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Abstract

In this paper we study the variation of the spectrum of block-diagonal systems
under perturbations of compatible block structure with fixed zero blocks at arbi-
trarily prescribed locations (“Gershgorin type perturbations”). We derive explicit
and computable formulae for the associated p-values. The results are then applied
to characterize spectral value sets and stability radii for such perturbed systems.
By specializing our results to the scalar diagonal case the classical eigenvalue in-
clusion theorems of Gershgorin, Brauer and Brualdi are obtained as corollaries.
Moreover it follows that the inclusion regions of Brauer and Brualdi are optimal for
the corresponding perturbation structures.

1 Introduction

More than 20 years ago, various researchers recognized the importance of block-diagonal
perturbations for describing structured uncertainties of interconnected systems where the
overall model uncertainty is a consequence of those in its components, see [7] and [21].
Structured singular values (p-values) were introduced in [7] as a means of analyzing the
effect of block-diagonal perturbations. In recent years this concept has proved to be an
effective tool in the robustness analysis of systems with structured uncertainties and in
the synthesis of robust control systems, see e.g. [2], [8], [18], [22], [29].

Generalizing the definition in [7], the p-value of a matrix M € C?! with respect to a given
perturbation set A C C*? and a given norm || - || on C*%, is the inverse of the smallest
|A]l, A € A, such that 1 is an element of the spectrum of the matrix product AM, see
[14]. The p-value is denoted by pa(M). Explicit characterizations of ua (M), M € C?*,
have been obtained in the full block case where A = C'*? or A = R4, For most other
perturbation structures, e.g. block-diagonal, computable formulae are not available and



so robust analysis/synthesis is usually based on upper bounds for the u-value, see [17],
[18]. In this paper we study the converse of the usual case in that we consider p-problems
where the matrix M (instead of A € A) is block-diagonal and the perturbations A are
only constrained by the condition that they have zero blocks at certain fixed locations e.g.
on the diagonal (“Gershgorin type perturbations”). In contrast to the usual case we will
be able to derive a number of computable exact formulae for the corresponding pu-values.
These formulae will then be applied to obtain computable characterizations of spectral
value sets and stability radii of block-diagonal systems under Gershgorin type pertur-
bations. Our objective is not only to prove new results but also to illustrate, on the
methodological side, that the techniques of u-analysis in combination with the concepts
of spectral values sets and stability radii provide powerful tools for the spectral analysis
of interconnected systems with uncertain couplings.

Pseudospectra (spectral value sets for unstructured complex perturbations) have been ap-
plied in various areas of the mathematical sciences, for instance in numerical analysis
[24], [25] and the stability analysis of fluid flows [20], [26]. However they have not found
many applications in systems and control theory. For some papers in this field, see [10],
[11], [13], [14]. The spectral value set of a matrix A under perturbations A~ Ax, A € A
consists of all eigenvalues of the perturbed matrices An with A € A constrained by
|A|| < 6. Here 6 reflects the level of uncertainty of the nominal matrix measured in terms
of some norm ||-||. By visualizing spectral value sets as the perturbation level changes, one
obtains insight into the mobility of the eigenvalues under the perturbations in question.
This is particularly useful for the stability analysis of uncertain linear systems.

A linear system is said to be stable with respect to a given stability region C, in the
complex plane if all the eigenvalues of the system matrix lie in C,. The nominal matrix
A is regarded as an approximation to a system matrix whose exact value is unknown.
If 0(A) C C, and a bound for the level of uncertainty is known, then the exact system
matrix will also be stable provided the associated spectral value set is contained in C,.
An alternative but related approach is through the concept of a stability radius [12], [14].
This is defined to be the smallest perturbation level for which at least one of the per-
turbed matrices Ax with A € A, ||A|| < § becomes unstable. It is therefore a robustness
measure of the Cy-stability of the nominal matrix A. We will see that spectral value sets
and stability radii can be expressed in terms of p-values (Section 2).

In this paper we consider perturbations of the form A ~» Ax = A+ BAC where A, B,C
are given block diagonal matrices and A € A. The perturbed matrices Ax can be viewed
as the system matrices of composite systems obtained by the interconnection of subsys-
tems via couplings determined by the A’s, see Section 3. The overall transfer matrix of
the system is the direct sum of the transfer matrices of the subsystems and so the formu-
lae we obtain for p-values of block-diagonal matrices can be applied to yield computable
formulae for the corresponding spectral value sets and stability radii.

In the decentralized control of large scale systems it is common to adopt a decomposition
principle where the overall system is regarded as the interconnection of decoupled sub-
systems. For such systems a notion of connective stability has been introduced where the
decoupled subsystems are assumed to be stable and the system is said to be connectively
stable if the overall system is stable for all interconnections in a set E which reflects the
size and structure of the interconnections, see [23]. We will see that the results we develop
for the stability radii of systems of the form Aa can be used to obtain precise statements
for the connective stability of large scale systems.



The organization of the paper is as follows. In Section 2 we give definitions of spectral
value sets and stability radii and establish their connection to p-values. In Section 3 we
introduce the perturbation structures to be considered and interpret them in the context
of interconnected systems. Sections 4 and 5 contain the main results of this paper. Here
we provide formulae for the computation of p-values with respect to Gershgorin type per-
turbations and apply them to obtain computable characterizations of spectral value sets
and stability radii. Two different types of norms will be considered on the perturbation
spaces. In Section 6 we specialize our results to the full class of all off-diagonal pertur-
bations. Finally in Section 7 we relate our results to the classical eigenvalue inclusion
theorems of Gershgorin, Brauer and Brualdi.

2 The framework

In this section we introduce some basic concepts and fix the notation. The symbols
N, R, R, C denote the sets of positive integers, real numbers, non-negative real numbers
and complex numbers respectively. For a € C the closed disk of radius » > 0 in C is
D(a,r) = {s € C;|s —a| < r}. By K™™ we denote the set of n by m matrices with
entries in K, K = R of C. Furthermore, K* = K"*! is the set of column vectors of
length n. The transpose of A € K™™ is denoted by AT. If A is square then o(A),
p(A) = C\ 0(A) and p(A) denote its spectrum, its resolvent set and its spectral radius
respectively, o(A) = max{|s|; s€c(A)}. We set

Ln,l,q — XN (Cnxl % qun’ n, l, qu
By 0§ we denote the boundary of the set S C C. We use the conventions
0 '=o00, oo !=0, inf(=o0, (1)

where () stands for the empty set. Throughout the paper we will consider the following
perurbation structures.

Definition 2.1 Let [,qeN. By P,, we denote the set of pairs (A, | - ||), where

e A # {0} is a non-empty closed subset of C'*? which is star-shaped with respect to
0, i.e. A€ A implies tA€ A for every t€[0,1].

e || - || is a norm on the real vector space spang A C C!*4,
By P;?q we denote the set of pairs (A, | - ||), where

e A +# {0} is a non-empty closed subset of C'*? which satisfies CA = A, ie. A€ A
implies that sA € A for every se€C.

e || - || is a norm on the complex vector space spancA.

The pairs (A, || - ||) € Piq are called perturbation structures and the pairs (A, || - ||) e P,
are called complex perturbation structures.

By definition we have P;?q C P14- Given any triple (A, B,C) € L, , and a perturbation
structure (A, || - ||), we consider perturbations of A of the following form

A~ Ay = A+ BAC, A€A. (2)



Definition 2.2 Let (A, | - ||) € P, be a perturbation structure. The spectral value set
of the triple (A4, B,C) € L, , with respect (A, | -||) €Pi, and perturbation level 6 > 0 is
the following subset of the complex plane.

oa(A, B, C;0) = U o(A+ BAC)

AcA,||A<s (3)

={seC; IA € A: ||A| <9, and det(sI, — (A + BAC)) = 0}.

Thus the spectral value set oa (A, B, C;d) is the union of all the spectra of the perturbed
matrices Ax where A € A, ||A]| < 0. The assumption that the perturbation class A is
star-shaped with respect to 0 guarantees that each connected component of oa (A, B, C; )
contains an eigenvalue of A.

A concept closely related to the notion of spectral value set is that of stability radius.
It presupposes that a stability region C, C C is given and measures the robustness of
C,-stability of a matrix A with respect to perturbations of the form (2).

Definition 2.3 Let C, be a non-empty open subset of C. A matrix A€ C"*" is said to
be Cy-stable if 0(A) C C,. The Cy-stability radius of (A, B,C) € L,,;, with respect to
(A]| - ||) €Pry is defined as follows.
ra(A,B,C;C,) = if{||A]l; AecA, A+ BAC is not Cy-stable}
= inf{||Al|; A€A, o(A+ BAC) ¢ C,} (4)

If A is not Cy-stable then ra (A4, B,C;C,) = 0. It is easily seen that a minimum in (4)
always exists if ra (A4, B, C; C,) is finite. Obviously,

ra(4,B,C;C,) =inf{d > 0; oa (A4, B,C;0) Z C,}.

Next, we give the definition of p-values.

Definition 2.4 For (A, || -||) € Py, the corresponding u-value of M € C?*! is given by
pa(M) = [Inf{||A]; A€ A, 1eo(AM)}]". (5)

Note that the set Ay = {A e C*; Ae A, 1€0(AM)} is closed and does not contain
the zero matrix. Thus a minimum in (5) is attained and non-zero unless A, = (). Hence,
with the conventions (1), ua(M) is always well defined and pa (M) = 0 if and only if
Z&A43: @.

The following theorem specifies the relationship between spectral value sets, stability radii
and p-values.

Theorem 2.5 Let (A, |- ||)€Piy, (A, B,C)€E Ly, and G(s) = C(sI, — A)™'B. Then

na(G(s) = [mf{|A]l| AeA, sea(A+BAC) Y™, sep(d);  (6)

oa(A B,C;0) = a(A)U{s € p(A); pa(G(s)) > 07}, 6> 0 (7)

ra(4,B,C;C,) = ( sup MA(G(S))> if A is Cy-stable. (8)
s€0Cy



Proof: (6) follows from the definition of ua(-) and the equivalence
seo(A+ BAC) & 1eo(AG(s)), 9)

which holds for all s€ p(A) and all A€ C'*, see [12, Proposition 2.3]. Then the charac-
terizations (7), (8) are immediate consequences of (6). O]

Theorem 2.5 is the basis for our further development. It shows that spectral value sets
and stability radii can be calculated by evaluating the function s — pua(G(s)). For
completeness we mention some facts related to the characterization (7). The proofs can
be found in [14], [16].

Remark 2.6 Let (A, |- |)ePf,. Then, for any § > 0,
(i) the sets oa(A, B,C;0)\ o(A) = {se€p(A); ua(G(s)) > =1} are open;

(77) the closure of oa (A, B,C;0) is given by

cl(oa(A, B,C;68))= | o(A+ BAC) = o(A) U{s € p(A); pa(G(s)) = 67"} (10)

AcA
lall<s

(7ii) the boundary of oa (A, B, C;0) satisfies

0oa(A, B,C;0) \ 0(A) ={s€p(A); pa(G(s)) ="'}

Note that these statements do not hold for all perturbation structures (A, | - ||) € Py,

Next, we give a useful characterization of pua(-) via the spectral radius. It generalizes a
result of [18].

Lemma 2.7 Let M eC™! and (A, || -||)€Py,. Then
pa(M) = max{o(AM); A€ A, A =1}, (11)

Suppose that the mazimum in (11) is non-zero and is attained at A € A, ||Al| = 1. Let
Ay = s'A where s€ o(AM) and |s| = o(AM) # 0. Then Ay € A, 1 €o(A1M) and
1A = pa(M)~

Proof: Let gy denote the maximum on the right hand side of (11). For any non-zero

A€ A we have o(AM) = ||All o (ﬁM) < [|A|| go. Hence, the condition 1€o(AM) im-

plies that 1 < [|A|| go. This yields pa (M) < 9. Equality holds if o9 = 0. Suppose gy # 0.
Then the matrix A; satisfies |A(| = o5 ' and [|A1]] > pa(M)~!. Thus oo = pa(M). O

We now determine pa (M) for the case that A = C*¢ and the underlying norm is an
operator norm. Let || - ||a, || - |3 be norms on C? and C' respectively. Then the induced
operator norms on C*? resp. C?*! is defined by

Mulq

A
|Allas = max |20]l5 AeC™  and |M]|go = max I M eCax!,

yeC\[0} ||ylla wec\{0} lullg



Recall that, for every A € C'*? there exist y € C?, u € C', with ||y||o = |Jul|§ = 1 and

1Allas = u' Ay.
Here || - |5 denotes the dual of || - ||,
.
Jullf = xS wect
zec\{0} ||zl
Proposition 2.8 Let || - ||a, || - |5 be norms on C? and C' respectively. Let || - || = || - |las

be the induced operator norm and A := C™9. Then

(a) For any M € C?*!,
pa(M) = [|M]|s.q-

(b) Suppose M # 0. Let ue C!, y e C? be such that ||ulls = ||y||? = 1 and y"Mu =
|M||go- Then the matriz Ay := |\M||5;uyT satisfies 1 € a(AgM) and || Ao =
pa(M)™.

Proof: If 1 € o(AM) then there is u # 0 with u = AMu. Hence,
07 l[ulls = [[AMullsg < |Allas [M]lg,0 s

Thus 1 < ||Allas [|M||ge- This implies pa(M) < [[M||s,o. Equality holds if M = 0.
Let M # 0. Then the matrix A, satisfies ||Aglla,3 = ||M||E}l Furthermore, AgMu = u.
Thus 1€o(AgM). Tt follows that pua(M) > [|Aolly s = [M]|ga- So pa(M) = [M|sa =
18%]15,5- O

Remark 2.9 Throughout the rest of this paper we only consider complex perturbation
structures. There are some results available for real perturbation structures. For example,
if M € C! and A = R4, there are formulae for ua (M) (and hence for spectral value
sets and stability radii) if R! and RY are normed with Euclidean norms, see [14], [16] and
[19]. Also in [14] formulae are proved for stability radii of a real diagonal matrix with
respect to real off-diagonal perturbations, see Corollary 6.6 for the complex case.

3 Composite systems

Let us introduce some additional notation. In the following ¢, are finite sequences
q=(q1, -, qm), | = (Ii,..., ). We write m := {1,2,...,m} and denote by C?*! :=
{[M1]; My € Cu*% for (j,k) € m x m} the set of m x m block matrices
My - My,

[Mji] = [Mjiljempem = | : (12)
Mml T Mmm

The block-diagonal matrix with blocks M; € C%*% | j€m is denoted by

M, 0

. M, 1
M = @7 M; = diag(My, ..., My,)= _ e C7.



For any index set Z C m x m we denote by Az ,; the set of block matrices A of the form
All e Alm

A=[Ap]=1 : Do, Ay eCh*% and Ay = 0if (5,k) ¢ Z. (13)
A A N

Given (Aj, Bj, Cj) € L, 1;.4;» J € m, the object of this paper is to study the variation of
the spectrum of the block-diagonal matrix A = @72, A; under perturbations of the form

A~ Ap:= A+ BAC, AEAI,q,la (14)

where B, C' are the block-diagonal matrices B = @7, B;, C' = &7, C}.
The matrices Ax have the following system theoretic interpretation. Consider the system

PO &(t) = Az(t) + Bu(t), y(t) = Cx(t) (15)
which is the direct sum of the m subsystems
i d(t) = Ay () + Byuy(t),  wy(t) = Ciy(t),  jem. (16)
The transfer matrix of ¥ is the direct sum of the transfer matrices of these subsystems
G(s)=C(sI = A)7'B=@[L,Gy(s),  Gj(s):=Cj(sly, — A))7'By, jem. (17)
Introducing the couplings
wt)= Y Apy(t), jeEm (18)
kem, (k)T
one obtains the composite closed loop system
T1 T L1

DINE | =(A4+BAC) | 1 | =Aa | 1 |. (19)

T T T

Thus the perturbed system > with system matrix A can be viewed as the composite
system obtained by interconnecting the subsystems ¥; via the couplings (18) defined by
the perturbation blocks Aj;. The unperturbed (“nominal”) system ¥, : & = Az obtained
by setting A = 0 is simply the direct sum of the subsystems &, = A,x;.

The pairs (j,k) € Z can be regarded as the oriented edges of a directed graph I'(m,7)
whose vertices are the numbers 1,...,m. This is illustrated in Example 3.1 for the case
where m = 3. Observe that in the directed graph the endpoint of the edge (j, k) is the
first component, j. This orientation reflects the interconnection structure (18).

Example 3.1 Consider the index set Z = {(1,2), (1,3), (2,1), (3,2),(3,3)}. Then the matri-
ces A € Az, take the form

0 A Agg
A=Ay 0 0
0 Az Ags

The directed graph I'(3,Z) and the block diagram of the closed loop system (19) are shown in
Figure 1. O



Directed Graph I'(3,7) Block Diagram

— A
1 1.3 T 2, 13

(1,2) (2,1) 3 )(3:3) Ay A, >, A,

St s

Figure 1: Composite System

Applying Theorem 2.5 the spectral value sets and stability radii of the system (A, B, C)
under perturbations of the form (14) are given by

0z, (A, B,C;6) =a(A)U{sep(A); pa,,,(G(s) >} (20)
and
-1
raz . (A B,C;Cy) = (sgg MAI,Q,Z(G(S))> : (21)
seodly

In order to determine the spectral value sets and stability radii via (20), (21) we need
to study the p-values of block-diagonal matrices M = @7, M; with respect to pertur-
bations A € Az,;. Note that this is just the inverse situation of traditional p-analysis
where block-diagonal perturbations of arbitrary matrices are considered, see [7]. Applying
Proposition 2.7, we obtain

ftay,, (M) = max o(AM), MeC™. (22)

ACAT g1
laj=1

The size of the perturbations A € Az, ; will be measured by two types of norms: a
weighted maximum of the non-zero block norms ||Ajll, (j,k) € Z and mixed operator
norms of the overall matrix A. In the next two sections we derive formulae for the
computation of pa, (M) with respect to these types of norms.

Remark 3.2 A composite system ¥ of the form (15) which is the direct sum of sub-
systems X; of the form (16) is said to be connectively stable with respect to a given set
of interconnections E (possibly time-varying and/or nonlinear), if o(A4;) C C_, j € m
and the origin of the interconnected system obtained from the block-diagonal system 3
by the feedback u(t) = e(t,y(t)) is globally asymptotically stable for all e € E, see [23].
In the literature many different methods have been put forward for obtaining sufficient
criteria of connective stability based on knowledge of the subsystems ¥; and their in-
terconnection structure. Input-output and passivity methods have been used, but the
most popular seem to be Liapunov methods, see [23] and the survey [1]. The advantage
of these methods is that time-varying and nonlinear interconnections can be considered.
However the estimates are in general quite conservative. On the other hand the set
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E={A € Azq; |All < 7a,,(A, B,C;C_)} guarantees connective stability for arbi-
trary time-invariant linear interconnections of the form u = Ay, A € E and yields a tight
estimate for interconnections of the form A € Az, ;.

It remains an open problem to determine those perturbation structures Az,; for which
it is possible to construct a joint Liapunov function for all perturbed systems X5, A €
Az 1Al < rag,, (A, B,C;C_). If this were case for Az, then connective stabil-
ity would be secured for all time-varying nonlinearities with gain strictly smaller than
Taz,, (A, B,C;C_), for details see [14, §5.6]. Tt is known that such a Liapunov function
of optimal robustness can be constructed in the full block case (where Az,; = C*4,
i.e. T =m x m), see [12].

4 Weighted maximum norms
We consider the same basic framework as that in Section 3. Let || - [|o, be a norm on C%

and || - |5, be a norm on C*. We assume that we are given a non-negative weight matrix
R = [rj;] e RT™™ and introduce the index set

I=TIp:={(.k)em xm;rj >0} (23)
With these data we associate a normed perturbation space (Az,y, || - ||) where (see (13))
Az, ={[Au]; Ajp € Ci*% for j k€ m and Ay, = 0if (j, k) ¢ T} (24)

and | - || is the weighted maximum norm
Al = M Allans, AE AL 25
Al [nax v [AN7 | Poereae € Az (25)

Note that the following equivalence holds for A€ C!*4.
(AcAzgand [[Al <1) & [|Ajkllaps < 7y for all (j, k) €m x m. (26)

In this section we determine the p-value of block-diagonal matrices with respect to the
perturbation structure (Az,,, ||-||) and apply it to obtain formulae for spectral value sets
and stability radii. We will make use of the following well known results from the theory
of non-negative matrices, see [3], [9], [15].

(ol) If A€R™ " is non-negative, the spectral radius g(A) is an eigenvalue of A and there
exists a non-negative eigenvector corresponding to o(A). Moreover

. (Av);
0o(A) = max mln&
vERM\{0} jEn U

v>0  v#0

where v; denotes the jth entry of v and (Av); is the jth entry of the vector Av.
(Q2) Let Al,AQ ceR™™ If0 < Al < A2 then Q(Al) < Q(AQ)
(03) If ax < Az and © > 0,  # 0 then o < p(A). If Az < Bz and z; > 0 for i € n then
o(A) < B.

The next lemma is a consequence of (p1).



Lemma 4.1 Let Yy, Ch>% j kem and | - |5, be a norm on C4. Then

Yii oo Yin IYillgrse o Yimll g
0 : : <o : :
le B Ymm HleHBth B ”Ymm”ﬁm,ﬁm

Proof: Let AeC be an eigenvalue of the block matrix [Yjy], i.e.

Yiu ... Y, x1 T
=X |, z;€CY, jem

le . Ymm Tm Tm
and z; # 0 for at least one j. Then Aaz; =Y " | Yjray for all j€m. This implies

< > et 1Ykl e, N2l g,

for all j with z; # 0.

511,
Setting v; = ||7;[|5, and using (¢1), we have
Yallgos: - Vimllsns
) m_ Y v || 1,M1 m 'm 21
veR™M\{0} JEmM Vj
V20 0 Yollgr g o 1Yol

g

We associate with any given block matrix M = [M;;] € C?*! of the form (12) the following
non-negative m x m matrix of block norms

||M11||517041 ||M1m||ﬁm,a1

M = (27)

HMmlHBl,am s ||Mmm||ﬁm,am
We now prove the main result of this section.

Theorem 4.2 Suppose R = [rjy] €R™™™ s a non-negative matriz and T = Ig is given
by (23). If M = [My] € C™" and M = (|| Mj|3,.a,)jkem s the associated matriz of block
norms then, with respect to the norm (25),

MAI,q,l(M) < Q(R M) (28)
Equality holds in (28) if M = @7, M;, M;eC%*l jem is block-diagonal, viz
fiag,, (M) = o(Rdiag([|Mi]g,.a1, - -5 [ Mmllg,.cm))- (29)
Proof: We have already seen that by Lemma 2.7,

Hag, (M) = max oAM). (30)
lAf=1

10



Moreover, if (AM);j, is the (j, k)-entry of the m x m block matrix AM € C*! then

IAM)kll8, =1 AjiMikllgs, <> 1Aillaws, | Mkl g0 = (AM) i, j,k € m (31)
=1 i=1

where A := 1Ak |lag,8,]jkem- Now let A = [Aj] € Az with [|A[] < 1. Then A <R by
(26) and

o AM) < o [|(AM)cllss])  (by Lemma 4.1)
< o(AM) (by (31) and Property (02))
< o(RM) (by (26) and Property (02)).
Thus, -
paz, (M) = max o(AM) < o(RM).
jan=t

It remains to show that the latter inequality is actually an equality if M = @72, M; is
block-diagonal. For k € m let y;, € C* and u;, € C* be such that [Jugl|s, = |yllZ =1
and y, Myuy, = || M||g.0,- Let A = [A?k], where A?k = rjuy, . Then A® € Az,

and ||A%|| = 1. Since RM = R diag(||Mi||g.r - - > | Ml oo ) € R™™ is non-negative
there is a non-negative vector & = [£,...,&,]" €R™ such that RME = o(RM ). Define
w = [&u{,...,&uu)]T. Then a straightforward computation yields A® (@7, My)w =

o(RM)w. Thus pia, (M) > o(A° (@7, M) > o(RM), and the proof is complete. [J

We will now apply the above theorem to determine the spectral value sets and stability
radii of block-diagonal matrices A with respect to perturbations of the form (14). Let
Br(9) denote the open ball with radius § > 0 about the origin in the perturbation space
Az, provided with the norm (25),

Br(0) = {A € Azqp; |All < 0} (32)
It follows from (26) that Br(0) is the set of block matrices A = [Aj;] satisfying
1Ajkllap.s; <O0mjk,  (J,k) €T =Zr, ||Ajkllay,s, =0 otherwise.

Corollary 4.3 Suppose R = [r;ji] €ER™ ™ is a non-negative matriz and T = Tg is given
by (23). Let (Aj, Bj,C;)) € Ly, 1,.4;, J €m, and consider perturbations (14) of the block-
diagonal matriz A. If Az 4, is provided with the norm (25) and G;(s) is defined by (17)
then

(a) The spectral value set oa, (A, B,C;0) is given by

Uo(Aa) = a(A) U {sep(4); o(Rdiag(|G1(s)llsr.ans - - IGim($) | 5na) > 7
AeBg(9)

(b) Let C, be an open subset of C and suppose Ay, ..., A, are C,-stable (i.e. o(A) C
Cy). Then the stability radius is given by

-1
raz. (4, B,C;Cy) = (zgg Q(Rdiag(llGl(S)llmval,---,IIGm(S)Hmam))) - (33)

11



Proof: Applying Theorem 4.2, (a) follows directly from (20) and (b) from (21). O

We conclude this section by specializing the previous results to the scalar diagonal case
where A = diag(ay,...,a,) is perturbed to Ax = A+ A with

AEAI = {Aecnxn,AijOIf’f’]k:O} (34)

Here R = (rjx);ken is a given non-negative n x n matrix and the perturbation space Az
is provided with the norm

|A]| = (ﬁ?éczrﬁﬂAjkL AeA; whereT:=Zr={(j,k)enxn;ry; >0}  (35)

This can be subsumed into the above framework by setting m =n, [; = ¢; = 1 for j € m,
(Aj,B;,C;) = (a;,1,1), j € m, and ||Ajilla,.5, = |Ajkl, j,k € m. Note that for this
special case G;(s) = (s —a;)™', j € m.

Corollary 4.4 Suppose R = [r;;] € R"*" is a non-negative matriz with associated index
set T = Ig defined by (35) and normed perturbation space (Az,| - ||) defined by (34),
and (35). Let ay,...,a, €C, o9 = {a1,...,a,}, and set Apn = diag(ay,...,a,) + A for
arbitrary A€ C"*"™. Then

(a) U  o(An) = cou{s€C\oy; o(Rdiag(|ls—ai|™",... [s—an|") ) = 1}.

AeCnxn, |AI<R

(b) If C, is an open subset of C, op C C,, then

1
TAIR(diag(al, coyn)y In, I Cy) :< Selgg 0 (Rdiag(\s —ay|h s = an\_l))> . (36)
$ 9

(¢) In particular, if C, = C_ :={seC; Rs <0} and ay,...,a, <O then
rag, (diag(ar, ..., ax), Lo, [; C_) = (o(Rdiag(Jar| ™", .. faa| ™)) . (37)

Proof: (a) follows directly from Corollary 4.3 (a) since ||A]| < 1 if and only if A € Br(d)
for all § > 1. (36) is a special case of (33) since G,(s) = (s — a;)~'. To verify (37) note
that by assumption ay,...,a, € R and so the functions w +— |iw — a;|™! attain their
maxima on R at w = 0. Hence, the monotonicity property (02) of the spectral radius
yields

su%g (Rdiag(|8 —ay |78 — an|_1)) =0 (R diag(|ai| ™", .. ., |an|_1)) )
s€1

Thus, (37) is a consequence of (36). O]

Example 4.5 Suppose A = diag(1,i, —2,—2i) and

06 2 2 06 00 06 00
112 0 2 2 10 0 2 2 1o 02 2
Bi=71la 208" ®=3l2 2058l =100 0 s (38)
1120 1120 1100

12



1 1 1+ ®

0 0 @ i ) :

- -2 @ -2t ®

-4 ) 2 a 0 1 2 -4 3 2 0 1 2 -4 3 2 1 [) 1 2

S, S, Sy
Figure 2: The sets S; defined in (39)

Figure 2 shows the sets

S; = U oca+a), =123 (39)
AECH*4, |A|<R;

Note that R; (resp. Rg) is obtained from Rj3 by replacing all (resp. some) off-diagonal zeros of
R3 with 1/2. Since Ry > Ry > Rs, the sets Sj decrease as j varies from 1 to 3. The pictures
have been obtained via Corollary 4.4 (a). O

5 Mixed operator norms

We consider the same basic framework as that in the previous two sections. Let || - ||cm
be an absolute norm on C™ which is invariant with respect to a permutation of the
coordinates (for instance, a p-norm, 1 < p < o0), and let N(-) be the induced operator
norm on C™™. For j,k€m let || - ||o, be a norm on C% and || - ||5, a norm on C*. Given
any index set Z C m x m, we define a norm on the perturbation space Az ; (24) by the
formula

[Avillars - [[Aumllan,e

1Al =N . A=[Aj] € Azqu (40)

HAmlHal,ﬁm s ”Amm”am,ﬁm

In this section we derive a formula for the p-value of block-diagonal matrices M with
respect to the perturbation space Az, provided with the norm (40). As a preparation
we consider the general case of an arbitrary block matrix M € C? of the form (12) and

determine an upper bound for uk‘z ql(M )1 in terms of the associated non-negative m x m

matrix M, see (27).

Proposition 5.1 Let M, € C%*% jkem, M = [My] and T C m x m. Then with
respect to the norm (40),

Hay (M) < pin, (M) (41)

1Since in this section we will consider u-values with respect to more than one norm, we use the notation
I . .
Pag.,, where there may be a risk of confusion.
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where M is defined by (27) and
Az = {[0;] € C™™; 655 = 0 for (i,7) ¢ I} (42)

Proof: To prove (41) it suffices by Lemma 2.7 to show that for each A € Az ; with
|A|l = 1 there exists A € Az such that N'(A) = 1 and o(AM) < o(AM). Given any
A€ Az, with ||A]] =1 let A € R™ be the matrix in the parenthesis on the RHS of
(40). Then A € Az and N(A) = |A]| = 1 by (40). Let u = (u/)jem € QL Ch, u # 0
and A € C be such that AMu = Au and |A\| = o(AM). We set @ = (||uj||5j)j6m. If
AMu = ((AMu)?)jem € @}, Ch is partitioned as u then, for every j € m,

IAMuY |5 = 133 MMt |ls, < 37 1Ay

k=1 i=1 k=1 i=1

utllg, = (AMa).

ai,ﬁj|’MikH6k7ai

It follows that we have the following componentwise inequality

AMa > (|(AMu)||g,) ... = |\

JjEM

and so o(AM) > || = o(AM) by (03). This concludes the proof. O

We will now prove that equality holds in (41) if M = [Mj;] is block-diagonal, i.e. M, =0
for 7,k € m, j # k. In the proof we will make use of some elementary notions from graph
theory [15], [4] which are summarized in the following remark.

Remark 5.2 A finite sequence v = (ji, ..., j¢) of integers is said to be a path from j; to
je in the directed graph I'(m, Z) if (j;, jiv1) €Z for all i€/ — 1. Two nodes j, k of I'(m, 7)
are said to be strongly connected if there exists a path from j to k and a path from k to
jin I'(m,Z). A subset J C m is said to be strongly connected if any two distinct nodes
in J are strongly connected in I'(m,Z). The maximal strongly connected subsets of m
are called the strongly connected components of the directed graph I'(m,Z). They form
a partition of m. A finite sequence v = (j,...,J¢) of mutually distinct integers is said
to be a cycle of length |y| := ¢ > 1 of the directed graph I'(m,Z) if (j;, jiy1) € Z for all
i€l —1 and (jg, 71) €Z. We will write j €~ if j = j; for some i €. By Z(Z) we denote
the set of all cycles in I'(m, 7). A cycle y€ Z(Z) is said to be nontrivial if |y| > 2. If for
a given jo € m there does not exist a nontrivial cycle v € Z(Z) such that jo €~ then {jo}
is a strongly connected component of I'(m,Z).

For any A = [ajx] € C™*™ we set T4 = {(j,k) em x m; a;i, # 0}. Let v = (j1,...,J0) €
Z(m x m). Then the cycle product of A over ~ is defined as

H,\/A = Hajijiﬂ, Where jZJrl = jl-
=3

Note that if v = (j) is a cycle of length 1 then Hw A = aj;.

If A= laji],B = [bjx] € C"™*™ we denote by Ao B the Hadamard product of A and B,
Ao B = [ajib;r] € C™*™. For non-negative matrices the Hadamard product satisfies the
following inequality which is a corollary of Theorem 5.7.21 in [15].

14



Lemma 5.3 Let A, BERT™. If Z(Z4) =0 then o(Bo A) =0. Otherwise we have
1

o(Bo A) < p(B) max (H'y A)W .

YEZ(ZA)

Given (my,...,my) € N, ¢ > 1 and matrices C; € C™*™i+1 j € £ where my,; := m; the
associated block cyclic matrix is defined by

[0 C; O .- 0 ]
0 CQ , ,
Z(Cl, .. .,Cg) =1 0 c C(ijlmj)x(zj':1 mj)
0 - oo 0 Cypy
c, 0 - e 0 |

The next result which follows from Frobenius’ theorem (see [9, Chapter XIII, §2]) deter-
mines the spectral radius of non-negative cyclic matrices with scalar blocks.

Lemma 5.4 Letcy,...,cq >0, ¢ € N. Then the spectrum of the cyclic matriz Z(cy, . .., ¢p)
s given by

0 (Z(cr, ... er)) = {*T o1k € [} (43)
where 0 = o(Z(c1,...,¢0)) = (cre9 -+ -cz)l/é.
The following theorem is the main result of this section.

Theorem 5.5 Suppose M; € C4* for jem, M = ®7L 1 M;, T C m X m are given and
let Ty :=={(j,k)€Z; M; # 0 and My # 0}. If (Azqu || - ||) is the perturbation structure
defined by (24), (40) and Az defined by (42) is provided with the norm N, then

1

-1 N o, ma, , M. va.) B7 it Z(T 0

fay, (M) = s (M) = XyeZ(Zo) (H]@ 1M 18, 0 f (Zo) # (44)
! i 2(Z) =0

where M = diag(|| M1l g1.01s - - - | Monll Bonscinn ) -

Proof: Let ¢ denote the RHS of (44). We first show that

I1-1I N ~ ~ o~
e (M) < 1ia (V) = max o (A07) < 45
z
N(A)=1

The first inequality in (45) follows directly from Proposition 5.1. To prove the second
inequality in (45) let £ = [ej;] e R™ ™, where ej;, = 1 if (j,k) €Z and ej; = 0 otherwise.
Set

A= EM = Ediag(|Millg.01 - - - [Muml o) = (€551 Ml g0, JERT™.

Then Ty C 7, Z(Za) = 2(Zo) and we have [[ A =[], [[M;llg;,0, for every cycle v €

Jjey
Z(Z). Thus
1
MaX,ez(7,) <H7 A) T Z(Ta) £ 0 (46)
0 otherwise.
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Let A = [Ajk] GAI with N(A) = 1. Then AM = [A]k €ik ||Mk||5k704k] = AO(EM) = AOA
and so by Lemma 5.3 and (46)

o(AM) = o(A o A) < o(A) e < N(A)e =c.

This proves (45). If ¢ = 0 then equality holds in (45) and hence (44). By Lemma 2.7 it
remains to construct, for each cycle v € Z(Zy), a matrix A” € Az ,; such that ||AY|| =1

and
a1

o (A7 (21,0)) > (T 104 1,0,) ™" (47)

The construction of A7 is as follows. Suppose that v = (ji,. .., j¢). For j€m let u;eC%
and y; € C% be such that ||u;|s, = ||yj||gj =1 and ijMjuj = ||M;||,,a;- Let A7 := [A;.Yk],
where
wiyh,, i (G k) = (i din), 1€ =1,
A,jyk = ujfy}; if (jvk:) = <j€7j1)7 ) j>k€m-
0€Cli*a%  otherwise.

For instance, if m=4 then

0 0 wy; O 0 0 wy; O
AG3Yy | 00 0 0 ABA21) _ usgy; 0 0 0

0 0 0 usy|’ 0 0 0 ugy |’

wy; 0 0 0 0  ugy; O 0

We claim that A" has the required properties. Obviously, A" € Az,;. To see that
|AY|| = 1, note that A” contains ¢ > 1 non-zero blocks, and in each block row and each
block column of AY there is at most one non-zero block. All non-zero blocks have norm
1. Since the norm || - [|cm is absolute and invariant with respect to a permutation of the
coordinates, it follows that

1A = N (T Akl 5] ) = 1.

Let us show (47). Observe that the principal block submatrix of AYM corresponding to
the block rows and columns with numbers ji, ..., j, is permutation similar to the block
cyclic matrix

T T T T T T
Z(ujlyszjQ’ ujQngMj37 cees UG, Y5 Mjl) - Z(ujlnga UjoYjgs - - - >ujeyj1) (@leMji) :
1

By Lemma 5.4 the product ¢ := (Hje'y ||Mj||ﬁj,aj) "is the spectral radius of the matrix

Z = Z(”Mleﬁjl,Oéjl? SR ||Mjf||ﬁjeyaje)’

Let £ = [, ...,&;,)" €RY be an eigenvector of Z corresponding to o, see (o1). Then the
following relations hold.

0€C% otherwise
w,]". Then using (48), we have

1
&1l : : ‘
||Mji||ﬁji,aji€ji+1 = (Hje'y ||Mj||ﬁj,aj> k gjiv ZEE, Je+1 = J1- (48)
oy, it g =g, i€l i =51
Now set w = [w],...,w}]|", where w; = {gj”luh BT In AES Je = ,JEmM

and let @ := [w] ,w]

g1 Wiy oo o)
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Z(uhijga uj2ij37 s >ujeij1) (@z lM )

0 ujlyj2Mj2 0 S 0 [ gjzuﬁ
0 0 umyJSM : €js Uy
0 0 S, b Mg, || S e
_szy;EMjl 0 0 | L gjlujf i
||Mj2 ||Bj2 1o gjs Ujy [ §j2 Ujy 1
||Mj3 ||ﬁj3,04j3 §j4 Ujo §j3 U
. 1 .
: Tl
- . - <Hj67 HM ||BJ O‘J) ’
HMje ||Bj[704j[ gjl Usgp_y Ejz Ujp_y
| HMjl Hﬁjl,ajl gjz Ws, i L §j1 U, |

1
o~
= (e, 1M 15,,) ™

L
This implies that A” (@;”Zle) w = (Hj@ ||Mj||5j,aj> "w. Thus (47) holds, and the

proof is complete. O

As a corollary we obtain the following characterization of spectral value sets and stability
radii for the perturbation space (Az g, | - |)-

Corollary 5.6 Suppose (A;, B;,C;) € Ly, 1,4, for j € m, 6 > 0, T C m x m and
A = Az, is provided with the norm (40). Let A= @7, A;, B =@, B;, C = @jL,C;
Gi(s) = Cj(sly, — A))"'By, jem, Io:={(j,k) €L; B; #0,Cy #0}.

Then
(a) If Z(Zy) # O the spectral value set of A with respect to perturbations of the form
(14) is given by

0(Aa) = o(A) U{s € p(A); max [T, 1Gi(9)llg0; > 07} (49)
A€ A7 1, ||Al<6 Y€Z(Zo)

If Z(Zy) = 0 then all the eigenvalues of A are fized under perturbations of the form

(14), i.e
U o(4a) =0a(4).
AEAI’qJ
(b) If jo€m, and there does not exist any cycle v€ Z(Zy) such that jo €7y, then
O'(Ajo) Q O'(AA), A c AI,q,l-
(c) Let C, be an open subset of C and suppose Ay, ..., A, are C,-stable. Then the
stability radius ra; (A, B,C;Cy) is given by

1
7]

-1
ra,, (A, B,C;Cy) = SUP,epc, MAXyez(z) (Hj@ |G,(s )||gj7aj> ] if Z(Zy) # 0 .
o0 if Z(Zo) =0

—~

50)
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Proof: (a) Since G(s) = @7L,Gj(s) is the transfer function of (A, B,C) (a) is a direct
consequence of Theorem 2.5 and Theorem 5.5.

(b) Suppose A € Az, Since Ax = [Ajp + BjA;Cy] and B;A;,Cy = 0 if (5,k) & T,
B; =0 or Cy =0, we have Zpac € Zp and Zu, CZaUZy C {(k,k); k € m} UZ,. Now
assume that there does not exist any cycle v € Z(Zy) such that jo€~. Then (jo, jo) & Zo,
hence Bj,Aj;,Cj, = 0, and {jo} is a strongly connected component of the directed graph
['(m,Z4,). This implies that Ax is permutation similar to a matrix A of block upper
triangular form

Ay - e Ay

~ Agy oo Ay
AANA: 22 . '2

AT‘?"

where the diagonal blocks correspond to the connected components of the graph I'(m, Z 4, ),
see [3, 2.3]. Hence A;, = Aj, + Bj,Ajy;sCjo = Agr for some k € r and this shows that
o(4A;)) Co(Aa).

(c) If Z(Zy) = () then the last statement of (a) implies ra, (A, B,C;C,) = co. Now
suppose Z(Zy) # 0. By the continuity of the spectrum, ra, (A, B,C;C,) is the largest
value of ¢ such that o(Aa) NOC, = 0 for all A € Az, of norm ||A]| < §. By (a) this
condition is equivalent to

e T, 1G,(9) 0, <071, s € 0C,

or, equivalently, o

sup max (TLie, 1Gi(5)llg,a,) " <070

5€8Cy 7€Z(Z0)

This concludes the proof of (50). O

Figure 3: The boundaries of the Brualdi sets B(—2,—1,1, —i,;6), § = 1,2, 3,5, 20, 30.

We will now specialize the previous result to the case where the blocks are reduced to
scalars, i.e. [; = ¢; = 1 for ¢ € m. In this case a more concrete version of the formula (49)
is obtained in which the spectral value sets are expressed as a finite union of sets of the
following form

B(zl,...,Zg;(S)::{sG(C;Hje£|s—zj|Sé}, leN, z1,...,2€C, §>0. (51)
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These sets are called Brualdi sets in honour of Brualdi who introduced them in [6]. They
will be further discussed in the sequel. Note that B(zy,...,2.;0) = {z1,...,2} and
B(z;6) = D(z; ) is the closed disk of radius § about z. For an illustration, see Figure 3.

Corollary 5.7 Suppose a;j,b;,c; € C, j € n, A= diag(as,...,a,), B =diag(by,...,b,),
C = diag(c1,...,¢n), T €S nxn and || - ||c» is an arbitrary norm on C* with induced
operator norm N (-) on C™*™. Let

AI = { [A]k] e(cnxn; Ajk e C and Ajk =0 Zf (], k?) §ZZ},
VANTI R VAN
IA] == N(A]) =N : : , A€Ar, (52)
VANSY R VA W
Ap = A+ BAC,
Ty :={(J, k) € Z; bjcy, # 0}.

Then the following statements hold.
(a) For all § >0,

U o(4s) ={arvab U B (e O TIL el ) - (53)

NN o
NS (J1,--,50)€Z(Z0)

(b) Let jo € n and suppose there does not exist any cycle v € Z(Zy) such that jo € 7.
Then aj, € o0(Aa) for all Ae Ax.

(c¢) If C, is an open subset of C, ay,...,a, € C,, then

. : S
TAI<A7 B’ C; Cg) — Hlfsea(cg My e 2(Zy) (HjEW |S - a’j‘/|bjcj|> ZfZ(IO) 7& @ (54)

Proof: (a) If Z(Z;) = 0 then Corollary 5.6 (a) implies
U o(Ap) ={ay,...,a,}.

A€ Az, [|All<s

Now suppose that Z(Zy) # () and let § > 0. Since

G(s) = diag(gi(s),- -, gn(s)),  95(s) = ¢j(s —a;) 7'y, j€n
is the transfer function of the system (A, B,C) we have by (10) and Theorem 5.5 the

following equivalences for s€C\ {ay,...,a,}.

s € U U(AA)
Ac Az, ||A]<Ls
= Mk;’(dlag(cl(s — al)_1b17 ey Cn(s - an)_lbn)) Z 5_1
B
= <Hj€'y lcj(s = ay) bj‘) =
TN
& AveZ(Ty) : <Hjew lej(s —aj) 1bj|> 2

& IveZ(I) : Hj€7|s—aj\ < Ml Hje,y\bjcﬂ.
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Hence (53) holds.
(b) is a special case of Corollary 5.6 (b).
() Since |g;(s)|™t = |s — a;|/|bjc;| if bjc; # 0, formula (54) is a special case of (50). O

Remark 5.8 (i) Corollaries 5.6 and 5.7 show that the spectral value sets and stability
radii of block-diagonal and diagonal matrices with respect to the normed perturbation
structure (Az 4, || - ||) (see (40)) are independent of the norm N.

(ii) For the special case that C;, = C_ and a4, ..., a, < 0 it follows from (54) that

1 1
rar(4,B,0:C) = min (T, lagl/lbse)l) ™ = min (TTie, relas, by, e:C2)) .
By Corollary 5.7 Brualdi sets play a fundamental role in determining the spectral value
sets of diagonal matrices with respect to perturbations A € Az. We conclude this section
with some remarks concerning these sets. Each Brualdi set (51) can be represented as
the intersection of a family of sets which are unions of ¢ closed disks of centres z;, i € £.
More precisely, we have

Proposition 5.9 Let zy,...,2,€C and 6 > 0. Then

B(z1,...,260) = n UD(zj;cﬁrj) : (55)

T seees ry>0, jeﬁ
[jeerj=1

Proof: Let D denote the set on the right hand side of (55). Suppose that s € D. Then
there are 7y, ..., > 0 such that [[,c,r; =1 and [s — 2;] > 5%7’]» for all j €. Multiplying
the latter inequalities we obtain that [[;c,|s — z;| > d. Thus s & B (21, ..., 2;0). Hence
B(z1,...,2;6) € D. Now suppose that s € B (21, ..., 2;0), then 81 :== [[;,[s — 2| > 6.
If we define r; > 0 by |s — z;| = 51%7“]», j €L, then s & UjeﬁD(zj;é%rj) and [[;,7 = 1.
SoséD. O

From the relation (55) one can derive an upper bound for the connected components of
Brualdi sets.

Proposition 5.10 Let zy,...,2,€C and 6 > 0. Then

(a) each connected component of B(z1, ..., z;0) contains at least one of the points z;,
Jjel.
(b) Let € > 0 and suppose that for a given j € £
. 1 _
L —
kgé}gﬁj\z] 2| > 07 <e+e 1) : (56)
Then the connected component K; of B(z1, ..., z;0) with z; € K is contained in

D(zj;ecﬁ).

Proof: (a) Set f(s) := [[;c,(s—%;). Let K be a connected component of B(z1, ..., 2 ).
Then K is compact. Hence there exists so € K such that |f(so)| = minsex |f(s)|. Let U
be an open neighborhood of sy such that U N B(zy,...,2,;d) = U N K. By the definition
of B(z1,...,2006) we have |f(s)| > d for all seU \ K. Thus |f(s¢)| = minser |f(s)| and
this implies f(so) = 0 since f is holomorphic and non-constant. Thus sy = z; for some
jel.
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(b) For i€l set {e iz
Ty =

_1 }
€ -1 otherwise.

Then [],,,m = 1 and Proposition 5.9 yields that B(zy,...,24;6) C UiegD(zi;é%m).
The condition (56) implies that D(zj;é%'r’j) N D(z;dtry) = O for all k # j. Thus
K; CD(z;0tr;). 0

Roughly speaking, the above proposition states that if the distance of z; € C from the
numbers z, € C, k # j, is large then the connected component K; of B(z, ..., 2;0) is a
small set. This is illustrated in Figure 4.

Figure 4: The Brualdi set B(—3,1,1+1¢,1 —4;4), § = 5.

6 Off-diagonal perturbation structures

We consider the same basic framework as that in Section 5 but now the index set is
off-diagonal:

Log :=A{(j, k) €Em x m; j # k}. (57)
The corresponding perturbation class Az, ,; is the set of all m x m block matrices
A = [Aj;] such that Ajp € C*% and Aj; = 0 for all j,k €m. In this section we derive
formulae for the corresponding p-function, spectral value sets and stability radii.
Recall the following inequality for the geometric mean.

Lemma 6.1 Let ¢ > co > ... > ¢, > 0. Then, for all ke, <H§:1 cj>z < (Hle cj>E )
For 7 = Z.¢ the following proposition is a special case of Theorem 5.5.

Proposition 6.2 Let M; cCu*li, jem, M = EB;”ZI M;. Then with respect to the norm
(40),

Mgy (M) = max I l5, 0, | Mg, o

1<j<k<m

Proof: Fach pair (j, k) €m x m, j # k is a cycle in the graph associated with Z,g. Thus

i
max JI1Millg,0, 1 Millgon < max (TLe, 1Mll5,0,) " (58)

1<j<k<m YEZ(Zomr)

Each cycle v € Z(Zyg) has length |y| > 2. Let v = (ji,...,J¢), and let j;, j. €y be such
that i # r and || My, |lg;. a5, > 1Mj. g, .05, = 1M, |l5;, .0, for all v €L\ {4, 7}. By Lemma 6.1
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L

] : .
we have that (Hjew HMjHﬁﬁaj) < \/HMjiHﬁji’aji 1M, |8, ,a,,- Thus, equality holds in
(58). Now, the proposition follows from Theorem 5.5. O

An analogous result holds if the underlying norm on Az . ,; is the operator norm induced
by Sp—norms on Cht-+m and Cut-+9m_ The corresponding j-function will be denoted by
M(Apz ,.(-)- To prove the result we need the following lemma.

off ' 9>

Lemma 6.3 Let m;,n; €N, j =1,2 and suppose || - ||o and || - ||z are absolute norms on
Cmitm2 gnd C™*"2 | respectively. If X e C™>m2 Y e C™2*™ gnd Z € C™2%"2 then

> #]],, =]l 2]

Proof: The function ¢ — f(() := H L(i ng}

t>1.

Y
670{

H is convex on R, and since || - ||, and
B0

Im, 0 1[0 X[l 0
|| - |l are absolute we have that f(—() = [ 0 _Im2:| {Y CZ] [ 0 [nj ‘

= f(¢)

B,
for all ( €R. From this it follows that f is a non-decreasing function on [0, 00). Thus for
o x| ... o lfo x
all t > 1, [ty Z} =tf (1) <tf(l)=t [Y Z] : O
/87a /87a
In the following theorem || - ||, denotes the operator norm induced by p-norms on the

corresponding vector spaces.

Theorem 6.4 Suppose pe|[1,00], M;€C%*l for jem and M = EB;”ZI M;. Then

i€, (@70 ) = max JIAL, 16l

Proof: Without loss of generality we may assume that |||, > || M|, > ||M;]], for

j > 3. Let Ae Az, 4. Then A = {3 )Z( for some X eCh*@" Y eClxn zeClHxQ
where Q' = Y q;, L' = > 1;,. Suppose first that M, = 0. Then all eigenvalues
7=2 1) 7=2"]

of AM = {Ygﬁ 8] are zero for all A € Az, ,;. Consequently, /L(ﬁ)zom’l(]\/[) =0 =

VIIMi||pl| Mal|p. Suppose now that M, # 0 and let

M
F, .= diag(tl,,, 1), Gy = diag(tl;,, I1/), t:= [ My, > 1.
1M,

Then [[t72M;]|, = ||M2]|, and therefore

IF MG, = | diag (72 My, Mo, Ms, ..., My) [l = [[ Mzl

By Lemma 6.3 |G:AF;||, < t||Al, for all A€ Az, ,;. Suppose that ||A||, = 1. Then we
have

o(AM) IGAMG |, = [(GAF) (F, MG,

IGAE, | MG |, = |GAE], ([ Mol

< Al tIMll, = /1Ml Mol -

22
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Therefore u(ﬁ)zﬁql(M) < VI Mi|lpl[ Mz, - To see that equality holds, let u; € Cli, y; €
C%, j =1,2, be such that |lu;|[, = ||yj||zl)) =1 and ijMjuj = ||M;]|p, 7 = 1,2. Define

N &, v
R 3 P ll lm
A0 T dlag ({UleT 02:| ) 0) € Al'oﬁ%q,l ) U= 14/ ”Ml”pUQ eC Fotlm
0
Then [|Ag]l, = 1 and an easy calculation yields AgMu = +/||M]|, ||Mz||, u. Thus
Mg;gff,%l(M) > o(AgM) > /M, [Ma]], and this concludes the proof. O

We have not been able to extend Theorem 6.4 to arbitrary index sets Z C m x m and so
we formulate a conjecture in this respect as an open question.

Open question: Does the identity

1

(p) m 1]
1y, (@7 M) = max (TT,e, 1051,)

YEZ(T)

hold for arbitrary index sets Z C m x m?

As corollaries of Proposition 6.2 and Theorem 6.4 we obtain the following formulae for
spectral value sets and stability radii. The first corollary deals with the general block-
diagonal case and the second with the (scalar) diagonal case.

Corollary 6.5 Suppose (Aj, B;,Cj) € Ly, 1,4, 7 € m, A = @JLA;, B = ®JL, By,
C = @jL,Cj, 6 >0, and Az, 41 is provided with the norm (40) or with the operator
norm induced by some p-norm, 1 < p < oo.

Let Gj(s) = Cj(sl,, — Aj)"'B;, j € m and define |G;(s)|| = [|Gi(s)
1Gi(9)|lp, © € m, respectively. Then

g o7 [|Gils)]| =

(a) the spectral value set of A with respect to perturbations of the form

A~ Ay = A+ BAC, AGAIOH,q,la HAH <0 (59)
15 given by
LU ol = o uts et mas IGENIGEN> 57 (60)
lal<s

(b) Let C, be an open subset of C and suppose As, ..., A, are C,-stable. Then the
stability radius is given by

Fan oA B, C5Cy) = [sup max/11G;(9)[1Gx(s)]

s€dC, 1<j<k<m

-1

(61)

> min \/nC(Aj,Bj,cj;cg)rC(Ak,Bk,ck;cg).

T 1<j<k<m

Proof: Making use of Theorems 2.5 and Proposition 6.2 (resp. Theorem 6.4) the corol-
lary can be proved in a similar way as Corollary 5.6 (a),(c). O
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Corollary 6.6 Suppose a;j,b;,c; € C, j € n A = diag(ay,...,a,), B = diag(b,...,b,),

C = diag(cy,...,c,) and N(-) is an arbitrary operator norm on C™". Let Az, =
{[A;] €C™™ Ay = ... = Ay, = 0} be provided with the norm || - || = - |lp, 1 <p < o0

Al o A
1A= N(A) =N : : , A€ A, (62)
Au] or 1Al

AA = A+ BAC.

If A = diag(ay,...,a,), B = diag(by,...,b,), C = diag(cy,...,c,) then the following
statements hold.

(a) For all§ >0,
o(Ap) = {5 €C; min |s—ajlls —ai| < 52\bjcjbkck|} : (63)

NV RIS 1sj<ksn

(b) If C, is an open subset of C and a4, ..., a, € C, then

o o 1/2
ra; (A.B,C;Cy) = inf min (|S al ls a’“') . (64)

s€0Cy 1<j<k<n \  |bjcj|  |brck]

Proof: Making use of Theorems 2.5 and Proposition 6.2 (resp. Theorem 6.4) the corol-
lary can be proved in a similar way as Corollary 5.7. U

If C;, = C_ and ay,...,a, < 0 then |w — a;| > |a;| for all w € R, j € n so that (64)
implies

' 1/2
ra; (A,B,C;C_) = min (M)

1<j<k<n \ |bjc;bgcyl

7 Application: inclusion theorems

An arbitrary matrix A = [a;] € C"*" can be represented as a perturbation of the diagonal
matrix Dy = diag(aiy, .. ., an,) by an off-diagonal perturbation matrix A 4:

A=Ds+ Ay where Ay=A—-Dy€ Az, = {[Ajk]EC"X”; Agp=...= A, = 0}.
Hence, setting
IT:=TaNZog ={(j,k) €Enxn;j#kand a;, # 0} (65)

we have by Remark 2.6 (ii)

o(4) C U 0(Da+ A) = 0ar(Da, In, In; [[Aal)- (66)

AcAg, [Al<Aall

Applying the previous results about spectral value sets of diagonal matrices one obtains
different estimates for the location of the spectrum of A (depending on whether one
chooses the perturbation norm to be (35) or (62)). In this section we recall the classical
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eigenvalue inclusion theorems of Gershgorin, Brauer and Brualdi and show how they can
be obtained as corollaries of the results in the previous sections.
Gershgorin’s Theorem states that for all A = [a;;,] € C"*™

0(A) C Ga = Dla; R;(A)) where R;j(A) := > al. (67)

Jjen ken,k#j

Gershgorin’s Theorem was improved by Brauer [5]. He used inclusion regions for the
eigenvalues of the following type.

C(z1,22;p) :i={s€C; |s—z||s— 2| <p}, 21,20€C, p > 0.

The sets C(z1, 22; p) and their boundaries are called the ovals of Cassini. For an illustra-

25
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Figure 5: The ovals of Cassini C(1,—1;p), p = 0.25,0.8,1,1.4,2,4.

tion, see Figure 5. Brauer’s Theorem states that

o(A) CCa= |J Claj;am: Ri(AR(A)), A=lau]eC™™ (68)

1<j<k<n

A further refinement has been obtained by Brualdi [6] who gave more precise information
about the location of the eigenvalues by taking into account the zero structure of A. For
this he introduced sets of the form (51) which now carry his name. With every matrix
A = [ajr] € C"*" we associate the following union of Brualdi sets

By = U B <a’J1]17 » Qg H@ 1 R_]z (A)) (69>
(1,30 €EZ(T)
where R; are as in (67) and Z := T4 N Zog, see (65). Brualdi’s Theorem states that
o(A) C Ba (70)

provided that each index j € n is contained in some cycle v € Z(Z). From Corollary 5.7
we obtain the following slight extension of this result.

Corollary 7.1 Let AecC™"™ and set
oo(A) = {ajj;j€n and VyeZ(ZL): 5 &}
= fajj;jen and (jeyeZ(Za) == ()}
Then oo(A) C o(A) and o(A)\oo(A) C Ba. In particular, if oo(A) = 0 then o(A) C Ba.
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Proof: If A€C"*" is a diagonal matrix then there is nothing to prove. Assume that A
is non-diagonal and has off-diagonal row sums R;(A), j € n. Set A = [A;] € C**", where

A JR(A) Ty i # K and Ry(A) #0,
T 0 otherwise.

Then A = Az := diag(ayy, ..., an,) + diag(Ry(A), ..., Ry(A) A, and ||A|, = 1. Note
that ||Ally = || |A]|lx is a norm of the form (62). Furthermore, we have that A € Ag,
where 7 =74 NZ.g. Thus

a(A) C U  o(Aa) where A = diag(aqy, .. ., an,) + diag(R1(A), ..., R.(A)) A.

A€ Az, [[Ala<1

Hence, applying Corollary 5.7 with the norm NV (-) = || - ||1, 6 =1, b; = R;(A) and ¢; = 1,
i € n we obtain the result: ¢(A) C g(A) follows from (b) and o(A)\oo(A) C By follows
from (a). O

We conclude this paper with a brief discussion of the relationship between the above results
of Gershgorin, Brauer and Brualdi. First note that B(z1;p) = D(z1; p) and B(z1, 29; p) =
C(z1, z9; p). The following proposition yields a useful tool to establish inclusion relations
between these sets.

Proposition 7.2 Let z,...,2,€C and py,...,p¢ > 0. Then
B <Zl7 .. ,Zg,Hjegp]) - UkeﬁB <zl7 s 7/2\]?7 ey RLS H]Gﬁ,];ﬁk pj)7

where B (21,...,E’\k,...,zgnje&#kpj) = {sGC; Hj%#“s —zj| < Hj%#kpj }

Proof: Suppose that s & UkegB (zl, ey Rl ey 205 Hjeg,#k pj) . Then we have for all
kel, ITjcr jun |8 — 2l > Tljcq jun pj- By multiplying these ¢ inequalities we obtain

-1 -1
(Hjeg‘S_ZjD > <Hj€£pj> .ThusngB(zl,...,zg;Hjegpj). O

Corollary 7.3 Let z1,...,2,€C and p1,...,pe > 0. Then

B (Zl,...,Zg;Hjegp]) C U C(zj, 215 pipr) C UD(ZJ';PJ)-

1<j<k<t JeL
Corollary 7.3 implies that for all A€ C™*" n > 2,
By CCaCGa. (71)

Thus the theorems of Brauer and Gershgorin are consequences of Corollary 7.1. The first
inclusion in (71) has been shown by Varga [27], the second by Brauer [5].

Example 7.4 Consider the following matrix and the corresponding incidence graph
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—0
The matrix A can be represented as a sum of the diagonal matrix Ag = diag(1,2, —2, —21)

and the off-diagonal perturbation R3 € Z,g defined in Example 4.5. Figure 6 illustrates the
eigenvalue inclusion regions for A due to Gershgorin, Brauer and Brualdi. The crosses mark

»—\
-
-

H
|

i

i

Figure 6: Comparison of the regions G4,C4 and B4.

the diagonal elements of A. Comparing the right hand figures in Figures 2 and 6 we see that
the inclusion provided by Corollary 4.4 (a) is somewhat tighter than the estimate provided by
Brualdi’s Theorem, see (70). O

Although the theorems of Gershgorin, Brauer and Brualdi follow directly from our main
results we emphasize that the problems underlying the inclusion theorems and those
underlying our results are quite different. The inclusion theorems consider the matrix
A= Dy + Ay as given and establish upper bounds for o(A) viewing A as the result of a
(known) off-diagonal perturbation of D 4. On the contrary Corollaries 5.7 and 4.4 provide
precise formulae for the union of the spectra of all the matrices Ax = D4+ A where A is
an arbitrary complex matrix of norm < ¢ with the zero structure determined by Z (resp.
an arbitrary complex matrix satisfying |A| < R). In these corollaries the diagonal matrix
Dy, the index set Z and the uncertainty level § > 0 (resp. the diagonal matrix D4 and
the non-negative matrix R) are the only data. It follows from Corollary 6.6 that

c(A)C U o(Da+ BA) = {3 €C; min [s—ajlls — ar| < Rj(A)Rk(A)} =Cy
AeAr 1<j<k<m
Al <1

where B = diag(Ri(A),..., R,(A)), see (68). Under the assumptions of Brualdi’s Theo-
rem we have

oS U oa+B8) = | B(ap...a: Tl Ri(4)) =By
\\Aeulszl (J15-70)€E2(T)

where Z := Z4 N Z,g, see the proof of Corollary 7.1, (53) and (69). Hence the upper
bounds in the inclusion theorems of Brauer and Brualdi, respectively, are tight estimates
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which cannot be improved if we presuppose as the only a-priori knowledge the diagonal
of A and the off-diagonal row sums R;(A) (resp. the diagonal of A, the zero pattern of A
and the off-diagonal row sums R;(A)).

Remark 7.5 In the same way as in the proof of Corollary 5.7 one could derive from
Corollaries 5.6 and 6.5 inclusion theorems for the eigenvalues of a block matrix. Such
results are obtained in [28, Chapter 6] by a different approach to ours.
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