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Abstract

We consider /-order linear control systems X with coefficients in a commutative ring R. The notion of
reachability is studied for such systems and it is related to the reachability of the associated linearized system
lin(2).

‘We prove that reachability is a pointwise property, just as in the case of first order systems.

The feedback equivalence of /-order linear control systems over a commutative ring is also studied. We
introduce some feedback invariants that generalize the Hermida—Pérez—SdnchezGiralda invariant modules
M; . To conclude we apply results in order to give classification results in low dimension.
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1. Introduction

Consider the linear difference equation
x+D=Ax@t+1 -1 +---+A1x(t+ 1)+ Aox(t) + Bu(z),

where x(t) € R",u(t) € R™ foreacht; A; € R"", B € R"*™ are matrices with entries in R and
R denotes a commutative ring with identity. For fixed initial values (xq, ..., X;—1) = Xinit € (R”)l
and a sequence of controls u : {0, 1, 2, ...} — R one has the evolution of system obtained from
the difference equation

D5 (0, Xinit, ) =X

D> (1, Xinit, u) =x1

Px(l — 1, Xinit, u) =X/—1
-1
G5, Xinit, )=y A5 (i, Xinit, u) + Bu(0)
i=0
-1
G5l + 1, Xinit, )=y _ Ai®s(i + 1, Xinit, ) + Bu(l)
i=0

-1
G5 (L + 1, Xinit, )=y Ai P (i + 1, Xinit, ) + Bu(t)
i=0
-1
Ds(l+1+ 1, Xinit, )=y Ai®@s(i + 1 + 1, Xinit, ) + Bu(t + 1)

i=0
ey
The difference equation gives rise to a higher order linear (dynamical) system. We denote that
system by 2~ = (Ao, ..., Aj—1; B). In the case [ = 1 we obtain the classical definition of linear

system over a ring (see [2] or [7]).

Linearization is one of the usual ways to study an /-order linear system (see, for example
[6]): One consider chains of / internal states (x(¢), x(t + 1), ..., x(¢t +1 — 1)) as new states and
consequently the [-order linear system X~ = (Ag, ..., Aj—1; B) is transformed in a first order
linear system lin(2) = (X, §) (see Section 2 below).

In Section 2 we study the reachability property of /-order systems. This notion is characterized
and we prove that the reachability of a system X is not equivalent to the reachability of the first
order system lin(2). Note that this notion is closely related to the notion of controllability given
in [8,6] for higher order linear systems over C.

Section 3 is devoted to study feedback actions on [-order linear systems. After a review of the
feedback actions we introduce some feedback invariants associated to an /-order system following
the Hermida—Pérez—SanchezGiralda invariants for the case of first order linear systems.

In Section 4 we discuss the notion of reachability of higher order linear systems from the
pointwise point of view.
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Finally, in Section 5 we give some classification results by using the invariants obtained in
Section 3.

2. Reachability

Let X be an [-order, m-input linear system over R". Let xg, x1, ..., x;—1, @ be elements of
R". Following Sontag [7] we say that the state w is reachable from the initial condition xjnj; =
(xg, ..., x;_1) if there exists a control function u : {0, 1, ...} — R™ such that @5 (¢, Xjnit, 1) =
w for some ¢ > 0. In this case we denote the fact by (xo, x1,...,x-1) mu»» w, or simply by

(x0, X1, ..., X1—1) ~» w, when the expression of the control function is not needed.

Definition 1. An l-order, m-input linear system 2 over R" is reachable if for each xjyj € (R™)!
and each w € R" there exists a control function u such that (xg, x1, ..., x7_1) > .
u

Now we give a characterization of the property of reachability using the linearized system >
of a given system 2.

Definition 2. Let 2 be an /- order m-input linear system over R". Then we define the linearization
of 2 as the system: lin(2) = (A B) where

1 0 0
0
0 0 1
A= B=1"
: : . . 0 0
0 0o ... 0 1 B
Ay A1 ... Al A
Note that the linearization (X, §) of the system X~ = (Ag, ..., Aj—1; B) is just the first order
linear system
0 1 0 0
x@E+1 . . x(t) 0
x(t+2) o o0 1 E : x(t+1) :
) =1 . . . . +] - 1u@®
: : : g E 0 : 0
x(t+1) o o ... 0 1 x(t+1-1) B
o At ... A2 Al

o~ o~

associated to the /-order system 2. Denote also (X* §) = (§, A , PB, L.

Theorem 3. Let R be a commutative ring with identity element. Let X = (Ag,...,
Aj_1; B) be an l-order, m-input linear system over R". The following statements are equivalent:

(1) System X is reachable.
(i1) For each w € R" one has that (0,0, ...,0) ~» w. R
(iii) The linear map given by the block matrix (0,0, ..., 0, 1)(A * B) is onto.
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Proof. (i) = (ii)is straightforward. To prove (ii) = (iii) itis sufficient to show that the evolutlon
of system X, with initial condition, 0= (0, ..., 0)is given by theimage of (0,0, ...,0,1) (A * B)
In fact we prove that, for each ¢

Oyl +1,0,u) = (0,0,...,0,1)(A x B)U,,
u(t)
u(t—1)

where U; will be the matrix u(0) for the rest of the proof.
0
0

(Note that it is clear that @5 (i, 6 u) = 0 for each 0 <i <[ — 1;1.e., for the initial conditions).
The first case t = 0 is clear because ®5(,0,u) = Bu(0) = (0,0,...,0, 1)(A>x< E)Uo
Note that the block matrix (A *B ) is the reachablhty matrix of the hnearlzed system lin(X) =
3. For the induction step ((0,1,...,14+1¢t) =1+t + 1) we need to show the structure of the
matrix (A * §) (§ A§ A’B ..). Denote by A the last block-row of matrlx A that is, A=
(Ao A1 - Ao Aj—y). Denote by C; the ith block-column of matnx (A * B) that is, C; =
A-1B. Then it follows that the block-structure of the matrix (A * B) is given by the equality

0 0 0o - 0 B AC, AC,
: B AC] ACQ :
(A*E): 0 - ACH 4G
0 B - AC
0 B AC
B AC, AQGC,

Hence, by the induction hypothesis, we have the equality

o0 0 AB Dt + 1,0, u)

: : B AC - ¢z<t+2,0,u>
AxBU=|: o . Aic, Ac, - Uy = :

0 B @Z(l—l—t—l 0, u)

B AC, - ®y(l+1,0,u)

©))

By the discussion in Section 1 we have that

-1
Gyl +1+1.0,u)=Y A +1+1,0,u) + Bu(t + 1)
i=0
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o 1 0 .- 0
=0.0.....0.1] . . . 0
0 .- ... 0 1
Ao -+ o ALy Al
q);(r+1,(:),u)
O (t +2,0, u)
: + Bu(t+ 1)

Os(l+1—1,0,u)
D (I +1,0,u)
(by the induction hypothesis (equality 2))

=1(0,0,...,0,DA(A % B)U, + Bu(t + 1)
=(0,0,...,0,1)(B, AB, A’B, A’B, .. )Uy41
=(0,0,...,0,1)(A % B)Ur4,

as desired.

Finally, (iii) = (i) follows from the fact that for each ¢ and each initial condition xj,;; one
has that @5 (I + ¢, Xipit, ) = & + Px(l + ¢, O u), for some & € R", that depends only on initial
conditions xjyi; and not on the controls «. If the linear map

0,0,...,0,1)(AxB) = &(—,0,—): (RO — R"

is surjective (where (R™)®> denotes the direct sum of countably many copies of R™), then for
some ¢t > 0 the linear map

©0,0,....,0, )(A*B)= &1 +1,0,—): (R™M)®+1) N R"
u=w@O),...,ut) — &U+1,0,u)

is surjective (where (R™)®¢+1 denotes the direct sum of 7 + 1 copies of R™) and therefore any
state w — & can be reached from 0 (ie., 0 o (w — £&)). Consequently any state w can be reached

from xjni¢ (i.€., Xjpit ~> w). 0O
u

As a first consequence of the above result we point out that if the linearized system 2 is
reachable (i.e., the linear map (A\ * §) is onto) then the /-order linear system 2 is reachable, but
the converse is not true in general. This is because of the reachability character of > requires that
every sequence of / states can be reached, but for the reachability of X it is sufficient to reach every
single state. Note that in [6] the controllability is defined in this terms, that is, by the ability of
reaching, in the future, every sequence of / states from every sequence of / initial conditions. This
is the main difference between controllability and reachability for higher order linear systems.
We may see this in the following example:

Example 4. Let R be any commutative ring with 1 # 0. Consider the second order single input
linear system over R? given by

2= (=5 0) = 5):o=())
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9.).

We have that system 2 is reachable because

0 1)\ [0\ _ ) (1
(0,1)(140 Al)*<B)_(B,AlB,AOB—i—AlB,...)_(O’

But, on the other hand, its linearized system

o= (0 14)-(3))

is not reachable because the linear map

0 1) (0\_(0| B Ai1B AoB + ATB
Ao Ay B) \B | AiB | AoB+ AIB | AgA|B+ AjAgB+ A{B |

o= O O

is not onto.

3. Feedback equivalence of higher order systems

Let X = (Ao, ..., Aj—1; B) be an [-order, m-input linear system over R". The feedback group
acting on such systems is the group generated by the following elementary actions:

A1 Change of basis P~! € GL,(R) in the state-space R", which transforms:

Ai— Al = PA; P!,
B— B = PB.

A2 Change of basis Q € GL,,(R) in the input-space R, which transforms:

Al‘ — A; = Ai,
B— B' = BQ.
A3 Generalized feedback actions (Fy, ..., Fi_;) € (R™*™)! which transforms:

A;— Al = A; + BF;,
B— B =B.

Note that in the case [ = 1 we have the standard feedback group.

Definition 5. We say that the systems X and X’ are feedback equivalent if X can be transformed
to 2’ by one element of the feedback group acting on X.

Next we will introduce the invariants NiZ and Ml.Z . Associated to the standard linearization % of
2 we consider the block matrices

(AxB)s = (B,AB,A%B,...,A"'B).
0
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Let Niz be the R-module (submodule of R") generated by the columns of the block matrix
0,0,...,0,1)(A * B)(. Let Ml.z be the quotient R-module Ml.Z = R”/Niz.
As in the case of first order linear systems (see [3,5]) we have the following invariance theorem:

Theorem 6. Let R be a commutative ring and let ¥ = (Ao, ..., Aj—1; B) be an l-order, m-input
linear system over R". With the above notations, the R-modules N iZ and the quotient R-modules
Ml.Z are feedback invariants, up to isomorphism, associated to X. That is, if ¥ and X' are feedback
equivalent then:

(a) Niz is isomorphic to Niz/ foreachi =1,2,...
(b) Ml.Z is isomorphic to Miz, foreachi =1,2,...

Proof. It is sufficient to prove that the modules Niz and M 12 are invariants, up to isomorphism,
when we consider actions of type Al, A2, and A3.

First suppose that X and X’ = (A(, ..., A]_,; B') are equivalent via a change of basis P~! €
GL,(R); thatis A} = PA; P~! and B’ = P B. Then it follows that
0 1 0 . 0
A= .
o .- 0 1
Ay e e AL, AL
P p!
= A
P p!
and
0 P 0
E/ = =
0 0
B’ p) \B
Therefore
P
A'B = AB
P
and it is now clear that
P
(A\/*E\/)([) = (g/, A\/E\/,...,A\/iilﬁ/ = (A\* E)(,')
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and
(0,0,...,0,1)(A" % B')j, = (0,0,...,0,P)(A x B)j = P(0,0,...,0,1)(A % B)).

Since P is invertible it follows that N = N and M* = M.
Now suppose that X and X’ are equivalent via a change of basis O € GL,,(R); thatis A} = A;
and B’ = BQ. It follows that A’B’ = ABQ and consequently

~i—1

(0,0,....0,1)(A" %« B');=(0,0,...,0,1)(B',A'B’,..., A/ B

0
=(0,0,...,0,1)(B, AB, ..., A" 'B)

o
Since is invertible, it follows that N* = N* and M} = M7
0

To conclude suppose that ¥ and X’ are equivalent via an action of type A3; that is A} =
A; + BF; and B’ = B. We claim that NI.E = Niz/ (not only isomorphic but equal). From this point
it will be straightforward that M* = M*".

Note that the above equalities hold when X =T = (F, G) and 2’ = I" = (F', G') are first
order linear systems (see [2] or [5, Lemma 2.1]); that is, if I' and I" are feedback equivalent via
a feedback action K (i.e., F' = F + GK and G’ = G) then Im((F * G)(;y) = Im((F" * G')(;)).

Since linearizations lin(2) and lin(2") are first order linear systems it follows that Im((;&\’ *
B’ Vi) = Im((E * §)(l~)), when a type A3 action is considered. Thus the equalities

N =Im((0,0,...,0,1)(A  B))) = (0,0, ...,0, DIm((A" % B');))
=(0,0,...,0, DIm((A * B)¢;)) = N~

are now clear. This proves the claim and the result. [

Note that in Theorem 3 it is shown that system 2 is reachable if and only if the quotient R-module
Mf is zero for some i. Thus the following result is now straightforward.

Corollary 7. Reachability is a feedback invariant also for l-order linear control systems.

Now we give a reduction result which will be useful in Section 5. Let R be a commutative ring
and let X = (Ao, ..., Aj—1; B) be an [-order, m-input linear system over R". Suppose that both
N{ =Im(B) and M{ = R"/Im(B) are free (if R = k is a field, this is always the case); first of
all we put B in Hermite form, using actions A1 and A2, thus X is transformed into the system

((Gta) - (@) (5+9)
Go | Hy) "~ \Gi_1 ‘ H_1)’\0 ‘0

and then, we can use generalized feedback actions A3 with

(X | Y,
i ()
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so we have that 2 is equivalent to the system

00 0 | 0\ (1,0
() () (o)) ”

where r = rank(B) = dim(le). Now we look at the r-input first order systems (Hp, Go) ...
(Hj—1, Gi—1) over R"™" to give our result:

Theorem 8. Let R be a commutative ring with identity element. Let X and X' be two m-input
[-order linear systems over R" in the above reduced form. Then X and X' are feedback equivalent if
and only if there exist a feedback action (P, Q, F) such that (H;, G;) and (Hl-’, G;) are equivalent
via (U, V, K). That is to say

G/=UG,;V,
H =UHU ' +UG;K

fori=0,1,...,1—1.

Proof. Assume that system X = (Ao, ..., A;—1; B) is on its reduced form (3).
First suppose that (H;, G;) is equivalent to (Hi/, G;) via (U, V, K) for all i. Then consider the
generalized feedback action (on X) given by

vl | -v'ku vi]o Fu | Fi
(7= (o) o= (o) o= (54%))
Since UF;U~! + UG;K = F/,and UG;V = G/, it follows that
-1 -1
— (VL] =VvTIKUN[(O0 | 0\ (V]| K
PA; P ~|—PBF_< o U )(Gi ) oo
N vt | —vIKU\ (1, | 0\ (Fu | Fi2
0 U 0 \0 0 \ 0
_ * * " 1749 2T ‘ V-1F,
UGV |UHU T+ UGK 0 | o
_ 0 0 (0 ] 0 _
“\UG,V |UH,U"+UGiKk) ~\G] | H) "
for a suitable F. In the same way we can prove that U BV = B’. Thus [-order systems X and X’

are equivalent via (P, Q, F).
To prove the converse suppose that the /-order systems

00 0 0\ (1|0 nd
Go | Fo) "7 '\Gi_1 | Fi—1/°\0 | 0 a
0 70 0 0\ (1,0
Gy | F{)' " \G,_, | F_,) \0 |0

are feedback equivalent via (P, Q, K). Since P (lor g) = (1(; g) Q‘l, it follows that P

). Therefore (H;, G;) and (H/, G}) are equivalent via the

Py | Pp
0 P>

action (P2, Pﬁl, —Pﬁ] PlZPzE])' =

has the block structure (
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4. Reachability is a local and pointwise property

Let R be a conmutative ring with identity, let p be any prime ideal of R and let 2 be an [-order,
m-input system over R". We denote by (4;), : (R"), = (R"), and B, : (R"), — (R"), the
linear maps obtained by natural extension of scalars from R to the local ring R,. The system
2y = ((Adyp, By) is the localization of 2 at p. On the other hand, the linear maps A;(p) and
B(p), obtained by natural extension of scalars from R to the residual field k(p) = R,/pR,, are
considered in order to obtain 2 (p) = ((4;)(p), B(»)), which is the residual system of 2 at p (see
[3] for details).

Pointwise study can be applied in some interesting cases (see, for example [4]). In fact if we
consider a compact topological space X and systems with coefficients in ¢(X; R) (the ring of
continuous real functions defined on X), then residual systems are the evaluations X (x) of 2 at
points x € X. Hence the word pointwise, in this case, has its “natural” sense.

A property of a system X is local if it is verified by all localizations X, of X. A property of a
system X is pointwise if it is verified by all residual systems. In the particular case of ¥(X; R) a
property of 2 is pointwise if and only if is verified by the evaluation 2'(x) for all x € X.

Because of the reachability is characterized in terms of the surjectivity of a linear map and
the surjectivity of a linear map is a local and pointwise property (see [1]), it follows that the
reachability is a local and pointwise property. Thus the following results are straightforward:

Theorem 9. X is reachable (over R) if and only if X (p) is reachable (over the residual field k(p)
of R at the prime ideal p) for each prime ideal p of R.

Corollary 10. Let X be a compact topological space. Then an l-order system X over the ring
R = 4(X; R) is reachable if and only if all the evaluations X (x) at points x € X are reachable
over R.

5. Reachability and equivalence for low dimension systems over fields

In this section we will show, for low dimension systems over fields, how to verify if two systems
are feedback equivalent and if a system is reachable. As every system is feedback equivalent to
a system in the reduced form (3) and by means of Corollary 7 it is sufficient to study systems in
reduced form.

5.1. Thecasel =m=n=2

Next, we study the case / = m = n = 2 for R = k a field. All the systems with these parame-
ters belong to one of the following three types (distinguished by the invariant o1 = dim(M;) =
2 —rank(B)).

o1 = 2. Systems with no controls. The classification problem here is equivalent to the simul-
taneous similarity of pairs of 2 x 2 matrices problem.

o1 = 0. There is only one system of this type (up to feedback actions):

2= (n=(5 0= o= )

Thus all these systems are equivalent to each other.
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o1 = 1. All this systems have the following reduced structure.

0 0 0 0\ , (1 0
(e 22 - 9)

According to Theorem 3, the reachability of this system is given by the matrix

0 0 0 0
by 0] by + a1b; 0)
This matrix has full rank (that is, 2 is reachable) if and only if by # 0 or by # 0.

The equivalence of two systems of the form (4) can be studied by means of Theorem 8 by check-
ing the k-equivalence of the systems I' = (ap 4 a1x , bo + bix)and I = (a|, + ajx , by + b x).
Systems I" and I are feedback equivalent if we can find p # 0, ¢ # 0 and f in the field k
satisfying:

(0,1)@*3‘):((1) 8

plao +aix)p~" + p(bo + bix)qf = ay +ajx,

p(bo + bi1x)q = (by + b x)

. We can use these conditions for reach-

. . . b, —a}

and we obtain the equivalence condition 2—? =5 = ZT_Z‘?

1 1

able system because we have shown that for these systems by # 0 or b1 # 0. Note that the above
results for systems with / = m = n = 2 can be easily extended for m = n = 2 and arbitrary /.

5.2. Systemswithl =m =2andn =3

As before we divide the systems depending on the invariant o1 = dim(M;) = 3 — rank(B).
We will consider the case o1 = 1. These systems have the structure

To study the reachability we study the rank of the matrix

R 1 0|0 0 0 0
0, 1)(A«B)={0 0|0 0 0 0
0 O0|b11  bi2| bor +arby1 bz + arby2

and we can see that X' is reachable if and only if at least one of the b;; is not equal to 0.
Again we can use the reduction result so we can study the reachability of the systems studying
the k-equivalence of systems of the type

I'=(ao+aix; (bo1  boz) + (b1 b12)x). )

And from here we obtain that X is k-equivalent to 2’ if and only if one can find (f, g) in k solving
the following linear equation:

(@)= ()G ) ()
ai a; by, b) \&
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