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ORDERS OF INPUT/OUTPUT DIFFERENTIAL EQUATIONS AND
STATE-SPACE DIMENSIONS*

YUAN WANG! AND EDUARDO D. SONTAGH!

Abstract. This paper deals with the orders of input/output equations satisfied by nonlinear
systems. Such equations represent differential (or difference, in the discrete-time case) relations
between high-order derivatives (or shifts, respectively) of input and output signals. It is shown
that, under analyticity assumptions, there cannot exist equations of order less than the minimal
dimension of any observable realization; this generalizes the known situation in the classical linear
case. The results depend on new facts, themselves of considerable interest in control theory, regarding
universal inputs for observability in the discrete case, and observation spaces in both the discrete and
continuous cases. Included in the paper is also a new and simple self-contained proof of Sussmann’s
universal input theorem for continuous-time analytic systems.
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1. Introduction. Previous papers by the authors (see [40], [41]) studied various
relationships between realizability of continuous-time systems and the existence of
algebraic or analytic input/output differential equations. These are equations of the
form

(1) 1?(U(ﬂ,UXt%1/%t%~-wiﬁ"”(ﬂ,y(ﬂ,y’@)vy”@)w--,y“ﬁ(ﬂ> =0

that relate inputs u(-) and outputs y(-). Such equations, and their discrete-time
analogues, are of interest in identification theory and arise also naturally in the “be-
havioral” approach to systems (see, e.g., [43]). They provide a natural generalization
of the autoregressive moving-average representations that appear in linear systems
theory, where FE is linear (in that case, the Laplace transform of the equation leads
to the usual transfer function).

The papers [37], [40], [41] (see also [28] for analogous work in the discrete-time
case) dealt with the relationships between the existence of such equations and the
possibility of realizing the corresponding input/output (i/o) operator u(-) — y(-) by
a state-space system of the type

2) 2'(t) = f(z(t)) + Glz®)u(t), y(t) = h(=(t))

whose state x(t) evolves in an n-dimensional manifold. (Precise definitions are given
later; for the rest of the introduction we give an informal discussion. The main
assumption will be that all functions appearing are analytic.) While i/o equation
descriptions of type (1) are well suited to identification algorithms, state-space de-
scriptions of type (2) are often the basis of feedback design tools and are needed for
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the statement and solution of control problems. Thus, it is of great interest to study
the possible relationships between the two kinds of descriptions.

A question that has not been sufficiently studied and was not addressed in [40],
[41] is that of comparing the order r of an i/o equation (1) to the minimal possible
dimension n of a realization (2). In discrete time, for the analogous equations

(3) E(t—1),ut=2),...;u(t—7), y@),yt—-1),...,y(t—7)) =0
and systems
(4) Lozt +1) = f(=),u(d), y@)=h(z), t=01,2,...,

it was known for a long time (see [28]) that one may have r < n, even if the system
in (4) is minimal. It turns out, perhaps surprisingly, that this cannot happen in the
continuous-time case: we prove here that if there is a minimal realization of dimension
n, then no i/o equation can have order less than n. Moreover, we show that the result
holds true also for discrete-time systems that are reversible, that is, those for which
the controls induce one-to-one maps on the state space (the examples in [28] were not
reversible).

The results in [40], [41] depend on an important equality among observation
spaces. The latter are sets of functions on the state space that are obtained by per-
forming different kinds of “experiments” with the system and extracting infinitesimal
information from the observed data. The basic fact needed was established in [39],
and it related the space obtained by using piecewise constant controls (and derivatives
of the output function with respect to switching times between constant pieces) to
the space obtained when using differentiable inputs instead (and the corresponding
jet of derivatives of the output at time zero). The new results given in this paper
depend on new facts, themselves of considerable interest in control theory, regarding
subspaces obtained by the application of “generic” smooth inputs.

The results in this paper were announced and their proofs sketched in the confer-
ence paper [32] (and for discrete time in [42]). To be more precise, in [32] we derived
our results from an equality between observation spaces that is somewhat weaker than
the corresponding one proved here; namely, instead of the current Lemma 2.1, we only
had that dF(z) = dF,(x) for generic jets p and for generic states x. This is all that
is needed in order to establish the desired results on orders of i/o equations. However,
while this journal version was being written, Coron [5] showed that the equality can
be strengthened so that it holds for all (not merely generic) states (but still generic u).
Since it turns out that the stronger equality can in fact be obtained with essentially
the same proof as in [32], we now present the result directly in that form. (Since
we are only interested in analytic systems, we can use elementary facts from analytic
geometry to present a simpler approach to the problem than in [5]; in that reference
the techniques of proof are very different, as the focus is on applications to feedback
control problems for smooth systems. See also [31] for remarks on applications of
results of the type proved here to path planning and feedback.)

In the development of the new observation space results, we needed to extend
to discrete time the well-known and fundamental theorem by Sussmann on universal
inputs for distinguishability of continuous-time analytic systems. It turned out that
our proof also applies in continuous time. The theorem is obtained in a fairly direct
way from a stronger result, Lemma 2.1 in this work. The proof of Lemma 2.1 is very
elementary and intuitive, as it does not use anything more complicated than the fact
that every descending chain of sets defined by analytic equations stabilizes relative
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to any fixed compact. (The original proof of Sussmann’s theorem relies heavily on
the stratification theory of subanalytic sets, a considerably deeper set of tools. Thus
one contribution of this paper is to provide an alternative and simpler proof of that
important result.) In addition to its role in helping to derive the universal input
theorem and our main results, Lemma 2.1 also has its own independent interest, as it
provides relationships between observation spaces defined in different ways and, thus,
provides connections between several different notions of observability. We also note
the very recent work [33], where further results on universal inputs are presented;
these results show in particular the existence of inputs that are universal uniformly
over the class of all analytic systems.

Another set of results that arose naturally while studying the problems in this
paper, and which are included here, deals with the relationships among various al-
ternative notions of observability, especially those proposed in the context of the
differential-algebraic approach to contro! theory. We are able to characterize, for in-
stance, the notion of observability proposed in [10], [9] in terms of more standard local
observability concepts.

1.1. Other related work. In addition to the references already mentioned,
work by many authors is related to the topic of i/o equations and realizability; see
for instance [6], [13], [37]. In particular, [7], [8] showed that one must add inequality
constraints to (1) in order to obtain a precise characterization of the behavior of a
state-space system, unless stronger algebraic conditions hold. In [26], [38], [4], local
i/o equations were derived under nondegeneracy rank conditions, for smooth systems,
under observability assumptions. The notions of observation space and algebra that
we employ were introduced for discrete-time systems in [28], and their analogous
continuous-time versions were given in [2], [3].

1.2. Outline of paper. In §2 we introduce continuous-time systems and a tech-
nical result on observation spaces for generic jets. Certain special cases for which
stronger conclusions can be given, namely bilinear and rational systems, are also
studied there. In §3, we define universal inputs and relate their properties to the
results on equality of observation spaces and to the orders of i/o equations. The fol-
lowing section has a proof of the main technical results stated in §§2 and 3. After
this, §5 provides the discrete-time results. There are also two appendices with some
technical lemmas that are required by the proofs.

2. Observation spaces for continuous-time systems. In this section we first
discuss several natural ways of defining observation spaces for continuous-time systems
and then explore the relationships between the different definitions.

2.1. Observation spaces. Consider an analytic system

m

5) 5. TO = go(@t)+ Y gi@®)ult),
W = ht),

where for each ¢, z(t) € M, which is an analytic (second countable) manifold of
dimension n, h : M -— IR is an analytic function and gg,g1,...,gmn are analytic
vector flelds defined on M. Controls are measurable essentially bounded maps u :
[0, T] — R™ defined on suitable intervals. In general, ¢(t,z,u) denotes the state
trajectory of (5) corresponding to a control u and initial state z, defined at least for
small £.
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In the special case in which M = IR™ and the entries of the vector fields g;’s
(on the natural global coordinates) and of the function h are rational (with no real
poles), we call (5) a rational system. If, in addition, the entries of the g;’s and h are
polynomials, we call (5) a polynomial system.

For a given continuous-time system, let F be the subspace of functions M — R
spanned by the Lie derivatives of h in the directions of gg, g1, .., gm, 1.€.,

(6) F = spaun]R{Lgingi2 cooLg, h:r>0,0<14; Sm}.

This is the observation space associated with (5) (see, e.g., [30, Rem. 5.4.2]) For each
x € M, let F(x) denote the space obtained by evaluating the elements of F at z.

For each a € F, we may consider its differential da, seen as a 1-form. For each
x € M, we let dF(x) be the space of covectors defined by

dF(z) = {da(z) : a € F} .

We also let dF be {da: a € F} as a space of 1-forms.

A related construction is as follows. First, let R™* = [[72, R™ endowed with
the box topology, for which a base of open sets consists of all sets of the form Hfil U;,
where each U; is an open set of IR™. A generic subset W of IR""°° is one that contains
a countable intersection of open dense sets. It can easily be shown that with the above
topology, IR™ " is a Baire space; thus, a generic subset is always dense.

Now for any p = (i, p;, -..) in R™, we define

i
(7) ¢z($7ﬂ) = El”t_{ h(go(t,:b,u))
t=0

for i > 0, where u is any C* control with initial values u)(0) = ;- The functions

¥;(x, u) can be expressed—applying repeatedly the chain rule—as polynomials in the
py = (,ulj, VN /J,mj) whose coeflicients are analytic functions (rational functions if

the system is rational) of x. Take the single-input case

&= f(z) +g(x), y=hiz)

(for simplicity of notation) as an example. The functions are

'll)()(il,', H) = h(iﬁ),
1/)1(([;7 :LL) = th(m) + /J“ULgh(x)v
wolx, u) = Lffh(ac) + pg (LgLgh(x) + Ly Lyh(z)) + ,ungh(a;) + py Lgh(z),

and so forth. For instance, for single-input single-output linear systems
2= Az + bu, y = cz,
we have,

!
Y, (z, p) = cAlm+z ui_chi"lb, l=0,1,....

=1

For each fixed p € R™", let F,, be the subspace of functions from M to R
defined by

(8) Fu = span g {¥o(- 1), Y105 1), 25 ), -}
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and let F,(z) be the space obtained by evaluating the elements of F, at = for each
xr € M. Let dF,(z) be the space of covectors given by

dFu (@) = {dy(z, p) : ¥ € F}
for each x € M. For instance, for linear systems, dy), (z, u) = cAl and
dF,(z) = span{c, cA, cA?, ...},

which is independent of x (and x). We also let dF, be {dy(:, 1) : ¥ € F,}, seen as
a space of covector fields.

Clearly, for each p, F, is a subspace of F, and therefore, for each x also dF,(x)
is a subspace of dF(z). The main result in [39] says that

(9) F=> Fu.

This equality is fundamental in establishing results linking realizability to the ex-
istence of i/o equations, in [40] and [41]. In intuitive but less rigorous terms, the
equality in (9) can be interpreted as follows. We consider the successive derivatives
y(0), ¥'(0), ¥”(0), ... expressed as functions of 2(0) and u(0), «’(0), v”(0), .... For
particular controls u(t), the y(0), y'(0), y”(0), ... are just functions of z; taking the
span of all such functions, over all possible smooth controls, one obtains the right-
hand side of (9). On the other hand, taking all possible piecewise-constant instead of
smooth controls and taking derivatives with respect to the times at which the controls
switch values, one obtains the space F in the left-hand side of (9).

The following is a technical result for continuous-time systems, which will help in
deriving the desired facts about i/o equations.

LEMMA 2.1. Assume that (5) is an analytic system. Then there exists a generic
subset W of R™>° such that

(10) F(z) = Fu(x)
and
(11) dF(z) = dF,(z)

for everyx € M and all p € W.

Remark 2.2. The above conclusions are also true if instead of the box topology
one uses the weak topology on IR"™°°. This is the topology for which a basis of open
sets consists of all sets of the form Hfil U;, where each U; is an open subset of R™
and only finitely many of them are proper subsets of R™. Clearly, the weak topology
is coarser than the topology used before. With this topology, IR""*° is again a Baire
space. We will remark at the end of the proof of Lemma 2.1 in §4 that the conclusions
of Lemma 2.1 also hold for the weak topology. Moreover, these conclusions can be
established as consequences of a more general result about convergent generating
series, that ensures there exists a generic subset W of R™* with the property that
these jets suffice for distinguishing all possible convergent generating series; more
details are given in [33].

Remark 2.3. The conclusions in Lemma 2.1 do not always hold for every u €
R™*°. Consider as an illustration the following bilinear system:

(12) Ty =22, TH=To+TIU, Y=T2.
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For this system, F = span{xi, z2}, thus, F(z) # 0 for all z # 0. But on the other
hand, we have

1/)0(337/1) = T2, . @/)1 (LIT,M) = T2 + Tifg,

and in general, ¥, (2, 1) = Py(x, pty, fiys -y py_o) + 7141, , where Py is some poly-
nomial. Clearly, for every x = (z1, x2) for which x; # 0, one can find a solution
recursively for the equations ¥;(z, u) = 0 for ¢ > 0. Hence, as long as z1 # 0 and
xo = 0, there exists some jet p such that F,(z) = 0, which is therefore different from
F(x) when 1 % 0 and 22 = 0.

2.2. Algebraic formulation. In this section, we assume for simplicity that
M = R"; we could work with more general manifolds but this would complicate
notation, and in any case we will only need to apply the results given here locally.
We say a function § is a meromorphic function if § = g, where p and ¢ are analytic
functions defined on M, and ¢ # 0. (Note that this global definition is different from
the local definition usually given; see, e.g., [17]. It will be enough for our purposes.)
For each function o € F, da is a covector field defined on M. If § is a meromorphic
function defined on M, then Bd« is a well-defined 1-form on some open dense sub-
set of M and any finite sum of such partially defined covector fields is defined on a
common open dense set. Thus, we may introduce the subspace dF of the cotangent
space defined by

dF = span_{do: € F},

where R, is the field of meromorphic functions defined on M. Similarly, one can
define, for each p € IR™°°, the space dF,, by

Hf,, ‘=spanpg_{da: a€ F,}.

Note that there are natural identifications d.F ~ dF ® R, and dF w2 dF, @ R,.
Since M = R", we can identify elements of dF with vectors

(o (x), ag(z), ..., an(x))

of meromorphic functions defined on M. The dimension of dF over IR, is the size of
the largest matrix that can be formed out of such vectors and has full rank, i.e.,
has a minor that is not zero as a function. That is, dimp_ dF is the same as
maxzepm dimdF(z). A similar argument can be made for each dF,(z); together
with Lemma 2.1, we can then conclude the following corollary.
COROLLARY 2.4. For any analytic system, df,i =dF for all pi in a generic set
Yet another object is obtained if one instead views the elements

as rational functions (in particular polynomials), on the formal variables U = {Uj;},
whose coefficients are functions of x, as opposed to seeing them as functions of z for
each numerical choice U;; = Py We proceed as follows. Let

K:]R({UU: 1§i§m,j20})



Downloaded 10/07/14 to 128.6.218.72. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1108 YUAN WANG AND EDUARDO D. SONTAG
be the field obtained by adjoining the indeterminates U;; to IR, and let
K, =Ro({Uy: 1<i<m, j>0})

be the field obtained by adjoining the indeterminates U;; to IR,. We then let § be
defined as the subspace of K, spanned by the functions v, over the field K, i.e.,

§ :=span g {¢;: i >0} .

Thus, § consists of finite linear combinations Y ¢;(U)y;(x, U), where the ¢;(-) are
rational functions on the variables {U;;}. Such a linear combination can be seen as
a rational function on the {U;;} whose coefficients are meromorphic functions of
(and hence also meromorphic functions) and, thus, elements of K,. The differentials
(with respect to x) of elements of K, are viewed as rational functions in {U;;}, whose
coefficients are (in general, partially defined) covector fields. Finally we define

a3 = span i {dy : ¥ € §}.

Then Lemma 2.1 implies the following corollary.

COROLLARY 2.5. For any analytic system, dimmp, dF = dim K, (ﬁ .

Proof. Clearly dimp, cfl§ < dimpg, dF. Conversely, dimg, (/1§ = max, dimp, 8}‘,,,.
The desired conclusion then follows from Corollary 2.4. 0

2.3. Bilinear and rational systems. Now consider the bilinear system

m

' = Agx + E u Az,
i=1

Yy =cx,

where Ag, A1,..., Ay, are nxn matrices and ¢ is an 1 xn matrix. For each multi-index
11?2 ... ¢, where 0 < 4; < m for each j > 0,

Ly, Ly, - Ly, h(z) =cAi Ai,_, .. Asy .

T

Note that v, (as defined in (7)) is also linear in x for each 4; for instance, in the
single-input case (for simplicity of notation),

w2($, Ho> lu“l) = C(AO + H‘oAl)Qx + Hq CAliL' .

Thus, for the bilinear case, we have the following corollary.
COROLLARY 2.6. For a bilinear system,

(14) F=F, and dF =dF,

for every p in a generic subset of IR,

Remark 2.7. We would like to point out that this corollary does not hold in
general. The following simple example shows that for a general nonlinear system, F
and F,, (respectively, dF and dF,) may not be the same for any p, even though the
two spaces dF and dF . are the same.

Ezxample 2.8. Consider the system

a:'=I3+£E2u, Yy==1u.
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It is easy to see that

y=g, y =a°+a2%,
y" = 32% + 5ztu + 223u? + 2/,
and in general, y*) = (2k — DNz 4 pp(u, o, ..., w2 ) + 22u*=1D | where py
is a polynomial in x of degree less than or equal to 2k. It can be seen that

_’F':spaan{x, 332, x3,...} .

However, 22 ¢ F,, for any p for the following reason. Assume that

k
2 = anbi(w, p)
=0

for some k and some ag, ai1,...,ar € R. Then a; = 0 for ¢ > 2, otherwise the degree
of z in the left-hand side would be higher than 3. Thus the above equation becomes

22 = apx + a1 (2® + mz,uo),

which is impossible. This shows that %, # F for any u even though, in this case,
dF = afu = span_{dz} for all p.

In this example, it is also true that dF # dF, for any p. This can be shown
as follows. If dF = dF,, then dz? = 2zdz € dF,. From here it would follow that
22 = a1(x,p) + oz, ) + -+ + o, (@, 1) + c for some elements o, € F, and some
constant ¢ € IR. But it can be seen from the above argument that this is impossible.

Assume now that (5) is a rational system. Define A (A, respectively) as the
IR-algebra generated by the elements of F (F,, repectively). Then we define the
observation field Q (Q,, respectively) as the quotient field of A (A, respectively).
For a field extension @) of R, we use trdegi (} to denote the transcendence degree of
Q@ over R. Then we have the following conclusion for rational systems, in analogy to
the above conclusion about bilinear systems.

COROLLARY 2.9. For a rational system,

trdegr @ = trdegRr Q,, ,

for each u in a generic subset of R™°,

3. Observability and universal inputs in continuous time. Consider an
analytic system (5). Fix any two states p, ¢ € M and take an input u. We say
p and q are distinguished by u, denoted by p #, q, if h(o(-, p, u)) # h(e(-, ¢, u))
(considered as functions defined on the common domain of (-, p,u) and ¢(-, q, u));
otherwise we say p and ¢ cannot be distinguished by u, denoted by p ~,, g. If p and
q cannot be distinguished by any input u, then we say p and ¢ are indistinguishable,
denoted by p ~ ¢. If for any two states, p ~ ¢ implies p = ¢, then we say that system
(5) is observable. (See [30, Chap. 5].)

An input u is called a universal (distinguishing) input for system (5) if every
distinguishable pair can be distinguished by u. The existence of universal inputs was
first studied in [15] for bilinear systems, in [27] for analytic systems with compact
state spaces, and for arbitrary analytic systems in [35] for the continuous case. In
this work, we will provide a different and simpler proof of the general result in [35].
(Also, we later give a discrete-time version.) We now state the result to be proved.
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For each T' > 0, we consider C*°[0, T'] endowed with the Whitney topology, that
is, the topology for which a neighborhood base for each function u(-) € C*[0, T
consists of the sets of the following form:

Unps = {v cc=lo,Ts | max ) - u00)| < 5}

for some k > 0 and some 6 > 0. This is well known to be a Baire space (see [14]).
By a generic subset of C*°[0, T] we mean a subset of C*°[0, T| containing a countable
intersection of open dense sets.

THEOREM 3.1 (Sussmann’s universal input theorem). For any analytic system
(5), and any fived T > 0, the set of universal inputs is a generic subset of C*°[0, T'.

PROPOSITION 3.2. There is always an analytic universal input for any analytic
system.

We will provide proofs of Theorem 3.1 and Proposition 3.2 in §4.1.

Consider the following more general class of systems:

(15) d(t) = fz(t),ut), y(t) = h(z(t)),

where for each t, x(t) € M, which is an analytic manifold of dimension n, h : M — R
is an analytic function and f : MxIR™ — TM is analytic and f(z,u) € T, M for each
(z, u), so in particular, f(-,u) is an analytic vector field for each u € IR™. Controls are
measurable essentially bounded maps: u : [0, T] — R™, for some T' =T, > 0. We
apply the same definitions of distinguishability, observability, and universal inputs as
for system (5) to system (15). One can then generalize the conclusion of Theorem 3.1
to systems of type (15) by means of the following argument. We consider the following
system:

(16) a'(t) - F@(8),2(1), 2'(t) = v(t),

where v is now a new control. By Proposition 5.1.11 in [30], one knows that if (x1, z2)
is a distinguishable pair for (15), then z,z2 can be distinguished by a differentiable
(in fact, an analytic) control w. It then follows that for (16), the pair (¢, (), where
€ = (z1, u(0)) and ¢ = (z2, u(0)), is distinguished by v(t) = /(¢t). On the other
hand, if for (16) the pair ((z1, 2), (22, 2)) is distinguished by v, then for (15) (z1,x2)
is distinguished by the control

t
zZ+ / v(s) ds.
Jo

Therefore, (x1,22) is a distinguishable pair of (15) if and only if there exists some
z € R™ such that ((z1,2), (x2,2)) is a distinguishable pair for (16) for some z.
Applying Theorem 3.1 to system (16), we proved the following conclusion.

COROLLARY 3.3. The universal inputs for system (15) form a generic subset of
C>°[0, T, for any T > 0.

3.1. Other notions of observability. In what follows, we study relationships
among several alternative notions of “observability” that have been proposed by var-
ious authors.

Take an open subset U of M and any two points p, ¢ € U. If for every input wu,
hp(t, p, u)) = h(p(t, g,u)) for each t for which ¢(7, p, u) and ¢(T, g, u) are both
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defined and in U for all 0 <t < T, then we say that p and ¢ are U-indistinguishable
(see, e.g., [29]).

Fix a point p € M. If for every neighborhood U, there is a neighborhood V,, C U,
such that for any g € V, the condition that ¢ and p are U-indistinguishable implies
p = q, then we say the system (5) is locally observable at p. If (5) is locally observable
at every point p, then we say (5) is locally observable. If there is an open dense set
U C M such that (5) is locally observable at every point p of U, then we say (5) is
generically locally observable. See [29] for details on local observability and related
concepts such as the slightly different definition in [26]. The following fact is an
immediate consequence of Lemma 2.10 and facts (2.4) and (2.8) in [29].

PROPOSITION 3.4. An analytic system (5) is generically locally observable if and
only if max, dimdF(z) = n.

PROPOSITION 3.5. Let M = IR" and let (5) be an analytic system. Then the
following are equivalent:

(1) The system is generically locally observable.

(2) dimg, a3 = n.

(3) dimp, dF =n.

Proof. The maximum dimension of dF(z) is the same as the dimpg, dF. This
shows that (1) and (3) are equivalent; (2) is equivalent to (3) by Corollary 2.5. 0

For a polynomial system, the 1;(z,U)’s (as defined in (13)) are polynomial func-
tions of both x and U. We say that a polynomial system is weakly algebraically
observable if each coordinate x; is algebraically over the field K({¢; : ¢ > 0})
(= R{Uij, ¥k, ¢ =1,...,m; j,k > 0})). It follows that ¥ is weakly algebraically
observable if and only if dim g () 8§ = n, where K (x) is the field of rational functions
over K. (This is proved as follows: The dimension condition is equivalent, by [18,
Thm. IIT of II1.7], to the property that the transcendence degree of Ky = K({¢; :
i > 0}) over K should be equal to n. On the other hand, we have the inclusions
K C Ky € K(z), so trdeg Ko + trdegy, K(x) = n. Thus the dimension is n if and
only if trdegy K (x) = 0, i.e., if and only if K () is algebraic over Ky.) By Proposition
3.5, we have the following corollary.

COROLLARY 3.6. A polynomial system is weakly algebraically observable if and
only if the system is generically locally observable.

The notion of weakly algebraic observability used here was called “weak observ-
ability” in [28]. The same notion was used in [10] and extended to cover implicit
systems as well.

3.2. Orders of i/o equations in continuous-time case.

3.2.1. State-space systems. We say that a state-space system X admits an
i/0 equation such as

(17) Alu(t), @/ (1), -, B0, y(8), ¥'(#). ..y (1) =0,

where A is a nonzero analytic function from R™ x R¥*! to R, if (17) holds for every
initial state x, every C* i/o pair (u,y) of (5), and all ¢ such that y(¢) is defined. The
order of an equation (17) is defined to be the highest r < k such that

3]
ov,

A(/’I’Oa coey BE-15 VO, V1, oeny V]C)

is not a zero function.
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For a given system ¥, we define 6(X) to be the lowest possible order of an i/o
equation that 3 admits. In the case that there is no such i/o equation, §(X) is defined
to be +o0.

THEOREM 3.7. Assume ¥ is an n-dimensional analytic system defined by (5).
If 3 is generically locally observable, then 6(X) > n. If, in addition, ¥ is a rational
system, then §(X) = n.

Proof. Let Y C M be an open subset diffeomorphic to R". We consider the
restriction of £ to . This system is still generically locally observable, and an
equation for ¥ is also an equation for the restriction. So without loss of generality,
we assume from now on that M = R".

Assume that §(X) = k < co and ¥ admits i/o equation (17) of order k. For each
integer 7 > 0, let

i

Ai = -
ov},

A(N’(h ceey HE—1, YOy V1s oeey l/k)-

Claim. There exists an ¢, such that A; is not an i/o equation of X.
We prove the claim as follows. Assume that A4; is an i/o equation of ¥ for every
i. Then for any fixed i/o pair (u, y) and any fixed t, it holds that

As(u(t), .., u* D), y(8), ..,y (8) = 0

for all 4. Thus, as a function of v, for these fixed values u(t), oy, all
derivatives of
(18) Au(), s WD), (@), TR, )

evaluated at v, = y™®)(¢) vanish. It then follows from the analyticity of A that (18)
vanishes for all values of v, . Let v, be such that the function

A(,u,o, vy BE—=1, YOy ey Vk:—l) = A(/J,o, cees Pk=1, V05 ooy Vs Dk)
is not a zero function. Clearly it holds that
(19) Afu(t), .., u* D), y(8), .., V(@) = 0

for all i/o pairs of £. If one can show that A does not depend on f, . then one

concludes that A = 0 is an i /o equation for ¥. For this, we proceed as follows. First
of all, (19) holds for all i/o pairs of (u, y) if and only if the following holds:

Alprgs s s Yol 1)y ooy, (@, p) =0

for all z € M and all u. Note here that 1, defined by (7) does not depend on 1y for
J 2 . It follows that for any p, .,

A(/J'())"'a,u‘k_27 ﬁk_]? 1/)0(:1:’ u)?""wk_l(m’ /’L)) = 0

for all z and all p. Finally, pick 2, _, such that

A(po, -+, Py _gs V05 - v I/k_l) = A0y vy By By V05 -5 Vi ys Uy)

is not a zero function. Then A = 0 is an i/o equation of order k — 1 for £. This
contradicts the assumption that §(X) = k. The claim is thus proved.
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Now let 7 > 1 be the smallest number for which A, = 0 is not an i/o equation
for ¥. Replace A in (17) by A,.;. Evaluating (17) at t = 0, the equation implies the
identity

(20) Aty o ey o (@, 1)y - (2, p)) = 0.

Since A} = 0 is not an i/o equation of ¥, it follows that there exists some p € R™"
such that

(21) Al(“(y X ﬂk_lvﬂ/)()(l‘a “)7 ceey V)k(ﬂ% /’L)) % 0 b
as a function of z, and hence, by analyticity, the complement of
B={ueR™: Ay ooty (s @),y 0, (2, 1)) = 0. Va}
is an open dense subset of R™.
Combining (20) and (21), one sees, for each u ¢ B, that dy, (-, p) is a linear
-~ k—1
combination of dy (-, i), .... d¢, (-, p) over R,. Thus d}' = dJ":M
each ¢, af:t is the subspace of a}"# spanned by dv, (-, p), d, (+, ), -, do, (5 1.
Differentiating (17) with respect to time, one sees that for any ¢ > 1 it holds that
Ay (ut), .. u*D@), y(t), .y )y E I (8)
= A;(u(t), ..., u®TD@) L y@), L yRTTD ()
for every i/o pair (u, y) of 3, where A; is some analytic function. Thus, by induction,

one can show that dF = d]—' for all o & B. It then follows that dimp, dr L <k

for all & B, where B cR™ o is defined by B=B x R™ x R™ x - - -. R
On the other hand, by Corollary 2.4 and Proposition 3.5, one knows that dimr, dF,

, where, for

= dimg, dF = n for all 4 in a dense (in fact, even in a generic) subset of IR™.
Therefore, ¥ cannot admit any i/o equation of order lower than n.

If ¥ is a rational system, then an easy elimination argument (based on the fact
that any set of n+1 rational functions in n variables must be algebraically dependent;
see [40] for details) shows that it admits at least one i/0 equation of order n; therefore,
§5(X) =n. O

3.2.2. i/o operators. Next we consider i/o equations for i/o operators rather
than for state-space systems. By an i/o operator we mean an i/o map given by a
convergent generating series. For a detailed definition of i/o operators, we refer the
reader to [41]. We say an i/o operator F satisfies an i/o equation (17) if every C* i/o
pair (u,y) of F satisfies (17).

For any given operator F', we define §(F') to be the lowest possible order of an
i/o equation for F. Again, in the case when there is no i/o equation for F, 6(F) is
defined to be +oc.

An operator F is said to be realized by an initialized analytic system

(Max(b {g(),gl, e ag’m}v h)

if every i/o pair (u,y) of F' satisfies the equations

a'(t) = +Zgz ()ui(t), =(0) = o,
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for ¢ small enough.

Let A(F') be the Lie rank of F, as defined in [11], [19], or [26]. It is well known
that F is realizable if and only if A(F) < oo, and the dimension of any canonical
realization for F' is A(F'); cf. [11] and [34]. Here, by a canonical realization we mean
a realization by an accessible and generically locally observable system.

PROPOSITION 3.8. Assume that F is an i/o operator. Then:

(a) A(F) < 6(F);

(b) if there exists a rational canonical realization for F, then A\(F) = 6(F).

Proof. It was shown in [41] that if §(F) < oo, then A(F) < co. Thus we may
assume that A(F) < oo, and in this case, one knows that F' is realizable by some
canonical system ¥ = (M, zo,{90,91,---,9m}, h).

By Remark 4.2 and Lemma 4.3 in [41}, one knows that F' admits i/o equation
(17) if and only if (17) holds at any point ¢ at which «(*~1) () exists. Combining this
fact with the accessibility of the system, one sees that F' admits i/o equation (17) if
and only if (20) holds for ¥ for all z in an open subset A/ of M and for all . On
the other hand, it can be seen that (20) holds for all x € A and all p for system X
if and only if (17) is an i/o equation for ¥ as a system restricted to A/. Applying
Theorem 3.7, we obtain the desired conclusion. ]

4. Proof of Lemma 2.1. In this section, we will prove Lemma 2.1. We will
show first that there exists a generic subset W; of R™° so that

(22) Flx) = Fu(z)
for all z and p € Wi and then that there is a generic subset Ws of R™ so that
(23) dF(z) = dF,(z)

for all z and all u € Wh. Then we just let W = W, (| Wh.
Proof of first part (equation (22)). For system (5), let

B:={rxeM:F(z) =0}
To prove (22), we consider, for each subset N of the open subset M \ B, the set
Gnv:= {ueR™>®: W(x, u) #0,Vzr e N},

where W(z, 1) = (¥ (2, 1), ¥, (2, 1), ...

To prove the desired conclusion, it is enough to show that Gas is open dense
whenever AV is a compact subset of M\ B (since M \ B can be written as a countable
union of such subsets). In the following we let A/ be a fixed compact subset of M\ B,
and we just write G instead of Gur. To show that G is dense, we need the following
fact.

Let r > 1 be an integer. For each fixed vector v" = (v, v, ..., v,_;) € R™,
we say that p = (g, gy, -..) € R"™% is an extension of v" if u, = v, for each
e [0, r—1].

LEMMA 4.1. Let xg € M and let v" be a fized vector in R™ . If U(xzg, ) = 0
for every extension u of V", then x € B.

The proof of the above lemma will be given in Appendix A. We now return to
show that G is dense. Take any open subset I of IR"™°; without loss of generality,
we may assume that U = Uy x Uy X --- x Uj X - - -, where each U; is an open subset of
IR™. For each integer r > 0, let U" = Hz_:ol U;. For each ™ € U", define

By = {zeN: U.(x, p") =0}
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where U,.(z, u") = (¢y(z, ), ¥, (x, ), ..., ¥,_,(x, p)) for any extension p of u'".
Note that ¥, is well defined because ¥, (z, ) does not depend on 1 for j > ¢. For
each finite jet v, B, is an analytic subset of N, that is, a set defined by analytic
equalities. As a consequence of the Welerstrass preparation theorem (in the form
given for instance in [17, Thm. 2.7, Cor. 3]), one knows that analytic subsets of a
compact set satisfy a descending chain condition. That is, if A; 2 A, D .- DA, D -+
are analytic subsets of a compact set, then there exists some r > 0 such that A; = 2,
for all j > r. From here it follows immediately that there is a minimal element B
of the family {B,} in the sense that B; = B, whenever B, C B;. Assume now that
U € U provides such a minimal element.

Claim. By = 0.

Assume that the above claim is not true. Then there exists some z¢y € A such
that W, (29, 7) = 0. Pick such an zg. By Lemma 4.1, there exists some extension u of
v such that ¥(zg, ) # 0, so there exists some [ > r such that i, (o, u) # 0. Write

1 - - ~ - ~ l
o= (V()a l/17 ey 1/,,._17 Hes ooy /J’l—l) € IR"L :
Note that (7,, 7, ..., 7,_;) € U" by construction. For these fixed 7, ..., 7,
and zg, the function ¥, (2o, #) does not depend on 14 for j > I and is analytic in
(Has Hyyqs -+ -+ 4, ). Since it does not vanish at (f,., ..., fi,_,), there is also some
(/]‘7'7 [L7.+17 R ﬁl*l) € U, X ul‘+1 X oo XUy
such that, for v := (Jy, ..., ¥, _, fyy -y f1,_,), ¥, (xo, i) # 0 for any extension

it of 7, and hence, ¥;(xg, ) # 0. So xo € By \ By. Also, obviously B; C Bg, since
v is an extension of 7. This contradicts the minimality of B;. So we proved that
U,.(z, 7) # 0 for all x € NV, as claimed.

Take any extension u € U of u” to an infinite jet. Then W (z, u) # 0 for all z € N,
that is, G NU is not empty for any open subset U of R, Since U was arbitrary,
one concludes that G is dense.

To prove the openness of G, let

G" = {reR™ : U.(z, u") #0, Vo € N}.

By the compactness of N, G" is open. Let G, = G" x R"™°°. Then G, is open. Since
G =, G-, it follows that G is open.

Proof of second part (equation (23)). Clearly dF,(z) € dF(z) for all z and p,
and for each p € R"™, dF,(z) = dF(z) if and only if

(24) ker dF(z) = ker dF, ().
We now let
B= {(z,v) e TM: v € ker dF(x)}.

Then T./\/l\gis open. Let U(z, v, p) = (@O (x, v, p), 1})\1(90, v, @), ...), where Q’ﬁ\i(:l}. v,
p) = dip,(x, p)v. To prove the desired conclusion, it is enough to show that there
exists a generic subset W of R" such that for any pu € W, ‘Tl(m, v, 1) # 0 for all
(z,v) & B. For this, it is enough to show that for any compact subset N of TM \E
the set

-~

gi={neR™>: U(z, v, p) #0, V¥ (z,v) € N}
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is open dense. We now fix a compact subset ./\A/' of TM \[3; and write 6 instead of éﬁ.
Similar to the proof of the first part, we need the following conclusion to prove the
density property of G. The proof of the conclusion will again be provided in Appendix
A.

LEMMA 4.2. For any given fized point (z,v) € TM, if (I\/(a', v, u) = 0 for all
extensions (v of v", for some v" € R™", then (x, v) € B.

To show the density of G, we take any open subset U of IR™>°. Again, without
loss of generality, we can assume that U = Uy X Uy X -+ xU; X - - -, where each U; is an
open subset of IR™. Using the same notions for u” and U" as used before, we define

-~ ~ o~

B, = {(x, v)EN: Uz, v, u") = 0}

where \I/ (x, u") = (1/)0 T, U, W), 1/) (@, v, 1)y - .., QZT_l(w, v, p)) for any extension p
of u". For each finite jet v, B, is an analytic subset of N (with the obvious analytic
manifold structure on the tangent bundles). Using the same argument as before, one
knows that there exists a minimal element of the family {[3’:,} Let v € U® be such
that g,, is a minimal element.

Claim. \T/s(x, v, v) # 0 for all (z, v) € N,

Assume that the claim is not true. Then there exists some (xg, vo) € N such
that U4(zo, vo, v) = 0. By Lemma 4.2, there exists some extension x of v such that
\/1}(1'0, vg, ft) # 0. This means there exists some [ > s such that 1//1\5(%, vo, i) # 0. By
analyticity of 7:1)\1, one knows that there exists some

(1&’37 ﬁs+l’ ) /]'l——l) Eus XZ/{S+1 Xowes XZ/{l_l

such that, for i == (v, ..., V,_1s figs ooy [iy_y)s \fll(ﬂcg, vo, ft) # 0. So (zo, vo) €
E,, \ Eﬂ. Also, obviously B\ﬂ C g,,, since 7 is an extension of v. This contradicts the
minimality of B,. So we proved that \flr(w, v, v) # 0 for all (z, v) € N. Noting then
that for any extension p of v, \/I)(x, v, ) # 0 for any (z, v) € N, we conclude that
G U # 0. This proves the density of G.

To prove the openness of § , we again let

G" = {WeR™: Tp(z, v, i) #0, V(z, v) e N}.

By compactness of N, G" is open. Let G, = G" x R™*. Then G, is open. Since

G = Uz, gr, it follows that G is open. The proof of Lemma 2.1 is then complete.
Finally, we remark that also with respect to the weak topology on R™*, Gy

and G i are still open and dense. Density is obvious, as they are dense with respect

to a stronger topology. The openness of Gor and G 5 follows from the compactness of
N and N. Thus, the conclusions of Lemma 2.1 also hold with respect to the weak
topology on R,

4.1. Proof of Theorem 3.1. In this section, we provide a proof for Theo-
rem 3.1.
To study the observability for system (5), we consider the system

& = B+ g(Ou,
i=1
y = MY,

(25)
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where

fz(ﬁ) € M x M, gi(f):(gfﬁ‘g), 0<i<m,

and h(€) = h(z) — h(z). Clearly, o, z for system (5) if and only if € %, 0 for system
(25). Thus, to prove Theorem 3.1, it is enough to establish the following conclusion.

PROPOSITION 4.3. Assume that for an analytic system (5), the i/o map induced
by the zero initial state is a zero map, that is, h o p(t,0,u) = 0 for all t and all w.
Then for any T > 0, the set

& ={uelC®0, T]: x#,0if £ 0}

is a generic subset of C*°|[0, T.

Proof. Let B := {z : « ~ 0}. Then M\ B is an open subset of M. To prove
Proposition 4.3, it is enough to show that for every compact subset A of M \ B the
set

By ={uelC®0, T): x#,0forall xeN}

is an open dense subset of C*{0, T'.

Note that for u € C*°, z 7, 0if 9;(x, p) # 0 for some 4, where p = (py, gy, ...) €
R™ with p, = u{9(0), and ; is as defined in (7) for each 4. Also, by Theorem 3-1.5
in [19], one knows that for z € M, if F(x) = 0, then z € B. This means that for each
xz e N, F(xz) # 0. Thus, by Lemma 2.1, there exists a dense subset G of IR™ such
that U(z, p) # 0 for all z € N and all p € G.

To complete the proof of Proposition 4.3, we need to show that &, is an open
dense subset of C*°|[0, T.

Take @ € C*°[0, T, and let U be a neighborhood of ©. Without loss of generality
when showing the density of & s, we may assume that

_ o , @)y ~(0)/ ~
u {wEC [0, T : Orgfisxk(w t)—w (t)l<é,t€[0,T]},

for some integer k > 0 and some 6 > 0.
Let fi := (fiy, iy, --.), where fi, := ©@(0), and let W be the open subset of
R"™* defined by

W= {peR™®: |u—-p)<se ", i>0}.

As WNG # 0, there exists some v € W such that ¥(x, v) # 0 for all 2 € N. By
compactness of N, there exists some r > 0 such that

(26) U, (z, ") #0, for any z € M.

Without loss of generality, one can always assume that 7 > k.
Now let wy(t) := @(t) — z:;& /Z—{tl. Note then that cD((f)(O) =0forall 0 <i<
r—1.

Finally, we define

r—1
I/i .
w(t) =@ (t) + Y St
=0
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Then, for 0 <i < kand 0 <t <T, we have

= v, il R T
@) 4y _ ) J I yg—i J+i Jtilyg
ERIGERIGIESY G <y i t1
=i 7=0

<de Tet < 6.

Thus, w € U.
On the other hand, (26) implies that for every x € N/, there exists some i < r—1,
such that
i

d
@, hp(t,z, w)) # 0.

t=
From here it follows that x %, 0 for every x € N, that is, w € B. This proves that
G is dense.
We then conclude the proof of Proposition 4.3 by noting that the openness of & s
follows from the compactness of N. O
Remark 4.4. Note that the above proof only depends on the first half of Lemma 2.1,
i.e., formula (22), and the proof of (22) is fairly straightforward (though it calls upon
some notions and elementary results from the theory for generating series).
Proof of Proposition 3.2. As indicated in the beginning of this section, it is enough
to show the following:
Assume that for an analytic system (5), the i/o map induced by the
zero initial state is a zero map, that is, h o p(¢,0,u) = 0 for all ¢ and
all u. Then there exists some analytic input « such that x £, 0 for
all x £ 0.
Proof. Consider the following open subset of TR™:

U = Uy xUy xUy X -+~

where U; = (—1, 1) for all ¢ > 0. By Lemma 2.1, there is at least one jet p in U such
that F,,(z) = F(z), from which it follows that

(27) U(z, u) #0, Ya £0.

Now let
u(t) = EO o .

Then u is an analytic function and u¥(0) = p;- By (27), one knows that z £, 0 for
all z £ 0. 0

5. Main results for discrete-time systems. In this section, we discuss our
main results for discrete-time systems.

5.1. Basic definitions for discrete-time systems. We consider analytic sys-
tems as in (4), where for each t, z(t) € M, an analytic manifold, and u(t) € R™.
We assume that h : M — RP and f: M x R" — M are analytic. If M = R" and
the entries of f and h are rational functions with no (real) poles, then we call (4) a
rational system. A system ¥ will be called reversible if f(-, u) is one-to-one, for each
fixed u € R™. (Reversible systems are a more general class than the systems usually
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called invertible in the discrete-time controllability literature, for which one makes
the stronger requirement that f(-, u) is a diffeomorphism of M, for each . Invertible
systems arise naturally through the sampling of continuous-time systems in digital
control, by integrating flows over a sampling period; their controllability properties
were studied in, among other papers, [20], [12], [21], [24], [22], [23], [1].)

For each control sequence w € R¥™, we define f* : M — M inductively by
fe(xz) = z for the empty sequence e and f“*(z) = f(f“(z),u). We also let h* :=
ho f. For p= (1, fiy,---) € R"™>, we let H¥(z) := (h(z), h¥o(x), hoH1(x),...).

Two states p and ¢ are said to be distinguished by u € IR™°, denoted by p £, g,
if H#(p) # H*(q). A discrete-time system is said to be observable if any two distinct
states p and ¢ can be distinguished by some u. See [27] for a detailed introduction to
observability and related concepts and, in particular, [25] for results on observability
of discrete-time systems.

For an analytic system, we define the observation space of ¥ as the following
subspace of the space of analytic functions defined on M:

F =spang {h*: weR™ r>0}.

This space plays an important role in studying observability of discrete-time systems;
see, e.g., [28] and [27]. See also [16] for related algebraic structures.

Associated with the above space, for each x € M we let dF(z) be the subspace
of the cotangent space at = defined by

dF(z) = {da(z): a€ F}.

In analogy to the continuous-time case, we define, for each pu = (g, p;, ...) €
IR™°, the following subspace F,, of analytic functions:

F, = spany {h, ho, hto*1 ..},
For each p € R™° and each x € M, we also consider
dF,.(z) ={da: ae F,}.

Clearly, F = Zp« F, and dF(z) = }  dF,(x) for each z. Here we will need the
following result.

LEMMA 5.1. Assume that (4) is reversible and observable. Then there exists o
generic subset W of R™ such that for each p € W,

(28) dF(z) = dF,(z) = R",

for all x in an open dense subset of M.

The proof will be given later; it will rely on a result about universal inputs for
discrete-time systems that is presented in the next section.

Assume now that M = IR". Still using the notation used in §2.2, we introduce

dF = spang_{da: o€ F}, dF, = span g {da: o€ F,}.

From the lemma and using an argument analogous to that used in proving Corol-
lary 2.4, we have the following corollary. R R

COROLLARY 5.2. For an analytic, reversible, and observable system, dF, = dF
for all u in a generic set of R™°.
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5.2. Observability and universal inputs. An input sequence is said to be a
universal input of a discrete-time system X if it distinguishes every distinguishable
pair of X.

THEOREM 5.3. Assume that (4) is analytic, reversible, and observable. Then the
universal inputs of (4) form a generic subset of R™ .

Proof. First of all, we let

D= {(z,z): z€ M} T Mx M.

By observability, every pair (z, z) € (M x M)\ D is a distinguishable pair of (4). For
each v € R™", we let A, (z, 2, v) = h¥(z) — h¥(z), and we also let A\o(z, 2) = h(z, 2).
For each p = (g, py, .. .), we define

Az, z, p) = (No(z, 2), Ail®, 2, py)s e, 2, oy ), ---)-

To prove the desired conclusion, it is enough to show that for each compact subset N/
of (M x M)\ D, the set Gy defined by

On = {peR™®: Az, z, n) # 0, Y(z, 2z) e N'}

is an open dense subset of R™ .
For each open subset U of R" given by U, x U, x ---, consider, for each

veUs = Hf:_g U;, the subset B, of A/ defined by
B, ={(z, 2) e N: Ay(z, z,v) =0},

where A, (z, z, v) = (Ao(z, 2), Mz, 2,1), ..., As(®, 2, v)). Using the same argu-
ment as that employed in the proof of Lemma 2.1, we know that there exists a minimal
element By of the family {8;}. Suppose 7 € U". We next show that v distinguishes
every pair (z, z) € N. Assume that there would exist a pair (g, 20) € N such that
xo ~p 2zo. Since (4) is reversible, x1 # z1, where x1 = f“(xp) and 21 = f¥(z0). By
observability of (4), one knows that there exists some 7 € R™® such that x; %5 2.
Let ¥ = vr (concatenation of sequences); then it follows that A,.s(xg, 20, 70) # 0.
By the analyticity of A,.s when fixing xp, 2o and 7, one knows that there exists
some UV € U, X -+ X Upyps_1 such that A.i (o, 20, 77) # 0. This implies that
(zo, 20) € By \ B, which, in turn, implies that B > is a proper subset of B;, contra-
dicting the assumed minimality of B;. Thus, we showed that A.(z, z, ) # 0 for any
(z, z) € N. Clearly, any extension u of 7 in U is an element of Gar. This shows that
Gn U # 0 for any open subset U of R™ . The density of Gy is thus proved.

Again as in the proof of Lemma, 2.1 for the continuous case, Gy is open since N
is compact. O

In the statement of Theorem 5.3, we assumed more than we did in its continuous
counterpart, Theorem 3.1 (and also concluded slightly less). One of the extra condi-
tions is observability. We needed to impose this because the counterpart of Lemma 4.1
is not available in the discrete-time case. The discrete case analogy would be that
any distinguishable pair is again carried to a distinguishable pair by the flow of the
system, no matter which input is applied. Unfortunately, this not true in general. The
following example, suggested by F. Albertini, shows that distinguishable pairs can be
carried to indistinguishable pairs. (Note that this can never happen with analytic
continuous-time systems.)

Example 5.4. Consider the system

(29) z(t+1) =z(t) + 1, y(t) = h(z(t)),
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where h(x) is defined by

_f EREE ifx £ 0,
Mz) = { 1" itz =0,
Clearly the system is analytic and reversible. However, the distinguishable pair (0, 1)
is carried to an indistinguishable pair after ¢ = 1.

Proof of Lemma 5.1. To obtain the desired conclusion, it is enough to show that
(28) holds in an open dense subset of M for every universal input p (since universal
inputs themselves form a generic subset).

Fix any universal input u. By observability, one knows that H (-, u) is a one-to-one
map. Let k = max, dim F,,(p). It is sufficient to show that k = n. But this is an im-
mediate consequence of Lemma B.1 (see Appendix B), applied to {h, h#°, hto#t .}
seen as a family of maps. g

5.2.1. Orders of i/o equations. We say that the discrete-time system (4) ad-
mits the i/o equation such as that if (3) holds for all input/output pairs of (4) (for
t > r and any possible initial state (0)). The order of the equation is r if

0
ov,

E(po, -y Mk—1, V0, V1, +- ., Vk)

is not a zero function. For any given system X, we let §(X) be the lowest possible
order of an i/o equation that ¥ admits. If there is no such equation, §(¥) is defined
to be co. Following the same outline as in the proof of Theorem 3.7 but now using
Lemma 5.1, we conclude as follows.

THEOREM 5.5. Let ¥ be an n-dimensional analytic system. Assume, further,
that X is reversible and observable. Then §(X) > n. If, in addition, ¥ is a rational
system, then 6(X) = n.

Remark 5.6. The result in Lemma 5.1 is false if the assumption of reversability
is dropped, as discussed in [28]. As a consequence of this, the above conclusions may
be false without the invertibility assumption. To illustrate this, consider the following
system of dimension 3:

xl(t + 1) = U(t) ’ x?(t + 1) = 'EB(t) ’
a:3(t + 1) = xg(t)l‘l(t) + lCl(t) + l‘g(t)u(t) ,
y(t) = z3(t).

This is an observable polynomial system. However, it admits an equation of order 2:
y(t) =yt — Du(t —2) + y(t — 2)u(t — 1) + u(t — 2).

Note that this system is not reversible.

Appendix A. Proofs of two lemmas. In this appendix, we will prove Lem-
mas 4.1 and 4.2. For this, we need to recall some basic definitions and properties of i/o
operators defined by convergent generating series. For a detailed study of generating
series and i/o operators, we refer the reader to [41].

Let m be a fixed integer and I = {0, 1, ..., m}. For any integer k > 1, we define
I* to be the set of all sequences 145 .. .14, where i € I for each s. We use I° to
denote the set whose only element is the empty sequence ¢. Let I* = (J}%o ] K,
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A generating series
c= Z {e,n)m.
el

is a formal power series in the noncommutative variables ng, 71, . . . , N, for some fixed
number m, where we use the notation n, = n;,m;,...7n;, for each multiindex ¢ =
t149 ...%;. The coeflicients (¢, 7,) are assumed to be real.

We shall say that a power series ¢ is convergent if there exist K, M > 0 such that

(30) l(c,n.)| < KM*k! for each « € I* and each k > 0.

For any fixed real number T > 0, let Uy be the set of all essentially bounded
measurable functions

w: [0,T] - R™

endowed with the L! norm. We write |Ju||; for max{||u;]j1 :» 1 <4 < m} and ||uljco
for max{|[t;||oo :» 1 < i < m} where u; is the ith component of u and |[u;||; is the L!
norm of u;, ||us]|eo is the L™ norm of u;. For each u € Uy and each ¢« € I', we define
inductively the functions

V. =V.[u] € C[o, T)

by
t
%1"'1'1+1 [u](t) = /0 Uiy (3)w2~--iz+1 (S) ds,
where V; = 1 and u; is the ith coordinate of u(t) for i =1,2,...,m and ug(t) = 1.
For each formal power series ¢ in 7y,7,,-..,7,y,, we define a formal operator on
U in the following way:
(31) Flu)(t) = Z(C,WVL[U](&

If the series is convergent and (30) holds, then it is known that for any
T < (Jlulloo(Mm + M))™",
the series (31) converges uniformly and absolutely for all ¢ € [0, T]. Let
Vri={ueL?: |u|l < (Mm+ M)}

We refer the reader to [41] for the proof of the following lemmas.
LEMMA A.1l. Assume that ¢ is a convergent power series. Then the operator

F.: Vr — C[0, T)

is continuous with respect to the L' norm in Vr and the C° norm in C[0, T.
LEMMA A.2. Suppose c is a convergent series. Then F¢[u] is analytic if u € Vr
is analytic.
For each convergent series ¢, we let, for each p € R"* and each integer i > 0,
di

(32 ) = | R,
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where u is any smooth input with «(9(0) = p,- Note that c;(u) is a polynomial in
and c;(p) doesn’t depend on p; for j > i.

By Lemma 2.1 in [39], one knows that for a convergent series ¢, F.[u] = 0 for
every piecewise constant input u if and only if ¢ = 0. On the other hand, it is not
hard to see that for each piecewise constant function u, there exists a sequence {u;}
of analytic functions such that |lu;|| < |jull and u; — w as j — oo in the L; norm.
By Lemma A.2, one concludes that F.[u] = 0 for every analytic input « if and only
if ¢ = 0. Since Fi[u] is analytic if u is analytic, it then follows from (32) that for an
analytic u with «(®(0) = t;» Felu] = 0 if and only if ¢;(1) = 0 for all 4 > 0. Thus we
conclude that ¢ = 0 if and only if ¢;(1t) = 0 for all x and all i. To prove the desired
conclusions, we need the following well-known fact.

LEMMA A.3. Assume that f is a continuous function defined on [0, to] for some
to > 0. Then for any given integer r and any vector (wg, wy, ..., w,), there exists a

wo-bounded sequence of analytic functions f; defined on [0, to}, such that f;l) (0) = w;
for alli <r and f; converges to f in the Ly norm.

Proof. For the given vector, let

~ w;t?
fo=f0->
i=0
Without loss of generality, one may assume that j(()) =0. Otherwise, one can always
choose a L,-bounded sequence of continuous functions fj converging to f in the Ly
norm and such that f](O) = 0. Now one may apply Lemma 4.3 in [41] to f to conclude
that there exists a sequence fj converging to funiformly (hence also in L; norm) with

the property that f]@(()) = 0 for all 4+ < r. Then the functions
~ " witi
Fi(8) = F0)+ ) —
i=0

give the desired sequence. 0
Combining the above conclusion and Lemma A.1, one proves the following.
LEMMA A.4. Assume that ¢ is a convergent series and that v is an integer. Let
ia" be a given vector in R™". If for every extension p of i, ¢;(1) = 0 for all i, then
c=0.
Proof of Lemma 4.1. For analytic system (5) and for each x € M, we define a
generating series by letting
(33) (" my, ---m; ) = Lg, .. Lg,, Ly, h(x).

r

By Lemma 4.2 in [36], such a series is always convergent, and it follows from Theo-
rem 3-1.5 in [19] that for any p € R™,

(34) wi(ma V‘) = Ci(l', ,lL),
where

ci(z, p) = dﬁt; . Fee[u](t).

The conclusion of Lemma 4.1 then follows from Lemma A.4.



Downloaded 10/07/14 to 128.6.218.72. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

1124 YUAN WANG AND EDUARDO D. SONTAG

Proof of Lemma 4.2. For analytic system (5), instead of considering the series
defined by (33), we consider, for each (x, v) € TM, the series defined by

(35) (d(z, v), n, n,, ..m, ) = dLg, ...Lg, Ly, h(z)v.

Claim. For each (z, v), the series d(x, v) is a convergent series.
First of all, by Lemma 4.2 in [36], there is some constant My > 0 such that for
go(z), g1(x), ..., gm(z), v € TxM, there exists some My > 0 such that

(36) |dLg, Lg,, ... Lg, h(z)v| = |LyLg, Lg,, ... Lg, h(z)v] < MJ+(r + 1)L
It is then not hard to see that there exist some constants K and M > My such that
|dLg”Lg,i2 oo Ly, h(x i < KM™r!,

for all » > 0. Therefore d(x, v) is a convergent series for each pair (z, v).
For each smooth input v with u(0) = u,, let

di(z, v, p) = 4

t=0

Then it follows from (34) that

d¢i (z, p) = d(,'i(.il?, 1) 5

from which it follows that

dy, (@, pv = di(x, v, p).

Applying Lemma A.4 to the series d(x, p), one obtains the desired conclusion of
Lemma 4.2.

Appendix B. A simple consequence of the rank theorem The next result
is a simple and well-known consequence of the rank theorem; we include its proof as
it seems difficult to find a precise reference. (We provide a somewhat stronger form
than needed, which applies in more generality, including to nonobservable systems.)

LEMMA A.5. Assume that H = {hy : Z — R, X € A} is a family of continu-
ously differentiable real-valued functions on an n-dimensional differentiable manifold
Z, parameterized by a set A. Then there exists an open dense subset Zyg C Z with the
following property. For each zg € Zy there exist an integer r = r(zp), an open neigh-
borhood V' of zy in Zy, and parameter values A\i,..., A, so that, for each parameter
AEA,

ha(z) = Fx(ha,,..2.(2)) V2V,

where hy,,. a.(2) = (ha(2),...,hx(2)) and Fy is some C! function from some
neighborhoodU of hy,,...(V) to IR Moreover the rank of the differential of hx, ... (2)
isratall z €V (so the nonempty fibers hy /\(q) intersect V' at submamfolds of
dimension n — r). In particular, if it is known that z — (hx(2), X € A) is one-to-one
on any open subset of Z, then r(zg) =n for some zy € Zy.

Proof. Consider for any s and any Ay, ..., As therank py,, ..z, (z) of the differential
of hy, ..., at z, and let p(z) be the maximum possible value of this rank over all s
and Aq,...,As. A point z is reqular if p(z) is constant in a neighborhood of z. The
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regular points form an open set by definition, and it is an easy exercise to show, by
induction on n,n —1,...,1 that the set Zy of such points is also dense. Now pick any
zo in Zy, and let p(2p) = r. By definition of p, there are parameters A, ..., A, so that
Par...n(2) = 7 for all z in some neighborhood of 2zy. By the rank theorem, there are
local changes of coordinates in Z so that, in some neighborhood V of zg, hy,(2) = 2;
for i = 1,...,r, and without loss of generality one may assume that px, .. a.(2) =7
for all z in this same V. Now pick any A € A. Let f = hy. If it were the case that

d%f—(z) is nonzero for some z € V and some j > r, then the map hy,,.. ., » would
J .

have rank r + 1 at z, contradicting the choice of V. It follows that h) depends only
on zi,..., 2 on this neighborhood, as desired. il

Remark A.6. Observe that, when dealing with analytic mappings and Z con-
nected, the rank is constant on regular points, and one could pick the elements
Aty ... Ar globally on an open dense set. Also, in general this argument shows that
locally there are always n control sequences that (locally) distinguish states, even in
the nonanalytic case.
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