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Abstract

This article is concerned with the structured distance to uncontrollability of a linear
time-invariant system and relates this concept to a variation of the py-value. The developed
framework is applied to derive computational expressions for the class of real perturbations
as well as for Hermitian, symmetric, and skew-symmetric perturbations in a relatively
simple manner. Examples demonstrate that the structured distance can differ from the
standard, unstructured distance to uncontrollability by an arbitrary amount. It is also
shown how systems of higher order can be addressed.

1 Introduction

A matrix pair (4, B) € C™*™ x C™*? is said to be controllable if rank[A — AI, B] = n for all
A € C. By a result of Kalman [11], this coincides with the definition of controllability of the
associated linear time-invariant system @ = Az + Bu. A reliable way to check controllability
numerically is to compute the distance §(A, B) of a given matrix pair (A4, B) to the nearest
uncontrollable matrix pair,

5(A, B) = inf{||[E, F]|| : (A+ E, B+ F) is not controllable, [E, F] € C"*"+r)}, (1)

Here, || - || may denote any matrix norm. In this paper, we will use the spectral norm if
not otherwise stated. The definition of 6(A, B) is motivated by the fact that modelling, dis-
cretization, approximation and other errors may have introduced uncertainties in the entries
of the matrices A and B. For example, a tiny value of §(A, B) may signal that & = Az + Bu
is actually the approximation of an uncontrollable system. Moreover, §(A, B) plays a promi-
nent role in the sensitivity of various control problems, see [5, 8] and the references therein.
Efficient algorithms for computing 6(A, B) can be found, e.g., in [6, 7].

In many applications, it is unreasonable to impose no restriction on the perturbation
pair (E, F) in (1). For example, if A and B are real matrices, it is natural to consider only
real perturbations. In the most general setting, we consider an arbitrary perturbation class
A C C7 | structure matrices L € C"*!, R € C"*("*P) and define

(2)

5ZR(A7 B) = inf {HAH : (A+ E, B+ F) is not controllable, }

[E,F] = LAR, A € A.
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For brevity, we write da (A, B) if L = I,,R = diag(I,,I,), and 0r(A4, B) if additionally
A = R™"™P We drop the subscript A if A = C!*". Trivially, a (4, B) > §(A, B). It may
happen that §(A, B) is tiny while da (A, B) > 0. In this case, §(A, B) gives no indication on
the (near) uncontrollability of (A, B) if [E, F] is restricted to be in A. For example, consider

the matrices )
0 —u 1
a= ] =) Q

with the real parameter u > 1. Then 0(A,, B) < 1/u while dgr(Ay, B) = 1, see Appendix A
for a proof.

The rest of this paper is organized as follows. In Section 2, we employ the notion of
p-values to generalize Eising’s [4] formula,

§(A,B) = )1\16% omin([A — A, B]), (4)
to da(A, B). (Note that omin, denotes the minimal singular value of a matrix.) Deriving
explicit expressions for da (A, B) is, depending on the structure of A, a difficult task. Us-
ing results from [1, 15|, we will first consider A = R™*(n+P)  Already addressed by Hu and
Davison [10], we point out that this case can also be directly obtained from [1, Theorem
3.1]. Demonstrating the flexibility gained by admitting the matrices L and R in the defini-
tion (2), it is shown to naturally include cases where either the state or input matrices are
not perturbed. Section 3 provides computational formulas for structures A that enforce some
kind of symmetry in the perturbation of A. Extending results from [12], we cover Hermitian,
symmetric and skew-symmetric perturbations. Finally, Section 4 reveals how the seemingly
more general distance to uncontrollability for higher order systems fits into the developed
framework.

2 Structured distances and p-value

We start our discussion of structured distances by extending Eising’s formula (4) to admit
factors L and R.

Lemma 1 Let L € C¥!, R € C™*("*P) gnd N e C"*("*P) . Suppose that R has full column
rank and N has full row rank. Then

min { Al : A€ C™, rank(N — LAR) <n} = | (N(rrR)2)! '@
where T denotes the Moore-Penrose inverse of a matrix.
Proof. Let A be such that rank(N — LAR) < n, which readily implies
rank(N (R*R)~'/2 — LAR(R*R)~/?) < n.
By an RQ decomposition, there is a unitary matrix Qg € C*+m)*(+m) gych that
N(R*R)'2Q} = [No, 0]
with Vg invertible. We partition the matrix

AR(R*R)™YV2Q% = [Ag, A4]



accordingly. Note that R(R*R)*l/ 2Q} has orthonormal columns and hence
A =[Ny, 0]Qo(R*R)"/?R*
satisfies |All = || Aol < ||A|. Moreover,
n > rank(N — LAR) = rank [Ny — LAg, —LA;] > rank [Ny — LA, 0] = rank(N — LAR),

and thus we can always replace the matrix A in the minimization problem (5) by A. The
proof is completed by observing

min{uﬁu :rank(N — LAR) < n} = min{||Ag|| : rank(Ny — LAg) < n} = ||[Ny 'L|
= [[[No, 0)'Z|| ™! = [(N(R*R)~"/2Q5) L]~
= [(N(R*R)"V)TL| "
a
Corollary 1 Let A = C*" and (A, B) € C™™ x C™*P be controllable. Provided that R has
full column rank, the structured distance to uncontrollability defined in (2) satisfies
-1

54, B) = (sup | (14~ AL, B(R*R)™ )

(6)

Proof. Apply Lemma 1 to N =[A— AI[,,,B]. O
In the following, we tacitly assume that A is a connected set containing the zero matrix. For
M e ¢ (+P) and A C C™("*P) we introduce a value closely related to the p-value [3] as
follows

pa(M) = inf{||A||: A€ A, rank(M +A) <n }.
The following result is a trivial consequence of this definition.

Lemma 2 Let A € C"" and B € C"*P such that (A, B) is controllable. Then the structured
distance to uncontrollability satisfies
a(A,B) = ;né pa([A— A, B]). (7)
€

Note that for A = C™*("+?) we have fia (M) = omin(M). Thus, equation (7) extends Eising’s
formula.

2.1 Real perturbations

For the important case of real perturbations, i.e. A = R and A = R**(n+p) respectively
the following formula has been given in [1, 15]:

<[ RM  —1IM

Y SM R ]) , for M € C*(ntp) (8)

ﬁR(M) = Sup 0O2n-—1
~v€(0,1]



where 09,1 denotes the second smallest singular value, and M and M denote the real
and the imaginary part of M respectively. Inserting the latter formula into (7) directly gives

. RA—AgI RB —YSA-)NI) —'3B
(4 B) =, i weoq " <[7(%A —MI) ySB RA— gl RB D ’

(9)
see [10] for a different derivation of this formula. Example (3), see also Appendix A, shows that
the ratio dg(A, B)/0(A, B) can be arbitrarily large. The inner optimization in (9) involves
a unimodal function and therefore can be conveniently addressed. In contrast, it is not
clear how to perform the outer optimization other than by a brute-force grid search in C.
An optimization algorithm based on a completely different characterization of g (A, B) was
developed by Wicks and DeCarlo [16]. However, as also pointed out in [10], this algorithm
can become rather tedious for large n and it is not clear whether it always attains the global
minimum. Note that the definition of dgr(A, B) in [16] is not based on the spectral norm
but on the Frobenius norm, which explains the different values of dr(A, B) for an example
reported in [16, Sec. VI] and [10, Sec. V]. The difference between spectral and Frobenius

norms is due to the fact that the optimal perturbation in the spectral norm is usually of rank
2 [1].

2.2 Separable perturbations

This section is concerned with the case that one of the matrices A or B is perturbed to a
different extent. First of all, R = diag(al,, f1,,) with a # 0 and § # 0 allows to weight
the perturbations E and F differently. For the unstructured case, we can apply Lemma 1 to
obtain an expression for the corresponding distance to uncontrollability. Note, however, that
the full rank assumption on R in Lemma 1 excludes the cases a = 0 or =0, i.e., when one
of the coefficient matrices is not perturbed at all. These cases are treated in the following
lemma.

Lemma 3

1. Let &€ = {[E,0] : E € C"™"} and assume that B* has a nontrivial null space with
orthonormal basis U. Then

de(A,B) = I)\Hel(lclffmin(U (A—\D)).

2. Let F ={[0, F|: F € C"™™} and let the columns of Eigy(A) contain an orthonormal
basis for the left eigenspace belonging to the eigenvalue A of A. Then

5 (A, B) = min o (Biga(4) B),

where A(A) denotes the spectrum of A.

Proof. The matrix [A— A+ E, B] has rank smaller than n if and only if there is a nonzero
vector x such that z*[A — AI + E, B] = 0 or, equivalently, 2*(A — A\[) = —z*E under the
condition *B = 0. Note that

min{[| ]| : 2*(A — AI) = 2" E} = " (A - AD)|/ ]



see, e.g., [13]. Hence,

ds(A, B) = min min le"(A = ADI_ = min min [|y*U*(A - \I)|,

AEC secr =] AeC iyl=1

which shows Part 1. The proof of Part 2 is analogous, after observing that rank([A— A, B+
F]) < n can only hold if A is an eigenvalue of A. [

3 Symmetry structures

Recently, formulas for p-values with respect to Hermitian, symmetric, and skew-symmetric
structures have been developed in [12]. In the following, we show how these results can
be extended to obtain computable expressions for the structured controllability radius with
respect to these perturbation classes.

3.1 Hermitian matrices

Lemma 4 Let A = {[E,F]: E € C"" is Hermitian and F' € C"*P}. Then

5a(A,B) = inf \/f‘éuli Amin (Ho(A) + tH1(N)), (10)

where Amin(+) denotes the smallest eigenvalue of a Hermitian matriz and
Ho(A\) =(A—=X)(A—-X)*+BB*, Hi(\)= (A A*) — QAT

Proof. From Lemma 2 we have 0a (A, B) = inf pa([A— /\In,B} ) where

AeC
Aa(AB)) = int (IEF)|: rnk(d+E,B +F) <n)
= inf {||[E,F]|: 3z € C" with |z| = 1,2*[A+ E, B + F] = 0}
[E,FleA
= inf inf E.F)|: z*[A+ E,B+ F] =0}.
it i (I(EF) o 1=0)
The condition *[A + E,B + F] = 0 implies ||z*[A, B]|| = |=*[E, F]|| < ||[E,F]|| and
S(z*Az) = 0. In the following, we show that E' and F can be chosen to attain the lower
bound: |lz*[A, B]|| = [|[E, F]||. Since S(z*Ax) = 0 there is a Hermitian matrix E such that

a*E = —x*A and ||E|| = ||z*A||, see [13, Thm. 5.8]. Note that this relation also implies that
x is a left singular vector belonging to the largest singular value of E. Setting F' = zx*B it
holds that || F|| = ||=*BJ| and z is a left singular vector belonging to the largest singular value
of F'. This implies that x is also a left singular vector belonging to the largest singular value
of [E, F] and .

IE, Flll = ll2*(E, F]| = "4, B]||

Consequently,

Fa(lA=ALB) = inf {[lo"[A = LBl = (A= M) = 0} (11)

- \/mf {z*Ho(N)z : 2*Hy(\)z = 0).

llzll=1




By a result in [12], the latter minimization problem can be written as

fia([A— A, B]) = \/i’2£ Amin (Ho(A) + tH1(N)),

which concludes the proof. 0O

Let us briefly consider the case that A itself is Hermitian. Then the matrix H;()\) in
Lemma 4 becomes positive definite for A € R, in which case the supremum is infinite. Hence,
we can restrict the outer optimization in (10) to A € R yielding

5A(A7 B) = )l\IelI%Umin ([A - AI? B])

for Hermitian A.

For non-Hermitian A, the range of the outer optimization in (10) can be restricted to all A
satisfying S\ € [—)\max(%), —)\min(%)]. See [12] for restricting the range of the inner
optimization, which involves a unimodal function and is thus considerably simple.

3.2 Symmetric matrices

The next lemma is concerned with complex symmetric perturbations. Note that ET denotes
the complex transpose of FE.

Lemma 5 Let A = {[E,F] : E € C"" satisfies E =E", F € C"*P}. Then da(A,B) =
0(A, B).

Proof. The lemma can be proven along the lines of the proof of Lemma 4. However, in
contrast to the Hermitian case there always exists a complex symmetric matrix F such that
t*E = —z*A and ||E|| = ||#*A]|, see [13, Thm. 5.8]. Thus the additional constraint in (11)
can be dropped, which gives

a4~ ALB]) = inf [[a*[A~ M. B| = ouin([4 - ALB])

and therefore completes the proof. 0O

3.3 Skew-symmetric matrices

Lemma 6 Let A = {[E,F]: E € C"*" satisfies E = —E", F € C"*P}. Then

Ia(A,B) = inf ,|sup Ag,—1 < (12)

AeC t>0

H(\) tS(\)
tS(\) HN) D

where Aap—1(+) denotes the second smallest eigenvalue of a 2n x 2n Hermitian matrixz and
1
HMN =(A-X)(A-X)"+BB*, S\ = §(A + AT) — AT

Proof. Proceeding as in the proof of Lemma 4, we obtain

ia([A, B]) = inf inf E,F||: 2 [A+ E,B+ F] =0).
pa([A,B]) H;ﬂ:l[E,l}I«}]eA{H[ S 2" [A+ E, B+ F] =0}



From the skew-symmetry of E it follows that #*F = —z*A implies 27 Az = 0. On the other
hand, provided that ™Az = 0 is satisfied, we can always find a skew-symmetric matrix E
such that 2*E = —z*A and ||E|| = ||z*A||. Once again, this is a consequence of Theorem 5.8
in [13]. Similarly to (11), one can show that

FA(A=ALB]) = inf {|+"[A =L B]|l: o"(4~ Al =0}

llz]|=1

- \/ inf {z*H(\)z: 2"S(\)z = 0}.
The proof is completed by applying results from [12] to the latter optimization problem. 0O
3.4 Extension to related structures
Let J € C™*" be a fixed unitary matrix and define the structures
A={[E,F]: E€S,FeC"P} A;={[E,F]: JE€S,FeC"P},
for some S C C™*". Then, directly by the definition of da (4, B),
fin,([A= AL B]) = paa([JA—XJ, JB]). (13)

This relation allows to extend the results for a (A, B) of Lemmas 4, 5, and 6 to derive similar
formulas for the structured distance da , (A4, B), provided of course that A corresponds to the
set of Hermitian, symmetric, or skew-symmetric matrices.

To illustrate this, let us consider the set of Hamiltonian matrices for which S is the set of

Hermitian matrices and J = [PI é} Inserting (13) in (11) leads to

oa, (4, B) = inf ﬁ?ﬁ Amin (Ho,1(\) + tH1,1(V)),

where

Ho j(A) = J((A=X)(A— X))+ BB*)J*, Hyj(\) = %(JA — (JA)") + 2R\ J.

4 Higher order systems
Let us consider a higher order linear time-invariant system
Az (1) + Ap 2B (@) 4+ - 4 Ay’ () + Aox(t) = Bul(t), (14)

where Ag,..., A € C"*™ and B € C™*™. Furthermore, we assume that A is nonsingular.
Then (14) is controllable if and only if rank[P(\), B] = n for all A € C, with the matrix
polynomial

P\) = AN+ A DL AN+ Ap. (15)

see [9, 14]. The polynomial corresponding to a perturbation of (14) is denoted by

PE()\) = OzkEk)\k + ak,lEk,l)\kfl R OélEl)\ + CkoE()



for fixed nonnegative scalars ag,...,ar. These scalars account for the fact that some co-
efficients of (14) may be less (or not at all) affected by perturbations. The distance to
uncontrollability of (14) can then be defined as

d(P,B) =inf {||[Ey, ..., Ey, F]|| : (P + Pg, B+ F) is not controllable.} (16)

To avoid technical difficulties, we tacitly assume that the perturbed leading factor Ay + Ej
always remains nonsingular (see [2] for handling singular leading factors in the case k = 1).
Note that we can write Pg(\) = AR, where

ag O
Oél)\ 0
R= -
Oék)\k 0
L 0 1 i

Thus,
5a(P,B) = inf{||Al| : A € C**n+™) rank([P()\), B] + AR) < n for some A}. (17)

Using that

k

«p_ | s(A) 0 ,_ 21y 127

RR—[ 0 1}, s(A) = anj|/\|],
]:

Lemma 1 applied to (17) yields

5a(P,B) = <Sup H ([P(/\), B}(R*R)1/2)TH> _

AeC

-1
= (sapllroosvsm. e
= )1\16% Umin([P()‘)/m’B])'

Note that this result is also covered by Theorem 2.3 in [14]. However, we feel that our
approach is conceptually simpler.

5 Conclusions

We have derived characterizations of the structured distance to uncontrollability for several
practically relevant structures. The obtained expressions can be computed numerically by
performing a grid search in the complex plane and evaluating a certain function at each grid
value. This inner function evaluation could be addressed by a general optimization procedure
presented in [17]. However, this procedure may miss global minima and is thus not entirely
reliable. In contrast, the expressions for symmetry structures presented in this paper only
require the minimization of a unimodal function at each grid point, which is both inexpensive
and reliable.

Note that recently developed algorithms [6, 7] for computing the unstructured distance
to uncontrollability do not require any form of grid search. This is achieved by specifically



exploiting the fact that the inner function in the unstructured case is the minimum singular
value of a matrix. It is currently under investigation how these ideas can be extended to
structured distances.

Finally, we note that the results of this paper can be extended to the stabilizability radius
by restricting the set of admissible A to C*.
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A Appendix

The proposition below gives a simple example for the fact that the ratio between the real and
the complex distance to uncontrollability can be arbitrarily large.

0 —u? 1
Proposition 7 Letu > 1, A, = [1 0 }, bg = [O] Then

dc(Au,bo) < 1/u,
Or (Au, bo) = 1,

and hence
lim 76R(Au’bo) =00
u—c0 d¢( Ay, bo)

The proof of the proposition is based on the following lemma on 2-dimensional systems.
Lemma 8 Let A € C?*2, b e C**1. Then the following holds.
(1) The pair (A,b) is not controllable if and only if either b =0 or b is an eigenvector of A.

(ii) If A and b are real then the real distance of (A,b) to uncontrollability satisfies

A > mi i A—XNI) L.
Or( ,b)fmln{HbH,fAnelﬂg}@( o) }

Proof. (i) The pair (A, b) is not controllable iff the vectors b and Ab are linearly dependent
1 e iffeither b=0o0r b#0and 0 = Ab — \b = (A — X\ I3)b for some \ € C.
(i1) Let (E,f) € R?*2 x R**1. Suppose (A + E,b+ f) is not controllable. Then by (i)
either f = —bor f # —band (A+ E — AI2)(b+ f) = 0 for some A € R. In the first case,
I E, f111 = 1110, f]1] = ||b]]- In the second case, ||b+ f|| # 0 and

IE®+ )l = [(A=AL) 0+ f)ll = 02(A = A1) [[b+ f]].

This implies || [E, f]1[ = [|E]| = [[E(+ )I/Io + fI| = 02(A = A1) O
We are now in a position to prove Propositon 7. Let E =0 € C**? and f = [0 1/(iu)]?.
Then (Ay + E)(bo + f) = (iu)(by + f). Hence, (A, + E, by + f) is uncontrollable by the first

'This is immediate from the following well known controllability criterion: The pair (A4, B) € C™*™ x C™*P
is controllable if and only if rank [B, AB, ..., A" 'B] = n.



statement of the lemma. Thus d¢c(Ay, bo) < ||[E, f]|| = 1/u. Now, let E = [_01 8], f=o.

Then (A, + E)(bo + f) = 0, and there hence 6r(Ay,bo) < || [E, f]|| = 1. It remains to show
Or(Ay,bp) > 1. To this end we consider the matrix

Py = (Ay— ML) (A, —\DL) -1

- 2?2 A1 —u?)
A —w?) N1

For all A € R, u > 1, P, ) has nonnegative diagonal elements, and
det(P,\) = N*(\? +2(u? — 1)) > 0.

Hence, P, ) is positive semidefinite. Thus o2(A, — Al) > 1 for A € R, v > 1. Now, the
second statement of the lemma yields

(S]R(Au,bo) > min{ Hb()”, I)\Ili%{}o‘g(/lu — /\IQ) } > 1.
€
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