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ABSTRACT
An equivalence is shown between realizability of input/output operators by rational control systems
and high order algebraic differential equations for input/output pairs. This generalizes, to nonlinear sys-
tems, the equivalence between autoregressive representations and finite dimensional linear realizability.

1. Introduction. In this paper we prove an equivalence between realizability of input/output
operators by rational control systems and the existence of high order algebraic differential equations
relating derivatives of inputs and outputs.

In many experimental situations involving systems, it is often the case that one can model system
behavior through differential equations, which are referred to as input/output (“i/0”) equations in this
work, of the type

(1) E (ut), w'(6), " (), ..., u) (1), y(0), 5/ (8),9" (1), ..,y (1)) = 0

where u(-) and y(-) are the input and output signals respectively, and E is a polynomial. An i/o operator
F: u(-) — y(-) is said to satisfy the equation (1) if the equation holds for each sufficiently differentiable
input v and the corresponding output y = F'[u] of F. (Precise definitions will be given later.)

The functional relation E is usually estimated, for instance through least squares techniques, if a
parametric general form (e.g. polynomials of fixed degree) is chosen. For example, in linear systems
theory one often deals with degree-one polynomials F:

(2) y () = ary(t) + ...+ ary ™D () + brut) + .. + b ()

(or their frequency-domain equivalent, transfer functions; the difference equation analogue is sometimes
called an “autoregressive moving average” representation). In the linear case, such representations form
the basis of much of modern systems analysis and identification theory.

State-space formalisms are more popular than i/o equations in nonlinear control, however. There,
one assumes that inputs and outputs are related by a system of first order differential equations

3) 2'(t) = f(z(t)) + G(z(®)u(t) , y(t) = h(z(t))

where the state z(t) is now a vector, and no derivatives of controls are allowed. These descriptions
are central to the modern nonlinear control theory, as they permit the application of techniques from
differential equations, dynamical systems, and optimization theory. Thus a basic question is that of
deciding when a given i/o operator admits a representation of this form. This is the area of realization
theory, which is closely related, especially when stochastic effects are included, to systems identification.
Roughly speaking, if such a state space description does exist for a given i/o operator, then we say that
the i/o operator is realizable. More precisely, we shall be interested in realizations in which the entries
of f and G, as well as the function h, can be expressed in terms of rational functions of the state, but
due to the technical problems that arise in the definition because of possible poles of these rational
functions, we will give the precise definition in terms of “singular polynomial systems” and we will also
study realizability by (nonsingular) polynomial systems.

One knows that an equation such as (2) can be reduced, by adding state variables for enough
derivatives of the output y, to a system (3) of first order equations, with f(z) linear and G(z) constant,
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i.e., a linear finite-dimensional system. In frequency-domain terms, rationality of the transfer function
is equivalent to realizability. (For references on the linear theory, see eg [14], [23] and [32].) One of
the methods for obtaining a linear realization from a given linear i/o equation relies on Lord Kelvin’s
principle for solving differential equations by means of mechanical analog computers (cf. [14]). The
principle, which was suggested a hundred years ago, provided a way for simulating a system without
using differentiators.

For nonlinear systems this reduction presents a far harder problem, one that is to a great extent
unsolved. The problem is basically that of in some sense replacing a nontrivial equation (1) by a system
of first-order equations (3) which does not involve derivatives of the inputs. A number of results were
already available about the relation between (1) and (3); see for instance [4], [12], or [26]. It is easy to
show, by elementary arguments involving finite transcendence degree, that any i/o operator realizable
by a rational state space system satisfies some i/0 equation of type (1), with E a polynomial. In [6] it
was remarked —as a consequence of theorems from differential algebra,— that in order to characterize
the i/o behavior of a state space system uniquely, one needs to add inequality constraints to (1). In [18]
and [27] it was shown that, under some constant rank conditions, the outputs of an observable smooth
state space system can be described by an equation of type (1) for which E is a smooth function, and
local i/o equations were shown to exist, for generic initial states of (3), in [3].

1.1. Our Approach. The discrete-time work reported in [20] and [21] provided one approach to
relating these two types of representations —with difference equations appearing instead,— based on
the idea of dealing with existence of realizations separately from the question of “well-posedness” of the
equation (in the sense to be described). This work has been developed further and it was for example
used as a basis of identification algorithms by other authors; see for instance [15] and [5]. (The former
reference shows also how to include stochastic effects.) These results have recently been extended to
continuous-time for the very special case of bilinear systems: A theorem showed that realizability by such
systems is equivalent to the existence of an E of a special form, namely affine on y (see [22]). However,
the techniques in [22] were linear-algebraic, and hence not powerful enough to handle the extension of
[21] to the general nonlinear case. The present work completes the development of the extension of the
main realizability result in [21] to continuous-time.

The separation into “well-posedness” and realizability can be illustrated with the simple example

u(t)y' (t) =1.

This can never be satisfied by all the input/output pairs corresponding to a state space system, as
remarked in [22]. Moreover, it cannot even be satisfied by any “input/output map” of the type that
we shall consider, realizable or not. Indeed, our main result gives that if the equation would have been
well-posed, in the sense that it is an equation satisfied by all input/output pairs corresponding to what
we will call a Fliess operator —i.e. one described by a convergent generating series— and if F is a
polynomial, then it is always realizable by a singular polynomial system, or a rational system with
possible poles. (Singular systems appear naturally in control theory, for instance in robotics; see [17] for
many examples.) In the special case when equation (1) is recursive —i.e. the coefficient of the highest
derivative of y in (1) does not depend on the lower derivatives of y,— our construction will provide a
polynomial realization (no poles).

Our formalism is based on the generating series suggested by Fliess in the late 70’s, who was in turn
motivated by Chen’s work on power series solutions of differential equations. The i/o operators induced
by convergent generating series form a very general class of causal operators, capable of representing
a variety of nonlinear systems. We shall call them “Fliess operators”. For instance, any i/o operator
induced by an initialized analytic state space system affine in controls can be described in this manner.
In the paper [29] we develop the basic analytic properties of Fliess operators, and results from there will
be freely used here.

The proofs are based on a careful analysis of the concept of observation space, introduced in [16]
(and [21] for discrete-time), developed further in [11], and later rediscovered by many authors. One
of the central technical results relates two different definitions of this space, one in terms of smooth
controls and another in terms of piecewise constant ones: these two definitions are seen to coincide.
One of them immediately relates to i/o equations, while the other is related to realizability through the
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notion of observation algebras and observation fields. The latter are the analogues of the corresponding
discrete-time concepts studied in [21]. For differential equations they were first employed in [1] and [2];
the results there related finiteness properties of the various algebraic objects to realizability, in strict
analogy to the relations that hold in discrete time ([21]).

In addition to single operators, it is also natural to study families of i/o maps, defined by a family
of convergent generating series. To study a single i/o map is natural as a formal description of a
initialized black boz, but in general, a system may induce more than one i/o map. For example, a
system described by an ordinary differential equation on a manifold may induce infinitely many i/o
maps, each of them corresponding to some initial state. One should study all the i/o maps induced by
the system simultaneously rather than individually, unless a fixed initial state is of particular interest.
This leads to the concept of families of i/o maps. One question arises naturally: when can a family of
i/o maps be realized by one state space system? i.e., when can all the members of the family be realized
by some singular polynomial system in such a way that each member of the family is associated to some
initial state of the system? We will prove that a family of i/o maps is realizable in this sense if and only
if all the members of the family satisfy a common i/o equation.

The paper is organized as follows. After introducing an algebraic structure on series, the shuffle
product, we consider observation spaces. Then we study i/o equations satisfied by i/o operators, showing
that the existence of an i/o equation implies that the observation field is a finitely generated field
extension of R. In the next section, realizability by polynomial systems and singular polynomial systems
is considered; the result there is that realizability by singular polynomial systems is guaranteed by the
condition that the observation field is a finitely generated extension of IR. The approach pursued there
is to use the generators of the field as state variables and use the equalities which hold among the
generators to construct the needed vector fields. In the main section, based on the previous results, we
establish the equivalence between equations and realizability. We also show there that a special kind of
equations, recursive i/o equations, lead to realization by polynomial systems. However, as opposed to
the general case, the converse of this fact is not true in general, and a counterexample is provided to
illustrate the fact that realizability by a polynomial system may not lead to a recursive i/o equation.
Finally, we extend our main result to families of i/o operators.

This paper has a heavily algebraic flavor. All analytic properties needed are quoted from [28] and
[29], and will not be proved here. The latter paper also shows how, using analytic function theory as
well as differential-geometric nonlinear realization tools, an analogous theory can be developed for local
realizability provided that an equation with E analytic (not necessarily polynomial) exist for the given
operator.

2. Preliminaries. Let m be a fixed integer and consider the “alphabet” set

P:{nOanlv'“anm}

and P*, the free monoid generated by P, where the neutral element of P* is the empty word, denoted
by 1, and the product is concatenation. Let

P = {nimiy oMy 0<iy<m, 1<s<k}

for each £ > 0. We define P to be the IR-algebra generated by P*, i.e, the set of all polynomials in the

variables 7;’s. A power series in the noncommutative variables ng,n1, - ..,Mm is a formal power series
(4) c= § <C, 77L>77La

LeI*
where

N = Niy iy -+ Ny if L:iliZ"'i[,

and (¢, 7,) € R for each multiindex ¢. Note that ¢ is a polynomial if and only if there are only finitely
many (¢, 7,)’s which are non-zero. A power series is nothing more than a mapping from I* to IR; as we
shall see later, however, the algebraic structures suggested by the series formalism are very important.
We use S to denote the set of all power series (over a fixed but arbitrary alphabet P).
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For ¢, d € S and v € R, yc + d is the series defined as follows:

(ye+d, n.) = (e, n.) +(d, n.).

With these operations, S forms a vector space over IR. In addition, we can introduce an algebra structure
on S by defining the shuffle product on S. First of all, we define the shuffle product on words,

w: P"xP"—7P
inductively on length in the following way:

lwun=nwl=n forany neP,

(5) nMew ;e = 1, (newn;ne) +n; (nn.wne) for any n,,m. € P* i, n; € P.

It can be proved by induction that an equivalent way to define the shuffle product is to replace (5) by
the following:

(6) nMiwn.n, = (nownen)n, + (nn,wne)n, for any n,n. € P*,n;,n; € P.
J J J

Then we extend the shuffle product to power series in the following way: For

c=> (e, n)m and d=_(d, ).,

we define

(7) cud = Z<Cv Ny M) 10 W e

With the operations “4” and “w” defined as above, S forms a commutative R-algebra.
REMARK 2.1. One can also define a comultiplication M : S — S x § and a counit € over S. First,
for z € P*, define

Z122=Z2
[0 ifz#1,
5("’)_{ 1 ifz=1.

Then extend M and € to §. It can be shown that S forms a Hopf algebra with the antipode o defined
by

U(ml 771'2 T Wis) = (—1)8% e 77i2 Uil

for any s and M My oM, € P* (cf [25]). Though S possesses both an algebra structure and a coalgebra
structure, in this work, however, only the algebra structure of S will be studied. O
LEMMA 2.1. The algebra S is an integral domain.
Proof. First we order the basis elements (nil ,---,m. ) of P* lexicographically with respect to

1k

k,i1,i0,..., 1.
Then take two nonzero series ¢ and d and let

21 :’)77;1 ...nim and 29 :77_]1 ...njn

be the smallest basis element of P* appearing in ¢ and d, respectively, with nonzero coefficients. Let

w::fr]ll...nl
4

m+4n



be the smallest basis elements of P* appearing in z; wzs. Then the coefficient of w in cwd is:

(cwd, w) = Z<C» n(ds M) (M W, w).

UK
Using the minimality property of w, 21, z2, we get
(cwd, w) = (e, z1){d, z2)(z1wza, w),

which is nonzero since {(c, z1), (d, z2), (21w 22, w) are all nonzero. 0O

The method used in the above proof is similar to the method used in [19], where the author proved
that the ring of polynomials in 7,,7,,...,7,, is an integral domain. In [19], the author used the greatest
basis elements (the “degree”) for polynomials while here we used the smallest basis elements (the “order”)
for power series. Alternatively, one could prove this elementary fact by establishing an isomorphism with
a ring of power series in (infinitely many) commuting variables, along the lines of the discussion in pages
46-47 in [21].

In order to define operators associated to series, one needs a notion of convergence. We follow [8],
[13] and [29] and say that c is convergent if there exist some nonnegative real numbers K and M so that
the estimate

(8) e, m)| < KMFE!

holds for each multiindex ¢ € I*, and each k > 0. As in [29], we denote by Ur the set of all essentially
bounded measurable functions w : [0, T] — R™, for each fixed T' > 0. It is convenient to think of Ur
as a space with the L; norm (||ull; := max{||u;|l1 : 1 < i < m}), but we also use at times the norm
Uoo := max{||[t;loo : 1 <4 <m}.

By induction of I, one defines, for each input v € Ur, and each ¢ € I',

t
(9) V¢ =1, Vvir"iwl[u](t) = /0 Uiy <8>Vvi2"'il+1 (S) ds.

Here u; denotes the i-th coordinate of u, if i = 1,2,...,m, and we make the convention ug(¢) = 1. Using
these notations, to each convergent power series ¢ in 1,7,,...,7,,, one can associate the input/output
operator

(10) Fofu](t) =) (e, n)V.[ul(?).

This is well-defined for any 7' admissible for ¢, i.e, T < (Mm+ M)~1; see for [8], [13] and [29] for details
(the series (10) converges uniformly and absolutely for all ¢ € [0, T] and all those u € Uy such that
lu]|co < 1; we denote Vpr = {u € Ur : ||ul|eo < 1}, the set of all such controls).

The correspondence between series and operators is one-to-one in the following sense: Assume that
c and d are two convergent series and F, coincides with Fy on Vp for some T > 0, then the two power
series ¢ and d coincide; see [30], [29] for these facts as well as further properties of generating series and
their associated operators.

Assume that ¢ and d are two convergent power series and T is admissible for both ¢ and d, then T
is admissible for both ¢ + d and cwd (cf [28]). Now for any positive integer n, denote

" = cwecw - we,

n

and ¢ = 1. In [7] it was shown that for any polynomial p € R[X7, Xo,..., X,] and any s convergent
power series ci, ..., Cs,
(11) p(FclaFcy“chs) = Fp(cl,cz ..... cs)s

that is, the assignment ¢ — F is a homomorphism from the set of all convergent series, seen as an algebra
under the shuffle product, into the set of input/output operators. (More precisely, identifying operators
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with their restrictions to smaller time intervals.) By the previous discussion, this homomorphism in
one-to-one.

Assume c¢ is a convergent series and pick up a T admissible for c. We show in [29] that F, is a
continuous operator from Vr to C[0, T] with respect to the L1 norm in Vr and the C° norm in C[0, T7.
Furthermore, F,. maps functions of class C¥~! to functions of class C*, for all k = 1,2, ..., and analytic
functions to analytic functions. See also [10] for the proof of the following formula:

(12) %Fc[U](t) = Fyouful(t) + ) u(t) By lu()

j=1
where (27 tec, n,) := (c, 2n,) is defined for each z € P* and each 1, € P*. (It is known, cf [22] that 2~ !¢
is convergent if ¢ is, and in fact the same T' remains admissible.)

3. Observation Space. In realization theory and many other areas of nonlinear control, the con-
cept of observation space plays a central role. Observation spaces were first defined in [16] and [11] for
continuous-time systems, and in [21] for discrete-time. The solution of many problems for systems, such
as the the “bilinear immersion” problem treated in [11], are characterized by properties of these spaces.
One may define observation spaces in two very different ways, as discussed in this section. Roughly, one
possibility is to take the functions corresponding to derivatives with respect to switching times in piece-
wise constant controls, and the other is to take high-order derivatives at the final time, if smooth controls
are used. We will show however that both definitions lead to the same concept, and this equivalence will
provide one of the main technical tools that we use in order to establish the main result.

For each power series ¢, we define the first type of observation space F; as the linear subspace of
the set of all power series spanned by all the elements of the form z~!¢, i.e.,

(13) Fi(c) =span g{z"tc: z € P*}.

Then Fij(c) consists of convergent series if ¢ is a convergent series (cf [22]).
For a convergent power series ¢, the elements of Fj(c) are closely related to the derivatives of Fi[u]
with respect to switching times in piecewise constant controls, in the sense to be made precise next.
For any pn € R™, we define P* : F — F, where F is the set of all germs of i/o operators induced by
convergent generating series, in the following way:

d

(PP o F)lul(t) = &

Folu#t,w"](t + 1),

=0t
where u#_v denotes the concatenated control:

| u(o) if0<o<t,
(u#,v)(0) = { vio—t) ift<eo<T

for any u and v, and wH(7) = p, a constant control. Note that (P o F,)[u] is defined if u is in the
domain of F,.. In fact, by formula (12), one has the following easy relation:

m
PtoF, = Fi + > Py
j=1

for any p = (1, phy, - p) € R™.
For a convergent power series ¢, let Gi(c) be the smallest subspace of operators which contains F,
and which is invariant under P* for any ;1 € R™. By Lemma 2.1 in [30], G;(c¢) is isomorphic to Fi(c).
To introduce the second type of observation space, we need to introduce more notations. Consider,
for each ¢ > 1, the following set of 2 x ¢ matrices:

s={( B .

11 19 .. zq

(14) is7js S Z, 1 Sis va J 2 Oa (LO) S (ilajl) S S (iqajq)}v
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where “<” is the lexicographic order on the set {(z7 j): i, j€ %} For each element
J1oJ2 o g
iy e g

(15) ) = g wny X0 wn, X0 w - w, X00|

in S, and each n > g+ ) j,, we define

where £k = n — ¢ — > js. The evaluation is interpreted as follows: first introduce a new variable
X, then perform all shuffles, and finally delete X from the result. Note that (15) is different from
My Wiy W -+ wo; , for example,

nowmX|_, =nom + 2mno
while

Now 1 = N0 + Nino-

For any word w € P* and and each series ¢ € S, we define .(w) = w™!

polynomial d = > (d, 7,)nx, we let

¢, and more generally, for any

"/Jc(d) = Z(da 77~>77/-c_1c~

Now let X; = (X1,..., Xyn;) be m indeterminates over IR, for j > 0. For any n > 0, let
n 1 S

(16) en(Xoy- oy Xuot) = ve(n§”) + ZZ slos)] Ve (Fﬁzj: (")) Xiggy o Xigig»
= ! !

where the second sum is taken over the set of all those

(J.l g2 J.q) e s,
11 19 e Zq
such that ) js + ¢ < n, and where s1,...,s, are integers so that
o | Bro-Bi BaBe o By
,?1 ]2 T :].q — Q1o Q9 - Qg e ap...ap
1 19 e g ~ 2N ) N
S1 S92

and (a1, 61) < (a2,82) < -+ < (o, Bp). For n =0, we simply define
Co ‘= C.

It was shown in [30] that for each integer n and every u € Vr such that T is admissible for ¢, we have

d’ﬂ/
(17) dt_"FC[u] (t) = Fcn(u(t),--<7un‘1(t))[u](t)'
Hence, for any p, ..., p, ; € R™,
d'ﬂ
(18) drn =0+ Felu#t wu](t +7) = cn(uov--aunA)[u](t)’

ts—l

where wy (1) = ptg -yt 4+ Ty



The second type of observation space associated to ¢, Fa(c), is defined as follows:

(19) Fa(e) = spang {cn(pos -y pin—1) : s ER™,0<i<n—1,n>0}.

Let Ga(c) be the subspace of operators spanned by Fcn(uouluw ) for all n and all choices of
Hos - M, ;- Then Fy(c) is isomorphic to Ga(c) (cf [30]).

Clearly for any power series ¢, Fa(c) C Fi(c) since for each integer n, ¢,(Xo, ..., Xn—1) is a

polynomial on the X;’s with coefficients belonging to Fi(c). A less trivial conclusion is that Fj(c) C
Fa(c). The following is an outline of the proof of this conclusion, for the detailed proof, we refer the
readers to [30].

For any fixed positive integers k£ and 71,142, ...,44 such that

1§31S12gglq§m,
let

SF(i1i9, ... yig) = £ 0(0,...,0,41,d9,...,iq) s 0 € Sy p,
——

k

where n = k 4+ g and S, is the permutation group on a set of n elements. Let

Tiinsia, o yig) = {w=mm, - om  (hesla) € S5 inyia, o ig) b
and order the elements of T (41,92, ...,1,) as Wi, Wa, ..., W,. Then for any ji,..., j, given,

Tzqu (k‘) = ]_—‘]1]‘1 (]1 4+ jq +k+ Q)

1°+ig i1 dg

= 18wy XU W, X0 1 - gy, X6

X=1
is a linear combination of the elements in Ty (i1, %2, ..,4%;). We now define
Axirs . vig) = { X3k s jo=0,1<s<q} .
Our conclusion can be proved by showing that every element of Ty (i1,12,...,4,) is a linear combi-
nation of elements in Ag(i1,142,...,1,) for any i1, ...,i; and k given.
For each fixed k and ¢ and fixed i1, 4o, . .. , %4, we order the elements of Ay (i1, 12, ...,7,) as @1, Q2, - . ..

Then for each @), there exist a;;,7 =1,...,r such that

Qi = Z CLZ‘]‘W]‘ .
j=1

Let A be the matrix of r columns and infinitely many rows whose (4, j)-th entry is a,j, i.e, A = (as;).
We claim that A is of full column rank in the sense that there is no nonzero vector v € IR" such that
Av = 0. Suppose there is some v # 0 such that Av = 0. Let a be the polynomial defined by

a =Wy +vWy + .-+, +0,W,
where v; is the i-th component of v. Then for any w € P*,
(w™a, ¢) #0
if and only if w = W; for some i. Hence
(20) (o (TUTLM) 1 0) = 0
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ifl £k, or p# qor s; # i for some ¢. In the other words, (20) holds if

Tor st Gp(k) & Axlin, iz, . ig) -
For Q; € Ag(i1,12,...,1), we have

s T

($a(Q), @) = > aij(W;a, ) = > aijla, Wj) = Z @ijv;j -

j=1 j=1

But by assumption, ) a;;v; = 0 for any 7. Therefore, (20) holds for any choice of s1, ..., Sp, j1, ..., Jp
and any . It then follows directly from the definition of a,(Xo, ..., X,,—1) that

(21) <an(ILLO7 Ky o-- 'aun,1)7 ¢> =0

for any n and any value of p,...,p, ,, which, by (17), implies that

dl

@Fa[u}(()) = Fan(lto ----- }Ln_l)[u](o) = <a”ﬂ(:u’07 Mlv e aun_1)7 ¢>

for any analytic control u. Thus F,[u] = 0 for any analytic control. It then follows from the continuity
of F, and the density property of analytic controls in L; controls that F, = 0, which in turn implies
that a = 0, a contradiction to the assumption that v # 0. Hence, A is of full column rank.

It is not hard to see that there exists some submatrix A; of A with finitely many rows such that A;
is full column rank, which implies that each W; is a linear combination of finitely many @;’s.

The above discussion shows that following conclusion:

THEOREM 3.1. For any power series ¢, F1(c) = Fa(c).

4. Input/Output Equations. In this section, we study high—order differential equations satisfied
by inputs and outputs arising from i/o operators. To carry out this study, we find it useful to introduce
the algebraic concepts of observation algebra and observation field corresponding to any given series c.

The observation algebra As(c) is defined as the IR-algebra generated by the elements of F»(c). By
Lemma 2.1, As(c) is an integral domain, so its quotient field is well defined; we define the observation
field of ¢ as this quotient field. We shall see later that elementary properties of these algebraic objects
serve to characterize the existence of i/o equations.

4.1. Definitions. By an algebraic input/output equation of order k we shall mean an equation of
the type

(22) P (u(®), .., u® @), y(0),....y® (1) =0,
where
P eR[So,...,Sk, Lo,..., L]
is a polynomial nontrivial in Ly, and S; denotes the set of m variables
(S1iy -y Smi)-

DEFINITION 4.1. We say that a polynomial P as above is
(a) rational when P(So,..., Sk, Lo,...,Lg) =

(23) Po(So, .-y Sk—1,Lo, ..., Lg—1) L + P1(So, ..., Sk, Lo, ..., Lr—1);
(b) recursive when P(Sy,..., Sk, Lo,...,Li) =

(24) = P()(So, .. .,Sk,1> Ly + Pl(SO, .. .,Sk7L0, .. .,kal);



a
DEFINITION 4.2. Assume that ¢ is a convergent power series. We say that the i/o operator F.
satisfies an algebraic i/o equation (22) if (22) holds for every possible C* i/o pair

(u(t), y(1)) = (u(t), Fel[ul(t))

of F, for allt € [0, T] and for any T admissible for c. In such a case, (22) is called an i/o equation of
F..

An i/o operator F. satisfies a rational i/o equation if P can be chosen rational so that Py = 0 is
not an i/o equation of F., in another word, there exists some i/o pair (u, y) of F. such that

(25) Py(u(t), u'(t), .., u™ (@), y(t), v (1), ...,y* () # 0,
for some t. An i/o operator F, satisfies a recursive equation if there is some such equation for which P
18 recursive. O

The following Lemma was proved in [28]; a detailed proof in the more general analytic case is given
in [29].
LEMMA 4.3. F, satisfies i/o equation (22) if and only if

(26) P(:u’oa~"u;U'kacaFcl(,uO)u~'~7Fck(,u0,...,,uk_1)> =0,

forany po,pys. .o p, € R™. O
4.2. Properties of I/0 Equations. We now introduce the field

K:IR({S”, 2:1,,m,321})

obtained by adjoining the indeterminates S;; to R. Let FX AK be the K -space and K -algebra generated
by ¢.(So,...,Sn_1) for all n. Let QK be the quotient field of AX. Note that the field Q¥ is defined
since A¥ is an integral domain. The reason for this is essentially because A% can be naturally identified
to the tensor product A; ® K.

LEMMA 4.4. Let F. be the i/o operator corresponding to the series c. The following properties then
hold:

(a) If F. satisfies a recursive i/o equation, then AX is a finitely generated K -algebra.

(b) If F. satisfies an algebraic i/o equation, then Q¥ is a finitely generated field extension of K.

Proof. Consider AX | the K-algebra generated by F., (So,....5,_,) for all n. Since the assignment

Y cn(po, - fn-1) = Fe (uo,....un_r) 18 & isomorphism from Az (c) onto /lg(c); the IR-algebra generated

by Fe, (1o, rpin 1)
field of AX | is isomorphic to QX . We shall prove conclusion (b) by showing that OK is a finite generated
field extension of K, when F, satisfies some algebraic equation.

It is not hard to show, by taking the derivative with respect to time ¢ on both sides of an algebraic
i/o equation, that existence of an algebraic i/o equation for F, implies that F. also satisfies a rational
i/o equation. Thus

.....

thus v induces an isomorphism from A% onto AK Consequently, OK  the quotient

PO(U(t), ey u(k)(t), y(t)7 ey y(kfl)(t)) y(k)(t)
(27) = —P1(u(t), . u(k’)(t), y(t R y(k—l)(t))’

for some polynomials Py and P, where Py = 0 is not an i/o equation of F.. (See [28] for details, as well
as [29] for an analogous result for result for analytic i/o equations). By Lemma 4.3, we know that

Fo (SO? oSk, Fop Fck-—l(SOwuxsk—Q)) Fck(SO,ank—l)
:_Pl (SO7~-~7S]€7FC’"'7Fck_1(So ..... Sk_Q))'

Notice that since Py = 0 is not an i/o equation of F, there must exist some vector (s, ..., p, ;) such
that

Py (/’Lov s 7/’Lk,17FCa . '7Fck_1(u,0,...“uk72)) 7é 0
10



which in turn implies that
Py (So,- s Sk—1,Fe,. . Fop (50,80 ) 70
as a polynomial in Sy, ..., Skx_1. It follows from this discussion that
Fo(Son50) € OF 1,

where Qf( denotes the field obtained by adjoining Fy, F¢, (s,), - - -5 Fe,(So,...,5,_,) t0 K.
Taking the derivative with respect to ¢ on both sides of (27), we get

Polu(t), ..., u™ @), y(t), ..., y* D)yt (1)
(28) = Po(u(t), ..., k) ), y(t), ..., y(k+r—1)(t))’

where P, is some polynomial. By using the same argument as before, one shows that
Fekt1(S0,.50) € Qb C Qi1

By induction, one shows that

QK - Qllc{—l'
Since Qf_l is a finitely generated field extension of K, — the generators are the coefficients of S;; i =
lL,...,m; j=0,1,....k—2,in F.,F.,,...,F.._,,— we get our conclusion that Q¥ is also a finitely

generated field extension of K. This completes the proof of (b); property (a) is proved in a similar
fashion. 0O

LEMMA 4.5. Let F, be the i/o operator corresponding to the series c. The following properties then
hold:

(a) If AX is a finitely generated K -algebra, then As(c) is a finitely generated R-algebra.

(b) If QK is a finitely generated field extension of K, then Qo(c) is a finitely generated field extension

of R.

Proof. Again, we shall only provide the proof for part (b). Part (a) can proved similarly.

Assume that Q¥ is a finitely generated field extension of K. Then there exists some n > 0 so that
for any r > 0, there exist two polynomials @y, @1 over K with

QO (00,01(51)7 e ,Cnfl(SO, .. .,Snfg)) 75 0

such that

Qo (c0,¢1(850), -+, n—1(So0,s .-, Sn—1) Cngr(Sos .- Sntr—1)
= Ql (Co,Cl(SQ), ey Cn_l(S(), Sl, ey Sn_g))

After clearing denominators and getting rid of extra 14 ’s there results an equation

Py (S0, -+, Sngr—1,¢0,¢1(80)s - - -, cn=1(S0, - - ., Sn—=2)) Cntr(So,- -+ Sngr—1)
= Pl (507 RN S’n+r717007cl(S0)7 ERE Cnfl(S()» R S’n72))

with
Po (S(), ey SnJrT,l, Co, 61(50), N ,Cnfl(So, ey Snfg)) 7& 0,

which implies that there exists some (g, ... so that

’l”’Ln+r—l)

PO (,uoa"'7,un+r_1aCOacl(,u0)a"'acn—l(,uow . 7,U’n_2)> 7é 07

or equivalently,

PO (M07-'-nu’n_;,_r_lachFcl(,uo),'-'7Fcn,1(;t0 .....
11



This is an equation involving operators. Its meaning is that there exists some u € Vp, where T is
admissible to ¢, and ¢ such that

Py (%7...,%M_l,Fc[u](t),...,Fcnfl(“o ,,,,, ‘" 2)[u](t)) £ 0.

It follows from the fact that
Py (g oo ttypy Felt(0)s s Fo g e, [0]()

is a polynomial in p, ... the set

’ 'un+r71’
Q) = {un-i-r—l . Py (/J,(n+r_1)7 F.[u](®),..., Fcnil(un—2)[u}(t)> #* 0.}
is dense in R™* ") where p! = (u,, .., i) for any 1. Define

O = {/LnJrTil By (Mn+r71;00, cee acn—l(ﬂn72)) 7£ 0} :

Then ; C Q. Thus © is dense in R™"™".

Clearly if pu"*t"=1 € Q, then F., . (unt+r-1) € Tn—1, the field obtained by adjoining all the coef-
ficients of X;; in ¢p(Xq,...,Xp—1) for p < n —1 to R. Applying Lemma 12.11 in [21], one sees
that F,  (un+r-1) € Tp—1 for any ptr=1 ¢ R™". Since r can be chosen arbitrarily, it follows that
Qs(c) = T, —1, from which it follows that Qs(c) is a finitely generated field extension of IR. O

Combining Lemma 4.4 and 4.5, we get our main result in this section:

THEOREM 4.6. Let F, be the i/o operator corresponding to the series c. The following properties
then hold:

(a) If F. satisfies a recursive i/o equation, then As(c) is a finitely generated R-algebra.

(b) If F. satisfies an algebraic i/o equation, then Qa(c) is a finitely generated field extension of R.M

REMARK 4.1. Generally speaking, a field extension over R with finite transcendence degree is not
necessarily a finitely generated field extension of R. But by using Theorem 4.6, one can show that if the
transcendence degree of Qs(c) is finite, then it follows that Qs (c) is a finitely generated field extension
of IR. The reasoning is as follows:

Assume that

trdegp Q2(c) < oo,

where trdegy Q denotes the transcendence degree of Q over K for any fields Q and K.
Now let £,, be the set of all the coefficients of ¢, (So, ..., S,—1), seen as a polynomial in Sy, ..., Sp_1
over S, the ring of all series. Let
=z,

Then Qz(c) = R(L). On the other hand, Q¥ = K(L£). Therefore,
trdegr Qa(c) < oo

implies that
(29) trdegy QF < oc.
If (29) holds, then there exists some n such that

¢, ¢1(S0)y -y en(Soy -y Sn—1)
are algebraically dependent over K, i.e., there exists some polynomial P over K such that

P(c, c1(S0),--., cn(Soy-..,Sn-1)) = 0.

After clearing denominators and getting rid of the extra S;;, one gets the following equation:

(30) Q (So, ey Sk, C, Cl(So), ey Cn(So, ceey Sn—l)) =0.
Notice that if a convergent series ¢ satisfies (30), then (30) is an algebraic i/o equation of F., which,
by Theorem 4.6, implies that Qs(c) is a finitely generated field extension of R. O

12



5. Realizability. We wish to study realization by “rational” systems, such as those studied in
Bartosiewicz [1]. However, the question of possible poles in the right-hand side of the equation is very
delicate, and it seems better to study instead a “singular” polynomial model, as we do next.

Just as i/o equations turn out to be related to the structure of As(c) and Qs(c), realizability forces
the study of the observation algebra and observation field corresponding to the other type of observation
space, F1(c). For a given power series ¢, we associate with it an observation algebra A;(c) defined as the
IR-algebra generated by the elements of Fj(c), and associate with it an observation field Q1(c) defined
as the quotient field of A;(c). Again, we know that Q;(c) is defined since 4;(c¢) is an integral domain.
It turns out, because of previous results, that A; = A and Q1 = Qs for every ¢, but the facts in this
Chapter do not depend on the equality, and they are more readily understood in terms of A; and Q;.

DEFINITION 5.1. Suppose that ¢ is a convergent series and T is admissible for c. The i/o operator
F, is realizable by a singular polynomial state-space system

Y= ((907' .. 7gm)7 Zo, 4, h)

if there exists an integer n, some xg € R", polynomial vector fields

go; 91, - -5 9m

on R"™, and two polynomial functions
g, h:R" =R

such that the following properties hold:
(a) For each w € Vr and y = F.lu], there is some absolutely continuous function x(-) defined on
[0, T and satisfying x(0) = xo, such that

q(x(t))a'(t) = go(x(t)) + Zui(t)gi(fv(t))

for almost all t € [0, T], and,

for allt €0, T.

(b) The solution z(-) in part (a) is of class C¥ if u is of class C¥, and x(-) is of class C*T! if u is
of class C*.

(¢) There holds the following regularity condition: there exists some set Q of analytic inputs which
is dense in C*°[0, T (with respect to the Whitney topology) such that for any u € Vo NQ™, there
exists some C¥ solution x(-) as in (a) so that q(xz(-)) # 0.

If F. can be realized by a singular polynomial system with q(x) = 1, we say that F. is realizable by
a polynomial state-space system. O

It can be seen from the definition (5.1) that if g(x) # 0 for any € IR", then F, is realizable
(globally) by an analytic system in the usual sense. If ¢(xzg) # 0, then F,. is realizable locally by an
analytic system.

The nondegeneracy condition turns out to be equivalent (as shown in the proof below) to the fact
that for “almost every” i/o pair it holds that g(x(t)) # 0 for almost every ¢. It could happen, however,
that ¢ vanishes along some trajectories.

The following Theorem is our main result in this section. It constitutes a converse to Theorem 4.6,
but in terms of different algebraic objects.

THEOREM 5.2. Let F, be the i/o operator corresponding to the series c. The following properties
then hold:

(a) If Ai1(c) is a finitely generated R-algebra, then F,. is realizable by a polynomial system.

(b) If Qi(c) is a finitely generated field extension of R, then F. is realizable by a singular polynomial

system.

13



Proof. As in the proof of Theorem 4.6, we shall only provide proof of part (b). Part (a) can be
proved by the same argument without involving regularity property.

Suppose that Qp(c) is a finitely generated field extension of IR, i.e, there exist some ¢1,ca,..., ¢y
such that

Q1(c) = R(cr,ca,y.--,Cn).

Without loss of generality, we may assume that ¢; € A;(c) for i = 1,2,...,n and ¢; = ¢. For each ¢;
and ;s there exist some ¢;;, 9;; € R[X1, Xo,...,X,] such that

gij(ci,ca,...,cn) (77._10) = gij(c1,c2,...,¢Cn),

J

for i = 1,2,...,n, j = 0,1,...,m, and g;;(c1,¢2,...,¢n) # 0. Without loss of generality, we may
assume that g;; = ¢ for all ¢, 7. Otherwise, we may let

Q(Cla C2, ..., Cn) = H qij (Cl» C2, "'7Cn)
6,

and change the g;; accordingly. It follows from the fact that S is an integral domain that

(31) q(er,c2,...,¢n) # 0.

For j = 0,1,...,m, let g; = (91j,92j,---,9n;)’, where “ ’ 7 denotes the transpose. Let zo =
({c1, @), {(ca, P),...,{cn, @) and h(z) = x;. For u € Vrp, let

(32) 2(t) = (Fe, [ul(t), Fe, [u] (1), ..., Fe, [u) (1)),

Then z(0) = o,
q(x(t)a'(t) = go(x(t)) + Zuj(t)gj(x(t))

for almost all ¢ € [0, T] and

Thus the system

g(2)r’ = go(z) + ) gjla)y

z(0) = =g
y = h(z)
realized F, if regularity property of the system holds. To verify the regularity condition for this real-
ization, let d = q(c1,co,...,¢,). Then Fy; # 0. Note that polynomial controls are dense in Vr with

respect to the L; norm and Fj is a continuous operator. Hence there is at least one polynomial control
p € R[t] such that Fy[p] # 0. It follows from the fact that, for any ¢, Fy[p](t) depends analytically on
the coefficients of ¢ in p(t) (cf [28]) that Fy[u] # 0 for all polynomial controls u in a dense set of Vr,
which is the desired regularity property. 0O

6. Main Results. In this section we establish the equivalence between realizability and the exis-
tence of input/output equations. Recall that any convergent series ¢ induces an i/o operator F,. on Vr
for which T is admissible for ¢. The following is our main result in this work.

THEOREM 6.1. Assume that ¢ is a convergent power series, let T > 0 be admissible for c, and let
F. be the i/o operator induced by ¢ on Vp. Then:

(a) The following statements are equivalent:

(i) F. satisfies an algebraic i/o equation;
14



(ii) F. satisfies a rational i/o equation;
(iti) F. is realizable by a singular polynomial system.

(b) F. is realizable by a polynomial system if F, satisfies a recursive i/o equation.

The realizability implications follow from Theorems 3.1, 4.6 and 5.2. The converses, i.e. the existence
of equations assuming realizability, are quite straightforward exercises in elimination theory, and the
details are given next.

LEMMA 6.2. Assume that ¢ is a convergent power series. Then F, satisfies an algebraic i/o equation
if F, is realizable by a singular polynomial system.

Proof. Assume c is a convergent power series. We need to prove that F. satisfies some i/o equation

(33) P (u(t)7 W), y(t), Ly W (t)) =0

valid for all C* i/o pairs (u, y) with u € Vr, and any T admissible for ¢. Form now on we shall fix such
a T and we assume that F is realized by the singular polynomial system

(34) g(@)a’ = go(w) + > ujg;(x), zE€R"
7=0

(35) x(0) = xo, g € R"

(36) y = h(x), ycR .

Assume for now that q(xzg) # 0. Then there exists some neighborhood A of zp in R™ such that
q(x) # 0 for all z € N. Note that on N, equation (34) can be written as

(37) z' = po(z) + Z u; pj(x),
=0

where p; = % ,for j=0,1,...,m.
Let ¢(t, x,u) to denote the solution of (37) corresponding to the control u with the initial condition
2(0) = z. Let y,(t) = h(p(t, z,u)). Then

y2(0), 4,(0), ..., y{™(0)

are rational functions of & over the field of K, the field obtained by adjoining p;; (¢ =0,...,n—1, j =

0,...,m) to R. Since the transcendence degree of K(z) over K is n, the n + 1 rational functions
y2(0), y2(0), ..., yg(cn) (0) are algebraically dependent over K, i.e., there exists some nontrivial polynomial

Q@ over K such that

Q (10, 4(0), -, ¥(0)) = 0.

Clearing the denominators in the coefficients (rational functions in the variables po, ...,
fin—1), one gets

P (/“”07 <oy Hn—1, y$(0)7 LERE yén)(0)> =0

where P € R[Y, uo, ..., tn—1] is some polynomial over IR. Note here that P is nontrivial in ¥ since @
is nontrivial.

Since P was chosen independent of the initial state x, it follows that, for any u € Vp, there exists
some ¢ > 0 such that

(38) P (u(t), ™D, (), - 7y(”)(t)) ~0

for t < 6. By principle of analytic continuation, (38) holds for all ¢ € [0, T] and analytic controls in Vr.
Since analytic controls are dense in Vp and F, is continuous, (38) holds for all controls in Vr.
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Finally, we show how to overcome the restriction g(zg) # 0. Assume now ¢(zg) = 0. Then by
definition, there exists a set {2 of analytic inputs in C*°, open dense with respect to the Whitney topology,
so that for each uw € QN Vp, there exists some analytic function ¢(t) satisfying (34) and (35) such that
q(p(+)) # 0 and F.[u](t) = h(p(t)). It follows from analyticity that there exists some ¢ > 0 such that
q(p(t)) #0 for t € (0, 0). From the previous argument one sees that (u(t), y(t)) satisfies equation (38)
for any ¢ € (0,9). Using analyticity again, one knows that (u(t), F.[u](t)) satisfies (38) for all ¢ € [0, T.

Since € is dense in C* controls and C* controls are dense in C™ controls with respect to the Whitney
topology, it follows that (38) holds for all C™ controls in Vy. O

Note that, in contrast to the cases of rational i/o equation the converse of part (b) does not hold in
general, i.e, realizability by polynomials system does not necessarily imply the existence of a recursive
i/o equation. This can be illustrated by the following example:

ExaMPLE 6.1. Consider the following system

] = 1122, 1(0) = 219 = 1;
(39) xh =u, 13(0) = w9 = 0;
Yy = a.

Then there exists some T > 0 such that for all u € Vr, y(t) = F.[u](t), where ¢ is given by
<C’ Nix iy~ 771‘;) = Lgil T Lgi2 Lgil h(gjo)

0 0
where gg = TiTag < g1 = 5 and h(z) = 1. (cf [13]). In the other words, F, is realizable by the
T
polynomial system (39).
To show that the operator F, does not satisfy any recursive i/o equation, we need first establish the

following fact: To a general analytic state space system

z’ = go(z) + Z gi(z), weM
i=1

(40) y = h(z),
we associate an observation space F; defined as IR-space spanned by all the functions

Lg'ingiz "'L!Jikh(x), k > 0, 0<i1, 42, ..., <M.

We define the observation algebra A of (40) as the IR—algebra generated by the elements of F;.
For each xyp € M, let ¢;, be the generating series defined by

(41) <Ch, ’7i1 771-2 T niz> = Lgi, T L9i2 Lgil h(.%‘o) .

We say that the system (40) is accessible at x if for any neighborhood B of xg, there exists an open
subset of U of B such that for any p € U, there exist some 7 > 0 and some u € L7[0, 7] such that
x(7, xo,u) = p. The following Lemma was provided in [28]:

LEMMA 6.3. Assume that the analytic system (40) is accessible at x¢ and that M is connected. Let
¢, be the series defined by (41). Then the observation algebra Aq(cp) associated with ¢y, is isomorphic
to the observation algebra A associated with (40). O

The system (34) is accessible at oy = (1, 0) since the accessibility rank condition (see for instance
[24]) holds:

rank (go(zo) [go, g1](z0)) =2 .

If F,. would satisfy some recursive i/o equation, then the observation algebra As(c) would be finitely
generated, which by Lemma 6.3, would imply that A is also finitely generated as an R-algebra. But this
is false as A is the algebra generated by

2 k
1, T1T2, L1y, .., T1Ty,... k>0 .

Thus F. cannot satisfy any recursive i/o equation, even though it is realized by the polynomial system
(39). O
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7. Families of I/O Operators. In this section we study families of power series and i/o operators.
Let A be an index set. We say that ¢ is a family of power series (parameterized by A € A) if

c={c": A€ A},
where ¢* is a power series for each fixed . A family ¢ can also be viewed as a power series with
coeflicients belonging to a ring of functions from A to IR, i.e,

Cc= Z <§7 77L>77L7

where (c, 1,) : A — R, A+~ (c*, n,) is a function defined on A.
Thus one may treat families of power series as power series over some ring R. We use Si to denote
the set of all power series over R. Then Sg is a ring with “4” and “w” defined as the following:

ve +d = {y* +d*: A€ A},

cwA= {g’\wg)‘: A€ A},

forallc, d € Sg, v € R.

Unlike the set S of power series over IR, Sg may not be an integral domain. This is due to the fact
that ring R may not be an integral domain. However, by following the same steps in the proof of Lemma
2.1, one can get the following conclusion:

LEMMA 7.1. The ring Sr s an integral domain if R is an integral domain. O

It follows from the principle of analytic continuation that any ring of analytic functions from a
connected analytic manifold to IR is an integral domain. So we have the following fact:

COROLLARY 7.2. If A is a connected analytic manifold and R is a ming of analytic functions from
A to R, then Sg is an integral domain. O

DEFINITION 7.3. We say a family c is a convergent family if:

(a) Each member of the family is convergent;

(b) A is a topological space, (c*, n,) depends on X continuously, for each n, € P*, and the constants

Ky, My as in (8) can be chosen continuously depending on . [ |

Since each convergent series induces an i/o operator, each convergent family ¢ of power series induces

a family of i/o operators

{ch : )\EA}

which we denote by Fc. The following result was provided in [28].

LEMMA 7.4. Assume that c is a convergent family. If T is admissible for ¢*°, then T is admissible
for ¢ for all X in a small neighborhood of \o, and, F[u](t) depends (jointly) continuously on t and \.
O

7.1. Observation Spaces for Families of I/O Operators. For a family ¢ of power series, we
define z7 !¢ to be the family {z7!c: X\ € A}, for any 2 € P*. For any n > 0, ¢, (Xo, ..., X,,_1) is defined
to be the family

{C?I(AX'Q7 - 7Xn—1) DWS A} s

where X; = (X;1,..., Xim) are m indeterminates over IR, i > 0.
As in the case of single power series, we associate to ¢ two types of observation spaces in the following
way:

Fi(c) :=spang {a"'c: a € P*}.

Fa(c) == span g {c,(tto, s pn—1) + i € R™,0<i<n—1,n>0}.
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Note here the elements of F; (c) and Fy (c) are families of series. For instance, if ¢ is given by
A =N4+2x - Nn, AeR

Then F; (c) is spanned by three elements: ¢, 2\ and A3, thus, Fi (c) is a three dimensional R-space.
Treating families of series as single series over a ring and following the same steps in the proof of
Theorem 3.1, one can obtain an analogue of Theorem 3.1 for families:
THEOREM 7.5. For any family ¢ of power series, Fi(c) = Fa(c). |

7.2. 1/0 Equations for Families of I/O operators. We say that a family F satisfies an alge-
braic i/o equation of order k if there exists some polynomial P € R[Sy, ..., Sk, Lo, ..., Lk], nontrivial
in Ly such that

(42) P (u(®), ... u® (), y(t), ... yP (1)) = 0

is an i/o equation for F, x for each A € A.
If (42) is recursive, then we say that F satisfies a recursive equation. We say that (42) is a rational
i/o equation for F if

P(S07"'7Sk7 LO&"'va)
= P0(507---a5k7L07"'7Lk—1) Lk +Pl(SO7~'~;Sk7LOa"'7Lk—1)

for some polynomials Py and P, and Py is not an i/o equation for Fg, i.e., there exists some A € A and
some i/o pair (u, y) of Fx which does not satisfy equation (42).

For a family of generating series ¢, we associate with it an observation algebra Ay (c) defined as the
R-algebra generated by the elements of Fy(c). Recall that Fs(c) is the R-space generated by

Qn(/J/O, v Hu’n—l)

for all n and all p. }
To be able to define the observation field, we need the assumption that As(c) is an integral domain.
DEFINITION 7.6. We say that a convergent family

c={c: NeA}

is an analytic family if A is a connected analytic manifold and (c*, n,) is an analytic function defined
on A for all L € P*. a

By Corollary 7.3, A, (c) is an integral domain, therefore, its quotient field is well defined.

For an analytic family ¢, we define the observation field Q» (c) of ¢ as the quotient field of A, (c).

By using the same ideas used in §4, we get the following conclusion:

THEOREM 7.7. Assume that ¢ is an analytic family of power series. Then

(a) Ay (c) is a finitely generated R-algebra if ]:'g satisfies a recursive i/o equation.

(b) Qg(g) is finitely generated field extension of R if ﬁg satisfies an algebraic i/o0 equation. |

7.3. Realizability for Families of I/O Operators. DEFINITION 7.8. We say that a family F
of i/0 operators is realizable by a singular polynomial state space system

Y= ((907 91, ~~'agm)a Xa q, h)

where

905 915 - -+ 9m

are polynomial vector fields of R™, X is a subset of R"™, q and h are polynomial functions defined on
R”, if the following properties hold:
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(a) For each A\ € A and each u € Vr,, where Ty is admissible for ¢*, there evists some absolutely
continuous function x*(-) defined on [0, T satisfying x*(0) = xy for some x}) € X, such that

a(2X()) (22(8) = go(2 (1) + Y g5(2(8))uy ()
j=1

for almost all t € [0, T], and,
Fo[u](t) = h(z)(t))

for allt €0, T] and all X € A.

(b) The solution x*(-) in part (a) is of class C¥ if u is of class C¥, and x*(-) is of class CFT! if u
is of class C.

(¢) There holds the following regularity condition: There exists some open dense set Ay of A such
that for A € Ay, there exists some set Qy of analytic functions which is dense in C*°[0, T»] (with
respect to Whitney topology) such that for any u € Vpr, NQY, there exists some C¥ solution 27(4)
as in (a) so that

a(z*(-)) # 0
If F¢ can be realized by a singular polynomial system with
g(z) =1 forallzeR",

we say that F¢ is realizable by a polynomial system, and if in addition, the vector fields go, ..., gm are
linear in x, then we say that F is realizable by a bilinear system. OFor an analytic family of power
series ¢, we associated with it an observation algebra A; (c) defined as the IR-algebra generated by the
elements of F(c) and an observation field Q;(c) defined as the quotient field of A;(c). Note here that
the analyticity of the family implies that the quotient field of A; (c) is well defined.

By using the same techniques used in §5, we get the following conclusion:

THEOREM 7.9. Let ¢ be an analytic family of power series. Then

(a) The family of i/o operators F is realizable by a polynomial system if Ay (c) is a finitely generated

R-algebra.
(b) The family of i/o operators F¢ is realizable by a singular polynomial system if Q1(c) is a finitely
generated field extension of R. |

Combining all the results in this section, one sees that the existence of i/o equations implies re-
alizability. On the other hand, if F. is realizable by some singular polynomial system, then by using
approximation arguments, one can show that F. must satisfy some algebraic i/o equation. Hence we
have

THEOREM 7.10. Assume that c is an analytic families of series. Then

(a) The following statements are equivalent:

(1) F¢ satisfies an algebraic i/o equation;
(i1) F¢ satisfies a rational i/o equation;
(iii) F¢ is realizable by a singular polynomial system.

(b) Fc is realizable by a polynomial system if F satisfies a recursive i/o equation. [ |

REMARK 7.1. In the proofs of part (a) of Theorems 7.9 and 7.9, one needs not to assume that A; (c)
and Aj(c) are integral domains. Hence part (b) of Theorem 7.10 also holds for continuous families,
that is, for continuous families of operators, existence of recursive i/o equation implies realizability by
polynomial systems. O

8. Closing Remarks. We envision our results being used as follows (the idea is very similar to
that employed in the discrete case, and explored in some detail in [5]). If there are reasons to believe
that the system producing the observed data is well-posed, then an equation E may be fit to the data.
We are assured that there is then a realization of the type to be considered, and we then try to find this
realization. We are still very far from having constructive techniques for obtaining realizations; this is a
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major topic for further research involving symbolic computation. The following example illustrates the
type of construction suggested by the proofs.
Consider the input/output equation

(43) uy// — y2u2 + y/u/

and assume that it is “well-posed” in the sense mentioned above, that is, that there is a Fliess operator
y = F.[u] for which every pair (u, F.[u]) satisfies the equation. Then we know that F. can be realized
by some polynomial state space system

(44) o= f@)+ g
(45) y = h(z).

with some fixed initial state. We try to deduce now what f, g, h should be. We have

y = L¢h(z)+ Lyh(z)u,
y" = Ljh(z)+ (LyLgh(x) + LyLsh(z)) u+ Lih(x)u® 4+ Loh(z)u'.

Substituting y,y’,y” into equation (43) we get the following formulas:

(46) L¢h =0,
(47) LyLgh+ LyL¢h = h?,
(48) L2h =0.

Formulas (46) and (47) suggest that L3h = 0 and LyLgh = h*. Now let
z1 = h(x), 22 = Lgh(x).
Then along any trajectory x(t) of (44),

21(t) = Lgh(x(t)) + Lgh(x(t))u(t) = za(t)u(t),
Z(t) = LyLgh(x(t)) + Lih(z(t))u(t) = 21 (t)*.

Hence, F, can be realized by the following polynomial system

/

z1 = Zu,
’ _ 2

) = 21
Yy = z,

where the choice of initial state will depend on additional data (such as the knowledge of y(0) and y’(0)
for some nonzero control).

Of course, for practical applications, it is not clear when one would be justified in assuming well-
posedness. But we take the position that postulating well-posedness is a far weaker assumption than
assuming that the data was produced by a linear system, an assumption that itself underlies most
applications of control theory.

Sometimes one imposes a “causality” constraint on i/o equations, requiring that the highest deriva-
tive of u be of lower order than derivatives of y. However, it is easy to see (cf. [28]) that for i/o behaviors
described by generating series, an equation of the type (1) always leads to an equation in which the high-
est order of derivative of inputs is lower than the highest order of derivative of outputs, i.e., an equation
of the type

B (u(),w (0),u (1), u D (@), y(0), (), 5" (1), y (1)) = 0.

This is essentially a consequence of the fact that an i/o operator induced by a generating series must be
causal in the sense that the k-th order derivatives of outputs do not depend on the k-th order derivatives
of inputs.

20



Though nonsingular systems are to be preferred, but we do not yet know if there is always a
realization of that type (for nonrecursive equations). However, the analytic results in [29] can be applied
to prove that about every singular point of the realization obtained here there is another system, locally
defined in terms of analytic functions, that realizes (locally) the desired behavior. The picture that
emerges then is that, at least, one can cover the possibly singular part with local analytic realizations.
In a computer simulation, this would be achieved by passing to a subroutine to deal with trajectories
near this set.

As a final remark, we explain how this work relates to alternative foundations for systems theory
recently proposed by various authors. One may consider the behavior w(-) = (u(-),y(-)) associated to
an input/output description. It has been proposed by [31] that one should formulate systems modeling
without a priori distinctions between input and output signals. In these terms, an input/output equation
takes the form

(49) E (w(t), W' (t), w" (t), ..., w® (t)) ~ 0.

One of the central questions in [31] and related work is that of in some sense partitioning an abstract
behavior w(-) into “inputs” and “outputs.” Once this task is achived, however, and provided that one
may assume a suitable structure —in our case, the existence of a Fliess-operator relationship between
inputs and outputs,— it is still important to be able to relate an abstract equation such as (49) to
realizability, and this is precisely what our result does. Similarly, the work [9] defined realizability by
the requirement that outputs be differentiably dependent on inputs, in other words, that an equation
such as (1) hold; we showed that this is basically the same as realizability in the more classical sense.
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