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Abstract. Sign-perturbed sums (SPS) is an identification method that constructs confidence
regions for the unknown parameters of a system. In this paper, we consider a new version of SPS for
application to autoregressive exogenous systems and establish that the ensuing confidence regions
include the true parameters with exact, user-chosen, probability under mild statistical assumptions.
This property holds true for any finite number of observed input-output data. Furthermore, the con-
fidence regions are proven to be strongly consistent, that is, they shrink around the true parameters
as the number of data points increases and, asymptotically, parameters different from the true ones
are almost surely excluded from the regions.
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1. Introduction. Estimating parameters of unknown systems based on noisy
observations is a classical problem in system identification, as well as signal processing,
machine learning, and statistics. Standard solutions such as the least-squares (LS)
method or, more generally, prediction error methods provide point estimates. In many
situations (for example, when the safety, stability, or quality of a process has to be
guaranteed), a point estimate needs to be complemented by a confidence region that
certifies the accuracy of the estimate and serves as a basis for securing robustness.
If the noise is known to belong to a given bounded set, set membership approaches
can be used to compute the region of the parameters that are consistent with the
observed data; see, e.g., [46, 48, 37, 47, 53, 13, 34]. The need for deterministic
priors on the noise can be relaxed by working in a probabilistic framework; see, e.g.,
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[32, 17]. However, traditional methods for the construction of confidence regions in a
probabilistic setting rely on approximations based on asymptotic results and are valid
only if the number of observed data points tends to infinity; see, e.g., [44]. In spite
of the well-known fact that evaluating finite-sample estimates based on asymptotic
results can lead to misleading conclusions [26], the study of the finite-sample properties
of system identification algorithms has remained a niche research topic until recent
times.

A notable (and now expanding) literature has been investigating how the qual-
ity of finite-sample estimates relates to specific characteristics of the system under
consideration. Seminal works in this line, addressing in particular finite impulse re-
sponse (FIR) and autoregressive exogenous (ARX) systems, are [74, 28, 75, 72, 66],
which have been followed by several more recent studies for various classes of linear
[50, 56, 33, 49, 61, 62, 54, 58] and nonlinear [67, 25, 55, 45] systems, also in relation
to control frameworks [1, 5, 21, 24]. See [63] for a survey and more references. While
confidence regions for the unknown parameters are easily obtained as side products
of these investigations, these regions are typically conservative because their valid-
ity relies on uniform bounds and, moreover, they have rigid shapes, parametrized by
characteristics of the system, which must be known to the user. On the other hand,
the goal of producing nonconservative confidence regions by exploiting the observed
dataset along more flexible approaches has been pursued by another, complementary
research effort, a product of which is the sign-perturbed sums (SPS) algorithm, which
forms the subject of this paper.

SPS was introduced in [14] with the aim of constructing finite-sample confidence
regions for systems that have a known structure, but are otherwise completely unspec-
ified, in a noise quasi distribution-free setup. SPS has connections with the bootstrap
literature [20, 27, 22] and, in particular, with wild bootstrap with Rademacher signs
[41, 19]. Bootstrap methods, however, either assume that the regressors are indepen-
dent of the noises, or only provide asymptotic coverage guarantees. The reader is
referred to [12] for a discussion on the relation between SPS and other finite-sample
methods, such as the bootstrap-style perturbed dataset methods of [39] and the leave-
out sign-dominant correlation regions (LSCR) method, a (more conservative) prede-
cessor of SPS that was introduced in [9] and then extended to quite general classes of
systems, and applied in a variety of contexts, in [18, 30, 2, 31].

SPS was studied from a computational point of view in [38] and extended to a
distributed setup in [76]. Applications of SPS can be found in several domains, ranging
from mechanical engineering [69, 70] and technical physics [23, 29, 68] to wireless
sensor networks [8] and social sciences [60]. Moreover, the SPS idea constitutes a
core technology of several recent algorithms, including techniques for state estimation
[51], for the identification of state-space systems [3, 59], for error-in-variables systems
[35, 36], and for kernel-based estimation [16, 4].

The theoretical analysis of SPS was conducted in [15] for linear regression models
where the regressors are independent of the noise, which, in particular, applies to open-
loop FIR systems. In this setting, it was shown that SPS provides exact confidence
regions for the parameters and that the region includes the least-squares estimate
(LSE). The main assumptions on the noise in [15] are that it forms an independent
sequence and that its distribution is symmetric about zero; however, the distribution
is otherwise unknown and it can be time-varying, even in each time-step.

In the first part of this paper, we extend the SPS method to cover ARX systems
and show that it has the same finite-sample properties as the SPS for FIR systems. In
the rest of the paper, we develop an asymptotic analysis of the extended SPS method.
Although the characterizing property of SPS remains the finite-sample guarantees, its
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asymptotic properties are also of interest because they shed light on the capability of
SPS to exploit the information carried by a growing amount of data points. Asymp-
totic properties, for example, play a role in the important problem of detecting model
misspecifications; see [10]. The asymptotic analysis of the SPS algorithm presented in
[15] was carried out in [73], but that analysis does not apply to the ARX case because
of the existing correlation between the regressor vector and the system output. In
this paper we show that also SPS for ARX systems is strongly consistent, in the sense
that the confidence region shrinks around the true parameters and, asymptotically, all
parameters different from the true ones are almost surely excluded from the region.

Structure of the paper. The paper is organized as follows. In the next section
we introduce the problem setting and the LS method for ARX models is revisited.
Then, in section 3, the SPS method for ARX systems is presented along with its
fundamental finite-sample properties (Theorem 4.1). The strong consistency of the
method is proved in section 5 (Theorem 5.5). A simple simulation example is given
in section 6, and conclusions are drawn in section 7. The proofs of the theorems are
postponed to the appendices. A preliminary version of the SPS algorithm for ARX
systems was presented in [14], where a theorem on its finite-sample guarantees was
proven under slightly stronger assumptions than those of Theorem 4.1 in this paper.
The strong consistency theorem (Theorem 5.5) is stated and proven in this paper for
the first time.

2. Problem setting.

2.1. Data generating system and problem formulation. The data gener-
ating ARX system is given by

(2.1) Yi+aiYia+-ah, Vi, =001 405 Uy, + N,

where Y; € R is the output, U; € R the input, and N, € R the noise at time . Equation

(2.1) can be written in linear regression form as

(2.2) Vi = 0" + Ny,

(23) Saté[*}/t—lw--7*}/t—nayUt—17---7Ut—nb]T7
(2.4) 0* 2 [ai,...,a; ,b%,...,00 ] .

Aim: construct a confidence region with a user-chosen coverage probability p
for the true parameter §* from a finite sample of size n, that is, from the regressors
©1,---,%n and the outputs Y7,...,Y,.

We make the following two assumptions.

Assumption 2.1. 0* is a deterministic vector, and the orders n, and n; are known.

Assumption 2.2. The initial conditions (Yp,...,Y1_p, and Up,...,Ui_p, in ¢1)
and the input sequence Uy, ..., U, are deterministic, and the stochastic noise sequence
Ny,..., N, is symmetrically distributed about zero (that is, for every s; € {1,—1},
t =1,2,...,n, the joint probability distribution of (s1Ny,...,s,N,) is the same as
that of (Ny,...,N,)) and is otherwise generic.

Assumption 2.2 is relatively “mild” in the following respects: (i) the specific dis-
tribution of {N;} is not assumed to be known; (ii) the independence of {N;} is not
assumed, the value of | Ny;1| can be a function of the past values of |N¢|,|N¢—1],...
(e.g., it could be a GARCH process [6] driven by symmetric innovations); (iii) the
marginal distribution of N; can be time-varying (that is, noise is not necessarily
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identically distributed). Notably, Assumption 2.2 covers the case of a heavy-tailed
noise process {N;} (e.g., N could be Cauchy distributed, with undefined E[N;] and
E[N?] = o). On the other hand, if {N,} has finite second moments, then Assump-
tion 2.2 implies the standard assumptions that E[N¢] = 0 and that noises are un-
correlated, i.e., E[N;N;_.] =0, for all 7 # 0. In fact, Assumption 2.2 implies that
E[ Ny | |Nt|] = E[sign(Ny) | | N¢|] - |N¢] =0 almost surely; hence, E[N;] = 0. Similarly,
conditioning on |N¢| - |N;—.|, it follows that E[N;N;_.] = 0. The assumption that
the input is deterministic corresponds to an open-loop configuration. We also note
that the results in the paper remain valid with some additional generality when {U;}
is stochastic and the assumption that Ny,..., N, is symmetrically distributed about
zero holds conditionally on {U;}.

2.2. Review of the least-squares estimate. The SPS method, which will be
introduced in section 3, is LSE-oriented, in the sense that the inclusion of a candidate
parameter 6 in the SPS confidence region depends on the normal equation arising in
LS estimation, which we briefly review in this section. Let 6 be a generic parameter

(2.5) 0=1lai,...,an,,b1,....,bn, 17,

and let d =n, + np be the number of elements in 0. Let the corresponding predictor
be given by

Yi(0) £ ¢/ 0
and the prediction errors by
(2.6) Ni(0) £ Y, =Y (0) = Y; — o' 6.

The LSE is found by minimizing the sum of the squared prediction errors, that is,

(2.7) 6, & argminZNf(Q) = arg min Z(Yt —pf0)>.
fcRrR? t=1 feRr? t=1

The solution can be found by solving the normal equation,
(2.8) Y@ Ni(0)=> wi(Yi—p6) =0,
t=1 t=1

which, when >, ¢ is invertible, has the (unique) solution

(2.9) b = (Z*‘”")(Z”)

3. Construction of an exact confidence region. The SPS method for ARX
systems will be presented in section 3.2. To gradually introduce the main ideas behind
it, we first review SPS in the simpler case of FIR systems, where

(31) }/t:bTUtfl"_"'b;kLbUtfnb_*_Nt'

This is a simpler case, since the regressors ¢; = [Uz_1,. .., Ut,nb]T are independent of
the noise sequence, which simplifies the analysis [15].
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3.1. Review of SPS for noise-indepedendent regressors. The fundamental
step of the original SPS algorithm [15] for (3.1) consists in generating m — 1 sign-
perturbed sums by randomly perturbing the signs of the prediction errors in the normal
equation (2.8). The sums are given by

Hi(0) = i (Ve — ¢} )

t=1
n - n

= Zai7t<pt<ptTO + Zaiyt@tNt, i=1,....m—1,
t=1 t=1

where 6 = * — 0, and {1} are random signs, i.e., independent and identically
distributed (i.i.d.) random variables that take on the values +1 with probability 1/2
each. For a given 0, the reference sum is the left-hand side of the normal equation
(2.8), i.e.,

n n n
Ho(0)=> o:(Yi— o 0)=> o0+ o1 Ny.
t=1 t=1 t=1
For 6 = 6*, these sums can be simplified to

Ho(0") =) ¢y,
=1

Hiy(0°) =) cisoNe =+ Ny,
t=1 t=1

where in the last equation we have written & instead of «;; for intuitive understand-
ing. The crucial observation is that, since the regressors are independent of the noise,
and the noise is jointly symmetric, it follows that Hy(6*) and H;(0*) have the same
distribution, and there is no reason why | Ho(6*)|> (£ Ho(6*)T Hy(6*)) should be
bigger or smaller than any other ||H;(0%)||?, i =1,...,m — 1. In fact, in [15] it was
proven that the probability that ||Ho(6*)||? is the kth largest one in the ordering of
the m values {||H,(6*)||?}7," is exactly 1/m, and the probability that it is among
the ¢ largest ones is ¢ - % The SPS region with confidence 1 — ;Z was then defined
in [15] as the set of 6’s such that ||Ho(6)||? is not among the gth largest values in the
ordering of {||H;(6*)|>}". It can be noted that || Hy(6)||? is zero when 6 is the LSE.
Therefore, SPS is LS-driven by design.

Another crucial observation is the following. For “large enough” Hé I, we will have

> 0ol 0+ 0Ny
t=1 t=1

with “high probability” since >}, <ptap;f0~ on the left-hand side increases faster than
S0 +piprf on the right-hand side. Hence, for ||| large enough, ||Hy(6)||*> dom-
inates in the ordering of {||H;(0)]?}",", and values away from * will therefore be
excluded from the confidence region; see [73] for a detailed analysis.

3.2. Main idea behind SPS for ARX systems. In the ARX case, the idea
illustrated in the above section cannot be applied directly: in fact, in the ARX case,
the distribution of the unperturbed sequence {¢;N;} is different from the distribution

2 2

> Z i(ptgo?é + Z i Ny

t=1 t=1

)
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of the perturbed one, {e; 1N}, because ¢, depends on the unperturbed noise {V; }.
Therefore, the distribution of Hq(6*) is different from that of H;(6*),i=1,...,m—1.
To get around this difficulty, the key idea in the proposed SPS algorithm for ARX sys-
tems is to generate regressors, denoted @; +(6), such that {¢;N;} and {a; 1 @; +(6%)N; }
have the same distribution and use them to define modified versions of Hy(6) and
H;(#). The elements of @; () include, instead of the observed outputs, the out-
puts of the system corresponding to the parameter 6 fed with the perturbed noise
{a;+N¢(0)}. More precisely, the perturbed output sequence Y; 1(6),...,Y; ,(0) is gen-
erated for every 0 =[ay,...,an,,b1,...,bpn, |T according to

(32) Yii(0)+a1Yig—1(0)+ - an,Yit—n, (0) E01Us—1 + by, Up—p, + Oéi,tNt(o)a

where Ny(6) is given by (2.6), and the initial conditions for Y; ;(6) are ¥; ,(0) £V, for
1 —n, <t <0. The regenerated regressor is then given as

(3.3) Git(0) 2 [~Yii1(0), .., ~Yitp (0), Uity Upy |

Using this perturbed regressor, the analogue of functions Hy(6) and H;(6) defined
above can be constructed, and, in what follows, we will denote them Sy (6) and S;(0)
to avoid confusion. With our definitions, for 6 = 6*, Sy(6*) and S;(0*) have the same
ordering property as Hy(6*) and H;(6*) for FIR systems, and therefore the exact
coverage probability of the constructed confidence regions can be proven.

3.2.1. SPS for ARX systems. The SPS method for ARX systems is now
detailed in two distinct parts. The first, which is called “initialization,” sets the
main global parameters of SPS and generates the random objects needed for the
construction. In the initialization, the user provides the desired confidence probability
p. The second part evaluates an indicator function which decides whether or not a
particular parameter value 6 is included in the confidence region.

The pseudocode for the initialization and the indicator function is given in Ta-
bles 1 and 2, respectively. Essentially, the algorithm implements the idea presented
in section 3.2, but a few clarifications are in order. In point 4 of Table 2, in the com-
putation of S() and S;(6), the vectors L 37 | o, Ny(0) and L 37 | ;1 @;.4(0) N (0)
have been premultiplied by the matrices R;% = (130, ©ipF) "2 and Rl_n% (0) =
(>, @iyt(ﬁ)gégtw))’%. The reason is that this results in well-shaped confidence
regions, as discussed in section 6. In point 3 in the initialization (Table 1) a random
permutation 7 is drawn, which is used in the algorithm (precisely, in points 5 and 6 of
Table 2) to unambigously decide the ordering among the values ||So(9)]?, [|S1(8)]|%, . . .,
|Sm—1(0)]|? in the case of ties. Formally, given m real numbers {Z;},i=0,...,m—1,
the ordering in the algorithm is given by the strict total order >, defined as

Zy =x Zj if and only if
(3.4) (Zx>Z;) or (Zy=2; and w(k)>n(j)).

The p-level SPS confidence region with p=1— L is given as
0, 2 {#eR?: SPS-INDICATOR(#)=1}.

Observe that the LS estimate, én, has by definition the property that So(én) =0.
Therefore, the LSE is included in the SPS confidence region, except for the very
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TABLE 1
Initialization of the SPS method

PSEUDOCODE: SPS-INITIALIZATION
1. Given a (rational) confidence probability p € (0,1), set integers m > g > 0 such that
p=1—q/m;
2. Generate n - (m — 1) i.i.d. random signs {c; ¢} with

1
PT’{O&i,t = 1} = ]P)T’{Ojiyt = —1} = 57

forie{l,...,m—1} and t€{1,...,n};
3. Generate a random permutation 7 of the set {0,...,m — 1}, where each of the m! possible
permutations has the same probability 1/(m!) to be selected.

unlikely situation in which m — q other S;(6) functions (besides Sy(6)) are null at 6,
and ranked smaller than Sy(6) by 7.1

4. Exact confidence. Like its FIR counterpart, the SPS algorithm for the ARX
system generates confidence regions that have exact confidence probabilities for any
finite number of data points. The following theorem holds.

THEOREM 4.1. Under Assumptions 2.1 and 2.2, the confidence region constructed
by the SPS algorithm in Tables 1 and 2 has the property that Pr{6* € ©,} =1 - L.

The probability in the statement of Theorem 4.1 is with respect to {N;} and the
random elements in the initialization step, Table 1 (i.e., the random signs {e;;} and
the random permutation 7). The proof of the theorem can be found in Appendix A.1.
The simulation examples in section 6 also demonstrate that, when the noise is station-
ary, the SPS confidence regions compare in size with the heuristic confidence regions
obtained by applying the asymptotic system identification theory. However, unlike
the asymptotic regions, the SPS regions are theoretically guaranteed for any finite n,
and also maintain their guaranteed validity with nonstationary noise patterns.

5. Strong consistency. In addition to the probability of containing the true
parameter, another important aspect is the size of the SPS confidence regions. In this
section, under some additional mild assumptions, we prove a strong consistency theo-
rem which guarantees that the SPS confidence sets shrink around the true parameter
as the sample size increases, and eventually exclude any other parameters 6’ = 6*.

This theorem will be proved under the basic Assumptions 2.1 and 2.2, plus the
assumptions discussed below.

5.1. Additional assumptions. Let A(z74;0)=1+a;27 +- - +ap, 2z~ " and
B(z7%0)=biz7 1+ -+by,, 27", with 27! the delay operator. (2.1) can be compactly
rewritten as

A(z7H09Y 2 B2 0)U + N,

11t is worth mentioning some substantial differences between the construction here proposed and
the one of [71]. In [71], extra data (the so-called instrumental variables) are assumed to be available
to the user and are required to be correlated with {¢;} but independent of the noise {N¢}. Under
this condition, the construction of [71] delivers guaranteed regions around the instrumental-variable
estimate. On the other hand, the algorithm proposed in this paper does not require any extra data
besides the regressors and the system outputs and is purely LSE-based.
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TABLE 2
Evaluation of the SPS indicator function

PSEUDOCODE: SPS-INDICATOR (6)

1. For the given 0, compute the prediction errors for ¢ € {1,...,n}
Ni(6) £ Vi — o] 0.

2. Build m — 1 sequences of sign-perturbed prediction errors (o ¢ N, 0),t=1,...,n.

3. Construct m — 1 perturbed output trajectories Y; 1(0),...,Y; n(0), i=1,...,m — 1, according to
(3.2) with Y;,£(0) 2Y; for 1 —ng <t <0. Form @; +(0) according to (3.3).

4. Evaluate

-

_1 1 & .
Si(0) £ R; 2 (9)5 > i it (O)N:(0),
t=1

for i€ {1,...,m — 1}, where

1 n
Rin(®) 2 =3 500 0)81,(0),

and -3 denotes the inverse (or pseudoinverse) of the principal square root matrix.
5. Order scalars {||S;(0)]|2} according to = (see (3.4)).

6. Compute the rank R(6) of ||So(8)||? in the ordering, where R(0) = 1 if ||So(6)||? is the smallest
in the ordering, R(0) = 2 if ||So(8)||? is the second smallest, and so on. Mathematically,
RO =1+|{i=1,...,m—1:]1S0(8)|2 == |1S:(0)||2}|, where | - | denotes cardinality.

7. Return 1 if R(0) <m — g, otherwise return 0.

and (3.2) as
A(=710)Y0(0) 2 BG="10)Us + i Mo (0):

The following assumption is a standard condition regarding identifiability of the
true parameter.

Assumption 5.1 (coprimeness). The polynomials A(z~1;6*) and B(z71;0*) are
coprime (i.e., only constant polynomials are factors of both of them).

The set of values of 6 that are allowed to be included in the confidence region
is normally limited by a priori knowledge on the system and, in general, it will be a
proper subset of R, Although occasionally it can be left implicit, in this paper the
subset of values of 8 will be denoted by O, and always assumed to be a compact set.

Assumption 5.2 (uniform stability). The families of filters {ﬁ :0€0.} and

ﬁg%ﬁgg :0 € ©.} are uniformly stable.

We recall the definition of uniform stability [44]. First, A(zzl't‘)) and i(ij fz) must
be stable for every 6 € ©.. Then, we can define the coefficients ho(0), hy EG), ... from
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relation Yo he(0)z7" = ﬁ7 and ¢1(6), g2(0), ... from relation Y ;2 g.(0)z" =
B(z71;0)
A(z=10) "

Uniform stability means that

sup |ht(0)| < hs and sup |g:(0)| < g¢, Vi,
0€B, 0O,

for some h; and g such that

o0 o0
Zl_Lt<oo and Z§t<00-
t=0 t=1

Basically, Assumption 5.2 excludes that the dynamics of the system can be arbitrarily
slow and that the static gain can be arbitrarily large.
The following type of conditions are standard for consistency analysis.

Assumption 5.3 (independent noise, moment growth rate). {N;} is a sequence of
independent random variables. Moreover, the limit

1 n
5.1 lim — Y E[N?
(5.1) nggon; V7]
exists and

1 n
5.2 lim sup — E[N?] < 00.
(52) msup - BN

We will assume that the input sequence is persistently exciting. Precisely, follow-
ing [42], we say that the input sequence is persistently exciting of order n, + n if the
limits m = lim,,_, oo %Z?:l U (we call m the mean) and ¢y = lim,, oo % Yo (U —
m)(Us—r — m) exist and are finite for every k, and the matrix

Cu,0 -+ CUng+np—1

CU,na+nhfl cee CU,O
is positive definite.

Assumption 5.4 (persistent excitation and limited growth rate). The sequence
{U:} is persistently exciting of order n, + n;. Moreover,

1 n
5.3 li - Ut .
(5.3) imsup - Z L <00

n— oo =1

The reader may be interested in comparing the realizationwise condition (5.3) and
the processwise condition (5.2): in this regard, it is worth noting that the processwise
condition (5.2) implies that

1 n
5.4 lim sup — N} < o0
( ) n—>oop n tZ:; ¢

holds w.p.1.
In all that follows, we will consider Y; to be the output of system (2.1) with zero
initial conditions and causal input signals (N, Uy are zero for ¢ <0).
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5.2. Result. In the following theorem, B.(6*) denotes the closed Euclidean
norm-ball centered at #* with radius € >0, i.e.,

B.(9*) £ {0cR: |0 —0%| <e}.

Theorem 5.5 states that the confidence regions (:)n will eventually be included in any
given norm-ball centered at the true parameter, 6*.

THEOREM 5.5 (strong consistency). Under Assumptions 2.1, 2.2, 5.1, 5.2, 5.3,
and 5.4, for all € >0,

=1

Pr [f_j ﬁ {én C Bg(a*)}

A detailed proof of the theorem is provided in Appendix A.2, preceded by an
outline.

6. Numerical example. Consider the following data generating system:
Vi = —a"Yi 1 + 0" Ui + Ny

with zero initial conditions. a* = —0.7 and b* =1 are the true system parameters and
{N;} is a sequence of i.i.d. Laplacian random variables with zero mean and variance
0.1. The input signal was generated according to

U =0.75U;-1 + V4,

where {V;} was a sequence of i.i.d. Gaussian random variables with zero mean and
variance 1. The predictor is given by

Yi(0) = —aY_q + bUs_1 = 70,

where 6 =[a b]T is the model parameter, and ¢; = [—Y;_; U;_1]" is the regressor at
time t.

A 95% confidence region for 0* = [a* b*]T based on n = 40 data points, namely
(g1, Y1), t = 1,...,40, was constructed by choosing m = 100 and leaving out those
values of @ for which ||So(6)]| was among the five largest values of ||So(8)]], ||S1(0)],-- -,
1Sos (6)]]

The SPS confidence region is shown in Figure 1. In the same picture, the confi-
dence ellipsoid based on asymptotic system identification theory is also shown, which
is guaranteed to yield a 95% confidence region as n — co [44, Chapters 8-9].2 It can
be observed that the nonasymptotic SPS region is similar in size and shape to the
asymptotic confidence region, but it has the advantage that it is guaranteed to contain
the true parameter with exact probability 95% for finite values of n (n =40 in this
case).

In agreement with Theorem 5.5, the size of the region decreases when n is in-
creased; see Figures 2 and 3. In Figure 3, m is also increased to 4000, and one can
observe that there is very little difference between the SPS region and the asymptotic

~ R R F'(0.95)62

2Precisely, the ellipsoid is computed as O, = {8: (0 —0,)T Ry, (0 —0,) < X———
F><_21 (+) is the inverse cumulative distribution function of the chi-square distribution with dim(6*) =2

}, where

~2 A 1 n TA \2 : . . .
degrees of freedom, and G = —5 37" | (Y2 — ¢; 0n)? is an estimate of the noise variance.
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* LSE
1.06 [ ——e—e Asymptotic
SPS
1.04 - .
2 1.02 - .
1 L ]
0.98 .
0.96 ]
094 1 1 1 1 1 1 1
-0.76  -0.74  -0.72 -0.7 -0.68 -066 -0.64 -0.62 -0.6
a
Fia. 1. 95% confidence regions, n =40, m = 100.
1.1 T T T T T T T
O True value
1.08 | % LSE il
—— Asymptotic
1.06 F SPS 4
1.04 |- .
2 1.02 - .
1 - 4
0.98 ‘ 1
0.96 .
094 1 1 1 1 1 1 1
-0.76  -0.74  -0.72 -0.7 -0.68 -066 -0.64 -0.62 -0.6

a

Fic. 2. 95% confidence regions, n =400, m = 100.

confidence ellipsoid. This exemplifies a quite general behavior that can be informally
expressed by saying that when n and m both tend to infinity the SPS confidence
region is included in a marginally inflated version of the asymptotic confidence el-
lipsoids. This circumstance is interesting because it shows that SPS fills smoothly
the traditional gap between finite-sample validity and asymptotic optimality. For the
FIR case, a formal statement and a proof of this fact can be found in [73, Theo-
rem 3]; an analogue theorem can be stated in our autoregressive setup. The proof,
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1.1

& True value
1.08 |- % LSE 1
— = Asymptotic
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1.02 i
zoomed region
o102} 1015 -
1.01
1+ é 1,005 N
1
0.98 0.995 )
0.99 _
0.96 - 0.985
-0.705 -0.7 -0.695 -0.69
0'94 Il Il Il Il Il Il Il
-0.76  -0.74 -0.72 -0.7 -068 -066 -0.64 -0.62 -0.6

a

Fia. 3. 95% confidence regions, n = 4000, m = 4000, and m = 100.

however, is not trivial and has been omitted from this paper due to space limitations
(the interested reader can find more details in the preprint at https://arxiv.org/abs/
2402.11528).3

6.1. Coverage with asymmetric noise. In this paper, the symmetry of the
noise has been assumed. However, it is interesting to evaluate whether the proposed
algorithm is sensitive to small asymmetries. While a comprehensive study of the
nonsymmetric case is beyond the scope of this work, some numerical evaluations were
performed. In particular, the generation mechanism of N; in the numerical example
above was modified as follows: N; was generated according to an asymmetric Laplace
distribution [40] with density

V2 ok V2

ya_ v _ Y2, — o<
5 T2 P - (n—x) if x <0,

V2 K K2

G T2 P —7(33—,@ if x> 0.

fx) =

Then, we evaluated the coverage of the SPS regions over 100,000 Monte Carlo
runs for different values of x. Table 3 reports the results for & = V0.1 and pw=0:in
this way, when x = 1, the distribution is the same as above (symmetric with variance
02 = 0.1) and the coverage is guaranteed to be 95%, while, when x decreases, the

3Similarly as in [73], the result can be proven by using the central limit theorem to show that each
IS;(8)|? tends to be Chi-squared distributed as n — co and using the Glivenko—Cantelli theorem to
show that the empirical distribution of ||S1(6)2,..., ||Sm—1(0)||? approximates the distribution of a
Chi-squared as m — co. However, from a technical point of view there is a crucial difference with
respect to [73]: while in [73] functions ||So(6)||? and ||S;(8)||%, i = 1,...,m — 1, were all quadratic
functions, in the present setting functions ||S;(6)||2, i=1,...,m — 1, are ratios of polynomials whose
orders increase linearly with n, so that the uniform evaluation of these functions over 6 as n — oo
requires much more attention.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://arxiv.org/abs/2402.11528
https://arxiv.org/abs/2402.11528

Downloaded 05/28/25 to 176.242.9.104 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1914 A. CARE, E. WEYER, B. CS. CSAJI, AND M. C. CAMPI

TABLE 3
Coverages (100,000 Monte Carlo runs, p=95%, m =100).

k=1 xk=0.9 k=0.8 k=0.7 k=0.5 k=0.1
n =20 0.95089 0.94216 0.91277 0.85345 0.67473 0.47360
n =40 0.95091 0.93882 0.89617 0.81580 0.64847 0.29411
n =400 0.95071 0.93248 0.87574 0.78354 0.58930 0
n = 4000 0.95010 0.93094 0.84372 0.64998 0.05102 0

distribution becomes skewed toward positive values (the cases k = 0.5 and x = 0.1
correspond to very skewed distributions) and the coverage is no longer guaranteed.

In these simulations, the noise IN; was nonzero mean and nonzero median when
k # 1 (its mean was 01\;5’“:: and its median was —%ﬂlog H;Z). Then, we modified
the location parameter p so as to generate zero-mean or zero-median noise samples.
In these cases, the coverages turned out to be much better, suggesting that correctly
estimating the mean or median of the noise is beneficial. For example, with x = 0.1,
when n = 40 we obtained a coverage of 0.94496 for the zero-mean case and 0.91797 for
the zero-median case; when n = 400 we obtained 0.95003 and 0.80887, respectively.
These results, being empirical, are not conclusive. However, they are indicative of
the phenomenon that the algorithm exhibits a graceful degradation in the presence of
asymmetries (even more so if the mean is correctly accounted for), and, importantly,
they are in line with previous studies on the role of asymmetry that were performed
for the original SPS [11]. We remark that some of the analyses and robustification
techniques in [11] can be carried over to the present setup.

7. Concluding remarks and open problems. In this paper, we have pre-
sented the SPS method for ARX systems. SPS delivers confidence regions around the
least-squares estimate that contain with exact, user-chosen, probability the true sys-
tem parameter under mild assumptions on the data generation system. These regions
are built from a finite (and possibly small) sample of input-output data. Besides the
exact finite-sample guarantees, we have proven under additional and rather mild as-
sumptions that the method is strongly consistent. Moreover, the shape of the region
in relation to the approximate confidence ellipsoids obtained using the asymptotic
theory has been briefly discussed.

Finally, we want to mention some further directions of research. While the SPS
regions have many desirable features, the exact calculation of the regions is compu-
tationally demanding. For FIR systems, an effective ellipsoidal outer approximation
of the confidence regions can be practically computed by using convex programming
techniques [15] (see also [38]). Obtaining similar results for the ARX system is a chal-
lenge of great practical importance. However, when the dimension of the parameter
vector 6 is small, the SPS region can be computed by checking whether points on a
fine grid of the parameter space belong to the confidence set.

Appendix A. Proofs.

A.1. Proof of Theorem 4.1: Exact confidence. We begin with a definition
and two lemmas taken from [15].

DEFINITION A.l. Let Zi,...,Z be a finite collection of random variables and
>t.0. @ strict total order. If for all permutations iy,...,ix of indices 1,... k we have
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1
]P)T{Z’Lk >t.O. Zik_l >t.O. e >15.0. le} - E?

then we call {Z;} uniformly ordered w.r.t. order =i, .

LEMMA A.2. Let o, 31,...,8% be i.i.d. random signs; then the random variables
a,a-B1,...,a- By are i.i.d. random signs.

The following lemma highlights an important property of the >, relation that
was introduced in section 3.

LEMMA A.3. Let Zy,...,Z) be real-valued, i.i.d. random variables. Then, they
are uniformly ordered w.r.t. .

We are now ready to prove Theorem 4.1.

By construction, the parameter 6* is in the confidence region if ||So(6*)||* takes
one of the positions 1,...,m — ¢ in the ascending order (w.r.t. =) of the variables
{11S:(6%)]12y5". We will prove that {||S;(6%)]|?}7," are uniformly ordered, hence
1S0(0*)||? takes each position in the ordering with probability 1/m, thus its rank is
at most m — ¢ with probability 1 — q/m.

Note that all the functions S;(6*) depend on the sequence {a;+N;} via the same
function for all ¢, which we denote as S(a;,1N1,...,...,0;,Ny) £ 5;(6*). This is
true also for Sp(0*); in fact, recalling that ap; = 1, t € {1,...,n}, it holds that
ag, N (0*) = gt Ny = Ny, so Yo =Y, and @or = ¢4

Let by, bg, ... be a sequence of random signs independent of {N;} and {«; .}, and
define o4 (Ny) as

I?

(N ) sign(Nt) if Nt 7&07
(o} =
o by if N, =0.

Clearly, Ny = 0¢(Ny) - |N¢| for every value of N;. By Assumption 2.2, {|N¢|} and
{o¢+(N})} are independent, and {o:(N;)} is an i.i.d. sequence. Now, we will work
conditioning on {|NV;|} by exploiting the independence of {|/Vy|} from all the other
random elements: let us fix a realization of {|V¢|} and call it {v;} (all the other random
elements are distributed according to their marginal distribution). Then, for all < and

t, we introduce v;; = o;10¢(Ny). {auis}, i =1,...,m — 1, are i.i.d. random signs
independent of the other random elements and of o¢(Ny),...,0+(NV,;) in particular.
Using Lemma A.2, v;;, 1=0,...,m—1,¢t=1,...,n, are i.i.d. random signs. Thus,

S;(6*) can be equivalently expressed as S;(0*) = Z;, where Z; £ S(Vi 101, -+, YinUn)-
Since Z;’s are obtained by applying the same function to different realizations of an
i.i.d. sample, they are also uniformly ordered with respect to >, (Lemma A.3). Thus,
the uniform ordering property has been proven for a fixed realization of {|N¢|}. As the
realization of {|V;|} was arbitrary, the uniform ordering property of {[|S;(6*)?}7;"
holds unconditionally, and the theorem follows.

A.2. Proof of Theorem 5.5.

A.2.1. Outline of the proof. We define 6, ,(f) as the value of § € R? that
minimizes

n
_ ~

(A1) Z(th(e) — 3i.1(0)70)*,

i=1
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i.e., as the LSE if the output sequence were Y;1(6),...,Y; ,(0); cf. (2.7).4 ém(e)
satisfies

(A2) Y pul@pu O Bun(®) )=~ > i Nu(0)21.(0).

Assuming 6; ,,(0) is unique (we will show that this is the case for n large enough), it
is straightforward to check that ||S;(0)||* can be written as

(A.3) 1S:(0) 12 = | Rin(0)2 (8 — 0:n(0))]2,  i=1,...,m—1,

where R; ,(0) =L 377" | ¢;:(0)@7,(0) (as defined in Table 2). Similarly, ||So(6)]|? can
be rewritten as

(A4) 150(0) (1 = | R2 (60 — 6,)]2

where 6, is the LSE (2.9), and R,, = Ly ¢ipr (as defined in Table 2). First, we
prove that 6, — 6* w.p.1, and hence that [So(6)||2 eventually stays away from zero
outside a ball centered at 6*. The second step is proving the uniform convergence
of 6; ,(0) to 0.5 To do this, we first prove that R;,(f), i = 1,...,m — 1, converge
uniformly in O, to a matrix function R(#) that is positive definite, with eigenvalues
that are uniformly bounded away from 0 and from oco. Second, we show that the
right-hand side of (A.2) goes to zero uniformly in ©, w.p.1.° Combining these two
facts, we will conclude that 0;,,(#) converges to 0, and [|S;(6)||2 — 0 uniformly. This
implies that, for n large enough, |S;(0)||?, i=1,...,m — 1, are smaller than ||Sp(6)|>
for all the values of 6 € ©. outside a small ball centered at 8*, so that such values of
0 are excluded from the confidence region.

A.2.2. Proof. The following two lemmas are the key results to prove the theo-
rem. In the statements of these two lemmas, the assumptions of Theorem 5.5 are left
implicit. Their proofs are in Appendix A.2.3.

LEMMA A.4. The limit matriz
ﬁ&gZ%%

exists and is finite w.p.1. Moreover, there exists a matriz R(0), independent of { Ny}
and {a;+}, function of 6 € O, such that lim,_, SUPoe@ |Rin(0) — RO)|| =0, i=
1,...,m—1, w.p.1. R(0) is continuous in 6 € O., R(0*) = R., and there exist py, pa >0
such that Ipy < R(0) < Ipy for all 0 € ©,.."

«.

4In the terminology of [39] this is the minimizer of the cost function corresponding to the

per-
turbed dataset.” ~ B
5This requires some caution because Y; 1(0),...,Y; ,(0) is the output of the nonstandard system

(3.2), where Uy affects future noise terms through Nit1(6), Nt42(0), ..., and the expected value of
Nt2+1(9) given the past is not uniformly bounded. Thus, traditional consistency results such as those
in [43], although quite general and inclusive of closed-loop setups, do not apply to this setting.
6This step is carried out by using martingale arguments that are inspired by the proof in [43],
together with a suitable “conditioning trick.”
"The symbol “<” denotes the Loewner partial ordering, i.e., given two matrices A and B, A <
B <= B — A is positive definite.
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LEMMA A.5. It holds w.p.1 that
li L En N, 0
im — =0.
n—oo n P tPe
Moreover, for everyi=1,...,m—1,

) 1
lim sup [—
n—=0gee, |1

> i Ni(0)i4(6)] =0
t=1

holds true w.p.1.
We first study the asymptotic behavior of the reference function ||.So(0)]/*.
By definition, the LS estimate 6,, must satisfy the normal equation (see (2.8))

1 & - 1
(A.5) ﬁZSOtSDtT(en—g ):ﬁth%p
=1 =1

The convergence (a.s.) of 6, to 6* follows by taking the norm of both the
right- and left-hand sides of (A.5) and noting that the right-hand side goes to zero
by Lemma A.5. On the other hand, because of R, = limnHOO%E:?:1 oot = 0

(Lemma A.4), the left-hand side goes to zero as n — oo if and only if 6,, converges to
0*. Thus,

(A.6) 16, — 0% — 0 w.p.l.

Using (A.4), we conclude that

(A7) 1S0(0)]2 — ||R%(9* — )| (uniformly in ©,) w.p.1.
n oo

Now we study the asymptotic behavior of the functions ||.S;(0)|%, i=1,...,m — 1.
By definition, 0; ,(6) satisfies (A.2). By taking the norm of both sides of (A.2)

and by using Lemma A.5 we get lim,, oo supgee. [|Rin(0)(0in(8) — 0)]? = 0 w.p.1,

while, by Lemma A.4, we have supycq_ ||Rzn(0)(ém(0) —0)||? > p?- ||éln(9) —0||? for

all 8 € ©, for n large enough. These two facts yield

(A.8) lim sup [|6;,(0) — 0] =0 w.p.1.

n—=0gco.

Using (A.7) and Lemma A.4, we conclude that there exists w.p.1 a (realization
dependent) 7ip such that

1So(®)[I* > pre® VO - [|0 —0%[| > ¢

for every n > fig. W.p.1, there also exists a (realization dependent) 7 large enough such
that, for every n> 7, R; ,(0) < Ips, for all § € ©, and i=1,...,m — 1 (Lemma A.4),
and such that [|0;,(0) — 0] < ”;—;2, forall 9 € ©, and i =1,...,m — 1 (A.8), which
implies

1S:(0)|? < p1e? V€O, i=1,...,m—1.

Therefore, for every realization on a set of probability 1, there exist (realization de-
pendent) 7y and 7 such that for every n > max(7ig,7) it holds that ||So(8)]| > ||S:(6)]],
i=1,...,m—1, for every 6 ¢ B.(6*), and this implies the theorem statement.
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A.2.3. Proofs of Lemmas A.4 and A.5. Preliminarily, we state some asymp-
totic results that are useful throughout. In all the lemmas stated in this proof, the
assumptions of Theorem 5.5 are left implicit.

LEMMA A.6. W.p.1 it holds that
l.a lim, e + Zt 1 Ny =
1.b limy, o + - Sy NtNt E=0k" (hmn_wo LS L E[N ]) < 00, where §;; =0 for
every k 7&0 and 5o =1,
1.c limy oo £ T Zt 1 VUi, =0 for every k,
1.d limy, oo £ - Yo NiYy_p =0 for every k> 1.
For every k € Z, there exist cy,, < oo and cyy,, < oo such that, w.p.1,
2.8 limp 00 + Y1y V1Y =y for every k,
2.b lim, o0 = iy ViU = cyu, for every k.
W.p.1 it holds that
3.a limsup,,_, . % S YA <oo,
320 Timsup, S5, ] <o
3.c supgep, (limsup,, ,, + 31 1N4(9)) < 00,
3.d supgee, (hmsupn_>OO 3 19it(0)]|*) < C < oo, where C depends on {Ny}
but not on {a; .}
For every 0 € ©. and k € Z, there exist cy 1(0) < 0o and cyy (0) < oo such that,
w.p.1,
da lim, oo = >0 1 Vi i(0)Y 41—k (0) = cy 1 (0) for every k and every i = 1,...,
m-—1,
4.b limp o0 = Y1y Vi () Ui, = cyy i (0) for every k and everyi=1,...,m—1.

Proof. [1.a, 1.b, 1.c] We prove 1.b, since 1.a is easier.
For every k # 0, E[N;N;_;] = 0. Moreover, by applying twice the Cauchy—Schwarz

2
inequality (once to E[] and once to > ;- -), we get lim:supn_>OO Sy w <

hmsupn—)oo Z?:l E[gf] V E[Nt 2 < hmbupn—)oo \/Zt 1 t2 \/Zt 1 ]E[]\ig k]
by Assumption 5.3, (5.2), and the result follows from the Kolmogorov’s strong law of
large numbers (Theorem B.1 in Appendix B). The case k=0 and 1.c can be proven
similarly.

[1.d] By using the expression Y;_p =Y 70 (hr Ny—j—r + > oo G- Up—jo T, we write
% Doy NeYip = % o Ne (ol g he Niimr + 3271 97 Uii—r) = 3070 ( >t
NeNig—r) + 30 1 9- (230 NyUy—k—-). We focus on the first term; the "second
one can be dealt with similarly. Using the fact that Ny = 0 for all t < 0, the
Cauchy—Schwarz inequality yields sup,_; 5 £33 NeNe_p—r| < 23707 | N7, De-
fine C = lim,,_,o0 + Et 1 NZ. Fix € > 0. By btablhty, it is pObblble to choose M such
that for each n > M, Y% i lhel < 550 Thus, |37 (b (2300 NeNe_p—r)| <
| Zq-:o he (L300 NeNi—j—7)| + &, which can be made < € by taking n large enough,
because max,—1,.. m |%(Z?:1 N¢Ni_—)| is the max over a set of finite (M) terms
that all go to zero in virtue of 1.b.

[2.a, 2.b] The proof of 2.a is similar to 2.b, so we focus on 2.a. Consider k > 0,
otherwise replace ¢ with ¢’ = t—k, and use the same argument. Rewrite % le:l YiYi_k
as (it is intended that g, =0 for 7 <0)
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1 n n n
- (Z(hTN” + gTUtT)> (Z(thtH + geUtH)>
t=1 \7=0 =0
S (n zN”NtH) S Y ( ZNHUM)
t=1 t=1

7=0¢=0 7=0¢=0
+ Z Zgrhe (711 Z Ut—TNt—k—z> + Z Zgrgz (711 Z Ut—rUt—k—£> .
7=0¢=0 t=1 7=0/¢=0 t=1

All of these terms can be dealt with similarly, so we focus on the first one. Y."_ >~
hThg(% Yor i Ni—rNi_j—¢), for M <n, can be rewritten as

n

Zzhrhe (ZM—JW—;«—Z) + Z Zhrhe <ZNt—TNt—k—€>
=0 (=0 i r=M41 (=0 "4

n

M n n n n
3N bk (iZlN”NtH>+ > hoh (iZIN”NtH)
t= t=

T=04=M+1 T=M+14=M+1

By virtue of sup, j—o |30 Ne—r Ne_j—g| < 2377 | N2, which converges to a
constant as m grows to oo, and by virtue of the stability of the system, the limit
as n — oo of all the terms except for the first one can be made arbitrarily close
to zero if M is chosen large enough. We are left to deal with the truncated sum
lim,, 00 Zﬁio Zé\io hThg(% Z?zl Ni—7Ni_k—¢), which is Cauchy in M because of the
stability of the system, and therefore can be made arbitrarily close to lim,, . Zfzo
E?:o h.,—hg(% >oiy Ni—rNy_j—¢). More precisely, its argument can be further decom-
posed as

S o (711 > NET> " ) Y <i > Nt_TNt_H> .
t=1 t=1

7=0,..., M —k 7=0,...,M£=0,.... M {#k+T

The limit for n — oo of the second term goes to zero because of Lemma A.6 (1.b)
applied to a finite number of choices of 7 and ¢, while lim,, ., ZT:O,H.,Mfk hehigr
(i N2 ) =c0 Y r—o.... pi—g hrhiir does not depend on the specific {N;}.

[3.a, 3.b, 3.c, 3.d] The sequence {Y;} can be written as the sum of two convolu-
tions, i.e., {Yi} = ({Ne} * {he(0%)}) + ({Us} * {g:(6%)}), where the ¢'th sample of the
first convolution is ({ Ny }#{h(0*)})y => o0 o Ny —rh-(0%), and the ¢'th sample of the
second convolution is ({U;} * {g:(6*)})e = > o0 1 Uy—+g-(0*). Let 1(P) denote the
indicator function that is equal to 1 when proposition P is true and is 0 otherwise.
For every t and k, define Ny, 2 N; -1 (t<k), and, similarly, Utk 2 U -1(t<k),
Yk 2Y;-1(t<k). Clearly, for every fixed n,

(A.9) I{Yen Hla = I({ Ny} # {2 (07)3) + (Ui} + {9:(67) 1)l
S NNy {he (0 ) D lla + 1 Ui} + {g0(07)}) lla-

Using Young’s convolution inequality for sequences (see, e.g., [7, p. 315])

I N} * (e (0D lla < Nl - [1{Re(07)}n
n 1/4 [ee)
< <2N2‘> : (th(e*)l) :

t=0
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and similarly for the input term. Due to the stability assumption, |[{h:(0*)}]1 < C' <
oo and ||[{g:(0*)}]1 < C” < co. Hence, we get

1< 1< 1<
(A.10) 5} v, §80’4ﬁ§ jN;*+8c“4ﬁ§ U,
= t=1 =1

and, from (5.4) and (5.3), we conclude that limsup,,_,, = >} | V¥ <oo w.p.1.
Inequality

(A.11) hmsup Z\|<pt||2<oo
i3

immediately follows from
Na np

(A.12) lpella <> 1Vekl + > |Usl-
k=1 k=1

Moreover, [Ny(6)| = [N¢ + ¢ (6% — 0)| < [Ne| + llpellz - 67 = Ol < [No| + [lpellz -
Supgee, [|0° —0||2. Here, supycg_ 0" — 0|2 is finite because O, is compact and we can
conclude that

(A.13) sup (hmsup ZN4 ><oo.

0O, n—00 nf 1

The same reasoning that led to (A.10) and (A.11) can be applied to {Y;(6)}

({aiaNe(0)} * {he(6)}) + ({Us} * {9:(6)}), and, noting that suppee, S5, [he(6)]
K’ < o0 and supgeg, > oy 19+(0)| < K" < oo by Assumption 5.2, we immediately get

IA

(A.14) sup (hmbup ZH@” 2) < 00,

0cO. n— =1

where the finite bound does not depend on the sequence {c;,}.

[4.a, 4.b] Writing Y;,(0) = >0 o hr(0)vi i Ne—r(0) + D" 1 g-(0)Urr = >0,
(hr(0)es e Ne—r) + 327 _o hr ()i i (6 — 0) + 37, g7(0)Us—r, where 3°7_(h-(6)
iror (07 =0)=3"_ he ()i (3)2 Yier—e(a; —ar) + D00y Us—r—pr (b — ber)),
we observe that, modulo the presence of random signs, most of the terms involved
in this sum are the same as those encountered in the proofs of results 2.a and 2.b,
and they can be dealt with similarly. The term »."_ h-(0)as ¢ > 0% Yier—e(a) — ar)
requires some extra care as it gives rise to cross-terms of the kind (aj —a¢)* > "'_ > "%,
h- (9)h>\(9)% Yorey Qim0 r 00t t—jg—x—0Yi—k—r—¢. These terms can be dealt with
by conditioning on a fixed sequence {N;}; in fact, conditionally on {NV;}, the sequence
{it—r—tYior g0t x—0Yi—k—x—s}72; is independent so that Kolmogorov’s strong
law of large numbers (Theorem B.1 in Appendix B) applies. In this way, we can
conclude that, when 7 # k + A, %Z?Zl Ottt —k—¢Yi—k—¢ gO€S to zero
w.p.1, while the case 7 =k + X reduces to 2.a. O

The following lemma ensures that there is some continuity (on average) in the
behavior of Y; 1(0),...,Y; »(0) as 6 varies in O,.

LEMMA A.7. For every e >0 there exists a § >0 such that

lim sup *Z\Yt 01) —Yi(02)]> <e w.p.l.
n—0o0 01792690791635(62) ni
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Proof. The proof follows along the same lines as the proof of Lemma A.6, 3.a, 3.b,
3.c, by writing, for each n (and 7), {Y #n(01) =Y 1 (02)} = {Yi 10 (01) } —{Yi 1 (02) } =

{00t Ny (01)} % {he(01)} — {01 Ny (02)} * {he(02)} + {Uyn} * {ge(61) — 9t(92)} =
{az,tNt\n =+ O‘z,t@t‘n(o — Oy + [02 — 01])} * {he(61)} + {Olz,tNt\n + O‘z,t@t‘n( —02)} =

{he(02) }4+-{Usn } ¥{9¢(01)—g¢(02) }. Using the notation A 20,0y, Af 2 f(61)—f(62)
for a generic function f, we can write

I{AY g2 < (e, e Noj } # { A2 + ({0, (0% — 02)} % {Ahe} |2
+ [{a e A0} % {he(01)} |2 + [{Usin} * Agell2
< (Young’s inequality)
<INy Hlz - [I{AR I + (167 = ball2 - [Illpenll2H2) - [{ARH
(A.15) + 1A0]2 - [{ll@enll2}l2 - I£he(01) HIr + { Uk Hlz2 - [{Age 1

which is a finite quantity in view of Assumption 5.2. Denoting supy, 9,ce..0,cB; (62)
for short as supag|<s, We have supag<s[[Ah]l1 <2377 supgee, [7:(0)] < oo and
sup| ag|<s |1Agtll1 < (0)] < co. From (A.15), using (5.4) and (5.3),
Assumption 5.2, and Lemma A.6 (3.b), it follows that w.p.1 there are (possibly real-
ization dependent ) constants Cq, Co, C3, Cy such that

limsup sup \/7|{A}/;tn}||2

oo | A0]<
<G S [{AR 1+ Co Sup [{AR 1 +6- 03+C4 Sup SJHAgHh <o
Af<
Moreover, supagj<s|[{Aht}|l1 can be made arbitrarily small for ¢ small enough
because sup|ag)<s [{AR}HI < 32720 supjag<s|Aht| and the following proposition
holds.

PROPOSITION A.8. Y77 supjag<s [Ahi| can be made arbitrarily small for a
positive &' small enough.

Proof. First, write

[eS) M—1
Z sup |Ah|= Z sup |Ah| + Z sup |Ahy|
=0 llag]<e’ =0 llag)<e’ =1 120]1<d
M—1
< Z sup |Ah +2 Z sup |h(0)],
=5 l1a0]<s S5 6<0.

and note that for any ¢ we can choose an M > 0 large enough, such that

o /

€
> sup [hu(6)] < 5.
t:Mee(—)c

Now we prove that there exists ¢’ > 0 such that Zt 6 SUP|| Ag| <o |Ahy] < . By As-
sumption 5.2, the tth coefficient h;(6) of the Laurent series Y ,.° h(6)z~ m
can be written as h(0) = &= [7 m e“tdw (L denotes the imaginary unit);
see, e.g., [52]. This implies that |h(01) — he(62)] < 5= [ |A(019el ng),A(e = M)|dw <
%Kg f:r |A(01 — O2;e7) — 1|dw, where K—supeee we[—m,7] m Note that
K is finite by Abeumptlon 5.2; in fact, by Assumption 5.2 there exists a finite K’ such
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that for all  and w it holds that K’ > 3.2 [he(0)] > | Y2 he(0)e | = |m\.
Since |A(6—0"; *“")—1\—|( 1—a))e " + (ag —ah)e 2 + - —|—(an —a;la)e Ma| <
na||0 — 0|1 < né |0 — 6|2, the result follows by choosing ¢’ < ng > 17-%=- O

The same argument holds for supag<s[[Age[l1, and from this the theorem state-
ment follows. a

Proof of Lemma A.4. The limit R, = lim,_ oo % Z?:l cptcp;r exists and is finite by
Lemma A.6 (2.a, 2.b). The persistent excitation condition on {U;} (Assumption 5.4),
together with the fact that polynomials A(0*;271) and B(6*;2~1!) are of known orders
(Assumption 2.1) and coprime (Assumption 5.1), entails that R, is positive definite;
see, e.g., [65, Lemma 10.3], and [42].

From Lemma A.6, 4.a and 4.b, it follows that for each # the limit matrix R(6)
exists and is independent of ¢ and of the realizations of {N;} and {a;.}. When
0 = 0*, the perturbed output generated by (3.2) is statistically equivalent to the
orlglnal output, so that R(6*) = R..

Let 6y be an arbitrary element of ©.; we use the notation Af to denote the
difference f(6) — f(6p). We first show that

(A.16) Ve>030 >0s.t. limsup  sup IAR; | <e,
n—o00 6,00:0€Bs(0o)

where the domain O, is implicitly assumed, and it will be omitted in what follows. To
prove (A.16), we focus on the matrix AR; ,, entry by entry and we study the limiting
behavior of entries of the kind Ar,,, where r,(6) £ % Sy Yii—0(0)Y; - (8), for some
£, 7 between 1 and n,, while other entries in AR; ,, that involve U, can be dealt with
similarly. Write |r,,(0) — r,,(60)| =

1 n_ ~ 1 n ~ ~ 1 ~ ~
- tz_; Yi-e(0)AYi—r + ; AYii—eYip—r(00) + > AY AV,

AY?

7t7-

S
M:

\
3=

Z th—ﬁ(ao)
t=1

S|
IngE
>
<
T
&~
S|
[+
3
N
|
I
=
<

~
Il
=

Z zt@ ZAzt‘r

By taking the supg g,.9cp,(9,) on both sides, it is immediate from Lemma A.6, 4.a,
and Lemma A.7 that supg g,.9c g, (9,) [7n(0) —7n(60)| can be made arbitrarily small for
every n large enough by choosing § small enough and (A.16) is established. Since

3\'—‘

sup |AR|| = sup limsup ||AR; ||
9,90:9€B§(90) 9,9019635(00) n—00
<lmsup  sup AR,
n—o00  6,00:0€Bs(00)

(A.16) entails uniform continuity of R(f) over O, and therefore there exists a fi-
nite p > 0 such that R(0) < poI for all 8 € ©.. As for the uniform conver-
gence of R;,(0) to R(f), we can find a 6 > 0 and a finite number M;s of J-balls
Bs (0(()1)), . (G(M‘;)) that cover ©. and are such that, for all n large enough, it holds
truethat()maxj 1. M5 SUPp ((,m |1R; 1 (6)— R (65) (in view of (A.16)),

(ii) max;j=1, . M, ||Rz,n(9(J))_R( )

3Ms

3 M (in view of pointwise convergence at the
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(in view of

ball centers), and (iii) max;—1,...,n, SUpye 5. 09 IR(6Y)) — R(6) SiT

uniform continuity of R()). Then for any n large enough, supy | Ri »(8) — R(9)| <
M, 5 M, j

2521 WPy oy i (6) — RO < 52520900 g (1R (©) Ry (057)]] +

IRen(65) — RS+ LROF) — ROO)) < S04 (i + 8+ ) =

To see that R(f) = Ip; for all § € O, recall that {V; ()} = ({ai,N:(0)} *
{he(0)}) + ({U;} = {g:(0)}), where {U;} is persistently exciting of order n, + ny (As-
sumption 5.4). Any realization of {ai,t]\Aft(O)} (in a set of probability 1) is “uncor-
related” with {U;} in the sense that lim, o = Zt 10 tNt(O)Ut - = 0 for every T;
moreover, {a;;Ny(#)} is persistently exciting of every order in the sense of [42] for
every 6 # 0*.% Applying standard results on identifiability (e.g., Lemma 10.2 in [65])
it follows immediately that R(6) is invertible for every § € ©.\ {0*}. We knew already
that R(6*) = R, = 0 so that, by continuity of R(6), we can conclude that R(6) > Ip;
over the whole ©,. for some p; > 0.

Proof of Lemma A.5. The first statement follows from Lemma A.6 (1.c, 1.d). As
for the second statement, we first prove pointwise convergence, i.e., we prove that for
all 6 € O,

S R o
nlglgo -~ ; @i Nt (0)pi+(0) =0 w.p.1.

We work conditioning on a sequence {NN.}, i.e., we fix a realization of the noise, which
we recall is independent of the sign-sequences {a;:}, i = 1,...,m — 1. Therefore,
in what follows, all the probabilities and expected values are with respect to the
random sign-sequences {a; ¢}, i =1,...,m — 1, only. Since the result that we prove
holds conditionally on any realization {N;} in a set of probability 1, then it holds
unconditionally w.p.1. For a fixed § € © (and i), define

1 N
2 +(0) = zi1—1(0) + %ai,tNt(e)@i,t(e)a
Zi0 = 0.

We aim at showing that each component of ziln(H) is a martingale with bounded
variance. From this, convergence of 2 37" | av; ¢ N¢(0)@;.+(f) to zero as n — oo will be
easily proved.

Clearly, E[|z;+|] < oo for all t. Denote by A; the o-algebra generated by the
sequence {w;+} until time ¢, i.e., by a;1,...,a;s. Since E[z; 141]A:] = 2, the se-
quence {Z(J ) } formed by the jth component of the vector z;; is a martingale. More-
over, B[ 200 1| Av 1] = (21 + Bla | A a]- 2N+ (07— 0)) s (0) D2, =

( Z(jt) 1)?, from which the useful identity

(A17) E[(z5) — 29 )| A1) = E(29))? = (20)_1)?| A1)
follows. Thus,
(A.15) E[(=)% = Y ()%~ El:E,)4)

k=1

8Proving these claims is easy if we fix a realization of {N;}, and only the signs are left random;
then it is just a matter of checking that the conditions for the Kolmogorov’s strong law of large
numbers (Theorem B.1) are met by the conditionally independent sequences {at N¢(8)os—; N¢—;(0)}

and {Otht (9)Ut}
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(A.19) = ;EHEM?Q)? — (200 _1)? A

(A.20) = ;EM?;Q — 290 1)? (by (A7)

(A:21) - ; N2 OER0))

(a2) < k; OR[N

(A.23) < ;klg V() ;;E[Hm(eﬂm? (Cauchy—Schwarz)
(A.24) < ;:1 % A,;*(o) E ;132”@”“(9)”4] (Jensen’s inequality),

and, keeping in mind that the expected value is only w.r.t. {a;.}, this is bounded

by virtue of Lemma A.6 (3.c, 3.d). Thus, we have proved that {zl(Jt)} is a martingale

with bounded variance uniformly w.r.t. ¢, therefore suptIEHzi(ﬂ)H < 00, and we can

apply Doob’s theorem (Theorem B.2 in Appendix B) to conclude that lim; o, 2,
is, w.p.1, a limit vector with finite-valued components. Finally, by Kronecker’s
lemma (Lemma B.3 in Appendix B), limy_,o0 2ip = >y M < oo implies
lim,, 00 % Sy ai)tNt(G)@,t(Q) =0. As for uniform convergence, using Lemmas A.7
and A.6, one can easily show that there exists a positive ¢ such that, for n large
enough, the values {|+ >} ;1 Ni(0)@i+(0)] : 6 € Bs(6)} are e-close to each other,
no matter what 6’ is. Since ©, is compact, a finite number d-balls cover the whole set
O, and therefore [1 31" ;.1 N1(0)@;.+(0)| can be made arbitrarily small uniformly on
the whole O, for n large enough.

Appendix B. Useful results.

THEOREM B.1 (Kolmogorov’s strong law of large numbers [64]). Let &1,&o, ...
be a sequence of independent random variables with finite second moments, and let
Sp=>1_1&. Assume that

i E[(& — E[&])?]

t—Q < 00,
t=1
then
n - ]E n
lim 57[5] =0 w.p.1.
n— o0 n

The following theorem [57, Chapter VII, section 4, Theorem 1] is fundamental in
the study of convergence of the (sub)martingale and can be thought of as a stochastic
analogue of the monotone convergence theorem for real sequences.

THEOREM B.2 (Doob). Let (&,,F,) be a submartingale (i.e., E[n11|Fn] = &n
w.p.1) with sup, E[|¢,]] < co. Then, w.p.1, the limit lim, o0 &, = oo exists and
El€oo]] < o0
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LEMMA B.3 (Kronecker [57]). Let b1,bq,... be a sequence of positive increasing
numbers such that lim,,_, ., b, = 00, and let c1,ca,... be a sequence of numbers such
that Y7, ¢, converges. Then, lim,_, bi 2?21 bjc; = 0. In particular, if b, = n,

dn

n’

oo dy ; 1\ .
and »>,~, <= converges, then limp_o0 5 35—, dj =0.
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