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Learning nonlinear systems via Volterra series
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Abstract— This paper examines the application of regu-
larization techniques and kernel methods in addressing the
task of learning nonlinear dynamical systems from input-
output data. Our assumption is that the estimator belongs
to the space of polynomials composed of Hilbert-Schmidt
operators, which ensures the ability to approximate non-
linear dynamics arbitrarily, even within bounded but non-
compact data domains. By employing regularization tech-
nigques, we propose a finite-dimensional identification pro-
cedure that exhibits computational complexity proportional
to the square of the size of the training set size. This
procedure is applicable to a broad range of systems, in-
cluding discrete and continuous time nonlinear systems
on finite or infinite dimensional state spaces. We delve
into the selection of the regularization parameter, taking
into account the measurement noise, and also discuss
the incorporation of causality constraints. Furthermore, we
explore how to derive estimates of the Volterra series of the
operator by selecting a parametric inner product between
data trajectories.

Index Terms— Reproducing Kernel Hilbert space, Sys-
tem Identification, Learning, Nonlinear systems, Volterra
series

. INTRODUCTION

Black-box identification of unknown systems from observed
input-output data is a central problem for systems theory since
the beginning and it has recently become an active area of
research for machine learning leading to an interesting cross
fertilization between classical parameter identification and
model selection methods [1], statistical learning techniques
[2] and kernel methods [3]: see [4], [5] for comprehensive
overviews. The impact of this cross fertilization is testified
by the fact that estimation techniques that were typically
associated to the machine learning community — such as
artificial neural networks, support vector machines, regres-
sion trees, etc. — have now found a stable place in control
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theory [6]-[8], proving their accuracy in data-based control
strategies on large-scale complex scenarios [9], [10]. Some
of the key mathematical tools used in this new paradigm are
reproducing kernel Hilbert spaces (RKHS) [11]-[16], kernel
methods and regularization networks [3], [17]-[26], Gaussian
process regression [27], [28], support vector machines [29],
[30], representer theorems [25], [31], [32] and regularized
solutions [33]-[36].

In an abstract setting the output of a system is generated
by some nonlinear operator applied to the input, that may
include the initial state of the system. The challenge is that
the identification of this input-output operator is always an ill-
posed problem since the operator cannot be uniquely inferred
from a finite set of input and output trajectories. We recall
that a problem is ill-posed if one of the three conditions of
existence, uniqueness and continuous dependence on data fails
to hold for its solution [33], [37]. Even when a solution exists
in the solution space, the unavoidable presence of noise may
cause existence to fail. This is where regularization comes
into play. The essential idea is to find the best approximation
of the solution in a space where the approximation exists, is
unique and continuous with respect to the data. This introduces
a trade-off between accuracy, i.e. good accordance of actual
and predicted data, and the requirement that solutions are well-
behaved. In the regularization approach this trade-off is usually
controlled by a scalar regularization parameter [35], [38]. Ker-
nel methods are then used to generate the best approximation
in the infinite-dimensional operator space by projecting on
the subspace of operators that can be represented from the
available data. This approach has been widely exploited in the
learning techniques mentioned above. The existing techniques
have been applied to linear systems [23], [27], [39]-[43], linear
discrete-time systems with outliers [44], discrete-time dynam-
ics in Euclidean spaces [45]-[47], and nonlinear functions with
discrete samples [22], [48]. It is also worth mentioning that the
theoretical features of Volterra series and polynomial kernel
regression have already been considered in several important
works, for example [45], [47], [49], [50], and a huge literature
exists on block-oriented approaches to nonlinear identification
exploiting specific structures of nonlinear operators, such as
Hammerstein models, Wiener models, and combinations of
them (see [51], [52)]).

Our work extends the approach presented in [53] for
the linear case. The core idea is to extend existing results
to the general problem of nonlinear maps over separable
Hilbert spaces. Our task is to compute a finite-dimensional
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approximation of the unknown input-output map H, — H,
starting from a training set of input-output samples {x;, y;},
it =1,...,N, where H, and H, are generic Hilbert spaces.
This training set may either be generated by user-defined
probe inputs, or be collected from the autonomous dynamics
of the system under consideration. This abstract framework
encompasses many cases, for example x; and y; may be
finite-dimensional vectors of input and output values but also
vector-valued functions of time corresponding to the input and
the output of a dynamical system, or functions on a spatial
domain when the operator of interest is the solution of a PDE.
Thus, the results obtained in this setting can be applied to
discrete as well as continuous time systems evolving in R”,
distributed parameter systems, nonlinear systems with delay,
finite-dimensional sequences, etc. The aims and contributions
of this work can be summarized as follows.

o We establish an abstract framework to generalize regu-
larization and kernel-based techniques to a broader class
of systems. We study which hypotheses are needed to
ensure that essential properties of the solutions provided
by these methods are not lost in the generalization.

o We show that with a suitable choice of the solution space
regularization techniques can approximate arbitrarily well
nonlinear systems with reasonable physical constraints.

« We show how the available prior knowledge can be
plugged into the framework to restrict the solution space
and improve the accuracy of the learning process. How-
ever, we show that solutions can be found in absence of
any prior knowledge in a completely black-box setting.

o We show that solution spaces based on polynomial or
Volterra series have computational complexity compara-
ble to linear estimates and that solutions can incorporate
causality requirements.

As for the first point we derive a closed form optimal approx-
imation of the Volterra series (or of its truncated version up
to a specified order) by extending the well known technique
of minimizing a regularized quadratic performance index
computed on the training set, and we show that this solution
admits a finite-dimensional computation.

The second contribution is to identify the most general
solution space that yields solution operators with a physical
characterization. The unknown nonlinear input-output map is
represented as a Volterra series of Hilbert-Schmidt operators
(H-S operators in the following). This choice is motivated by
the considerations reported in Section II-C.

As for the third point, we show that the general estimator
can be specialized by defining the inner product that generates
the estimator based on a specific kernel. In other words one can
introduce the prior information on the unknown operator to be
estimated by choosing the most appropriate kernel to define
the inner product on the linear space of the input trajectories.

Finally, we prove that causal operators can be introduced in
this framework without additional constraints on the solution
space. Our results prove the existence of a solution without
any a priori hypothesis on the structure of the operator.

Although most of the above points have been considered and
studied in the previous literature mentioned above, we argue
that providing a general and flexible framework has important

benefits and implications. In the first place, it avoids the need
of “reinventing the wheel” in each specific situation whereas at
the same time it indicates where specific choices, for example
the kernel design or the choice of the meta-parameters, come
into play to tailor the solution to specific application needs.

The paper is organized as follows. In Section II we introduce
the basic definitions and assumptions used throughout the
paper. Section III contains the main results on the computation
of the optimal polynomial and Volterra series approximation.
Section V links our framework to the well established theory
of reproducing kernel Hilbert spaces (RKHS), by showing that
our polynomial operators with H-S terms constitute in fact a
RKHS. Section VI discusses an example to illustrate the results
and Section VII concludes the paper.

Notation: Lo(D;C) denotes the Hilbert space of square
integrable functions f : D — C. The scalar product be-
tween elements 1,22 € L2(D;C) is denoted [x1, 22],, and
||z, = A/[%,x]z, is the norm of an element x € Lo(D; C).
Throughout the paper we denote col]_ (z;) the vector with
n entries x;, and row?_;(x;) the row vector with n entries
x;, that can be scalars, vectors, functions or matrices. The
lower and upper bound of the index is sometimes omitted for
brevity. The linear combination Zi;l a;x; of a finite number
k of elements x; € Lo(D;C) with coefficients a; € R is
concisely denoted as a'col;(x;), where a = col;(a;). The
same convention is used when M € R™** is a matrix with
scalar entries 1, Mcoll_, (z;) := col?:l(Zf:1 mi;iT;).

[I. PRELIMINARY DEFINITIONS AND RESULTS
A. Problem statement and assumptions

The input-output map of an unknown nonlinear system S
is modeled as a nonlinear operator from the input linear space
Mo = Lo(D; Hy) to the output linear space H, = Lo(D; Hy).
The input and the output of the system are therefore square
integrable functions on D, which is a bounded domain (for
example D = [0,T])'. When D is discrete, H, = ¢2(D; Hy)
and H, = ¢3(D; Hs). Hy and H, are real separable Hilbert
spaces. The image spaces H; and H, are purposefully kept
generic to include a variety of input and output data, such
as those generated by finite-dimensional systems, distributed
parameter systems, delay systems, etc. We will refer to x; €
H, and y; € H, as input and output trajectories, bearing in
mind the reference case where D = [0,7'] and H; = R"=,
Hy; = R™ that models linear or nonlinear systems with finite-
dimensional input and output.

We consider the following problem. Given a training set
of pairs (x;,y;), where z; € H, is the input corresponding
to y; € H,, we want to find a finite-dimensional nonlinear
approximation in the least-squares sense of the unknown input-
output map. To this end we shall make use of polynomial
functions of given order of the input and of the corresponding
Volterra series as the solution space. For the reasons explained
in Section II-C, the existence of a polynomial approximation
of the input-output operator rests on the following assumption.

IThroughout the paper we denote ¢ the elements of D. However, D may
be any domain for example a spatial domain.
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Assumption 1: The operator F' : H, — H, is uniformly S-
continuous on the sets of bounded energy signals of interest.
S-continuity is defined in Definition 4. We also require that
the y; are defined on all D, since their values are needed to
compute the output of the estimated operator.

Assumption 2: The output signals y; of the training set are
defined in all D.

B. Volterra series and Hilbert-Schmidt operators

We briefly introduce a few formal notations to represent
polynomials and Volterra series in a compact way. The fol-
lowing definition is for the case H; = R™ but it can be easily
extended to separable Hilbert spaces.

Definition 1: [Kronecker product on Hilbert spaces]. Given
x,2 € Hy = Lo(D;R™) their Kronecker product z [<] z is the
element of £(D?;R™) such that, V¢, ¢ € D,

(z&2)(£,¢) = 2(§) ® 2(¢), (1)

where ® is the ordinary Kronecker product.

Remark 1: The value of z[X]z is the product of the values of
2 and z at different points of D. Consequently, the temporal or
spatial correlation between functions, when D is respectively a
temporal or spatial domain, can be expressed through operators
on x[X z.

Let {¢} be an orthonormal basis of ,,. Then z[x]z belongs
to H2, a subspace of L(D?; R"Z) defined as

7—[ ={we EQ(DQ;R"2) :
w =Y ax; (¢x X ;)

k,j

, Zai,j <w} (2
k,j

In essence, 7—[ is the span of the Kronecker product of versors
in the basis of H,. When =z = 2z, 22 = 2 X 2 defines the
Kronecker power of elements of H,,. This can be generalized
to higher-orders by defining 28 = =T e ’H, 1 e N,
where HD < L£,(D*; R™) is the span of ¢, ... ¢y, with
square summable coefficients ay, . x,. Furthermore, when the
image of elements in 7, is not R™ but a space of functions
with values in R™, Definition 1 is extended by replacing in (1)
2()®z(¢) with 2(£)X1z({), where [x] is the Kronecker product
in the image space. We now show how the inner product in
HI™ is related to the inner product in H,,.
Lemma 1: If z,y, z,w € H,, H,, separable, then

[JC Yy, w Z]'H = [‘T7 w]?‘ln [ya Z]Hn (3)
(4, ] — [z 4], @
|2 = (=[5, (5)

Proof: 1t is sufficient to prove the first relationship. Since
‘H,, is separable, given an orthonormal basis {¢} of H,,

r®y = ZZ T, 81y [y, Ok ) (D1, K P1iy) (6)

[tHy, wkKz],m 722 T, O, [y, Prsl[w, dr, 12, P, ]
= [Z’,UJ]’Hn[y,Z]Hn. @)

In this paper we consider polynomials whose monomial
terms are H-S operators. We first recall the definition of H-S
operators.

Definition 2: [H-S operators]. A Hilbert-Schmidt operator
on separable Hilbert spaces L : H, — H, is a linear operator
such that

Lz =) [z, ¢kln.

Lo, 8)
k=1
o0

ILIZ2, = D7 ILeel3, < oo )
k=1

where {¢;} is any orthonormal basis of H{, (i.e. the norm does
not depend on {¢;}). O
The definition implies that

| L, < | Llus. ], - (10)

H-S operators from H, to H, are bounded finite-energy input-
output operators, as it is apparent from (9). We recall that on
infinite-dimensional Hilbert spaces the identity operator is not
a H-S operator because |I[2 = 37, Ik 3, = oo, thus
the input-output behavior is not represented by H-S operators
when there is a direct term from the input to the output, e.g.
y; = x; cannot be represented through H-S operators when
‘H, is infinite-dimensional. Finally, the linear space of H-S
operators L : H, — H, endowed with inner product

0
(L1, Lalus. = Y. [L1ok, Ladwln,
k=1
is a Hilbert space Lys (Ha;Hy).

Polynomial operators H, — H, are obtained by summing
monomials that are H-S operators, M,,, : HZY — Hy, m = 1.
A generic monomial term is written M,, (21 X22[X. . . Kz ),
where z; € H,, and its value in H,. M,, is multilinear with
respect to its arguments x;. Thus, a monomial M,,(z™) is a
linear operator with respect to ™ but not to .

Since M, is a H-S operator, it is defined by specifying its
value on some basis of HIY, as prescribed by (8). Let {¢} be
an orthonormal basis of H,, and K, = {k1, ..., kmn} a multi-
index with m elements. Then £ € HZ can be represented
as

(1)

§=) ak, (¢r - K dr,),
K

where ag,, =

[§; Py - - - [ Dk, |9y, and
Z ax,, My, (61, BB br,.)

where > | My (dk, K- - - X Bg,, )
9).

In particular, it descends from (3) that when £ = 2™ then
ak,, = [ljex, [%, ®;]. Consequently,

Mm (-77) = Z < H ['Tv (b]]) Mm (d)k'l e ¢k7n) .
Ky \JjeKn, (13)

Definition 3: [H-S Polynomial operators]. Given Lo spaces
Mo, Hy and a finite sequence {M,,}, m = 1,...,v of H-S

(12)

2 .
i, < ®as required by
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operators M, : HZY — 7, the operator P, : H, — H,

defined as y
Py(x) = ). My (™) (14)
m=1
is called a v-degree polynomial operator. O

Remark 2: Since P, : H, — H,, by definition y = P, (x)
is square integrable over D. Notice that however P, is neither
a linear operator nor, consequently, a H-S operator.
Definition 3 does not include a constant term M, € H,, that
can be added as a separate term. For example, in the case of
Lo(D;R™), a complete second-degree polynomial is

y = My + My + My(a2) (15)

kMt T)a(T)dr

y(t) = yo(t) + f

D
+ f kM2 (t,o,7) (x(0) ®z(7))dr do, (16)
DxD

and y is specified though the choice of My = yo € H, and
of the operator kernels k™t : D? — R™wxne M2 . D3
R™ %72 Since M, € Lus (Hay;Hy) and My € L‘H.S,(H; Hy)
are H-S operators, it holds that

J‘ 1M (1, 72 dr dt < oo, (17)
DxD

J|WWMmewm<m (18)
DS
The Volterra series can be obtained as the limit lim,, o, P, ()
of a sequence of polynomial operators. It is worth remarking
that this representation of the input-output map is not neces-
sarily a causal one. For example, to introduce causality in (15)
one needs to add the constraints x”(¢,7) = 0 whenever 7 > t
and k%(t,0,7) = 0 whenever o > 7 or 7 > t.

The following theorem is proved in Appendix A.

Theorem 1: For any v, the linear space of polynomial
operators P, : ‘H, — H, on separable Hilbert spaces defined
in (14) is an Hilbert space £ with inner product

v

[Pu17 Pf]ﬁf = Z [M'rlmMWQn]»CH.S,'

m=1
In particular, with | M; s = >k, | Mi(ék, B K ¢x,, )3

19)

14
1P = 1Ml
=1

(20)

C. Polynomial approximations of nonlinear operators

The choice of H-S operators to approximate nonlinear
dynamical systems has two main motivations. The first one
is that H-S operators are bounded as one would expect from
a physical system. The second one is that a polynomial based
on H-S operators can approximate with arbitrary precision a
large class of input-output maps. In fact, the approximation of
nonlinear operators by means of polynomials requires some
version of the Weierstrass approximation theorem suited to
Hilbert or Banach spaces. Such extensions have been widely
explored in the literature in the past decades [54]-[57] but
they crucially depend on the compactness of the domain. This

hypothesis is restrictive in the context of system identification,
e.g. the ball of finite energy signals is bounded but not
compact. A possibility to overcome this problem is to restrict
ourselves to maps that are uniformly continuous with respect
to the S-topology [58], since it was proved in [59] (Theorem
3) that given a map F': ‘H, — H, uniformly continuous with
respect to the S-topology on a bounded set 2 < H,, Ve > 0
there exists a continuous polynomial P : H, — #, such that

sug |F(z) — P(x)|| < e. (1)

In other words, on bounded sets the continuous polynomials
are dense with respect to the family of uniformly S-continuous
functions.

Definition 4: [58], [59] Amap F': H, — H, is said to be
uniformly continuous with respect to the S-topology if, for any
e > 0 there exists a self-adjoint non-negative definite trace-
class operator S, : H, — H,, such that [Sc(z1 — z2), 1 —
Ta)y, < 1implies |F(x1) — F(22)|#, < € for all 1, 25 €
He.

The S-topology is weaker than the norm topology and
maps that are uniformly continuous with respect to the S-
topology are also compact (Theorem 1 in [59]). In addition,
the functions in this class can be represented as continuous
nonlinear functions on H-S operators [60] and in particular
linear operators that are uniformly continuous with respect
to the S-topology are H-S operators. This is not only a nice
mathematical characterization but it also implies the very
“physical” property of being an input-output map with a
smoothing action. Summarizing, the choice of H-S operators
as monomial terms of P(x) is justified both on physical and
mathematical terms.

[1l. LEARNING THE OPTIMAL VOLTERRA SERIES
A. Learning the optimal linear approximation

We first consider the problem of estimating the best linear
approximation (i.e. ¥ = 1 in (14)), to introduce regularized
estimates that will be extended to the polynomial case. The
material in this section summarizes the results in [53] for the
linear case. Given a training set {(z;, y;)}, the simplest way to
compute a linear approximation Lx = Myxz+ My of the input-
output operator is the well known Least Squares Estimate
(LSE) L = argming J(L), J(L) = 3, |y — L3, This
approach has two main drawbacks. The first one is that when
both {z;} and {y;} have N independent elements the LSE
yields a L such that J(ﬁ) = 0 because Vi y; = Lx;, and
consequently the approach is prone to over-fitting. On the other
side, when there is no linear operator such that Vi y; = ﬁxi,
LSE yields an infinite norm estimate. More precisely, any
sequence {L,} of operators with finite-rank n that minimizes
J(L) is such that | L,|,, — oo [33], [53]. The problem is
relevant in practice when the output y; is affected by noise
n;, since the operator L tends to track the output noise in
order to reduce the residual y; — ﬁa:i.

One method to cope with the above problems is to introduce
a penalty for the norm of the estimate in the cost function.
Intuitively, this regularization alleviates over-fitting because
“too precise” solutions are discarded in favor of more compact
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ones, and at the same time it yields finite norm estimates
when the LSE estimate does not exist. In the case of the
best affine estimate the regularization approach amounts to
defining a cost functional Jy : RT x Lys. x Hy — R* and,
with LE = M€ + My,

N
TN L) = Y lyi — Myzi — My|3,, + MM R, (22)
i=1
where A € R is a regularization parameter [13], [23], [61]
(notice that the regularization parameter does not affect Mj).
The solution is found by using variational calculus to find
arg miny, JN(A,L) Let e > 0 and Az = AMIJJ + AMO,
My € Hy, An, € Lus.. Straightforward computations yield
that in the minimum L

d A
—JN(\ L +€eAp)

de =0
N A ~

= Z —2lyi — Lxy, Apwilp, + 2A[My, Ay Jus. = 0.
i=1

The minimum is obtained by imposing that the derivative is
null YAy, , Ay, . In particular, choosing Ay, = 0 one obtains

N
Z —2[y; — Myx; — Mo, Apgy i)y, =0
i=1

that can be satisfied VA, only when

N
My = Zyi—MlﬂUi =y— Mz,
im1

(23)

that yields M as a function of M. We notice that the “affine”
term M, disappears when § = Z = 0. For this reason, we can
consider the centered training set

(X,Y) = (coly(x; — &), coly(y; — 7)), (24)

that has y = & = 0, and compute the best linear and
polynomial estimate with the tacit assumption that affine
estimates are obtained by adding M, given by (23). On a
centered training set and for a given choice of the weight A,
the best estimate of L is now defined as

L = arg min

N
g, — Mi2)|2 | M |2 25
Mlecﬂ_s_;”% 123, + AlMallgs,  (25)

and it can be computed as follows [53].

Theorem 2: If Assumption 2 holds, then, given a centered
training set {z;,vy;}, x = {z;} i« = 1,..., N, and the matrix
A(x) € RV*N with entries

A(X) i) = i, 75]n,, (26)

1) For any A € R the optimal linear estimator M, defined
by (25) exists and, denoting Y = col;(y;) € ’Hév, VE,

N
Mgy, =af (A, x)Y = Z ki (A, X)y;

(27)

1=1
af (A, x) =r} (x) My + A(x)) " e RN (28)
r,;r(x) =row£\il[xi, Orln, (29)

where {¢} is an orthonormal basis of .. Moreover,
each M,¢;, € H, is defined Vt € D.
2) The optimal linear estimate of M:&, V& € H,, is

M€ =row; ([€, 2i]n,) M + A(x) Y. (30)

3) |col;(y; — J\Zflxl)HHév is a non-decreasing function of A

and ||M1 |u.s. is @ non-increasing function of A.
4) If col;(y; = imi) = 0 for some L € Lys, then
limy_,o+ My = argminger, |Llus. : col;(y; — Lz;) =
0. ]
When the dataset is not centered, M; is given by (27) where
x; and y; are replaced by z; — = and y; — ¢, and Mg is given
by (23). For completeness a proof of the first point is reported
in Appendix B. The second point follows from straightforward
computations. For points 3)-4) see Thm. 3 and 5 in [53] or
Thms. 3.12, 3.15 in [33].

The second point of Theorem 2 provides a finite dimen-
sional closed-form expression of M€ for any £ € H, as
a linear combination of the y; in the training set. Since
(My + A(x)) " col;(y;), which is a vector of functions with
entries in H,,, depends only on the training set, it can be com-
puted once and for all. The computation of J\nyf for a generic
¢ requires only to compute the vector row;([€, z;]%,) € RY.
From the point of view of the computational complexity
the most computationally intensive operation is the scalar
product, that typically involves the numerical computation of
an integral. In this sense, the computational complexity of
(30) is quadratic in the size N of the training set, since A(x)
contains N (N + 1)/2 distinct entries of the kind [z;, ], .

Example 1: In the case of continuous-time systems H, =
,CQ(D;R”””), Hy = CQ(D;Rny), let My = M, + A(X)
Straightforward manipulations yield

§(t) =(Myz)(t) =
JD ((xT (T)rowi(a:i(T))M/\_l) ® Iny) col;(y;)(t) dr

_ f row (i (1)) My coly (] (M)a(r)dr, (1)
D

where we recognize the underlying operator kernel of M,

kMi(t, T) € R > na,

KM (8, 7) = row; (i (£) M5 coli(z] (7). (32)

B. Learning the optimal polynomial approximation

This section considers the problem of computing the v-th
degree polynomial that best approximates F' : H, — H,
from a training set of input and output signals {x;, y;},
1 =1,...,N. The setting and the notation are the same as
in Section III-A. When M, = 0 our hypotheses model is that
there exists a polynomial operator P such that

yi = PJ(xi), (33)
and we aim at computing Mm, m =1,...,v so that
gi = Pu<xz) = Z Mm(.’L'), (34)

m=1
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is the “best” approximation of y;, where, as before, x; € H,
yi € Hy, My, € Lys (HZH; M, ). Given an orthonormal basis
{qzﬁk} of Hx, M,,, can be represented as in (12),

Z ak,, (&) My (b, K- K dr,),  (39)
where ak, (z) = [x, Ok, |74, -z, ¢k, %, € R and
Ylak, (1) - ak,, (12)) = [z1, 220}, . (36)

K

The optimal estimate P is obtained by minimizing the func-

tional JY : Rt x £ — R¥,
N
IR P) = Yy = Po(@)lFy, + AP Ze. (3D
i=1

Theorem 3: If Assumption 2 holds, then, given a training
set {x;,y;},i=1,..., N and the matrix A, (x) € RN*N with

entries
17

(Av(x)) i) = 2 [wi, 2513,

m=1

(38)

for any A € R the optimal polynomial estimator with respect
to (37) exists and its monomials M,,, are given by

M (1, 8- - B Dp,,) = rows(ax,, (2:) Ay + A, (x) 7Y
(39)
where {¢;} is an orthonormal basis of H, and Y = col;(y;).
Moreover, My, (¢x, X1+ - - X ¢, ) are defined V¢ e D.
Proof: The minimum P, of Jg; is the solution of the
system

Vm = 1, Lo, VAMm € ,CH,S.(,H;/Hy) :
dJX (N, P, + €eAyr,)

de

=0. (40)
e=0
Proceeding as in the proof of Theorem 2 in Appendix B we

obtain that, Ym, VA, € Lus (HZY; H,),

N
My = o), A, (2)la, = MM, Aar, ey, (41)
i=1

that is, VYm =1,...,v, VK,,,

N
1
My (61, -+ K G, ) XZ — P, (w:)). (42)

Since, by definition,

Z Z aK,,L xz ¢k1 XX (bkm) (43)
m=1K,,
replacing (42) in (43) yields
. 1 & N .
Py (i) =5 D> ax, (@) ) ax,, (o) (ye — P (x0))
m=1K,, (=1
1 N v
=3 ( > ye( PN ﬂfz]m>
/=1 m=1
N R v
- Py(wz)< > [m, wz]m>> (44)
£=1 m=1

Thus, by stacking P, (),

coly(P, () = My + Ay (x)) T Au(x) coli(y:).  (43)

Finally, we replace (45) into (42) to obtain

1 X
= by ; ak,, (i) (y

Trow; (ar,, (w5) (Iv = (A + Au(x)) ™" A4, (x) )coli (1)
i) ALy + Ay (%) ™" col; (y:)- (46)

M7n(¢k1 "'djkm) i_Pl/(xi))

1
D)
=row;(ak,, (z

Again, Assumption 2 together with (46) guarantees that
My (6p, K- - K ¢, ) exists Vi€ D and ¥(ky,. .., Ey). W

Corollary 1: In the hypotheses of Theorem 3 the optimal
polynomial estimate B¢, £ eHy, is given by

v
= row;([€, ;)3

m=1

3. Ay + A, (x)) ™ coli(y).

(47)

[

The proof is entirely analogous to Theorem 2 in Section III-

A. Remarkably, the polynomial estimate (47) has complexity

proportional to N? just as the linear estimate (30). In other

words, the computational complexity of (47) is insensitive to

the degree v of the polynomial, since A, (x) is obtained by
summing the entry-wise powers of A(x).

Remark 3: When one considers the full polynomial includ-

ing the affine term, i.e.
yi = PJ(xi) + My, (48)

it is easy to prove that the estimation procedure of Theorem 3
and Corollary 1 is exactly the same and that the best estimate
My of My is given by

My = NZ(%_ )

Example 2: For vector-valued continuous-time systems
consider the case v = 2. The generic quadratic operator
Py = My (x) + My(2) € £5 can be represented as

=y(t) = fD kM (t,7)x(r)dr

+ f xM2 (t,7,0)(x(7) ® x(0))drdo. (50)
DxD

(49)

(Pox)(t)

Let Myo = A, + As. If we are interested in the explicit
expression of the operator kernels of the optimal quadratic
estimator (47), for k™1 we can use (32) of Example 1, with
M, replaced by M, . To express kM2 we use (47), with
j = 2. Straightforward manipulations yield

Waa®) = [ rowi (3 (0) (M5 ) Teoly (04(7) @12:(7)T
(z(1) ® z(0)) drdo, (51)
(t,7,0) € R™WX"% s

and the underlying kernel KMo

kM2 (8,7, 0) = row; (yi () (M. 3) Teoly(ai(r) @ 24(0)) .
(52)
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C. Convergence of the approximated Volterra series

Having obtained the best polynomial estimate for any given
order v our next step is logically to derive the best regularized
estimate of the Volterra series of the system by letting v — co.
Before doing so it is appropriate to offer some comments
to put these results in the framework of recent kernel-based
identification methods (see, among many others, [4], [23],
[27], [62]). The results of the previous sections emphasize
the prominent role of the matrices A(x) (linear case) and
A, (x), that have entries of the form, respectively, [x;, z;]x, .
[i,2;]3;,, and encode the “similarity” of the elements w;
and z;. The inner product may seem a very specific choice
of similarity, but the framework described so far is abstract
and the inner product in H, is actually a design parameter
that may lead to different estimates. In the continuous time
case with finite-dimensional inputs/outputs the standard inner
product [z;,z;] = §, xi(s) x;(s)ds is an instance of the
more general case [x“x] =, xi(s)Tr(s)z;(s) ds, where
Kk : D — R" X" is symmetric and positive definite. By
changing x we obtain different regularized estimates. As
discussed in [53], k corresponds to the notion of “kernel” of
the regularized estimate (not to be confused with the kernel of
a RKHS introduced in Section V), and its choice, discussed for
example in [18] for the case of LTI systems, should crucially
incorporate prior knowledge about the system to identify, for
example stability or frequency content. Although the solutions
described in sections III-A, III-B apply beyond LTT systems,
they may incorporate this flexibility by customizing the inner
product in H,, to reflect the prior knowledge about the system.
Clearly, in a totally black-box approach one may not possess
sufficient prior knowledge to make this choice. In this case it
is still possible to estimate the unknown operator by choosing
any “natural” inner product in the input space.

We now apply this flexibility in the choice of the inner
product to estimate the Volterra series as the limit of a
polynomial approximation. To our knowledge, this problem
has been studied for the first time in [49]. In our case the
problem is whether the polynomial approximations in (47)
converge for v — o0. From the definition of A, (x) in (38)
it is immediate to see that as v — oo the entries of A, (x)
diverge when |[z;,z;]| > 1. In order to obtain a convergent
series of polynomials we may re-define the norm (20) with
a weight function w so that higher-order monomials have
a larger weight. Given a positive and unbounded function
w N — R,, lim,, o w(m) = o0, let us re-define the inner
product and the norm in £ as

[Pyl’PE]W ( )[Ml M2]£H,s.7

m?

(53)

—

ﬁm:ﬁm:

|P]1% W () [ Mo |2, - (54)

1

By repeating the steps in the proof of Theorem 3 we easily
obtain the representation of the optimal polynomial estimator
with respect to a functional based on this new norm.
Theorem 4: If Assumption 2 holds, then, given a positive
and unbounded function w :N — R, a training set {z;,y;},

N and the functional

Z lys —

then for any A € R the optimal polynomial estimator with
respect to (55) exists and its monomials M, are given by

M (¢1, - - I(bkm) =
K, (i)
W(m)
where {¢y} is an orthonormal basis of H,, Y =
the matrix Ay, ,(x) € RY*Y has entries

i=1,...,

In(A Py) o), + AP (55)

row; - My + Aw,,(x)Y  (56)
col;(y;) and

v

xm x] ?—[I
(Aww (%)) ) Zl (57)
Moreover, M(gbkl A (bk,) are defined V¢ € D and
Py (€)= ). row; ([5,?]«3&) My + Aw,(x) Y.
m=1
(58)
O

At this point we can let v — o0, provided that w is suitably
chosen. As already remarked in [49] different choices of w
yield different possible polynomial kernels. The step forward
with respect to [49] is that, in the light of the results mentioned
in Section I, all these kernels are universal, in the sense that
they are capable of uniformly approximating all S-continuous
functions on bounded sets of H,. For example, if we choose
w(m) = w™ with w > 1 we obtain the following limit for
the Volterra series.

Corollary 2: In the hypotheses of Theorem 4, if w(m) =
w™ with w > max;;([@;,2;]xn,). then the function
Py oo(€) = lim, o0 P, (€) is well defined for all £ such
that [€,2;]y, <w,i=1,..., N, and, with Y = col;(y;),

Py oo (€) =Ty 0 (€.%) NN + Awo(x) 'Y (59)

o, (L& @il
ol —rows () .
Aoy = e T (61)
O

It is natural to identify (59) as the estimate of the Volterra
series of the unknown system based on the rational kernel (61).
Notice that, since [z1,22] < |21]]z2]|, the constraint on w of
Corollary 2 translates into a bound on the energy of the input
signals. Another interesting choice of w, inspired to [49], is

w(m) = m!k(t)™ (62)

with k(t) > 0 a positive and monotonic function of ¢ € D.
The choice (62) yields the exponential kernel

1

(Aw,oo(%)) g gy =€ 1

The function k(t) is chosen monotonically increasing with ¢
in order to normalize the (potentially large) values [z;,z ],
and to prevent numerical issues.

—1. (63)
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Remark 4: The learning procedure described in Section III-
B requires to fix two meta-parameters, (A, ), whereas the
procedure of Section III-C requires (A, w), where w is a
function. The choice of A is discussed in Section III-D. Other
approaches are possible since, as discussed at the beginning
of this section, the inner product itself can be considered a
design choice. For example, if the inner product is defined so
that |[z;, x;]| < 1 the function w is no longer necessary. In
all cases the choice of the kernel for [z;,z;] determines the
kernel (Aw, o) of the Volterra series.

Remark 5: A property of estimator in Section III-B is that
its complexity does not depend on the degree chosen for the
polynomial estimator. Moreover, the estimate of the Volterra
series (59) only requires finite-dimensional operations. In
general, the complexity of the learning procedure is quadratic
in the size of the training set due to the need of computing
[zi, ], for all possible pairs. The computational cost
becomes linear in N if it is possible to design a training set of
orthogonal input functions, since this makes the matrix A, (x)
block diagonal.

Remark 6: Since P, : H, — H,, the framework described
in this section guarantees that the estimated trajectories are
square integrable on D for any input x. For example, when
H, = Lo(R,;R™) it is obvious that lim; o, P(z)(t) = 0.
When D is a bounded temporal domain, it may be of interest
to extend the estimate ¢ to a larger domain. In other words,
given a training set in [0, 7], one might want to estimate the
output of the system for an input in [0, 00). This interesting
extension is a theme of further research.

D. Choice of the regularization parameter and noisy data

In Section V we shall see that the space of the estimators is
a reproducing kernel Hilbert space, and thus the choice of A
may exploit results in that area [27], [42]. In this section we
show how to choose A in the case of noisy measurements.

The results in Theorem 2 are easily extended to the linear
space of polynomial operators. In particular, we have that
whenever there exists a “true” polynomial operator P such
that y; = P} (x;), for all 4, and the data {(x;,y;)} are exact,
then the estimate (47) is such that

. A _ . 2 . . .
lim P, = arg PI,,I»IEIEP {HP,,H£5 Doy = P,,(xl)7} (64)

A—0t

v

that is, lim _, o+ P, is the minimum norm polynomial operator
of degree v that yields a null residual on the training set.
Notice that limy_, ¢+ P, = PJ is not ensured (the true operator
could be not minimum norm). In presence of noise it is in
general >, |ly; — P} (z;)||* > 0, that is, the residual is not null
even for the true operator. It is therefore useless to decrease
A to reduce Y, |ly; — P} (z;)|? too much, and we obtain the
following maximum likelihood rule to tune A:

Optimal Rule - Choose \ so that 3. |y; — P, (z;)|* equals
the expected value of the residual of P.

The optimal rule can be implemented when the expected
value does not depend on P itself, for example additive output
noise, y; = P} (x;) + nY, where the expected value of the
residual is ), E[an\\%y] Conversely, the optimal rule cannot

be implemented when the the residual depends on P, that is
not available. This is for example the case of additive noise
in the input, y; = P} (z; + n¥) + nY. The following heuristic
rule is commonly used in these cases [33]:

Heuristic Rule - Choose A so that . [y; — P, (z;)|* equals
its expected value.

The rule can be justified as follows. In the first place, it is
statistically satisfied by P itself. In the second place, when
the “true” operator belongs to L, the rule yields a unique
value of )\, since the sample residual of I:’l, increases with
A (Theorem 2) and its expected value depends on | P, | that
decreases with A (Theorem 2). Finally, it is worth mentioning
that the application of Heuristic Rule can be implemented
by extending criteria that hold for the finite-dimensional case
based on the concept of equivalent degrees of freedom of
regularized estimators [63], [64].

When more hyper-parameters are added to the scheme, for
example the function w, the degree v of the polynomial, or
parameters that specialize the inner product, it is necessary
to resort to more powerful hyper-parameter estimation tech-
niques, like empirical Bayes and marginal likelihood [65], C),
statistic [66], k-fold cross validation [67], generalized cross
validation [68], etc.

V. RECURSIVE COMPUTATION OF CAUSAL ESTIMATES

In the estimation of dynamical system D may be a temporal
domain and the variables z, y in y = F(z) are functions of
time, i.e. © € L2([0,T]; H1), y € L2([0,T]; H2). It makes
sense to introduce in the estimate of F' a causality constraint,
i.e. restrict ourselves to causal operators.

Definition 5: An operator F Lo([0,T]; H1) —
L5([0,T]; Ho) is said to be causal if, whenever y(t) exists,
for some t € [0, T'], y(t) depends only on z(7), 7 € [0,t]. [
The optimal polynomial estimate (47) is not causal, because
P,(€)(t) is obtained as a linear combination of 1;(t) with
coefficients that depends on & € [0,7] via the inner prod-
ucts [, x;]3,. However, the estimate is causal for ¢t = 7.
Consequently, a simple method to obtain a causal estimate
is to define two parametric spaces H., = Lo([0,t]; H1),
H! = L5([0,t]; Hz) and let the estimates evolve with ¢. This
estimate can be computed at any ¢ by integrating a differential
representation. Let us rewrite (47) as

J(t) = Py (&)(t) =r, (&%, 8) T My ) (x, t)coli(yi(t))  (65)
ro (&%, 1) = i row; (([€,2il3e)™) (66)
Maso6.8) = (M + A1) ()

Aty = O (zoale)™ (68)

m=1

where r,(£,x,0) = 0, A,(x,0) = 0, My, (x,0) = Aln.
Clearly, 3(¢) is a causal estimate, because it depends only on
past values of x; and y;. We can easily obtain a differential
representation by recalling that

d

— [z, xjlae =[xi(t), 25(8)]m,

m (69)
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thus the terms in (65) can be computed by integrating the
scalar products from a null initial condition. (65) provides the
sought causal and recursive estimate of the optimal P, ()(t).
This causal estimate can be easily adapted to the case of
discrete-tine systems by replacing the differential equation
with a difference equation.

V. CONNECTION WITH RKHS

In this Section we interpret the results of Section III in
the light of the theory of reproducing kernel Hilbert spaces
(RKHS) in order to establish a connection and shed more
light on the properties of the estimation framework previously
described. We specialize the abstract definition of RKHS [39],
[40] to our framework.

Definition 6: Given a set X and a Hilbert space H,, a H,-
valued RKHS on X is a Hilbert space H such that the elements
of H are functions f: X — H, and Vz € X there exists a
positive constant C,, such that

1f@)l3, < Cal fll- (70)
Definition 7: A H,-valued kernel of positive type on X x X
is a map

K: X x X — B(H,: H,) (71)

where B(H,;H,) is the Banach space of bounded operators
‘H, — H, with the uniform norm, such that VN € N, z; € X,
ceC, 1= 1,...,N, VyE’Hy,

N N
PIPITE
i=1j=1

O
A H,-valued RKHS on X canonically defines a H,-valued
kernel of positive type on X x X as follows [39], [40]. Given
2 € X, define the evaluation operator ev, : H — H, such
that, for any f e H

eve(f) = f(x).

(70) guarantees that the evaluation map ev is a bounded
operator with the conjugate ev}; : H,, — H. The reproducing
kernel K : X x X — B(H,;H,) associated to H is

(73)

K(z1,12) = ev,, evy, (74)

Lemma 2: [39] K defined by (74) is of positive type. []
Conversely, if H is a real vector space, any symmetric H,-
valued kernel of positive type (i.e. K(z1,22) = K(x2,21))
defines a unique H,-valued RKHS H whose reproducing
kernel is K (see Proposition 2.3 in [39]). If H is a complex
vector space, a kernel of positive type is always hermitian.

The first property that descends from the definition (74) of
the reproducing kernel is that V1,22 € X and y € H,,

K(xla 332):(} = €Vy, ev;: Yy = (eviz y) (331) € HZ/ (75)
and consequently, Vx € X, y € H,,
eviy=K(,z)y €H, (76)

that defines the conjugate ev? of ev, from the reproducing
kernel K. The second property that immediately descends
from the definition (74) is the reproducing property

[f(x)a y]Hy = [evx fa y]Hy = [fv ev;k' y]?—[

that holds Vf e H, v € X, y e H,.

We now return to the operators #, — H, considered in
Section III. Given two Hilbert spaces H, and H,, it is easy to
prove that the Hilbert space Ly s, of H-S operators H, — H,
is a RKHS (with X = H,).

Theorem 5: The Hilbert space Lys of H-S operators
L : H, — H, is a RKHS with kemel K(zq,z2) =
[21, 22]#, I3, where I3, denotes the identity in H,,.

Proof: Hilbert-Schmidt operators are bounded and (10)
implies that (70) holds with C,, = |z, . Moreover, since

[K(z,2)y, yln, =

itis easy to verify that K is a H-valued kernel of positive type
and that K(-,2)y = [, «]»,y is a H-S operator H, — H,,
that satisfies the reproducing property (77) since, VL € Lys.,
x € H,, y € Hy, one has

L, [
Z [Léw, [0r: ).yl

(77)

|3, 13, =0 (78)

[L7 ev: y]LH.S ]7-[ y]ﬁHs (79)

= [L.T, y]'Hy

Finally, the completion of the linear space of H-S operators in

the form Zszl K(., d1)yr = Zszl [-, ®r]2e, yi, with arbitrary
N and {yi} is exactly Lys., since it follows from (8) that,

(e0]

Z$¢kﬂL¢k—ZK$¢kyk7 (80)
with y, = L¢g. Since K is symmetric, uniqueness of the
kernel follows from Proposition 2.3 in [39]. |

Theorem 5 shows that K (x1,z2) generates any operator
L € Lys.. H-S operators are, in this sense, the most “natural”
space of linear operators between Lo spaces that constitute a
RKHS.

Example 3: In the case of continuous-time systems H, =
Lo(D;R"™), H, = Lo(D;R"™), the kernel of the RKHS,
K(l‘l, .%‘2) = [.Tl, $2]Hmlﬂy, is

[K (21, 22)y](t) =[21, 22]3,y(?)

= ([, et aatryar ) wto

and the corresponding RKHS is the linear space of H-S
operators L, : H, — H, defined as L,§ = [, x]y,y where
&, xeHy, yeHy.

The essential property that connects RKHS and Volterra
series based on H-S monomials is that the Hilbert space £ of
polynomial operators P, : H, — H, introduced in Section
II-B turns out to be a RHKS (with X = H,).

Theorem 6: The linear space £ of polynomial operators
P, : H, — H, with H-S monomials of Theorem 1 is a RKHS
with kernel K, (z1,x2) = >, _ [21,22]5] I,. where I is
the identity operator in H,,.
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Proof: We already know that £ is a Hilbert space of
functions ‘H, — H, thus we need only to prove (70). This is
straightforward to prove, since

HP Hny Mm
1

v

2
< Y 1Ml Dl

m=

( >, I |> % (; Mm|ﬁ.s.> %

:OIHPVuﬁﬁa

v
< 2 Ml [ m
m:l

—

(81)

where we have used Theorem 1. We have thus proved
that £ is a RKHS. The kernel K, is clearly of positive
type. Notice that from (4) it follows that K, (z1,z2) =
anzl[xl-,x?]HIHy and thus K, (.,z)y is an operator
H, — H, in LF. We can easily verify that K, satisfies the
reproducing property (77) since, VP € L, x € H,, y € H,,

[P evyyler = Z

m=1

I:Mma [ ) I]’Hy] Lys. (H§Hy)

(2420 @5,) - [820 257 o],

m=1 K,, Y

- i 2 le (¢x,) 1] [z (bj]?-tzy]
H

JEKm
Y

My, (9x,,) s ]
M

Y

(82)

where we have used (12), and ¢x,, = ¢p, X - X ¢,,. W

Example 4: In the case of continuous-time systems H, =
Lo(D;R™), H, = Lo(D;R™), the kernel of the RKHS of
polynomial operators, K, (x1,xs), is

Myt

(Ko (21, 22)y](t) = Z (21, 22]%

i (], st @eatrrar)” wio,

m=1

Il

and the corresponding RKHS is the linear space of polynomial
operators P? : H, — H, defined as P¥¢ =" | [& x| y
where &, x € Ho, y € H,y.

As a consequence of Theorem 6 we can apply the results
concerning RKHS to £, The optimal polynomial estimator
(47) can be rewritten, by using the notation of the RKHS L7

B, =row; (K, (., xi))M;icoli(yi)

N
= > K, (o @) (My))icoli(y;) (83)

i=1
where we have denoted M), = (Ay + A4, (x)) € RV*V and

(M/\_i)l the i-th row of M) ,. This result is a consequence of

the representer theorem for RKHS (Theorem 4.2 in [61]), see
also [2], [32], [43].

Theorem 7: [61] Given a set {(z;,y;)}, i € Ha, yi € Hy,
1 =1,..., N, and the functional Jg; in (37), the minimizer of
J%, P, = arg mingr JX (P,) can be represented as

p, ZK 3 )és,

It is immediate to Verlfy that (84) coincides with (47)
with M) ,col;(é) = col;(y;). In other words, the optimal
polynomial estimation derived in Theorem 3 and Corollary 1
coincides with the solution arising from the theory of RKHS.

éeMt, (84)

V1. NUMERICAL EXAMPLE

In this example we show that a good estimate of the input-
output behavior of a nonlinear system can be obtained with
a moderate computational burden when the training set is
based on input functions that are similar to the ones to be
estimated. This similarity condition is reasonable, since in the
nonlinear case the only way to “learn” the behavior of the
system is from similar cases, a restriction that can be lifted for
linear operators. We also illustrate how to set the regularization
parameter A from prior information of the measurement noise.

We consider a Volterra-Lotka system with polynomial non-
linearities and measurement noise, described by

Z1 =—anz + aez122 (85)
2o =a2121 — 222122 + T (86)
y1 =21 + ny(w) (87)
Yo =22 + no(w), (83)

where x € H, = L([0,T];R) is a non-negative input, the
parameters are aj; = age = 0.5, a;a = ag; = 0.25, and
we assume y = (y1,y2) € H, = L([0,T];R?) are available
noisy measurements of the state (z1,z2). The measurement
noise n = (ni,n2) € H, chosen in the example is a colored
stochastic process generated as

iy (t) = —annp(t) + buw(t),

for h = 1,2, with a, = —2; b, = 0.1 and w; mutually
independent white-noise processes. Notice that above, in ac-
cordance with standard notation, the subscripts h = 1,2 denote
state, output and noise components, and not their realizations,
which will be denoted with subscript letter ¢ in what follows.
Clearly, if F'(z) is the true nonlinear operator of the Volterra-
Lotka system, E[||y—F'(x )HH ]= [HnHH ] The noise can be
represented as n = Fiy (w1, wg) where FN is the H-S operator
described by the equations (89). From the white-noise theory it
is known that E[[n|3, ] = |Fi|fs. (see for example Lemma
4, [53]). Therefore, the knowledge of the noise parameters
allows to apply the Optimal Rule of Section III-D to choose
the optimal value of A. The norm of F can be computed as

T rt
2
IExts = | [e
0 Jo

and, with T' = 250 and the parameters listed above we obtain
| Pl = 1.25.

(89)

an(t—7)
n

2
drdt, (90)
R
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Fig. 1. Noisy output y; on 10 samples of the training set compared to §j; generated by the estimate (59) of the Volterra series for A = 2 - 1074,

6 i
3+ i
0 | |
0 3 6 9
Fig. 2. Noise-less output y of the test function compared to (noisy)

¥ generated by the estimate (59) of the Volterra series for A = 2 -
10—4. The value of X has been chosen according to the Optimal Rule
of Section III-D.

We used a training set of N = 100 harmonic functions
having form z;(t) = 1+sin(6;t+¢;), where 6; € [0, 2], ¢; €
[0, 1] are random variables uniformly distributed, T = 250 is
the time horizon of the input trajectory, and ¢ = 1,..., N. The
estimate was computed by using the Volterra series estimate
(59) with the rational kernel (61)

(A 30 = L2l

w — [2i, 5],

with w = 4maxi7j{[xi, ,:Ej])y.[z and MO = g - Pw,ooi'-

A sample of 10 noisy output trajectories y; in the training set
is plotted in the phase state for ¢ € [0,7] in Fig. 1, together
with the corresponding estimates obtained by the estimator
(59)-(61) for A = 2-107* and w.

The same estimator is used on the input test function z(t) =
1+ sin(s%t +0.5). Fig. 2 shows the true and estimated output
for this test function. Notice that the true output is plotted
without measurement noise, whereas the estimated output is
not as smooth because of the noise in the training set.

The choice A = 2 - 10~* for these plots was made in
accordance to the Optimal Rule of Section III-D, based on

2.5 1 T2 T ‘
avg. [ly; — yiH[:uinigng -
2 L Hy7y2“ne<t —
E[|[n(w —_—
sl [lIn(w) %, ] |
L i
05 \’\ |
0
—0.5 i
-1 I ! : ‘ : ‘
-7 -6 -5 -4 =3 -2 -1 0

log, (N

Fig. 3. The average residual of the training set for the Volterra-Lotka
system, % Zil\il ly(t) — §(t)|2, increases with X\ as predicted by the
theory (log scale on the y—axis). In presence of noise, the error on the
test input has a minimum when the residual equals the expected value
of the norm of the noise, at A ~ 103, in accordance with the Optimal
Rule of Section IlI-D.

the knowledge of the measurement noise. Fig. 3 shows that
A = 2-107* is the value that makes the average norm of
the residuals %Zf\il |y (t) — 9:(t)|? equal to ]E[H”H%-[y] =
|Fnl|%s = 1.25 (the vertical axis in this plot is in logaritmic
scale). We notice that this value of A allows to obtain an error
norm in the test function very close to the minimum that is
obtained approximately for A € [10~#, 10~3]. We remark that
this choice of the regularization parameter is based on some
a priori knowledge of the measurement noise.

Next, we compare causal and non-causal estimates for
this system. The difference between the two cases is more
evident with larger levels of measurement noise, thus the
plots in Fig. 4 have been obtained with b,, = 0.4 that yields
|Fn|3s = 19.98. In this case we used the exponential kernel

(63). (Aw.), (x) = emmlPomle 1 with

k(t) = majyx{[xi,xj]q.[;} 91)

/L?
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"ave. o= 5 ot \ which is 1 if and only if K; = L;. In plain words, @, is an
s Rave ly: — @”17 (éa{;z;{; | orthonormal basis of HZ and the standard proof applies. []
' ly — lI2, —=—
ly — gl (causal) —e— B. Proof of Theorem 2
E _ . .. . . -
13 I (i ()5, ] //? Since the training set is normalized we can assume My = 0.
' h Let Ap € Lys. and € € R.
v+ eAr)
f - s €
0.8 | a de N M,
qa (&
=% Z [ Yi — Lz, — eApwi,y; — La; — 6Am]
0.3 | | | | | v
A X[ B0+ eAr, N+ ede ] ) 93)
log,o (A 8./ e=0
g10(N) N
— L, Apx + 2A[ My, A 94
Fig. 4. Average residuals and errors at varying A for causal and 121 =L z]H [ ! L] O4)

non causal estimates (log scale on the y—axis). Causal estimates
have larger residuals but smaller errors. Notice that in both cases the
minimum is reached when the residual equals the norm of the noise.

as a normalization factor to avoid numerical instabilities.
Fig. 4 shows that causal estimates have larger error on the
training set, which is not surprising because of the additional
causality constraint, but smaller errors on the test set. The
error reduction when using the causal estimate, although not
so evident from the logarithmic plot, is significant (around
15%). We notice that also with the exponential kernel for
both estimates the minimum error on the test set is obtained
when the error on the training set equals the norm of the
measurement noise, in accordance with the Optimal Rule of
Section III-D.

VIlI. CONCLUSIONS

In this work, we have presented a general estimator for
nonlinear unknown input-output operators. There are several
crucial aspects that warrant further investigation, including the
selection of the regularization parameter in the presence of
input noise, the determination of the Volterra series kernel
based on prior information, and the potential extension of
the estimator to a domain beyond the training set, such as
unbounded time intervals.

APPENDIX
A. Proof of Theorem 1

It is clear that the linear combination of polynomials (14) is
still a polynomial. It is also immediate to check that (19) is an
inner product and (20) is a norm. The non trivial point to prove
is that the operators M,,,, that by definition form a linear space
of H-S linear operators HZ® — 7, have a H-S norm which
does not depend on the choice of an orthonormal basis {¢y}
of H,. In other words, we need to prove that ||M;]%s does
not depend on {¢}. This can be done similarly to the linear
case (see for example [69], Lemma 3.4.2) thanks to property
(3) in Lemma 1. In fact, given two multi-indexes K; and L;
and denoting P, = ¢p, X ... X ¢, Pr, = ¢, X ... X ¢y,
(3) implies that

[(I)KwCI)Li]H = (ks b1 In ki b1,1m (92)

From (93) it follows that VA € Lyus, the functional Jy is
continuous with respect to L and convex, in fact

d® Jn(\, My + eAp)

N
= Y lALxil3, + M ALlRs >0,

de? 2 :
e=0 i=1
(95)
and from (94) we obtain that the condition:
N ~ ~
VAL € Lus.: Y[y — Myzi, Apwila, = A[My, Aplus.
i=1
(96)

yields the global minimum of Jy(\, L). Let {¢r} be an
orthonormal basis of H,. By using (11) in (96) we obtain
with simple derivations

o [N
Z Z[T/i, O, (Y — M) — AM1¢g, Apdy =0.
k=1 [i=1 Hy,

7
Since (97) holds VA € Lys., the condition becomes
. 1 Y R
Vi Mg =y ; i, S, (yi — Mixg)  (98)

In order to solve (98) we start by solving for Mlmi. From (8)
we obtain

N N
AMiz; = Z (25,213,957 — E[xiaxj]?-lelmjo 99
j=1 Jj=1
Let Qi3 = [$i7$j]7.[m, A = coli]ilrowévzl(aij) € RNXN,
M) := (M n + A). (99) can be rewritten as
/\coli(Mlxi) :ACOIi(yi) — ACOli(ML]?i),
col;(y; — Myz;) =AM (X) " col;(y;). (100)

Denoting 7} = row}Y
(98) we get

1, ¢x]n, , and , by replacing (100) in

Vk: Mgy = rf M(X) " eol;(ys), (101)

that provides the sought expression of the best linear estimator.
Finally, Assumption 2 together with (101) guarantees that
(M, 1) () exists Vi € D and Vk. O
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