ON THE GEOMETRY OF THE SOLUTIONS OF THE COVER PROBLEM

F. PUERTA'*, X. PUERTA!f, AND I. ZABALLAZ%}

Abstract. For a given system (A, B) and a subspace S, the Cover Problem consits of finding all (A, B)-invariant subspaces
containing S. For controllable systems, the set of these subspaces can be suitably stratified. In this paper, necessary and
sufficient conditions are given for the cover problem to have a solution on a given strata. Then the geometry of these solutions
is studied. In particular, the set of the solutions is provided with a differentiable structure and a parametrization of all solutions
is obtained through a coordinate atlas of the corresponding smooth manifold.
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1. Introduction. Given a time-invariant linear system

y(t) = Cx(t)

a subspace V is said to be (A, B)-invariant (or controlled invariant as in[3]) if AV C V + Im B.

For a given subspace S, the cover problem consists of finding all (A, B)-invariant subspaces V such that
S C V. A number of important problems are related to the cover problem. For instance, the disturbance
decoupling problem calls for a state feedback transformation such that the output of the closed-loop system
does not depend on the input disturbance. As shown in [8, Th. 4.2] this is possible if and only if ImQ C
Im(A, B; ker C') where Im(A, B; Ker C) is the unique maximal (A, B)-invariant subspace contained in Ker C,
and @ is the input disturbance matrix. Clearly an explicit solution of the cover problem will provide us
with an explicit solution for the disturbance decoupling problem. Some other important problems, like the
observer and model-matching problems, are related to the cover problem as well (see [1]). Actually, as said
by Antoulas in this paper: “The cover problems provide a unifying framework for the solution of a number
of important feedforwaad as well as feedback problems in linear system theory”.

Antoulas’ paper is one of the main contributions to the solution of the cover problem. Antoulas links
together the cover problem and the nice partial realization problem providing, through the last one, a
parametrization of the solutions. Our approach is completely different. We tackle this problem from a

{ #(t) = Ax(t) + Bu(t)

geometrical point of view. Namely, by duality, the cover problem is equivalent to finding all (gi)—invariant

subspaces (for notational convenience, from now on we will write (B, A) instead of (g:)) V such that
VY C 8*. (Recall that V is (C, A)-invariant if A(V N KerC) C V). Thus, if Gry(V) denotes the Grassman
manifold of d-dimensional subspaces of V, the set of solutions of the cover problem is the intersection Gr4(S™)
with the set of (B, A*)-invariant subspaces of dimension d, both manifolds of Gr4(K"), K being the field
of real or complex numbers. Our goal is to compute explicitly this intersection. To this end, we partition
the set of (B?, A)-invariant subspaces of dimension d into smooth strata by fixing the Brunovsky form of
the corresponding restriction of (B*, A") (see [3]) and we use the parametrization of these strata given in
[4] in order to describe the solutions of the cover problem through the solutions of a set of linear algebraic
systems.

We will use the following notation. As said, K is the field of real or complex numbers and Gry(K™)
denotes the Grassman manifold of d-dimensional subspaces of K. M,, ,, is the set of m x n matrices with
elements in K, M,, is the set of the n-square ones and My, , is the subset of the full column rank m x n
matrices. If X € M, then [X] denotes the subspace spanned by the columns of X. Finally, if X € M, ,
X* € My, is its conjugate transpose.

The structure of this paper is as follows. In section 2 we recall the parametrization of the set of (B, A?)-
invariant subspaces given in [6]. In section 3 we describe the solutions of the cover problem in terms of the
solution of a set of algebraic linear systems on the parameters of the mentioned parametrization. From this
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description we derive explicit necessary and sufficient conditions for the cover problem to have a solution
with a given observability indices (Theorem 3.4). In section 4 we prove a simple necessary and sufficient
condition in order to ensure that the above conditions are satisfied generically (Theorem 4.9). In section 5
we show that the set of solutions of the cover problem is a stratified smooth manifold with an orbit space
structure similar to the set of (B!, A*)-invariant subspaces and we compute its dimension (Theorem 5.1).
Finally we parameterize this manifold by means of coordinate charts (Theorem 5.9) and we prove that it is
connected.

2. Preliminaries. All along this paper a pair (A, B) will be given and we will consider a fixed basis

of K™: the Brunovsky basis with respect to (gi) as given in [6]. Actually this is the basis for which system
(A, B) is in the Brunovsky form (dual to the usual one) as given in [2, Lemma 4.4]

On one hand recall that V is an (A, B)-controlled invariant subspace if and only if V1 is a (B?, A?)-
conditioned invariant subspace. And, on the other hand, notice that S C V if and only if any vector of Y+
is orthogonal to any vector of S. This means that if V+ = [X] and S = [F] then X*F = 0. Thus, we can
restate the Cover Problem as follows: Given S € Grqa(K") and a matriz F' € M}, such that S = [F*], find
all matrices X € M, 5 such that [X] is a (B, A)-conditioned invariant subspace and FX = 0.

It turns out that the set of matrices X € M ; whose columns form a basis of some (B, A*)-invariant
subspace has been parameterized in [6]. We will take advantage of this fact to characterize the solutions of
the matrix equation FX = 0 whose columns span a (B, A?)-invariant subspace.

We recall first the basic results about the differentiable structure of the manifold of (B?, A?)-invariant
subspace with specific Brunovsky form for the restriction (see [6] for more details and proofs). Given
an observable pair (C, A) € Mg, x M, with observability indices k = (k1,...,k,) and a set of indices
h = (hi,...,hs) we will say that h is compatible with k if s <r and h; < k; fori=1,2,....

Let the conjugate partitions of k and h be r = (r1,...,7%) and s = (s1,...,Sn), respectively, with
r=ry1>...>ry>0and s =s1 > ... > s, >0. (Recall that if £ = (k1,ka,...) then r = (r1,7r2,...) is
its conjugate partition if and only if r; = #{i : k; > j}, where # stands for cardinality). From now on we
will assume that s; := 0 for ¢ > h and r; := 0 for ¢ > k. If (ky,...,k,) are the observability indices of (C, A)
then (r1,...,7x) are called the Brunovsky indices of (C, A) (see [4]).

Notice that k; > h; for ¢ = 1,2,...,r if and only if r; > s; for i« = 1,2,..., k. In other words h and
k are compatible if and only if s and r are compatible. In the sequel we also assume that s and r are
compatible partitions and we denote by Inv (r, s) the set of (C, A)-conditioned invariant subspaces for which
the restriction of (C, A) to each one of them has Brunovsky indices s (see [5] or [6] for the definition of this
restriction).

DEFINITION 2.1. .- (i) Let M(r,s) denote the set of matrices X € M, q which are partitioned into
blocks X = (X;5), 1 <i <k, 1<j<h in such a way that

((1) Xij S M»,‘i’sj.

(b) Xij =0ifi<jy.

(¢) Ifi > j, X;; can be partitioned into blocks X;; = (ZZ;jH), 1<a<h—j4+1, where

i—i+l _ v,
k0% 0

with Y;;jﬂ having size Th—q4i—j+1 X (Sh—a+1 — Sh—a+2)-
(d) Xiy1,j+1 is obtained from X;; by removing the last s; — sj 41 columns and the last r; — ;11 rows for
1<i<k 1<j<h.
(e) rank X;; = s;, 1 <i < k.
The block decomposition of X;; in (c) will be called its standard block decomposition.
(ii) We denote G(s) := M(s, s).
Perhaps a more intuitive description of a matrix X € M(r,s) is as follows: X = (X;;), 1 < i <k,
1 < j < h where:

1. Xij S Mr,-,sj-

3. For£=1,...,k Xpn = (X;),1<i<k—Ll+1,1<j<h, X}, of size (rp—ip1—Th—it2) X (sh_j41—
Sh—j+2), and ij =0fori>k—h—{+j+ 1. That is to say, if we divide X, into (k—¢+1) x h
blocks of size (rg—iy1 — Th—it2) X (Sh—jt1 —Sh—j42), 1 <i < k—€+1,1 < j < h, then X, is block
upper triangular.
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4. X;; is obtained from X;_; j_; by deleting the last row and column blocks.
EXAMPLE 2.2. .- If Kk =4 and h = 3 a matrix X € M(r, s) would have the following general form

1 1 1
Xll X12 X13

iy Xb XL Xl

T3 — T4 21 22 23

To —7T3 0 X§2 Xég O O
M — T2 0 0 Xi3

T4 X121 X122 X123 X111 X112

"3 T4 0 X3 X3|X5 Xo 0
T2 — T3 0o 0 X%| 0 X

T4 0 X:132 X133 X121 X122 X}
r3—Ta 0 0 X233 0 X222 X211
T4 0 0 X5 0 X3, |X3%4

And, in this example, a typical element of G(s) would be:

3 Th Ti, Tis

S9 — 83 0 T212 T213 O O
51 — 82 0 0 T4

83 0 Th T |Th Th

$2 = 53 o o 130 7, O
53 0 0 T35 0 T | ThH

Notice that if r; = r;41 or s; = s;41 then some blocks Xf'j vanish. For example if k = (4,3,2,1,1) and
h=1(3,2,2), then k =4, h=3,r=(5,3,2,1) and s = (3,3,1). In this case, a matrix in M(r, s) has the
following form for any choice of the nonzero parameters:

1 Y1 Y2
T2 Y3z Y4

0 ys e 0 0
0 0 0
0 0

z1 b1 ot |z oy Y2
3 ta |22 Ys Y4 0
0 010 wys s
up uz |zt ta | 11
0 0 0 t3 t4 o
0 0 0 U1l u9 z1

oo OO O

and so ng vanishes because s1 = sy = 3.

Notice also that rank X;; = s; if and only if rank X1, = s;.

THEOREM 2.3. .- With the notation of Definition 2.1:
1. G(s) is a subgroup of G1(K%).
2. G(s) acts freely on M(r,s) on the right by matriz multiplication.
3. If X € M(r,s), T € GI(K?) and XT € M(r,s), then T € G(s).
4. The orbit space M(r,s)/G(s) has a differentiable structure such that the natural projection M(r, s)

— M(r;8)/G(s) is a submersion.
There is a natural bijection between Inv (r, s) and M(r,s)/G(s) given by

M(r,5)/G(s) — Tnv (r,s)
{XP|X e M(r,s),PeG(s)} ~ [X]

(In other words every (C, A)-conditioned invariant subspace with s as Brunovsky indices for the restriction
is spanned by the columns of a matrix in M(r,s)). We consider in Inv (r;s) the differentiable structure
defined through this bijection.
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COROLLARY 2.4. .- If for j=1,...,h, mj = s; — sj41 then

h k
dimTnv (r,5) = > > mi(rigj -1 — sipj-1)

i=1 j=1

DEFINITION 2.5. .- A matriz Y € M(r,s) is said to be in reduced form if there exists a set of pairwise
different positive integers n = {n;;, 1 <i < h, 1 <j<mp_;41} such that fori=1,2,...,h

T<n <np <o <My < Thitl

and Y can be partitioned into blocks Y = (Y;;), 1 <i <k, 1 < j < h, satisfying the following conditions
1. Y;'j € Mm,sj-
2. Yy =0ifi<j.
3. Fori=1,2,...,h, Y, can be partitioned into blocks Y;; = (L}ﬁ), 1<pB<h—i+1in such a way

that for 6 =1,2,...,h—i+1, L}ﬁ € My my,_ s, 18 @ matriz whose last r; —rp_gy1 Tows are zero,
the rows ng;, 1 <i < B —1,1 <5 <mp_i41 are also zero, and the Tows ng1,ng2, ..., Ngm,_z,, GT€
unit vectors ef, eg, cee eﬁlhiﬁﬂ :

G

?=(0...0 1 0...0)eKm-s+1,

4. Fori > j, Yy can be partitioned into blocks Y;; = (LZ?H), 1< B8<h—j4+1in such a way that
ngﬂ S M""i’mh,—ﬂ+1 is a matriz whose last 7y — rp_gyi—j+1 rows are zero and for B > i —j+ 1,
the rows npq, 1 <p < f—i+j, 1 < q < mp_py1 are also zero. (Note that the entries of Yi; are
prescribed by the entries of Yi_j11,1).

5. The number of parameters of Y coincide with the dimension of Inv (r, s).

PROPOSITION 2.6. .- For every X € M(r,s) there exists a matriz P € G(s) such that X P is a matriz

in reduced form. Then, the set of integres n is called an admissible set of indices for X and X P a reduced
form of X.

This admissible set of indices for X depends only on the block X;; and completely determines the
structure of the reduced form Y. However, they are not uniquely determined by X;1; that is to say, several
sets may be admissible for the same matrix. In fact, 1 < ny; < nig < -+ < nys, < 7y are sy linearly
independent rows of the matrix

1
X111
X
. )
1
X ht1,1
1<n <nie < <nig, <1py 1 <ngp <ngg < -+ < Nag,,_,—s, < Th—1 are sp_1 linearly independent
rows of
1 1
Xi Xio

1 1
X21 X22

1 1
Xk—h+1,1 Xli—h+1,2
0 Xk—h+2,2

and so on. Of course, there may be several different forms of choosing these linear independent rows.
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EXAMPLE 2.7. .- For the matrix in example 2.2 if 1 # 0, a reduced form of X is

1 0 0

z 1 0

00 1 0 0
0 0 O

0 0 O

y 00 | 1 0 O

0 z t xlOO
0 0 O 0 0 1

0 u v y 0 0 | 1
0 0 0 0 2z t | z
0 0 O 0 v v | y

where n11 = 1, no; = 2 and ngy = 3. And if x5 # 0, another reduced form of X is

z 1 0

1 0 0

00 1 0 0
0 00

0 0 O

y z t z 1 0
ooofl100]0
0 0 0 0 0 1

0 u v y z t | =z
0 0 0 00 0 |1
0 0 O 0 v v | gy

where n11 = 2, no; = 1, noy = 3. Actually, these are the only two possible cases.

PROPOSITION 2.8. .- (i) Let X € M(r,s) and Q € G(s). If n is an admissible set of indices for X, it
is also an admissible set of indices for X@Q.

(i) Let Y and Y be matrices of M(r,s) in reduced form with the same set of indices n. If there is a
matriz P € G(s) such that Y =Y P, thenY =Y.

In other words, once an admissible set of indices (i.e. linearly independent rows in the (1,1)-block) of X €
M(r, s) has been fixed, the reduced form, Y, of X is unique and the free parameters of Y completely parame-
terizes the (BY, A')-invariant subspace [X]. This parameterization can be used to provide the differentiable
manifold Inv (k, h) with a coordinate atlas (for the details see [6]).

The above proposition shows that all bases of the same (C, A)-invariant subspace have the same admis-
sible set of indices.

DEFINITION 2.9. .- Given a (C, A)-invariant subspace V, a multiindex of V is any admissible set of
indices for any matriz X € M(r,s) such that V = [X].

3. The solution of the Cover Problem. Let S € Grg(K™) and let (4,B) € M,, X M, , be a
controllable pair. As said in Section 2, we provide K™ and K" with bases so that (A, B) is a Brunovsky
canonical matrix pair as given in [2, Lemma 4]. With regard to these bases we identify S with [F*], F' € M, .

Recall that the cover problem consits of finding all matrices X € Mj, 5 such that [X] is a (B*, A")-
conditioned invariant subspace and F.X = 0. Assume that k = (k1,...,k,) are the controllability indices of
(A, B) and fix a partition h = (hq,...,hs) compatible with k. Let r and s be the conjugate partitions of k
and h, respectively. We will restrict ourselves to find matrices X € M(r,s) such that FX = 0. As shown
in Section 2, for such matrices, [X] is a (B!, A?)-conditioned invariant subspace and S C [X]* as desired.
In order to know all (B?, A*)-conditioned invariant subspace containing S we only have to check all possible
partitions compatible with &, finite in number.

Let X € M(r,s) and put X7 = (X;;)1<i<k, 5 =1,...,h. Fori =1,2,...,hlet X; denote the submatrix
of X whose j-th column block is the i-th column block of X7. For example, for the matrix in Example 2.2
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we would have

Xty X1, pe
x4 0] 0 x,| O pen
0 x5 X33
0 0 Xis
X2 Xl XQ X] X2
X, = 11 111 O X, = 2 12 X3 = X123
0 | X5 X35 | Xao 23
0 0 0 X§2 X:;))s
0 [ X7 | X, X7 | Xia Xé?)
0| 0 | X4 0 | X3 X3
0 0 X121 0 X12 X13
Also put
Xi;
Z, X4, ‘ |
R = . , j=1,...;h, i1=1,...;k—h+j,
X h—itit1,
and

1

R,

Rj

R; = . , j=1,...,h
Rz;—'h+j

J

R; is of size (rp—j+1 + -+ + 7%) X (Sh—j41 — Sh—j+2) and will be said to be the condensed form of X;,
j=1,...,h. Also the sequence of all these matrices (R, ..., Ry) will be called the condensed form of X.
Notice that by knowing the condensed form of X we can easily reconstruct X € M(r,s). (The information
about r and s is inside the condensed form).

In the previous example

Xl
X1 1 11
Ri=( %), R=xz m=(13)=|x}
Xn Ry 32
X1
Xi,
Xl
X112 X2 X212
B xh)oom=( R ) mexh |3
X1 22 2
X35
X7,
etc.
The (1,1)-block of X, X711, will be also denoted by R:
Xlil Xlig Xlih
Rl X.21 X.22 X-2h
S R 1 1 1
1 cee Xk—h+1 1 Xli—h+1,2 U Xli—h+1,h
(3.1) R:= 0 R}, - Xi—nio22 Xi—hion
0 . R}, 0 :
0 :
X1,
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Now we split the columns of F' according to the sizes of the row blocks of X:
F=(F1 Fao - Ful|Fn Fo - Fogo1|- | Fioin Feoiz | Fi )

with Fij of size d x (Tk7j+1 —’I“k,j+2), i=1,...,k,g=1,...k—i+ 1.

Now, FX =0if and only if FX; =0 for j =1,...,h. In these homogeneous linear systems the unknown
matrix X; has some repeated entries and other ones must be compulsory zero. However with the help of the
matrices R; we can avoid these inconveniences. We introduce the following notation: For o = 1,...,k and
b=1,...k—a+1let

H(o,8) = ( Fapr Faz -+ Fap ) € Mare_siy-

And for j=1,...,h let

Hk—j+1) H2k—j) - Hk—j+1,1)
H2.k—j+1) HBk—j) - Hk—j+21)
H; = , . .

Thus H; is of size jd x (r; + rj41 + -+ - + 7). Notice that this matrix is a kind of truncated block Hankel
matrix. In fact

(2,k—j+1)=( H2,k—j) For—jr1 ),
Bk—j)=( HBk—j—1)Fs%_; ),

T

and so on.

Matrices Hy,. .., Hj only depend on the selected basis for S and the Brunovsky structure of (A4, B). We
will say that (Hy,..., Hp) is the block-Hankel structure associated to F, or a block-Hankel structure of S,
with regard to (4, B). (Notice that H; = F).

Now it is easily computed that FX; =0 for j =1,...,h if and only if

Hy_j1R;j =0, j=1,...,h

As said above, the advantage of this expression is that all elements of R; can be seen as arbitrary unknowns.
Following with our example we have that

F=(Fn Fao Fis Fu|Fn Fpn Fy|F Fxp|Fy)

and FX =0 if and only if

Fin Fia | F Xy
H3Ry = | Fa1 Foo | P X5 | =0
F31 F3p | Fiyy X1
Xis
X2
HoRy — Fi1 Fig Fiz | For Iy | F3 X3 —0
22 Fyy Fyy Fo3 | F31 F3a | Fin Xip
X2
22
Xi,
Xi3
X33
X33
Xis
X2
HiRs=(Fuu Fio Fig Ful|Fa Fn Fg|Fn Fyl| Fu) X123 =0
23
X3y
X3
X35
X4
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As a conclusion we have the following result whose proof is immediate

PROPOSITION 3.1. .- With the above notation there is a matriz X € M(r,s) such that FX =0 if and
only if there are matrices R1,..., Ry, such that H,_j;1R; =0, j=1,...,h and rank R = s7.

Thus the existence of solutions for the Cover Problem is reduced to the compatibility of a finite number
of homogeneous linear systems with the additional restriction rank R = s;. In what follows we aim to give
a more explicit condition with the help of the reduced form introduced in Definition 2.5.

First we pay attention to matrices H; that form a block-Hankel structure of the subspace S. Let
t; =rank Hj, j =1,...,h. In particular ¢; = rank iy = rank ' = d.

DEFINITION 3.2. .- An increasing sequence of positive integers 1 < 6{ << @j <rj+--- 41 is said

to be a multiindex for H; if columns f{, e ,E{j are linearly independent.

PROPOSITION 3.3. .- Let F\G € My, be matrices such that [F*] = [G*] = S. Let (Hy,...,Hy) and
(G1,...,Gp) be two block-Hankel structures associated to F' and G (with regard to (A, B)), respectively.
Then rank H; = rankG; and (¢],... ,e{j) is a multiindex for H; if and only if it is a multitndex for G,
j=1,....h.

Proof.- In fact [F*] = [G*] = § if and only if there is an invertible matrix P € M, such that G = PF'.
Thus G; = Diag(P, ..., P)H; and the proposition follows.l

Then, the following definition makes sense. Let F' € My, be such that [F*] = S and (Hy, ..., Hy) the
block Hankel-structure associated to F. Let £ = (£,... ,E{j) with 1 < ¥ < - < E{j <rj+--+rpa

multiindex for H;. Then, we call £ = ... ,ﬁh) a multiindex of S with respect to (4, B).
Similarly we introduce a notation for the multiindices of a (C, A)-conditioned invariant subspace. If {(1 <

ni1 < Nz < -+ < Ny iy < Th—it1)]1 < @ < h} (recall that mp_jp1 = Sp—it1 — Sh—i42) is a multiindex
of a (C, A)-conditioned invariant subspace (Definition 2.9) then we will write n* = (n;1,...,nim,_,,,) and
n = (n',...,n") denotes a multiindex of that subspace.

We will also use the following notation: if ¢ = (41,...,%,) and j = (j1,....js) are sequences of positive
integers such that 1 < i3 < --- < i, <mand 1 < j; < --- < j, < n, then A(Z, j) will denote the r x s
submatrix of A € M,, ,, formed with rows 41, ...,%, and columns j,..., js; and Ali, §] is the submatrix of
A obtained by removing rows iy, ...,%, and columns ji,...,j,. In particular, if j = (1,...,n) then A(i, ) is
the submatrix formed by rows iy,...,4, and all the columns of A and A[i, ] is the submatrix obtained by
deleting from A rows iy,...,4, and no columns. Similarly if i = (1,...,m).

Now we can prove an explicit condition for the Cover Problem to have a solution:

THEOREM 3.4. .- Let S € Grqa(K"), (A, B) a controllable pair with r1 > --- > ry > 0 as positive
Brunovsky indices and let s1 > -+- > s, > 0 be a partition compatible with (r1,...,7x). Then there erists
an (A, B)-controlled invariant subspace, ¥V € Gr,_s(K") such that the restriction of (B, At) to V' has
(s1,...,5n) as positive Brunovsky indices and V C S if and only if there are multiindices £ = (£*, ... ,ﬁh)
and n = (n',...,n") for S and V', respectively, such that ¢ Nn"=7+t1 =0 for j =1,... h.

Proof.- Assume first that there is an (A4, B)-controlled invariant subspace V € Gr,_s(K") such that
S CV and let [F*] = S. For any matrix X € M(r,s) (whose columns span V1) we have that FX = 0. By
Proposition 2.6 we can assume that X is in reduced form given by Definition 2.5.

Let n = (n',...,n") be a multiindex of V' and then for X. Since X is in reduced form we have that
1/, 7 .
Rj(ﬂ]7 ):Imh,_j_'_l, ]:1,,h

Thus rank R = s; independently of the remainder elements of R}, i = 1,...,h. We only have to analyze

under what conditions systems Hy,_;j11R; =0, j =1,2,...,h, are solvable.
Let us consider system Hj_;j 1 R; = 0. As R}(@j7 )= Iy if Hy,—j41R; = 0 then

Hh_j"l‘l[ ’EJ]RJ[QJ7 ] = _Hh—j+1( aﬂj)a

i.e. the columns of Hj_j41 in n’ are linearly dependent on the remainder columns of Hj_j4+1. Since

rank Hy,_j11 = tp—j41, there must be a multiindex for Hp_ 41, Pl = (Eihjﬂ, e ,Z?hi]]ﬁ) such that
I A pd =), as desired.
Conversely, if I A pd = for 7 =1,...,h then there are matrices Z1,..., Z; such that

Hyjy1l,0'1Z; = —Hp_ja(,0?), j=1,...,h
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For j =1,...,h we construct a matrix R; as follows
R; [ﬂj_a ] = Z;
Rj(ﬂjv ) = [m'h—j+1

Thus Hj,_ ;11 R; = 0 and by defining R as in (3.1) we have that rank R = s;. Now the theorem follows from
Proposition 3.1.1

It is worth noticing that in the proof of the above theorem we have not used the whole reduced form
of X; just the fact that the rows in n/ are canonical vectors. Actually there are some hidden properties of
the admissible multiindices of H; behind the block-Hankel structure of these matrices. The following one is
relevant:

LEMMA 3.5. .- If for some j = 1,...,h there is a positive integer o, 1 < o < rj, such that column
o of Hj is a linear combination of the remainder columns of H; then fori =1,...,5 —1 columns o,r; +
a,...,ri 4+ +71j_1+ o of H; are also linear combinations of the remainder columns of H;.

Proof.- Straightforward bearing in mind the block-Hankel structure of matrices H ;. B

A consequence of this lemma is the following necessary condition for the Cover Problem to have a
solution.

THEOREM 3.6. .- Under the assumptions of Theorem 3.4 let (Hy, ..., Hp,) be any block-Hankel structure
of § with respect to (A, B). If there is an (A, B)-controlled invariant subspace, V € Gr,_s(K™) such that
the restriction of (Bt, A') to V* has (s1,...,sn) as positive Brunovsky indices and S C 'V then

k
(3.2) rank H; §Z(r7;75,;), j=1,... h.
=

Proof.- We have seen in the proof of Theorem 3.4 that if n = (n',...,n") is a multiindex for V* then
the columns of H; in n~7+1 are linear combination of the remainder columns of H j- Thus, if we agree
that for a positive integer a, a +n/ = {a +nj1,a+n;2,...,a +njn,,}, then, according to Lemma 3.5, the

following columns of H; in

"IV (ry + 07U 4
PITLU (0T U (g + g + 0T HU

CIBLIBIS

PU(rj+nt)Usee(rj+ o+ rao )

IS

are linear combination of the remainder columns of H;. But all these sets of indices are pairwise disjoint
and

#(ﬂl UEQU...Uﬂh*jJrl) :5h+mh—l+"‘+mj =5
#(rj+n' Urj+n2U---Urj+ 0" ) =sp +mp1+ - +mjp1 = 5541
#(r1+ -+ a1 +nb) = sp.
As the number of columns of Hj is 7; + - -- 4 r;, we conclude that
rank H; < (rj+---+rg) —(s;+--+sn), j=1,... k.
as desired. ®
Condition (3.2) is not sufficient in general because it is not only important the number of linearly

independent columns of H; but also their positions. For example, assume that r = (5,3,2,1) and s =
(3,3,1) as in Example 2.7, and let S be the subspace of R!! generated by the matrix F* where F =
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(10000000000).Then

F
On one hand, rank Hy =1 <r;+ro+1r3+1r4 — 81 — 83 —Szg =4, rank Hy =1 <79+ r3+74— 83 — 53 =2
and rank H3 = 1 < r3+ r4 — s3 = 2. Thus condition (3.2) holds. However we have seen in Example 2.7
that the only possible multiindices for all invariant subspaces are ((1),(2,3)) and ((2), (1,3)). (Notice that
in this case n® = (). But ¢! = (2 = ¢3 = (1); and so either £3Nn' # 0 or /> Nn? # (. That is to say there is
not (A, B)-controlled invariant subspace V such that the restriction of (B, A?) to V* has Brunovsky indices
s=(3,3,1) and S C V. This does not mean that there is no (A, B)-invariant subspaces of codimension 7
containing S. In fact, many other partitions s are compatible with r = (5, 3,2, 1). For example s = (4,2, 1)
is compatible with r and a possible multiindex may be n = ((2),(3),(4,5)). Since £3~9*1 N nJ = ( for
Jj = 1,2,3 we conclude that there is at least one (A, B)-invariant subspace of codimension 7 containing

S. The orthogonal of such a subspace is generated by a matrix Y € M(r, s) in reduced form as given in
Definition 2.5. Thus the orthogonal to the subspace spanned by

(1000 0/0 0 0[O0 0]0)

0 0]0
0 0]0

H
©o>—~©)—‘ll
ooooo
oo o @ o

0O 0 O O[O0 01O
1 0 0 00 01O
o 1 0 0|0 010
o o0 1 0|0 010
O 0 O 110 01O
Y(yi,--,99)=| v1 v2 ys ya| O 0]0
o 0 O O0O1 010
O 0 O o0 110
0 ys w6 yr|yr y2| 0
o o0 0 o0 O01}1
0 0 wys |0 ys|wn

has dimension 4, it is (A4, B)-invariant and contains S. Notice that there are 9 free parameters in Y. So,
there are many other different choices for matrices Y in reduced form with the same properties.; i.e. each
one of them spans a (B!, A')-conditioned invariant subspace of dimension 7 with Brunovsky indices for
the restriction s = (4,2,1) and whose orthogonal contains S. We will see in a later section that the set
of all (B!, A*)-conditioned invariant subspace with fixed Brunovsky indices for the restriction and whose
orthogonals contain a given subspace can be provided with a differentiable structure. As we will prove, the
number of free parameters in Y is just the dimension of the corresponding manifold.

To finish this section is worth mentioning that, generically, condition (3.2) is also sufficient as we will
show in the next section.

4. The generic case. The aim of this section is to show that, generically, that is to say for S belonging
to an open and dense subset & of Grg(K™), condition (3.2) in Theorem 3.6 is a sufficient condition for the
Cover Problem to have a solution. We would like to emphasize that genericity is an interesting property
from a practical point of view. In fact, it means that if S ¢ & we can obtain by a slight modification of S a
subspace 8’ € & and that if S € & the small perturbations of S remain in &.

We begin by recalling the definition of genericity. Given a property (P) concerning the elements of a
topological space T, (P) is said to be a generic property with respect to T if there exists an open and dense
subset O of T such that every element of O satisfies this property. Then, we also say that the set O satisfies
property (P) generically. For example, being invertible is a generic property with respect to the set of square
matrices. The following property will play an important role in the achievement of our objective.

(P) We say that a matrix A satisfies property (P) if A has full rank, say r, and all r x r submatrices of
A are invertible.

It is clear that (P) is a generic property with respect to M, ,,. However, what we will need is that this
property keeps being generic with respect to a smaller set: the set of all block-Hankel structures (Hy, ..., Hy)
associated to F'. The following particular case is essential to this end.
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Let H, 4 be the set of p x ¢ Hankel matrices and v the number of perpendiculars to the main diagonal.
From a topological point of view we identify H,, , with K”. Let H(z) be the Hankel matrix

T Z9 I3 e Xg
T T3 .
H(.’I}): I3 :<.’13i+j,2)
P
where x1,...,x, are indeterminates. We will also say that zi ..., x, are the parameters of H(x) and that
H () is a parametric Hankel matrix. A particular Hankel matrix H (a) is obtained by giving to the parameters
the values &; = a;, ¢ = 1,...,v. We will show that (P) is generic with respect to H, 4. For this we need the

following result

LEMMA 4.1. .- Let H(x) be a parametric Hankel matriz with p < q. Let I = (i1,...,ip) be a given
sequence of indices, 1 <11 < ... <1, <gq, and let Aj(x) be the determinant formed with the columns in I.
Then Aj(x) is not the zero polynomial of K[z].

Proof. By recurrence on the number of rows p. If p = 1 the lemma is obvious. Assume now that the
lemma is also true for p — 1 > 2. Then, if p is the number of rows of H(x), we compute Aj(z) by its first
column cofactor expansion:

Ap(w) =z, Ay gy () + -+ @iy 1p-180 4, (T)

Notice that if we eliminate the first row of a Hankel matrix, the remaining matrix is still a Hankel matrix.
Hence, by applying the induction hypothesis we conclude that Ay ;, (x) # 0. Then taking into account that
the indeterminate x;, does not appear in any of the remainder summands we obtain that Aj(x) # 0, as
desired. W

Let V; denote the set of matrices H(a) € H, 4 such that Aj(a) # 0. The above lemma shows that V; is a
Zariski open (and hence dense) subset of H,, ;. When I runs over all 41, ...,4, such that 1 <4y < ... <14, <gq,
?VI is still open and dense. Since H € H,,, satisfies (P) if and only if H' satisfies the same property, the

next lemma follows.
LEMMA 4.2. .- (P) is a generic property with respect to Hp.q.

We will have to deal with matrices formed by a finite number of parametric Hankel matrices, one each
other with different parameters. For convenience we introduce the following definition.

DEFINITION 4.3. Let H;;(z; ;) be a parametric Hankel matrices with different parameters (that is to
say, x; ; # w1 of (4,5) # (k,1)). A matriz of the form

Hii(z11)  Hiz(zi2) -+ Hin(xin)

H21(=’E21) H22($22) te Hzn(fzn)
H(z) - . . . .

Hml(zml) HmQ(me) te Hmn(xmn)

will be called an H-matriz, For example,

Iy T2 X3 Y1 Y2 Vi1 V2 U3z U4
Ty T3 X4 Y2 Y3 V2 Vs Vg Us

Z1 Z9 zZ3 U1 U2 t1 t2 t3 t4
Zo z3 Za Uz uz ta l3 tg it
Z3 24 R5 U3 U4 tg t4 t5 t6

is an ‘H-matrix. (For simplicity we have written z%; = z;, 2, = yj,...)

LEMMA 4.4. .- (P) is a generic property with respect to the set of H-matrices.
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Proof. Let (Jc}j, ..., 2;7") be the parameters of H,;;(x;;). Since x # xfy, for (i, j) # (k, £) we can obtain
from H(x) a Hankel matrix as follows. In the first row block

( Hir(w11) Haz(wi2) Hin(21n) )

we modify the parameters of the first column of each one of the blocks Hia(z12), His(213),- . -, so that the
first row block becomes a Hankel matrix with different parameters. We illustrate this through the example
above. Replace y; by x4 and vy by ys:

Ty
T2
Next we modify conveniently the parameters of the second row block

( Hoi(z21) Haz(woz) Hon(w2n) )

so that the resulting matrix formed by the two modified row blocks is a Hankel matrix with different
parameters. Again, we illustrate this procedure through the previous example

L2

T3 T4 Y2 Y3 V2 U3z U4
z3

Ty Y2 Y3 V2 V3 Vg Vs

1 T2 T3 T4 Y2 Y3 V2 V3 U4
T2 X3 T4 Y2 Y3z V2 VU3 V4 Us
T3 T4 Y2 Y3 V2 V3 Uy Vs Iy
Tg Y2 Y3 V2 V3 Vg U5 tg ts
Yo Y3 v2 w3 wvg vs tg 5 g

Following this way we will obtain from H(z) a Hankel matrix, H(z) € Hp 4. By Lemma 4.2 (P) is generic
with respect to Hp 4, and so it is with respect to the H-matrices. [ |

Finally, let O; be the set of all matrices F' € Mg ,, such that if (H; ...
associated to F, H; satisfies (P) and set O =nN0O;.
J

Hy},) is the block Hankel structure

PROPOSITION 4.5. .- O; is an open and dense subset of Mg,p,.
Proof. Recall that matrices H;, as defined in Section3, are almost block Hankel matrices. Actually we
can permute the blocks in H; in order to obtain a matrix with the form

p=(H H - H)

(P a permutation matrix) such that each submatrix H; is a block Hankel matrix for i = 1,...,k;.
Following our example in Section 3 we would have

H{ = ( Fi. Fn F3 Fy ) H? = ( Fip Fyy F3 ) H} =( Fiz Iy ) Hi = Fiy
Iy Fyy Fyy Iy Fy Fi3
Hl = H2 = HS =
2 ( For F3i Fn 2 Fay  Fso 2 Fas
Fip Fy Fip
Hi=| Fyn Fy H2 = | Fy
I3 Fy F3s

Now, by a suitable permutation of the rows of H;P we can obtain an H-matrix. The proposition follows
from Lemma 4.4 taking into account that the parameters of F' not being in H; are free. [ ]

COROLLARY 4.6. .- O is an open and dense subset of Mg .
From this corollary we derive the following result which is basic to attain our objective.

PROPOSITION 4.7. .- Let & be the set of subspaces S € Gry(K™) such that S = [F*] with F' € O. Then
S is an open and dense subset of Grq(K™).

Proof. Let F,G € My, be matrices such that [F*] = [G*] =S, and (H1, ..., Hp), (K1,...,K}) be the
block Hankel structures associated to F' and G, respectively. From Proposition 3.3 one has that F' € O if and
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only if G € O. Then the proposition follows from the above corollary and the fact that in the description of
Grg(K™) as the orbit space M}, / GI(K?), the natural projection M, — My, / GI(K?) is an open map.
|

LEMMA 4.8. .- IfS € & and Hy,...,Hy is a block Hankel structure of S satisfying condition (3.2) in
Theorem 3.6 then

rank H; = jd.

Proof. Since § € &, H; has full rank. Therefore,
rank H; = min{jd, r; +--- +ry}

and from condition (3.2) we have
k
min{jd, rj +--- + 1} < Z(n —8;).
i=j

Hence, rank H; = jd. [ ]
We are now in position to show the main result of this section.

THEOREM 4.9. .- Under the assumptions of Theorem 3.4 and with the above notation, for every S € &
there is an (A, B)-controlled invariant subspace V € Gr,_s(K™) such that the restriction of (Bt, A') to V*

has (s1,...,sn) as positive Brunovsky indices and S C V if and only if
k

(4.1) 0<> rj—sp—hd.
j=h

Proof. (if) Condition (4.1) can be written as

k
hd < Z(Tz‘ —5;)
i=h

and from this relation and bearing in mind that r; > s;, we conclude that for j =1,...,h

k k
(4.2) JA<hd <) (ri—si) <> (ri—si).
i=h

i=j
But by the above lemma, jd = rank H; = ¢;. Hence,
(43) tj“i’mj:jd‘i’sj*sj—i-lSTj‘i’""i’Tk, ]:1,,h

Since § € 6, if (Hu,...,Hy) is a block-Hankel structure of S, for j = 1,...,h any set of columns of H; is
linearly independent. Thus any multiindex is available to be chosen, and, in order to apply Theorem 3.4,
we only have to check that t; + #nh=7+1 is less than or equal to the number of columns of Hj;. And this is
just what relation (4.3) shows.

(only if ). From Theorem 3.6 we know that condition (3.2) is satisfied, so that for j = h we have

k
th < ZT]' — Sp,
Jj=h

and from Lemma 4.8 rank Hj, = hd. Hence, condition (4.1) is satisfied. ]



14 F. Puerta, X. Puerta and 1. Zaballa

REMARK 4.10. Given § € Gry(K"), the existence of an (A, B)-controlled invariant subspace V €
Gr,_s(K™) such that the restriction of (B!, A*) to V* has (si,...,sy) as positive Brunovsky indices and
S C V is equivalent to the following relation

(4.4) Grs(SH)NTnv (r,8) # 0.

According to Thom Transversality Theorem a necessary condition in order the above relation to be
satisfied is that

dim Grs(S*) + dimInv (r,s) > dim Grs(K") .
That is to say, if n = dimInv (r, s) then
o(n—d+46)+n>dn-—9)
or

(4.5) od <n

k

We know that 6 =s; + .-+ s, and n = Z i — Sit1 Z Titj—1 — Sitj—1)| (see Corollary 2.4).
; =

Hence relation (4.5) is equivalent to

h h
d (Z 31) < Z (si — Sit1)

i=1

(rj = s;)

-

<.
Il
-

h h
But Z s = Z i(8; — Si+1) so that, finally, (4.5) is equivalent to
i=1 i=1

h

Z (si — siy1) | id — Z (rj —s;) <0.

=1

We then conclude that (4.1) (see (4.2)) implies (4.5). Therefore condition (4.1) in Theorem 4.9 gives a
necessary condition for (4.4) to be satisfied generically. This is interesting because Thom Theorem tells us
more than this. In fact, it states that the intersection in (4.4) is transversal which implies that Grs(S+) N
Inv (r, s) is a manifold and also that its dimension is given by n — dd. We will prove this two statements by
direct methods in the next section, but not only for generic subspaces but in general.

Theorem 4.9 can be used to provide a solution, in the generic case, to the original cover problem; that
is to say, without prescribing the Brunovsky indices of the restriction, s. This is stated in the following
problem whose proof follows from the following observation. Assume that s’ = (s),...,s},) is such that
h! < h. Then,

Zr]—sh—hd< Z rj—hd<2r]—sh, h'd.
j=h'+1 j=h'
COROLLARY 4.11. .- With the notation of the above theorem, for every S € & there is an (A, B)-

controlled invariant subspace V € Gry,_s(K™) such that S CV if and only if

(4'6) Tj—Sh—hd.

IN
-

for the unique s compatible with r having minimal h.
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We will give an example applying this result. First notice that the unique partition s compatible with r
(i.e., 8; < r; for all 7) having minimal h can be explicitly constructed as follows (recall that s1+-- -+ s, = 9):

(1)  s1 =min{ry,d}
(1) forj=2,3..., s1+---+s;=min{ry +---+7;,0}

and h =min{j : r1 +---7r; > d}.

EXAMPLE 4.12. Let r = (3,3,2) and d = 3. We are going to determine when the cover problem has
generically solution for the possible values of 4. Since n = 8, we have 1 < § < 4. We examine the inequality
of (4.6) for the partitions s compatible with r having minimal h, that is to say, for 6 = 1, s = (1), for § = 2,
s=(2), for 6 =3, s=(3) and for 6 =4, s = (3,1). We conclude that for § = 1,2,3 the cover problem has
generically solution and for § = 4, it does not.

5. The differentiable structure of the solutions. Along this section we are given a subspace
S € Grq(K") for what there is at least one V € Inv (r,s) such that S C V*. A necessary and sufficient
condition for such a property to hold was given in Theorem 3.4. Our aim in this section is to show that for
subspace S the set Inv (r,5,8) = {V € Inv (r,5)|S C V1} can be provided with a differentiable structure,
to compute its dimension and to find an atlas of coordinate charts. This will allow us to parameterize the

solutions of the Cover Problem.
To begin with let ' € My, be a matrix such that & = [*] and let X € M(r, s) be such that V = [X]
with V € Inv (r, s,S). Then FX =0. Let

N(r,s,8) :={X € M(r,s)|FX = 0}.

Notice that if F, G € My, such that S = [F*] = [G*] then {X € M(r,s)|[FX =0} = {X € M(r,s)|GX =
0}. For notational simplicity we will write N := N (r,s,S) and M := M(r,s). Let G := G(s) be the group
defined in Definition 2.1. By Theorem 2.3 this group acts freely on M on the right by matrix multiplication
and so does it on A. In addition we can identify Inv (r, s, S) with N'/G by means of the bijection

N/G — Inv (1,s,S)
{XP|X e N,PeG(s)} ~ [X]

Through this bijection a differentiable structure on Inv (r,s,S) can be defined:

THEOREM 5.1. .- (i) The orbit space N'/G has a differentiable stucture such that the natural projection
7 : N — N/G is a submersion.

(iz) dim(N/G) = dim N — dim G.

Proof.- (i) According to [7, Th 2.9.10] we have to prove:

(a) T={(X,X') e N xN|X'=XP,PeG}isclosed in N x N, and

(b) the map v: N x G — T defined by v(X, P) = (X, X P) is a homeomorphism.
In order to prove (a) notice that if 't = {(X, X') e M x M|X' = XP,P € G} then T =T1 N (N xN). As
I'y is closed in M x M (see [5]), ' is closed in N x N.

On the other hand, ~ is clearly bijective due to the free action of G on N, and it is continue because it
is the restriction of the homeomorphism v : M x G — TI'y defined by 71 (X, P) = (X, X P) (see again [5]).
Its inverse is also continue for the same reason.

(ii) The dimension formula follows from (i) as in [5].
Now we compute the dimension of A'/G. On one hand (see [6])
k h
dimg = Z Z(SZ — Si+1>8i+j,1.

i=1j=1

And on the other hand X € N if and only if X € M and FX = 0. As shown in the previous section this is
equivalent to

Hh*j‘l’le =0, j: 17"'aha

where (Ry,...,Rp) is the condensed form of X and (Hi,...,Hy) is a block-Hankel structure of S with
respect to (A, B). This is equivalent, in turns, to

Hh*j#’le( al) =0, .7 =1,..., hvl =1..., Sh—j+1 = Sh—j+2;
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where, as in Section 3, R;(,4) is the ith column of R;. The set of solutions of this linear homogeneous

system is a vector space of dimension (rj,—;y1 + --- + 1) — rank Hj,_;41; i.e. the solutions depend on

(rh—js1 + -+ + 1) —rank H,_ ;41 parameters. Thus the solutions of Hj,_;+1R; = 0 depend on (sp—j41 —
k

Sh—j+2) > r; —rank Hp_j41 | parameters. Since we have h of these systems,
i=h—j+1

h k h k
dimN = Z(sj — Sj41) Zri —rank H; | = Z(sj — Sj41) <Z Tidj—1 — rankHj> .
Jj=1 =7

j=1 i=1
Hence we have proved

h k
PROPOSITION 5.2. .- dimN/G = Z(sj — Sj41) (Z(riﬂ-l — 8i4j—1) —rank Hj> )
j=1 i=1

Recall that (see [6])

k
dimM/G =" (s; = sj41) (rirj—1 — sitj-1)-
j=1i=1
Hence
h
dimN/G = dim M /G — Z(Sﬁ — sj4+1)rank H;.
j=1
h h
Notice that, in the generic case, by Lemma 4.8 rank H; = jd, and so Z(Sj —sjt1)rank H; =d Zj(sj -
j=1 j=1
h
Sj41) = dz s; = do. Since n = dimInv (r,s) = dim M /G, we recover the result in Remark 4.10.
j=1

Since N'/G C M/G and the topology of N'/G is the induced one by that of M/G (N is a submanifold
of M and the projection M — M/G is an open map), we have the following

PROPOSITION 5.3. N/G is a reqular submanifold of M/G.

We are going now to parameterize N /G by means of a coordinate atlas.

First we recall an elementary fact from linear algebra. If the homogeneous linear system Ax = 0 has a
solution, {a;,,...,a; } is a basis of the column span of A and {j1,...,jn—r} ={1,...,n}\{é1,...,%,} then

'
ajk:E optai,, k=1,...,n—r
t=1

if and only if

n—r
Ti, = — E oy, t=1,...,71.
k=1

Consider now a matrix X € M(r,s) in reduced form (Definition 2.5) such that FX = 0, and for
j=1,...,h let (Ry,...,Ry) be the condensed form of X. Let £ = (ﬁl,...,ﬁk) and n = (n',...,n") be
compatible multiindices of § and X, respectively; i.e.

Ottt =0, j=1,...,h

If (7 = (ﬂ, . ,ﬁ{j), t; = rank H;, then K{, e ,K{j are linearly independent columns of H;, (H,...,Hy)
being a block-Hankel structure of S with respect to (A, B).

Since X is in reduced form, the rows of Ry_ ;11 in n"~9+1 are canonical vectors; i.e. Rj—ji1(n"=7T1 ) =
I,,;. And the rows of Rj, ;1 in the set of indices Qh*j“ =nlU-- -Uﬂh’ju(rj +n)U---U(ry +ﬂh’j)U(rj+1+
ri+n) U U (rjp 0T U U (g + - 4 15 + nt) are zero Tows; ie. Ry—jp(ph It ) =0.
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(Compare with the i_ndices in the proof of Theorem 3.6). But FX = 0 is equivalent to H;R,_j+1 = 0,
j=1,...,h. So,if 7 = #ph=Itt =25, 1 + 5404 ...+sp, 7 =1+ + 1, and

{9{7~--agij4¢j4$j} =:{1,...,rj}\(£jLJ£h—j+1)

then columns H;( ,g?) are linear combinations of the columns £, ... ,E{j of H;. We can write

tj
(5.1) Hi(,g)) = aigH;(, ), i=1,...r —t;—s,

g=1
and so

I
(5.2) Roji(l], ) == D auRujulgl ), i=1...t.
qg=1

This proves the following
THEOREM 5.4. .- For any matriz X € N(r,s,S) there are multiindices £ = (ﬁl,...,ﬁh) of S and
n=(n',...,n") of X such that
(i) #Nnt=I+tt =0, j=1,...,h.
(i) Y = X P is in reduced form, as give by Definition 2.5, for some P € G(s). 4
(iii) if (Hi,...,Hy) is a block-Hankel structure of S, (R1,...,Ryp) the condensed form of Y, {g1,...,
J Y= {1, TN\ UphItY) for j = 1,...,h and H,( ,g]) is given by (5.1) then matriz

grjftjfsj

Rh,jﬂ(ég ) is given by (5.2).

DEFINITION 5.5. .- With the notation of the above theorem we will say that Y is a reduced form of
X € N(r,s,8) with respect to n and L.

Let us compute now the number of free parameters in a reduced form of X € N (r,s,S). We will show
that this is the dimension of A'/G. In fact, the number of free parameters of any reduced form is the same
as the number of free parameters in its condensed form. And this is the number of free parameters in
the condensed form of the reduced form of X € M(r,s) minus the number of elements in Ry_;1(¢], ),
j=1,...,h, i = 1,...,t;. Bearing in mind that the number of free parameters in any reduced form
Y € M(r,s) is dim M/G (see [6]), we conclude that the number of free parameters in Y € N(r,s,S) is

(recall that the number of columns of Ry, 1 is s; — s;11)

h
dim M/G =3 t(s; — sj41) = dimN/G.

Jj=1

DEFINITION 5.6. .- A multiindezr n = (n',...,n") for X € M(r,s) will be said an admissible set
of indices (or a multiindez) for X € N(r,s,S) if there is a multiindex £ = (£*,...,0") of S such that
Onph=itt =0, j=1,... h.

The following lemmas follow immediately from Lemmas 3 and 4 of [6] (see Proposition 2.8.

LEMMA 5.7. .- Let X € N and Q € G. If n is an admissible set of indices for X it is also an admissible
set of indices for X Q.

LEMMA 5.8. .- Let Y and Y be matrices of N(r,s,8) in reduced form with the same multiinder n. If
there is a matriz P € G such that Y = Y P then P is the identity matriz.

In order to define the coordinate charts of N'/G we start as in [6]. Let A be the set of multiindices

= (n',...,n") for which there is a multiindex, £ = (£*,...,£"), of S with respect to (A, B) such that
I A phmitl = g, Jj =1,...,h; ie. compatible with n. For n € A let U, denote the set of matrices
X € N(r,s,S) with n as a set of admissible indices. Since all matrices in N (r,s,S) close enough to
X have n as a set of admissible indices (because these are just linear independent rows), we have that
{U,|n € A} is an open covering of N(r,s,S). If 7 : N'— N /G is the natural projection then 7 is open and
{U,, = 7(U,)|n € A} is an open covering of N'/G.

We must notice that for a multiindex n € A, there may be several multiindices £ compatible with it. To
define the coordinate charts we aim to find a differentiable onto mapping ¢, : U, — KV, N = dimN/G,

I |3

for each n € A. We proceed as follows. If n € A admits several compatible multiindices £ = (ﬁl, e ,ﬁh)
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we take the one such that for i = 1,...,h, ' is the smallest in the lexicographical order. In other words,
as the elements of £* are linearly independent columns of H;, we are taking its first ¢; linearly independent
columns compatible with n. Then for X € U,, we define ¢,(X) as the point of KV defined by the free
parameters of the reduced form of X corresponding to n and £, Y, in a certain order. For example, if
(Ry,...,Ry) is the condensed form of Y, then the free parameters of Y are in the rows {f7,..., fﬂj_tj_s/j} =

{1,..., 1)\ Up It un It (s = s+ sj41 4+ sp) of Ry—ji1, j=1,...,h. Thus we méy define

¢Q(X) = (Rl(fllv )Rl(f217 ) Rl(fr] t1—s'1s )R2(f12v ) RQ( ri—to—s'2) ) Rh(fw —tp—s'h> ))

In this way ¢, is well defined and onto. The differentiability follows from the fact that Y), is obtained form
X by means of rational operations. This mapping induces the mapping 6,, : U,, — K.
THEOREM 5.9. .- With the above notation 0y, is a diffeomorphism and {Uy; n € A} is a coordinate atlas

of N/G.
Proof. Asin [6].0
ExAMPLE 5.10. .- Consider a slight modification of the example at the end of the Section 3: r =

(5,3,2,1),s=(3,3,1) and S=[F*] where F=(1 0 0 0 0 2 0 0 0 0 0). Then
H=F=(10000[200[00]0)

2
O
An admissible multiindex in M(r, s) is ((2),(3 . But now this multiindex is compatible with two

multiindices £: ¢, = ((1),(1,4),(1,3)) and £2 = ((6) (1 4) (1,3)). The one to be chosen to construct the
coordinate chart is £;. The reduced form corresponding to n and ¢, is

00
00

o = N
oo o @O
oowOO

0 0 72(12 *2&3 0 0 0
1 0 0 0 0 010
0 1 0 0 0 010
0 O 1 0 0 010
0 O 0 1 0 010
Yy=]0 0 a a |0 0]0 [,
0 O 0 0 1 010
0 O 0 0 0 110
0 aq a4 as 0 0 0
0 O 0 0 0 011
0 0 Qg ar ayq Qs 0

and 50 ¢, (Uy) = {(a1,az2,a3, a4, as, ag,a7) € R7} = R7.

Our last results is about the connection of the manifold N'/G

THEOREM 5.11. .- If K = C, the manifold N'/G is connected.

Proof.- It is sufficient to prove that A is connected.

Assume, on the contrary, that there are open sets Uy, Us € A such that Uy UUs = N and Uy N Uy = 0.
Let X, € U; and X5 € Uy and let n be an admissible multiindex for X;. For a given matrix X € N/, let
M,,(X) denote the submatrix of X formed by the rows in n and the first s; columns. As n is a multiindex
admissible for X; we have that det M,,(X;) # 0.

For z € C define p(z) = det M, (X1 + 2(X2 — X1)). Since p(0) = det M,,(X1) # 0, p(z) is not the zero
polynomial, and so p(z) has finitely many zeros. This allows us to define a trajectory z(¢) : [0, 1] — C such
that 2(0) = 0, 2(1) = 1 and p(2(t)) # 0 for all t € [0,1). In other words, if X(t) = X7 + 2(¢)(X2 — X1)
then det M, (X (¢)) # 0 for all ¢ € [0,1). Notice that for ¢ € [0,1), X(t) € N'= Uy UUs,. Furthermore, since
X, €U, {X(t)|tel0,1)} is connected (because it is the image of a connected set by a continuous map)
and U; N Us = 0 we conclude that {X(¢) |t € [0,1)} C U;.

Now as X5 € Us and Us is open there is a neibourhood of X5 contained in Us. But X5 is the limit of a
sequence of matrices in {X(¢) | t € [0,1)}. This means that in that neibourhood of X5 there are matrices of
this set. Thus U; NUs # (). A contradiction. [}
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6. Conclusions. In this paper the solutions of the cover problem has been studied by taking a geo-
metric approach. The main tool is the stratification of the set of (C, A)-conditioned invariant subspaces
according to the Brunovsky indices of the restriction, each strata being a differentiable manifold. The
structure of the matrices whose columns form a basis of such (C, A)-invariant subspaces (with respect to
the dual Brunovsky basis of K" and K"*™) has been used to produce a necessary and sufficient condition
for the cover problem to have a solution in each strata. This condition has been used to provide the set of
solutions with a differentiable structure in such a way that this set is a regular submanifold of the previous
one. Then, an atlas of coordinate charts for the set of solution has been given, obtaining a parameterization
of all solutions of the cover problem on each strata. The generic case has been also considered. In this case

a simple and very easily computable condition for the cover problem to have a solution has been shown to
hold.
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