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Abstract

We analyze the practices of reservoir computing in the framework of statistical learning
theory. In particular, we derive finite sample upper bounds for the generalization error
committed by specific families of reservoir computing systems when processing discrete-time
inputs under various hypotheses on their dependence structure. Non-asymptotic bounds
are explicitly written down in terms of the multivariate Rademacher complexities of the
reservoir systems and the weak dependence structure of the signals that are being handled.
This allows, in particular, to determine the minimal number of observations needed in order
to guarantee a prescribed estimation accuracy with high probability for a given reservoir
family. At the same time, the asymptotic behavior of the devised bounds guarantees the
consistency of the empirical risk minimization procedure for various hypothesis classes of
reservoir functionals.

Keywords: Reservoir computing, RC, echo state networks, ESN, state affine systems,
SAS, random reservoirs, Rademacher complexity, weak dependence, empirical risk mini-
mization, PAC bounds, risk bounds.

1. Introduction

Reservoir computing (RC) is a well established paradigm in the supervised learning of dy-
namic processes, which exploits the ability of specific families of semi-randomly generated
state-space systems to solve computational and signal treatment tasks, both in determinis-
tic and in stochastic setups. In recent years, both researchers and practitioners have been
paying increasing attention to reservoir systems and their applications in learning. The
main reasons behind this growing interest are threefold. Firstly, training strategies in reser-
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voir computing are easy to implement as they simply consist in estimating the weights of
memoryless static readouts, while the internal weights of the reservoir network are randomly
created; this feature is closely linked to ideas originating in biology and the neurosciences
in relation with the design of brain-inspired computing algorithms. Second, there is an im-
portant interplay between reservoir systems and the theory of dynamical systems, recurrent
neural networks, and nonlinear discrete-time state-space systems, which makes the collec-
tion of tools available for their analysis very rich and explains in part why RC appears in the
literature assimilated to other denominations, such as Liquid State Machines (see Maass
and Sontag, 2000; Maass et al., 2002; Natschlager et al., 2002; Maass et al., 2004, 2007) or
Echo State Networks (see Jaeger and Haas, 2004; Jaeger, 2010)). Finally, several families
of reservoir systems have shown excellent performance in various classification and forecast-
ing exercises including both standard machine learning benchmarks (see LukoSevi¢ius and
Jaeger, 2009, and references therein) and sophisticated applications that range from learn-
ing the attractors of chaotic nonlinear infinite dimensional dynamical systems (see Jaeger
and Haas, 2004; Pathak et al., 2017, 2018; Lu et al., 2018) to the detection of Steady-State
Visual Evoked Potentials (SSVEPs) in electroencephalographic signals as in Ibdnez-Soria
et al. (2019). It is also important to point out that RC implementations with dedicated
hardware have been proved to exhibit information processing speeds that significantly out-
perform standard Turing-type computers (see, for instance, Appeltant et al., 2011; Rodan
and Tino, 2011; Vandoorne et al., 2011; Larger et al., 2012; Paquot et al., 2012; Brunner
et al., 2013; Vandoorne et al., 2014; Vinckier et al., 2015; Laporte et al., 2018).

For a number of years, the reservoir computing community has worked hard on char-
acterizing the key properties that explain the performance of reservoirs in classification,
forecasting, and memory reconstruction tasks and also on formulating necessary conditions
for a given state-space system to serve as a properly functioning reservoir system. Salient
features of reservoir systems that have been shown to be important are the fading mem-
ory property (FMP), which appears in the context of systems theory (Volterra, 1959;
Wiener, 1958; Boyd and Chua, 1985), computational neurosciences (Maass et al., 2004),
physics (Coleman and Mizel, 1968), or mechanics (see Fabrizio et al., 2010, and references
therein), the echo state property (ESP) (Jaeger, 2010; Yildiz et al., 2012; Manjunath
and Jaeger, 2013), and the pairwise separation property (SP) (see, for instance, Legen-
stein and Maass, 2007; Lukosevicius and Jaeger, 2009; Maass, 2011, and references therein).
Much effort has been made to provide rigorous definitions for these concepts and to char-
acterize their relations under various hypotheses (see Jaeger, 2010; Grigoryeva and Ortega,
2019, and references therein). In particular, the crucial importance of these properties man-
ifests itself in a series of universal approximation results which have been obtained for RC
systems (see for example Maass et al., 2007; Grigoryeva and Ortega, 2018a,b; Gonon and
Ortega, 2020b,a). This feature is a dynamic analog to well-established universal approx-
imation properties for static machine learning paradigms, like neural networks (Cybenko,
1989; Funahashi, 1989; Hornik et al., 1989), for which the so-called approximation error
(see Cucker and Smale, 2002; Smale and Zhou, 2003; Cucker and Zhou, 2007) can be made
arbitrary small.

From the point of view of learning theory, the most important feature for any paradigm
is its ability to generalize. Here this means that the performance of a given RC architecture
on a training sample should be comparable to its behavior on previously unseen realizations
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of the same data generation process. In the RC literature, this problem has been tradi-
tionally tackled using the notion of memory capacity, that has been the subject of much
research (Jaeger, 2002; White et al., 2004; Ganguli et al., 2008; Hermans and Schrauwen,
2010; Dambre et al., 2012; Grigoryeva et al., 2015; Couillet et al., 2016; Grigoryeva et al.,
2016). Unfortunately, it has been recently shown that optimizing memory capacity does
not necessarily lead to higher prediction performance (see Marzen, 2017). Moreover, the
recently proved universal approximation properties of RC that we just brought up do not
guarantee that a given universal reservoir system will exhibit small generalization errors.
In other words, they guarantee the availability of RC architectures that exhibit arbitrarily
small training errors but give no control on their generalization power.

Following the standard learning theoretical approach to measure the generalization
power would lead to consider the difference between the training error (empirical risk)
and the testing error (statistical risk or generalization error) and aim at controlling it uni-
formly over a given class of reservoir systems by using a measure of the class complexity. A
number of complexity measures for function classes have been proposed over the years. We
can name the Vapnik-Chervonenkis (VC) dimension (Vapnik, 1998), Rademacher and Gaus-
sian complexities (Bartlett and Mendelson, 2003), uniform stability (Mukherjee et al., 2006;
Bousquet and Elisseeff, 2002; Poggio et al., 2004), and their modifications. In particular, a
vast literature is available also on complexities and probably approximately correct (PAC)
bounds for multilayer neural networks or recurrent neural networks (see, for instance, Haus-
sler, 1992; Koiran and Sontag, 1998; Sontag, 1998; Anthony and Bartlett, 1999; Bartlett
et al., 2017; Zhang et al., 2018, and references therein).

However, it is important to emphasize that using this traditional learning theoreti-
cal approach to formulate generalization error bounds in the case of reservoir systems is
challenging and requires non-trivial extensions of this circle of ideas. Indeed, since a key
motivation for our analysis are time series applications, the standard i.i.d. assumption on
inputs and outputs cannot be invoked anymore, which makes a number of conventional
tools unsuitable. Here the signals to be treated are stochastic processes with a particular
dependence structure, which introduces mathematical difficulties that only a few works have
analyzed in a learning theory context. In most of the available contributions on learning
in a non-i.i.d. setting, stationarity and specific mixing properties of the input are key as-
sumptions (see, for instance, McDonald et al., 2017; Kuznetsov and Mohri, 2017, 2018, and
references therein). The time series applications that we are interested motivate us, how-
ever, to part with the latter. A common argument in this direction (Kuznetsov and Mohri,
2018) is that many standard time-series processes happen to be non-mixing; for example,
one can easily construct AR(1) and ARFIMA processes which are not mixing (see Andrews,
1983; Baillie, 1996, respectively). On the other hand, it has been pointed out (see Adams
and Nobel, 2010) that the convergence of empirical quantities to population-based ones can
be arbitrarily slow for general stationary data and one cannot hope to obtain distribution-
free probability bounds as they exist for the i.i.d. case. Motivated by these observations,
in this article we restrict to a particular type of dependent processes, namely, we focus on
dependence structures created by causal Bernoulli shifts (see, for instance, Dedecker et al.,
2007; Alquier and Wintenberger, 2012) and hence the error bounds that we obtain are valid
for any input process with such a dependence structure. Apart from trivially incorporat-
ing the i.i.d. case, the Bernoulli shifts category includes the VARMA time-series class of
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models, financial econometric models such as various GARCH specifications (Engle, 1982;
Bollerslev, 1986; Engle, 2009), and the ARFIMA (Beran, 1994) processes that allow the
modeling of long memory behavior exhibited by many financial time series (for example
realized variances). As we show later on, even though the bounds that we obtain depend on
the weak dependence assumptions, they hold true without making precise the distributions
of the input and the outputs, which are generally unknown. We hence place ourselves in a
semi-agnostic setup.

Regarding complexity measures, bounds for them are also customarily formulated in
an i.i.d. setting. Recently, some authors addressed the question of constructing versions of
Rademacher complexities for dependent inputs. For example, if one defines the risk in terms
of conditional expectations, then the so-called sequential Rademacher complexities can be
used to derive bounds (see, for instance, Rakhlin et al. (2010, Proposition 15) and Rakhlin,
Sridharan, and Tewari (2014)). In this paper we pursue a more traditional approach in terms
of the definition of the expected risk and hence the associated Rademacher complexity.

The main contribution of this paper is the formulation of the first explicit generalization
bounds for reservoir systems such as recurrent neural networks with input data exhibiting a
sequential dependence structure for the classical notion of risk defined as an expected loss.
The uniform high-probability bounds which we state in this paper depend exclusively on the
weak dependence behavior of the input and target processes and a quantitative measure of
the capacity (Rademacher complexity) of the set of functionals generated by the considered
reservoir systems. The finite sample guarantees provided by our generalization bounds
explicitly answer practical questions concerning the bounds for the parameters within a
particular reservoir family, the rates of uniform convergence, and hence the length of the
training sample required to achieve a desired learning generalization quality within a given
RC class. Finally, when one wishes to apply empirical risk minimization (ERM) in order
to pick the reservoir functional within the hypothesis class, the asymptotic behavior of the
devised bounds guarantees the consistency of ERM for reservoir systems.

The paper is organized as follows:

e Section 2 describes the notation used in the paper. We introduce reservoir systems, the
associated filters and functionals, as well as a detailed description of various families
of popular reservoir systems in the literature.

e Section 3 sets up the statistical learning problem for reservoir computing systems. It
starts by introducing a general framework for the learning procedure, necessary risk
definitions, and criteria of risk-consistency for the particular case of empirical risk
minimization (ERM). The second subsection constitutes the main part of Section 3
and we present in it the setting in which reservoir systems are analyzed in the rest of
the paper. First, three alternative core assumptions regarding the weak dependence
structure of the input and target processes are analyzed and illustrated with examples.
Second, the hypothesis classes of reservoir maps and functionals are constructed under
a set of mild assumptions. Finally, the strategy for the derivation of risk bounds for
a given choice of loss function is discussed.

e Section 4 contains the main results of the paper. Proofs and auxiliary results are
postponed to the appendices. Section 4 is structured as follows. In the first subsec-
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tion the expected value of the worst-case difference between the generalization and
training errors over the class of reservoir functionals is shown to be bounded by its
Rademacher complexity and terms related to the weak dependence structure of the
input and target processes. The obtained rates differ depending on the various as-
sumptions invoked. The second subsection provides explicit expressions for upper
bounds of the Rademacher complexities associated to the families of reservoir systems
presented in Section 2. The third subsection concludes with the formulation of high-
probability finite-sample generalization bounds for reservoir systems. We emphasize
that previously such bounds were not available in the literature. The asymptotic
behavior of these bounds shows in passing the weak risk-consistency of the ERM
procedure for reservoir systems. The last subsection contains a result that provides
high-probability bounds for families of reservoir systems whose reservoir maps have
been generated randomly. This result is a theoretical justification of the well-known
good empirical properties of this standard modus operandi in reservoir computing.

2. Preliminaries

We start by specifying our notation and introducing reservoir computing systems for which
in the following sections we will set up a statistical learning strategy. In the last subsection
we provide a list of particular families of reservoir systems which are popular in the RC
literature and in applications.

2.1 Notation

We use the symbol N (respectively, NT) to denote the set of natural numbers with the
zero element included (respectively, excluded). Z denotes the set of all integers, and Z_
(respectively, Zy) stands for the set of the negative (respectively, positive) integers with
the zero element included. Let d,n,m € NT. Given an element x € R", we denote by
R[x] the real-valued multivariate polynomials on x with real coefficients. Given a vector
v € R", the symbol ||v||2 stands for its Euclidean norm. We denote by M, ,, the space of
real m X n matrices. When n = m, we use the symbol M, to refer to the space of square
matrices of order n. For any A € M, ,, ||A]|, denotes its matrix norm induced by the
Euclidean norms in R™ and R", which satisfies that [|A]|y = omaz(A) With opee(A) the
largest singular value of A. ||Al|, is sometimes referred to as the spectral norm of A (see
Horn and Johnson, 2013).

When working in a deterministic setup, the inputs and outputs will be modeled using
semi-infinite sequences z € (R%)%- and y € (R™)%-, respectively. We shall restrict very fre-
quently to input sequences that exhibit additional convergence properties that are imposed
with the help of weighting sequences. A weighting sequence w is a strictly decreasing se-
quence with zero limit w : N — (0, 1] such that wg = 1. We define the weighted 1-norm
or the (1, w)-norm [|-[|; ,, in the space of semi-infinite sequences (R9Z- as

2], = Z |z¢|lyw_s, for any z e (RY)Z-.
teZ_

We then set
@ = {z € @Y | ol < o0}
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This weighted sequence space can be characterized as a Bochner space (Hytonen et al.,
2016) by noticing that

(" ®D. 1) = (B @ PE) 1 R, s e

where P(Z_) stands for the power set of Z_ and p,, is the measure defined on (Z_, P(Z_))
generated by the assignments p({t}) := w_, for any ¢ € Z_. This equality guarantees that

the pair (EE’W(Rd), ||H1w> forms a separable Banach space.

Let now 7 € Z_ and define the time delay operator 7_, : (R)Z- — (R4)Z- by
T ()¢ := 241, for any t € Z_. We call T_.(z) € (R?)%- the 7-shifted version of the
semi-infinite sequence z € (R4)%?-. It can be proved (Grigoryeva and Ortega, 2019) that

T_. restricts to a continuous linear operator in (f&w(Rd), IR w) and that the operator

norm of the resulting maps T_, : £ (R?) —» (1" (RY) satisfies
ITilly = Lo and Tl < Ly", forall 7 € 2, 1)

provided that the condition L,, < oo holds, where 1 < L,, < co is the inverse decay ratio

of w defined as
Ly ::sup{ i }
teN ( Wt+1

We define for future reference the decay ratio D, of w as

w
Dy = sup{ i+l } <1
teN Wy

The other weighted norm of much use in the context of reservoir computing is the (oo, w)-
norm, defined by

2] 00, := s%p{Hthgw_t}, for any z € (Rd)Z—.
te

We then set £°7"(R?) := {z € (RY)Z- | |zl po.p < oo}. It can also be showed that the pair

(€2 (R, [l o 00)
time delay operators also restrict to £°" (R?) and the corresponding operator norms satisfy

(1)

is a Banach space (Grigoryeva and Ortega, 2018b). Additionally, the

2.2 Filters and reservoir computing systems

The objects at the core of this paper are input/output maps of the form U : (]Rd)z —
(R™)%. We will restrict to the case in which the maps U are causal and time-invariant (see
Grigoryeva and Ortega, 2019, for definitions and the proofs of the facts that we now state)
and hence it suffices to work with the restrictions U : (Rd) N (Rm)Z*. Moreover, causal

and time-invariant filters U uniquely determine functionals of the type Hy : (Rd) - gm

by
B I\ 2-
Hy(z):=U(z)y, forany z¢€ <R ) .

6
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In this setup, we shall say that U : (Rd)L — (R™)%~ is a filter and that Hy : (RY) -

R™ is its corresponding functional. Conversely, given a functional H : (Rd)z_ — R™,

there is a unique causal and time-invariant filter Up : (]Rd)Zf — (Rm)z‘ determined by
it as

Un(2); = H(T_4(2)), forany z e (Rd) tez 2)

Suppose that given a weighting sequence w, the filter U restricts to a map between
weighted (0o, w)-spaces, that is, U : 2" (RY) — (> (R™) and that, additionally, U is
continuous with respect to the norm topology in those spaces. In that case we say that U
has the fading memory property (FMP) with respect to w.

We shall provide an answer to the supervised learning of filters by estimating approxi-
mants built as reservoir filters. Reservoir filters are obtained out of a reservoir system,
that is, a state-space system made out of two recurrent equations of the form:

Xt = F(Xt_l,Zt),
{ yt = h(Xt)» (3)

for all t € Z_ and where F: Dy x Dg — Dy and h : Dy — R™ are maps, Dy C R?,
Dy C R¥. The sequences z € (Dy)?~ and y € (R™)% stand for the input and the output
(target) of the system, respectively, and x € (Dy)%- are the associated reservoir states.

A reservoir system determines a filter when the first equation in (3) satisfies the so-
called echo state property (ESP), that is, when for any z € (Dg)?~ there exists a
unique x € (Dy)%- such that (3) holds. In that case, we talk about the reservoir filter
UF : (Dg)?= — (R™)Z- associated to the reservoir system (3) that is defined by:

UF :=hoUY, where U™ (2):=x,

with z € (D)%~ and x € (Dy)%- linked by the first equation in (3) via the ESP. It is easy
to show that reservoir filters are automatically causal and time-invariant (Grigoryeva and
Ortega, 2018b, Proposition 2.1) and hence determine a reservoir functional H ,f :(Dg)t- —
R™,

As the following Proposition shows, a sufficient condition guaranteeing that the echo
state property holds is that Dy is a closed ball and that the map F' is continuous and a
contraction in the first argument.

Proposition 1 Let S > 0, Bg = {x € RV : ||x|2 < S} and suppose that F: Bs x Dg — Bg
is continuous. Assume that F' is a contraction in the first argument, that is, there exists
0 < r <1 such that for all x1,x2 € Bg, z € Dy it holds that

[1EF(x1,2) — F(x2,2)|l2 < 7llx1 — %22 (4)

Then the system (3) has the echo state property and hence its first equation determines a
unique causal and time-invariant filter UY . (D)%~ — (Bgs)*~ as well as a functional
HY: (Dg)%= — Bg that are continuous (where both (Dg)?~ and (Bs)?— are equipped with
the product topologies).
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Remark 2 If we have a continuous function F: RY x Dy — RY which satisfies (4) for all
x1,x2 € RY and ||F(0,2)|s < ¢ for all z € Dy and a certain ¢ > 0, then choosing any
S >c¢/(1 —r) it is easy to see that for all u € Bg

[1F(u,2)|[2 < [[F(u,2) = F(0,2)[2+ |[F(0,2)[[2 < rllufla + ¢ < 7S+ ¢ < S,

Thus, F(Bg x Dg) C Bg and so the restriction of F to Bg x D, satisfies the assumptions
of Proposition 1.

2.3 Families of reservoir systems

The following paragraphs introduce various families of reservoir systems that appear in
applications. We shall later on explicitly construct for these specific families the risk bounds
contained in the main results of the paper.

RESERVOIR SYSTEMS WITH LINEAR RESERVOIR MAPS (LRC)

In this case one associates to each input signal z € (Dg)%~ an output y € (R™)%- via the
two recurrent equations

x; = Axy 1+ Cz + ¢, (5)
Yt = h(Xt)a (6)

witht € Z_ and A € My,C € My g4,¢ € RY. Systems with linear reservoir maps of the
type (5) have been vastly studied in the literature in numerous contexts and under different
denominations. In the RC setting, systems of the type (5)-(6) with polynomial readout
maps h : Dy — R™ have been proved in Grigoryeva and Ortega (2018a) to be universal
approximators in the category of fading memory filters either when presented with uniformly
bounded inputs in the deterministic setup (see Corollary 3.4) or with almost surely uniformly
bounded stochastic inputs (see Corollary 4.8). These boundedness hypotheses have been
dropped in Gonon and Ortega (2020b) by considering density with respect to LP norms,
1 < p < 00, defined using the law of the input data generating process. Sufficient conditions
which ensure the echo state property and the fading memory property for these systems
have been established (see Section 3.1 in Grigoryeva and Ortega, 2019). More specifically,
consider the reservoir map F4C< : Dy x Dy — Dy of the system (5)-(6) given by

FACS(x,2) = Ax+ Cz + €.

It is easy to see that F4C€ is a contraction in the first entry whenever the matrix A satisfies
[l A[ly < 1. For these systems we consider only the case of uniformly bounded input signals:

Case with uniformly bounded inputs. Suppose now [|A[|, < 1. If the inputs are
uniformly bounded, that is, if Dy = By for some M > 0 and so z € Ky with Ky :=
{z € (R")%~|||z||2 < M for all t € Z_}, then the reservoir system (5)-(6) has the echo state
property and defines a unique causal and time-invariant reservoir filter UAC€ : K, —
(Dn)%- given by UACC(z), = >0 AV(Czi—j + (), t € Z_. Here Dy = By, with
Mp = (||Cl,M + [[€]l2)/(1 — || Alll;) (see Remark 2 and part (ii) in the first example in
Section 4.1 of Grigoryeva and Ortega, 2019). In particular, the corresponding functional
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HACC: Ky — Dy satisfies that ||HAC¢(z)||2 < Mp for all z € Kj;. Additionally, it can
be shown that the reservoir system (5)-(6) has the fading memory property with respect to
any weighting sequence.

In what follows we consider a particular subfamily of systems (5)-(6), namely reservoir
systems with linear reservoir and linear readout maps, in which case h : Dy — R"™ is given
by applying W € M,,, n.

EcHO STATE NETWORKS (ESN)

Echo State Networks (Matthews, 1992; Jaeger and Haas, 2004) are a family of reservoir
systems that exhibit excellent performance in many practical applications and have been
recently proved to have universal approximation properties. More specifically, Grigoryeva
and Ortega (2018b) proved ESNs to be universal in the category of fading memory filters
with semi-infinite uniformly bounded inputs in a deterministic setup, and Gonon and Ortega
(2020b) obtained universality results for ESNs in the stochastic situation with respect to
LP-type criteria for stochastic discrete-time semi-infinite inputs.

An echo state network of dimension N € NT with reservoir matrix A € My, input mask
C € My,q4, input shift ¢ € RV and readout matrix W € M, y is the system

x¢ = o(Axi—1 + Cz + ), (7)
Yt = WXt, (8)

which for each ¢ € Z_ transforms the input z; € Dy C R? into the reservoir state x; €
Dy C RY and, consequently, into the corresponding output y; € R™. The reservoir map
FoA4CC Dy x Dy — Dy of the system (7)-(8) is given by

FoA4CC(x,2) = o(Ax + Cz + ¢),

where o: RV — RY is defined by the componentwise application of a given activation
function o: R — R. Throughout, we assume that o is Lipschitz-continuous with Lipschitz-
constant L,. It is straightforward to verify that F>4C€ is a contraction in the first entry
whenever Ly||A||, < 1. The sufficient conditions which ensure the echo state and the fading
memory properties of (7)-(8) have been also carefully studied in the literature (see Buehner
and Young, 2006; Yildiz et al., 2012; Grigoryeva and Ortega, 2018b, for details) and depend
both on the type of the activation function o: R — R and on the type of the input presented
to the network. We consider the following two cases:

Case with arbitrary input signals and bounded activation function. In this situa-
tion, Dy is arbitrary and so generic input signals z € (Dg)?~ are considered, but we assume
that the range of the activation function o is bounded and contained in [0in, Omaz] With
Omin < Omaz € R. Then, by Proposition 1, the condition L||A[|, < 1 suffices to ensure that
the system (7)-(8) has the echo state property and hence defines a unique causal and time-
invariant filter U%4C€ : (Dy)%- — (Dy)% as well as a functional HO4C<: (D)%~ —
Dy that are additionally continuous with respect to the product topologies on the spaces
(Dg)%- and (Dy)%-. Here Dy = By, with Mp = VN max(|omin|, |0maz|) and in particu-
lar, we obviously have that ||H74C¢(z)|y < Mp.
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Case with uniformly bounded inputs. Suppose that L,|| A, < 1 and Dy = By for
some M > 0 and so the inputs are uniformly bounded, that is, z € Kj; with K, :=
{z € (RY)%|||z]|2 < M for all t € Z_}. In this case the reservoir system (7)-(8) has the
echo state property and defines a unique causal and time-invariant reservoir filter U%4¢€ -
Ky — (Dy)% as well as a functional H>4C¢<: K);y — Dy, where Dy = BiM}P with

M} = [Lo(JIC[lI,M + [I€]l2) + VN (0)]/(1 — Lo ||| Alll,) (see Proposition 1 and Remark 2 or
part (ii) in the first example in Section 4.1 of Grigoryeva and Ortega, 2019). Additionally,
the fading memory property holds with respect to any weighting sequence. Note that these
results hold true even though the range of the activation function is not assumed to be
bounded and ||[Ho4¢(z)|ls < Mp with Mp = M}, when the activation function o has an
unbounded range and with Mp = min(M}, v'N max (|0min|, |0maz|)), otherwise.

STATE-AFFINE SYSTEMS (SAS)

The so-called homogeneous state-affine systems have been first introduced in the systems
theory literature and were shown to exhibit universality properties in the discrete-time
setting for compact times (see Fliess and Normand-Cyrot, 1980; Sontag, 1979a,b). A non-
homogeneous version of these systems was introduced in Grigoryeva and Ortega (2018a),
where they were proved to be universal approximants in the category of fading memory
filters for the non-compact discrete-time deterministic setup. Trigonometric state-affine
systems were later on studied in a stochastic setup in Gonon and Ortega (2020b), where
their universality for stochastic discrete-time semi-infinite inputs with respect to LP-criteria
was established. State-affine systems serve as an excellent example of reservoir systems
with easy-to-train linear readouts and even though little is known about their empirical
performance in learning tasks, we find it important to provide explicit risk bounds for this
family. In the rest of the paper we reserve the name State-Affine Systems (SAS) for the
non-homogeneous version if not stated otherwise and leave the trigonometric family for
future work.

The following notation for multivariate polynomials will be used: for any multi-index
a € N and any z € R?Y, we write z* := 20" - 25", Furthermore, the space My (2],
N, M € Nt of polynomials in the variable z € R? with matrix coefficients in My, ar is the
set of elements p of the form

p(z) = Z z%Ay, z€RY

acV,

where V), C N¢ is a finite subset and the elements Ay, € M ~N,M are matrix coefficients. The
degree deg(p) of the polynomial p is defined as

deg(p) = max {||lx||; }, where ||af|; ;= a1+ -+ aq.
acV),
We also define the following norm on My y/[z]:
= A .
ol = ma | 4al, (9

The non-homogeneous state-affine system (SAS) of dimension N € N* associated to two
given polynomials p € My n[z] and ¢ € My 1[z] with matrix and vector coefficients, re-
spectively, is the reservoir system determined by the following state-space transformation

10
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of each input signal z € (D)%~ into the output signal y € (R™)%-,
Xt = p(z) X1 + q(24), (10)
Yt = WXt, (11)

for t € Z_, with W € M,,, ;v the readout map. The reservoir map F??: Dy x Dg — Dy
of the system (10)-(11) is given by

FPa(x,2) = p(z)x + q(2). (12)
Additionally, we define
My, = sup |[[p(z)|ly,
z€Dy
My == sup |[[lq(2)]l,-
zeDy

First, we notice that for regular SAS defined by nontrivial polynomials, the set Dy needs
to be bounded in order for M, and M, to be finite. It is easy to see that F' in (12) is a
contraction in the first entry with constant M, whenever M,, < 1, which is a condition that
we will assume holds true together with M, < co in the next paragraph.

Case with uniformly bounded input signals. Let D; = B); for some M > 0 so that
we consider inputs z € Ky with Ky := {z € (RY)%~|||z¢]|2 < M for all t € Z_}. In that
case the system (10)-(11) has the echo state property and determines (see Proposition 1 and
Remark 2 or part (ii) in the third example in Section 4.1 of Grigoryeva and Ortega, 2019)
a unique reservoir filter UP? : Ky —» (DN)Z— as well as a functional HP?: Kj; — Dy,
where Dy = By, with Mp = M,/(1—M,). In addition, the fading memory property holds
with respect to any weighting sequence. Moreover, in this case the filter can be explicitly
written as (UP%(z)); = Z;io(ni;%p(zt_k))q(zt_j), t € Z_, and ||[HP(z)|2 < Mp, for all
z € K.

3. The learning problem for reservoir computing systems

In this paper we work in the setting of supervised learning in a probabilistic framework
and our goal is to provide performance estimates for reservoir systems from the statistical
learning theory perspective. With that in mind, we start this section by stating the general
learning problem for systems with stochastic input and target signals. We then introduce
three alternative assumptions on the weak dependence of input and output processes which
will be assumed later on in the paper and provide examples of important time series models
that satisfy the conditions under consideration. We define the statistical risk and its empir-
ical analogs for reservoir functionals and motivate the need for generalization error bounds.
More specifically, on the one hand the in-class generalization error (risk) can be used to
bound the estimation error of a class. On the other hand, whenever the learner follows
the empirical risk minimization (ERM) strategy to select the reservoir computing system
within the RC hypothesis class based on minimization of the empirical (training) error, gen-
eralization error bounds can be used to prove the weak universal risk-consistency of ERM
for reservoir systems. If the inputs are i.i.d. (which is a particular case of our setup), this
definition is essentially equivalent to saying that the hypothesis class of reservoir functionals
is a (weak) uniform Glivenko-Cantelli class (see for example Mukherjee et al., 2006).

11
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3.1 General setup of the learning procedure

Input and target stochastic processes. We fix a probability space (€2,.4,P) on which
all random variables are defined. The triple consists of the sample space €2, which is the
set of possible outcomes, the o-algebra A (a set of subsets of 2 (events)), and a probability
measure P : A — [0,1]. The input and target signals are modeled by discrete-time
stochastic processes Z = (Z¢)icz. and Y = (Y4)iez_ taking values in Dy C R? and R™,
respectively. Moreover, we write Z(w) = (Z¢(w))iez_ and Y(w) = (Y¢(w))iez_ for each
outcome w € 2 to denote the realizations or sample paths of Z and Y, respectively. Since Z
can be seen as a random sequence in Dy C R?, we write interchangeably Z : Z_ x Q — Dy
and Z : Q — (Dd)Z—. The latter is necessarily measurable with respect to the Borel
o-algebra induced by the product topology in (Dg)%?~. The same applies to the analogous
assignments involving Y.

Hypothesis class H, loss functions, statistical, and empirical risk. Let F be
the class of all measurable functionals H: (Dg)?~ — R™, Dy C R? that is F :=
{H: (Dg)* — R™ | H is measurable}. Consider a smaller hypothesis class H of admis-
sible functionals % C F. For a fixed loss, that is, a measurable function! L: R™ x R™ — R
and for any functional H € F we define the statistical risk (sometimes just referred to as
risk) or generalization error associated with H as

where by definition the expectation is taken with respect to the joint law of (Z,Y). The
ultimate goal of the learning procedure consists in determining the Bayes functional
H3% € F that exhibits the minimal statistical risk (Bayes risk) in the class of all measurable
functionals, which we denote as

R = R(Hy) = inf R(H). (14)

Even though this task is generally infeasible, one may hope to solve it for the best-in-class
functional Hj, € H with the minimal associated in-class statistical risk (Bayes in-class
risk), which is assumed achievable, and which we denote as

R;, := R(H;,) = inf R(H).
w = R(Hy) = inf R(H)
The standard learning program is then based on the following error decomposition. For any
H € H we can write that
R(H) - Ry = (R(H) — R})) + (R} — R}).

where the first term is called the estimation error and the second one is the approxima-
tion error. In this paper we focus on upper bounds of the estimation component, while the
same problem for the approximation error will be treated in the forthcoming work, namely

1. It is customary in the literature to consider nonnegative loss functions. This automatically guarantees
that the expectation in (13) is well-defined, although it is not necessarily finite. In this paper, for the
sake of mathematical convenience, we allow for general real-valued loss functions but carefully address
technical questions where relevant.

12
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Gonon, Grigoryeva, and Ortega (2020). We emphasize that since the universal approxima-
tion properties of reservoir systems have been established in numerous situations (see the
introduction and Section 2.3) the approximation error can be made arbitrarily small by
choosing an appropriate hypothesis class H.

The distribution of (Z,Y) is generally unknown, and hence computing the risks (13) or
(14) is in practice infeasible. This implies, in particular, that the estimation error cannot
be explicitly evaluated. Therefore, the usual procedure is in this case to use an empirical
counterpart for (13) which can be computed using a training dataset.

Suppose that a training sample for both the input and the target discrete-time stochastic
processes is available up to some n € N steps into the past, namely (Z_;, Y—z‘)ie{o,...,n—l}-
For each time step i € {0,...,n — 1} we define the truncated training sample for the
input stochastic process Z as

Z_TH_1 = (...,0,0,Z_n+1,...,Z_i_l,Z_i). (15)

—1

In this time series context the training error or the empirical risk analog R, (H) of (13)
is given by

n—1 n—1
Ra(H)= - S L(HE),Y ) = - S LUn(Z" ) Y ), (16)
=0 1=0

where Up denotes the filter associated to the functional H as introduced in (2). In what
follows we will also make use of what we call its 1dealized empirical risk version defined
as

n—1 n—1
R (H) = - SO L(H(ZZ®), Y ) = = > L(Un(Z5™) 1 Y ), (1)
=0 =0

which makes use of a larger training sample containing all the past values of the input
process Z.

Remark 3 The results of this paper are also valid if one replaces the zero elements in the
truncated training sample (15) by an arbitrary sequence (deterministic, random, or depen-
dent on the training sample). More specifically, consider an arbitrary function Z: (Dg)?- —
(Dq)%- that we use to extend the input training sample, for each i € {0,...,n — 1}, as
Z7M = (L (T(Zg™ ) 21, (T(Zo ™ )0y Zmn s - D, L), (18)

—1

and use this sample to define the empirical risk as in (16). Later on in Proposition 5, we
show that the difference between the empirical risk (16) and its idealized counterpart (17)
can be made arbitrarily small under various assumptions that we shall consistently invoke.
The proof of that result remains valid for the more general definition of empirical risk using
(18). Moreover, that result is used to justify why, in the rest of the paper, it will be sufficient
to work almost exclusively with the idealized empirical risk (17).

Risk bounds and risk-consistency. As we have already discussed, the learner is inter-
ested in obtaining upper bounds of the estimation error (R(H) — R},). In many cases, these
bounds can be constructed by bounding the statistical risk (generalization error) or

Ay o= sup {R(H) — Ry(H)}.
HeH

13
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An upper bound of A,, (or its version with the absolute value of the difference) allows to
quantify the worst in-class error between the statistical risk and its empirical analog. We
emphasize that bounding this worst in-class error gives guarantees of performance for any
learning algorithm which builds upon the idea of using the empirical risk to pick a concrete
ﬁn out of the hypothesis class H based on available training data.

A standard example of such learning rules is the so-called empirical risk minimiza-
tion (ERM) principle for which generalization error bounds or bounds for A,, can be used
in a straightforward manner to bound the estimation error and, moreover, to establish some
important consistency properties.

More specifically, in the ERM procedure the learner chooses the desired functional ﬁn
out of the hypothesis class H of the admissible ones using (16) (the empirical version of
(13)), that is,

~

which is well defined provided that such a minimizer exists and is unique; otherwise one
may define H,, to be an e-minimizer of the empirical risk (see Alon et al., 1997, for details).
We say that the ERM is strongly consistent within the hypothesis class ‘H if the gener-
alization error R(H,) (or statistical risk) and the training error R, (H,) (or empirical risk)
as defined in (13) and in (16), respectively, for a sequence of functionals (ﬁn)neN picked by
ERM from H using random samples of increasing length, both converge almost surely to
the Bayes in-class risk R}, in (14), that is

lim R(H,) = R}, as. (20)
and L
ILm R,(H,) = R3, as. (21)

When no assumptions on the distribution of (Z,Y) are used to prove (20) and (21), then this
means that (20) and (21) hold for all distributions and one talks about universal strong
risk-consistency of the ERM principle over the class H. This is essentially the case in
our setting, since we are working in a semi-agnostic setup and only invoke assumptions on
the temporal dependence (but not on the marginal distributions of the input and target
stochastic processes (Z,Y)).

A standard approach to proving the strong risk-consistency of the ERM procedure for
the hypothesis class of functionals H consists in finding a sequence (7, ),en converging to
zero for which the inequality

A, = sup |]§n(H) — R(H)| < np,
HeH

holds P-a.s. To see that this implies (20) and (21) one notes the following inequalities:
R(H,) = Ry, = (R(Hy) = Ba(f) ) + (Ra(Hy) = Ba(H3)) + (Ra(H3) = By,
< 20 + (m H,) = Ba(Hi) ) < 20, (22)

where the last inequality follows from the fact that, by definition (19), H, is a minimizer
of the empirical risk R,,.

14
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In the context of reservoir systems, we shall be working with a weak version of con-
sistency which imposes all the convergence conditions to hold only in probability. In what
follows we devise bounds for A, that allow us to establish the risk-consistency of the ERM
procedure for reservoir systems. Additionally, we formulate high-probability bounds for A,,
which provide us with convergence rates for the ERM-based estimation of RC systems that,
to our knowledge, are not yet available in the literature. It is well known that in some cases
(for small classes with zero Bayes risk, see for example Bartlett et al., 2006) the argument
that we just discussed results in unreasonably slow rates. We defer the discussion of possible
refinements of the rates obtained in this paper to future projects.

3.2 Learning procedure for reservoir systems

The following paragraphs describe the implementation of the empirical risk minimization
procedure in the setting of reservoir computing. We spell out the assumptions needed to
derive the results in the next sections, construct the hypothesis classes, and set up the ERM
learning strategy for the different families of reservoir systems discussed in Section 2.3.

Input and target stochastic processes. For both the input Z and the target Y pro-
cesses we assume a causal Bernoulli shift structure (see for instance Dedecker et al., 2007;
Alquier and Wintenberger, 2012). More precisely, for I = y, z and q; € N* suppose that the
so-called causal functional G': (R¥)%- — D,, (with 0, = d and D,, = R™) is measurable
and that &€ = ((&/,£7))iez_ are independent and identically distributed R% x R%-valued
random variables. We assume then that the input Z and target processes Y are Bernoulli
shifts, that is, they are the (strictly) stationary processes determined by

Z,=G*(...,& 1,&), teZ_, 93
Y, =GY(....& |,¢&)), teZ_, (23)
with E[||Zo||2] < oo, E[||Yol|2] < oc.

Many processes derived from stationary innovation sequences have causal Bernoulli shift
structure including some that are of non-mixing type (see for instance the introduction in
Dedecker et al., 2007). In order to obtain risk bounds for reservoir functionals as learning
models, we need to additionally impose assumptions on the weak dependency of the pro-
cesses (23). More specifically, each of the three main results provided in the next section is
formulated under a different weak dependence assumption which we now spell out in detail.

We start with the strongest assumption of the three but which will allow us to obtain
the strongest conclusions in terms of risk bounds for reservoir systems.

Assumption 1 For I = v,z the functional G' is L;-Lipschitz continuous when restricted
I

to (42" (Rar), [l p1) for some strictly decreasing weighting sequence w! : N — (0, 1] with

finite mean, that is, ZjeN

ul = (ul)en € 5 (RY) and v! = (v] ez € (7 (RY) it holds that

jw; < 00. More specifically, there exists Ly > 0 such that for all

”GI(UI)—GI(UI)HQ SLIHUI—UIHLwI. (24)
Additionally, let the innovations in (23) satisfy E[||&l||2] < oo for I =y, 2.
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The following example shows that one can easily construct causal Bernoulli shifts using
reservoir functionals.

Example 1 (Causal Bernoulli shifts out of reservoir functionals) Let I € {y, z} and
consider a reservoir system of the type (3) (see also the examples in Section 2.3) determined
by the Lipschitz-continuous reservoir map F': Dy x Dy — Dy with Dy C R%, Dy C RY.
Assume, additionally, that F' is a r-contraction on the first entry and denote by L > 0
the Lipschitz constant of F' with respect to the second entry. Let w : N — (0,1] be a
strictly decreasing weighting sequence with finite mean, that is > jenJwj < 0o, and a finite
associated inverse decay ratio Ly, (see Section 2.1). Let now Vy C (Dg)% N 1 (R%) be a
time-invariant set and consider inputs z € V;. Suppose that the reservoir system (3) has
a solution (x°,2°) € (Dy)% x Vg, that is, x) = F(x¥ |,2)), for all t € Z_. Then, by
Theorem 4.1 and Remark 4.4 in Grigoryeva and Ortega (2019), if

rL, <1,

then the reservoir system associated to F' with inputs in V; has the echo state property
and hence determines a unique continuous, causal, and time-invariant reservoir filter U”" :

Vas 1Ml ) — (Dn)%-, [[[l1,,,) Which is Lipschitz-continuous with constant
L
Lyrpi= ——.
ur 1—rL,

It hence also has the fading memory property with respect to w. The Lipschitz continuity
of the filter U implies that the associated functional Hy,r is also Lipschitz-continuous with
the same Lipschitz constant ((see Proposition 3.7 in Grigoryeva and Ortega, 2019). Taking
G! := Hyr, it is easy to see that (24) indeed holds with L; = Lyr.

The next assumption is weaker and it is satisfied by many discrete-time stochastic
processes. The results that we obtain in the following sections invoking this type of weak
dependence will be also less strong than under Assumption 1.

Assumption 2 For I =y, z denote by (g)tez_ an independent copy of (&} )iez_ and define

0'(r) =E[G(... L1, €0) — G'( &L, &L €y €Dl TN (25)
Assume that for I =y, z there exist A\; € (0,1) and Cr > 0 such that it holds that
0'(r) < Cr\}, for all T € NT. (26)

Remark 4 Note that whenever the weighting sequence w! in Assumption 1 can be chosen
to be a geometric one, that is, wJI- = )\]I, j € N with A; € (0,1), then Assumption 2 is also
automatically satisfied. The argument proving this appears for instance in the proof of part
(i) of Corollary 8.

The following example illustrates that for many widely used time series models this as-
sumption does hold. In particular, we show that vector autoregressive VARMA processes
with time-varying coefficients under mild conditions and, in particular, GARCH processes
satisfy Assumption 2.
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Example 2 (VARMA process with time-varying coefficients) Suppose Z = (Z¢)icz_
is a vector autoregressive process of first order with time-varying coefficients, which we write

as
Zy=AZy 1 +my, tEZ_, (27)

where (1;)icz_ ~ 1ID with 1, € R? and E[||no|la] < oo, and where (A4;)iez_ ~ IID with
Ay € My and E[||Aol[,] < 1. Under these hypotheses (see for instance Brandt, 1986;
Bougerol and Picard, 1992, Theorem 1.1) there exists a unique stationary process satisfying
(23) and (27) and E[||Zol2] < co. Iterating (27) yields

Zo=mno+Am-1+--+A - AZ_;,
and so by definition, using the independence of (A4;):cz_ and stationarity, one gets
0°(7) < 2E[[[Ao - - - A—r 1 llL]E[I|Z 7 |l2] < 2E[[[| Aol E[[[Zo]l2]-

We now define C, := 2E[||Zo||2], A; := E[||Ao||,] and immediately obtain that (26) indeed
holds, that is, for all 7 € NT
0% (1) < C,AL,

as required.

We now consider a concrete example of an autoregressive process of the type (27) which is
extensively used to describe and eventually to forecast the volatility of financial time series,
namely the generalized autoregressive conditional heterostedastic (GARCH) family (Engle,
1982; Bollerslev, 1986; Francq and Zakoian, 2010).

Example 3 (GARCH process) Consider a GARCH(1,1) model given by the following
equations:

Tt = OtE¢, Et ~ IID(O, 1), teZ_ (28)
O't2 =w + CYT?_]_ + 50—?_1, te Z_ (29)

with parameters that satisfy «,8,w > 0, a + < 1, which guarantees the second order
stationarity of the process (7¢);ez_ and the positivity of the conditional variances (07)cz._
We now check if the GARCH(1,1) process in (28)-(29) falls in the framework (27) introduced
in the previous example. Let d = 2 and define

2 2 2 2
(i [ weg _ [oaep Bep
Zt = <O't2>’ mne = ( w ), At = < o /8 ), teZ._.

It is easy to verify that with this choice of matrix Ay, t € Z_, one has E[[| Ao||,] = E[ae? +
B] = a+ B < 1, by the stationarity condition. Additionally, E[|[no]|2] = wE[\/ej + 1] <
wE[e2 + 1] = 2w < co. Hence, the GARCH(1,1) model in (28)-(29) can be represented as
(27) and automatically satisfies Assumption 2.

Assumption 3 Assume that for I =y, z there exist ay € (0,00) and C; > 0 such that,
0l () < Cir=*1,  for all T € NT, (30)

with 0 as in (25).
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Example 4 (ARFIMA process) Let d € (—%, %) and suppose that Z = (Z)iez_ is an
autoregressive fractionally integrated moving average ARFIMA (0,d,0) process (see, for
instance, Hosking, 1981; Beran, 1994, for details). The process Z admits an infinite moving

average (MA (o0)) representation

o
Zy = Z¢k5t7k7 t€Z,
k=0

I'(k+d)
B ['(k+1)T'(d)
so that I'(d)k'~9¢;, — 1, as k — oo. Using this asymptotic behavior and the independence
of the innovations one obtains

with innovations (¢)iez_ ~ IID(0, 1) and where the coefficients are given by ¢ =

oo oo 1/2 - o 1/2
0°(r) < 2E [ > dne ] <2 (Z ¢i> < 2 sup {I'"9;} <Z k2“> :
k=1 k=1 leNt k=1
Comparing the sum to the integral f:o 22424y = 1%237'2871, it is easy to see that (30) is

satisfied with a, = % —d>0.

Hypothesis classes of reservoir maps F%¢ and reservoir functionals H%¢. The
next step in order to set up the learning program in the context of reservoir systems is to
construct the associated hypothesis classes. These classes need to be chosen beforehand
and consist of candidate functionals associated to causal time-invariant reservoir filters of
the type discussed in Sections 2.2 and 2.3.

For fixed N,d € NT, consider a class FR¢ of reservoir maps F: Dy x Dy — Dy,
0 € Dy ¢ RY, D; c R? that we assume is (a subset of and) separable in the space of
bounded continuous functions when equipped with the supremum norm and, additionally,
satisfies the following assumptions:

Assumption 4 There exist v € (0,1) and Lr > 0 such that for each F € FFC:
(i) for any z € Dy, F(-,2) is an r-contraction,
(ii) for any x € Dy, F(x,-) is Lr-Lipschitz.

Assumption 5 For any F € FRC the (first equation in the) system (3) has the echo state
property. If HY is the functional associated to it, we assume that HY is measurable with
respect to the Borel o-algebra associated to the product topology on its domain.

Notice that if the state space Dy is a closed ball, then Assumption 4 implies Assumption 5
by Proposition 1. This implication holds for any reservoir system with bounded reservoir
maps, an example of which are the elements of the echo state networks family with bounded
activation functions ¢ in Section 2.3.

Assumption 6 There exists Mr > 0 such that

|HY (2)||o < Mz, for all z € (Dg)%~ and for each F € FEC.
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This assumption automatically holds for many families of reservoir systems. We care-
fully addressed this question in Section 2.3, where we discussed various families and input
types for which the reservoir functionals are indeed bounded. For example, Assumption 6 is
satisfied by construction in the case of bounded inputs for all the families in Section 2.3. In
the presence of generic unbounded inputs, Assumption 6 obviously holds for echo state net-
works (ESN) with bounded activation function. In addition, the condition in Assumption 6
appears in many applications. For instance, in the recent paper by Verzelli et al. (2019) it is
shown that using a so-called self-normalizing activation function allows one to achieve high
performances in standard benchmark tasks. It is not difficult to see that self-normalizing
functions yield |H® (z)||2 < 1.

Our assumptions also guarantee that various suprema over the classes H¢ and FEC
that will appear in the sequel are measurable random variables. There are very general
conditions that guarantee such a fact holds (see Dudley, 2014, Corollary 5.25) but here we
simply assume that Hp for all F € FR¢ is bounded (see Assumption 6) and that F7C is
separable in the space of bounded continuous functions when equipped with the supremum
norm. This condition together with the continuity assumptions imposed below on the loss
function allows us to conclude the measurability of the suprema over HF¢ and FFC (see
Lemma 17 in Appendix 5.1 for the details).

Once we have spelled out Assumptions 4-6 that define the class FEC, we proceed to
construct the corresponding hypothesis class of reservoir functionals H%¢. Since in most
of the cases considered in the literature the readouts h in (3) are either polynomial (as in
the case of reservoir systems with linear reservoir maps and polynomial readouts) or linear
(as in the case of reservoir systems with linear reservoir maps and linear readouts, ESNs,
and SAS in Section 2.3), we shall treat the case of generic Lipschitz readouts and the linear
case separately:

(i) Reservoir functionals hypothesis class %" with Lipschitz readouts. We con-
sider a set FO of readout maps h: Dy — R™ that are Lipschitz-continuous with
Lipschitz constant Ly > 0. We assume that for all the members of the class it holds
that Ly, < Ly, and ||h(0)||2 < Ly, for some fixed Ly, Ly > 0, and that the class con-
tains the zero function and is separable in the space of bounded continuous functions
when equipped with the supremum norm. In this situation, we define the hypothesis
class HEC of reservoir functionals as

HEC = {H: (Dg)’~ - R™ |H(z) = h(H" (z)),h € FO, F ¢ FEC}.  (31)

(ii) Reservoir functionals hypothesis class H/'“ with linear readouts. Most of the
examples of reservoir systems which we discussed in Section 2.3 are constructed using
linear readout maps, which are known to be easier to train and popular in many
practical applications. We hence treat this case separately. Let now the readouts
h be given by maps of the type h(x) = Wx + a, x € Dy, with W € M,, y and
a € R™. We assume that for all the members of the class it holds that [[W||, < Ly
and ||h(0)|l2 = |lall2 < Ly, for some fixed Ly, Lpo > 0. In this case, such a class of
readouts is automatically separable in the space of bounded continuous functions when
equipped with the supremum norm. In this situation we hence define the hypothesis
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class HEC of reservoir functionals as

HEC .= (H: (Dg)? - R™ |H(z) = WHY(z) + a, W € M, v, a € R™,
IWlly < L, llallz < Lno, F € F. (32)

Loss function. The choice of loss function is often key to the success in quantifying risk
bounds for learning models. In this paper we work with distance-based loss functions of the
form

L(x,y) = Y filwi — i), (33)
=1

for x,y € R™, where for each ¢ € {1,..., m}, the so-called representing functions f;: R —
R are all Lipschitz-continuous with the same Lipschitz constant Ly, /«/m and satisfy f;(0) =
0. The assumption of Lipschitz-continuity on the loss L in the case in which its codomain
is restricted to Rt guarantees that it is also a Nemitski loss of order p = 1 (see Christmann
and Steinwart, 2008, for detailed discussion of Nemitski losses and their associated risks).
Notice that our assumptions imply in particular that

E[|L(0,Yo)]] < o0 (34)
and
IL(x,y) = LX¥)| < Le(lx = x[2 + [y = ¥ll2), %Xy, ¥y €R™ (35)

Additionally, we notice that since we restrict to reservoir systems satisfying the echo
state property and the hypothesis class H7C contains their associated reservoir functionals,
for H = h o HY the idealized empirical risk (17) can be written as

n—1 n—1 n—1
Ree(H) = = 3" L (Z75)),Y ) = - S0 HUF (Z5™) Y 0) = + 3 L(H(X ), Y 0,
=0 =0 =0

where X is the solution of the reservoir system
Xy =F(X4-1,4y), teZ_.

Risk consistency and risk bounds of reservoir systems. As discussed in Section 3.1
we are interested in generalization error bounds or, in particular, in deriving uniform bounds
for A, = supyeyrc{R(H)—R,(H)}. In order to proceed, we first decompose A,, and write

A, = sup {R(H)—R,(H)}< sup {R(H)— R,(H)— RX(H)+ RX(H)}

HeMRC HeHRC
< sup {ﬁfﬁ(H) - ﬁn(H)} + sup {R(H) - ﬁb?zo(H)}
HeMRC HeHERC

< sup |Ru(H) = RX(H)| + sup |R(H) — Ri(H)|.
HcHEC HcHEC
(36)

This means that one can find upper bounds for both A, and A,, = supcyrc ]ﬁn(H) —
R(H)| by controlling the two summands in the right hand side of the last inequality.
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Coming back to the example of the ERM procedure that we discussed in Section 3.1,
the previous expression can also be used to deduce the weak (essentially universal) risk-
consistency of the ERM for the class #¢. More specifically, in line with classical results
due to Vapnik (1991), from the inequalities (22) it follows that in order to establish the
weak (essentially universal) risk-consistency of ERM for reservoir functionals one simply
needs to show that for any €,d > 0 there exists ng € NT such that for all n > ng it holds
that

P (A, >¢) :IP’< sup ‘R(H)—ﬁn(H)‘ >€> <é.
HeHEC

Whenever the inputs are i.i.d. (which is a particular case of our setup), this definition is
essentially equivalent to saying that H?C is a (weak) uniform Glivenko-Cantelli class (see for
example Mukherjee et al., 2006). From expression (36) it also follows then that in order to
establish the (weak) risk-consistency, it suffices to show the two-sided uniform convergence
over the class H1C of reservoir functionals, first, of the truncated versions of empirical risk
to their idealized counterparts and, second, of these idealized versions of the empirical risk
to the generalization error (or statistical risk). More explicitly, we shall separately show
that for any €;,6; > 0 and €3, 2 > 0 there exist ny € NT and ny € NT such that for all
n > nq and n > ng, respectively, it holds that

P{ sup ‘}A%n(H) - ﬁj’f(H)‘ >e | <01 (37)
HeHERC

and

P ( sup |R(H) — ﬁfﬁ(H)‘ > 62> < 6. (38)
HEHRC

One needs to start by showing that the suprema of both these differences over the class H?¢

are indeed random variables. This fact has been proved in Lemma 17 in the Appendix 5.1.

Next, we need to show that the difference between the idealized and the truncated empirical

risks can be made as small as one wants by choosing an appropriate length n € N of the

training sample. This fact is contained in the following result.

Proposition 5 Consider the hypothesis class HEC of reservoir functionals defined in (31).
Define o
. 27'LLLhM]:

0: 1—r

(39)
Then, for any n € N*

< Co(1—7r™)

sup |Rn(H) — R®(H)| <

HeHRC " n

holds P-a.s.

This proposition implies that (37) indeed holds. In order to complete the uniform
convergence argument, we also need to show that (38) holds. Even though in order to prove
the (essentially universal) risk-consistency of the ERM procedure for reservoir systems it

21



GONON, GRIGORYEVA, AND ORTEGA

is sufficient to show that the upper bounds of A, (and A,) can be made as small as one
wants with n — oo, for hyper-parameter selection in practical applications the availability
of non-asymptotic bounds is also of much importance. We see in the following section that
depending on the particular weak dependence assumption imposed (Assumptions 1-3) we
will be able to use more or less strong concentration inequalities that yield finite-sample
size bounds with different rates of convergence.

4. Main Results

In this section we provide high-probability risk bounds for reservoir computing systems. The
main ingredients of the probability bounds are the expected values of Iy, := supycqyre{R(H)—
R®(H)} and of T, := suppeyrc |[R(H) — R°(H)|, which are the maximum difference of
the idealized training and the generalization errors over the class HF¢ and the maximum of
the absolute value of this difference, respectively. Since the random variables in the training
sample of the input and the output discrete-time processes are not independent and identi-
cally distributed, bounding the expected values of I';, and T, is a challenging task. In the
first subsection we show that this problem may be circumvented using the following idea:
one may compute the empirical risk by partitioning the training sample into blocks of appro-
priate length and then exploiting the weak dependence of the input and output stochastic
processes spelled out in Assumptions 1-3. We first make use of this “block-partitioning”
idea in order to derive the bounds for the expected values of the random variables I',, and
T, in the setting of each of those three assumptions. These bounds are expressed in terms
of the so-called Rademacher complexities of the reservoir hypothesis classes and the weak
dependence coeflicients of the input and the target stochastic processes. We provide details
concerning the complexity bounds for particular families in the second subsection. In the
third subsection we then use the fact that the random fluctuations of I',, and T',, around
their expected values can be controlled using concentration inequalities, which, as we show
further, can be done either with the help of the Markov inequality under the weaker As-
sumptions 2-3, or using stronger exponential concentration inequalities (Propositions 19,
20) under the stronger Assumption 1. This approach yields explicit expressions for non-
asymptotic high-probability bounds for A,, and hence for A,, which we spell out in the
third subsection. Finally, showing that these upper bounds can be made as small as one
wants as n — oo proves the desired (weak and essentially universal) risk-consistency of the
ERM-selected reservoir systems used as learning models. All the proofs of the main results
given in this section are provided in the appendices.

4.1 Bounding the expected value

The main ingredient that needs to be introduced in order to bound the expected value of
both I';, and T',, is a complexity measure for the hypothesis classes of reservoir functionals
HEC. Many complexity measures have been discussed in the literature in recent years (see
for example Vapnik and Chervonenkis, 1968; Ledoux and Talagrand, 1991; Bartlett and
Mendelson, 2003; Ben-David and Shalev-Shwartz, 2014; Rakhlin et al., 2010). In this paper
we use the so-called (multivariate) Rademacher-type complerity associated to a given
HEC, which we denote as Ry (HRC). More explicitly, let & € NT and consider e, ..., er_1
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independent and identically distributed Rademacher random variables and let Z(j), ] =
0,...,k—1, denote independent copies of Z (ghost processes), which are also independent
of €g,...,ex_1. The Rademacher-type complexity Ry (HRC) over k ghost processes is defined

as
1 k—1 N
Re(MR9) = —E | sup | e;H(ZY)) |- (40)
HeHEC =0
2

Note that Rk(’HRC) is not an empirical Rademacher complexity and that the expectation
is taken with respect to all randomness. In this paper we do not use the standard approach
consisting in bounding the theoretical Rademacher complexity using its empirical analogue
(conditional on (Z(]))je{o,...,k—l})a since in the context of reservoir systems the ghost pro-

cesses ZU) have no empirical interpretation due to the fact that it is usually only a single
trajectory and not i.i.d. samples of input data which are available to the learner.

The following results provide upper bounds for the expected and the expected absolute
value of the largest deviation of the statistical risk from its idealized empirical analogue
within the hypothesis class of reservoir functionals H“. The two upper bounds (41) and
(42) in the next proposition share the same first three terms, up to a factor 2 due to the
absolute value. The first term is related to the weak dependence coefficients of the input
and target signals, 6% and 0Y, respectively. The second term involves the Rademacher-type
complexity (40) of the hypothesis class of reservoir functionals H?¢. Finally, the third
term is always of order +, where 7 is the block length, which needs to be carefully chosen
depending on the rates of decay of 6% and 6Y, as we show later in Corollary 8. The upper
bound for the expected absolute value (42) contains an additional term of order %
Proposition 6 Let HEC be the hypothesis class of reservoir functionals associated to the
reservoir maps in the class FRC as given in (31) or (32). Let both the input process Z and
the target process Y have a causal Bernoulli shift structure as in (23) and take values in
(Dg)%- and (R™)%-, respectively. Then, there exist B > 0, M > 0, and {a,}-en+ with
ar € (0,00), such that for any 7,n € NT with T < n it holds that

5 k Bk 2M(n — k

E[l,] = E [ sup {R(H) - R;:O(H)}] < M7y BET Ry ey ¢ 2 RT) gy
HeHRC n n n
where k = |n/7]| and
il 5 2B oM (n —
E[l, =E [ sup )R(H) - RZO(H)‘] < ﬁaT + kTRk(;L[RC) + 2M(n — k7)
HeHRC n n
4T\/E 1/2

+ LR (I3 (42)

n

In these expressions, the Rademacher complexity Rk(HRC) of the hypothesis class HEC of
reservoir functionals is defined as in (40), the constants and the sequence {a;},en+ can be
explicitly expressed as

B =2ymLy, (43)
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M = Ly L,Mr +E[|L(0,Yo)|] + LynoLr, (44)
T7—1

ar = Lp(2r"MyLy + 6Y(7) + LrLy Y _r'0°(r = 1)), (45)
=0

where for I = v,z the weak dependence coefficients 01 for 7 € Nt are defined as in (25),
namely,

0'(r) =E[|G'(....& 1, &) =G (.., &1 & & €D (46)

with (gf)t627 an independent copy of (&} )iez._ .

We now explore the conditions required for the upper bounds in (41) and (42) to be finite
and exhibit a certain decay as a function of 7 and n. Notice that (up to a factor 2) the
right-hand sides of the two inequalities are equal up to the last summand in (42) and hence
one needs to impose that E [[[Yo||3] < co. Additionally, in order to better understand the
behavior of both bounds as a function of 7 and n one needs to study two more ingredients,
namely the sequence {a,},cn+ and the Rademacher complexity Ry (HT). The behavior of
the sequence {a;},en+ is exclusively determined by the properties of the input and target
processes, while the Rademacher complexity of HC is fully characterized by the type of
reservoir and readout maps of the given family of reservoir systems. In the following remark
we argue that under either the stronger Assumption 1 or the weaker Assumptions 2-3 the
sequence {a,},en+ converges to zero.

Remark 7 A condition guaranteeing that the sequence {a,},cn+ in (45) converges to zero
is, for instance, that

ZGI(T) <oo, I=uy,z. (47)
T=1
To verify this, observe that this condition also implies that
co T7—1 e} 00 00
1
lpz _ l z _ z
ZZT@(T—Z)—ZT ZH(T_Z)_l_TZH(T)<OO’
7=11=0 =0 T=Il+1 =1

where we used that r € (0,1). This proves that ) 7, a, < oo, which necessarily implies
that lim; o ar = 0 as required.
It is easy to verify that under Assumption 1 one has that

. - 0 oo J
0% (r) <> 2L E]|gh2] > wh = 2LE[|1€]]2] YD w!
=1 =1 J=T j=tr=l

o0
= 2LE[||&5 2] D jw] < oo,
j=1

which immediately implies that condition (47) is satisfied. Additionally, notice that under
Assumption 2, condition (47) is also automatically satisfied. However, under Assump-
tion 3 condition (47) may not be satisfied, but a straightforward argument (see the proof
of part (iii) of Corollary 8) shows that lim; o ar = 0.
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We just argued that under any of the three assumptions 1-3, the convergence to zero
of the sequence {a;},cn+ is guaranteed, which implies that if we establish the finiteness
and a certain decay of the Rademacher complexity term we shall have proved that the
upper bounds given in (41) and (42) are finite and tend to 0 as n — oo. The rate of
convergence of these bounds is however affected by the particular dependence assumption
adopted. We address this important issue in the following corollary where we assume that
the Rademacher complexity is finite and exhibits a certain decay and we prove decay rates
for the bounds in (41) and (42) that are valid under the different assumptions 1-3. The
boundedness of the Rademacher complexities is studied in detail later on in Section 4.2 for
the different hypothesis classes of reservoir systems that we introduced in Section 2.3

Corollary 8 Assume that there exists Cre > 0 such that for all k € N* the Rademacher-
type complexity Ry(HEC) of the class HEC of reservoir functionals satisfies

Crec

Vi

Consider the following three cases that correspond to Assumptions 1, 2, and 3, respectively:

Ri(HEC) < (48)

(1) Suppose that Assumption 1 holds and that, additionally, for I =y, z the weighting se-
Wiy
!
1. Let Apag := max(r, Dyy, Dy=). Then, there exist C1, Ca, C3, C3qps > 0 such that

for all n € Nt satisfying log(n) < nlog(\L ) it holds that

max

quences w! : N — (0, 1] are such that the associated decay ratios D1 := Sup;cy

~ C Csl Cs4/1
E [ sup {R(H) - RZO(H)} < =14 =2 og(n) + 3y/log(n) (49)
HeHRC n n \/ﬁ
and
~ C Csl C3.aps1/1
E| sup |R(H)- R;:O(H)] < G Golos(n) | Chapeylog(n)
HeHRC n n vn
The constants can be explicitly chosen as
2MrLyLy + LC, 2M LiLrL;C,
o, = MrLiLLy LGy ) = SR LRh_1 ’ (51)
Amag log()\max) Amaz 10g()\max)
o L. C ALLE [|[Yo2]"?
oy = 2VLiCro RO Cyaps = 205 + —~ Yol ; (52)
log(Amuz ) log(Armaz)
2LE[||€]
where M is as in (44) and Cp = II[!)W forI =y, z.
— Dyr

(ii) Suppose that Assumption 2 holds and let Apar = max(r, Ay, A;) with Ay, X, as in
(26). Then there exist Cy, C2, Cs, C34ps > 0 such that for all n € Nt satisfying
log(n) < nlog(\,L.) the bounds in (49) and (50) hold. The constants can be explicitly
chosen as in (51)-(52) with Ct as in (26).
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(iii) Suppose that Assumption 3 holds and denote o := min(oy, ;). Then there exist
C1,C2,C gps > 0 such that for alln € N7 it holds that

5] -1 2
]E Sup {R(H) - RZO(H)} S Cln 24a—1 + 0277; 24+a—1
HeHEC
and
f2) -1 __2
E| sup R(H) B RZO(H)‘ < Cl,absn 2+t 4 Cyn 2+a™l,
HeHEC

The constants can be explicitly chosen as

Cy = LL(QM]:LihT'_%‘ + LthCzCa + Cy) + BCrc, C9=2M, (53)
Chabs = C1 +ALLE [[Y0|2]"* + BChre, (54)

with M, B as in (43)-(44) and

log(T)a, 7
= — = _ 95
T Pelg}i { log(r=1) 4/’ (55)

C, = max(2°%,777) (1 — /1)1, (56)

and Cr, ag, for I =y, z as in (30).

4.2 Rademacher complexity of reservoir systems

In this section we show that for the most important hypothesis classes of reservoir systems,
the Rademacher complexity tends to 0 as k — oo at the rates required in (48) of Corollary 8.
More specifically, in the next propositions we will provide upper bounds for the Rademacher
complexities of the most popular reservoir families that we spelled out in Section 2.3. For
these propositions we assume that the corresponding parameter set © is separable in the
respective (Euclidean) space. This is required in order to ensure that the supremum of
random variables appearing in the definition of the Rademacher complexity (40) is again a
random variable. For instance, if © is an open set, then it is separable.

RESERVOIR SYSTEMS WITH LINEAR RESERVOIR MAP (LRC) AND LINEAR READOUT

We now provide a bound for the Rademacher complexity of classes of reservoir functionals
associated to linear reservoir maps and readouts. We recall that in this case we always
work with uniformly bounded inputs Z (see Section 2.3) by some constant M > 0, that is,
D, = Bj; and so the random variable Z takes values in the set

K = {2 € R) ||zl < M for all t € Z._} . (57)

Proposition 9 Let N,d € NT and let © C My x My 4 % RYN. Define the classes of linear
TESETVOIT MaApPs as
FRC = {FA9¢](4,C,¢) € ©}
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and let HEC be a class of reservoir functionals of the type defined in (32), associated to
reservoir systems with linear reservoir maps and readouts. Additionally, define

Mz = sup |4l (58)
(A,C¢)eO

Moaz = sup_[[C]lly, (59)
(A,C)€d

Moaz = sup ]2 (60)
(A,CL)e0

If for the class FTC it holds that

0< A <1, )¢

max max

< 00, Y

max

< 00, (61)

then Assumptions 4-6 are satisfied and the Rademacher complexity of the associated class
of reservoir functionals satisfies

CLrC
Ry (HTC) < : 62
(1) < S (©2
for any k € NT, where
L 1/2
Crro = 75— ( Aou® [1Zo0ll3] "+ Aua ) + Lo, (63)
1- )‘max
and with Z the input process.
1/2

Remark 10 Due to the uniform boundedness of the inputs, the constant E [HZ()H%] in

(63) is bounded by the value M that defines the set Kj; in which the inputs take values.

1/2
Nevertheless, E {HZOHQ can obviously be much smaller than M.

EcHO STATE NETWORKS (ESN)

The following proposition provides an estimate for the Rademacher complexity of hypothesis
classes constructed using echo state networks. We recall that in this case we either work
with arbitrary inputs and a bounded activation function ¢ or with a possibly unbounded
activation function o and uniformly bounded inputs Z (see Section 2.3) by some constant
M > 0, that is, Dy = Byy.

Proposition 11 Let N,d € NT, let © C My x My 4 X RY be a subset, and let FEC be a
family of echo state reservoir systems defined as

FHRE = P72 O8] (4,0,¢) € 0}

and let HEC be a class of reservoir functionals of the type defined in (32), associated to
reservoir systems with linear reservoir maps and readouts. Suppose that the class FEC is
such that for any FOAC¢ € FRC one necessarily has that —F"’A’C’C(—‘, ) € FRC2 Define

N

Afmax ::LUZ sup ”Al,'HOO»
(a0

2. This is satisfied for example if o is odd and (A4,C,{) € © & (A, -C,—¢) € ©.
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A =L, Z sup ||Cy.

1= (AC0)ed
LY s (Gl
=1 (A4,0,)€0
If for class FRC it holds that
0 < Mhar <L Ay <00, Afyg, <00,

then Assumptions 4-6 are satisfied and the Rademacher complexity of the associated class
of reservoir functionals satisfies

Cesn
Ri(HEY) < , for any k € NT, 64
k(HT) < NG for any (64)
where
Ly, ¢
CESN 1_ )\;émm ( max [HZ || :| + Amaz) + Lh,O? (65)

and with Z the input process.

Remark 12 Notice that by (62)-(63) and by (64)-(65) the Rademacher complexities of
the hypothesis classes formed by reservoir systems with linear reservoir maps and linear
readouts or by echo state networks are finite whenever the second moment of the input
process is finite, which is not directly implied by any of the assumptions 1-3 and hence
needs to be separately assumed.

STATE AFFINE SYSTEMS (SAS)

In the following proposition we provide an estimate for the Rademacher complexity of
hypothesis classes constructed using state affine systems. In this case we also work with
uniformly bounded inputs (see Section 2.3) in a set of the type K, as in (57) with M = 1.

Proposition 13 Let © C My ny(z| x My 1]z], and define the class of SAS reservoir maps
as

fRC

(p,q) € ©}.

Assume that there is a finite set Inqr C N? such that for any P(z) = ZaeNd Aqz® with
P=porP=gq, (pq) €0 one has Aq =0 for a & Ijnae and define |Inae| := card(Imaz),

)\SAS

= i lplll,
P,q)€
(66)
545 i= sup g,
(p.9)€®
where the norm ||-|| was introduced in (9). Let HEC be the hypothesis class of reservoir

systems with linear readouts associated to FRC as in (32). Then, if for the class FFC it
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holds that X545 < 1/|Inaz| and ¢349 < oo, then Assumptions 4-6 are satisfied and for any
k € NT it holds that o
Rk(HRC) < SAS

Vi

SAS‘ maw|

1—|I |)\SAS+Lh0 (67)

with

Csas =Ly,

4.3 High-probability risk bounds for reservoir systems

We now use the previous results and the three assumptions 1-3 in conjunction with different
concentration inequalities to produce three families of high-probability bounds for A, =
supgey |Rn(H) — R(H)| of different strength for reservoir systems, which prove in passing
the (weak) universal risk-consistency of ERM for reservoir functionals. High-probability
finite-sample generalization RC bounds of this type were not available in the literature
previously.

Theorem 14 Let HTC be a hypothesis class of reservoir functionals of the type specified in
(32) associated to a class FEC of reservoir maps that satisfies Assumptions 4-6 and assume
that the Rademacher complexity of HTC satisfies (48). Suppose that both the input Z and
the target Y processes have a causal Bernoulli shift structure as in (23) and that they take
values in (R)%- and (R™)%-, d,m € NT, respectively.

(i) Suppose that Assumption 1 is satisﬁed and that, additionally, for I = y, z the strictly

decreasing weighting sequences w! : N — (0,1] are such that the associated decay

ratios D

maz := Max(r, Dyy, Dyz).

(a) Assume that the innovations are bounded, that is, there exists M > 0 such that
&l < M for all t € Z_. Then there exist constants Cy, Cy,Cs,C3,Cpq > 0
such that for all n € Nt satisfying log(n) < nlog(\,,L.) and for all 6 € (0,1),
the following bound holds

= (1 — ’I”n)C() + 1 Cglog \/W Chd \/ log %)
sup |Rn(H) — R(H)| < + >1-4,
HeHRC n n Vn V2n

(68)

where the constant Cy is explicitly given in (39), C1,Cy are given in (51), Cs in
(52), and Cpq in (93).

(b) Assume that for ®(z) = 2P, p > 1 or ®(x) = exp(x) — 1 the innovations possess
®2-moments, that is, for any u > 0, E[®(ul|&]||2)?] < co. Then there exist con-
stants Co, C1, Cy, C3 > 0 such that for alln € NT satisfying log(n) < nlog(\,L,)
and for all 6 € (0,1) it holds that

HeHRC n n

sup |R(t1) — R(ap)] < LTIECL Cloeln)  CV R 6)) >1-4
(69)
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where Bg(n,d) is given in (112). The constants are explicitly given: Cy in (39),
C1,Cy are given in (51), and Cs in (52).

(ii) Suppose that Assumption 2 is satisfied and let Apar = max(r, Ay, X.) with Ay, X, as
in (26). Then there exist constants Cy, C1, C2, Csaps > 0 such that for all n € N
satisfying log(n) < nlog(\,,L.) and for all § € (0,1) it holds that

P( sup [Ra() - R < L2% 2 (G Colosln) | CoavZos) ) )
HeHRC n ) n n \/ﬁ

(70)
The constants are explicitly given: Cy in (39), C1,Ca are given in (51), and C3 qps in
(52) with Ct as in (26).

(iii) Suppose that Assumption 3 is satisfied. Denote o = min(oy;, a;) with ay, o, as in (30).
Then there exist constants Co, C1aps, C2 > 0 such that for alln € Nt, § € (0,1),

~ 1—r™C 2 1 __2
P( sup |Ra(t) — R(i)| < L0 2 (Crapsn™ 77T + Com )) > 1-4.
HeHRC n (S

(71)
The constants are explicitly given: Cy in (39), Ci aps s given in (54) and Cy in (53)
together with (55)-(56).

In order to obtain explicit high-probability risk bounds for particular families of reservoir
systems, one can use the bounds that we obtained for the Rademacher complexities of
various families in Section 4.2. For example, let FFC be a family of state affine systems
that satisfies the assumptions of Proposition 13; in that case one takes the value Cgre
appearing in various constants above (for example in C3 given in (52)) as Crc = Cgas
with Cgag given in (67). The same applies to other families: for echo state networks one
takes Crc = Cggn with Cggn given in (65). For the family of reservoir systems with linear
reservoir map one takes Crc = Crre, with CLre given in (63).

Remark 15 The result in part (ii) requires Assumption 2 which, as we saw in Remark
4, is implied by Assumption 1 with geometric weighting sequences, that is, w? = A\j and
wf = A5, for some X, A\, € (0,1). Therefore, both (68) and (70) provide bounds in this
case. We also emphasize that the result in part (iii) allows the treatment of long-memory
processes as inputs (see, for instance Example 4).

4.4 High-probability risk bounds for randomly generated reservoir systems

We now show that the results in Theorem 14 can be reformulated for echo state networks
whose parameters A, C, and ¢ have been randomly generated. This statement is a theoreti-
cal justification of the good empirical properties of this standard modus operandi in reservoir
computing. Even though results of this type could be formulated for all the reservoir fam-
ilies introduced in Section 2.3 and all the different settings considered in Theorem 14, we
restrict our study in the next proposition to echo state networks and part (ii).
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Proposition 16 (Random reservoirs) Let A, C, { be independent random variables with
values in My, My 4, and in RY, respectively. Consider now echo state networks that have
those random values as parameters and whose activation function o is odd, that is, consider
the random class of reservoir maps defined as

FRO = (FopatrcCrcC | (pa, po,pe) € (s —o) X [—¢,¢] X [—s, 8]}

for some a € (0,1), ¢,s > 0 and with

N
)\A =L, (Z ”Al,’oo> .
=1

Suppose also that the input process Zi and the target process Y are independent of the param-
eter random variables A, C, ¢ and that Assumption 2 is satisfied. Let Az := max(r, Ay, A;)
with Ay, A\, as in (26). Then there exist constants Cy, Ci, Ca, Csqps > 0 such that for all
n € N satisfying log(n) < nlog(\,L,) and for all 6 € (0,1) it holds that

P ( sup (R (i1) — R(| < LT 2 (Cl i o) | Coae log(”>>> >1-5

(72)
where HTC is the hypothesis class of reservoir functionals associated to FEC and with linear
readouts as in (32). The constants are explicitly given. More specifically, Cy is given in
(39), C1,Cy are given in (51), C3 gps in (52) with Cr as in (26). Additionally, the constant
Cre appearing in (52) is given by

Ly,
1_

Cro = 7= (BNCIE{| Zol}3] "> + EIX]) + L, (73)

where

N N
XC =L, (Z ||cl,.\|2> ¢ = 5L, (Z |r<z||2> .
=1 =1

5. Appendices

These appendices contain preliminary results and the proofs of all the main results of the
paper.

5.1 Preliminary results

The following Lemma shows that the supremum appearing for instance in (68) is indeed a
random variable. More precisely, supgcqyre |R,(H) — R(H)| is a measurable mapping from
(©,A) to R equipped with its Borel sigma-algebra. An analogous argument can be used in
the case of the other suprema, for instance the supremum in (40), considered in the paper.

Lemma 17 Let HEC be the reservoir hypothesis class introduced in (31) or in (32) and let
R and R,, be the statistical and empirical risk introduced in (13) and (16), respectively. Then,

sup |Rn(H)— R(H)|
HeHEC

1s a random variable.
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~

Proof For any H € HTC set A(H) := |R,(H) — R(H)|. Then, for any H, H € HFC

A(H) ~ A(H) < |A(H) ~ A(H)| < |Ry(H) ~ R(H) ~ Ro(H) + R(H)|
< |Ru(H) — Ro(H)| + |R(H) — R(H)|
n—1
< TENTNHE@T) ~ AE@T s + LE(|H(Z) - H(Z)])
=0
<ol sw |H(z) - Az, (74)
z€(Da)"~

where we used the (reverse) triangle inequality and the Lipschitz property (35) of the loss
function. Further, by using the definition (31) of H7¢, Assumption 6 on the boundedness of
the functionals associated to reservoir maps, and again the triangle inequality, one obtains

sup A(H) = sup |R.(H)— R(H)| < A(0) +4LL[LoMz + L)
HeHERC HeHRC

and so (34) yields that sup ey re |R,(H) — R(H)| is finite, P-a.s.

It remains to prove the measurability. The separability assumption imposed on F7¢
guarantees the existence of a countable subset {F}};en+ C F RC \which is dense with respect
to the supremum norm. Let also {h}ren+ C F© be a countable dense subset of readouts
that by hypothesis exists. This can be used to construct a countable dense subset of 71C
Indeed, for any H € HFC H = h(HF), one may choose indices (ji, ki);en+ such that
|Fj, — Flloo = 0 and ||hy, — h|jcc — 0 as [ — oco. Consequently, using the triangle inequality
and an argument as in part (iii) of Theorem 3.1 in Grigoryeva and Ortega (2018b), one
obtains for any z € (Dg)? that

1 (2) — hiy,(H(2))ll2 < 1h — i lloo + Zal| HT (2) — H1 (2)]2

1
< 1~ it lloe + 72— 1 F = Fllo.

1

Combining this with (74) and setting H; = hy, (H%) one obtains that

=00

. 1
i |A(H) = ACH)| < i 225 (110~ o o + 2 [y~ Fll ) =0,

In particular this shows that for any H € HR¢ A(H) < SUD; pen+ A(hy(HF3)). Taking the
supremum over H € HC thus shows that

sup |Rn(H)— R(H)| = sup A(hy(H™))
HeHRC j,keNt

is measurable, as it is the supremum of a countable collection of random variables. |
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5.2 Proof of Proposition 1
Consider the map

Fi (B x (D) — (B
(x,2) — (F(x,2)), == F(x¢-1,2¢), t € Z_,

and endow (Dg)%~ and (Bg)%- with the relative topologies induced by the product topolo-
gies in (R?)%- and (RY)%- respectively. Notice that F can be written as

= H Fy with  Fy:=Fopgo (Tl X id(Dd)Z—) : (Bg)"~ x (Dg)*~ — B,
tel._

where p; yields the canonical projection of any sequence onto its t-th component. It is easy
to see that the maps p; and 77 are continuous with respect to the product topologies and
hence F is a Cartesian product of continuous functions, which is always continuous in the
product topology.

We now recall that, by the compactness of Bg, we have that (Bg)?~ c ¢ (RY) and
that by Corollary 2.7 in Grigoryeva and Ortega (2018b), the product topology on (Bg)%-
coincides with the norm topology induced by > (RY), for any weighting sequence w, that
we choose in the sequel satisfying the inequality rL,, < 1.

We now show that F is a contraction in the first entry with constant rL,, < 1. Indeed,
for any x!',x? € (Bs)?- and any z € (Dy)?-, we have

|F(x",z) — ]:(X27Z)Hoo,w = 1tseuzp {|1F(x¢_1,2¢) — F(xf_l,zt)HQw,t}
< sup {||xioy = X7 [, rw-i},

where we used that F' is a contraction in the first entry. Now,

wW—¢

oco,w ’

s {es = e} = 7 s { ks =l ey < <]

€Z_ teZ_ W (¢t-1)

which shows that F is a family of contractions with constant rL,, < 1 that is continuously
parametrized by the elements in (Dg)%?~. In view of these facts and given that the product
topology in (Dg)?~ C (R%)%- is metrizable (see Munkres, 2014, Theorem 20.5) and that
(Bs)?- < (RV)%- is compact by Tychonoff’s Theorem (see Munkres, 2014, Theorem 37.3)
in the product topology and hence complete, Theorem 6.4.1 in Sternberg (2010) implies the
existence of a unique fixed point of F(-,z) for each z € (Dg)%~, which establishes the ESP.
Moreover, that result also shows the continuity of the associated filter U : (Dg)%- —

((FS)Z_? ||Hoo,u;) u

5.3 Proof of Proposition 5
In order to proceed with the proof of this proposition, we first need the following lemma.

Lemma 18 For any F € FRC and any z,z € (D)%~ the following holds for all i € NT:
. i_l .
|H" (@)~ HY @)l < 2°Mr + LS oy — 2o (75)
=0
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Proof of Lemma 18. Let z,zZ € (D;)%- and denote by x the solution to (3) and by X
the solution to (3) with z replaced by Z. Then the triangle inequality and Assumption 4 on
F € FRC yield

|H" (z) — H"(2) )2 = [|x0 — Xol|2
< || F(x-1,20) — F'(x-1,2%0)||2 + || F'(x-1,20) — F'(X-1,%0)l|2

< Lrllzo — Zoll2 + rllx-1 — X _1f2.
By iterating this estimate one obtains

1—1
IH" (z) — HY@)|l2 < r'llx—i = X_illa + Lr Y _17[|lz—; — 2|2,
=0

from which the claim follows by Assumption 6. ¥
We now proceed to prove Proposition 5. Let Z := Z; "1 and write for any H € HEC

n—1
RaH) — RS ()| = | - 57 L(H(Z77),Y 1) — LH(Z75), Y )
1=0

—1 9 —3

1 n—1 ~ _
< = Lil|h(HA(ZZF) = h(H (Z257)]2
i=0
1 n—1 ' n—i—1 o
< - z;LLLh(QTn_ZM]—' + Lgr Z;) N Z—j—i — Z—j-il[2)
= J=

- n—1
2LL[TthM]-" Z i
i=0
1—rm QTLLHMF
n 1—7r
1—rm

- Co.
n

In these derivations, the first inequality follows from the triangle inequality and the Lips-
chitz continuity of the loss function (35), the second one is a consequence of the Lipschitz
continuity of the readout map and of (75) in Lemma 18, which finally yield the claim with
the choice of constant Cj in (39). B

5.4 Proof of Proposition 6

In order to simplify the notation, for any i € N we define an (R%)%- x R™-valued ran-
dom variable V_; as V_; := (Z_7°,Y_;) and denote its associated loss by Ly(V_;) :=
L(H(Z=;°),Y_;). We start by using the assumptions on the Lipschitz-continuity of both
the loss function (35) and of the reservoir readout map and hence for any ¢ € N and

H € HEC write
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ILu(V_i)| < [Lp(V_i) — L(0,Y ;)| + |L(0, Y ;)|
< Lp||H(ZZ7)2 + |L(0, Y )
< Lr||h(H"(ZZ3°)) — h(0)[l2 + LL]|h(0)[|2 + |L(0,Y ;)]
< LthM]-‘ + ‘L(O,Y,iﬂ + LpoLr.

We continue by decomposing n = k7+ (n—k7) with k = LEJ For the last (n—k7) elements
T

one estimates

[ sup Z {E[Lu(V-i)l - LH(V_,-)}] < 2(n — k7)(LrLpMF + E[|L(0, Yo)l] + LnoLL)

HeHR z kT

=2M(n — k7)

with M as in (44). Subsequently using the definitions of the generalization error (13) and
the idealized empirical risk (17) one obtains

—E[ sup E[L<H<Z>,Yo>]—{;im(z—?),v-n}]

HeHRC

[ sup Z{E Ly(V_) LH(V—z’)}]

HeMRC T
B kt—1
1 2M(n — kT
<-E| sup > {E[Lp(V_)]—Lu(V- )}] + 2Mfn = kr)
n _HGHRC i=0 n
I k—17-1
1 2M (n — k)
LB sup SOSTHE[Lu(Vo )] = Lu(V o)} | + KT
| s jOz‘O{ [ (rj+i))] (rit) } ”
_ = 2M(n — k)
< -E | sup {E[Lu(V_7j)] = La(V_+))} —_— (76)
n HEHch:O n

In order to obtain a bound for the first summand in the last expression, we introduce
ghost samples and use tools that hinge on the independence between them. Let E(” =
(Ei/’(]),zf’(]))tez_, j=0,...,k—1 denote independent copies of E. Next, for I = y, z define

¢10) by setting €Y = ¢7 for i = —r(j+1)+1,...,0 and £V EL‘” for i< —1(j+1).

Additionally, let ZE]) =G*(... ,ﬁtz’_({),ﬁtz’(j)) and ?,Ej) =GY(... ,£t 1 ,St ) fort € Z_ and
define the (R%)%~ x R™-valued random variables U\ := (Z:ij.’(“,?(jlj), =0,...,k—1.
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Then one has
ZIE]—)Tj = Gz( B ’éf (73'] 1’£t’(J)')

:{ (“75—7’] T’£Z<7 T+1"”’€f*7'j)’ t:_T—i‘l,...,O’
()E:(Z'g laEt]) t<—T

and so, for any j = 0,...,k — 1, the random variable UU) is measurable with respect to

the o-algebra generated by (§_7j4¢)¢t=—r+1,..,0 and E(]). The assumption of independence
between the ghost samples implies that U©), ... U®*~1 are also independent and identically
distributed with the same distribution as Vo = (Z,Y() introduced above. Hence one can
rewrite the first summand of the right hand side of the last inequality in (76) as

k—1
E| sup > {B[Lu(V_ )] — Lu(V_r))}
HeHRC =0

[ k—1

<E| sup = La(UD) | +E | sup Ly(UYD) = Lp(V_4))
HGHRCJZO{ } HGHRCjZO{ ’ }
[ k—1

=E | sup E[Lg(UUY) = Ly(UOYLL +E | sup Ly(UY)) = Ly(V_.)
HeHEC ; { [ ] } HEHRC Z { ! }

) (77)

We now analyze these two terms separately. For the second term, we first note that for any
H € H1Y it holds that

<L (1H(Z2%) = HZZ5 ) o + 1Yy = Y, 02) - (78)

Lu(V_yj) —LH(U@)‘ - ’L( (Z=),Y _.;) —L(H(Zjij’(”),?(ﬂj)‘

Next, we use the Lipschitz-continuity of the readout maps (see (31)) together with the
estimate (75) in Lemma 18 and compute

T—1
sup [|H(Z73) = H(Z 35 ")l < 2" MLy + Lo 3 v Zeiry = 29)_ o2 (79)
HeHERC 1=0

Combining (79) with (78) we now estimate the second term in (77) by

sup kzzl{LH LH(V_Tj)}

HG'HRC j=
-1

?T‘

T—1
<1 ( " MFLy + Bl[Y—rj ~ YL ll2) + LaLy Y r'ElZ-1-rj — z(f?_ﬁnz])
=0
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with a, as in (45).

In order to estimate the first term in (77), one relies on techniques which are common
in the case of independent and identically distributed random variables. Here we start by
introducing real Rademacher random variables e, . .., ex_1 (see for example Hytonen et al.,
2016, Definition 3.2.9), which are independent of all the other random variables considered
so far. In what follows we need to use the structure for the loss function introduced in (33)
as well as the other hypotheses on it that we spelled out in Section 3.2. The fact that the
loss functions are a sum of representing functions f; : R — R, implies that their evaluation
on the hypothesis class #%¢ can be expressed through the evaluation of each representing
function on the sets HEC, i € {1,...,m}, defined by

HEC .= {H: (Dg)* xR™ - R | H(x,y) := (H(x)); — v, H € HFC}.

Using independence and a symmetrization trick by Giné and Zinn (1984) (see for example
Ledoux and Talagrand (1991, Lemma 6.3) or the proof of Bartlett and Mendelson (2003,
Theorem 8)) one writes

k—1 k—1
1 . . 2 .
CE| sup Ej{E[LH(UU))]—LH(U(J))} < ZE| sup > eiLu(UY)
HeHEC j=0 HeHEC =0

IN

m k—1
SNE| s Sei(sio B)UY)

i=1 |HEHEC j=o
(81)

Applying the contraction principle for Rademacher random variables (see Ben-David and
Shalev-Shwartz (2014, Lemma 26.9) and also Ledoux and Talagrand (1991, Theorem 4.12))
to the last expression one obtains

1 k—1

B | sup S {B[L(UD) Ly (U9)}
i k-1

2L < S
< E | sup e, H(UY))
\/Mk:; ﬁe?—lﬁcjgo !

k3

\Q/IiLk ZE sup Zsj (H(Z::?’(j)) — ?(_]3])2

m i—1 HGHRC]':()
2L; & ! ) = ()
L =—09,(J Evav)
< E e H(Z__. +E |{— e (Y1),
< ok 2 \ B | |25 2000
2 L
2./mLy, = 7—00,(4) RC
< ———FFE| sup E&jH(Z_Tj’ ) =2mLLRE(H™), (82)

|
>
T
m
by
B
Q
|
o

2

with the Rademacher complexity defined as in (40). Note that the last term in the fourth line
is equal to zero due to the independence and the fact that the expectation of Rademacher
random variables is zero.
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We now come back to the estimate of the expected maximum difference between the
in-class statistical risk and the idealized empirical risk and rewrite the expression (76) using
(77), (80), and (82)

o {R<H>—§3°<H>}] < T {2hVmL R(HC) + kay + 2 AT)

HeHRC n

which then yields (41) as required.

It remains to prove (42). To do so, notice that the triangle inequality and the same
arguments used in (76), (77), (80) and (81) may be applied in the presence of absolute
values to obtain

k—1
E | sup ﬁ;’f(H)—R(H)‘ <ﬁa7 QTZIE sup Zej(fioﬁ)(U(j))
HeNWRC HeHEC |0
2M(n — k
+ (”nT) (83)

Applying again the contraction principle for Rademacher random variables (Bartlett and

Mendelson, 2003, Theorem 12.4), one estimates, for any ¢ = 1,...,m,
liE S H)(UW
e H?;l}c 2 (fio H)(UY)
m k—1
<V 2| (3 A0
2L, i E | sup kZia‘(H(Z Oo’(]))) +E kZia (?(j) )
T Vmk = HeHRC |12 ’ D = nem (84)
1/2
<2 e sup He HEZ_5W) +§:}E kie YY) 1
~ V/mk HeHRC g ! -7 ) i=1 =0 e
2L RCY L N\ S — 7"
< o mkRy,(H )+;E jz(:)gj(Y—Tj)i

with the Rademacher complexity defined as in (40). Finally, using the independence of

the Rademacher sequence and the ghost samples (?(])) j=o0,...k—1 as well as the stationarity
properties of the latter, one has

2 1/2 1/2
m k—1 m /

B ] =2 ZE[Y(—% 1) < VAR (v,

i=1 §=0 i=1 \j=

The combination of this inequality with (83) and (84) yields (42), as required. B
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5.5 Proof of Corollary 8

Proof of part (i) We start by noticing that under Assumption 1, the weak dependence
coefficients @' defined in (46) for I =y, z and 7 € NT can be estimated as

91(7_) = E[HGI( o 755176(1)) - GI( c 7E£T—1ag£7'7££7'+17 s aEé)HQ]

o0
<E Lszj- l€”; — €751z

- - (Dur)”
< 2LE[)|&)]l2] Z 2LE[)|&5]12] Z ) = 2L1E[HEon}7Dla
: : w
2L/E[||€f
where we used that by hypothesis D,r < 1. Consequently, if we set C := 1I[||D£OH2],
— Dy

condition (26) does hold for all 7 € N*. We now define ¢y := 2L; L, M#, ¢ := L, LrC. Ly,
and ¢y := L C, and with the notation \p,qq := max(r, Dyy, Dy=) € (0,1) write (45) for any
7€ NT as

7—1
ar <cor” +c1 Z rl(Dwz)T_l + ca(Dyw)" < A uu(co+ Te1 + c2). (85)
1=0

Next, let 7 € NT with 7 < n and set k = |n/7]. Inserting assumption (48) in (41) and then
using that n/7 — 1 < k < n/7, one obtains

E

sup {R(H) — E;L”(H)}] < ’%GT N BCreVkr | 2M(n— k)

HeHRC
BCgrevT 2MT
<
<ar—+ Jn + ”

Our goal now is to choose the length of the block 7 depending on Ap4;- Recall that by
hypothesis log(n) < nlog(\;,L,), which means that in order to be able to apply the blocking
technique for a given value A\pqe € (0,1) the number of observations n € Nt should be
sufficiently large. In this situation one can choose 7 = [log(n)/log(\,L.) |, which is then
guaranteed to satisfy 7 < n. Notice that then A7l < 1/n and consequently (49) follows

from (85) and (86) with the appropriate choice of constants as given in (51)-(52). Finally,
the last term in (50) follows by noticing that

n n

(86)

ATVRLLE [[Yol3]" _ avTLeE [[¥ol]"”
n N vn

and hence one gets (50) as required.

: (87)

Proof of part (ii) Recall that by Assumption 2 for I = y, z there exist A\; € (0,1) and
C7 > 0 such that, for all 7 € NT, it holds that

0'(1) < C1AT.
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Mimicking the proof of part (i) with Aje, := max (7, Ay, ;) yields the claim.

Proof of part (iii) By our choice of v, it holds that 7/4 + v, > log(7)a,/log(r~1) for all
7 € N*. One has rl/Q(T—l)_o‘z < 2% 7% for [ < 7/2 and rl/z(T—Z)_"‘z < pT/A < prYagpTas
for 7/2 <1 <7 — 1. Setting C, = max(2%,r~72)(1 — y/r)~! one has for all 7 € N* that

T—1
Zrl (=107 < Zrl/Qmax(Qaz r )T = Cur @,
1= 1=0

Defining ¢, ¢1, and ¢z as in the proof of part (i), applying (30) and inserting the above
estimate thus allows us to bound (45) for any 7 € N by

7—1
ar < cor” + ¢ Z (= 1)7% 4 egr ™ < 77 (r77eco + Cac1 + 2) .
1=0

Furthermore, (86) remains valid and so choosing 7 = n? yields

E

sup
HeHEC

oo (ri'yac(] + Cacl + 02) BCRC 2M
{R(H) - R (H)}] < o s + g

Taking 8 = 1 (a+ 3)7! yields 1/2 — /2 = 9(a + 1)~! and hence the desired result. The
last term in (42) can be bounded by proceeding analogously to part (i) and noticing that
(87) remains valid, which concludes the proof. B

5.6 Proof of Proposition 9 (Reservoir systems with linear reservoir and
readout maps)

The condition (61) together with Proposition 1 ensure that the ESP property of the reservoir
systems in the hypothesis class is guaranteed and that for any z € Kj; we have that
HACS(z) = Y2 A(Cz_; + ¢). Using the definition of Rademacher complexity, one
estimates

k—1
E | sup e, H(ZW)
HeHRC ];0 ’
2
k .
=K sup Z W HACL Z(J))+a)
(4,0,0)€0 |15
W:[Wl, <Ly 2
| a:llall2<Ln,o i
k—1 o k—1
<E sup ZstHA’C’C(Z(J)) +E sup Zeja
(A,C,0€d |15, aillal2<Ln0 || =0
| WHIWl, <Ly 2 2

k—1

< sup ||]W\||21E sup ZsHACC N | +E sup || ) eja
7=0

W IWll,<Ln a:llal2<Ln,0 || =0

2 2

40



RISk BOUNDS FOR RESERVOIR COMPUTING

[%S) k—1 k—1
<Ly sup ‘ AZH’ E| sup Zej(ci(_]} +Q)| | +E sup Zeja
1—o (A,C,0)€O 2 (A4,C€)€O j=0 5 a:|lall2<Lp,o =0 9
_ = k-1 1 k-1
<Twy sw |4 [ sw fIClE [|S0Z9 |+ s ClE|[Y e
=0 (A.C.0)€d 2\ (A00)€0 =0 | AcQee =0
k—1
+E sup Z £;a
a:||la||2<Lp o =0
2
00 k—1 k—1 k—1
< Ly Z(Afww)l MR 5JZ(1) + S, .E Zej +E sup Zsja
1=0 j=0 ) j=0 aillall2<Ln0 ||;=0

(83)

where we used stationarity, the fact that ||[W||, < Ly, for all readout maps from the class
H € HEC and constants as in (58)-(60). For the first summand in this expression we have

E kfgjzgf) <E Ze z”) Z]E [Hz”” ] ) = KE [1Zol3],
=0

2

where in the first step we used the Jensen inequality, the next equality is obtained using
the independence of the ghost samples and the Rademacher sequence and also the fact that
Elejre;] = 0 when j # j' for Rademacher variables. The second summand in (88) is bounded
using the inequality by Khintchine (1923)

k—1
E Z&j < \/E
=0
We bound the third term as the first one and obtain
k—1 2
E sup Z £ja < kL, (89)

a:llal|2<Lp o =0 )

where we took into account that ||alj2 < Ly o for all readout maps from the class H € HTC.
Finally, (88) can be rewritten as

k—1

E sup Zc?]H(Z(])) < f Lhz mam ( max [HZOH } +)‘gmam> +\/ELh,0

HeHEC =0
1/2
(A [1Z018] ™ + Xona) + Lo
where we used that A\

Sax € (0,1). Finally, the choice of constants which satisfy conditions
(61) yields (62), as required. H

2

_f<1—AA

max
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5.7 Proof of Proposition 11 (Echo State Networks)

Firstly, note that for any x € Dy, it holds that |x|, < ||x[|; = Zfil |z;| and hence one
can write

k—1 k—1
E | sup ZSjH(z(j)) =E sup Zej(WHF(Z(j)) +a)
HeHEC j=0 FeFRC j=0

2 W:[[Wl,<Lp 2
| a:llall2<Lno

k—1
<E sup ZejWHF(Z(j)) +E sup Zeja
FeFEC =0 aillal2<Ln,0 || j=0

| WHIWl,<Ln 2 2

N
<Ly ZE sup 263 HOACC Z( ) +\/ELh,g,

(A,00)€0 75

where we used the same arguments as in (89). Using the assumed symmetry of the family
FEC in the first step and the contraction principle in the second step one may estimate

N k—1

E| sup Zs HUACC(Z(J))
=1 (A,C¢)E® =0

N
=>"E| sup Ze HOOC(Z0))

= |coee i

k-1

sup Zeﬂ (AL HJACC( (j))+Cz,.zéj)+Q)
= (ACC)EGJ e

Mz

N
Z sup  ||A;.||ocE | sup Ze HoACK(Z, (]))
=1 (A,C,0)€o (A,C¢)€® =0 .
N
+ L, Z sup ||C.|2E Zejz(J +LUZ sup Zejg
A,0,0)€0 ) - |Acoee 5
Since )\ﬁlm € (0,1) by assumption and using that our hypotheses ensure that Assumption 6

is satisfied, one may iterate the above inequality to obtain

N 0 k-1
sup Z%HUA CUZN| | <3 e | A5aaB | [ Do Zh|| | +25E | D5
=1 | (A00e0 |55 1=0 j ) j=0
(90)
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For the first summand in this expression we obtain

2 2
B|[Sez0)| | <e||S oz ZE[HzﬂH] €21 = 4 [120l2],
=0 =0

2 J= 2

where in the first step we used Jensen’s inequality, the next equality is obtained using the
independence of the ghost samples and the Rademacher sequence and also the fact that
Elejre;] = 0 for j # 5/ for Rademacher variables. The last step trivially follows again from
the definition of ghost samples and the definition of Rademacher variables.

The second summand in (90) is bounded using Khintchine’s inequality (Khintchine,
1923)

k-1
E > &l <V
j=0
and hence in (90) we obtain
N
SE| s S eHACE0)]|| < kzz fan)! (M [1201E] " 4 26
1=1

(A,C¢)E® =0
\/E 1/2
= W <)‘gaxE [HZOH%] + Agnam) )

which finally gives

Ly
sup ZSJ < vk <1_)\A

(A [1Z018] ™ + Xona) + Lo
HeHRC )

which with the choice of constant in (65) gives (64) as required. W

5.8 Proof of Proposition 13 (State-Affine Systems)

Let (p,q) € ©. Then, the conditions on the quantities A48 and ¢4 introduced in (66)
imply that
My= max {[p@]l,} <1 (91)
ZGBH H(O M

and so FPY is a contraction on the first entry. Thus, Proposition 1 implies that the system
(3) has the echo state property. Moreover, by Grigoryeva and Ortega (2018a, Proposi-
tion 14), for any z € K);, we have that

HP(z EE:I7Z0 z-1) - p(z-i11)q(z—i).

Next, write p(z) = > nc;  2%Bo and q(z) = ) ,c;  2%Co. Again, by the conditions on
the quantities 545 and ¢4 introduced in (66) one has that the image of HP9 is bounded

43



GONON, GRIGORYEVA, AND ORTEGA

and so, combining this with (91) one obtains

k—1
1D e HPHZW)],
j=0
oo |lk—1 o o
<SS ez - p(zY)
=0 ||7=0
00 k—1
<>
=0 a€lmazx 7=0

<

<

S o > ABally - I1Baills

=0 alelnm,:x

S Y Bally

=0 alelmaz

a'€lmaz

' Elman

o
NBailly S ICallz|> s (ZFH>" -

k—1

e

j=0

J

aelmaz

Ba Y e;(25)*p(22) - p(2Y),1)a(21))

2
Ze' - (ZY), ) q(ZY))
2
k—1 ~ i
(Z(_jgﬂ)" (Z(—]z))a :

j=0

Therefore, by this expression and using the same type of arguments for linear readout as in

the example of echo state networks one obtains

:\/thi Z Z ()\SAS)iCSAS Z E|:

Zsj(WHF(Z(j)) +a)

Z (}\SAS)@'CSAS Z E

Z ()\SAS)iCSAS Z E

k—1
E | sup E e;H(Z7)
RC 3
HeH j=0 9
k—1
=E sup
FG]"Rci =0
W [Wl,<Lp
| aillalla<Lno
o
<hi), >
=0 al€lmaqx aielmaac
o
<Dy, >,
1=0 al€lmaz ai€lmaz
=0 alel’maz
SAS I
< | macc‘

@(Lh ‘

1— ’Imam‘)\SAS

5.9 Proof of Theorem 14

atClmar

2

aelmaz

a€lmax

aEImaz

+ Lh,O) . i

k—1

~()al ~) i S
Zaj(Zéj)) "'(Z(—]3+1) (Z(_Jz)) +\/%Lh,o
=0
o S » - 27 1/2
Zgj(zt()]))a "'(Z(—jz)ﬂ)a (z9))> +VELp
=0

) @iz Vit

We start by working out two concentration inequalities that are needed in the proof. These
are contained in the two propositions 19 and 20 and are used in part (i) of the theorem in
relation with the use of Assumption 1.
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5.9.1 (EXPONENTIAL) CONCENTRATION INEQUALITIES

Proposition 19 Define Iy, := supycyrc{R(H) —R°(H)}. Suppose that Assumptions 4-6
hold, that Assumption 1 is satisfied, and that the Bernoulli shifts innovations are bounded,
that is, there exists M > 0 such that for I = y,z and for all t € Z_, ||&]|la < M. Then
there exists Cypq > 0 such that for any n > 0, n € NT it holds that

Pl — B[] 2 1) < 2exp (—Qg; ) . (92)

The constant Cyq is explicitly given by

L _ _
Coa =211 (22 (M + LadLJwl) + ML '] ) (93)

Proof. The main idea of the proof is to exploit the Bernoulli shift structure and apply
McDiarmid’s inequality (Boucheron et al., 2013, see for example), which out of the bound
of differences of functions constructed in a particular manner yields the bound in (92). In
order to ease the notation, we first define Y := (Bj; x By;) C (R% x R%). Consider now
a function ¢: Y"1 x Y2~ — R, which is defined for u; = (w ,u?,))eY,i=0,....,n—2
and w, 1 = (w14, ¥, 0 ien. € VP by

n—1
d(wgy ..., Up—2,Up—1) = Sup {R(H) — % Z L(H(G*(u>; ™)), Gy(uy,ioo))} .
i=0

HeHEC

Fix k € {0,...,n— 1} and let u be an identical copy of the sequence u so that only the
k-th entry in w is different from w, that is u_; = u_; for all i # k. We now estimate the
difference of the function ¢: Y"1 x Y2~ — R evaluated at u and @ as follows:

qb(uo, e ,unfl) — gf)(’ljo, e ,ﬂn,l)
n—1
< s fié?fm - > {LOH(GH @), GY(@%7™) = L (G (u?7>)), 6 (u?)) }
— R(H) + R(H)
n—1
< sup - Z; {LOH(GH @), GY(@%7™) = LIH (G (™)), 6Y(u?7>)) }
k
= o D (OG0, 0V @) - LG ), 6 )
k
= mere . 2 {LLOH (G @27)) = H(G (w2 ™)) |l + | GV ™) - G () (9;} ,

where in the last inequality we used that by assumption the loss function L is Lp-Lipschitz.
For the first summand under the supremum in (94) we use the bound (75) and hence write
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k
Y IH(GH(@2%)) = H(G*(u2;>))2
1=0

k k—1
<Y L@MIME 4 Le Y (GRS = GF(uY)|l2)
=0 7=0
<Tn | 2Mpri +LRZZ G @) — Gt ™)) | (95)
=0 j=1

Notice that the second summand under the supremum in (94) and the second summand in
(95) can be bounded using that (24) holds by Assumption 1 and that by hypothesis both
u and w satisfy |[uf|2 < M and ||@!|2 < M for any t € Z_. More specifically, for I =y, z
and any i € {0,...,k} one obtains

o
I~1,— I, 1,— AT ~1
G (a2;™) = G (ul; )|z < LIZwl luly; —uly 2
1=0
= Lywj_|luly, —aly|ls < 2Lywi_,M,

where we used that w_;_; = u_;_;, for all [ +¢ # k, | € N. Combining this expression with
(95) we estimate (94) as

¢(U0, s ,’U,n_l) - ¢(a07 o 7677,—1)
k

< s DS LG @) ~ HG @)+ GV @5 ™) — 6w ™))}

n
HeHEC i=0

9 L 1— k+1 - k- k o . k
<Zr LhM;rlir + Ly LML S v i+ ML, S wl

n - i=0 j=i i=0
=21 Lthrli + LyLrML, ZZka i+ ML, Zw

n =0 j=0

2 T >

T T AT AT Y

< Ly | LnMpy— + LyLrML; (Z; ) Zw + ML, Zgw

2 Ly — C
S ( (M;r + LML, ||w*|) +MLy||wy||1) — Zbd

n 1— ’

with the constant Cpy as in (93). We now use this bound of differences in McDiarmid’s
inequality and simply notice that I'y, = ¢(&o,...,& ny2,§_,% ;) in the statement, which
immediately yields (92), as required. W
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Proposition 20 Define I'), := supyeyrc{R(H) — R(H)}. Suppose that Assumptions 4-
6 hold and that Assumption 1 is satisfied. Let ®: [0,00) — [0,00) be a convex and increasing
function that satisfies ®(0) = 0. Furthermore, assume that maxeg, 3 E [@2Cm|€lll2)] <
oo where

orom = LR, (96)
Crom = Ly Ly w1, (97)
and denote
p(MT)i= > E|®RCI™E]12)1 1,57 | - (98)
Ie{y,z}

Then, there exists a constant Co > 0 such that for any n > 0, n € N*, M > 0 satisfying

mom 77
Z Cr E[||€(5H21{||gg||2>ﬁ}} <9 (99)
I1e{y,z}
one has
—2nn? 1 (M)
P (|0, — E[L,]| > 7) < 2ex = 3 '
(| [ ” 77) p (9(00 + 2M<C;nom + C;nom))2> 2 @(7]/3)

The constant Cy is explicitly given by (39).

Proof. Let M > 0 and for any t € Z_, I = y,z denote by 5{’Mihe Bernoulli shift

innovations whose Euclidean norm is bounded above by M, that is, EtI M ¢l (€] o<1}
In order to simplify the notation, we define

=l

zM = G* (. N M) = (e <), ten, (100)

Y =& &™) = av(e V) ™), tez., (101)
n—1

R () = 3 L(H (7)), ¥ ), (102)
=0

RM(H) == E[L(H(2"),Y}")] (103)

and, additionally, denote T'M := supHeHRc{RM(H ) — RY ’M(H )}. Firstly, the triangle
inequality yields

T — E[T,)| = [Ty — TM — (E[T,,] — E[CY)) + T — E[T Y]]
<|0p —TM| 4 |E[D, — TM)| + TN — BT Y|
<|T, —=TM| +E[[, — T 4+ M —E[TM]]. (104)

For the first summand in expression (104) we write

r,-I;|<

n

HeHRC HeHRC

sup {R(H) - E,ZO(H)} — sup {RM(H) - ]:?ZOM(H)}‘
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. (e~} (- )

< | sup {R(H)— B (H) = RM(H) + R (i) |

HeHEC
< sup ‘RM(H)—R(H)‘Jr sup ‘E;W(H)—JQ;O(H)‘. (105)
HeHRC HeHEC

Using this result, we can immediately get the following bound for the second summand in
expression (104)

r,—rM

E|

}g sup ‘RM(H)fR(H)‘JrIE

HcHEC HcHEC

sup ‘}AZSLO’M(H)}A%;‘LO(H)‘]. (106)

The first two terms in the right hand side of (104) are thus controlled by (105) and (106).
The third term in (104) is of the type required in Proposition 19, that is, the Bernoulli
shifts are defined using bounded innovations and hence the term will be controlled in what
follows using the result in Proposition 19.

The next step in our proof is to derive bounds for the terms in the right hand sides of
(105) and (106). First, we consider the estimate for the term they share, for which we write

sup |RM(H) — R(H)]

HeHRC -
= sup [E[L(H(Z"),Y}") - L(H(Z), Y0)]
HeHRC
< sup E[L(|HEZ) = H@)s + Y = Yol)]
HE’HRC

o
< Li(LnLr ) r'EIZY = Zj)o] + E[ V" — Yoll2))
=0

— o (PG - 6] + ElICYEn - e ]} (om)

-Tr

where the first and the second (in)equality are obtained using the definition (103) and the
assumption that the loss function L is Lj-Lipschitz, the third step follows from the estimate
(75) from Lemma 18 and the last step again uses (100)-(101) and the i.i.d. assumption on
&. In order to proceed, notice that since Assumption 1 holds by hypothesis, by (24) one has
for any j € N, I =y, z the following estimate

IGT((€1)=5) = GT (€M)=l < L Y wille!, 5 — €51
=0
=Ly Zwzl\|5£l—j||21{||gf_l_j||2>ﬁ}- (108)
=0

Combining (107) and (108) and using the i.i.d. assumption on € one obtains
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sup |[RM(H) — R(H)|
HeHRC

InLnr
<L (1 L.E| sz 1€ 1l122 gz, 77y] + LyEL Z“’z (138 1”21{||£yl||2>Mﬂ>

LhLR z
_ 1, ( = Ly||w HlE[H€0H21{II€O ‘2>M}] + LwayHlE[HfoHﬂ{Hgo |2>M}]>
< C,T’”’”E[Hﬁo||21{u€5||2>m] + GBI 121 gz 37)]

= D CP"Ell&olaL ey (109)
Ie{y,2}

with C}7*°™ for I =y, z defined as in (96) and (97).
Next, we analyze the second term in (105). Using the function ® : [0,00) — [0, 00) we
obtain for > 0

o(n)P ( sup

HeHEC
P sup
HeHEC

n—1 00 .
<E[e(“£Y (Br 3 rI6-(€)5520 - (e 5l
j:

=0

Roe () — R ()| > n)

<E

ReeM(H) - Ry (H) D]

+1GY((€)=) = G¥((€ ) =)z )|
n—1 oo

HE|® (LLLhLRiiG%( €752, - G((EM)=32)ll2

=0 j=0
+ L||GY((€) =) — GY((evM )]
< o (L) o)+ (ot - e )
S%E[@(%L Z wille s — €l ) | + %E{ <2LLLygw?”ﬁl_£%wH2)}

5 ¥ Ble(Thr Z w67, — €7 )]

Ie{y,z}
1 : 3 I mom || ¢1
<3 2 L vE(Er e e )
ely.z} 1=0
1 —
i (110)

, and (M) are given in (96), (97), and (98), respectively. In these
derivations we used Markov’s inequality for increasing and non-negative functions in the first

where C7™, Cyro™

49



GONON, GRIGORYEVA, AND ORTEGA

step. The second inequality uses the definition in (102), the estimate (75) from Lemma 18,
and the fact that ® is by hypothesis an increasing function. We subsequently used Jensen’s
inequality for discrete probability measures, the stationarity assumption and the convex-
ity of the function ®. Finally, (108), the appropriate choice of constants and once more
Jensen’s inequality for discrete probability measures and the stationarity assumption as well
as ®(0) = 0 yields the result.

We now notice that this result provides automatically a bound for the second term in
(106). In order to see that, one needs to take as the function ® the identity and then by
the second and the last two lines in (110) it holds that

E

sup
HE'HRC

EgOvM(H)—ﬁ;:O(H)‘] < Y CPTEIE g (1)
1e{y,z}

We now consider again expression (104) and taking into account (105), (106), together with
the bounds for their ingredients given in (109), (110), and (111) we derive, for any 7 > 0
satisfying (99),

P (% = E[T4]] = n)

2
§P<;+ sup

R (H) = R (H)| + 5 + [0 — E[0))| > n>
HEHRC

<P(Ir) -EY]| > 1) +P ( sup

Roe () — R ()| = g)
HeHERC

—2m72) 1 ()
9(J§d 2®(n/3)’

with Cpg as in (93). In the first inequality we used the hypothesis in (99) and the bounds
(109), (111). In the second inequality we used (110) and (92) in Proposition 19. Finally,
noticing that Cypq = 2M (CJ"™ 4 C]*™) + Cp with Cp as in (39) and setting CI"**™ and
Cyr™ as in (96)-(97) immediately yields the claim. W

< Qexp<

Corollary 21 Suppose that Assumptions 4-6 hold and that Assumption 1 is satisfied. Let
®: [0,00) — [0,00) be a convex and strictly increasing function that satisfies ®(0) = 0.
Furthermore, assume that for all u > 0, E[®(u|&l])?] < oo for I = y,z. Then, for any
5 €(0,1), n e Nt

P (T — E[T,)| > Bo(n.5)) <

| >

where

(Co + 20~ (n)(CTo™ 4 C™o™)) 4 /log(8)
Bg(n,d) = 9max Y ) 1 <QC¢

o m) ) (112)

Co= S E[@Cp|€l)?] Bl (el 2) 2, (113)
I1e{y,z}

and Co, CT*™, C"™ are given by (39), (96), and (97).
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Proof. We start with the function ¢(M) given in (98) and obtain that for any M > 0 it
holds that

(M) = Z E [‘I)(QC}nomuﬁéH2)1{||55||2>M}}
Ie{y,z}

< Y E[®Q2C7"(&]l2)?]

Ie{y,z}

mom 1/2 _
= 3 E[e@crel)?) P Pilgll, > 7)1
Ie{y,z}
< i,
= o(M)\/2

1/2 911/2
E [(1{\\66\\»@») }

(114)

where the first inequality is a consequence of Hélder’s inequality, and the last step is obtained
by applying Markov’s inequality for increasing nonnegative functions and by using the
definition in (113). Furthermore, by convexity, Jensen’s inequality and since ®(0) = 0, one
has that

mom 1 mom
B( Y CPTENE g € DL 59 (267 EllEdllot yery,7m))
Ie{y,z} Ie{y.z}

= ~ (). (115)

Choosing M = ®~!(n) in (114) and setting n = Bg(n,d) defined in (112) one easily verifies
that

LeWM) 1 Cs
20(n/9) ~ 2v/n®(n/9)

In particular, this also implies that (M) < ®(n/9) and so (115) yields

b
< —,
<7 (116)

I 0ll2 Ho>M n
O CTE|€ |l Lojer 1) < @(n/9)
Ie{y,z}

and hence

mom ,'7
> CrmEll&allzt e, < -
Ie{y,z}

Thus (99) is satisfied and we may apply Proposition 20 and use ®(n/9) < ®(n/3) and (116),
which yields

P (U, — E[T,)| > 1) < 2e —2ni 12
n TR =T =SSP 6 (Cy 4 28 (n) (Com + Crom))? ) T4 S

N| >
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5.9.2 PROOF OF THEOREM 14

Proof of part (i). In this situation, the hypotheses of part (i) of Corollary 8 are satisfied
and so the following bound holds:

E| sup {R(H)- ﬁaff(H)}] <G Glogn) | Cov/log(n) (117)
HeHRC n n Vn

Let us denote I'y, := supyeyrc{R(H) —J/%SLO (H)}. We may then apply the triangle inequality,
insert the estimate on the difference between the empirical risk and its idealized counterpart
obtained in Proposition 5 as well as the estimate on the expected value (117) to obtain that
P-a.s.,

sup {R(H)— Ro(H)} = sup {R(H) - R,(H)+ RX(H)— RX(H)} — E[[),] + E[T]
HeHRC HeHRC

< sup {EZO(H) - En(H)} +1y — E[Fn] + E[Fn]

HeHERC
< sup [R(H)— Ru(H)|+ Iy — E[IL][ + E[L)]
HeHEC
1— 1 C34/1
< 1= :; )% | r, —E[0+ % ;& (;g(n) + 3 (;Lg(").

(118)
Part (a): Denote by 7 the upper bound that we need to prove holds with high probability,
that is,

_ (1=r")Co+Cy C’glog \/log de\/@

Combining the estimate (118) with the exponential concentration inequality Proposition 19
then yields

Char/log(3)
V2n

N >

P ( sup {R(H) — Rn(H)} > 77) <P | [Tn—E[l]| > (119)

HeHEC

By applying the result that we just proved to the loss function —L one obtains that

IP’( sup {R,(H)— R(H)} >77>
HeHRC

Using that |z| = max(z, —z) one can thus combine the two estimates to deduce

l\D\an

P ( sup ‘R(H) - }A%n(H)‘ > 77)

<P ({ sup {R(H)— R,(H)} > n} U { sup {R,(H)— R(H)} > n}) < 6.

HeHEC
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Part (b): Proceeding analogously as in part (a), denote by 7 the high-probability upper
bound which needs to be established, that is,

(1—=r"Co+ C1  Cslog(n) Csy/log(n)
+ +
n n vn

Combining (118) with Corollary 21 then yields

n= +B<I>(n75)

N &1

P (HS;LI; {R(H) - R(H)} > n> <P(I0, — E[0]| > Bu(n, ) <

The claim then follows precisely as in the proof of part (a).

Proof of part (ii). Firstly, one may use Proposition 5 to obtain P-a.s.,

~ _ _ 1— )G
sup {R(H) — Bo(H)} < sup {BS(H) — Ra(H)} + [Tl < 700 4y .
HeMRC HeMRC n
(120)
Setting
2 Cy | Calog(n)  C34ps/log(n) (1 —=7")Co
= (n Y = S (121)

and applying Markov’s inequality, (120) and part (ii) of Corollary 8 then yields

P ( sup {R(H) — ﬁn(H)} > 77) <P (‘Fn’ > % (Cn'l n Cslog(n) N C3 abs log(n)>>

HeHRC n \/ﬁ

—1
I
< E[LA)3 (Cl ;. Celog(n) | Caans Og(”>>
n

n Vi

IN
| >

By applying what we just proved to the loss function —L the claim then follows precisely
as in the proof of part (i).

Proof of part (iii). The proof is the same as the proof of part (ii), except that instead of
choosing 1 as in (121) one takes

1—1™")C 2 1 __2
n = w + g (Cl,absn 2+a~1 Czn 2+o¢*1)
n

and instead of using part (ii) of Corollary 8 one applies its part (iii) to estimate E[|T,|]. B
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5.10 Proof of Proposition 16

Denote by © := {(paA, pcC,pc¢) | (pa,po.pe) € (=34, %) X [—¢,¢] X [—s, 5]} the ran-
dom set of admissible parameters for the echo state network. Since

N N
a
Lo (} : sup__ yAl,.||oo> = sz Lo <§ :||Al,.||oo> —ac(0,1),
=1

1=1 (4,0,{)

for any realization of A, C, ¢ (that is, conditional on A, C,(¢) the assumptions of Propo-
sition 11 are satisfied. Thus one may argue as in the proof of part (ii) of Theorem 14 to
obtain that for any n > 0,

(1 — T’n)C(]

P( sup {R(H)— R(H)} > —— 2201y E[la| | A, C, (]

Ui

HeHRC n

A,C,C> <
and then apply part (ii) of Corollary 8 to obtain

(1—1")Co A,C,C) 1 (cl | Calog(n) , Caabs log(n)) |
n n

IP’( sup {R(H)— R,(H)}>—2" 4y

HeHRC "

n Vn

where the constants can be explicitly chosen using (51)-(52). In particular, C7 and Cy are
given by (51) with C7 as in (26), and Cj3 45 can be written using (52) as

ALLE [|[Yo3]"?

CS,abs = 203 + s
\/log()\;b}w)
with
2\/MLLCRC
Cy3= — ——
log()\fn}m)
and

Ly 1/2
Crc = _ha (ACE [HZOHS} + AC) + Lpp-

Taking expectations, one sees that
E[CS,abs} = C3,abs>

where C3 45 is as in (52) with Cre given by (73). Thus we obtain

P( sup {R(H) — /RR(H)} > w _|_77> < l (Cl + CQlog(n) + CS,abs 10g(”)>
HeHFEC n n\n n vn

and the claim follows by arguing as in the proof of part (ii) in Theorem 14 . B
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