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CONTROLLABILITY OF [2-SYSTEMS*
FABIO FAGNANI! AnD JAN C. WILLEMS?

Abstract. This paper is devoted to an investigation of controllability and almost controllability
of 1%-systems. These concepts are defined in terms of the possibility of steering one system trajectory
to another. It is proved that a controllable [2-system always has finite memory. The main result on
almost controllability states that this is equivalent to the existence of a scattering representation. The
paper ends with an investigation of the relation of almost controllability and state representations.
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1. Introduction. Controllability has played an instrumental role in the devel-
opment of control theory during the past three decades and is now a fundamental
concept in mathematical systems theory. It plays a central role in control synthesis
questions, related to the very possibility of exerting effective control. As such, it en-
ters as a crucial “existence” condition in many engineering-type questions, such as
stabilization and optimal control.

The notion of controllability is usually introduced for state space representations
[1], [10], where it refers to the possibility of transferring the state from an initial to a
terminal value. For finite-dimensional, linear, time-invariant systems, controllability
then implies that any initial state can be exactly transferred to any terminal state
in finite time. For nonlinear systems, we must often be satisfied with a local version
of this property. For infinite-dimensional systems, on the other hand, approximate
controllability and/or variations in which we allow the transfer time to go to infinity
have proved to be more relevant. In fact, the question of which, and in what sense,
systems described by partial differential equations are controllable is far from settled
(see [9])-

Recently, a notion of controllability was introduced, where it becomes an intrinsic
property of a dynamical system, and not just of a state space representation [12], [13].
The basic idea is to call a system controllable if an arbitrary past trajectory compatible
with its behavior can eventually be concatenated with an arbitrary future trajectory.
This notion is appealing from many points of view. It does not refer to a particular
representation, and, in particular, it applies to systems that are not in state space
form. In [12] and [13], mainly finite-dimensional, linear, time-invariant systems have
been considered. Also, here we find that in controllable systems any past can be
made exactly compatible to any future by a judicious choice of the input over a finite
time interval. As may be expected, this property proves to be too demanding for
infinite-dimensional systems.

The purpose of this paper is to study controllability using this vantage point for
a class of infinite-dimensional systems. Specifically, we study (approximate) control-
lability for linear systems whose behavior is a shift-invariant, closed, linear subspace
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of 12(Z,C7). We also study state representations of such systems and prove a sort of
state space isomorphism theorem for almost controllable systems.

The mathematical techniques and methods of proof used here are inspired
by functional analytic methods (H* and the like), particularly the work of Fuhrmann

[5].

To discuss systems, we follow the so-called behavioral approach, as introduced
and developed in [12] and [13]. A dynamical system is a triple ¥ = (T, W, B) with
T C R the time axis, W the signal space, and B C WT the behavior. In this paper,
we only consider discrete-time systems with T = Z or continuous-time systems with
T = R. Moreover, we assume that our systems are time-invariant; that is, that
otB = B for every t € T (shift-invariance), where ot : WT — WT is the t-shift defined
by (atf)(t') := f(t +t'). We also only consider systems with W = C¢ and with B
a linear subspace of WT (linear systems). For most of this paper, we focus on the
following class of linear systems:

L2 :={¥ = (Z,C9,B) with B a closed shift-invariant linear subspace of 12},

where 12 indicates [2(Z, C?) the Hilbert space of the C4-valued square-summable se-
quences over Z. We often refer to a system in £ as an [2-system.

Ezample. (1)I2-systems defined by input/output maps. Let T : 12, — I% be a closed
linear map that commutes with the shift ¢. T induces the system

Yr:=(Z,Cmt,G(T)) € LZ,,,,
where G(T') is the graph of the map T. These input/output systems have been widely
investigated in the past (see [5] and [3]); an important case is when T is a convolution
operator induced by an [!-kernel.

(2) [2-systems as restrictions of other systems. To determine how flexible it is
to work with systems as a set of trajectories (the behavior), compared with simply
input/output relations, suppose that we have linear input/output map T : (C™)Z —
(CP)Z commuting with the shift. If T(I%) ¢ 12, T does not induce an input/output
[2-map in the classical sense; nevertheless, we can consider the dynamical system
¥ = (Z,Cm+»,B), where B := G(T) N2, ,. Under certain conditions (for example,
when G(T) is closed in the pointwise convergence topology) we have that ¥ € £2 ,
and that ¥ completely determines the original behavior G(T'). Therefore the theory
of [2-systems can be used to analyze ¥ and thus to infer properties of the map T.

For a given map w : T — W, we define w~ := w|pn(—o0,0) (the past of w) and
wt 1= W|pn(0,400) (the future of w). If B C WT, we indicate with B~ and B+ the sets
of, respectively, the past and the future trajectories of B.

DEFINITION 1.1. A time-invariant dynamical system ¥ = (T, W, B) is said to be
controllable if, for every wi and ws in B, there exist ¢’ > 0 and w € B such that

w- =w; and (of'w)t =wj.

This notion of controllability plays a fundamental role in the theory of linear, time-
invariant, finite-dimensional, state space systems, but it proves to be very restrictive
when we consider general [2-systems, for which we propose the following.

DEFINITION 1.2. A linear time-invariant system ¥ = (Z,C4%,B) € L2 is said to
be almost controllable if there exists K > 0 such that, for every wi and wg in B, there
exists v, € B for n =1,2,-- -, yielding the following:

(@)~ —wp, (omon)t > wf,  foallz < K (o llz + lwill2) ,
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where — denotes limit in the [2-topology for n — oo.

Remark. Tt is not obvious, from this definition, that a controllable system in £2
is almost controllable. This is indeed the case and is shown later.

Remark. The uniform boundness requirement on the vy,s in Definition 1.2 is es-
sential. Indeed, if we drop this, then any system in £2 would satisfy the property;
indeed, let w1, w2 € B and consider v, := 0wy + o™w1. Then v, € B for all n, and
it is evident that (0™v,)* — wj and (6—"vn)~ — wy in the I2-topology.

2. Controllable systems. The main result of this section concerning l2-systems
shows that controllable systems in the sense of Definition 1.1 have automatically finite
memory.

THEOREM 2.1. Let ¥ = (Z,C4,B) be in L2. Then ¥ is controllable if and only
if B can be expressed as the 12-solutions of a linear constant coefficients difference
equation; that is, there exists R(z,z~1) € C9%4[z,2~1] such that

(2.1) B={wel2|R(s,0-)w =0},

where R(o,0-1) : (C9)% — (C9)? is the operator in the shift o induced by the poly-
nomial matriz R(z,z~1).

To prove Theorem 2.1, we must establish a few intermediate results, which have an
interest of their own. Also, we work in a somewhat more general setting encompassing
[2-systems, since we believe that, in this way, a more complete picture of the situation
can be drawn without additional effort.

For wi,ws € WT and t € T, we denote by the symbol wy At wo the concatenation
of w1 and wo at time ¢; i.e., w1 A¢ wa(t’) := wi(¥’) for ¢/ < t and w1 Ay wa () := wa ()
for ¢/ > t. We also use the symbol A; to concatenate restrictions of functions such as,
for example, w; Ao wy .

DEFINITION 2.2. Let X be a linear subspace of (C7)% and let || - || x be a norm
on X. (X, | - |lx) is said to be a memoryless Banach space if the following hold:

(1) (X,]l-llx) is a complex Banach space,
(2) X is shift-invariant (6 X = X) and o : X — X is an isometry,
(3) X is memoryless (w1, w2 € X = w1 At we € X for all t € Z).

Remark. If X is a memoryless Banach space, w € X, and I C Z, we often identify
w|r with the trajectory in X, which is equal to w on I, and 0 outside of I. Through
this identification, the spaces X~ and X+ are seen as the subspaces of X consisting
of the trajectories with support in, respectively, (—oco,0) and [0,+00). It follows
that X— and X+ are closed in X and, by condition (3) of the preceding definition,
X = X- ¢ X+. We indicate with P~ and P+ the linear bounded projections from
X on X~ and X+, respectively. Once a memoryless Banach space X has been fixed,
the convergence of a sequence in the norm of X is simply denoted by the symbol —,
with no further specification when no confusion can arise.

Ezample. We now present the following examples of memoryless Banach spaces,
which are considered later in the paper:

(1) The space If (1 < p < 4+00;q € N+) of the C4-valued sequences over Z
whose pth power is summable, equipped with the norm

+o0 1/p
wllp := (Z |w(t)|%q> ;
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(2) The space I3° (g€ N1) of the bounded Cd-valued sequences over Z, equipped
with the norm

llwlloo := sup [w(t)|cs;
teZ

(3) The subspace cJ of I3°, consisting of the sequences converging to 0 as ¢
approaches o0, equipped with the norm || - ||oo-
Note the following chain of inclusions:

lclhcdgcly Vpell o).

If X is a memoryless Banach space contained in (C‘l)z7 we consider the following
class of linear systems:

Lx :={X = (2Z,C9,B) with B a closed shift-invariant linear subspace of X }.

In the case where X = [}, we also use the notation £} for Lx.

Let ¥ = (T,W,B) be a time-invariant system and A a positive number. X is
said to have A-finite memory if wi,ws € B and wiljp,a) = w2|jp,a) implies that
wy Ao we € B. X is said to have finite memory if it has A-finite memory for some A.

Our first goal is to study the structure of finite memory systems in Lx. To
do this, we must introduce the important system-theoretic concept of completeness.
Let ¥ = (T, W, B) be a time-invariant system,; it is said to be complete if, given any
w € WT, we have that w € B if and only if w|; € B| for every finite interval I C T
(with obvious meaning of B|;). The structure of the complete time-invariant linear
systems is studied in much detail in [12] and [13]; in particular, there is the following
important result.

THEOREM 2.3. Let ¥ = (Z,C4,B) be a linear, time-invariant system. The fol-
lowing conditions are then equivalent:

(1) X is complete,

(2) BcC (C‘I)z is closed in the pointwise convergence topology,

(3) There exists R(z,2~1) € C9%4[z,2~1] such that B = ker R(o,0~1).

From (3) of Theorem 2.3, it is clear that any complete linear system over Z indeed
has finite memory. In general, systems in Lx are not complete; we can actually prove
that, if B C ¢, then ¥ is complete if and only if B = {0}. Nevertheless, the concept
of completeness proves to be useful in our investigation. In fact, we have the following
result.

PROPOSITION 2.4. Let X be a memoryless Banach space contained in cJ and let
Y = (Z,C9,B) be in Lx. Then ¥ has finite memory if and only if B = Beempl N X,
where Beompl is the completion of B (defined as the smallest subspace of (Cfl)Z that is
shift-invariant, complete, and contains B).

Proof. Observe that B C Beompl N X, Assume that ¥ has A-finite memory and
let w € Beompl N X, Then there exists a sequence wy € B such that

(2.2) ’wnl[_n‘n] = wl[_n,n] Vn € N.
Consider now the linear map Pa : B~ @ Bt — B~|[_a,0) ® B*|0,a) given by

Pa (w17w2) = (wll[—A,O)"wZI[O,A)) .
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Since P is surjective, there exists a linear map Qa : B~ |[—a,0) ® B*|jp,a) — B~ ® B+
such that Pa o Qa = Id. Since ¥ has A-finite memory, we can assume that

((U—n+Awn)— , (a"—Awn)+) =Qa ((0'_"’+Awn)_ l-a,0) (6" 2wn)* |[0,A)) :

By (2.2), for n sufficiently large, we then have that

23 (2w, (0 2wn)") = Qa (Wlin—nra) Wlpn-am) -
Since w € X C cJ, we have that
(2.4) (w|[_n,_n+A),w|[n_A,n)) —0 as n— +oo.

QA is bounded, since it acts on a finite-dimensional vector space; therefore, by (2.3)
and (2.4), we have that

((0‘"+Awn)_ , (a"—Awn)+) —0 as n— +oo,

which implies, together with (2.2) and condition (2) of Definition 2.2, that w, — w.
This yields w € B. The other implication follows from Theorem 2.3. O

Remark. Proposition 2.4 still holds true if X = [3° and if we assume that B is
closed in the weak*-topology of [3°; the proof is identical.

Let us now state the main result of this section.

THEOREM 2.5. Let X be a memoryless Banach space and let ¥ be a controllable
system in Lx. Then ¥ has finite memory.

We first prove a proposition based on a technical lemma whose proof is omitted
since it follows from a straightforward application of the Douglas factorization theorem
(see [5]).

LEMMA 2.6. Let X,Y, and Z be Banach spaces andlet A: X — Z and B:Y —
Z be linear bounded maps. If there exists Xo C X subspace of second category in X
such that R (A|x,) C R(B), then R(A) C R(B)

We now state a result that claims that, under certain conditions, controllability
may always be achieved in a uniformly bounded finite number of steps, if it can be
achieved at all.

PROPOSITION 2.7. Let X be a memoryless Banach space and let ¥ € Lx be a
controllable system. Then there exists no € N such that, for all w1 and w2 in B, there
ezists w € B such that

w-=w; and (omow)t =w]

Proof. Let us consider the following sequence of linear bounded maps:
(2.5) Tn:B—-X-&®X+,
given by T, (w) := (w—, (c”w)*). By controllability, we have that

U R(T») =B- @ B+.

n>0
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Proposition 2.7 will be proved if we show that there exists no € N such that R (Ty,) =
B~ @ Bt+. Let us introduce the map

T:BeB—-X-0X*
given by T'(w1,ws) := (wy ,wy). Consider M,, = T-1R(T,). Then

U M, =Bo B,
n>0

and, since B @ B is a Banach space, it follows, by a standard category argument (see,
for example, [11]) that there exists ng € N such that My, is of second category in
B & B. Applying Lemma 2.6 to the maps T, and T, it follows that R(T) C R (Tn,),
which implies that R (T,) = B~ & Bt. o
More can be said about the range of the map Ty, introduced in (2.5). In fact,
consider the map
i:B— X-® Xt ®B|on,)

with ¢ = Ty, @ Pp,, where Pp, : B — B|[0,n0) is the restriction to the interval [0, ng).
It is clear that ¢ is a linear bounded embedding (injective with closed range) and that
P, has finite-dimensional range; it is then a standard result from functional analysis
(see, for example, [2]) that T, also has closed range. This yields the following result.
PROPOSITION 2.8. Let X be a memoryless Banach space and let ¥ = (Z,C9,B) €
Lx be controllable. Then B~ and Bt are closed subspaces of X.
Proof of Theorem 2.5. Consider the following subspace of B+:

Bt = {w+ € B+ |0 Ao w* € B} .

Define the linear map .
R: Bljg,n,) — B /B

where ng is the same as in Proposition 2.7, by R(z) = v (mod Bf), where v is any
trajectory in B+t such that 0 Ao  Ap, 0~ ™0v € B. It is easy to verify that R is a
well-defined linear map, and that it is surjective. Since the domain of R is finite-
dimensional, it then follows that B+/ B} is also finite-dimensional (this is actually a

state space of X). Therefore there exists a finite-dimensional subspace N of Bt such
that B+ = B} @ N. Now consider the following decreasing sequence of subspaces of
B+:

H, = {w+ € B+ | ’w+][0’ﬂ) = 0} .

Then
() Hn = (0).

n>0

Consider K, := Py Hy, where Py is the projection operator on the subspace N. {K,}
is a decreasing sequence of subspaces of N with null intersection; since N has finite
dimension, it then follows that there exists 2 > 0 such that K7 = (0), which implies
that Hy C B. We now claim that ¥ has #i-finite memory; in fact, let w1, w2 € B
such that w1z = w2|[0,,~1). Then

(’wz —w1)+ € Hy C BS_,
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which implies that
w1 Ao w2 = w1 + (0 Ao (w2 —w1)t) € B. 0

We conclude this section with the following summarizing result, which encom-
passes Theorem 2.1, stated at the beginning of the section.

THEOREM 2.9. Let X be a memoryless Banach space contained in ¢ and let
3 € Lx. Then the following conditions are equivalent:

(1) X is controllable,

(2) X has finite memory,

(3) there exists a polynomial matriz R(z,z~1) € C9%4(z, z~1] such that

B={weX|R(o,0-)w=0}.

Proof. (1)=>(2) is Theorem 2.5. (2)=-(3) is contained in Proposition 2.4 and
Theorem 2.3. Finally, (3)=>(1) follows from standard results of the theory of complete
systems: [13] and [14] contain a proof for the case where X = [Z, which is easily
generalizable to our case. O

Remark. The condition that X C ¢ in Theorem 2.9 is essential. In fact, it follows
from the results of [13] that Theorem 2.9 is false for [g°.

3. Almost controllable systems. In this section we specifically consider [2-
systems, since we believe that the Hilbert structure plays a fundamental role in this
context to achieve nice representation results. We make use of frequency domain
techniques including Hardy spaces theory; our main references for these matters are
4], [6], and [7].

We start with the following interesting topological characterization of almost con-
trollability.

PROPOSITION 3.1. Let ¥ = (Z,C9,B) be an [2-system. Then the following two
conditions are equivalent:

(1) X is almost controllable,

(2) B~ and Bt are closed in [2.

Proof. (1)=-(2). By (1), there exists k > 0 such that, for every w— € B, there
exists v, € B such that

(0m0n)” = w=, (07va)" =0, |lvn]lz < Klw=|l2.
Consider wy, = 0™vy; then

(3.1) Wy, — W,

(3.2) lwitll2 < flwnllz < Kllw=|l2.

By (3.2) we can assume, taking a subsequence if necessary, that
(3.3) wih — vt €127 weakly.
Equations (3.1) and (3.3) yield

Wp = Wi Ao wE — w— Ag vt weakly,
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which implies that

(3.4) w~ Agvt € B

and, by (3.2),

(3.5) lotll < Kllw=|l2.

From (3.4) and (3.5), it follows, by a standard argument from functional analysis, that

R(P-|g) = B~ is closed. In an analogous way, we see that B+ is also closed.
(2)=-(1). Since the two projections P~ and P+ both have closed range, there

exists K > 0 such that, for all w— € B~ and w* € B+, there exist w1 and w2 in B
such that

wy =w-, lwilz < K|lw=||2;
wi = w+, lwzl2 < K|lwt||2.

Now consider v, = c™”w; + o~ "ws. Then

(0="vp)” =wy + 02wy — wy,
(emvn)t = wi + o2rw; — wi,
lvallz < K (lwr | + llw3ll) ,

which yields (1). 0

Remark. By Propositions 2.8 and 3.1, it is now evident that, for [2-systems, con-
trollability indeed implies almost controllability.

We now study representations of almost controllable systems, and this is the
subject of the remainder of this article. We show how it is possible to represent an
almost controllable system as the image of [2-maps, while, in next section, we study
state space representations. The common feature underlying these two representations
is the presence of latent variables, namely, variables that are not part of the external
signal, but that are introduced to express the internal structure of the system. We
return to this point later.

Let T C R and Wi, W> be sets; consider By C¢ W{ and B, ¢ WJ. A map
F : By — Bs is said to be causal if w1 (t) = wa(t) for all ¢ < ¢’ implies that (Fw:) (t) =
(Fwz) (t) for all t < ¢'; F is said to be anticausal if w1(t) = wa(t) for all ¢ > ¢’ implies
that (Fwi) (t) = (Fws) (¢) for all t > ¢'.

The following is the main result of this paper.

THEOREM 3.2. Let ¥ = (Z,C9,B) be in L2. Then the following conditions are
equivalent:

(1) X is almost controllable,

(2) B~ and B+ are closed subspaces of 12,

(3) There exist a number g € N and two linear bounded maps

F-:12 12, F+:12-12,

satisfying the following properties:
(i) R(F-)=B=R(F),
(i) F- and F+ commute with o,
(ili) F- is anticausal and has an anticausal bounded left inverse,
(iv) F* is causal and has a causal bounded left inverse.
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Moreover, if any of the three above equivalent conditions is satisfied, then the maps
F~ and F+ in (3) can be chosen to be isometries. If we assume that this is the case,
then g is unique, and F— and Ft+ are unique up to right multiplication by unitary
isomorphism on C9.

The proof of Theorem 3.2 is rather involved. We first discuss some easy aspects.

Proof of Theorem 3.2 (Preamble). Note that the equivalence between (1) and (2)
is proved in Proposition 3.1.

Also, it is easy to show that (3)=>(2); in fact, consider the maps

Al 02, A=P-oFtoP-

and _
B:l3 -2, B=P-oF+oP-,

where F'+ is the causal left inverse of F+, and P~ here indicates both the projection
operators on [z~ and I2~. We have that

BoA=P-oFtoP-oF+toP~=P-oF+toFtoP~ =Id-,

which implies that R(A) = B~ is closed. In an analogous way, using F'—, it follows
that B+ is closed.

It therefore remains to be proved that (2) implies (3), and the remainder of this
section is devoted to this implication.

Remark. For finite memory [2-systems, Theorem 3.2 is already obtained in [14].

We now first introduce the important frequency domain description of an [2-
system. If ¥ = (Z,C9,B) € L2, consider B the closed subspace of L2 := L2 (T, C4)
(the Hilbert space of the C4- valued Lebesgue square-integrable functions on the unit
circle T) obtained as the image of B through the Fourier transform Fg : 2 — LZ. It
is well known that B is a doubly invariant subspace of L2 with respect to the shift
S : L? — L2, given by (Sw) (ei) := eiw (e#). Namely, S*B = B for all n € Z.
Doubly invariant subspaces of L2 have been widely studied in the past (see [6]); we
must recall only a few fundamental facts. A range function J = J () is a function
on the circle T taking values in G4 (the family of all the subspaces of C9); J is said to
be measurable if the orthogonal projection P (ef) from C4 on J (e?f) is measurable.
If J is a measurable range function, we can consider that

My ={d|w € L% and w (¢?®) € J (¢?®) a.e. on T},

and it is easy to show that M, is a doubly invariant closed subspace of L2. A
fundamental fact is that all closed, doubly invariant subspaces of L2 are of this form,
and also the correspondence between J and M is one-to-one, under the convention
that range functions are identified if they are equal almost everywhere. A measurable

range function J is called analytic if there exists a finite number {Fi,---,Fy} of
elements of HZ (the closed subspace of L2 consisting of the functions whose negative
Fourier coefficients are zero) such that J (e®) is the span of {F} (e¥),---,Fgy(e®)}

almost everywhere on T. In a similar way, using the conjugate space Fq, we can
introduce the concept of coanalytic range function. If J is a range function, we can
define the orthogonal range function J1 by JL (ei®) = (J (e®))", where the last
orthogonal must be considered in C? with respect to the canonical Hermitian inner
product; it can be proved that J is analytic if and only if J-L is coanalytic.
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Let us now introduce the space Lg%, of the g x g-matrices of Le°-functions defined

on T and the subspace Hg5, consisting of those whose negative Fourier coefficients

are zero. If F' € LgS,,, we will denote by Mr the multiplicative operator induced by
F, namely, Mg : L2 — L2, given by (Mpw) (e) := F (ei®) w (¢#®). The following
proposition clarifies the relation among all of these concepts. The proof is practically
contained in [6]; therefore we only give a sketch of it.

PROPOSITION 3.3. The following conditions are equivalent:

(1) J is an analytic range function,

(2) There exists F € Hgs, , such that Mj = R (MF),

(3) There exists L € Hyy, such that M = ker (Mp).

Moreover, if any of the above equivalent conditions are satisfied, then F' in (2) can be
chosen to be outer (MyNHZ =R (MFI Hg)) and rigid (F (e®) is an isometry almost
everywhere). With this choice, g is uniquely determined by the relation g = dim J (eif)
almost everywhere, and F' is also uniquely determined up to right multiplication by
constant unitary matrizx.

Proof. (1)=>(2) Consider that Ay = MjNHZ. Ay is a closed S-invariant subspace
of HZ; therefore, by the Beurling—Lax theorem (see [6] and (7]), there exist g € N and
F € Hg, , with F rigid such that A = FH2. Since J is an analytic range function, it
is evident that Mj; = R (MF). Moreover, F is outer by the way it has been defined.

(2)=(1) is trivial.

(3)=(1). Suppose that My = kerMy. Write L as L = (L1,---, L;)", where
Lj € Hy,;. Then

fweMs} & {Liw=0 VYj=1,--,} & {wll; Vj=1,---,1}.

Let J’ be the coanalytic range function spanned by the family {L1,---,L;}. Since

J = (J')*, this shows that J is analytic.

Reversing this argument, we see that (1)=(3).

Uniqueness of F and the fact that g = dim J (e?) almost everywhere simply
follow from the Beurling-Lax theorem and the fact that F' is outer and rigid. ]

Of course, we have the following symmetric result.

PROPOSITION 3.4. The following conditions are equivalent:

(1) J is a coanalytic range function,

(2) There exists F € HZS, such that My =R (M),

(8) There exists L € Hf%, such that My = ker (Mg).

Moreover, if any of the above equivalent conditions are satisfied, then F in (2) can
be chosen to be outer and rigid. With this choice, g is uniquely determined by the
relation g = dim J () almost everywhere, and F is also uniquely determined up to
right multiplication by constant unitary matriz.

We are now ready to state and prove the main mathematical result.

LEMMA 3.5. Let M be a closed, doubly invariant subspace of LZ. Then the
following two conditions are equivalent:

(1) M- (the projection of M on H§™ := (Hg)L) is closed,

(2) There exist F € HgS , and F € H, such that M =R (MF) and FF = Id,.
Also, if either of these two conditions is satisfied, then F in (2) can be chosen to be
rigid and outer.

Proof. (1)=(2). M~ is closed, and it is invariant for the adjoint of the left
shift acting on Hg~. Therefore, by the Beurling-Lax theorem, there exists a rigid
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Y € HiY ., with k < g, such that

(36) M- = (FHF)",

where the orthogonal is taken with respect to the space H,?_ (and not with respect to
all of L2!).

If f € L2, let us indicate by f— and f+ the projections of f on, respectively, HZ
and H3. Now, for any f € M, we have that f~LYH?™ by (3.6), and also f+ LPpH}™.
Therefore f Ly H;~ for allf € M, or, equivalently,

(3.7) PtfLH? VfeM.

Since M is a doubly invariant subspace, (3.7) implies that ¥*f =0 for all f € M.
We now prove that, in fact,

(3.8) Pif =0 feM.

Let f be in L such that ¢*f = 0; it follows that ¢tf+ 4 ¢tf~ = 0, and therefore
Ytf—LH}™, or, equivalently, f~ LyyHZ~. By (3.6), it then follows that f— € M-—.
Since M is doubly invariant, we also have that

PptS—nf=0 VneN,
which, by the preceding argument, yields
(S—f)" e M~ VneN.
Therefore there exists a sequence v, € HZ such that
(3.9 (S—f)" +vneM VneN,
and, since M~ is closed, we can choose v, such that

(3.10) l[onllz < 11 £ll2,

for all n. It follows immediately that S»(S-»f)" — f, and, by (3.10), we can
assume—taking, if necessary, a subsequence—that S™v, — 0 weakly. Therefore

Sn ((S—"f)_ + vn) — f weakly,

which, by (3.9), implies that f € M. This yields (3.8), which can be equivalently
expressed as M = ker (My:). By Proposition 3.3, this implies that there exists F' €
Hgs, , such that M =R (MF), and F can be chosen to be outer rigid.

We must still prove that F' admits an H left inverse. This may be seen as

follows. Consider the linear bounded map A : Hg" — HZ™, given by

A= P~ oMp|ys-,

where P~ denotes the projection onto the subspace Hq2—. Consider the following
adjoint of A:
A*:H?™ — H>~,  A*=Mp-.
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Since F' is outer and rigid, it is easy to see that A* is surjective. Consequently, A is
injective and has closed range. We now use the fact that a function in a Hardy space
(H, H3,) can be holomorphically extended to the open unit disk D (see [7]); for
simplicity of notation, we use the same symbol for a function on T and its extension
to D. If h € H® and a € D, we have that

[h (i) — h(a)] (1 — ae=i0) " € H?

Consider that
= (1= o)/ (1 - ae=i#)™!

It is a matter of computation to show that fo € Hi™ and | fall2 = 1 for all a € D.
Let & € C9, with ||£|| = 1. We can then show that

3.11) A(§fo) = F(a) (£fa) -

Assume now that there exist sequences {an} C D and {£,} C C9, with ||&,|| = 1, such
that F (an)én — 0. By (3.11), A(énfa,) — 0, and ||nfan|l2 = 1. This is absurd,
since A is injective and has closed range. By the vectorial Corona theorem (see [5]),
it then follows that there exists F' € H, o%q Such that FF =1,

(2)=(1). Simply observe that A admlts a left inverse given by B := P~oMj| HZ
Therefore M~ = R(A) is closed. o

Naturally, we also have the following symmetric result.

LEMMA 3.6. Let M be a closed doubly invariant subspace of L2. Then the fol-
lowing two conditions are equivalent:

(1) M+ (the projection of M on H2) is closed, 5

(2) There exist F € H, and F € HS, such that M = R (Mz) and FF =
Idg.
Also, if either of these two conditions is satisfied, then F in (2) can be chosen to be
rigid and outer.

Proof of Theorem 3.2 (End). (2)=>(3). Consider the Fourier transform F : [2 —
L2. If Fq(B) = M; then Fy(B~) = M~, Fo(Bt) = M+ and both are closed in L2.
By Lemmas 3.5 and 3.6, there exist G and G2 in Hg} , rigid, outer, both having H®°
left inverse, and such that

R(Mg,)=M=R (Ma)

(note that g is the same for G1 and G2 by Propositions 3.3 and 3.4). Consider now
that
F+:12 - 12, F+:=F;'oMg, o F,

and
-2 - 12 F~:=Fg'oMg, o F,.

Because of standard properties of the Fourier transform, it follows immediately that
F~ and F't are isometries and that they satisfy properties (i)—(iv) of (3). Finally, the
uniqueness of g, F'+, and F— also follows from Propositions 3.3 and 3.4. 0
Remark. The representation expressed by condition (3) of Theorem 3.2 is classi-
cally known as the scattering representation, and it is investigated in [8]. It is worth-
while to note that, while in [8] the scattering representation is derived from the ex-
istence of a pair of orthogonal subspaces (the incoming and outgoing subspaces) of B
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satisfying certain properties, here such a representation is independently derived from
the topological assumption expressed by condition (2) of Theorem 3.2.

Remark. It is worthwhile to relate the result of Theorem 3.2 with the result of
[13], which states that, if ¥ = (Z, C4, B) is linear time-invariant and complete, then X
is controllable if and only if B = R (M (0, 0~1)) for some polynomial matrix M (s, s~1).
Actually, if this is the case, then there exist polynomial matrices left-invertible M (s)
and Ma(s) such that R (M1(0)) = B =R (M2(o~1)). Moreover, M;(c) and Ma(o~1)
can be chosen to be injective. In a sense, Theorem 3.2 generalizes this to [2-systems.

We conclude this section with an analysis of input/output, almost controllable
systems. Let T : I2, — I2 be a linear bounded map that is causal and commutes with
o; consider the induced [2-system X7 = (Z, C™tP, G(T)) (see part (1) of the example
in the Introduction). We want to obtain necessary and sufficient conditions on the
map T such that Y1 is almost controllable. Consider now the Hankel operator Hr
associated with the map 7', namely, Hr : 2, — I2, given by Hr := P+ o T)| 2o

PROPOSITION 3.7. X7 is almost controllable if and only if the Hankel opemtor
‘Hr has closed range.

Proof. 1t is evident that (* denotes transposition)

(3.12) B=R ([Idm,T]t) .

Note that
[Idm,0] © [Idm, T]" = Idm,

which implies, by Lemma 3.5, that B~ is closed. Therefore by Theorem 3.2, X7 is
almost controllable if and only if B+ is closed. Therefore it suffices to show that B+
is closed if and only if H7 has closed range. Assume that Hr has closed range and
let f, € L2, be a sequence such that

P+ Idm,T)" fn — [W1,92] € @12

Then
I — 4, P+T fn, — vy,

which imply that P+T'f; — 12 — P+tT;. Since Hr has closed range, it follows that
there exists f— € I2; such that

P+Tf— =1y — P+tTy,

which yields ¢ = P+T (1 + f~). Hence, by (3.12), [¢1,%2]" € B+. This shows that
B+t is closed. On the other hand, if Hr does not have a closed range, then there exists
a sequence f, € l2; such that
(3.13) Hrfan — ¢ ¢ R(MHr).
There holds that P+ [Idm,T]" fi — [0,#]". We claim that

[0,8]* ¢ R ([Idm,T]").
Indeed, assume that there exists f € 12, such that

P+ [Idm,T)' f = [0,4]"
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This implies that f+ = 0 and P+*Tf~ = ¢, which by (3.13) yields a contradiction.
This shows that B+ is not closed. 0

Remark. In the scalar case (m=p=1), the condition for Hr to have a closed range
can be expressed nicely in an equivalent way. Consider that T : L2 — L2, given by

T:=FoToF-1.

It is a standard fact that 7' is a multiplicative operator with symbol H € Ho° (called
the transfer function of 7). Note that Hr is completely determined by H, and it
can be proved that Hr has a closed range if and only if H admits a factorization of
the kind H = K, where 9 € Ho® is inner, K € Ho°, and also there exists § > 0 such
that

[¥(2)| + |K(2)| =6 VzeD.

Consequently, a sufficient condition for the almost controllability is, in this case, that
H is purely inner or, more generally, that its outer part is rational.

4. Hilbertian state models . We start this section with a few words about
general latent variables models, before focusing on state models. A dynamical system
with latent variables is defined as a quadruple

Ef=(T,VV,L,Bf),

with T and W as in the definition of a dynamical system given in the introduction; L
is the set of latent variables; and By C (W x L) the (full) behavior. As for dynamical
systems, we always assume that T = Z (or T = R) and that our latent variables sys-
tems are time-invariant (the definition is analogous to the one for dynamical systems);
also we assume linearity, namely, that W and L are vector spaces and By is a linear
subspace of (W x )T

X = (T,W, PwBy)

(where Py is the projection on the first factor of W x L) is said to be the manifest or
external dynamical system induced by Xf; Pw By is called the manifest (or external)
behavior. Xy is said to be a latent variable representation of ¥. X is said to be
externally induced if there exists a map (called the observability map)

F: Pwa — PLBf

such that
{(w,9) € B} & {we PwBy and g=Fuw}.

Y is said to be past externally induced (future externally induced) if the map F is
causal (anticausal).

If ¥ = (Z,C4,B) is an almost controllable system, the scattering representation
of ¥ introduced in Theorem 3.2 (3) naturally induces the following two latent variables
representations of :

vf = (2,¢9,¢9,B)

where B% = {(w,g) € Z®I% : F¥g=w}. The existence of a causal (respectively,
anticausal) left inverse of F'+ (respectively, F'~) implies that Z}‘ (respectively, X )
is past (respectively, future) externally induced. Note also that, in both cases, the
observability map F (given by the left inverse of, respectively, F'+ and F'—, restricted
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to B) is bounded. Indeed, observe that, whenever ¥ and Xy are [2-systems and X¢
is an externally induced latent variable representation of X, the observability map F'
has closed graph (G(F) = By) and therefore is always bounded.

If ¥ = (T, W, B) is a dynamical system and Xy = (T, W, L, By) is a latent variables
representation of ¥, then X is said to be a state space representation of ¥ if the
following holds true:

[(w1,h), (we,l2) € By and U1(t) = la(t)] = [(w1,11) A¢ (w2,l2) € By].

For state space representations, we use the notation g for X¢. In [12] and [13], a
general theory of state space representations of a dynamical system is developed, and
a notion of complexity is introduced, as well as a notion of equivalence. In particular,
it is proved that, if 3 is a linear system, then the linear time-invariant state space rep-
resentations of ¥, of minimal complexity, are all equivalent to each other; moreover, it
is shown how to canonically construct a minimal state space representation. However,
when we study dynamical systems carrying a topological structure on the behavior
(as [2-systems), then it is of interest to consider topological structures on the state
space, also, and, consequently, to have notions of complexity and equivalence where
these topological concepts are also considered. One of the main effects of this new
setting is the loss of the equivalence of all the state space representations of minimal
complexity, even for a linear system. The main result of this section is to show that,
for almost controllable [2-systems, this equivalence is actually preserved! We start
with an interesting definition, which induces a topological structure on state space
representations.

DEFINITION 4.1. Let ¥ = (Z,C%,B) € L2 and let ©5 = (Z,C9,X,Bs) be a
time-invariant state space representation of X, with X a complex separable Hilbert
space. Xg is said to be a Hilbertian state space representation of ¥ if the following
condition holds true: For every A open subset of I such that B C A, there exists an
open neighborhood N of 0 in X such that

(4.1) (w1, z1), (we,x2) € Bs and z1(0) — z2(0) € N] = [w1 Ao we € A4].

Condition (4.1) simply says that if two trajectories in B have states that at t =0
are “very close” to each other, then the concatenation of these two trajectories will
also be “very close” to B.

We denote by Hsy the set of all the Hilbertian state space representations of the
[2-system . If £g = (Z,C9, X, Bs) € Hy, define

(4.2) Xeff .= {¢£ € X | 3(w, z) € Bg such that z(0) = £} .

Xeff is a subspace of X (not necessarily closed), and it is called the effective state
space of X.g.

DEFINITION 4.2. Yg € Hy is said to be trim if Xef = X; it is said to be almost
trim if Xeff = X,

If ¥s € Hy; is externally induced, then we can define a linear map

(4.3) g:B— X,

given by g(w) := z(0), where € X% is such that (w,z) € Bs. With a slight abuse of
notation, we also call g the observability map of .
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DEFINITION 4.3. X¥g € Hy is said to be boundedly externally induced if g is
bounded.

We now give some examples of such state space representations.

Ezample. (1) If & = (Z,C4,B) € L2, consider that

(44) Etg"ivial = (Z, Cq, B, Bgivial) ,

where
Byivial .= {(w, z)|lw € B and z(t) = otw}.

Eg‘i"ial is usually called the trivial state space representation of ¥, and it is immediate
to see that ¥%Vial € Hy, is trim, and boundedly externally induced.
(2) A more important state space representation of X is the following:

(4.5) DG = (z,Cq, B/D,Bg) ,

where
D:={weB|wNho0e€ B}

and
¢ == {(w,z) | we B and z(t) = otw (mod D)} .

It is called the canonical state space representation of X. It is well known [13] that
Y% is a trim, past and future externally induced state space representation of . It is
easy to see that ¥g is also boundedly externally induced. Moreover, X¢ € Hy if we
consider B/ D With the natural quotient structure, after noting that D is closed in B.
Indeed, fix (w1,z1) and (w2, z2) in BE, and assume that

llz1(0) — z2(0)]| < 6.
This means that there exists v € D such that ||wi — w2 + v||g < §, or, also, that
| (wi +0A0v) — (w2 —vAg0) |8 <6
Now w1 Ap we = (w1 + 0 Ag v) — (w2 — v Ag 0), and, therefore,
lwi Ao we — w1 +0 Ao v||g < 6.

This shows that ¥s € Hx.

DEFINITION 4.4. Let X% = (Z,C9,X;,B%) be in Hy for i = 1,2. X} is said
to be more complex than ¥% (£} > ¥%) if there exists a linear bounded surjective
map f: X1 — X» such that, for every (w,z2) € B, there exists z1 € X% such that
(w,z1) € By and f oz = za.

DEFINITION 4.5. Let £} and £% as in Definition 4.4. £} is said to be equivalent
to X% (X} ~ X2%) if there exists a linear bounded bijective map f : X; — X3 such
that (w,z1) € B if and only if (w, f o 1) € BZ.

Note that > is a preorder on Hy, while ~ is an equivalence relation.

We indicate with Hy, the set of all the minimal elements of Hy, with respect to the
pre-order >; namely, ¥s € Hy, if and only if X5 € Hy and [Es > X%] = [¥g ~ Xf].
We later show that the canonical representation ¥g is always minimal and that, if 3
is almost controllable, then any other minimal representation is, in fact, equivalent
to Xg.
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Let us now investigate in more detail the continuity requirement in Definition
4.1 of a Hilbertian state space representation. Assume that s = (Z,C9, X,Bs) is a
linear time-invariant state space representation of 3 = (Z, C¢, B), and assume that X
is a complex separable Hilbert space. Define the map

(46) ¥ (Zs): X i /g

by
P (Ts) (z) := w1 Ao w2 (mod B),

where w1, wo is any pair of trajectories in B such that there exist 1 and z2 in X% with
(wi, z:) € Bs for i = 1,2 and z1(0) — 22(0) = z. To better understand how the map
1 (Bg) really acts on Xeff, observe that the codomain of ¢ (¥g) can be canonically

2
identified with l‘1+/ B+ where
0

Bi :={wt € 12 such that 0 A wt € B} .

Through this identification, ¢ (Xg) acts as follows: Given ¢ € Xeff, ¢ (Xg) () is the
equivalence class (mod B(T ) of all the possible futures of the system B compatible with
initial state at time ¢ = 0 equal to . An analogous identification can be made with
respect to the past.

LEMMA 4.6. ¢ (Xg) is a well-defined linear map.

Proof. Let (w},x;) and (w},z}) be in Bs for ¢ = 1,2 and assume that

(4.7) 21(0) — 25(0) = z = 27(0) — z5(0).
Consider (w] — w},z — &) for i = 1,2 and observe that, by (4.7),
(21(0) — 27(0)) — (22(0) — 25(0)) = 0.
Therefore (w] — w!) Ao (wh — wf) € B, or, equivalently,
wi Ao why — wi Nowsy € B,

which shows that ¢ (Xg) is well defined. A straightforward calculation shows that
¥ (Xg) is linear. ]

Using this lemma we can obtain the following nice characterization of Hilbertian
state space models.

PROPOSITION 4.7. Xg is in Hy if and only if v (Xs) is bounded.

Proof. The proof is an immediate application of the definition of Hy. O

If ¥s € Hy, then 9 (Xg), being bounded on Xeff| can be extended in a unique
way to a linear bounded map acting on Xef; for simplicity of notation, we denote this
extension also by the symbol ¢ (Xg).

If ¥g = (Z,C9, X, Bs) € Hy, denote 9 := ¢ (Xg) and consider that

(4.8) S = (2,C%, ¥/ ier B )

where

s= {2 € (010 Myry)” | (wi) € s,
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where T denotes the equivalence class of  (mod ker 1)). We have the following result.
PROPOSITION 4.8. XYY is a Hilbertian externally induced state space representa-
tion. Moreover, X5 > X.
Proof. Let us prove that XY is a state space representation of X. Fix (w1, 1) and
(w2, z2) in Bg, and assume that

zo := x1(0) — 22(0) € ker .
We must only prove that
(4.9) (w1,Z1) Ao (w2, T2) € By.

Since g € ker 9 N Xeff| there exists (w,z) € Bg such that £(0) = o and w Ao 0 € B.
Let z/ € XZ be such that

(4.10) (w Ao 0,2") € Bg
and let 7 = z — x/; then
(4.11) (0 Ao w,z") € Bs.
Consider now
(w1 + (0Aow),z1 + ") and (w2 — (wAo0),z2 —a').

These are elements of Bg and (z1 + ") (0) — (z2 — 2') (0) = 0. Therefore

(wl,ml +m”)/\(w2,w2 - $’)
0

(4.12)
= (w1 + (0 Ao w),wl + :E”) /\ (wz - (w Ao 0),.’132 — 1:’) € Bs.
0

By (4.10) and (4.11), it is evident that 9 (z/(t)) = 0 for all ¢ > 0 and ¢ (2(¢)) = 0 for
all t < 0; this, together with (4.12), yields (4.9).
The fact that X'y € Hy follows from the commutativity of the following diagram:

Xeff 2, B
I e
X [xerp N Xeff

where ¢/ := 1 (Xf).

To prove that XY is externally induced, assume that (0,%) € By; then z(t) € ker
for all t € Z, which implies that T = 0.

Finally, the projection

T X = Xery

yields ¥ g > ¥ in the sense of Definition 4.4. O

PROPOSITION 4.9. Let ¥ = (Z,C4,X,Bs) € Hs The following conditions are
then equivalent:

(1) g€ H,

(2) s is almost trim and ¢ (Eg) is injective on X.
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Proof. (1)=>(2). Consider that
nef = (z,Cq,F, Bs).

It is evident that Yg > 2 , which yields ¥g ~ Zeﬂ This shows that g is almost
trim, since B¢ is. Analogously, by Proposition 4. 8 Y5 ~ X, where Y5 has been
defined in (4.8) Therefore there exists an isomorphism

P X =X fxerp (26)

such that
PY(Es)of=v(Zs),
which proves that 1 (Xg) is injective.
(2)=(1). Assume that there exists Y5 = (Z, C‘I,X',BS) € Hsy, such that g >

$s. From Proposition 4.8, it follows that £5 and ¥ are externally induced; moreover,
we have that the following diagram commutes:

B %

(4.13) li /f
X

where g (respectively, §) are the observability maps of Xg (respectively, Es) as defined
in (4.3), and f is the linear bounded surjective map yielding the preorder > between
Y5 and ¥g. Fix now (w,z) € Bs; by (4.13) it follows that (w, f o z) € Bs. It is then
clear, by Definition 4.5, that to prove that £g ~ Yg, it suffices to prove that the map
f is injective. To prove this, consider the following diagram:

B 4 x % B,
No LS
X

where ¢ := 1 (Sg) and ¢ = 9 (f)s) It is evident that 1) o g = ¢ o §. Using the
commutativity of (4.13), we obtain that 1) 0 g = 9 o f o g, which implies that
b(@) = ($of) (@) Voexer.
Since Xeff = X and since all the maps involved are bounded, it follows that ¢ = Yo f.
Since 1 is injective, this shows the injectivity of f, as desired. O
COROLLARY 4.10. It holds that Xg € Hy..

Proof. X% is trim; therefore, by Proposition 4.9, we must only prove that ¢ :=
P (XG) is 1nJect1ve on X. Observe that

2
ye: B/p—la/p
is given by ¢¢ (w (mod D)) = (w Ag 0) (mod B). Therefore

¢ (w (mod D)) =0<= w A0 € B
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< w € D <= w (mod D) =0. 0

PROPOSITION 4.11. Let ¥g be in Hx. The following conditions are then equiva-
lent:

(1) X is minimal, trim, and boundedly externally induced,

(2) ES ~ ECS

Proof. (1)=>(2). Let us denote by X the state space of Ls, and by A that of .
For z € X, consider that

B(z) :={weB|3z€ XZ: (w,z) € Bs and 2(0) = z} .

Similarly, define B(a) for a € A. It is easy to see, since Bg is past and future externally
induced, that, for every z € X, there exists one and only one a € A such that
B(z) C B(a). This yields the existence of a linear surjective map f : X — A such that
(w,2) € Bs if and only if (w, f o z) € BS. We now prove that f is bounded. Consider
the following commutative diagram:

B L

(4.14) lee /1,
A

where g (respectively, g.) are the observability maps of Xg (respectively, ¥§). Let
C C A be an open set. We have that

FHC) =g(97(0)).

Since g. is bounded and g is open (it is surjective and bounded by (1)), it follows that
f~1(C) is open in X. Therefore f is bounded and X5 > £%. Since Lg is minimal, it
follows that ¥g ~ £g.

(2)=(1) is contained in Corollary 4.10. 0

We now focus on almost controllable systems.

PROPOSITION 4.12. Let ¥ = (Z,C4,B) € L% be almost controllable. Then any
manimal Hilbertian state space representation X of ¥ is trim and boundedly externally
induced.

Proof. Consider that 9 := ¢ (Zg), as defined before. It is evident that

R (| xe) = B~ Mo Bt/ g,

which is, by the assumption of almost controllability, closed in lg/ B. Since Xeff = X,
it follows that
R(p) = B~ Mo B+/B_

Since 1 is injective, this implies that Xeff = X.
By Proposition 4.8, ¥g is externally induced. We then have the following com-
mutative diagram:

B g,
lo VA
B- AOB+/B

where ¢(w) := wAo0 (mod B). Since ¢ is bounded and % is an isomorphism, it follows
that g is bounded. This completes the proof. 0
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We now state the main result of this section. It consists of a state space isomor-
phism theorem for Hilbert space systems, with the state space isomorphism induced
by bounded linear maps. Note that almost controllability plays an essential role in
this result!

THEOREM 4.13. Let ¥ € L2 be almost controllable and let s € Hs,. Then the
following conditions are equivalent:

(1) Xs € Hg,

(2) ¥g =~ XS,

(3) Xg is trim and past and future externally induced.

Proof. (1)=(2) follows from Propositions 4.11 and 4.12. (2)=(3) follows from
Proposition 4.11 and the definition of X§. Finally, (3)=(1) follows from Proposition
4.9 and the evident fact that, if Xg satisfies (3), then ¢ (Xg) is injective. O

As already mentioned, almost controllability is essential to have the isomorphism
result expressed in Theorem 4.9. In fact, we have the following proposition.

PROPOSITION 4.14. Let ¥ = (Z,C%,B) € L2 be not almost controllable. Then
there exists ¥g € Hg,, which is not trim.

Proof. Consider the following state space representation of X:

Ys=(Z,Ce, X, Bg),

where
X = B— No B+/B

and
Bs = {(w,a:) € (C1@ X)? | we B and z(t) = (otw) Ao 0 (mod B)} .

It is easy to check that this is indeed a state space representation of ¥ and 9 (Xg) is

simply the inclusion map on l‘%/ B- It then follows that ¥s € Hy;; on the other hand,
3s is not trim, since either B~ or B is not closed. O

Remark. If ¥ € L2 is almost controllable, then the minimal state space represen-
tation g can be represented in the following familiar way. There exist

A: X—->X,B:CI - X, C:X—-Ci,D:C9—-Ca

linear bounded maps yielding the following representation: (w,z) € B if and only if
there exists v € 12 such that

ox = Az + B, w = Cx + Dw.

Such a representation is called a driving variable representation. The details of the
construction of such a representation are not presented here, since it is completely
analogous to the so-called shift realization that has been investigated for input/output
systems in [5].

We close our study of state space representations by a discussion of the relation
between our concepts of controllability and the classical concept of state controllability.
In [12] we have defined state point controllability as the possibility of transferring the
system between any two states in finite time. The appropriate version of almost state
point controllability proves to be the following,.
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DEFINITION 4.15. Let 3 € £2 and Xg = (Z,C9,X,Bs) € Hs. Zg is said to
be almost state point controllable if there exists K > 0 such that, for every pair of
elements z1 and z2 in X, there exists a sequence (vn,yn) € Bg yielding the following:

yn(—n) >z, yn(n) = 32, |lvnllz < K (2]~ + [lz2l1t),

where the convergence is in the Hilbertian topology of the space X, and where || - ||~
and || - ||+ are defined as follows:

415 llz||= := inf {|lv=||2 | Iy € XZ with (v,y) € Bs and y(0) = z},
(4.15) |||t := inf {||vt||2 | Jy € X% with (v,y) € Bs and y(0) = z}.

It is possible to prove that, for minimal state space representations, almost con-
trollability and almost state point controllability are indeed equivalent.

PROPOSITION 4.16. Let ¥ = (Z,C9,B) € L2 and let £s = (Z,C,X,Bs) € H,.
Then the following conditions are equivalent:

(1) X is almost controllable,

(2) Xgs is almost state point controllable.

Proof. (1)=(2). By Theorem 4.13 we can assume, without loss of generality, that
Ys = X%. Let z1 and x2 be in X. Then there exist w1 and w2 in B such that

T = W; (mod D) fori=1,2
and
(4.16) lwr | < 2llz]=,  llwg || < 22|+

By (1), there exists a sequence vy, € B such that

(4.17) (0=vp)” —wy,  (omwn)t > wf
and
(4.18) [vnll2 < K (Jlwr || + lwi ) ,

where K is a positive constant depending only on X. Now, consider y, € XZ, given
by
yn(t) = otvp (mod D).

By (4.17) and by the fact that B~ is closed (see Proposition 3.1), it follows that
Yn(—n) — z1. Analogously, yn(n) — z2. By (4.16) and (4.18),

l[onlla < 2K (flza]|= + fl2l|*) .
This yields (2).

(2)=(1). Let w1 and w2 be in B and let 21 and z2 € XZ be such that (w;, z;) € Bs
for ¢ = 1,2. By (2) there exists a sequence (yn,vn) € Bs such that

(4-19) yn(n) - 532(0), yn(_n) — 1 (0)

and

(4.20) [onlla < K (lz1(0)[|= + [l22(0)]I+) -
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Consider that
(4.21) 2n = 0"W1 A—p Un A 0" w2 € 2.
By (4.19), and by the fact that £g € Hy;, there exists Z, € B such that
|Zn — 2n]| = 0 for n — +o0.

In particular, (6-"2,)” — (6~"2n)” — 0, which implies, by (4.20) and (4.21), that
(4.22) (67"%n)" — wy.
In a similar way, we can prove that
(4.23) (on%,)t = wi.
By (4.20) and (4.21), we also have that

lznll < 1+ K) (lwy [} + w3 1)

and, on the other hand, it is not restrictive to assume that ||Z,| < 2|zn|. This,
together with (4.22) and (4.23), yields (1). O

Classically, of course, controllability is always studied for systems with inputs. We
now briefly analyze the concept of almost state point controllability for state space
representations of causal input/output [2-systems, and we establish a relation with
the classical notion of exact controllability as considered, for example, in [4] and [5].

Let T : 12, — 2 be a linear bounded causal map commuting with the shift and
let

Yr= (Za Cm+p,G(T))

be the induced [2-system as defined in part (1) of the example in the Introduction.
Let X5 be in Hy, and assume that it is past externally induced. It is then possible
to consider the following linear map (the reachability map of Lg):

(4.24) R: (%) — X,

-
Rv-:=¢g <Tv—> ,

where g is the observability map defined in (4.3). As in [5], we call a state space
representation ezactly state point controllable if R is bounded and surjective. If Xg is
trim and almost state point controllable, then ¥g is exactly state point controllable. In
fact, in this case, ¥ is almost controllable by Proposition 4.16, and an easy argument
using the commutative diagram (4.14) shows that X is boundedly externally induced.
This yields that Xg is exactly state point controllable. In particular, by Theorem 4.13,
it follows that, if ¥ g is minimal and almost state point controllable, then X g is exactly
state point controllable.

On the other hand, exact state point controllability does not, in general, imply
almost state point controllability; it is easy, in fact, to see that the canonical repre-
sentation X¢ is always exactly state point controllable, but, by Proposition 4.16, it is
almost state point controllable if and only if 37 is almost controllable. Nevertheless,

given by



1124 FABIO FAGNANI AND JAN C. WILLEMS

with the additional assumption that the norm || - ||+ (see (4.15)) is equivalent to the
original norm || - ||x of X as a Hilbert space, then exact state point controllability
implies almost state point controllability. In fact, using the facts that R is an open
map and that the two norms are equivalent, it is easy to prove that, for every x € X,
there exists (v,y) € Bg such that

(4.25) y(0) ==, y(-n) -0, |vllz <Kllyll*

for a suitable constant K > 0. On the other hand B_ is closed by Proposition 3.1,
and this implies that, for every x € X, there exists a sequence (vn,yn) € Bg such that

(4.26) yn(0) = 2, ya(n) =0, |lvallz < K'|lzll-,

where K’ is a suitable positive constant. It is evident that (4.25) and (4.26) yield
almost state point controllability. Let us conclude by noting that the two norms
|- ]|+ and | - ||x are indeed equivalent for the so-called “restricted shift” state space
representations, which have been investigated in [5].

5. Conclusions and extensions. In this paper we have investigated the no-
tion of controllability as the possibility of concatenation of arbitrary trajectories. For
discrete-time systems, we have seen that the possibility of concatenation of trajec-
tories in finite time requires the system to have finite memory, which is equivalent
to it having a finite-dimensional state space representation. For infinite-dimensional
systems, therefore, we introduced the notion of almost controllability. Our main re-
sult is Theorem 3.2, where it is shown that almost controllability is equivalent to the
existence of a scattering representation.

As a first application of almost controllability, we obtained in Theorem 4.13 a
state space isomorphism result for almost controllable systems. Also, we related our
notion of controllability to the classical notion of state point controllability. Under
suitable conditions, these notions indeed prove to be equivalent.

Many of the results presented here for the discrete-time case are actually extend-
able to the continuous time case: in particular, §3 on the representation of almost
controllable systems, and §4 on state models. On the other hand, the characteriza-
tion of the controllable systems in the continuous-time case is more involved and still
incomplete. In particular, it is reasonable to conjecture that finite memory and con-
trollability will also be equivalent here. However, in this case, finite memory is not
equivalent to the existence of a finite-dimensional state representation.

We believe there are two extensions worth investigating: (i) constructing a rep-
resentation theory in the fashion of §3 and §4 for [2-systems where autonomous phe-
nomena are present, and investigating systems embedded in other memoryless Banach
structures: of particular interest it would be to work with behaviors B in [°.
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