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1 Introduction

In this paper, we focus on the nonparametric regression problem as follows:
Given noisy observations

ye = f(x) +oer, t=(t,....ts) €Z% 0<t; <m (1)

of a “signal” f : [0,1]¢ — C taken along the equidistant grid ", = {x; = m~1t :
0 < ty,ty,....,tg < m} on the unit d-dimensional cube [0,1]? with n = (m+1)?
observation points, we are interested to recover f on the observation grid.

In (1), {e;} are independent of each other standard complex-valued Gaussian
noises; the adjective “standard” means that R(e;) and 3(e;) are independent
of each other N(0, 1) random variables.

The problem we are interested in is investigated in a huge number of studies.
The traditional setting of the problem, which forms the frame of a vast ma-
jority of these studies, is as follows:

A. We intend to recover the signal both on and outside the observation grid
and measure the risk of recovering f on a cube B C [0,1]¢ by the standard
integral L,-norms;

B. The estimation routines are aimed at recovering smooth signals, and their
quality is measured by their maximal risks, the maximum being taken over f
running through natural families of smooth signals, e.g., Holder and Sobolev
balls;

C. The focus is on the asymptotic, as the volume of observations n goes to

* Corresponding author.
Email addresses: Anatoli.Juditsky@inrialpes.fr (Anatoli Juditsky),
nemirovs@ie.technion.ac.il (Arkadi Nemirovski).

Preprint submitted to Elsevier Science 28 November 2005



infinity, behavior of the estimation routines, with emphasis on asymptotically
minimax (nearly) optimal estimates — those with the (nearly) best possible
rate of convergence of the risks to 0 as n — oo, the risks being taken on the
classes mentioned in B.

Initially, the research was focused on recovering smooth signals with a priori
known smoothness parameters and the estimation routines were tuned to these
parameters (see, e.g., [31,43,48,32,4,45,40,49,30,46,29,34]). Later on, there was
a significant research on adaptive estimates [44,11,16,17,38,33,5,12,27]. Adap-
tive estimation routines are free of a priori assumptions on the smoothness
parameters of the signal to be recovered, and the emphasis is on developing
routines which exhibit asymptotically optimal behavior on a wide variety of
families of smooth signals. For a comprehensive overview of results on smooth
nonparametric regression estimation, see [42]% .

The traditional focus on recovering smooth signals ultimately comes from
the fact that such a signal locally can be well-approximated by a polynomial
of a fixed order v, and such a polynomial is an “easy to estimate” entity.
Specifically, for every integer T" > 0, the value of a polynomial p at an ob-
servation point z; can be recovered via (27 + 1)¢ neighboring observations
{z; |7 —t;] < T,1 < j <d} “at a parametric rate” — with the expected
squared error C'o?(27+1)~% inverse proportional to the amount (27+1)? of the
observations used by the estimate; the coefficient C' depends solely on the order
and the dimensionality d of the polynomial. The corresponding estimate p” (x;)
of p(x;) is pretty simple: it is given by a “time-invariant filter”, that is, by con-
volution of observations with an appropriate discrete kernel ¢7) = (¢("), cza
vanishing outside the box O = {r € Z¢: |1;| < T,1 < j < d}:

ﬁ(l’t) = Z qg)ytff-
TEOT

On the other hand, one can observe that the space of algebraic polynomials

plzr) = ¥ cralt...x) of a given order v is not the only “easy to estimate”
OSTjSl/
parametric family. For example, replacing algebraic polynomials with expo-

nential polynomials p(z) = >y al expliw? (v)x} with fixed

v=(u1,mvg)
0<Vy yeeyg<m
“frequencies” w(v) € C?, we still have a possibility to recover p(z;) at a para-
metric rate from noisy observations of p(-) taken at (27'+1)¢ neighboring to
observation points x., 7 € t — Op, and the recovering routine is still given by
a time-invariant filter. Consequently, in principle we have essentially the same

possibilities to recover smooth signals f(x) — those which locally can be well-

3 Our “super-short outline” of Nonparametric Regression would be severely in-
complete without mentioning a novel approach aimed at recovering nonsmooth sig-
nals possessing sparse representations in properly constructed functional systems
[10,12,13,18-24,26,9,47,25,15]. This promising approach is completely beyond the
scope of our paper.



approximated by specific “easy to estimate” signals (algebraic polynomials),
as the possibilities to recover “modulated signals” f(x) cos(w”z) with smooth
f and w € RY Indeed, a modulated signal locally can be well-approximated
by an exponential polynomial, and the latter is as easy to estimate as an
algebraic polynomial of the same order. At the same time, the family of mod-
ulated signals is much wider than the family of smooth signals and contains
“highly oscillating” signals which, from the traditional viewpoint, are difficult
to recover.

In light of these observations, where the unique role played in the traditional
non-parametric regression by smooth signals comes from? The answer is as
follows: what is crucial in the traditional context is not the existence of time-
invariant filters which recover algebraic polynomials at a parametric rate, but
rather the fact that we know these filters in advance (they are readily given
by the order of polynomial, d and T"). By contrast, in most of the cases where
it would be natural to work with “modulated” signals, the corresponding fre-
quencies are not known in advance. Since time-invariant filters which recover
well exponential polynomials depend on the corresponding frequencies, the
nonparametric recovering routines based on these filters are essentially mean-
ingless — in order to use them, one should first identify the frequencies, which
by itself is a pretty difficult problem. The main goal of this paper is to demon-
strate that, in a sense, there is no necessity to solve this difficult problem at
all. Essentially, we show that

(i) whenever a discrete time signal (that is, a signal defined on a regular dis-
crete grid) is well-filtered, i.e., can be recovered from its noisy observations at
a parametric rate by a linear time-invariant filter, we can recover this signal at
a “nearly parametric” rate without a priori knowledge of the associated filter;
(ii) whenever a “continuous time” signal f : [0,1]¢ — C, restricted onto the
observation grid, can be locally well-approximated by a well-filtered signal, f
can be recovered on the observation grid basically as well as if the well-filtered
approximation were known to be an algebraic polynomial of a given order (i.e.,
as well as if f were smooth with known in advance smoothness parameters).
In particular, we demonstrate that a modulated signal f(z)cos(w?z) with
smooth f and unknown in advance (and perhaps high) “frequency” w € R
can be recovered on the observation grid with basically the same quality as
the smooth signal f itself.

In connection with (ii), it should be stressed that in our setting, in contrast to
the traditional one aimed at recovering smooth signals, all we are interested
in is to recover f on the observation grid only (and therefore we measure risks
by discrete analogues of the integral L,-norms). This is quite natural, since we
intend to handle, along with others, also highly oscillating signals, and such
a signal, in general, cannot be recovered well outside the observation grid.
Indeed, a highly oscillating signal can merely vanish on the observation grid
and be arbitrarily large outside it (which is impossible for smooth signals).
The rest of our paper is organized as follows. In Sections 3, 4 we focus on item



(i). Specifically, in Section 3 we give a formal definition of a well-filtered signal
on a d-dimensional regular grid (the latter, w.l.o.g., is normalized to be Z¢)
and demonstrate that such a signal can be recovered at a nearly parametric
rate without a priori knowledge of the corresponding “good filter” (Theorem
2). The estimation routine underlying Theorem 2 (“Algorithm A”, Section
3.2) is a substantial extension of the procedure proposed in [39]. In Section
3.4, we demonstrate that the family of well-filtered signals is pretty wide — it
contains a wide spectrum of “basic functions” (for example, exponential poly-
nomials) and is closed with respect to a number of basic operations, including
modulation, taking linear combinations and tensor products. In Section 4 we
present the “prediction” versions of the results of Section 3; now we are in-
terested in recovering of a discrete time signal at a point t € Z¢ via noisy
observations taken at the points {7 € VAR =T <71 <t; — Kk} “preceding”
the point ¢, with a given in advance “forecast horizon” x > 0. In Section 5 we
develop adaptive versions of estimates given by Algorithms A, B. Finally, in
Section 6 we focus on item (ii) — recovering continuous time signals which can
be locally well-approximated by well-filtered signals. Our main results here
are stated in Theorem 22. This theorem extends onto wide classes of locally
well-filtered signals the results of [44,11,16,17,38,33,27] on spatial adaptive es-
timates of smooth signals and can be treated as a substantial generalization
of the results of [41,28] on estimating univariate signals satisfying differential
inequalities with unknown in advance linear differential operators.

To make the exposition more readable, all proofs are collected in the appendix.

2 Preliminaries

Fields over Z?. Let C(Z%) be the linear space of complex-valued fields
r={r,: 7€ Z% over Z%.
e Given nonnegative integer 7" and p € [1,00|, we define semi-norms | - |1,

1/p
on C(Z%) by |r|r, = ( > |7’T|p> , |7| = max{|m],...,|7a|}, with the stan-

I7I<T

dard interpretation of the right hand side when p = oo, and we set |r|, =
limr o 7|7, € RU{4+00}. A field r € C(Z%) with finitely many nonzero
entries r, is called a filter, and the smallest T" such that . = 0 whenever
|7| > T, is called the order ord(r) of a filter r; we write Cp(Z%) = {r €
C(Z%) | ord(r) < T}. We identify a filter r with the multivariate Laurent sum
T(21y ey 2a) = DoTr21 2y

e We call a ﬁltgr r polynomial, if the corresponding Laurent sum is a polyno-
mial (i.e., if the only entries r, which can be nonzero are those with 7 > 0).
The set of all polynomials is denoted P(Z?). For integers k,T, 0 < k < T, we
denote by Pk(Z) the subspace of P(Z%) formed by polynomials r for which
the only nonzero entries r; can be those for which k < 7; <T', j =1, ....d.



e We denote by A;, j = 1,...,d, the “basic shift operators” on C(Z9): (Ajr)s,, .ry =

Td
T e T =1, = LT ey T
e Finally, we define the output of a filter r, the input to the filter being a
field x € C(Z%), as the field 7(A)z = 7(Ay, Ay, ..., Ag)z, so that (r(A)z); =
ZTT':Ct—T‘
]_*I‘ourier transform. Let T" be a nonnegative integer, let 'y be the set of
roots of 1 of the degree 2T + 1, and let C'(I'4) be the space of complex-valued
functions on I'4. = (TI'7)%.
e We define the Fourier transform Fr : C(Z?) — C(T'3) as (Frr)(u) =
W |T|Z<:T Tty = WT(N),T € Cp(Z%), where p € I'4. Note that

r, = W Egd (Epr)(p)py ™oy ™, Y(7 2 |7| < T). The Fourier transform
perg,
allows to equip C(Z%) with semi-norms coming from the standard p-norms on
C(Tg):
1/p
7y = Frrly = | X2 [(Frr)(w) |
perd,

with the standard interpretation of the right hand side for p = oc.

3 Main result

Let F = (2, %, P) be a probability space. We consider the problem of recov-

ering unknown random field (s, = s,(€)),cze over Z? from noisy observations
£eQ

Yr = S; + €. (2)

It is convenient for us to assume that both the signal (s,) and the noises
are complex-valued. Besides this, we assume that the field (e,) of observa-
tion noises is independent of (s,) and is of the form e, = oe,, where (e,) are
independent of each other standard Gaussian complex-valued variables; the
adjective “standard” means that $(e,), S(e,) are independent of each other
N(0,1) random variables.

Posed informally, the question we are interested in is as follows:

(?) We know that the random field (s;);cze = (5+(§)) eze underlying obser-

e

vations (2) can be recovered from these observations “at a parametric rate”
by “linear time-invariant filtering”: for a given T, there exists (unknown in ad-
vance) filter ¢ € Cp(Z?) (i.e., a filter which recovers s, via O(T?) observations
around the point T) such that

E{]s: — (a¢(A)y)-*} < O(c*T7). (3)



Can we mimic this filter?

To make this question precise, we should specify our a priori knowledge of the
constant factor hidden in O(-) and on the ranges on values of 7" and 7 where
(3) holds true.

3.1 Well-filtered signals

Since the observation noises are independent of (s,), we have

E{]s: — (¢(A)y)- "} = 20°(a3 + Ee {|5-(€) — (a()s())I*}; (4)

therefore in order to ensure (3), both terms in the right hand side of the latter
inequality should be of order of T~%. This observation motivates the following

Definition 1 Let § > 0, p > 1 be reals, let L be a nonnegative integer or
+00, and let t € Z%. Finally, let (s;)rezde = (57(€)) ,eze be a random field on
VA =

(1) [T-well-filtered signals] Let T' be a nonnegative integer. We say that (s;)
is T-well-filtered, with the parameters 0, p, L, at the point t (notation: (s,) €
S' (0,p,T)), if there exists a filter ¢ = ¢ € Cp(Z9), |q|» < W, which
reproduces (s;) in the box {T : |t —t| < L} with the mean square error not
exceeding 0(2T + 1)~%2;

1/2

max [E{]s. — (q(2)s).[*}] " <027 +1)7> (5)

T:|T—t|<L

(2) [well-filtered signals| We say that (s,) is well-filtered, with the parameters
0, p, L, at the point t (we use the notation: (s,) € F%(0,p)), if, for every
integer T, 0 < T < L, (s,) is T-well-filtered, with the parameters 0, p, L, at t.

In the sequel, we refer to filters ¢(”) associated, in the sense of the above
definition, with a well-filtered signal (s.) as to filters certifying the “well-
filterability” of the signal.

We are about to demonstrate that with the interpretation of (?) suggested
by Definition 1, the answer to the question is affirmative: for a T-well-filtered,
with parameters 6, p, L = 3T, at a point ¢ signal can be recovered at this point
“at a nearly parametric rate” with no a priory knowledge of the correspond-
ing “good filter”; all we should know in advance is p and T. We start with
presenting the recovering routine.



3.2  The estimator

The estimator we intend to use is as follows:

Algorithm A: Given a setup (p > 1,T) and a point t € Z%, we build an
estimation 5T, y] of s; via observations (y,), |7 —t| < 4T, as follows:

(1) When T = 0, we merely set §,[0,y] = v

(2) When T > 0, we set ,[T, y] = (¢'(A)y),, where ¢' € Cop(Z?) is an optimal
solution to the following optimization problem:

min { AT 850~ ()l - olina < 22727+ 1)) (6)
¢€Cyr(Z?) i ’

J(¢7?JZT)

where vt ={y, : [t — 7| < L}.

Note that the objective in (6) is affected only by observations ), so that our
algorithm recovers s; via (87 + 1)¢ observations “around” the point ¢.

3.3  Main result: de-noising

Theorem 2 Assume that the signal (s;) underlying observations (2) is T-
well-filtered, with parameters 6, p, L > 3T: (s,) € S4(0,p,T) with L > 3T.
Then the mean square error of the estimate 5,[T, -] of s; yielded by Algorithm
A with setup (p,T) can be bounded from above as follows:

,0+ crp\/ln(2T +1)+1
(2T 4 1)4/2 ’ (7)

(B {3791~ s*})'"" < e(d)p

c(d) = 3(27 + 2341,

In particular, if (s,) is well-filtered, with the parameters 6, p, L, at a point t,
then for every integer T, 0 < T < |L/3], the accuracy of the estimate ;[T y]
of sy yielded by Algorithm A can be bounded by (7). Finally, in the case of
deterministic (s), we have

se — &[T, y)| < c(d)p?® [0 + opOh] (2T + 1)~42,

_ - —t
Oh =0~ max |ATTHLLAT Meld, .
77| <2T ’

(8)

Comments: note that Theorem 2 indeed gives an affirmative answer to the
question (7). Indeed, let a signal (s,) admit, for some T', a filter-type estimate



5, = (¢*(A)y), with “window width” T (i.e., with ¢* € Cp(Z%)) and with
the mean square error which, in an O(T")-neighborhood of a point ¢, is of the
“parametric” order O (a(QT + 1)*d/2>;

2,2

_ 12 2 ag /,L
_ < "
Tslrn—lflbgistE {|ST sl } =n (2T + 1)4/2 )

with some known g > 1. We do not know what is this estimate, although do
know that it exists (i.e., know the associated T, i), and we want to recover
s; from observations y); nearly as well as if we were using our hypothetic
estimate 5;. Theorem 2 says that Algorithm A basically achieves this goal.
Indeed, from (4), (9) it follows that |¢*[> < a7z and (s-) € Str(op, p,T).
Applying Theorem 2 with p = u, 8 = ou, L = 3T, we conclude that with the
estimate yielded by Algorithm A, the mean square error of recovering s; does
not exceed O(1)u3 {1 + /In(27 + 1)} k. We see that as far as the dependence

on “observation time” T? is concerned, the estimate yielded by Algorithm A is
just by a logarithmic in T" factor worse than the estimate 5, we wish to mimic.
In the literature on nonparametric estimation the bounds as in Theorem 2 are
often referred to as oracle inequalities. Since the pioneering work [1] a number
of oracle inequalities have been established for a wide variety of estimation
problems (cf. the papers [35], [2], [6], [7], [11], [14], [8] among many others). In
that context one refer to the filter ¢, which certifies the well-filterability of the
signal, as the oracle, and the bound (7) describes the ability of a particular
adaptive method (Algorithm A above) to reproduce the oracle. We complete
this upper bound with the following result:

Theorem 3 For any m € Nt positive o and T € N large enough, one can
point out a family FL of real signals on [—4T — 1, 4T + 2] such that

e for each signal s € FL there exists a filter ¢* € Cp(Z) with |q*], = \/ﬁ,
p = +/m, such that max_sr_1<-<3r+2 (E|(q*(A)y),sT\2)1/2 = \/;ﬁ with 6 =
ap.

e There is co > 0 such that for any estimate S of so from the observations (2)

it holds

inf sup (E|§ — so|2)1/2 > cobpy/In(2T + 1). (10)

s seFL

The lower bound (10) states that the factor py/In(27" + 1) is an unavoidable
“price” for adaptation. When comparing the result of Theorem 2 to that of
Theorem 3, we observe an extra factor p? > 1 in the corresponding upper
bound (7). By now we do not know if this extra factor can be completely
eliminated. Nevertheless, in light of these results, we can claim that recover-
ing of signals with certifying filter of large [,-norm is a rather desperate task



— the price for adaptation is then proportional to p > 1 in this case.

When applying Algorithm A and Theorem 2, the crucial question is how to
recognize well-filterability. We are about to give a partial answer to this ques-
tion.

3.4 Calculus of well-filtered signals

Our current goal is to understand how wide is the family of well-filtered signals,
and our plan is as follows: (a) we list a number of operations which preserve
the property of well-filterability, and (b) we present a list of examples of well-
filtered signals. Applying to “raw materials” from (b) operations from (a), one
can produce a wide variety of well-filtered signals.

3.4.1 Operations preserving well-filterability

I. “Scale” of well-filtered signals. We start with the following evident ob-
servation: p' > p, 0 > 60, L' < L =F.(0,p) CFL (¢, p).

II. Taking linear combinations. Our next observation is that a linear com-
bination of well-filtered signals is again well-filtered, with properly updated
parameters:

Proposition 4 Let (s1) € F!(6;,p;), and let X € C be random variables
independent of (s7) and such that E{|\;|*} < oo, j =1,....,m. Then

(87. = gl )\JS‘?F) S Fi+(9+ap+)7
j=

0+ = (2m — 1)¥22" " p o, gl G[E{Iiil?}]“ (11)
=

pt = (2m —1)Y22"py...ppm, LT = | L/2].

In the case of m =1, one can set pt = py, 07 = |\1]601, LT = L.
The filters certifying the well-filterability of (s.) can be chosen to be indepen-
dent of the coefficients ;.

ITI. Modulation and conjugation. Our next observation is that the families
of well-filtered signals are closed w.r.t. “modulation” and conjugation:

Proposition 5 Let (s;) € F. (0, p).

(i) Let w € RY, ¢ € R be deterministic. Then the signal (3, = exp{ilw?T +
®1}87)reza belongs to F (0, p) along with (s;).

(ii) The signal (5, = 5;), (a is the complex conjugate of a € C) belongs to
F1.(0,p).



I'V. Lifting. We are about to demonstrate that a well-filtered signal in a di-
mension d < d* can be viewed as a well-filtered signal, with properly updated
parameters, in a dimension d* > d:

Proposition 6 . Let 1 < d < d*, and let (s;);cza be a signal which is well-
filtered, with parameters 0, p, L, at a point t € Z%. Then the signal (s =

----- Ta+

-----

Lt = L at every point t* € Z¢" such that (tf,...,t}) =t.

V. “Tensor product”. Let d = d' + d” with positive integers d’, d”, so that
74 = 79 x Z" . Given random fields (5%, (€)) ez € FL(0,0'), (874(€)) ,iegar €
3 3

F%' (0, p"), we define their tensor product as the field

(57(6) = 57:(E) 57 (E)) o et

Proposition 7 In the situation in question, one has (s;) € Fg,’t”)(o,p’ ").
3.5  FEzamples of well-filtered signals

I. Exponential and algebraic polynomials. Let us define an exponential
polynomial (s,) on Z¢ as a finite sum of exponential monomials ct® exp{w!r} =
er{t. . tyd exp{w? T} with nonnegative multi-indices o and w € C%:

M
sy =Y e exp{w’ ()7}, (12)
=1

where w(¢) and «(¢) are deterministic, and ¢, may be random. Given an ex-
ponential polynomial (s,) on Z¢, we define its partial sizes N;, j = 1,...,d,
as follows: let m; be the maximum of the degrees o;(¢), ¢ = 1,..., M, of the
variable 7; in the monomials of the sum (12), and M; be the number of dis-
tinct from each other complex numbers among the “partial frequencies” w;(¢):
M; = CardO;, O; = {w;(¢) :1 < ¢ < M}. The j-th partial size N;(s) of
exponential polynomial (12) is, by definition, the integer (m; + 1)M,. For ex-
ample, with all frequencies equal to 0, an exponential polynomial becomes an
algebraic polynomial, and its j-th size is by 1 larger than the degree of the
polynomial w.r.t. j-th variable ;.

Proposition 8 Let (s;) be an exponential polynomial on Z¢ of partial sizes
Ni,...,Ng. Then for all t € Z% one has

(2N — 1)1/22%%7%] (13)

(s7) € FL (0, pa(Nu, ..., Na)), pa(Ni, ..., Ng) =

d
Jj=

10



and the filters ¢\ certifying this inclusion can be chosen to be depending
solely on T and on the collection of d sets O; = {w;({) : 1 < £ < M} of
partial frequencies.

Remark 9 A shortcoming of (13) is in a dramatic growth of pg(N, N, ..., N)
with N and d. In several important cases, better bounds for p can be found.
For example, an algebraic polynomial of degree m in every variable

pr= Y car (14)

a>0,|lal<m

belongs to F%_(0, (16m)?) for every t, and the filters ¢\ certifying this inclu-
siton can be chosen to depend solely on T, d, m.

II. Solutions to homogeneous difference equations and harmonic
functions. Consider a difference operator D:

k
(Df>7' = Z wéfr—a(f); (15)
/=1

here a(1),...,a(k) € Z4 and wy,...,w, € C. For a positive integer N and
teZ? let

B, ={reZ| |t —t|< N}, By(D)={re By | 7+al) € By, (=1,..,k},
HY (D) = {(s) € C(Z7) | 5. = (Ds); V7€ By(D)}.

For example, with

1
(Df)T = § : fT1,-~~,Ti—1,Ti+E,Ti+1 77777 Td> (16>
2d i=1,....d

.....

the linear space HY (D) is the space of fields which are “discrete harmonic” on
By, that is, S; = o5 Y Semymterisn,nr for all 7 with |7 — ] < N — 1.

:::::
i=1,...,d
e==+1

Let us call a difference operator D regular, if it possesses the following prop-
erties:

R.1 The vectors {a(f)}1<,<k span the entire R,

R.2 The coefficients wy = pgexp{ige} (pe > 0, ¢y € R) are nonzero, and

@Ep<t (B X pal0) =0 (17)

For example, the averaging operator (16) and its degrees are regular.
It turns out that the solutions of homogeneous difference equations with reg-

11



ular difference operators are well-filtered:

Proposition 10 Let D be a reqular difference operator. Then there exists a
constant ¢ = ¢(D) > 0 such that

VN >0: Hy(D)CFy(0,c). (18)

As a nontrivial application example for Proposition 10, consider the families
of random fields defined as follows. Let d < 4, M be a positive integer, and R
be a positive real. Consider the family H* (M) of all deterministic continuous
functions f on R? which are harmonic in the interior of the box DY, = {z €

Dxgl <2M, 5 < d}: ( 82 f(x) =0, z € intDY,,. Now let H* (M, R)

be the family of random functlons f such that all realizations of a function
belong to H (M) and, besides this, E{[|f||Z, 5,} < R?, where || f||o,2as is the
uniform norm on DY,,. Restricting functions f from HT (M, R) on Z¢, we get
a family of random fields H(M, R) on Z.

Proposition 11 Let d < 4, M be a positive integer and R > 0 be a real. For
an appropriately chosen absolute constant ¢ > 0, for all deterministic fields
(s;) € H(M, R) one has

t| < eM,L < cM = (s;) € F.(cT'R,¢™"), (19)

and the filters g7 certifying the above inclusion can be chosen depending solely
ond,T.

4 Prediction

Above, we were focusing on the case of de-noising — recovering a well-filtered
signal (s) at a point ¢t € Z? via a given number observations “around” this
point. Now we intend to focus on the case of prediction, where the goal is to
recover s; via observations y, “preceding by a given horizon k € Z,” the point
t, i.e., observations with 7; <t; —x, j = 1,...,d. It turns out that the above
theory admits straightforward prediction version, which is as follows.

Definition 12 Let 6 > 0, p > 1 be reals, let Ty > K be nonnegative integers,
L be a nonnegative integer or +oo, and let t € Z%. Finally, let (5;);cza =
(37(5))Tezd be a random field on Z°.

g€

(1) [T—Well—predlcted signals| Let T' be a nonnegative integer. We say that (s,)
is T-well predicted with the parameters 0, p, k, L, at the point t (notation:

() € QL1 (6,0, 7)), if there exists a fiter = ¢7) € PRZ, |qls < iy,
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which reproduces (s.) in the box {T : |7 —t| < L} with the mean square error
not exceeding 0(2T + 1)~%2;

1/2

max |E{|s. — (¢(A)s),[*}] " < 02T + 1), (20)

T:|7—t|<L

(2) [well-predicted signals| We say that (s.) is well-predicted, with the param-
eters 0, p, K, Ty, L, at the point t (notation: (s;) € Pl 5, 1(0,p)), if, for every
integer T, Ty < T < L, (s,) is T-well-predicted, with the parameters 0, p, k, L,
at t.

Remark 13 Note that the quantitative description of a well-predicted field,
as compared with the description of a well-filtered field, involves an extra pa-
rameter Ty — the smallest “window width” starting with which a possibility to
predict s; 1s postulated. In the case of well-filtered fields, this width is just 0,
i full accordance with the fact that in the de-noising problem every signal is
0-well-filtered, at every point t, with parameters 6 =0, p =1, L = oo due to
the existence of the trivial “single-point” filter q(z) = 1.

4.1 The predictor

The predictor we intend to use is as follows:

Algorithm B: Given a setup (p > 1,x,T) and a point t € Z¢, we build a
prediction Si[r, T, y] of s; via observations (y.), k <t; —7; < 4T, j=1,...,d,
as 5[k, T,y] = (V'(A)y)e, where ' € Pj(Z?) is an optimal solution to the
following optimization problem:

2d/2p2

. —t1 —tq _ * . * .

somin LA A YOl Wina € ) (2D
J(iﬁ,yZAT)

where y! p ={y, k <t; —7; <L, j=1,..,d}.
Note that the objective in (21) is affected only by observations g, 47, so that
our algorithm recovers s; via (47 — k + 1)? observations “around” the point ¢.

4.2 Main result: prediction

Theorem 14 Assume that the signal (s,) underlying observations (2) is T-
well-predicted, with parameters 0, p, k, L > 3T: (s;) € Q1 (0,p,T) with
L > 3T. Then the mean square error of the estimate S, T,-| of s; yielded by
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Algorithm B with setup (p, k,T) can be bounded from above as follows:

R 5\ 1/2 39+0p\/1n(2T—|—1)+1
(E{yst[’%7T7 y] - 8t| }) S c(d P (2T—|— 1)d/2 ) (22>

c(d) = 3(2¢ + 2%4-1),

In particular, if (s;) is well-predicted, with the parameters 0, p, k, Ty, L, at
a point t, then for every integer T, Ty < T < |L/3], the accuracy of the
estimate Si[k, T, y| of s; yielded by Algorithm B can be bounded by (22).
Finally, in the case of deterministic (s), we have

|s: — 5T, yl| < e(d)p® [0+ opOf] (2T + 1)=4/2,

t -1 T1—11 Ta—tq |
Or = 07" max |ATTTLLAF T el o
7| 7|<2T

(23)

Proof is identical to that of Theorem 2.
4.8  Calculus of well-predicted signals

The “calculus” of well-predicted signals (and its justification) is completely
similar to those for well-filtered signals.

4.3.1 Operations preserving well-predictability
I. “Scale” of well-predicted signals.

pr=>p 0 >0k <kTy>Ty, L' <L="P,q (0,p) C PZ,7T6’L,(6",,0/).
II. Taking linear combinations.

Proposition 15 Let (s1) € P! Tg,wa’pj)’ j=1,....,m, and let N € C be

random variable independent of (s’) and such that E{|\;]*} < 00, j =1,...,m.
Then

(sr = 21 Ajst) € Pl 1 (07, p),
J:

0t = (2m — 1)¥22" 1o, p,, gl OB
J:

Pj (24)
+ _1)\d/29m + : ot J
p (2m — 1)¥22"py...pm, K Jpin s, T m1%a§)7(nT0’

Lt =1[L/2).
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In the case of m = 1, one can set p© = py, 07 = |\|01, kT = &, T = Ty,
Lt = L. The filters certifying the well-predictability of (s,) can be chosen to
be independent of the coefficients \;.

ITII. Modulation and conjugation.

Proposition 16 Let (s.) € Pl (0, p).
(i) Let w € RY, ¢ € R be deterministic. Then the signal (3, = exp{ilw?T +

@l}57)reza also belongs to Py, 1. (6, p).
(i) The field (s, = S7), (@ is the complex conjugate of a € C) belongs to

Pf@,Tg,L(& /))-
IV. Lifting.

Proposition 17 . Let 1 < d < d*, and let (8;),eza be a signal which is well-
predictable, with parameters 0, p,r, Ty, L, at a point t € Z%. Then the signal

((S’jfh__ﬁd+ = Sp...ry) 15 well-predictable, with the parameters

9+ = (2L —|— 1)(d+7d)/20, p+ = (2/‘@ + 1)(d+7d)/2p7 /§+ = /{/, T(;r = To, L+ = L,
at every point t+ € Z%" such that (t],...,t}) =t.

V. “Tensor product”. Let d = d + d” with positive integers d', d’, so
that 2 = Z¥ x 27, and let (s()) pege € PLyy 1(0.10), (520(6)) g €
¢ ¢

Pg:TO,L<Oa p").

Proposition 18 In the situation in question, the tensor product (s.(§) =
s’,(5)8’7’,/(5))T:(T,Eu)ezd. of the fields (s'), (s") belongs to Piﬁii%(O,p’ .

T

4.4 Basic example of well-predicted signal: quasi-stable exponential polyno-
maal

Let us define a quasi-stable exponential polynomial (s,) on Z? as an exponen-
tial polynomial

M
Sr=_ ™ exp{wT (0)7} (25)
=1

where all partial frequencies w;(¢) satisfy the restriction R(w;(¢)) < 0. For
example, an algebraic polynomial (partial frequencies are zero) and a trigono-
metric polynomial (partial frequencies are imaginary) are quasi-stable.
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Proposition 19 Let (s,) be a quasi-stable exponential polynomial on Z? of
partial sizes Ny, ..., Ng. Then for every integer £ > 0 and all t € Z? one has

(ST) S PZ,TO,OO([)? pl‘i,d(Nh e Nd))a
d
pra(N1, o Ng) = TL[(2N; — 1)1/22N (max([2, 26 + 1])"7?], (26)
7j=1

T() = K IMnax Nj
1<j<d

and the filters ¢7) certifying this inclusion can be chosen to be depending solely
on T,k and on the collection of d sets O; = {w;(¢) : 1 < < M} of partial
frequencies.

4.5  Numerical illustration

Here we present a numerical illustration for Algorithm B as applied to predic-
tion/filtration of a time series which is a linear combination of a given number
of harmonic oscillations; both amplitudes and frequencies of these oscillations
are not known in advance. The (randomly generated) signal to be considered
in our illustration is

s, = —0.7191 cos(0.0017 t) + 1.5200 cos(0.0025 ¢)
+0.6041 cos(0.3526 ) — 0.0676 cos(0.8303 ¢) (27)
—0.1892 cos(3.2371).

We used Algorithm B to predict s;;a; via 27 = 512 noisy observations y, =
sr +0.2&,, & € N(0,1), 7 =t — 511,¢t — 510, ...,t. On Fig. 1 we display the
observations and the prediction made at instant ¢ = 991 for the prediction time
At = 5. On Fig. 2, we compare the quality of prediction given by Algorithm
B with the quality of the “ideal least squares prediction” corresponding to the
case where the frequencies wj;, j = 1,...,5 participating in (27) are known in
advance:

. 512 .
ft-g-At = ZO qrYt—r,
T=

512 2520 12¢, cos(w;(t — 7)) = cos(w;(t + At))

q* = argming > ¢*:
q 7=0

VtEZVj=1,..5
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I
|
|
J |
-18F , . 1) |
|
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|

2.2 I I I I I I
930 940 950 960 970 980 990 1000

dots: observations; o: Sggg; *: the prediction

Fig. 1. Prediction of sggg via 512 observations 480, Y481, .-, Y991- Lhe curve on the
picture is the “continuous time” extension of (s,)

5 Adaptive versions of the estimates

5.1 The goal

In the estimates we have considered so far, the “window width” T" was given in
advance, and we were able to recover s; at a “nearly parametric rate”, provided
that f is well-filtered with parameters p, 8, L > 37T at the point ¢ and p is
known in advance. Under the latter assumption, the best way to recover s;
would be to use the estimate associated with the largest possible window
width T' compatible with the assumption, that is, with 7' =T, = [L/3]. In
order to act so, we, however, should know in advance the value of L. What
to do if this value is unknown, and all we have is an upper bound L., < oo
on L7 Can we still recover s; as well as if we knew L7 It turns out that in
the case of deterministic signal f, in order to get an affirmative answer to the
above question it suffices to know (upper bounds on) both € and p. Under
this assumption, the desired estimate can be obtained by applying the famous
Lepskii’s adaptation routine [36,37] to the estimates given by Algorithms A,
B. Our goal in this section is to present and to analyze the resulting adaptive
(to L) estimate.

Below, the signal to be recovered is assumed to be deterministic (however, the
construction and the results can be easily extended to the case when this signal
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-0.2

2
984 986 988 990 992 294 996 998 1000

At =0, MSE(B) = 0.09 = 0.45¢, MSE(I) = 0.024 = 0.120

-0.2

2
984 986 988 990 992 994 996 998 1000

At =5, MSE(B) = 0.066 = 0.330, MSE(I) = 0.036 = 0.18¢

dots: observations; o: signal; *: prediction, Algorithm B; <{}: ideal prediction

Fig. 2. “Ideal” prediction ({) vs. Algorithm B (x). MSE(I), MSE(B) — mean square
errors of the forecasts taken over 17 predictions shown on the picture.
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is Gaussian (i.e., all s;, 7 € Z?, are Gaussian)). For the sake of definiteness,
we restrict ourselves with the de-noising problem and Algorithm A; the case
of the prediction problem is completely similar.

5.2 The adaptive estimate

The “design parameters” of the estimate we intend to build are § > 0, p > 1
and a positive integer Lo, (and, of course, a point ¢t € Z¢ where we want to
recover f).

5.2.1 Preliminaries
Let

Tw = |Ls/3], " = max O (28)

0<T<Tso

(see (8)). Note that by its origin, ©! is the maximum of O(L%) standard
Gaussian random variables; applying Lemma 23, we have

2
Vi > 1 : Prob {@t > Cuwn/n(2L0 + 1)} < exp {_“’ 1“(25“’ +1) } (29)

where C' > 0 depends solely on d.

Let us fix a “safety factor” w in such a way that the event ©' > w4/In(2L,, + 1)
is “highly un-probable”, namely,

Prob {@t > w\/In(2Lo, + 1)} < (2L + 1) (30)

by (29), the required w may be chosen as a function of d only.
“Good” realizations of noise. Let us define the set of “good realizations
of noise” as

E={c| © < Cwy/In(2Ly, + 1)} (31)

(see (29)).

The “ideal” window width. Let us define the ideal window width T, as
the largest T > 0 such that 37 < L, and (s,) € F4.(6, p). Note that these
requirements are clearly satisfied for 7' = 0, so that T, is well-defined.

Recall that the goal stated at the beginning of this section is to recover s; as if
we knew T, and were using the estimate given by Algorithm A with the setup
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(p,T.). Note that (8) implies the following “conditional bound” on the quality
of estimates §,[T, y| yielded by Algorithm A with the setup (p, T < T%):
Y(T)

0<T<Te€Z = s, — HT.y)l < c(d)p* 10+ opr] (2T + 172, (32)

k= Cwy/In(2Ly + 1).

Normal window widths. Given observations, let us say that a window width
T is normal, if 0 < T < L. /3 and the estimate §[7",y], 0 < T" < T, in the
sense that

0<T' <T = [8[T,y] = &[Tyl <A(T) + (1) (33)

Note that normal window widths do exist (e.g., 7" = 0) and that the property of
a window width to be normal “is observable” — it is expressed solely in terms of
the observations. It is also clear that among the normal window widths, there
exists the largest one Tiax = Tmax(y). By construction, the adaptive estimate
Si(y) of s; is the estimate $;[Tinax, y]. Note that the only design parameters of
this estimate are 0, p (these quantities specify the function v(-)) and L.
Quality of the adaptive estimate.

Theorem 20 Let (s,) be a deterministic signal, and let T, be the correspond-
ing ideal window width. The risk of the adaptive estimate S,(y) can be bounded
as follows:

(E{ls:—5))" < c(a)’ [9 +opy/In(2Lu + 1)] 27, +1)°%2  (34)

with C(d) depending solely on d.

Note that bound (34) differs from our “target” bound, namely, the bound (7)
with T' = T,, only in the logarithmic term.

6 Applications to nonparametric regression estimation

6.1 Recovering locally well-filtered regression functions of unknown local struc-
ture: motivation

Now let us pass to the Nonparametric Regression problem. As it was explained
in Introduction, in this problem observations (2) come from a function (“sig-
nal”) f of continuous argument (which we assume to vary in the d-dimensional
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unit cube [0, 1]9); this function is observed in noise along an n-point equidis-
tant grid in [0, 1]¢, and the problem is to recover f via these observations.
We are about to demonstrate that the results of Section 3 on recovering well-
filtered signals of unknown structure can be applied to recovering nonpara-
metric signals which admit well-filtered local approximations. The universe
of these signals is much wider than the one of smooth signals (the latter
correspond to the very particular case when the local approximations in ques-
tion are algebraic polynomials of fixed order). In particular, we can handle
“modulated smooth signals” — sums of a fixed number of products of smooth
functions and multivariate harmonic oscillations of unknown (and arbitrarily
high) frequencies. As it was explained in Introduction, such an extension has
an unavoidable price — now we cannot hope to recover the signal well outside
of the observation grid. As a result, in what follows we are interested in re-
covering the signals along the observation grid only and, consequently, replace
the integral L, risk measures by their grid analogies, see Section 6.4.

The estimates to be developed will be “double adaptive”, that is, adaptive
with respect to both the unknown in advance structures of well-filtered ap-
proximations of our signals and to the unknown in advance “approximation
rate” — the dependence between the size of a neighborhood of a point where
the signal in question is approximated and the quality of approximation in
this neighborhood (in the case of smooth signals, this approximation rate is
exactly what is given by the smoothness parameters). The results to follow
can be seen as extensions of the results of [41,28] (see also [42]) dealing with
the particular case of univariate signals satisfying differential inequalities with
unknown differential operators.

Now let us pass to a formal treatment of the regression problem.

6.2 The regression problem

Let m be a positive integer, n = (m + 1)4, and let [',, = {x = mla:a €
Z% 0 < a, |a] < m}. We associate with a signal f € C([0,1]¢) its observations
along I',;:

y=yi(e) = {y- = y2(f,€) = f(m™'7) + er, er = 0 Yo<rjri<m: (35)

where {€,},cz« are independent standard Gaussian complex-valued random
noises. Our goal is to recover f|. from observations (35). In what follows, we
write

fr=f(m™'7) [T € Z4 m~tr € [0,1]9
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6.3 Classes of locally well-filtered signals

Notation. Below we use the following notation. We set

°=r,n0,0)"={mt:tcZt>0,[t| <m}.
For a set B C [0,1]¢, we denote by Z(B) the set of all t € Z¢ such that
m~'t € B. Let x = m~t € T'9. We say that a nonempty open cube

By(z) ={u| |ui— x| <h/2, i=1,..,d}

centered at x is admissible for x, if B,(x) C [0,1]". For such a cube, T} (z)
denotes the largest nonnegative integer T such that Z(B) D {7 € Z : |t —t| <
4T}. Foracube B={z € R%: |x; —¢;| < h/2,i=1,...,d}, D(B) = h stands
for the edge of B. For v € (0,1) and a cube B ={z € R?: |z; —¢;| < h/2, i =
1,...,d},

B,={zeR": |z; —c;| <vh/2,i=1,...,d}

is the v-shrinkage of B to the center of B.

Families of locally well-filtered signals. Let B C [0,1]¢ be a cube, k be a
positive integer, p > 1, R > 0 be reals, and let p € (d, o0]. The collection B,
k, p, R, p specifies the family F&**?(B, R) of locally well-filtered on B signals
f defined by the following requirements:

(1) f € (o, 1]%);

(2) There exists a nonnegative function ' € L,(B), || F|/, 5 < R, such that
for every x = m~'t € I',, NintB and for every admissible for z cube Bj(x)
contained in B there exists a field ¢ € C(Z?) such that ¢ € Sy, (0, p, Th())
and

V7 € Z(By(x)) : |6y — fr| < WP\ F|y 5, - (36)

In the sequel, we use for F**P(B; R) also the shortened notation F[¢], where
¥ stands for the collection of “parameters” (k, p,p, B, R).

Motivating example: Modulated smooth signals. Let a cube B C [0, 1]¢,
p € (d,o0], positive integers k,v and a real R > 0 be given. Consider a
collection of v functions g, ..., g, € C([0,1]?) which are k times continuously

differentiable and satisfy the requirement XV: 1D*gellp.8 < R. Let w(f) € RY,
=1

and let f(z) = Zuj ge(x) exp{iw? (£)x}. By standard argument [3], whenever
=1

r=m™'t € T, NintB and By(x) is admissible for z, the Taylor polynomial
®7(-), of order k — 1, taken at z, of f, satisfies the inequality u € Bj(x) =
D% (u) — fo(uw)| < ahf~¥?| Fyll B, @), Fe(u) = |D*fy(u)]; here and in what
follows, ¢; are positive constants depending solely on d, k£ and v. It follows
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that if ®(u) = 3> 7 (u) exp{iw” (¢()u} then
/=1

u € By(z) = |®(u) — f(u)] < =P\ F|l, 5, @),

v (37)
F= ngzl F, [:> ||F||p,B < CgR].

Now observe that the exponential polynomial ¢(7) = ®(m~!7) belongs to
F’_(0,c4) (Proposition 8). Combining this fact with (37), we conclude that
f € Ferwkdp(B c(y k d)R).

6.4 Accuracy measures

Let us fix v € (0,1). Given an estimate f, of flp, based on observations (35)
(i.e., a Borel real-valued function of x € I',, and y € C") and ¥ = (k, p, p, B, R),
let us characterize the quality of the estimate on the set F[¢] by the worst-case
risks 12
Ry (FiFWl) = sw (B{IFa(595() = Fle, Ol })
€

where || - ||, is the discrete analogy of the standard L,-norm on a cube B,
so that

1/q
||g||q,37=m_d/q( > |gT|q) :
)

TEZ(B,
6.5 The estimate

The recovering routine we are about to build is aimed at estimating functions
from classes F**?(B, R) with unknown in advance parameters k, p,p, B, R.
The only design parameters of the routine is an a priori upper bound g on the
parameter p and a v € (0,1).

6.5.1 Preliminaries

From now on, we denote by © = O, the deterministic function of observation
noises defined as follows. For every cube B C [0,1]? with vertices in T, we
consider the Fourier transform of the observation noises reduced to B N [,
and take the maximum of modules of the resulting Fourier coefficients, let it
be denoted 0z (e). By definition,

O=0@ =0" max Op(e), (38)

23



where the maximum is taken over all cubes B of the indicated type. Note that
by the origin of ©(,) and Lemma 23, we have

w?Inn
Vw >1: Prob {@(n) > C’w\/lnn} <expq— 5 : (39)

where C' > 0 depends solely on d.

6.5.2 Building blocks: window estimates

To recover a signal f via n = m? observations (35), we use point-wise window
estimates of f defined as follows. Let us fix a point = m™'t € T'?; our goal
is to build an estimate of f(z). Let Bj(x) be an admissible window for z.
We associate with this window an estimate f* = f7(x; Yy} (€)) of f(x) defined
as follows. If the window is “very small”, specifically, h < m™!, so that x
is the only point from the observation grid I, in By (z), we set Ty(z) = 0
and ﬁj = 1. For a larger window, we choose the largest nonnegative integer
T = Ty (z) such that Z(By(z)) D {7 : |7 — t| < 4T} and apply Algorithm A,
the design parameters of the algorithm being (u, T, (x)), to build the estimate
of f, = f(z), let the resulting estimate be denoted by f* = fh(x; Yy (€)).

To characterize the quality of the estimate f* = f(a; y7(e)), let us set

p TEZ(Bh(

®,(f, Bn(z)) = min{ maxm)) lpr — [+l :p € SgTh(a:)(Oa ,U?Th(m))} :

Lemma 21 One has

) Bulf B())(1+p)
QT +1)d2

(fr) € Sip, (@) (0, 11, Tho (), (40)

Assuming that h > m™! and combining (40) with (8), we come to the following
upper bound on the error of estimating f(z) by the estimate f(x;-):

g

[f (@) = (2395 ()] < Cr | @, (f. Bu(w) + \/W@(n) (41)

(note that (2T},(z) + 1)~%2 < Cy(nh?)~'/2); from now on, C (perhaps with
sub- or superscripts) are positive quantities depending on d, y1,y only. Note
that (41) by evident reasons holds true for “very small windows” (those with
h <m™') as well.
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6.5.3 The adaptive estimate

We are about to “aggregate” the window estimates ﬂ‘ into an adaptive esti-
mate, applying Lepskii’s adaptation scheme (cf. Section 5) in the same fashion
as in [38,27,28].

Let us fix a “safety factor” w in such a way that the event ©(,) > wvInn is
“highly un-probable”, namely,

Prob {Q(n) > wVln n} < n_4(“+1); (42)

by (39), the required w may be chosen as a function of p, d only.
“Good” realizations of noise. Let us define the set of “good realizations
of noise” as

=, =1{€| Op) <wvinn}. (43)

Note that (41) implies the “conditional” error bound

€ € Ep = | f (@) = fi(x597(0)] < C1 [@u(f, Bi(x)) + Su(h)],

Sn(h) = \/%wm.

(44)

Observe that

(*) As h grows, the “deterministic term” ®,(f, By(x)) does not decrease,
while the “stochastic term” S,,(h) decreases.

The “ideal” window. Let us define the ideal window B, (x) as the largest
admissible window for which the stochastic term dominates the deterministic
one:
B.(x) = Bp, ) (2),
() = Bh,(2)() (45)
h.(z) = max{h | h > 0, By(x) C [0, 1], P, (f, Bp(z)) < Sn(h)}.

Note that such a window does exist, since S,(h) — oo as h — +0. Besides
this, since the cubes Bj,(x) are open, the quantity ®,,(f, Bn(z)) is continuous
from the left, so that

0 <h < hoz) = @u(f, Br(z)) < Sp(h). (46)

Thus, the ideal window B, (x) is well-defined for every x possessing admissible
windows, i.e., for every z = 1% = {m~' :t € Z¢,0 < t, [t| < m}.
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Normal windows. Assume that ¢ € =,,. Then the errors of all estimates
fZ}(m;y) associated with admissible windows smaller than the ideal one are
dominated by the corresponding stochastic terms:

€ € 5,0 <h < hu(w) = |f(x) = Ji(w;y5()] < 2015, (h) (47)

(by (44) and (46)). Let us fix an € € Z,, (and thus — a realization y of the
observations) and let us call an admissible for z window Bj(z) normal, if
the associated estimate fZ}(x, y) differs from every estimate associated with a
smaller window by no more than 4C; times the stochastic term of the latter
estimate, i.e.

Window Bp,(x) is normal

0

(48)
By () is admissible

VRL0 < B < s |fY (23y) = eyl S4CS.(0) [y = ys(e)]

Note that if x € I'?, then x possesses a normal window, specifically, the window
By,-1(z). Indeed, this window contains a single observation point, namely, x
itself, so that the corresponding estimate, same as every estimate correspond-
ing to a smaller window, by construction coincides with the observation at =z,
so that all the estimates ﬁ’f/(x; y), 0 < I/ < m™!, are the same. Note also that
(47) says that

() If e € =, then the ideal window B,(z) is normal.

The adaptive estimate fn(a:';y). The property of an admissible window
to be normal is “observable” — given observations y, we can say whether a
given window is or is not normal. Besides this, it is clear that among all
normal windows there exists the largest one B*(x) = By+(y)(x). The adaptive

estimate fn(m, y) is exactly the window estimate associated with the window
Bt (z).
Note that from (!) it follows that

() If e € Z,,, then the largest normal window BT (x) contains the ideal
window B,(x).

By definition of a normal window, under the premise of (!!) we have

@ (25 y) — f@ (a5 y)| < 401, (ha(2)),

and we come to the conclusion as follows: R
(*) Ife € 2, then the error of the estimate f,(x;y) = f*" @) (x;y) is dominated
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by the error bound (44) associated with the ideal window:

€ €5, = [fulwiy) — F(@)] < 5C, [Bu(f, B () + Salha(a))] . (49)

Thus, the estimate fn(, -) — which is based solely on observations and does
not require any a priori knowledge of the “parameters of well-filterability of
f7 — possesses basically the same accuracy as the “ideal” estimate associated
with the ideal window (provided, of course, that the realization of noises is
not “pathological”: € € =,,).

Note that the adaptive estimate fn(x, y) we have built depends solely on “de-
sign parameters” p, 7 (recall that C7 depends on pu,7), the volume of obser-
vations n and the dimension d.

6.6  Quality of estimation

Our main result is as follows:

Theorem 22 Let v € (0,1), u > 1 be an integer, let F = F**P(B; R) be a
family of locally well-filtered signals associated with a cube B C [0,1]% with
mD(B) > 1, p < p and p > d. For properly chosen P > 1 depending solely
on p,d,p,v and nonincreasing in p > d the following statement takes place:
If the volume n = m? of observations (35) is large enough, namely,

2k—2dn+4d
d

p1y, 2 > > PD72k—22d7r+d (B)

SHE-V

(D(B) is the edge of the cube B), then for every q € [1,00| the worst case,
with respect to ¥, q-risk of the adaptive estimate f,(-,-) associated with the
parameter i1 can be bounded as follows:

R, () = sup (B{1fu(05(0) — SO, })

< PR () b,

.. 6> m (51)
5<p7k7d7 Q) - { Qkk_tj@’_dﬂ P 2k;rd 9 6 - la

2h—2dmtd’ 0 < 7Ty ¢

g — 2r 0 > -2
Ap, k,d,q) = { a0 A

0, 0 S Wm

here B, is the concentric to B «y times smaller in linear sizes cube.
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Note that the rates of convergence to 0, as n — oo, of the risks ﬁq ( Fu; F) of
our adaptive estimate on the families F = F**?(B; R) are exactly the same
as those stated by Theorem 3.3.1 from [42] in the case of recovering non-
parametric smooth regression functions from local Sobolev balls. It is well-
known (see, e.g., [42]) that in the smooth case the latter rates are optimal
in order, up to logarithmic in n factors. Since the families of locally well-
filtered signals are much wider than local Sobolev balls (smooth signals are
trivial examples of modulated smooth signals!), it follows that the rates of
convergence stated by Theorem 22 also are nearly optimal.

7 Appendix: proofs
7.1  Preliminaries

Norm relations. Let us list several evident relations between the introduced
semi-norms on C(Z%).
e [Parseval equality]:

(ros)r= Y rsi= Y (Frr)(u)(Frs)(p) = (Frr, Frs)r, (52)

t:|t|<T perd,

where @ is the complex conjugate of a € C; in particular,

7|72 = |77 95 (53)

A useful corollary of Parseval’s equality combined with the fact that |g|}, , =
|G| 7, is the relation

Z azby

[t|<T

< |al7,1[b]7co- (54)

e [Norms of convolutions of filters]

r,s e C’(Zd) = r(21, oo 2d)S(21, 5 ooy 2a)|p < |7]1]8]p; (55)
e [Relations between | - | and | - |*]: for p,q € [1, 00] one has

|T’;,p < (2T + 1)d[(l/pfl/2)++(1/2fl/q)+] \T!T,q, a, = max[a, 0]; (56)

ord(r) +ord(s) < T = |r(z1, ..., 24)8(21, ..., 2a) |7, < |7]1l8]7,- (57)
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Useful fact. In the sequel, we need the following simple and well-known fact:

Lemma 23 Let f; =& +1in;, 0 < j < N, be a sequence of N standard Gaus-
sian complex-valued random variables, not necessarily independent of each
other. Then

[E{ max |f;*}]'* < V2In N +2;

0<j<N (58)
P{o@%(vlfj’ >u+vV2In N} < exp{—u?/2} Vu>0.

<j

We have

W(r) = P{Orglja%% |f;] > 7} < min[l, N exp{—r?/2}] =

P{O%a<)](\7|fj| >u+vV2In N} < Nexp{—(u+v2In N)?/2} < exp{—u?/2};

o0 o0 V2In N
E{()l;ﬂjfg{V |12} = — Of r2di(r) = 2 of rp(r)dr < 2 g rdr

+2N [ rexp{-r?/2}dr =2In N + 2.
vV2In N

7.2 Proof of Theorem 2

Preliminaries W.l.o.g., we may assume that ¢ = 0. We denote by ¢* the filter
associated with (s,) via the description of the inclusion (s,) € S%:(6,p,T).
Let us set

lq"le = p2T +1)""% k=0T +1)""* [ <], (59)
so that

s=q¢"(A)s = T:l"S}Ia‘S}?ETE{‘ST — 5"} < K% (60)
Finally, let

Or = max |AT'..AFel5r o, (61)

77| <2T

and let ngS be the optimal solution, used in Algorithm A, of the optimization
problem (6).
1°. We start with simple technical lemma:

29



Lemma 24 Let 7(21,...,zq) = (¢*(21, ..., 24))%. Then v € Cyp(Z?) possesses
the following properties:

Irle < Irlsza < 2729°(2T + 1)~ (62)
Irly < p% (63)
[E((1— r(A)slr}] " < w(p+1)(4T + 1)¥2 (64)
(1= r(A)ylsree < 1(1=7(A))slar2 + (14 5%)Or (65)
[E {(|(1 _ r(A))ylzT,oof}] Yy 7)\/Ad (AT + 1) + 2
+r(p+ 1)(4T + 1)42.

Proof. (62): We have

2

o Ir(w)l W2 4 4 1)4/2 q*(p)
|7’|2T,1 uez:gT (4T+1)4/2 Mezr‘:gT (4T+1)4/2 ( + ) uezf‘:gT (4T+1)4/2

= (AT + 1)2(1g" 3r0) = (AT + 121" By < 202527 + 1742

Since ||y = [rlare = |7|57.2 < |7|57:, (62) follows.

(63): We clearly have |r|; < |¢*|2 < (2T + 1)¥2|¢*|5)? = p%.

(64): Let h = (1 —¢*(A))s, so that by virtue of (s,) € S°(, p,T) and in view
of the origin of ¢* we have

max FE{|h,|*} < K*. (68)

7| 7|<3T

Setting g = (1 — r(A))s, we have
gr = (1 +q(A))(1 = ¢*(A))s)r = (1 + ¢*(A)h)r = hr + (¢" (D)D)~
= |gr| < lhe| + g2 AT A AT

1/2
:»<E{|9T|2}>”2s<E{|h7\2}>”2+|q*|2( > E{\hT_Tw?}) ;

7| —7|<T

applying (68) and taking into account that |¢*|, = p(27 + 1)~%2, we come to
mas B r(A)s) ) < 57+ 1P, (69
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and (64) follows.
(65), (66): We have

(1 =7(A)Ylr00 < (1 =7(8))sl37r00 + (1 = 7(A))el5r,00
<[ =r(A))slory + [(1 = r(A))efsrn = [(1 = 7(A))slara + (1 = r(A))elzr
(1= 7(A))slara + [elsroe + X |r-||AT - Afelir o

7| 7|<2T

IN

< (1 =r(A))s|are + (1 +|r)y) T.I|£1|3<D§T AT AT el -

The resulting inequality combines with (63) to yield (65). Further, from the
resulting inequality and (64) it follows that

(B0 - r@wizra)})

2.41/2
< K(p+ 1)(4T—|—1)d/2+(1+|r|1)<E{<max AT Agde|2m) })

|r|<2T

oF
k(P + 1)AT + 1)¥2 + (1 + ) (E{02})"/?

(we have used (63)). To derive (66) from the resulting inequality, it remains
to note that

(E{e3 }) < 0\/4dIn(4T + 1) + 2. (70)

Indeed, the coordinates of the Fourier transform of AT'...Afe are, up to fac-
tor o, standard complex-valued Gaussian random variables, so that 0202 is
the maximum of squared modulae of (47 + 1)?? of these variables; therefore
E{03} < 0*(4dIn(4T + 1) + 2) by Lemma 23. O

2. We now study the properties of the solution (;AS of problem (6).

Lemma 25 One has

|Glars < 2%p°(2T + 1)~ (71)

(1= $(A))elsr o < (1+27)Or; (72)

[E {(|(1 - &(A))egm)QH ® o4 22 A (AT + 1) + 2 (73)

(1= d(A))s |2Too < (1 = r(A))slars + 2(1 + 279" Or; (74)
2112 d 2

[ {( A))slir00) H < 20(1 4 2%p%)\ [AdIn(4T + 1) + 2 -

+r(p+ 1)(4T + 1)42.
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Proof. (71): |¢|ara = |¢A§]§T2 < ]$\§T1 < 242p%(2T + 1)~%2 (the concluding
inequality comes from the fact that ¢ is feasible for (6)).
(72), (73): We have

(1= G(A))elsro < (1+|8]ar1) _nax AT AT el
< (1+(4T+1>d/2|€g|2T,2> I|n|aX |AT AT ey o

< (1+2%%) max [AAfelire,

(we have used (71)). The resulting inequality implies that

2)71/2 4o ) 11/2
* T1 Td ,|*
{10 - d@elinn)}] " < 20 [ £ mo, (17 A7)
< (1+ 290\ [AdIn(4T + 1) + 2

(we have used (70)).

(75), (75): Note that the polynomial r defined in Lemma 24 is a feasible
solution of the optimization problem (6) by the first relation in (62), so that
the optimal value in the problem does not exceed J(r,y}7). It follows that

(a) J( 7y2T) < J(r,y4r)
S () 10— 3(A)y |2Toosw< (Al
S (0) 10— (AN slinm < 11— BAN el + 10— r(A)lire
= ) [B{(10 - d@nstn)’ )] < [E{(0 - daneinn))]

+[E{(\<1—r i)'}

Relation (74) follows from (¢) combined with (65) and (72) (recall that p < p).
Relation (75) follows from (d) combined with (73) and (66). O
3%, Our next step is to prove

Lemma 26 One has

(1 =r(A) A =d(A))s) | < I((1=r(A))s),|
+20/2 (2T + 1)=42 (1 = 1(A))s]ypy

[E {‘((1 —r(A)(1 - ‘E(A))S)O‘QH v <k(p+1)2%* +1). (77)

(76)
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Proof. We have

(1 =r(A) (1= d(A))s) | < (1 =r(A))s)y| + |(S(A) (1 = r(A))s) |
1 (A))5)0| + |$|2T72 (1 - T(A))5|2T,2
L= 71(A))s)o| + 292p2(2T + 1)"2 |(1 = 1(A))slyr., [see (71)]

as required in (76). From the resulting inequality it follows that

1/2

B{|(@ - rana-awns) [} < [E{i -]
220227 4 172 [E (1 = r(A))slirs )]

< k(p+ 1) + 212227 + 1) 2 [E{|(1 = r(A)slira )] sce (69)]
< K(Pp+ 1)+ 27202 (2T + 1)"%2k(p + 1) (4T + 1)%/2 [see (64)]

and (77) follows. O
4°. Now we are able to complete the proof of Theorem 2. The error of the
estimate s at the point ¢ =0 is

s0— 50 = 50— (A(A)y)o = (1= d(A))s) = (d(A)e) = + e, 78)
W= ((1-0(a))s) , e =(d(A)) .
Setting f, = e_;, we have
6l ={ ¥ drer| < I8lral o [see (54)]
7| <2T
< 2920227 + 1) 72| fl37 0o [since ¢ is feasible for (6)]
whence, by definition of O,
€| < 29202 (2T +1)~%%6., (79)
Applying (70), we derive from the latter inequality that
[E{e@P)]"” < 29200227 + 1)\ f2d (4T + 1) + 2. (80)
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We further have

e =|((1 - &(A»s)o\ < |(r(A)(1 = 6(A))s) |
+ (1—r 1= 0(A)s) | < Ir |2T1|< — (A)slr
A ° _ (81)
+ (1 =r(2)(A = d(A))s) | < 24202 (2T + 1)~ (1 = $(A))slirq
b
+ ( (1—r( QE(A))S)O

(a is given by (54), b by feasibility of o for (6)), whence

B {)] " < 2epter a2 [ (|- s

e {0 - -daps), [} .
< 24122(9T 4 1)~/ [2%—(1 +21%), [AdIn(4T + 1) + 2

+r(p+1)(4T + 1)d/2] +r(p+1)(2¢p% + 1)

(see (75), (77)). Combining (78), (80), (82), we finally get

[ {Jso — 50*}] """ < 2260227 + 1)79/2, [2d In(4T + 1) + 2
+242p2(2T + 1)~ /2 [2%(1 + 2dp2)\/4d In(47 + 1) + 2 (83)

+r(p+ 1)(4T + 1)d/2] +r(p+1)(2%? + 1).

Recalling that p < p, k = (2T + 1)~%2 and that p > 1, (7) follows.
Now assume that (s) is deterministic. In this case, from (81) combined with
(74) and (76) implies that

eV | < 21420227 + 1)=42| (1 — r(A))s] a7

(84)
2122 (1 4 29%) (2T + 1) 7201 + |(1 — r(A))s),]
while from (64), (69) it follows that
|(1—7(A))s|are < k(54 1)(AT + 1)42 < 2201 + p), (85)

(1= 7(A))s)o| < k(1 +p) < O(1+ p)(2T + 1)~%2.
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Therefore (84) implies that

6 < 35465 [0 + pOr] (2T + 1), (86)
Combining this relation with (79) and (78), we arrive at (8). O

7.8 Proof of Theorem 3

Consider the following construction. Let us fix an integer m < (27 + 1)¢,
a < 1/2. For the sake of simplicity we suppose that 27 + 1 = [m for some
[ € N. Note that [ > (2T + 1)'~*. We set

8 =20,/(1 - 2a)In(2T — 1). (87)
Let r = (r1,...,7m)T be a vector with integer components such that each
rj, j = 1,..,m, takes value in [I(j — 1) + 1,1j]. Consider now the signals
r m 277 _
sir) = \/ﬁﬁ DIy exp (2T+17'), 7= —4T —1,..4T + 2. Note that
s1(0) = _mB for any . (88)

V2T +1°

We consider the family F which contains signals (s{")) along with (s(?)) =0

T

(we set 7 = 0 in this case). Suppose now that a signal s € FZ is observed in
the noise:

Yr =8, +oe,, T=—4T —1,...,4T + 2, (89)

where (e;) is a sequence of i.i.d. standard complex-valued Gaussian random
variables.

Lemma 27 For each s € FT there exists a linear filter ¢* € Cr(Z) such

971/2
that |q*|a = /57 and E{(q*(A)y)T - 59)} } < |¢*|2o for =37 —1 <
T <33T+ 2.

Proof: One can easily verify that the requirements are satisfied by the filter
27Ty

gy given by ¢ (k) = g7 >7L exp (2T+1k . O
Our objective now is to show that that given the observations (89), one cannot

construct an estimate § of s(()r) such that its quadratic risk is less than

,In(27 + 1)

00W02m2 2 0102|q*];ln(2T + 1)
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uniformly over F!. To this end we introduce a related Bayesian estimation
problem on FZ | obtained from (89) as follows: let Fsr4 be the Fourier trans-
form on [—4T — 1,47 + 2]. When applied to (s(") it gives

1 T2 2mikT
Forias™ )y = ——— E sMexp | —
(Fareas ™) = 5 g o P TR

B I} T2 m (27?2'ro> 2mikT\ B
“sar+y, 2 = are1) P\ Taraa) T 2% (0

T=—4T-1j=1

0,7 #k
where 0; ), = e is the Kronecker symbol. On the other hand,
Lj=Fk
2j = (Fsrray); = (Fsras”); + 0§, (91)

where ; are orthogonal (and thus independent) standard complex-valued
Gaussian random variables.

Let us now construct an a priori probability measure on FZ. Let ¢ € {0,1}
be a random variable such that P({ = 1) = P({ = 0) = 1/2. We set r = 0
if ¢ = 0 and if not, the entries r;, 7 = 1,...,m of r are mutually independent
(and independent of (¢;)) and uniformly distributed over [¢(j — 1) + 1, 5]. We
denote Py the corresponding probability on FZ.

Let the parameter 0 take the value 6y = 0 if s = 0 is realized and 6, = mp(
if s = s for some r # 0. Due to (88) on can easily see that in order to ob-
tain bound (10) for the original problem it suffices to show the following lower
bound for the Bayesian risk of estimation of the parameter 6 from observations

(91):

r(T,m) = inf Ep {E, {(0 - 0,)*}} > c;0”m* (2T + 1) (92)

o

for some ¢o > 0 (here Eg{-} stands for the expectation with respect to the
probability Pg).
We proceed as follows. Note that

(T )_%EB{ {(9 0,)} + Eo {02}}

B0 (B {0~ 0,02, } + 0}
where Z, = ‘dp | is the likelihood ratio. Observe now that 6* = ﬁBg*ZZT is the

minimizer of (T, m) with respect to §. When substituting § = 6* into (93)
we obtain

(93)
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. (Ep{6.2)) Epl0:2,}
2r(T,m) > Ey {EB{QTZT} - HEB{Zr}} = Eo {H‘EB{Z?"}}

Now let us study the properties of the likelihood ratio Z,. We have the fol-
lowing simple lemma:

Lemma 28 For T large enough one has Po{i < Ep{Z,}s < 4e} > .

Proof. Let n, = R(&). Note first that Z, = []}", exp (% . 8@2) since the

Fourier transform of s is real (cf. (90)). Then

m 4]
_ 3 nkB B
Ee{z} =11 lexp ( 20 802> 0

J=lk=L(j—1)+

By evident reasons, Fo{ Eg{Z,.}} = 1. On the other hand,

By {(Bs{ )%} = T Bo { [Si sy oo (82— 25) ')
- H;'nzl ]J

Let us estimate a term in the product above:

L=(—tY+07 Z E0{6p<mkﬁ fff?)}

k=0(j—1)+

= —|— - R — — _I._ - - —
il U\ IV

2

< exp lé_l exp (L)] .

When substituting this bound into (95) we get

B {Entz ) < [T e (exp{ﬁ ):exp(”gle%).

Due to the choice of 3 in (87), 25 {(Eg{Z.})*} <e
for all large enough values of T
Now let a positive random variable X satisfy F{X} = 1, E{X?} < .

RE{X?} RE{X?}
Then for every R > 1 one has [  azu(de) >1—1/Rand [ zu(dz) >
0 1/2
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1/2

1—l—fxu(d:v)2%—

= . We conclude that p{ z:3<x< RE{XQ}} >

:U

l_l . .
iy For R=dweget p{v: § <o <4B{X?}} > qlcsy. Specifying here
X = Ep{Z.}, we obtain PO{ < Ep{Z} < 46} >L O

Let A={w: 1/2 < Ep{Z,} < 4e}. By Lemma 28, relation (94) implies that

PO{A} 52 2

2r(T,m) > 3m*E, { EpiZi) 1A} 32¢(1+4e)

1+EpZ, 1+4

> cyo?m? In(2T + 1),

as required in (92). O

7.4 Proof of Proposition /

The case of m = 1 is evident. Now let m > 2, let T be an integer, 0 < T+ <
L*, and let T = |m~'T™"|. Since s’ € F% (0, p) and clearly T' < L, there exist
filters ¢’ such that

(a) s ord(¢/) < T (b) : |¢?l2 < p; (2T + 1)~%;
() 1l = |¢’lza < 2T + 1)’ |2 < pj; (96)
(d) : [E{]s] — (¢ (A)s)-PN'"* < 6,27 + 172 9(7: |7 =t < L).

Now let filter ¢ be defined by

m

1_q 1_q 7 (Zly"'azd)'
j=1

Observe that

ord(q) <mT < T™. (97)

Note that

gl < 27 p1.pm (2T +1)™Y2 < (2m — 1)¥22™py . p (2T + 1)"42. (98)
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Indeed, we clearly have

lg(2) =X (=D 2 @ ()¢ (2)..¢%(2)
(=1 1<71<g2<...<je<m 2
<> ) ¢ (2)¢% (2)..¢7 (2)]2 < % Balh
(=11<j1<ja<...<je<m S~ Sl 1< < <e<m BTHD

a

< [T+ p1).(I+ pm) — 12T + 1)_d/2\§/2mp1...pm(2T 4 1)~/2
b

(a is by (96.b — ¢) since |u(z)v(2)]s < |uli|v]a, |u(z)v(2)]1 < |uli|v)i], bis due
to p; > 1), as required in (98). Further, by (96.c), for the filters

(H (1 - g ) ( :ﬁlu - qf<z>>)

one has

om—ly o
2 PrePm o 99)

Q71 < (L4 p1)e(T+ pjm1) (L4 pja)- (1 + pm) < p

Now let 7 € Z¢ be such that |7 —t| < L. We have

[E{j0-a@)9), P} - {E £ 00— q(a) }]

< & [B{n (- a@) T|2}]”2:/§31E{|A|}1/2 {10 - ataps, )"
< S BV [ {1QHa)1 - (A0, 7)]

S EE L mee B0 - o)), )]

b

<271 o (2T 4 1)~ %2 5 W

J=1

oIm — 1)4/29m—1 LoD g gj[E{|Aj|2}]l/2 T+ 4 1)~ /2
P1---p P
Jj=1 /

where a is due to independence of \; and (s7) and b is by (99), (96.d) and since
7" —7| < (m—-1T,|7—t| <Lt = |7 —t| < LT +T* < L. Combining the
resulting inequality, (97), (98) and taking into account that T+ € {0,1, ..., LT}
is arbitrary, we conclude that s € F%, (07, p™). Note that by construction, the
filters certifying the latter inclusion are independent of ;. O

39



7.5 Proof of Proposition 5

(i): Let T'< L, and let ¢ be such that

ord(q) < T, |ql2 < wrfyam:
1/2
max [E{|((1 - q(&)s),*}] " < el

T:|7—t|<L

(100)

Let us set ¢, = exp{iw’7}q,, 7 € Z% Then ord(q) < T, |g|2 = |q|2 and
(1 =q(A))3), = exp{ilw’ 7 + ¢}s,
— 2 (exp{iw" 7' }gr) (exp{ilw” (1 — ') + @]} s, )
= exp{ilw’ T + ¢} (1 — q(A))s),,
so that (100) remains valid when g, (s) are replaced with ¢, (S). Thus, (5) €
F (0, p). (i) is proved; (ii) is evident. O

7.6 Proof of Proposition 6

Let T < L, and let ¢ = (¢, ),eza be such that ord(q) < T, |q|a < p(2T +1)~%/2,

E{I((1=q(a)s),*}]

Setting ¢, = (2T+1)"@ =9g,, ... we clearly have ord(q*) < T, |¢*]> <

T1seees Tg+ N 2 e =

p(2T +1)~4"/2 and

V2 g@T 1) reZd |-t < L).

B{|(a - @) [} <oeriy e veez o<

It remains to note that (2T +1)"%2 < 6+(2T + 1)~ 2 for 0 < T < L. O
7.7 Proof of Proposition 7

Let T < L, and let ¢’ € Cp(Z%), ¢" € Cp(Z*") be such that

(@) : 'l < p'(2T +1)~42, |¢"]s < p"(2T + 1)~4"/2,
sm(§) = X sy, |7 =t < L, . (101)

SZ// (5) — Z SZ”*Z/”q://”? |T” - t//| S L
vl
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Let q(z1, ..y 24) = ¢' (21, -y 2r)q" (Zar41, -y 24), SO that

q € Cr(ZY), qla = |q)2lq"]2 < p'p" (2T +1)"%2 (102)

(see (101.a)). Now let 7 = (7/,7") be such that |7 — (¢',t")| < L. We have

(4(A)s(£))r = D S ()85 (E) @y = 32 8787 (E)

(V' " eZd x 72" v'ezd

= S;" (5)5,7/” (5) = S(r' 75

which combines with (102) to yield that (s;) € F%”t”)(o, pp’). O
7.8  Proof of Proposition 8

We start with the following two evident facts:

Lemma 29 Let (s7) € C(Z%) be deterministic fields belonging to Ft (6, p),
j=1,2,... such that s — s., j — oo, for every T € Z¢. Then (s) € FL(0,p).

Indeed, for every T, 0 < T < L, the filters ¢*7 € Cp(Z?) which certify the
inclusions (s7) € Ft (0, p) satisfy |¢*T|s < p(2T + 1)=%2 and therefore have a
limiting point ¢© € Cp(Z4) with |¢?|, < p(2T + 1)=%2. The filters {¢” }o<r<r
clearly certify the inclusion (s) € F;(6,p). O

Lemma 30 For everyt € Z, the univariate exponential field (s, = exp{wT}),
w € C, belongs to FL_(0,/2).

Indeed, assuming R(w) > 0 and given T > 0, let us set ¢(z) = #5[1 +
exp{—w}z"! +exp{—2w}z? + ... + exp{—Tw}z"7]. Then q € Cr(Z), |q|2 =
(T+1)71/2 < 2Y2(2T+1)71/2 while clearly q(A)s = s. In the case of R(w) < 0,
the same reasoning holds true for q(z) = 7151+ exp{w}z +exp{2w}z?+ ... +
exp{Tw}z"]. O

To complete the proof, we need the following fact:

Lemma 31 Let (s;) be a “simple” exponential polynomial — a deterministic

M
exponential polynomial of the form (s;) = 3 cyexp{w? (¢)7}. Then
=1

vt € Z%: (s;) € F!_(0, pa( Ny, ..., Ny)), (103)

where pq(-,...,-) is given by (13) and Ni,..., Ny are the partial sizes of the
polynomial. Besides this, the filters ¢ certifying the above inclusion can be
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chosen to depend solely on T and on the collection of the d sets O; = {w;({) :
(=1,..,M}.

Lemma 31 = Proposition 8: Assume first that the coefficients ¢, in (12) are
deterministic. Since every one of the univariate functions f(t) = t*,0 < k < m,
is, uniformly on compact sets, the limit, as ¢ — +0, of appropriate linear com-
binations of the m + 1 exponents exp{—ke}, the exponential polynomial (12)
is the pointwise, on Z?, limit, as i — oo, of simple exponential polynomi-
als (st) with extended sets of “frequencies” {w;(¢)},: in the approximating
polynomials, every one of these frequencies is replaced by (m; + 1) frequen-
cies w;(¢) — ke;, 0 < k < m;. Note that by the definition of partial sizes
of exponential polynomials, the approximating polynomials have exactly the
same partial sizes as the original polynomial (s,). Combining Lemmas 31 and
(29), we immediately conclude that the exponential polynomial (12) belongs
to F%_(0, pa(Ni, ..., Ng)). Since the filters ¢(1)% certifying well-filterability of
the approximating polynomials (s’) can be chosen to depend solely on T
and the sets of partial frequencies of these approximating polynomials, from
the proof of Lemma 29 it follows that the filters ¢ certifying the inclusion
(s;) € FL (0, pa(Ny, ..., Ng)) can be chosen to depend solely on T and the sets
of partial frequencies of (s,), as required in Proposition 8. We have proved
Proposition 8 for the case of a deterministic exponential polynomial; since the
filters certifying well-filterability of such a polynomial are independent of the
coefficients ¢y, the result is valid for random polynomials as well. O

Proof of Lemma 31. Proof is by induction in d.

Base d =1 is readily given by Lemma 30 combined with Proposition 4.

Step 1 <d=d+ 1: Let s, = Zz: ceexp{w? (£)7} be a simple exponential poly-

nomial on Z%*! with partial sizes N; and the sets of partial frequencies O;;,
j=1,..,N.Let T >0, and let t € Z%*'. By the inductive hypothesis, there
exist filters g7 € Cr(Z4), K™ € Cr(Z) (depending solely on T and on
0Oy,...,0441) such that

(a) :|gCT”2 f; pd(]Vi,.“,JVg)(ij—% 1)_d/2’
(a') : [hD]y < p1(Nggr) (2T +1)71/2,

b) 1= % 19D V7 € Z2V(r,) € E(Oy,...,0y), (104)
vezZd

) :pr =X pryhD) V7 € ZY(p,) € E(Oupr),
veZ

where E(O!, ..., O™) is the space of all simple exponential polynomials on Z™
with the sets of partial frequencies O, ..., O™. Setting ¢*) = ¢*) _pI) 7 ¢

T TlyeesTd ' Td+1"
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741 we clearly have

¢ € Cr(Z*Y), gDy = |gD]5|h D)3y < pa(N1, ..., Na)p1 (Nas) (105)
= Pd+1(N1, --~;Nd+1)

(see (104.a,d’). Further, for every (s;) € E(Oq,...,0411) we have, setting
7= (7, 7") with 7' € Z¢, 7" € Z:
Z (L(,T)Sr—u: Z gl,/ <Z h]/” Sqr—yt 11 l//) — Z gy/ ST —v!
veZd+t v'eZd "eZ \/ V' eZ

= ST/’T//

b

(ais by (104.b') since (57— ) pez € E(Ogq1), bis by (104.b) since (s,,7),eza €
E(Oy,...,04)), which combines with (105) to imply that

(87') S Sf)o(07pd+1<N1’ ) Nd+1)7T>-

Thus, the filters ¢™) (which depend solely on T and Oy,...,Q44;) certify the
inclusion (s;) € LE_(0, pgr1(Ny, ..., Ngy1). The inductive step is completed. O

7.9  Proof of statement in Remark 9

It suffices to prove that for every nonnegative integer 1" and every m, d there
exists a filter ¢7), ord(¢™) < T, depending solely on T, m, d, such that

(a) ¢ (A)p = p for every polynomial (14),

. (106)
(b 1gD < (A2s) =ed

This well-known fact can be proved by induction in d completely similar to
the one used to prove Lemma 31; the only difference is in the Base, which now
should be replaced with the following statement:

Lemma 32 Letp(1) = Y. pett be a deterministic univariate algebraic polyno-
(=0

mial of degree m. Then for every T > 0 there exists a filter ¢ € Cr(Z), depend-
ing solely on T, m, with |q|la < 16m(2T +1)~Y2 such that p(t) = 3. ¢/Pp(t—v)

forallt € Z.
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Proof. By evident reasons, it suffices to prove that for a given T" > 0 there
exists a collection of weights ¢;, —T <t < T, such that

T 256m2

T T
— i __ ;o 2 2
thQt - 17 t;tht - 07 1= 17"'7m7 Z 4y S O = oT + 1

t=—T

By the standard separation arguments, this is the same as to prove that for
every real algebraic polynomial r(t) of degree < m such that 7(0) = 1 one

T
has > r%(t) > 2257;3“2, or, which is the same, that for the real trigonometric

polyn—omial p(¢) = r(Tsin(¢)) one has

Z () > 22]516H, ¢ = asin(t/T). (107)

t=—T

Note that the degree of the trigonometric polynomial p(-) is < m and that
p(0) = 1. Besides this, p(¢) = p(m — ¢); due to the latter fact,

M = max |p(¢)] = max [p(¢)] = [$(0)] = 1.

|¢1<5

By Bernstein’s Theorem on trigonometric polynomials, we have |p'(¢)| < mM.
Now let ¢, € [—7/2,7/2] be a point such that |p(¢,)| = M, let A be the
segment of the length % centered at ¢,, and A be the part of this segment
n [—m/2,7/2]. Note that the length of A is at least 5 and that for ¢ € A
one has |p(¢)| > [p(¢.)| — 5 (mM) > M/2. Let n be the minimum number
of points ¢; belonging to a segment § C [—7/2, /2] of the length 1/(2m), the
minimum being taken over all positions of § in [—7/2,7/2]. It is immediately
seen that n > (1 —sin(7/2 — 1/(2m)))T — 2 > 7 — 2, whence

T M? AF T 17 T
2
Y pd) > D> pP(d) > —n > [—42{—4.
= Lo 4 |16m? 4 116m?

T
When T > 64m?, the latter quantity is > 225 and in any case t:Z_:T 0% (p) >

0%(¢o) = 1. Thus, we always have Z pA(dy) > 25 as required in (107). O

7.10  Proof of Proposition 10

In the proof to follow, ¢; stand for positive constants depending solely on D.
1°. We start with the following evident observation:
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Lemma 33 There ezists ¢; such that for every polynomial p(t) of one variable
satisfying the relation p(1) = 1 one has

M < ¢ N, deg(p) < 1N,

(108)
(s) e HY(D) = s, = (p(D)s), Y(7 : |7 —t| < M).
20, Let us fix a positive integer N, and let
k
S(w) = X weexp{iwla(l)} : [-m, 7] — C,
=1 (109)

d _ d s g
QY = {wER | w; € {#ﬂ}\qlsN’j _1,...,d},

and let v be the normalized counting measure on Q4: v({w}) = 2N+1)"4, w €
Q4. Observe that in view of R.2 the function §(-) maps Q4 into the unit disk
D ={( e C| |¢] <1}. Let u be the distribution of values of 5|Qldv, so that pu is

the measure supported by the finite set M = {¢ | Jw € Q4 : ( = §(w)}, and
p{cH) = ¥ v{{w}) Let also F(a) = p({C| R(C) =1—a}), a=0.

weQd :6(w)=¢

Lemma 34 There exists ¢ € (0,1) such that

MCM={¢][(| < LIS < ez (1= R}, (110)
Fla) <c'a?+ N7, 0<a<2 (111)

k

Proof. (110), (111) are evident when - p, < 1, since then |[0(w)| < 1 — ¢
=1

for properly chosen ¢y and all w. Thus, in the sequel we focus on the case of

k k
> pe =1 (recall that - p, <1 by R.2).
=1 =1
2°1) Let K = {w € [-m, 7 : 6(w) = 1}. Since p, > 0, S p, = 1 and
7
S(w) =3 peexpliody +wla(f)}, a point w € K must satisfy the equations
7

exp{ilpp +wTa(0)]} =1 V(1 <l<k), (112)

whence ¢y +wla(f) € 2nZ V(1 < ¢ < k). Since Rank{a(() : 1 < <k} =,
the latter system of equations implies that K belongs to a set of the form
r + AZ? with certain d x d nonsingular matrix A (depending solely on D).
The cardinality of the intersection of latter set with the cube [—m,7|? does
not exceed certain c3. Thus, Card K < c3.
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2°.2) Let w € K, and let dw € R™ be such that |dw| < 1. Then

(w+ dw) = ZXk:l peexp{i[oe + wla(0)]} exp{i(dw)Ta(f)}
o X mesplilde)Ta(0)}

= |J(w + dw)| = LZZ Pe eXp{i(dw)Ta(ﬂ)}‘

k . )
\? Pz (1 +i(dw)Ta(f) — & ((dw)Ta(0)) ) + ealdwl?

k 2
|5 (1 — 3 ((dw)"a(0)) >| el dwf? < 1= esldw]? + caldwl®

b c

(for a, see (112), bis by (17.b), ¢ is due to Rank ({a(¢)},) = d). It follows that

with properly chosen c¢g one has

V(we [-m,7% 0(w) 1| <a) TweK:|w—0a| <V (113)

Since Card (K) < ¢3 by 2°.1) and |§(w)| < 1 for all w, we conclude that

v ({w e |5(w) —1] < a}) < crfa®? + N7Y Va <2. (114)

2°.3) Now we can complete the proof of (110), (111). Let @ € K, dw € R?,
|dw| < 1. We have

=
€l
+

dw) = 3 prexp{iloe + " a(0)]}expli(do)a(0)}

(115)

|
N | =
=
)
~
Q
—~
=
—
)
|
[SIEN
—~
Q
&
~
~
2
N
—
w
+
=
~
&
Q.
£
N——

[Ire(w, dw)| < croldw|’]

;é pr (1 — L ((dw)Ta0)” = & ((dw)Ta(0))’ + relw, d@)

(for a, see (112), for b, see (17)). Taking into account that > p, = 1 and
]

c1p|dw)? < %:pg ((dw)Ta(£)>2 < ¢p9|dwl|?, we conclude from (113) combined

with (115) that for properly chosen c¢;3 one has
w € [-m, 71 = [S(0(W))] < cis(1 = R(3(w))*?,

and (110) follows. By (110) one has |1 — d(w)| < c14(1 — R(0(w))), so that
(111) follows from (114). O
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3% Let n be a positive integer, and let T},(¢) be the Tschebyshev polynomial
of degree n. Recall that this polynomial is defined as follows:

T.(¢) = — where w = ¢ +1iy/1 — (% (116)

In (116), the choice of the branch of /- affects the value of w, but does not
affect the value of w™ + w™"; since we intend to work with ¢ from the unit
disk, so that (1 —¢?) > 0, in the calculations to follow we deal with the main
branch of 1/~ in the closed right half-plane. On the segment [—1, 1] of the real
axis one has T,(¢) = cos(nacos(()), whence T,,(1) = 1, T/ (1) = n?. From
these relations it follows that the function P,(¢{) = i;(TI"_(E)) is a polynomial of
degree n — 1, and P,(1) = 1.

Lemma 35 One has

pu(a) = max{|F,(¢)] : ¢ € M, R(() =1-a}

C15, 0 S o S TTIQ (117)
< fo(@) = aslbbasall - L <a <2’
Proof. Let (=1—a+if € 1/\\/1, so that
18] < 60, (118)

We have

w=(+ivI—CZ=1—a+if+iy20—a2—2i(1—a)f+
=1—a+if+iv2ay/1 - 0.5a+[0.58 — i(1 — a)](8/a) (119)
=14+ iv20+71(), [n(¢)] < errex

(since |B/a| < 164/ by (119)). Note that completely similar considerations
demonstrate that

wl=C—iJ1-CC=1—ivV2a+7(0), |ra(Q)| < errar. (120)
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3°.1) Assume, first, that 0 < o < -5. In this case from (119) it follows that
|1 —w| < v/2n™', whence, taking into account (119),

lw — (14 n(w —1) + "2 (w — 1)%)| < err(nfw — 1])? < egn®a®?,

™ — (1= n(w — 1) + "2 (0w — 1)2)| < er7(nfw — 1))* < c1gn®ad/?

n —n 2
= |5 - 1‘ < 2w — 11 + esn®a®? < ero(na + nPa®?) < cyonon.

Thus, one has |P,(¢)| =
0<a<
3°.2) Now consider the case of 5 < a < 2. From (119), (120) it follows that

e S Cis, as required in (117) for the case of

wl4w ™"

—1 N
lw| <1+ ey, [w™t < 1+ ey, whence |P, ()| = n2\2a—w| ‘ < 022(1;rzcofla) ,
as required in (117). O
4%, Let Q(¢) = X, It is immediately seen that
: -~ 1
Czl—a+2ﬁ€M$|Q(C)|§1—023a [623<§]. (121)

Now let cps be a positive integer which is > £ (see (117)). Consider the
polynomial 5,(C) = P (¢)Q%"(¢).

Lemma 36 For every positive integer n, the polynomial S,(C) possesses the
following properties:

(a) : deg(Sy) < casn; (b) + Su(1) = 1;

- (122)
(c): mcax{|5n(<’)| :(eM, R()=1-a} <c¢smin [ﬁ, 1] :

Proof. Relations (122.a — b) are evident (take into account that P,(1) = 1
and deg(P,) < n). To verify (122.c), note that if { =1 — a+if € M, then in
view of (117) one has

0<a<h =150l < IPONRQI" < PO] < ars:
< a <22 15,0 < P(ONREOI™" < e1s T (1 = exga)

C15

< 2
 nfa
b

S C1s exp{cisna}

L2l exp{ —cazcunar}

(for a, see (121), b is due to cogcaq > ¢15). O
5°. Now we are ready to complete the proof of Proposition 10. Given a positive
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integer n, let us set R, (¢) = S%(¢). In view of (122) one has

(a) : deg(Ry,) < can; (b) : Rp(1) = 1
(¢) - max{[Ra(C)] : ¢ € M, R(¢) = 1 —a} < () (123)

_ . 1.
= C9g Min [n2dad’ 1} .

Consider the filters ¢ (z) given by ¢™(A) = R, (D), n = 0,1,... By (123.b)
and Lemma 33 we have

T S CQ7N
ord(¢™™)) < T,
= { ( (124)

1 <n(T) = e T sy = (g (A)s), V(7 : |7 — t| < corN).
(s) € Hy(D)

By Parseval’s equality, we have also (in what follows, n = n(T))

2

" = /|R DIRZCY /|R Pu(de) < [ ri(@)dF(e) (125)

0
@ pn(@)

with a given by (123.¢), (110) and the definition of F(-). Let v be the measure
on [0, 2] defined by G(a) = v([0,a]) = ¢ *(a¥? + N=%), so that
F(a) < G(a) =7([0,a]) Va €[0,2] (126)

(see (111)). We have

(127)

U

(a holds since p,(+) is nonincreasing, see (123.c), and by (126), b holds since
¢ € (0,1), see Lemma 34, ¢ is by (123.c¢) and (125), d is due to n = n(T) =
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|c27T']). Combining (125) and (127), we conclude that

¢y < cg(2T + 1) 742, (128)

From (124) and (128) we conclude that if L = |¢33N] and T' < L is such that
n(T) = |co7T| > 1, then

My < e39(2T + 1)"42,
3™ e Op(Z%) - 72 < caal ) (129)
sr = (¢ (A)s). ¥(r, |7 —t| < L, (s) € Hy(D))

(indeed, one can choose, as a required ¢'D, the filter q("(T))). Setting q(T)(z) =
1 for T < é, we enforce the validity of (129) for all T, 0 < T' < L. Thus,
HgV(D) C Ft|_c29LJ (O, 034>. a

7.11  Proof of Proposition 11

Lemma 37 Let f € HT (M) be a deterministic function, let N < M/2, and
lett € Z%, |t| < N. Consider the “discrete box” Bl = {1t € Z¢: |T —t| < N},
and let ¢ be a deterministic function on BY which coincides with f on the
“discrete boundary” OBy = {r € Z* : |1 —t| = N} of BY and is “discrete
harmonic”: 7 € Z4,|T —t| < N = ¢, = i > Gric. Then

7€ By = |f(7) = 67| < 1| fllooona N2 (130)

(from now on, ¢; are positive absolute constants).

Proof. First, we should prove that the “discrete harmonic” function ¢ on
BY, which coincides with f on dBY does exist. This fact is well known; we
present here its proof just for the sake of completeness. Let ¢ be a function
on dBY. Consider the following random walk on BY: arriving for the first
time at a point 7 from OBY, we pay penalty 1(7) and terminate; from an
“interior point” 7 € intBYy = B4 \0B% we make a random step of length 1
along one of the coordinate axes, choosing every one of 2d possible steps with
probability 1/(2d). It is immediately seen that the expected penalty payed at
the termination, treated as a function of the initial state, is a discrete harmonic
function with the boundary values .

Now, since |t| < N and 2N < M, the function f is harmonic in the “continuous
box” Dby = {r € R?: |r—t| < 2N}, and the uniform norm of f in this square
does not exceed || f]|so.2as- From the standard results on harmonic functions it
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follows that

K

0
V(r € DY) : ‘&rﬁf(T)

J

<l fllooem N, k=1,2,3,4,7=1,...,d. (131)

Consequently, for the basic orths e;, j = 1,...,d we have

3 1 an
e Dy, ls|<1= ‘f(T + se;) Z . ax 1< esls) Y flloo2ne N2
Since f is harmonic, we conclude that
(Df)r| < call flocana N8, 7 € By (132)

d
Now let h = f|a — ¢ € C(BY) and let b= = h, + Wﬂ;(@ — )2

Taking into account (132) and the fact that ¢ is discrete harmonic, we have
for 7 € intBY:

2¢4|| f | oo,20
N4

2¢4 || floo,20

(Dh™), = (Dh), + i

>0, (Dh7), = (Dh), — <0,
whence both the maximum of A% and the minimum of A~ over BY; are attained
at 0BY. Since at the discrete boundary of By we have f = ¢ and therefore

h* < deg|| flloo2ar N2, we conclude that 7 € Bl = h, < bt < max hf <
TEOBY,

2dcy|| flloo2ms N2, By similar reasons, 7 € By = h, > h; > min h;

- TE@Bt
_2d04HfHoo,2MN_2- O
Now let |t|] < M/8 and L < M/8. Given T, 0 < T < L, and applying
Proposition 10, we can build filter ¢7) € Cp(Z?) such that

(P < T+ 17 dr = Y drg) V(r |7 =] < L) (133)

v|<T

for every ¢ which is discrete harmonic in the discrete box Bi,. Now let
f € H(M,R). Applying Lemma 37, we can find function ¢ which is dis-
crete harmonic in the box B} and such that |¢; — f-|* < || f|200 L™ for
7 € B, . From (133) it now follows that

1/2
V(r:|r—t|<L): [E{\ff Z fre uq(T)|2H

< e [E{|lfl302nr}] /2 L2 (1 + Iq 1) < eeRL7(1 + |¢]o(2T + 1)%2)
<R
< gRL™2 < cgR(2T + 1)74/2
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(recall that d < 4). O

7.12  Proof of Theorem 20

1°. We start from the following observation:

e ZZ = |s, — 5 (y)| < 3c(d)p? [9 - ap@t} . (134)

Indeed, assume that € € =. By construction, S;(y) is certain estimate 5,7, y]
corresponding to a normal window width T'; by the definition of normality, we
have [5¢(y) — 5[0, y]| = [S:[T’, y] — 8:[0, y/]| < ¥(T) +~(0) < 27(0). Taking into
account that $;[0,y] = y: (see the description of Algorithm A), we conclude
that [S¢(y) — se| < [8:(y) — 5[0, y]| +15:[0, y] — se < 27(0) + [e] < 29(0) +olee],
so that

15:(y) — s¢] < 279(0) + 0O, (135)

Recalling the definition of () (see (32)), we arrive at

7(0) < ¢(d)p? {9 + Copwy/In(2Lo + 1)} ; (136)

since € € =, we have Cwy/In(2L+ + 1)) < O, so that (135), (136) imply (134).
2%, Now we are ready to complete the proof of Theorem 20. Assume first that
¢ ¢ E. In this case from it follows from (32) that the window width 7" = T,
is normal, and consequently the largest normal window width 7' (y) is > 7.
Since T (y) is a normal window width, (32) is applicable with T" = T'; (y), T" =
T, so that |5:(y) — S:[T%, y]| < Y(T(y)) + (1) < 2v(T%).Itfollowsthate €
== 5(y) — se| < 29(T%) + |S¢[T%, y] — s¢|- The latter relation combines with
(134) to imply that

15:(y) — se| < 29(T%) + |8 [T, y] — se| + 3c(d)p? [0 + 0pO] Xeg=

= 2¢(d)p? [0 + Copwy/In(2Lo + 1)| (2T, + 1)~%2 +|8,[Ts, y] — s, (137)

+3c¢(d)p* [0 + 0 pO'] Xegz
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Denoting by ¢; positive quantities depending solely on d (which is the case for
C and w), we conclude from (137) that

(E {|§t(y) - St|2})1/2 <cp? [9 + opy/In(2Lo + 1)} (2T, + 1)79/2
J

+ (E{8Ty) - si*})"” +erp6Probic ¢ =)
+erpto (B{(0")2xe=})”.

(138)

We have

;0 +op/In(2T. +1) () ,0+0p\/In(2Le +1)

<
(2T, + 1)4/2 = aaw (2T, + 1)4/2

J < c(d)p

by Theorem 2 (recall that (s) € F4; (0, p) and T, < L., by the definition of
T.), and therefore (138) implies that

(B {sit) — 5i’})"* < 2 [0+ 00/ m(2Lc + 1)] (2T +1)°2
+c1p0Prob{€ & 2} + erpto (B {(09) xeg=})”
éCQpB [9 +opy/In(2Leo + 1)] (2T, +1)72 + ¢1p°0(2L o0 + 1)

+eipto (E{(0)xegz})"? < e3p® [0+ 0py/In(2Lg + 1)] (2T2 + 1)

+erpto (E{(0)2xegz})"? < e3p® [0+ 0py/In(2Lg + 1)| (2T% + 1)~
1/2

+erpto [(B{(©9) 1) (B {xe=})"’]

3 [O—i-cfp\/ln(QLoo—f—l)} n(2Loo+1) 5 [0+ap\/1n(2LDo+1)}

+ cuplo < ¢
2T 4+1)% 4P (2Loo41)” % 5
C

[SlIsH

[SI[cH

< c
- @ (@T.41)%

b

(for a, see by (30), for b, see (29), (30), for ¢, take into account that T, < L),
as required in (34). O

7.13  Proof of Theorem 22

7.13.1 Preliminaries

Proof of Lemma 21. To save notation, let B = By(z) and T' = T),(x). Let
p € C(Z?) be such that p € Si(0, 1, T) and |p, — fr| < ®,.(f, Bu(z)) for all
7 € Z(By(x)). Since p € S4(0,1,T), there exists a filter ¢ € Cp(Z?) such
that |gly < u(2T +1)~%2 and (q(A)p), = p, whenever |7 — t| < 3T. Setting
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0 = fr — pr, we have

|7 =] <37 = [fr = (@(A)f):] <16+ + [p- — (¢(A)p)-| + [(a(A))-]
< @u(f, Bu(@)) + lgh max{|0,] : [v = 7[ < T} < ®,(f, Bu(x))
+al2(2T + )20, (f, By(x)) max{|d,| : [v — 7] < T}

[note that |7 —t| < 3T, |v — 7| < T implies |v —t| < 4T

< ®,(f, Ba())(1 4 p) = 2eUZEE10 (9T 4 1) =412

as required in (40). O

7.13.2  Proof of Theorem 22

1%, In the main body of the proof, we focus on the case p, ¢ < oo; the case of
infinite p and/or ¢ will be considered at the concluding step 4°.

Let us fix a family of well-filtered signals F = Fg’p P(B; R) with the parameters
satisfying the premise of Theorem 22 and a function f from this class.
Recall that by the definition of F there exists a function F' > 0, ||F||, 5 < R,
such that

V(x=m"% e (intB)NT,) V(h, B,(x) C B):

Yr(139)
@, (f, Br(x)) < PIRM"Q(f, By(x)), Q(f, B') = (B/F”(U)dU) ;

from now on, P (perhaps with sub- or superscripts) are quantities > 1 de-
pending on u, d, 7, p only and nonincreasing in p > d.
29, Our central auxiliary result is as follows:

Lemma 38 Assume that

dn R
5= inn > Py + 3 & (140)
ow

Given a point x € I';, N By, let us choose the largest h = h(z) such that

(a): h < (1 —%)D(B), (b): PLh*"Q(f, By(z)) < S, (h). (141)

Then h(z) is well-defined and

h(z) >m™". (142)
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Besides this, the error at x of the adaptive estimate fn as applied to f can be
bounded as follows:

(a) : in the case of € € B, « | fulz:y) — f(2)] < CoSn(h(z));
(b) : in the case of € € 2, : | fula;y) — f(z)] < Co00 ).

(143)

Proof of Lemma. a’. The quantity h(z) is well-defined, since for small
positive h the left hand side in (141.b) is close to 0, while the right hand
side one is large. Besides this, let h_. = m~!. From (140) it follows that
h_ satisfies (141.a), so that By, (z) C B. Moreover, (140.b) implies that
Pihf=d"R < S, (h_); the latter inequality, in view of Q(f, By_(x)) < R, says
that h_ satisfies (141.b) as well. Thus, h(z) > h_, as claimed in (142).

b°. Consider the window By(,)(z). By (141.a) it is admissible for z, while from
(141.6) combined with (139) we get ®,(f, Br@)(x)) < Sp(h). It follows that
the ideal window B.(x) of x is not smaller than By, ().

c’. Assume that € € =,,. Then, according to (49), we have

[fal@iy) = f(2)] < 5C) [Du(f, B (@) + Sa(ha(x))] - (144)

Now, by the definition of an ideal window, ®,(f, By, ()(2)) < Sp(hi(x)), and
the right hand side in (144) does not exceed 10C S, (h.(z)) < 10C1S,(h(z))
(recall that, as we have seen, h,(x) > h(z)), as required in (143.a).

d’. Now let € & =,,. Note that f,(z;y) is certain estimate f"(z;y) associated
with a centered at x and admissible for z cube Bj(z) which is normal and
such that h > m™"! (the latter — since the window B,,-1(x) always is normal,
and Bp(x) is the largest normal window centered at ). Applying (48) with
W =m=" (so that fl(x;y) = f(x) + 0e,), we get |(f(x) + o) — fulz:y)] <
4C1S,(m™1), whence

1f(x) = fulz:y)| < ole] +4C1S,(m™) < 00 () +4C1owVInn < Cy0 )

(recall that we are in the situation € ¢ Z,, whence wvInn < O(,)). We have
arrived at (143.0). O

3Y. Now we are ready to complete the proof. Assume that (140) takes place,
and let us fix g, %jdp < g < oo.

3%.a) Note that for every z € T',, N B,

either h(z) = (1 — v)D(B), (a)
or PR, Bao (1) = Sulhe)) ()

G 2/%-&-612—2‘17T
PN h(x) - <P19(f’ Bh(m)(x))>

(145)
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Let U,V be the sets of those x € B} = I',N B, for which the first, respectively,
the second of this possibilities takes place. If V' is nonempty, let us partition
it as follows.

1) We can choose x; € V (V is finite!) such that h(x) > h(x;) Va € V. After
1 is chosen, we set Vi = {& € V' | Bp)(2) N Bpy(@1) # 0}

2) If the set V\V; is nonempty, we apply the construction from 1) to this
set, thus getting xo € V\Vj such that h(x) > h(zy) Vz € V\Vj, and set
Vo = {z € VAVI | By)(x) N Bhay)(z2) # 0}. If the set V\(V4 U V5) still is
nonempty, we apply the same construction to this set, thus getting x3 and V3,
and so on.

The outlined process clearly terminates after certain step (since V' is finite).
On termination, we get a collection of M points x4, ..., z)s € V and a partition
V=V UV, U...UV) with the following properties:

(i) The cubes Bp,)(21); --.; Bhzy)(xar) are mutually disjoint;

(ii) For every £ < M and every x € V; we have h(z) > h(x) and Bp) () N
Bhay) () # 0.

We claim that also

(iii) For every ¢ < M and every x € V; one has

h(z) > max [h(ze); ||x — x¢l|oo) - (146)

Indeed, h(z) > h(zy) by (ii), so that it suffices to verify (146) in the case when
|2 — 2¢|loe > h(xg). Since By () intersects Bha,)(w¢), we have [|2 — 2| <
2(h(z) + h(x)), whence h(z) > 2|z — x|l — h(z¢) > ||z — 2|0, which is
what we need.

3°.b) Let us set BY =T, N B,. Assume that ¢ € Z,,. Then (below D = D(B))

1Fa9) = FOIE B,

FOImTI S T Si(h(@) = Com T Y [t
2 (=1z€V, " \b/ 2 zelU (A=7)D)/2
_a M o _aM _
+Cim~a Y 3 Si(h(x)) < C{aim Y. > (max[h(ze), ||z — |le))” 2
1=1zeV, ~ (=1 z€V,

- M d(2—q)
d(2—q ~ 2k—2dn+d
ClgiD~=5" = +0%1 ____on

+ Cgz0y, - +Cj nggl PrQ(f,Bp(ay) (w2))

[+

d(2—q) M d(g—2)

\:f/CgﬁgD 7 + Cgagﬂ(p,k,d,q)qegl [Plﬂ(f, Bh(xe)<$£))} 2k—2dn+d
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In this computation, a is by (143.a), b is since h(z) = (1 —v)D for x € U, ¢
is given by (146), d is due to h(xz) > m™!, see (142). To justify e, note that
%—d—i—l > Qk;dp—d—i-l > d?/2+ 1 in view of ¢ > %jdp, k>1andp>d,
f is given by f by (145.b), and g is by definition of 3(p, k, d, q).

Now note that 2;7(%;:)% > pin view of g > %jdp, so that

dg—2d

d(q—2) ] p(2k—2dn+d)

[PLO(f, Buga (o) |27 <

D d(g—2)
< [pl Rp] p(2k—2dn+d)

> (PIQUf, Bugao (20))”

(=1

M=

(see (139) and take into account that the cubes B, (2¢), € = 1,..., M, are
mutually disjoint by (i)). We have arrived at

e €2 = | ful9r(&) = (o, < Cre,D T (B)

d(20—1) ~ )%’(th,d,q)

iy (147)
+ P20k REisen = 015, D" (B) + PR (%

3%.c) Now assume that e ¢ =Z,. In this case, by (143.0), | fu(z;y) — f(z)] <
(00, Vo e BI;, whence, taking into account that mD(B) > 1,

1Ful59) = FO)la.s, < C200yDi(B). (148)

3".d) Combining (147) and (148), we get

VE{IRG) = 1012, )
d(260—1)

gcgmax[anD (B); PuR (%

)Qﬂ(p’k»d7q) : J:| 7

J = \/E {XEQEnCQO'Q@%n)} < C’ga\/Probé{e Z=,} (E {@?H)D
= O20Pr0bi{6 ZZ.} (E {@Z(Ln)})i < Coon~H)y/Inn

(149)

D=

(we have used (39) and (42)). Thus, under assumptions (140) for all d < p < oo

and all ¢, %jdp < g < oo we have

VEQA G = FOI26,}
< Cymax [anD‘“i”(B), PR (%) Cyon 0 yinm)

(150)

Now, it is easily seen that if P > 1 is a properly chosen function of u,d,~,p
nonincreasing in p > d and (50) takes place, then, first, assumption (140) is
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satisfied and, second, the right hand side in (150) does not exceed the quantity

~  2B(p.k,dsq)
O’) Py5,0:q Dd,\(p,k,d,q)(B)

a2

5 >mw$mw
R

= PR
(7

(see (51) and take into account that we are in the situation ¢ > 2289, so that

A(p, k,d,q) = 0). We have obtained bound (51) for the case of d < p < o0,
0o > q > %p; passing to limit as ¢ — oo, we get the desired bound for
q = oo as well.

4°. Now let d < p < oo and 1 < ¢ < ¢, = 2p. By Holder inequality
and in view of mD(B) > 1 we have ||g|lq,5, < Cyllg qMBV\BWﬁ_q%, whence
ﬁq (fmF) < Cgﬁq* (fmF) Dd(%_q%>(B). Combining this observation with
the (already proved) bound (51) associated with ¢ = ¢., we see that (51) is
valid for all ¢ € [1, 00|, provided that d < p < oco. Passing in the resulting
bound to limit as p — oo, we conclude that (51) is valid for all p € (d, 0o,

q€[l,00]. O
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