # 0.

11
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Proof. The proof follows immediately from Theorem 4.1 by noticing the fact that
Z(0)=2Zp. O

Corollary 4.2 implies that for a given fixed real number ¢, the matrices @), S and R
of the cost functional can be chosen in such a way that the pencil (H+tAH, N+tAN)
does not have any purely imaginary eigenvalues, cp. [15].

COROLLARY 4.3. If P(t,vy) and V(t,y) are as in Theorem 4.1 and Zy :=
[ S% ]5% ], then for a fized t € R, the matriz pencil (H + tAH,N 4+ tAN) has

no purely imaginary eigenvalues if and only if
ZO(UVeRV(ta 'Y)) N (U’YE]RW(ta 7)) = [Z)

The condition of Corollary 4.3 is necessary and sufficient for a pencil (H, N) := (H +
tAH, N + tAN) to have no imaginary eigenvalues. Thus, this condition generalizes
well-known classical conditions that guarantee that the considered pencil has no purely
imaginary eigenvalue, see e.g. [15, 17].
For instance, it is well known that a matrix pencil (H, N), with H and N as in
(4.1) has no purely imaginary eigenvalues if its blocks satisfy the following conditions:
(i) The matrix R is positive definite and the matrix Q — SR™1S is positive
semidefinite.
(ii) The triple (E, A, B) where A has size n, is stabilizable, i.e., for all complex
numbers A in the closed right half plane the rank of [A — AFE, B] is n.
(iii) If @ — SRS = CH(C is a full rank factorization of Q@ — SR™'SH then
(E, A,C) is detectable, i.e., (EH, A" CH) is stabilizable.
The following example shows that there exist pencils (H, N) which arise from sys-
tems that are not stabilizable and detectable and yet they do not have any purely
imaginary eigenvalues. This is due to the fact that they satisfy the condition given in
Corollary 4.3.
EXAMPLE 4.4. Let

0 0] 2 3 2 0 0|1 0]0
0 0] O 5 2 0 0|0 1]0
H=|(2 0|1 -1]1 , N:=| -1 0 1]0 0]0
3 5|—-1 1 |-1 0 —-1]0 0]0
2 211 —-1|5 0 010 0]0
The eigenvalues of the pencil (H, N) are 2,—2,5,—3 and oo. For this pencil we have,

2 3 1 0

a=lozle=o ] oe-[3]
1 -1 1

o= 3 amms = 4]

It is easy to see that (FE, A, B) is not stabilizable as the matrix [A — 2I,B] =

[ 8 g ; } , evidently has rank 1. We also note that

2 o2 M1 2 2 V[ 3 “5]_p_gpigH
VR V5 VBT -4 4|7 Q- .
Setting C' := [ *% % ] we observe that (E, A, C) is not detectable, since [AH —
-3 0 —=
51,CH) = 30 y®> | has rank 1. Hence the triples (E,A,B) and (E,A,C)
V5

12



are also not completely controllable and completely observable, respectively, see [15].
In this case, 0 is a simple singular value of
2 — iy 3 2

[AZ’}/EB]:[ 0 iy 2

with corresponding singular vector v := [~2, —2, 5+iv]T. The range of [A—iyE B}
is spanned by the vectors u; := [2 + 7, 3, 2]7, and ug := [0, 5 +iv, 2]7. Therefore,
(H, N) has a purely imaginary eigenvalue if and only if some linear combination of w1

and ug is equal to [ gf IS; } v. This gives rise to the following equations.

(2+iv)z1 =5+ 1y,
3z1 4+ (54 iy)ze = —(5+17),
2x1 + 2x2 = 5(5 + 7).

Eliminating 27 and x5 from these equations, we get the relation v = 5i ¢ R. O

We note that Theorem 4.1 may be generalized to the case when the zero blocks of
the perturbation matrix AN are filled in such a way that the resulting matrix remains
skew-Hermitian, that is, AN is replaced by AN where

. 0 AFE AF
(4.3) AN = | —(AE)H 0 AG
—(ARH  —(AG)H 0
In this case, the matrix (AH — iyAN)(H — iyN)~! has a Frobenius factorization
(AH —iyAN)(H — iyN) ™ = T(in){S(i7)} "

where
A 0 AA—iyAE  AB —iyAF
T(iv) = | (AA—iyAE)H 0 AS — iyAG
(AB —ivAF)?  (AS —iyAG)H 0

THEOREM 4.5. Consider a matriz pencil (H,N) and associated perturbations
AH and AN as gien in (4.1), (4.2) and (4.3). Let

P(t,7) = [A —ivE + t(AA — iyAE) B +t(AB — iyAF)),

o Q +tAQ S+ HAS — iyAG)
and Z(69) = | (g4 ((AS — ivAG))H R+tAR

Denote by V(t,7) the set of right singular vectors of P(t,~) corresponding to the
singular value 0 and the range of P(t,7)™ by W (t,~).

Then, for given real numbers t # 0 and -y, the purely imaginary number iy is an
eigenvalue of the matriz pencil (H +tAH, N + tAN) if and only if Z(t, ’y)(V(t, ¥) N
W(t,v) # 0. R

Proof. The proof follows by replacing the set T'(iy) by T'(iy) in the proof of
Theorem 4.1. O

It follows trivially, that all the results of this section also hold for those special
cases when one or more of the blocks AA, AB, AQ, AR and AS in the perturbation
matrix AH or the block AF in the perturbation matrix AN are equal to 0.

13



4.2. The continuous-time H,, problem. As mentioned in the introduction,
in the case of the continuous-time, optimal Ho, control problem, from (1.6) we have
AN = 0. Furthermore, the perturbation AH of H has a very special structure. All
its entries are zero, except for the entries of the block AR which is itself a special
diagonal matrix, the first few entries on the main diagonal being each equal to —1 and
the remaining being all equal to zero. Due to this special structure, all the eigenvalues
of (AH — zAN)(H — zN)~! are real and its non-zero eigenvalues are precisely the
non-zero eigenvalues of a leading principal submatrix of a Hermitian matrix whose
size is the same as that of the block R of H.

THEOREM 4.6. Let the matrices H and N be as in (4.1) with R := gll gu ] .

21 22
Let AH and AN be as in (4.2) with AA=AB =AQ =AS =AE =0 and AR :=
[ —ij 8 } , where I is an identity matriz of size j, the partition being conformal with

that of R. Then for vy € R, all the eigenvalues of the matriz (AH —iyAN)(H —iyN) ™!
are real. In particular, the non-zero eigenvalues are the same as those of the leading
principal submatriz of size j of the Hermitian matriz

-1

(1 B1" —BR™'BH A—ivE — BR1SH
W(y) =R . —_1oH\H —1gH x
S (A—iyE— BR™1SH) Q- SRS

HEE

Proof. For v € R,

0 A—ivE B
H —iyN = | A" +iyEH Q S
| Bf SH R
[ I 0 BR™!
=|0 I SR!'|x
00 I
—BR-'BH A—iyE—BR™'SH 0
AH 4 jyEH _ SR-1BH Q- SR1SH 0
BH SH R
Therefore,
—BR-'BH A—iyE—BR™'SH |0 17"
(H—iyN)"' = | A" +iyEH — SR-1BH Q- SR 0 X
BH SH | R
I 0 —BR!
0 I —SR!
0 0 I
- —BR-'BH A—iyE— BR™'5H —~BR!
Let H := { AR L iyEH —SR-1BH  Q-gsr-igH M= | _gp-1 |

and Z = [ BH §H }.Then

e LY () B WM | ()

14



~RYZH' —RYZH'M+ R!
[ oHE! H'M
| MEEY —MHA M 4+ R |

[ o]

which is Hermitian, since H is Hermitian. Then, we obtain

. oei_ 00 ! H'M
(AH —iyAN)(H —iyN)™" = [ 0 AR} |:MH(I~{)—1 MHF-10M + RY

0 0
- { (ARYMPH-' (AR)(MPH-'M + R™Y) } '

Therefore, the matrix (AH —iyAN)(H —iyN)~! has a non-zero real eigenvalue if and

only if the matrix (AR)(MH® H=1M + R~!) has a non-zero real eigenvalue. Replacing
—~BR™!

M by [ _gRp-1 } we have

(ARYMHEH*M + R™') = (AR)R? ([ ? ]Hﬁl { g } +R> Rt

= (AR)W (7).

Note that since the matrices R and @ are Hermitian, W (y) is also Hermitian and
hence all its eigenvalues are real. Let

(0 woy= [ wel) wed) |

be a partition of W (), conformal with that of AR. In view of the structure of AR,
it follows that

—Wn —Wia
(AR)W (v) = { 0 () 0 (") ] )

Hence (AH — iyAN)(H — iyN)~! has a non-zero real eigenvalue if and only if the
block Wi1(7) has a non-zero real eigenvalue. The proof follows from the fact that
Wi () is Hermitian. O

From Theorem 4.6 it follows that for the continuous time Ho, control problem we
have sepg (2, AH,AN) = {r((AH — zAN)(H — zN)~1)}~! for all purely imaginary
complex numbers z. However, for these problems we are interested only in positive
values of the parameter ¢ for which (H + tAH, N 4+ tAN) has a purely imaginary
eigenvalue. The following immediate corollary of Theorem 4.6 suggests a procedure
for obtaining the exact value of the smallest positive parameter ¢ for which the pencil
(H +tAH,N +tAN) has a purely imaginary eigenvalue or an upper or lower bound
of this value.

COROLLARY 4.7. Let HN,AH and AN be as in Theorem 4.6. The smallest
positive parameter t for which (H+tAH, N+tAN) has a purely imaginary eigenvalue
18, say t = to, if and only if
(i) 1/tg is the smallest value of € for which the set

L(e, AH,AN):={z€ C\o(H,N) :r((AH — zAN)(H — zN)"H) =1}
15



touches the imaginary axis and
(i) 1/to is an eigenvalue of largest magnitude of the matriz Wi1(yo), given by (4.4),
ivo being the point at which L(1/tg, AH, AN) touches the imaginary axis.

If all the eigenvalues of Wi1(vo) are negative real numbers, then the smallest
positive parametert for which (H+tAH, N+tAN) has a purely imaginary eigenvalue
is larger than {r(Wi1(y0))}~*.

If Wi1(70) has positive eigenvalues but none of them is equal to r(Wi1(%)), and
« is the largest among these eigenvalues, then the smallest positive parameter t for
which (H + tAH, N + tAN) has a purely imaginary eigenvalue is less than or equal
to 1/a.

Proof. The proof follows immediately from Theorem 4.6 in view of the fact that
given a positive real number tg, i is a purely imaginary eigenvalue of (H+toAH, N+
toAN) if and only if 1/ty is an eigenvalue of Wii(7yg). O

In this section we have discussed linear perturbation theory for structured pencils
arising in continuous-time control theory. In the next section we discuss analogous
results for discrete-time control problems.

5. Perturbation of structured pencils arising from discrete-time con-
trol. There is a well-known analogy between continuous and discrete-time linear
quadratic optimal control problems, given by the Cayley transformation, see [17, 18].
Thus, we expect similar results for the discrete time case. For these problems the
pencils have the following structures.

0 A B 0 E 0
(5.1) H=|-E1 Q S| N:=|-A" 0 0|,
0 SH R —BH 0 0
0 AA  AB 0 AE 0
(5.2)  AH=| —(AE)! AQ AS |,AN=| —(AAD" 0 0
0 (AS)E AR —(AB)Y 0 0

where again QF = Q, R = R, (AQ)"¥ = AQ, and (AR)? = AR have the same
dimensions as in (4.1). Although we consider complex matrices, the results of this
section are true for real matrices as well.

In this case C4 := {#z € C : |z| # 1}, and the smallest |¢|, ¢ € R such that the
perturbed pencil (H+tAH, N+tAN) has an eigenvalue z € C, |z| = 1, is the quantity
of interest for these problems. This is equivalent to the matrix (AH — zAN)(H —
2zN)~! having a real eigenvalue for some z € C such that |z| = 1. We show first that
for any z € C on the unit circle, Hermitian Frobenius factors T'(z) and S(z) of the
matrix (AH — zAN)(H — zN)~! may be obtained from the matrices AH — 2AN and
H — zN by a simple scaling.

THEOREM 5.1. Let the matrices H,N,AH and AN be as given in (5.1) and
(5.2). Then for z€ C, |z| =1,

(AH — 2AN)(H — zN)™*!

-1

0 AA—-2AEFE AB 0 A—2F B
= | (AA-zAE)H AQ AS (A-zE)" @ S
(AB)H (ASYH AR BH St R
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Proof. For |z| = 1, we have,

0 A—zE B
H—2N=| 2(A-zE)" Q S
i 2BH SH R
0 A—zFE B zI 0
=l A-z)f @ S 0 I 0
| BH SH R 0 0 I
Similarly,
0 AA—-zAE AB zI 0 0
AH — zAN = | (AA—z2AR)Y AQ AS 0 I 0
(AB)H (AS)H AR 0 0 I
zI 0 0
The proof follows from the fact that the matrix | 0 I 0 [ is unitary, since |z| = 1.
0 0 I

d
Hence, for all z € C such that |z| = 1, we get Hermitian Frobenius factors T'(z)
and S(z) of (AH — 2AN)(H — zN)™! as

I 0 AA—-zAE AB
T(z):= | (AA—-z2AE)Y AQ AS |,
(AB)H (AS)H AR
[ 0 A-zE B
S(z):=| (A-zE)H Q S
BH S R

Thus, given a complex number z lying on the unit circle, the results of Section 3 may
be applied to these Frobenius factors to obtain necessary and sufficient conditions for
the matrix (AH — 2AN)(H — zN)~! to have a real eigenvalue. This in turn gives us
necessary and sufficient conditions for the matrix pencil (H +tAH, N +tAN) to have
an eigenvalue on the unit circle. However, as in the continuous time case, the special
structure of the Frobenius factors lead to another necessary and sufficient condition
for the pencil (H + tAH, N + tAN) to have an eigenvalue on the unit circle on the
lines of Theorem 4.1.

THEOREM 5.2. Consider a matriz pencil (H,N) and associated perturbations
AH and AN as in (5.1) and (5.2). Let z € C such that |z| =1, and

P(t,z):=[A—zE+t(AA — zAE) B+tAB],

2= | QFIAQ - S+iAS

' (S+tAS)T R+tAR |-

Let V(t, z) be the set of right singular vectors of P(t,z) corresponding to the singular
value 0 and let W (t,2) be the range of P(t,z).

Then, for given a real number t # 0 and a complex number z € C, |z| =1 is an
eigenvalue of the matriz pencil (H + tAH, N 4+ tAN) if and only if Z(t)(V(t,2)) N
W(t,z) #0.

Proof. The proof follows by replacing iy by z € C, |z| = 1, in the proof of
Theorem 4.1. 0O
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As in the continuous time case, if we assume that the matrices 2, .S, and R which
are associated with the cost function are unperturbed, that is, if AQ = AS = AR =0,
then we have the following corollary to Theorem 5.2. It characterizes the choice of a
cost function such that given ¢t € R, and z € C such that |z| = 1, z is not an eigenvalue
of (H+tAH,N + tAN).

COROLLARY 5.3. Let W(t,z), and V(t,z) be as in Theorem 5.2 and let Zy :=

QR S
SH R
if and only if Zo(V (t,2)) N W (t,2) # 0.

Proof. The proof follows immediately from Theorem 5.2 by the fact that Z(0) =
Zy. 0O

The next corollary provides a characterization of all cost functions such that for
a fixed t € R, the pencil (H +tAH, N 4+ tAN) does not have any eigenvalues on the
unit circle.

COROLLARY 5.4. Suppose that P(t,z) and V(t,z) are as in Theorem 5.2 and that

Zy 1= [ ng, IS{ } Then, for a fixed t € R, the matriz pencil (H +tAH, N +tAN)

. The matriz pencil (H+tAH, N+tAN) has an eigenvalue z with |z| = 1

has no eigenvalues on the unit circle if and only if
ZO(U|Z|:1V(t7 Z)) n (U|Z|:1W(t7 Z)) =0.

The results of this section also hold if the perturbation matrices AH and AN are
replaced by the matrices AH and AN, respectively, which are given by

A 0 AA AB o AE AF
(5.3) A= | —(AE)Y  AQ AS | ,AN=| —(AAH 0 0
—(AFR)2 (AS)H AR —(AB)? 0 0

Then for z € C such that || = 1, (AH — 2AN)(H — zN)™' = T(2)S(2)7}, is a
Frobenius factorization of (AH — 2AN)(H — zN)~!, where

A 0 AA—-z2AE AB—zAF
T(z):= | (AA-z2AE)H AQ AS
(AB — zAF)H (AS)H AR

With these new perturbation matrices, Theorem 5.2 takes the following form.
_THEOREM 5.5. Consider a matriz pencil (H,N) and associated perturbations
AH and AN as given in (5.1) and (5.3). Let

P(t,z) :=[A—2E+t(AA — zAE) B+ t(AB — zAF)],

Z(t) = Q+tAQ  SH+tAS
T (S+tAS)T R+tAR |-

Let V(t,z) be the set of right singular vectors of P(t,z) corresponding to the
singular value 0, and let W(t, z) be the range of P(t, 2)H.

Then, for a given real number t # 0, a complex number z € C with |z| =1 is an
eigenvalue of the matriz pencil (H + tAH,N + tAN) if and only if Z(t)(V(t, 2)) N
Wi(t,z) #0.

Proof. The proof follows by using arguments similar to those of Theorem 4.1 with
the matrix P(t,4v) being replaced by P(t,z). 0O
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Givent € Rand z € C, |z| = 1, the following corollary provides a characterization
of the cost function such that z ¢ o(H + tAH, N +tAN).

COROLLARY 5.6. Let P(t,z),V(t,z) and W(t,z) be as in Theorem 5.5 and let
Zy = { S% z } Then, for a fized real number t and z € C, such that |z| = 1, we
have z ¢ o(H +tAH, N + tAN) if and only if Zo(V(t,z)) "W (L, z) # 0.

Finally we have a characterization of the cost function such that for a given ¢ € R,
the pencil (H +tAH, N +tAN) has no eigenvalues on the unit circle.

COROLLARY 5.7. Let P(t,z),V(t,z) and W(t,z) be as in Theorem 5.5 and let
Zy = { 5@, g ] Then for a fixed real number t, the pencil (H +tAH,N + tAN)

has no eigenvalues on the unit circle if and only if
ZO(U\Z\zlf/(ta Z)) N (U\z\zlw(ta Z)) 7é [Z)

Note that all results hold if any one or more of the blocks in the perturbation matrices
AH and AN are equal to 0.

6. The discrete-time H,, problem. In the discrete-time optimal H, control
problem, the matrices H and N of the pencil (H, N) are also given by (5.1). But as
in the case of its continuous time analogue, the perturbations AN and AH are very
special. From equation (1.7) we have AN = 0 and all the blocks of AH are zero except
for AR which is a special diagonal matrix. Only the first few diagonal entries of AR
are non-zero and these are each equal to —1. We show that given |z| = 1, the matrix
all the eigenvalues of (AH — 2AN)(H — zN)~! are real and the non-zero eigenvalues
are precisely the same as those of a leading principal submatrix of a Hermitian matrix
which is of the same size as the block R of H.

Ri1 Rio }

THEOREM 6.1. Let the matrices H and N be as in (5.1) with R :=
Ro1 Rao

Let AH and AN be as in (5.2) with AA = AB = AQ = AS = AE =0 and
AR := 701]' 8 } , where I; is an identity matriz of size j, the partition being
conformal with that of R. Then, for z € C such that |z| = 1, all eigenvalues of the
matriz (AH — zAN)(H — zN)~! are real. In particular its non-zero real eigenvalues
are the same as those of the leading principal submatrixz of size j of the Hermitian
matric

-1

W ([ B " —~BR™'BY A—zE— BR'SH
= X
2) S (A—zE-BR-'s) @ _SR-1sH

HEDLS

Proof. Since R and @) are Hermitian, it is clear that W(z) is a Hermitian matrix.
For z € C,|z| = 1, we have,

0 A—2F B
H—zN=| —E7 4241 Q S
2BH SH R

I 0 BR! —2BR~'BH A—z2E—-BR'SH 0

=10 I SR' | x| 2(A—2E—BR'SH)H Q- SR 'sH 0

00 I zBH SH R
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Therefore,

-1

—2BR™'BH A—2E—BR7'SH 0
(H—2zN)"'=| —B¥ + 247 — zSR™'BH Q- SR™ISH 0 X
2BH SH R
I 0 —BR!
0 I —-SR7!
00 I
Let
- —2BR™'BH A-zE-BR'S" 1 [ -BR"!
" | 2(A" —zEH — SR™1BH) Q- SR1sH | -SRT!

and Z = [ 2B"  SH ] Then,

~ —1 ~ -
s _[H 0 I M) q? 0 I M
(H —zN) _[Z R} [0 I }_{—RlZﬁl R0 I

[ o]

~R7'ZH™' —R'ZH'M+ R
zI 0
0 I
1, it is clear that J is unitary and R™'Z = —MH"J~1. This gives R ZH =
—~MH(HJ)~! and hence,

Let J = [ ] where the partitioning is conformal with that of M. Since |z| =

(H—2N)"' = [ i ]

Hfl
ME@HE)H)Y MHHJT)'M + R™!
Therefore,

0 0 H-1M ]

(AH — 2AN)(H = 2N) ™" = { 0 AR } { zwfﬁfl(;rj})—1 MP(J) "M + R

This shows that the matrix (AH —2zAN)(H —zN)~! has non-zero real eigenvalues
if and only if the matrix

(AR)(MHT(HJ)™*M + R7Y)

has non-zero real eigenvalues or equivalently

H
1 B ~=_1| B 1
(AR)R <{ S’} (HJ) { g } +R>R
has non-zero real eigenvalues. Since,

—BR1BH A—z2E—BR1sH ]

7= { (A—zE—BRISH)" Q- SR-15H

we have,



Let

01 Wi = [ i e |

be a partition of W(z) conformal with that of AR. In view of the structure of AR,
we have,

(ARW(2) = [ ~Wule) Waale) } .

Hence the non-zero real eigenvalues of (AH —zAN)(H —2zN)~! are the same as those
of —W11(2) and the proof follows from the fact that Wiq(2) is Hermitian. 0O

By Theorem 6.1, it is clear that every point on the unit circle becomes an eigen-
value of (H + tAH, N + tAN) for some real number ¢t. However, as in the case of
the continuous time H., problem, we are interested only in the positive values of the
parameter ¢ for which the pencil (H + tAH, N + tAN) has eigenvalues on the unit
circle. Since, for any z & o(H, N), we have, z € o(H + tAH, N + tAN) if and only
if -1/t € 0o(AH — zAN)(H — zN)™', it follows from Theorem 6.1 that there exists
t > 0 such that some z € C, with |z| = 1 is an eigenvalue of (H +tAH, N +tAN) if
and only if the matrix W71 (z) has a positive eigenvalue. This suggests the following
procedure for finding the smallest positive number ¢ for which (H 4+ tAH, N +tAN)
has an eigenvalue on the unit circle on the lines of Corollary 4.7.

COROLLARY 6.2. Let H N,AH and AN be as in Theorem 6.1. The smallest
positive parameter t for which (H +tAH, N +tAN) has an eigenvalue z with |z| =1
is say t = to, if and only if
(i) 1/tg is the smallest value of € for which the set

L(e,AH,AN):={2€ C\ o(H,N):r((AH — 2AN)(H — zN)™') =1}

touches the imaginary axis and
(i1) 1/to is an eigenvalue with largest magnitude of the matriz W11 (z0), given by (6.1),
2o being the point at which L(1/tg, AH,AN) touches the unit circle.

If all the eigenvalues of Wi1(z9) are megative real numbers, then the smallest
positive parameter t, for which (H +tAH, N + tAN) has an eigenvalue on the unit
circle, is larger than {r(Wi1(z0))} L.

If Wi1(20) has positive eigenvalues but none of them is equal to r(Wi1(z0)), and
« 1s the largest among these eigenvalues, then the smallest positive parameter t for
which (H +tAH, N +tAN) has an eigenvalue on the unit circle is less than or equal
to 1/a.

Proof. The proof is an immediate consequence of Theorem 6.1. 0O

7. Conclusion and future work. We have studied the effect of linear pertur-
bations on several structured matrix pencils arising in control theory. These include
skew-symmetric/symmetric pencils arising in the computation of optimal H, control
and linear quadratic control for continuous and discrete time systems. We have given
characterizations when these pencils have eigenvalues on the imaginary axis or the
unit circle, respectively.

But several important questions remain open. Among these are a characterization
of the Kronecker structure associated with eigenvalues on the imaginary axis and to
develop numerical methods for the efficient computation of the smallest perturbations
that move eigenvalues to the imaginary axis or unit circle, respectively. We will
address these issues in our future work.
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