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GEOMETRIC STRUCTURE OF SINGLE/COMBINED
EQUIVALENCE CLASSES OF A CONTROLLABLE PAIR*

ALBERT COMPTAT, JOSEP FERRER', AND MARTA PENAf

Abstract. Given a pair of matrices representing a controllable linear system, its equivalence
classes by the single or combined action of feedbacks, change of state and input variables, as well as
their intersection are studied. In particular, it is proved that they are differentiable manifolds and
their dimensions are computed. Some remarks concerning the effect of different kinds of feedbacks
are derived.

Key words. Controllable pairs, Linear systems, Orbits by feedback, Orbits by variables change,
System perturbations.

AMS subject classifications. 37A20, 93C05, 93C73.

1. Introduction. Several equivalence relations between pairs of matrices repre-
senting linear systems are considered in the literature. For example, the one corre-
sponding to a change of basis in the state variables, or the so-called block similarity,
which also involves changes in the input space and feedbacks. It seems natural to
consider the equivalence classes related to each one of these transformations and to
several of them. We study the geometric relations between the different equivalence
classes, such as the relative codimension and especially their nontrivial intersections.

Partial approaches to this subject appear in the literature (see, for example, [1],
[3], [7], [14], [15]). Here we tackle a unified treatment in order to simplify the proofs
and to present a full panorama of the geometric hierarchy of these equivalence classes.
Some surprising remarks concerning the effect of the feedbacks will be derived.

The starting point is the differentiable structure of each equivalence class, which
follows from the Closed Orbit Lemma (see for example [10]). The computation of its
dimension is based on Arnold’s technique of the so-called versal deformations, that is
to say, transversal manifolds to the considered classes (or orbits) in some other coarser
one. In fact, we use the results in [3] and [15] to obtain "adapted” deformations having
similar patterns, in such a way that different families of parameters are responsible for
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the corresponding deformation. Moreover, it gives a local adapted parameterization
of the different equivalence classes.

Regarding orbit intersections, they may not be orbits, not even differentiable
manifolds. In our case, these intersections are differentiable manifolds because the
transversality conditions hold and it is possible to give a particular description as
orbits with regard to suitable subgroups. Even more, in some cases this subgroup is
just the intersection of those generating the intersecting orbits.

The study of differentiable equivalence classes is tackled in Section 3 (simple and
multiple actions), whereas Section 4 is devoted to their intersections. In the previous
Section 2, we introduce some definitions and notations.

2. Preliminaries. Let M = C"" x C" ™ be the differentiable manifold of pairs
of matrices M = {(4,B) : A € C"", B € C"*™} and M* be the open dense subset
of M formed by the controllable pairs with rank B = m, that is to say, the full rank
controllable pairs. When no confusion is possible, we identify the pair (A, B) with the
matrix [A B] € C"*(ntm),

The usual block similarity (or BK-equivalence) is induced by the group action:

Q=~{g=[f3 ;}:SeGln,Term,Recan},

S 0

g*(A,B)=S"'(A,B) [ R T

} = (S"'AS+ ST'BR,S™'BT),

so that the BK-equivalence class of a pair (A, B) is the orbit
Opk(A,B)={g*(A,B):g€qG}.

The actions of S, T, R are called a change of state variables, a change of input
variables and a feedback, respectively. In a natural way, we can also consider the
subgroups relative to only some of these actions and their corresponding orbits.

DEFINITION 2.1. Let (A,B) € M. We consider the following suborbits of
Opk (A, B) defined by:

1. Ost(A, B), Osgr(A, B), Orr(A,B) when R =0, T = I,,,, S = I,,, respec-
tively.

2. Os(A,B), Or(A,B), Or(A,B) when R=0and T'=1I,,,, R=0and S = I,
S =1, and T = I, respectively.

We will refer to them as the ST-orbit, ..., R-orbit of (A, B), respectively. Or,
equivalently, the orbit of (A, B) with regard to the ST-action, ..., R-action.



Electronic Journal of Linear Algebra ISSN 1081-3810
A publication of the International Linear Algebra Society
Volume 22, pp. 1112-1128, November 2011
http://math.technion.ac.il/iic/ela

1114 A. Compta, J. Ferrer, and M. Pena

Our aim is to study these orbits and their intersections. It follows directly from
the Closed Orbit Lemma (see for example [10]) that all the above orbits are differen-
tiable manifolds. Their dimensions will be computed in Section 3. Concerning their
intersections, we notice that the intersection of two differentiable manifolds may not
be a differentiable manifold even if they are group orbits. However, in Section 4 we
will see that in our case this fact follows from transversality conditions.

As we have pointed out, we restrict ourselves to the generic case of full rank
controllable pairs. Several canonical forms and complete invariants are well-known
with regard to block similarity (for a survey, see [12] and [13]). We will use the
following BK-form, defined by means of the controllability indices. We write E, =
(0---010---0)% where the 1-valued entry is in the g-position and the size corre-
sponds to the context, and N, = (0, En, ..., E,_1) is the upper nilpotent p-block.

DEFINITION 2.2. Given a full rank controllable pair of matrices (A, B) € M* and
ki1 > ko > -+ > k,, > 0 its controllability indices, it is known that there is another
pair (A., B.) in its BK-orbit such that

(AchC) = (diag(Nkkaz) .- '7Nkm)> (Ell’ElQ’ .- "Elnz))?

where I; = 22:1 k;.

It is said that (A., B.) is the Brunovsky canonical form of (A, B) or that (A., B.)
is a BK-pair.

We express the pairs (C, D) € M linked to a full rank controllable pair (A4, B)
with controllability indices k1 > ko > -+ > k,;, > 0 divided into blocks: C =
(Ci-,]')lfidfm’ C@j S (Ckiij, D = (Dl,DQ,...,Dm), D; € C™.

When 0 appears in a block matrix, it will be a null block of the suitable size (it
could be empty).

The following families of parameterized matrices divided into the above blocks
will be widely used in the following sections:

DEFINITION 2.3.

1. We consider Ay, Ag € C**" and B, Bs € C™"*"™ with o jp, Bi,j.p» Vi,j» 0i,5,0 €
C such that
Aa,; = Br, - (@i, Qigas -5 QG jmin{ki k)5 0)s
Aﬁaimj = by, - (0,6@]’7]@_&_’_1, S 7/6)i,j7kj) if k; < kj, and Ag%j = 0 otherwise,
By j = 2k, Yiid B
Bsj =2 1<ici<m 2a1<i<hs , 0ig1 Lk, —1, where k; j = max{0, k; — k; — 1}.

2. Notice that A, and Ag can be seen as feedbacks B.R. We will refer to them
as a-feedbacks and (-feedbacks, respectively.
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3. We denote the number of parameters of A,, Ag, By, Bs by
n{ki, kj} = >0 (20 — 1)k;.

N =3

m

i.g=11

ng = ZZ”JZI max{0, k; — k; }.
ny =35 1T ij, where T;;=1 if k; >kj, and 0 otherwise.

ns

Notice that ny +ng = nm,

=>4y max{0, k; — k; — 1}.

Ny +nsg = ng,

ELA
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Na + Ny + Ng = NM.

EXAMPLE 2.4. If ky = 6, ks = 3, ks = k4 = 2, and the pair (A, B.) is the
corresponding Brunovsky canonical form, then A. + A, + Ag and B, + B, + Bs are,

respectively,
[0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0
Q11,1 @112 11,3 Q11,4 Q115 X1,1,6[Q0,2,1 Q12,2 0123|131 0132|0141 Q1,42
0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0
211 @212 @213 B2,1,4 Paas PB216]|022,1 @222 223|231 232|X2,41 G242
0 0 0 0 0 0 0 0 0 0 1 0 0
31,1 @3,1,2 83,1,3 £3,1,4 P3,1,5 B3,1,6|@3,2,1 @322 B32,3|x3,31 @332|Q3,4,1 @342
0 0 0 0 0 0 0 0 0 0 0 0 1
L ca,1,1 @a,1,2 Ba,1,3 Ba,1,4 Bais Ba1,6|@a,2,1 @a,22 Ba,2,3|Qa,3,1 Q4,324,411 a,4,2 |
0 0 0 0
0 0 0 0
0] 0 [d133]| 0143
06122 |6132 01,42
001,21 |61,31 | 01,41
1| 72 71,3 1,4
0 0 0 0
0 0 0 0
0 1 V2,3 | V2.4
0 0 0 0
0 0 1 0
0 0 0 0
0 0 0 1

In what follows, the linear space of pairs {(Aq, 0), & € C™ } will be simply denoted
by {(Aa,0)}q; and similarly for {(Ag,0)}s, {(0,Bs)}s and {(0, B,)},.

3. The orbits Og, O, Or, Ok, Ost, and Ogg. It is easy to prove that, for
full rank controllable pairs, the single actions S, T, and R generate orbits of constant
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dimension.
PROPOSITION 3.1. Let (A, B) € M.

1. If (A, B) is controllable, dim Og(A, B) = n?.
2. If B has full rank, dim Or(A, B) = nm.
3. If B has full rank, dim Or(A, B) = m?.

Proof. In general (see, for example, [3, Section I.1]) if a group G acts on a manifold
M, the dimension of the orbit Og(z) of a point z € M is the codimension of the
stabilizer subgroup {g € G : g *x & = x}. In [8] and [15] (Part IV) one proves that the
pair is controllable if and only if the stabilizer with regard to the S-action is trivial.
Next, we conclude it from the fact that the differential (at the identity element) of
the action ¢ — ¢ * x is injective. This argument will also work for assertions 2 and
3.

For the (S, T, R)-action we have

@:C" xC™ xC™" — M, (S,T,R)— (S"'AS+ S~'BR,S'BT);
D@(Id,L,Idm,O)(S/7T/a R/) = (ASI — S/A + BF{I7 BT/ — S/B)

In particular, if only S varies,

o

— Sy =(AS"—S'A,—S'B
aS(Idn,Idm,o)( )= ( ’ )

which is injective if the pair (4, B) is controllable: AS’ = S’A and S'B = 0 implies
S'(B,AB, A3B, ..., A,_1B) =0 and, because of the controllability of (A4, B), S’ = 0.

Analogously,

dp

Iy
ap (RI) = (BR,70)7 8_T(Id Idyn,0)

T = (0, BT"),
OR (1d,,,Id,0) )= )

are injective if B has full column rank. O

As we have pointed out, we are interested in the intersections of the above orbits
and the mixed actions. In fact, we focus on the cases when the S-action is involved
because of the trivial fact that:

PROPOSITION 3.2. Let (A, B) € M* be a full rank controllable pair of matrices.
Then

1. Or(A,B)NOgr(A,B) ={(A,B)}.
2. dim Org(A, B) = dim Or (A, B) + dim Og (A4, B) = m? + nm.
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We recall that the triple action of S,T and R corresponds to the usual block
similarity. The geometric structure of the BK-orbits has been studied in [3] and [4] by
means of Arnold’s techniques introduced in [2]. See, for example, [3, Sections (I.2) and
(I1.1)] for the basic definitions and results concerning versal/miniversal deformations.

We will refer to BK-miniversal, S-miniversal, ...the miniversal deformations with
regard to the BK-action, S-action, ...In particular, for a full rank controllable pair,
we have:

THEOREM 3.3. [3] Given a full rank controllable pair (A, B) € M* with control-
lability indices ky > kg > -+ > ky, > 0, then

dimOpk (A, B) = n? 4+ nm—nsg =n’+ng +ny.

If (A, B.) is its Brunovsky canonical form, a BK-miniversal deformation of (A, B.)
in M* is the ng-dimensional linear manifold (A¢, B.) + {(0, Bs)}s.

Canonical forms with regard to the change of states have been obtained for con-
trollable pairs by several authors ([1],[7],[9],[11],[14],[15]). In fact, we will base the
study of the orbits Ogr and Ogpg on the following result, which is a direct consequence
of Theorems (2.2) and (2.3) in [15], jointly with the above Theorem 3.3 and (1) of
Proposition 3.1:

THEOREM 3.4. Let (A, B) € M* be a full rank controllable pair with controlla-
bility indices k1 > ko > -+ > ky, > 0, and (A., B.) its Brunovsky canonical form.
Then:

An S-miniversal deformation of (Ac, B.) in its BK-orbit is given by the (no+n-)-
dimensional linear manifold (A¢, Be) + {(Aa, By)}a,qy-

This S-miniversal deformation of (A., B.) has the following property: the ~-
parameters, and only they, can be eliminated by the T-action; and analogously, the
a-parameters, and only they, by the R-action. Therefore:

PROPOSITION 3.5. In the conditions of Theorem 3.4:

1. The ny-dimensional linear manifold (A¢, Be) + {(Aq,0)} e C Osgr(Ae, Be) is
an ST-miniversal deformation of (A., Be) in its BK-orbit.

2. The n-dimensional linear manifold (A, B:) + {(0, By)}, C Osr(Ac, Be) is
an SR-miniversal deformation of (A., B.) in its BK-orbit.

As a first direct consequence of this result, we have:
COROLLARY 3.6. Given a full rank controllable BK-pair (Ac, B:) € M*, we have

dim Ogr (A, Be) = n? + Ty, dim Ogg(Ae, B.) = n* + ng.
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EXAMPLE 3.7. Let us consider n = 5 and m = 2. Then, there are only two kinds
of orbits, according to the controllability indices being (4, 1) or (3,2) (see Table 3.1).
Let us obtain the bifurcation diagram in Figure 3.1, that is to say, the partition in
the (41, d2, v)-space induced by the partition of the space of pairs of matrices into the
considered orbits (in our case, the BK-orbits, and the ST and SR-suborbits).

1118 A. Compta, J. Ferrer, and M. Pena

k | ng | ny | ns | codimOpg | codimOgr | codimOggr | codimOg
41| 7 1 2 2 9 3 10
321 9 0 0 9 1 10

TABLE 3.1
The orbits Ogg, Ost, and OgR.
An SR-miniversal deformation in M* of the pair
01 0 010 01]0
00 1 010 010
(Ae, B.) = 000 1[0]|,[0]0 € Opk(4,1)
00 0 00 110
00 0 00 01

is the 3-dimensional linear manifold formed by the pairs

01 00]0 0]o0
00100 016
(AC7BC(51,62,'}/)): 00 0 170 s 0 52
00000 1]y
000O0]0 01

Here, the orbit Opk(4,1) appears as the ~-axis, formed by pairs belonging to
different SR-orbits of type k = (4, 1), parameterized by ~.

The remaining points correspond to the orbit Ok (3,2). In particular, the points
in the plane (01, d2), or equivalently v = 0, with (d1,02) # (0,0) can be S-transformed
according to Theorem 3.4. A quite laborious computation shows that

o If §5 # 0, then (A., B.(d1,02,0)) is S-equivalent to

01 0|0 0 0 0
0 0 1|0 0 0 0
0 0 0|0 1/(52 R —61/(522 1 EOBK(3,2).
0 0 0|0 1 0 0
0 0 00 0 1 0
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e If 0o = 0 and 07 # 0, then (A., B.(01,d2,0)) is S-equivalent to
0 1 00 O 00
0 0 110 0 00
0O 0 0|0 O01],|1]0 € Opk(3,2).
0 0 00 1 0]0
0 1/6 0 ‘ 0 0 0 | 1

Each one lies in a different ST-orbit, because they correspond to different values
of the a-parameters.

Since the SR-orbits correspond to the y-parameters, they are the axes do # 0,
01 =0, and 01 # 0, 62 = 0, and the parabolas g—; = constant, do % 0.
2

bra 1SSN 1081-3810

Linear Algebra Society
ber 2011 Osr(61,92)

:/Imath.technion.ac.lfiic/ela

AM, D

/ (ACuBC)

Osr(v)
OpKk(3,2)

Fic. 3.1. The orbits Opg, Ost, and OgR.

4. The intersections OsNOr, OrNOg, and Osr N Ogr. Next we study the
intersection of the orbits in Section 3. As we have pointed out, an orbit intersection
may not be an orbit, not even a differentiable manifold. However, in our case we
have:

PROPOSITION 4.1. Let (A, B) € M* be a full rank controllable pair with control-
lability indices k1 > -+ > k,, > 0. Then the orbit intersections OsNOr and OsNOR
are differentiable submanifolds of Opk (A, B) and:

dim(Os(A, B) N Or(A, B)) = n*> + m? — dim Ogr (A, B),

dim(Og(A, B) N Og(A, B)) = n? + nm — dim Osg(A, B).
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If (A, B) is a BK-pair, the dimensions of the above intersections are m?

nm — ng, respectively.

—ny and

Proof. Tt is well known (see, for example, [6, page 30]) that if two submanifolds
(of a manifold) are transversal, then their intersection is also a submanifold and its
codimension is the sum of the codimensions of the given ones.

In our case, Og(A, B) and Or (A, B) are transversal in Ogr(A, B) at (A, B) be-
cause the tangent space

T4.p)Ost(A, B) = {(AS' — S'A, BT’ — §'B); S' e C*', T € C™'}

(see the proof of Proposition 3.1) is clearly spanned by the analogously described
T(A’B)Os(A, B) and T(A_’B)OT(A, B)

Therefore, their intersection is a submanifold of Ogr (A, B) (and hence also of
Opk (A, B)) with dimension:

dim(Og(A4,B) N Or(A, B)) = dim Og(A, B) + dim Oy (A, B) — dim Ogr (A, B)
and the results follow from Proposition 3.1 and Corollary 3.6.
Analogously for the second assertion. O

Given two subgroups G; and G, of a group G, the intersection of their orbits
may not be the orbit corresponding to G; N Gs. For example, the intersection of the
S-subgroup and the T-subgroup is simply the identity matrix. It may not even be an
orbit. However, let us see that the intersections in Proposition 4.1 are indeed orbits
with regard to the action of suitable subgroups which will depend on the pair (A, B).
We will describe it explicitly when (A, B) is a BK-pair.

For the first intersection this description is obtained by means of the following
class of Toeplitz matrices:

DEFINITION 4.2.

(1) X € CP*9 is called an upper triangular Toeplitz matriz if
(i) It is constant along the diagonals x; j = Zit1 j+1,
(i) 251 =0ifi> 1,
(i) w1, =0if i < q—p.
(2) If ky,...,k,, is a partition of n (that is, k1 + - + kpy, = n), X € C"*" is
called a block upper triangular Toeplitz matriz if

X = (Xi,j)1§i7j§m, Xi,j c Ckixkj

and each X ; is an upper triangular Toeplitz matrix. We will denote the set
of these matrices by UTT (k1 ..., k).
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We recall also that if A is a block diagonal nilpotent matrix

A= diag(Nkl, e 7Nkm)
then a nonsingular matrix S € Gl,, belongs to its centralizer (that is: S™1AS = A) if
and only if S € UTT (k1,...,kn).

With this notation, we have:
PROPOSITION 4.3. Let (A, B) € M* be a full rank controllable pair.

(1) The submanifold Os(A, B) N Or(A, B) is the orbit of (A, B) with regard to
the action of Ger(A, B) formed by the S € Gl,, such that AS = SA, and
there is T € Gl,, such that: SB = BT.

(2) In particular, if (Aq, B.) € M* is a BK-pair with controllability indices ki >
cor >k >0, then:

QST(AC,BC) = {S eGl,N UTT(kl, .. ,km) : Si,j =0 Zf ki > kij,

and Siﬂ' = (O,SiJ‘Iki) Zf kz S k]}

Proof.

(1) It is obvious that Or(A,B) N Og(A4,B) = {(4,SB) : S € Gsr}. Hence,
it is sufficient to check that Ggr is a subgroup of the centralizer of A: if
for i = 1,2, S; € Ggr and T; € Gl,, are such that S;B = BT;, then left
multiplying by S; ! and right multiplying by T, i_l we have S; 'B = BTi—1
and $19,'B = S, BT, ' = BT, Ty *.

(2) We have noticed that the set of nonsingular matrices S such that AS = SA

isUTT (k1, ..., km).
On the other hand, if B, = (E},, Ei,, ..., E, ), the columns of SB, will be
the columns l4, s, ...,l,, of S. Moreover, because SB. = B.T, these columns
must be linear combinations of the columns of B.. Hence, (Si_,j)t,kj = 0if
1 <t < k;, and the proposition is proved. 0O

Concerning the second intersection in Proposition 4.1, we have again a general
description as an orbit with regard to a group depending on the pair (A, B), and an
explicit description for BK-pairs (A, B.):

THEOREM 4.4. Let (A, B) € M* be a full rank controllable pair.

(1) The submanifold Os(A, B) N Or(A, B) is the orbit of (A, B) with regard to
the action of Gsr(A, B) formed by the S € Gl,, such that ST'B = B, and
there is R € C™*™ such that: S~*AS = A+ BR.
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(2) In particular, if (A, Be) € M* is a BK-pair with controllability indices ki >

<o >k >0, it is a ng-dimensional linear manifold:

OS(Ac> Bc) N OR(Aa Bc) = (Aca Bc) + {(AB>O)}/3'

Proof.

(1) It is obvious that:

Os(A,B)NOgr(A,B) = {(S7*AS,B) : S € Gsr(A, B)}.

Hence, it is sufficient to check that Ggg is a subgroup of Gi,: if for i = 1,2
one has S;lASi = A+ BR; and S;lB = B, then

(818,)'B=5,8'B=5,B=8B

(S1S5 ) A(S1S5 1) = So(A+ BRy)S; ! =
A+ BRy + SoBR1 Sy = A+ B(Ry + R1S5 1)

(2) For simplicity we will refer to the given pair as (4, B), to its orbits as O

and Og and to the ng-linear manifold as Lg.

Firstly, we prove that Lz C Og: taking the rows R/ = Alﬂj and bearing in
mind that Bl = EJT and B® = 0 otherwise, it is easy to see that Az = BR.

Secondly, to prove that Lg C Og we must see that there is X € Gl,, such
that XAX~! = A+ Ag and XB = B or, equivalently, XA = AX + 43X
and XB = B.

Expressing these conditions in blocks, we have
(a) XijNi, = Nk, Xij+ 3,20 AgipXp s,
(b) (Xij)k; = 0ij By,

We define
(a) S € Gl,, such that Si,i = Ikm Si,j =0if k; > kj and (Siyj)p =
kj—ki .
g1 BijaEpyg 1 if ki <kj.
€ Gl, such that X;; = Iy, X;; =01 ¢ < g, Xy,-1 = 5ii—1 an
b) X € Gl,, such that X;; = I, X;,; = 0if i < j, X;, S;. d

j e
Xij =2 pmio1 SipXpy ifi>].
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In Example 2.4, the matrix S is

1 0 0 0 0 0 0 0 0|0 00 O

0 1 0 0 0 0 0 0 0j0 0|0 O

0 0 1 0 0 0 0 0 0j0 0|0 O

0 0 0 1 0 0 0 0 0j0 0|0 O

0 0 0 0 1 0 0 0 0j{0 0|0 O

0 0 0 0 0 1 0 0 0|0 00 O
B21,4 P25 P26 0 0 0 1 0 0(0 0|0 O
B2,14 P25 P2,1,6 0 0 0 1 0j]0 0|0 O

0 0 B21,4 P215 P26 O 0 0 110 0]0 O
B31,3 PB314 P15 P36 0 0| B3,2,3 0 0|1 0|0 O
0 B313 B314 B315 P16 0 0 Bs23 0|0 1]0 O
Ba13 Para Pais Baie 0 0| Ba2,3 0 0({0 0|1 O

| 0 Ba13 Bara Pars Paie O 0 Ba2sz 0|0 00 1 |

Notice that obviously SB = B. In addition, if ¢ > j, we have
L] Si,jAg,j’p =0.
° Si’ijj = Nkiv‘s’i;j +Ag ;- 4
® XNy, = zj):ifl Si,po/’Nkj = E;:ifl Si,kapo,j =
Zﬁ;:iq(Nki Si,p + Aﬁ,i,p)Xp,j = N, Xi; + ng:iq ApipXpj =
Nie, Xij+ Y01 AgipXp .
o (X i)k =FEk,, (Xiiz1)k,_, = (Sii—1)k;_, = 0 and by recurrence
(Xij)k; = 0ij B,
The last equalities prove that Ly C Og. Then, Lg C Og N Or. The two
manifolds have the same dimension ng. Let us see that the above inclusion
is an equality. It is a straightforward computation that if a pair (Ag, By) =
(A,B) + (Aqa,0) + (A3,0) € Ogr(A, B) belongs to Og(A, B), then a = 0
and hence it lies in Lg; the condition rank Ay = rank A, implies that the
a-parameters in the first column of each block (i.e., in the columns 1, ¢; + 1,

g2+1, ...) must be zero; then, the condition rank A2 = rank A2 implies that
the a-parameters in the second column of each block (i.e., in the columns 2,
g1+ 2, ...) must be zero; and so on. [

REMARK 4.5.

1. Tt is well known that, if (A, B) is controllable, the eigenvalues of A can be
shifted by means of suitable feedbacks. Even more, Rosenbrock’s theorem
details the effects of feedbacks on the Jordan form of A. The last assertion
in Theorem 4.4 shows that in fact the G-feedbacks do not change the Jordan
invariants of A.. On the other hand, Arnold’s theory shows that A.+{Aa}a
is a Jordan-miniversal deformation of A., so that any nonzero a-feedback of
(A., B.) modifies the Jordan invariants of A..
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2. More explicitly, in the above proof one has described, for each [-feedback,
the change of basis Sg € GI,, such that

S5'AcSs = Ac+Ap = Ac+ BeRs,  S5'B. = B..

It gives an alternative explicit description of Og N Og:
OS(ACa BC) N OR(AC»BC) = (AC, BC) + {(Ag, 0)}[3 = {(SglAcSﬂa Bc)}ﬁ'

As above, let us see that Ogr(A, B) N Ogr(A, B) is a differentiable submanifold
of OpKk (A4, B). Notice that obviously Os(A, B) C Ogr(A, B) N Ogr(A, B). We will
see that in fact the converse is also true if (A4, B) is a BK-pair. Previously we prove
a similar result concerning Og (4., B:) N Osr(Ac, B.):

LEMMA 4.6. Let (A, B) € M* be a full rank controllable pair.

(1) The intersection Ogr(A, B) NOr(A, B) is a submanifold of Opk (A, B).
(2) In particular, if (Ac, B.) € M* is a BK-pair,

(Ach) + {<A670)}ﬁ = OS(Achc) N OR(AC7 Bc) = OST(Aca Bc) N OR<A07 Bc)
Proof.

(1) As in Proposition 4.1.
(2) With the notation in the proof of Theorem 4.4 (2), we have shown that:

Lg =0gnN OR(AC, Bc) C OST(A(;, BC) N OR(AC,BC).
If (A',B") € Osr(A., B.) NOgr(A., B.), then:
A =S1AS=A+ A, + A5, B =S"'BT =B,

for some S, T, a, 3. We have also proved that the first relation implies oo = 0,
and that then (see Remark 4.5):

A+ Ag=S5'A55, B=5;"B.
Hence, (A’,B’) € OsNOg. O
THEOREM 4.7. Let(A, B) € M* be a full rank controllable pair.

(1) The intersection Oggr(A, B) N Osr(A, B) is a differentiable submanifold of
OBK(A7B) and

Tl2 S dlm(OSR(A7B) N OST(A7 B)) =
dim Ogr(A, B) + dim Og7(4, B) — (n® 4+ ng + n.).
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(2) In particular, if (Ac, B.) € M* is a BK-pair, then
OSR(Aa Bc) N OST(Am Bc) =0Os (ACa Bc)~
Proof.

(1) As in Proposition 4.1.

(2) For BK-pairs, we have dim(Ogr(A, B) N Osr(A, B)) = n? = dim Og(A, B).
Again we refer to the given pair simply as (A, B). If (A’,B’) lies in the
intersection, there will be S1, S3, R and T such that:

A= 87'AS, = S; ' (A+ BR)S,, B’ = S;'BT = S; 'B.

Let A” = S,A'Sy' = S;'AS; = A+ BR, where S3 = $1S;'. Then,
B = S,B' = S;'BT. Clearly

(A",B) € Og(4", B),

(A", B) € Osr(A,B)NOgr(A,B) D Os(A, B)NOg(A4, B).

But Lemma 4.6 ensures that the last inclusion is in fact an equality. Hence
(A”,B) € Os(A, B). From it and (A", B) € Og(A’,B’), one has (A4',B’) €
Os(A,B). O

REMARK 4.8. The last assertion in Theorem 4.7 shows that, in this case, the
intersection Ogr N Ogpg is just the orbit generated by the action of the intersection
Lie subgroup of those generating Ogr and Ogg.

5. Some comments and remarks.

5.1. Summary diagram. We can summarize the above results in the way
shown in Figure 5.1, where the squared quantities are the dimensions of the man-
ifolds and the quantities on the arrows are the corresponding codimensions. We point
out especially the nontrivial conclusions concerning Ogg N Ogr and Or N Og.

In fact, in a neighborhood of a BK-pair (4., B.), we have an adapted coordinate
system (S, @, 7, ) of M*  where S € Gl,, and «,, 0 are the parameters in Definition
2.3, in a such way that:

OBK:{(S:O}a OST:{5:QZO},
OSRZ{(S:’}/:O}, OS:{(S:()(:’}/:O}.

Clearly, («, 8) is a coordinate system of Op, and one has proved that:
OsﬂOR:{OAZO}.

Moreover, if § = 0, the parameters «,y classify the ST-classes and the SR-classes,
respectively, and the pair (a,7), the S-classes.
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5.2. Feedbacks. In control theory, feedbacks are used in different contexts, such
as the study of conditioned invariant subspaces ([5]) or in the pole assignment prob-
lem, where any prescribed spectrum for A+ BR can be obtained provided that (A, B)
is controllable. It seems natural (see, for example, [16]) to study which other char-
acteristics of A can be changed by means of suitable feedbacks, and what kind of
feedbacks are needed in each case. For instance, if one considers a BK-pair (A, B.),
it is clear that any pole assignment can be solved using only block-diagonal feedbacks.
Let us see that, from our study in the above sections, one has the following surprising
conclusions:

e the (-feedbacks do not change any Jordan invariant, and any a-feedback
perturbs the Jordan type.
e any Jordan form near A. can be obtained by means of a suitable a-feedback.

Indeed we have shown that the §-feedbacks do not change any Jordan invariant
of A., because they are equivalent to changes of basis of the state space. On the other
hand, we have proved that any a-feedback perturbs the Jordan type of A.. We notice
that, from a ”local” approach, these feedbacks form a miniversal deformation of A,
in the sense of [2]. That is to say, that any Jordan form near A. can be obtained by
means of a suitable a-feedback or, even more, that they induce any local differentiable
family of perturbations of A, in the space cv.

We have seen in Section 5.1 that these parameters also play an important role
from the point of view of classifying pairs of matrices; the a-feedbacks parameter-
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ize the ST-classes contained in Opk(A., B.), and in particular they form an ST-
miniversal deformation of (A., B.) in its BK-orbit. This role of a-feedbacks as an
ST-deformation, and their role as a Jordan-deformation in the above paragraph, is
not evident. For instance, for a # o’ (small, nonzero), the pairs (4. + A, B.) and
(Ac + A/, B.) are not ST-equivalent, but the matrices A. + A, and A, + A, may
be similar.

Finally, we remark the quite surprising fact that the number of B-parameters, ng,
(more precisely, the dimension of Os N ORr) is just the codimension of Ogg in M. Tt
is zero if and only if ky = ko = --- = k.

5.3. Dimension of orbits. Notice that
dim Opg = n? + m? + nm — dim(Os N Or) — dim(O5 N OR)
(recall that dim(Or N Og) = 0). This gives a nice geometric interpretation:

e the dimension of Opk (as well as Ogr and Ogpr) depends only on the ”over-
laps” Os N Ogr and Og N Or.

We have already seen that dimOg N Ogr = 0 if and only if ky = kg = -+ = kyy.
Then and only then, Og N Or = O (or equivalently, Ogr = Or) and Oggr = Opk-

More generally, when ki — k,,, < 1, and only then, the BK-orbit has null codi-
mension, or equivalently, it is open (hence, dense, from the Closed Orbit Lemma (see
for example [10])).

When changing the controllability indices and the indices are not minorized, the
dimension of the BK-orbits may be equal. Nevertheless, in these cases there is not a
clear pattern between this dimension and the dimension of the ST-orbits or S R-orbits.
See, for instance, Table 5.1.

k codim Ok | codim Ogr | codim Oggr
6,3,3,1 10 47 15
5,5,2,1 10 47 15
5,4,2,2 6 47 11
4,4,4,1 6 49 9
5,3,3,2 4 47 9

TABLE 5.1

Dimension of Orbits
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