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Abstract:

The real decentralized fixed mode radius measures how “near” a decentralized LTT system is from
having a decentralized fixed mode (DFM) present. In this paper, some properties of the real DFM
radius are discussed, a procedure for computing the actual system parametric perturbations that
achieve the real DFM radius is presented, and the real DFM radius is extended to deal with
structured perturbations and general information flow constraints. A study of applying the
radius to determine how to pair system inputs and outputs to obtain a robust decentralized
control system structure with respect to parametric perturbations is also presented.

1. INTRODUCTION

Consider the following decentralized LTI multivariable
system with v local control stations described by

i=1
v
yi:CﬂI—‘rZDijuJ' (i:l,...,v) (1)
j=1
where x € R” is the state, and u; € R™ and y; € R™
are respectively the inputs and outputs of the i-th control
agent (i = 1,...,v). The notion of a decentralized fized
mode (DFM) introduced in Wang and Davison (1973)
is a generalization of the notion of uncontrollable and
unobservable modes of centralized control problems. The
importance of DFMs is due to the fact that if system (1)
is controlled by a decentralized LTI controller, then the
closed-loop system can only be assigned a spectrum that
contains the set of DFMs. Consequently, the system can
only be decentrally stabilized by a LTI controller if and
only if it has no unstable DFMs.

However, simply knowing that a system has no DFMs is
often not satisfactory. This is because the system may be
very “close” to having one or more DFMs with respect
to small parametric perturbations. In other words, a small
perturbation in the system’s parameters (i.e. A — A+Ay,
Bi — Bz + AB” Ci — Ol + AC“ and Dij — Dij + ADiJ’
for ¢,7 = 1,...,v) may cause the resulting perturbed
system to have one or more DFMs. Therefore, a continuous
measure of the decentralized assignability of a system’s
eigenvalues is more desirable than the traditional binary
‘yes/no’ metric.

Such a measure for the decentralized case, called the DFM
radius, was first suggested in Vaz and Davison (1988) and
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is based on the approach by Eising (1984) for the central-
ized case. However, the DFM radius developed in Vaz and
Davison (1988) deals only with complex perturbations; i.e.
Aa, Ap,, Ag,, and Ap,, for 4,5 = 1,...,v, are complex
perturbation matrices. To deal with real perturbations,
which is the more realistic case, the DFM radius was
recently extended in Lam and Davison (2007), and is
based on real perturbation values (see Bernhardsson et al.
(1998)).

In this paper, various new results related to the real DFM
radius are presented, which are organized as follows. In
Section 2, the concepts of real perturbation values, DFMs,
and the real DFM radius are briefly reviewed. Section 3
consists of most of the new results related to the real DFM
radius. In particular, Section 3.1 presents a procedure for
computing the actual system perturbations that achieve
the real DFM radius, Section 3.2 discusses some properties
of the real DFM radius, and Section 3.3 and 3.4 respec-
tively extends the real DFM radius to deal with structured
perturbations and general information flow constraints.
Section 4 provides some numerical examples, followed by
a study of applying the real DFM radius to determine
input/output pairing which is presented in Section 5.

2. PRELIMINARIES

The notation used in this paper is standard. The field
of real and complex numbers are denoted by R and C
respectively, and C denotes the closed right half complex
plane. The i-th singular value of a matrix M € CP*™
is denoted by o;(M), where o1(M) > oo(M) > ---
M, MT, M*, and Mt denote respectively the complex
conjugate, transpose, complex conjugate transpose, and
Moore-Penrose pseudoinverse of M. ||M] denotes the
spectral norm of M and is equal to o1(M). The real and
imaginary components of the matrix M are given by RM
and M respectively. The eigenvalues of a square matrix
A are given by sp(A4). Also, denoting N = {1,2,...},
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then for n € N, n denotes the set {1,2,...,n}. Finally,

the notation [%‘2} is used in the rest of the paper to
represent a decentralized LTI system of the form (1), where
Ch Dyy -+ Dyy
©|,and D= . E
CU Dvl e Dm;

2.1 Real Perturbation Values

Definition 1. (Real Perturbation Values). Given a matrix
M € C7%!| the k-th real perturbation value of M, (M),
is defined as

(M) == inf{|A] |A € R? rank(M + A) < k}
where k£ € N.!

(2)

The real perturbation values have the following properties
(see Bernhardsson et al. (1995)).

Lemma 2. (Properties of the Real Perturbation Values).
1) m(aM) =am (M), aeR
if) i (M) = 7,(M)
ill) m(Q1MQ2) = (M), Q1, Q2 real orthogonal

The k-th perturbation value of a matrix M € C9*! can be
computed by the following result.

Theorem 3. (Bernhardsson et al. (1998)). Given M € C9*!

and k € N, then
RM  —SSM ])
sup ook— _ 3

~€(0,1] o 1({7 'SM RM 3)

Tk(M) =

2.2 Decentralized Fized Modes

The following definition of a decentralized fixed mode is
made in Wang and Davison (1973).

Definition 4. (Decentralized Fixed Mode (DFM)). The LTI
system (1) is said to have a DFM X € C, if A € sp(A) and
for all conformal K; € R™*"™ (§ € v) with the property
that (I — DK) ™" exists,

Ae sp(A + BK (I - DK)™" c)

where K := block diag (K7, ..., K,).

(4)

An algebraic characterization of a DFM is given in Davison
and Chang (1990).

Theorem 5. Given the LTI system (1), A € sp(A) isa DFM
of (1) if and only if there exists a subset P = {iy,... i}
of v (ie. P C v), and a complementary subset P =
{j1,-- -, jo—r} (.e. P =v — P) such that

A—- A, Bp
rank([ Cp Dpf):|><n
A—SI Bl—)

Cp

()

where we denote T'(s, P) := [ ] and is defined

Dpp
as follows

L 7. (M) defined in this paper is sometimes referred to as the real
perturbation values of the second kind.

[A—sI B |
| Cp Dpp| T (6)
[A—sI By...B,] if k=0
_A - SI B]l ij—k
Cii, Dy, - Dijjy
Lo P ke 10— 1
L Civ  Digjy - Diyj
rA— sl
Cq
. ifk=wv
e

Furthermore, denote the dimensions of B and Cp by
n X mp and rp X n respectively.

2.8 Decentralized Fixed Mode Radius

Following a similar approach as introduced in Vaz and
Davison (1988), the DFM radius and unstable DFEM radius
are defined as follows.

Definition 6. (DFM Radius). Given a LTT system (1) that
has no DFMs, the DFM radius of the system is defined as

#r([8f5],) = =«{][32 2] |

AA c ]ann,AB c anm’AC c Frxn’AD c Frxm’

A+Aq|B+Ap
C+Ac|D+Ap

(7)

] has at least one DFM}

where m = th r= Zri7 and F € {R,C}.?

i=1 i=1
Definition 7. (Unstable DFM Radius). Likewise, given a
LTT system (1) that has no unstable DFMs, the unstable
DFM radius is defined as

([ -2 2
Ap e TP Ag e F"*™ Ac € F7*"  Ap € F™*™,

A+ A4 B+ Ap
C+Ac|D+Ap

(8)

} has at least one unstable DFM}

In Vaz and Davison (1988), it was shown that the complex
DFM radius and the complex unstable DFM radius are
respectively given by:

e ([245])
and o ({ %‘EL) = min min oy (7(s, P))

In Lam and Davison (2007), the real DFM radius and the
real unstable DFM radius are respectively obtained as:

(2]
o ([25])

2 pDFM (e, F = C) is called the complex DFM radius, whereas
rﬂg M is called the real DFM radius.

i (e
o (700 P)

(9)

(10)

e
o7 P)

and

= min min 7, (7 (s, P)) (12)

s€Cy PCu
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We will make one further definition.

Definition 8. Given a LTI system (1) that has no DFM
and given s € C, the modal DFM radius of (1) with respect
to s, denoted by rj, is defined as

A(lep]) -l sl e

AA c ann,AB c anmyAC c Frxn’AD c FT’Xm’

A+ A4 B+ Ap
C+Ac|D+Ap

] has at least one DFM at s}

where F € {C,R}. The model complex and real DFM
radius are respectively obtained as:

e([afp ) —pino,(T(sP) (19
and
(415 ) —pnnTEP)  (5)

3. MAIN RESULTS

The main focus of this paper is: i) to present an al-
gorithm for computing the minimum norm perturbation
that achieves the real DFM radius; ii) to discuss some
properties of the real DFM radius; iii) to extend the real
DFM radius to deal with structured perturbations; and
iv) to extend the real DFM radius to deal with general
decentralized information flow constraints.

3.1 Constructing the perturbations that achieve r¥M

Assume that the real DFM radius of [A‘E] is found to

[
be 1™ and is achieved at s, P and P. This section now

presents a method for constructing the real perturbation

matrix, A 1= 22 ﬁg ], that achieves r ™ (i.e. so that
Aa Ap || _ rDFM)
Ac Ap B2

Note that A can easily be derived from any matrix Ag :=

[AA(::, AABIS } that satisfies

Dpp
rank(T'(s,P) + A;) <n

In particular, the rows/columns of Ag, A¢, and Ap cor-
responding to P and P as defined by (6) can respectively
be set to be equal to Ap,, Acp, and Ap, ., while the
remaining elements are set to zero. Hence, the main effort
in constructing A is in finding A;. The following theorem
found in Karow (2003) can be used to construct As.
Theorem 9. Given M € C9*! and k € N. If 7,(M) = oo,
then there exists no A € R?*! such that rank(M + A) < k.
Suppose 73 (M) < co. Let X be any (I — k4 1)-dimensional
subspace of C! satisfying the hermitian-symmetric inequal-
ity

z* (Tk(M)Q . M*M) z > ‘zT (Tk(M)Q L MTM) :z:‘

for all z € X, and let X € C*(=++1) be any matrix whose
columns form a basis of X. Set

A= —[RMX) S(MX)][R(X) S(X)]" e R (17)
Then

rank(M +A) <k and |Al =7(M) (18)

Hence from Theorem 9, we immediately see that Ay can

be constructed as follows:

A, = —[R(T(s,P)X,) S(T(s,P)X,)] [ R(Xs) (X))
(19)

where X, is a complex matrix whose columns form the

basis for a subspace that satisfies

w*Hax > ‘xTS’x‘ (20)
where H = (PFM)2] — T(s,P)*T(s,P) and S :=
(rPFMY21 — T(s,P)"T(s,P). Such a basis (i.e. X,) can
be obtainec} by pelzforming a simultaneous block diagonal-
ization of H and S. We will consider two cases: i) when s
is real; and ii) when s is complex.

Case (i): s is real

When s is real, H = S are real symmetric. Hence,
(H,S) can both be simultancously diagonalized via a real
orthogonal matrix P; i.e. PTHP = PTSP = A, where
A is a real diagonal matrix. Such a P can be obtained
by the Takagi decomposition of H.3 Finally, set X, =
[€1,...,2k], where z1,...,2, are the columns of P that
satisfy (20) and k = mp + 1.

Case (ii): s is complex

Let 'HS, := {(H,S) € C"n x C"*"|H* = H,ST = S}
be the set of n X n hermitian-symmetric matrix pairs.
Furthermore, denote

HS :={(H,S) € HS,|det(H) # 0,
C is condiagonalizable* | where C' := S _IF}

It is shown in Karow (2003) that the set HS," is an open
and dense subset of HS,,. Also, the following is true.

Theorem 10. (Karow (2003)). Let (H,S) € HS,} and C =
S='H. Then CC has non-negative real eigenvalues, the
nonreal eigenvalues of C'C' occur in complex conjugate

pairs, and there exists an invertible matrix P € C™*" such
that

P*HP =block diag{ A1, ..., Xp, Aps1,-- -, Apsis

(U7 0 vy
Ap+l+17"'a)‘ra|:yl 01:|7"'7|:VS O:|}

Prsp=1,

where

(21)

e )\, € R and A? is a real eigenvalue of CC, for i =
1,...,r

3 Since H and S are real symmetric, the real Schur decomposition
can also be used.

4 i.e. there exists a nonsingular R € C"*™ such that R~1CR is
diagonal.
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e Jy; € C\R with Sv; > 0 and v2, 732 are the nonreal
eigenvalues of CC, fori=1,...,s

e l>N > >0, > -1

e \, >lforp+1<i<p+l

e ;< —lforp+i+1<i<r

Furthermore, the columns of P form a basis of eigenvectors
for CC.

Let (ﬁ ,S) € HS where H and S are given in

n+me?
(20), then by Theorem 10, there exists a P that can
simultaneously block diagonalize H and S into the form
given by (21). Such a P can be constructed by a procedure
in Karow (2003) and is summarized below.

First, let p1,..., - be the real eigenvalues of CC, where

C =S"'H, and fi,41,..., jirss be the eigenvalues of CC
with positive imaginary part. Now, let uq,...,u, be the
eigenvectors corresponding to pi,...,ur, and vi,...,vs
be the eigenvectors corresponding to fiyq1,-. -, thrts-
(Note: C71,...,CU; are eigenvectors corresponding to
Tort1s -« s Brts-) Define

Q = [ul, ..

and let P be as follows:

'7“”!‘7”1707}717"'7”8707)75]

P=Qdiag(ai’,....a; 57 T B B BT
where «;, 8;,7; € C\{0} satisfy

OL?:U?SUJ 1§3§Ta
ﬂzzvaSvj IS.]:SS,
Vi = Hrg I<j<s
Such a P := [p1,...,pry2s] will simultaneously block
diagonalize H and S in the form given by (21).° Then,
o for each \; > 1, set aj :=pyqj, for j=1,...,1
o for each complex pair (v;,7;), set b; := pryaj—1 +
ipryoj, for j=1,...s

o for the set of eigenvalues {A1,...,),}, there exists
w = mp — | — s+ 1 pairs such that A\; + Aoyy11-5 > 0;

set ¢j :=p; +ipows1—; for j=1,... w.
Finally, set X, = [z1,...,Zmg41), Where z1,..., Zmgq1
are now the columns of [ay,...,a;,b1,...,bs,¢1,..., ¢y

that satisfy (20), and substitute X, into (19) to obtain

3.2 Properties of the real DFM radius

Lemma 11. The real DFM radius of (1) is invariant under
real orthogonal coordinate transformations. In particular,
let z = Qx where @ is real orthogonal and consider the
system:

i=1

v
Yi = CZZ + Z Di]‘uj'

Jj=1

(i € ) (22)

5 To achieve the particular ordering of A1, . .., A\, as specified in (21),
the first 7 columns of P may need to be rearranged in a different
order.

where /i = QAQT, Bl = QBZ, C’z = CZQT and Dij =
D;;, for i,j € v. Then

o ([28]) - (28])

where B, C, and D are defined in a similar way as matrices
B, C, and D respectively.

Proof.

o ([45)
g[8 rm [44])

= minmin 7, (I'(s, P))

Lemma 12. Given s € C, then

M[%H) —m([é g])
Proof.
e ( [ %‘E] ) = min 7 (T(s, P))

= glcin (T (5,P)) by Lemma 2 (ii)

by Lemma 2 (iii)

(24)

Remark 18. An immediate result of Lemma 12 is that
if a given s achieves the real DFM radius, then s also

achieves it. More importantly, rg ( [%‘2} ) is therefore

a mirrored image with respect to the real axis. Hence, the
search for the global minimizer that achieves the real DFM
radius can be restricted to either the closed upper or lower
half of the complex plane.

3.3 Real DFM radius with structured perturbations

Definition 14. Given an LTI system (1) that has no DFMs.
Consider the following structured perturbations:

A— A+ EiAF (25)
B, — B; + ElABifQ'L 1EV (26)
C;—C; + eQiACiFl 1 EV (27)

Dij — Dij + e Ap,, foj 1,j €V (28)
where Fy, Fy, Ey := block diag (ea1,...,€9,), and F :=
block diag (fa21,..., fay) are all nonsingular. The struc-
tured real DFM radius of the system is defined as

AlB ITAs A
ittt ) -oo{{[22 25 )]

AA c Rnxn7AB c Rnxm’AC c Rrxn7AD c Rrxm’

A+ EIA F|B+ E|ApFy
C + E;AcF1|D + E;ApF,

Lemma 15.

DFM ({A B} )
T]R,struct C

—1 —1
R E 0 F 0
?28%%3“([ 0 EQP] (s, P) { 0 Fm—)} >

(29)

] has at least one DFM}
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where for the partition P := {iy,... iz}, and P :=
{j1,-- -, Jvu—r}, we denote Eop := block diag(ea;,, - ., €2, )
and Fyp = block diag(fgj1 sy fgjvik_).

Proof. The proof directly follows given that for nonsin-
gular F and F,

rank(M + EAF) = rank(E~'MF~' + A)
3.4 General information flow constraints
In Lam and Davison (2007), the real DFM radius (11) is

defined for the decentralized system (1) that is subject to
a diagonal information flow constraint, K; i.e.

u= Ky
T 7T T T
WhereU:[U1 sty Uy ] 792[91 o Y ] 7and
K € {K € R™*"|K = block diag(K1, K», ..., K,),

K; e R™*" i=1,...,v,det (I — DK) # 0} (31)

In this section, the real DFM radius is generalized to
general information flow constraints, i.e.

Kll Klv

Kel{KecR™" K= : VK e RMiXT
Koy

ij=1,...,v} (32)
where any of the elements of K can be constrained to be
zero, for systems with D = 0.

Lemma 16. The decentralized LTI system (1) with D =0
and a general information flow constraint (32), K, can be
written as an alternative decentralized system

Kyp -

i= Az + Z Biii;
=1
(i € D) (33)

subject to a block diagonal information flow constraint

(31), K; i.e.

ji=Cix

W= Kj

T 1" and g = [§7, - 47

where @ = [ﬁl yoee UL

ol

}T

Proof. For i € v, let k; denote the number of non-zero
block matrices in the (ordered) set K; := {K;1,..., K},
where K;; are defined in (32) for j = 1,...,v, and let
hiﬁj S {hi,17~ . ~7hi,k1;} be an index where Ki(hi,j) is the
j-th non-zero block matrix of K;, for j = 1,...,k;. Now
for i € v, let

Bk1+--~+ki71+j = Bz fOYj = 1, ey ki

Ok1+.‘.+ki71+j :Chi,j fOI'j = 1,...,]{11‘
It can easily be verified that the original system (1)
with the general information flow K is equivalent to the
alternative system (33) (where o = "7, k;, and B; and

C; are constructed as above, for i € ¥) with the diagonal
information flow constraint:

K = blOCk diag(Kth,l yoe ’Kl,hucl s K2,h2,17 ey K27h2,k'27
e Koy e

Hence by Lemma 16, one can compute the real DFM radius
of a decentralized system with a general information flow
constraint by first reformulating the system such that a
diagonal information flow constraint is used. The previous
results (e.g. (11) and (12)) can then be applied to the
new system after removing repeated columns and rows in
T(s,P) that arise from applying Lemma 16. To illustrate

the latter point, it is best to use an example.

Ezxample 17. Consider the following system with two con-

trol stations and subject to the general information flow
: _ | K Ko |,

constraint K = 0 Kol

&= Ax + Biui + Baus

1 =Ciz, y2 =Corx (34)
The system (34) can be rewritten as
T =Ax + Blftl + Blﬁ,g + BQﬂg
91 =Cz, g2 =Cax, y3=Cox (35)

where the information flow constraint is given by K =
block diag(K11, K12, Ka2). Given s € C, a direct applica-
tion of (13) to compute the modal real DFM radius of
system (35) with respect to s requires the computation of
the n-th real perturbation values of the following matrices:

A—sl Bl A—sl Bl
[A — sl Bl Bl BQ], Cl 0 s CQ 0 5 etc.
Cy O Cy O

However, note that B appears twice in the first matrix.
Therefore to avoid perturbing each B;’s independently,
the n-th real perturbation value of [ A — sI By Bs | should
be computed instead. Likewise, all of the other matrices
(i.e. T(s,P)) that have repeated columns and/or rows
obtained from applying Lemma 16 (e.g. the third matrix
with repeated C3) should have the repeated columns and
rows removed before applying any of the previous results.

4. NUMERICAL EXAMPLE

Consider the following system, which has eigenvalues
{—0.6956, —1.358 + 1.029:} and has two control stations,

subject to the information flow constraint K = { é 2 } :

0-1-1 1 0
2 3 1 0 0

y1=[00.01 0]z, yo=[100.01]x (36)
By (11), the real DFM radius is found to be 7.902;¢-2,
which is achieved at s = 1.336 £ 1.034i, P = {1}, and
P = {2}. Using the procedure presented in Section 3.1, the
corresponding system perturbation is computed to be:

Ayl Ay, | Ay,
A = Acl Adu Adu =

c2 | Pda [Pda2

(37)

—2.1410—2 4.4510—2 —5.4210—2 0—1.7810—2
0 0 0 |0/—6.24,9-2
8.45,9-s —1.7619-2 2.1479-2 |0|—4.50;0-2
0  —1.00,02 0 [0 o
0 0 0 0 0
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It can easily be verified that the norm of the perturbation
(37) is equal to the real DFM radius 7.90219-2 and that
the perturbed system has a DFM at s = 1.336 £ 1.034s.

Now consider the same system (36) with the information
3 : ] . Using the method presented
in Section 3.4, the real DFM radius is found to be 0.1107,
which is achieved at s = —0.6981, P = {} and P = {1, 2}.
The following perturbation achieves the real DFM radius
of 0.1107:

flow constraints K =

A= (38)
1.8810—3 —6.1910—4 —9.3110—4 —2.8910—3 —4.7210—3
3.0610—2 —1.0110—2 —1.5210—2 —4.7210—2 —7.7110—2

—1.6610—2 5.4710—3 8.2310—3 2.5610—2 4.1710—2
0 0 0 0 0
0 0 0 0 0

where the perturbed system has a DFM at s = —0.6981
with respect to the information flow constraint K =

X X
0 x|’
5. APPLICATION OF THE REAL DFM RADIUS

Given a multi-input multi-output system that is to be con-
trolled by a decentralized LTI controller, the real DFM ra-
dius can be used to determine how the inputs and outputs
should be paired in order to obtain a robust decentralized
control system structure with respect to parametric per-
turbations. In particular, one can compute the real DFM
radius of the system with various input/output pairing
combinations, and then chose the pairing that maximizes
the real DFM radius. As a preliminary study, this section
will compare the pairing decisions obtained using the real
DFM radius with using the so-called Relative Gain Array
(RGA) approach (see Bristol (1996)), which is an approach
widely used in industry.

Given a stable system (C, A, B, D), the RGA is defined as:
~1

Traa = G(0) @ (G(0)T) (39)

where ® denotes element-by-element product, and G(s) :=

C (sI —A)"' B+ D. In this case the RGA uses only the
steady-state properties of the input/output behaviour of
a given system. The following example shows how the
real DFM radius can be used to choose the “optimal”
input/output pairing, and shows, in contrast, that the
RGA can lead to erroneous results.

5.1 Counterexample to RGA approach
Given the stable system:
-1 0 0
z=1| 0 —-0.01 0
0 0 -3
Y| 110
n)-loot]-

the RGA is obtained to be 'rga = [(1) ﬂ , which suggests

T+

(40)

that the following pairing should be used to control the
system (40) (Bristol (1996)):

=[5 1] (41)

However, the real DFM radius of (40) for the information

flow constraint:
Ul o 0 x Y1
U - x 0 Y2

is 0.2333 corresponding to the mode -0.7668, whereas the
real DFM radius of (40) for the information flow constraint
(41) is zero, corresponding to the mode -0.01! This implies
that if the pairing (41), as recommended by the RGA
method is used, then the resulting controller would be
unable to control the dominant mode (-0.01) of the plant!
On the other hand, if the pairing (42), as suggested by the
real DFM radius is used, then all modes of the system can
easily be controlled.

(42)

6. CONCLUSIONS

Various new results and properties regarding the real DFM
radius are presented in this paper, which includes the
extension of the radius to deal with structured parametric
perturbations and general information flow constraints. A
procedure for computing the actual system perturbations,
which give rise to the real DFM radius, is also presented.
A study is also carried out using the real DFM radius to
determine how to pair system inputs and outputs such
that the resulting control system structure is robust. An
example in this case is presented to show how effective the
real DFM radius approach can be compared to the RGA
method.

REFERENCES

B. Bernhardsson, A. Rantzer, and L. Qiu. A summary on
the real stability radius and real perturbation values. In
Hurwitz Centennial on Stability Theory, pages 11-18.
Birkh&user Verlag, 1995.

B. Bernhardsson, A. Rantzer, and L. Qiu. Real perturba-
tion values and real quadratic forms in a complex vector
space. Linear Algebra and its Applications, 270:131-154,
1998.

E. H. Bristol. On a new measure of interaction for
multivariable process control. IEEE Trans. Automat.
Contr., 11(1):133-134, 1996.

E. J. Davison and T. N. Chang. Decentralized stabilization
and pole assignment for general proper systems. IFEE
Trans. Automat. Contr., 35(6):652-664, June 1990.

R. Eising. Between controllable and uncontrollable. Sys-
tems €& Control Letters, 4:263-264, 1984.

D. Hinrichsen and A. J. Pritchard. Mathematical Systems
Theory I: Modelling, State Space Analysis, Stability and
Robustness. Springer-Verlag, Berlin, 2005.

M. Karow. Geometry of Spectral Value Sets. PhD thesis,
University of Bremen, Germany, 2003.

S. Lam and E. J. Davison. The real decentralized fixed
mode radius of LTI systems. In 46" IEEE Conf. on
Decision and Control, pages 3036-3041, 2007.

A. F. Vaz and E. J. Davison. A measure for the decen-
tralized assignability of eigenvalues. Systems € Control
Letters, 10:191-199, 1988.

S. H. Wang and E. J. Davison. On the stabilization of
decentralized control systems. IEFE Trans. Automat.
Contr., 18:473-478, 1973.

6370



