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Abstract

We consider the problem of estimating the unknown response function in the multichannel
deconvolution model with a boxcar-like kernel which is of particular interest in signal process-
ing. It is known that, when the number of channels is finite, the precision of reconstruction of
the response function increases as the number of channels M grow (even when the total number
of observations n for all channels M remains constant) and this requires that the parameter
of the channels form a Badly Approximable M-tuple.

Recent advances in data collection and recording techniques made it of urgent interest
to study the case when the number of channels M = M, grow with the total number of
observations n. However, in real-life situations, the number of channels M = M,, usually
refers to the number of physical devices and, consequently, may grow to infinity only at a
slow rate as n — oco. Unfortunately, existing theoretical results cannot be blindly applied to
accommodate the case when M = M,, — oo as n — co. This is due to the fact that, to the
best of our knowledge, so far no one have studied the construction of a Badly Approximable
M-tuple of a growing length on a specified interval, of a non-asymptotic length, of the real line,
as M is growing. Therefore, this generalization requires non-trivial results in number theory.

When M = M,, grows slowly as n increases, we develop a procedure for the construction of
a Badly Approximable M-tuple on a specified interval, of a non-asymptotic length, together
with a lower bound associated with this M-tuple, which explicitly shows its dependence on M
as M is growing. This result is further used for the evaluation of the L2-risk of the suggested
adaptive wavelet thresholding estimator of the unknown response function and, furthermore,
for the choice of the optimal number of channels M which minimizes the L?-risk.
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1 Introduction

We consider the estimation problem of the unknown response function f(-) € L?(T) from obser-
vations y(uy, t;), L =1,2,...,M,i=1,2,..., N, where

Y, ti) = /T glunti — 2)f(2)de + e, weU, t; = (i — 1)/N, (11)

where U = [a,b], 0 < a < b < oo, T = [0,1] and ¢j; are standard Gaussian random variables,
independent for different [ and i. We shall be interested in the case when the blurring (or kernel)
function g(,-) is the, so called, boxcar-like kernel, i.e.,

o t) = W < ),

where 7(-) is some positive function such that
N <) <y, wel, (12)

for some 0 < 71 < 72 < co. (Obviously, this is true if v(+) is a continuous function.) Hence, (L))
is of the form

2

1
y(uy, t;) = (;Ll) /0 I(|t; — x| <w)f(x)dx +ey, w €U, t;=(—1)/N, (1.3)
forl=1,2,....,. M andi=1,2,...,N.

In signal processing, this model is referred to as a multichannel deconvolution model, where
M is the number of channels and N is the number of observations per channel, so that n = M N
is the total number of observations. We assume that the measurements ¢; in each channel are
equispaced but the observer can choose the number of channels M and the points u;, [ =1,..., M,
in (LI prior to the experiment as a part of experimental design. In order to be able to access
convergence rates depending on the number of channels M and the choice of points u;, | =
1,2,..., M, we shall further assume that the total number of observations n is fixed and very
large (i.e., n — o0). The objective is to choose M and w;, | = 1,2,..., M, which ensure the
construction of an estimator of the response function f with the highest possible convergence
rates in terms of n.

Note that standard deconvolution (i.e., when a = b) with the boxcar kernel (i.e., when
~v(u) = 1/u, for some fized u > 0) is a common model in many areas of signal and image processing
which include, for instance, LIDAR remote sensing and reconstruction of blurred images. LIDAR
is a lazer device which emits pulses, reflections of which are gathered by a telescope aligned with
the lazer, see, e.g., Park et al. (1997) and Harsdorf & Reuter (2000). The return signal is used
to determine distance and the position of the reflecting material. However, if the system response
function of the LIDAR is longer than the time resolution interval, then the measured LIDAR
signal is blurred and the effective accuracy of the LIDAR decreases. This loss of precision can
be corrected by deconvolution. In practice, measured LIDAR signals are corrupted by additional
noise which renders direct deconvolution impossible. If M > 2, then we talk about a multichannel
deconvolution model with blurring functions ¢;(t) = g(uy, t).

Although standard deconvolution models are traditionally solved using the Fourier transform
or the Fourier series, if the corresponding blurring function g(-) is a boxcar-like kernel, implemen-
tation of the standard Fourier series based technique is impossible. This happens when the Fourier
transform of ¢(-) has real zeros, e.g., when g(-) is the boxcar kernel g(x) = (2u)~'I(|z| < u), for



some fized u > 0. When M = 1, Johnstone et al. (2004) and Johnstone & Raimondo (2004)
managed to circumvent this obstacle by considering a boxcar kernel g(-) with irrational scale.
Their method is based on the fact that the Fourier coefficients of the boxcar kernel do not vanish
at frequencies (mku) when u is a Badly Approximable (BA) number. An irrational number u is BA
if the terms a,, = a,(u) of its continued fraction expansion [ag;a,as ...], where ag is an integer
and a,aqg, ... is an infinite sequence of positive integers, are bounded, i.e., sup,, a,(u) < co. This
notion is related to the fact that a BA number cannot be approximated well by a rational number
which leads to the fact that f can be recovered reasonably well. Since standard deconvolution is
a particular example of linear statistical ill-posed inverse problems in the sense of Hadamard, i.e.,
the inversion does not depend continuously on the observed data, Johnstone & Raimondo (2004)
used number theory to prove that the degree of ill-posedness in boxcar deconvolution is v = 3/2.
Roughly speaking, the degree of ill-posedness specifies how much the error in the right-hand side
of the equation is amplified in the solution. For example, if f belongs to a space with a smoothness
index s > 0 and the degree of ill-posedness is v > 0, then, the quadratic risk of the best possible

2s
estimator of the response function f is of the order O (n_ 2S+2V+1).

De Canditiis & Pensky (2004, 2006), following mathematical ideas of Casey & Walnut
(1994), extended the results of Johnstone et al. (2004) and Johnstone & Raimondo (2004), and
showed that if M is finite, M > 2, one of the u;’s is a BA number, and uy, us,...,ups is a BA
M-tuple, then the degree of ill-posedness is v = 1+1/(2M). The notion of a BA M-tuple refers to
a collection of M irrational numbers which are difficult to approximate simultaneosly by fractions
with the same denominator. It will be discussed in depth in Section 2l Therefore, in the case
of M channels, the estimation problem requires a construction of a BA M-tuple which has been
accomplished by the number theory community (it is described in, e.g., Schmidt (1969, 1980)).

Recent advances in data collection and recording techniques made it of urgent interest to
study the case when the number of channels M = M, grow with the total number of observations
n. It turns out that when the number of channels M = M, grows fast as the total number of
observations n increases, one does not need to make a special choice of the points u;,  =1,2..., M,
and it is sufficient to take them to be equidistant. Indeed, Pensky & Sapatinas (2010) considered
the discrete multichannel deconvolution model (LLI]) as observations on the continuous functional
deconvolution model

unt) = f eglu) + 2= (wt), uel. 1€, (1.4)

where z(u,t) is assumed to be a two-dimensional Gaussian white noise, i.e., a generalized two-
dimensional Gaussian field with covariance function E[z(uq,t1)z(usg,t2)] = d(u1 — u2)d(ty — te),
where d(-) denotes the Dirac d-function, and fxg(u,t) = [, g(u,t—z) f(z) dz with the blurring (or
kernel) function g(-,-) assumed to be known. If a = b, the functional deconvolution model (4]
reduces to the standard deconvolution model which attracted attention of a number of researchers,
e.g., Donoho (1995), Abramovich & Silverman (1998), Kalifa & Mallat (2003), Johnstone et al.
(2004), Donoho & Raimondo (2004), Johnstone & Raimondo (2004), Neelamani et al. (2004),
Kerkyacharian et al. (2007), Cavalier & Raimondo (2007) and Chesneau (2008), among others.
Formulation of the functional deconvolution model (L4]) allowed Pensky & Sapatinas (2010)
to study the interplay between discrete and continuous deconvolution models. The ideal continuous
deconvolution model (L4]) assumes that one can measure y(u,t) at any v € U and t € T and
that n~'/2 marks the precision of these observations. Nevertheless, this does not happen in
real-life situations where one observes y(u,t) only at the points v; € U, t; = (i — 1)/N for
I =1,2,...,M and i = 1,2,...,N. Pensky & Sapatinas (2010) showed that the degree of ill-
posedness in the continuous deconvolution model (L4]) is ¥ = 1 and that it can be attained in the



discrete deconvolution model (1)) if M = M,, > conl/ 3 for some constant ¢y > 0, independent of
n. Indeed, in this case, one does not need to employ BA numbers or BA M-tuples: it is sufficient
to observe the discrete deconvolution model () at equidistant points w; = a + (b — a)/M,
Il =1,2,...,M. This set up provides the “best possible” minimax convergence rates (under the
L?-risk and over a wide range of Besov balls) in the model.

However, in real-life situations, the number of channels M usually refers to the number of
physical devices and, consequently, cannot be very big. Therefore, M = M, > cyn'/? may be
impossible although it is natural to assume that M = M,, may grow to infinity at a slower rate as
n — oco. Unfortunately, the theoretical results obtained by De Canditiis & Pensky (2006) cannot
be blindly applied to accommodate the case when M = M,, — oo as n — oco. This is due to
the fact that, to the best of our knowledge, so far no one have studied the construction of a BA
M-tuple of a growing length on a specified interval, of a non-asymptotic length, of the real line.
Therefore, this generalization requires non-trivial results in number theory.

Our aim is to investigate the situation when M = M, grows slowly with n and to derive
necessary new results in number theory in order to devise a technique which allows to approach
minimax convergence rates (under the L?-risk and over a wide range of Besov balls) in the con-
tinuous model (L4 with a factor which grows slower than any power of n. This situation seems
to be of a particular interest nowadays since data recording equipment is getting cheaper and
cheaper while overall volumes of data is growing very fast.

When M = M, grows slowly as n increases, we develop a procedure for the construction of
a BA M-tuple on a specified interval, of a non-asymptotic length, together with a lower bound
associated with this M-tuple, which explicitly shows its dependence on M as M is growing. This
result is further used for evaluation of the L2-risk of the suggested adaptive wavelet thresholding
estimator of the unknown response function and, furthermore, for the choice of the optimal number
of channels M which minimizes the L2-risk.

The theoretical results that we have obtained provide a cross-area between number theory,
statistics and signal processing. We hope to alert the number theory community to a new problem
of constructing a BA M-tuple on a specified interval, of a non-asymptotic length, of the real line,
as M is growing. On the other hand, we believe that our findings will also be of interest to
researchers in statistics and signal processing.

The rest of the paper is organized as follows. Section 2] provides some number theory
background which is required for understanding the material presented in subsequent sections.
Section [ briefly reviews the adaptive wavelet thresholding estimator introduced in Pensky &
Sapatinas (2009). Section @ explains the relationship between the L2-risk of the estimator obtained
in Section Bl and the theory of Diophantine approximation, thus, motivating the derivation of the
new results in number theory obtained in Section Bl In particular, the objective of Section [l is
the construction of a BA M-tuple on a specified interval when M = M, — oo as n — 0 and
the development of related asymptotic bounds which are necessary in order to choose an optimal
value of M = M,, in this case. Section [ provides the asymptotic upper bounds for the L?-risk of
the adaptive wavelet thresholding estimator constructed in Section Bl when M = M, is a slowly
growing function of n. We conclude in Section [7] with a brief discussion while Section [8 contains
the proofs of the theoretical results obtained in earlier sections.

2 Background Results in Number Theory

The theory of Diophantine approximation is an important branch of number theory (see, e.g.,
Edixhoven & Evertse (1993), Lang (1966), Masser et al. (2003) and Schmidt (1980, 1991)). One
important topic of the above theory is the simultaneous approximation of linear forms, which was



pursued as early as mid-19th century by Dirichlet and later studied by a number of profound

researchers in the field. In particular, it is known that for any real numbers 81, 5o, ..., Sa there
exist integer numbers ¢ and p1, po, ..., pas such that
M —1/M
m iq — pi|l < . 2.1
Y 1Biq = pil (M +1) i (2.1)

The above result was proved by Minkowski and has been expanded in the recent years to cover
systems of linear forms (see, e.g., Schmidt (1980), p. 36, pp. 40-41). We note that in the case
where M = 1, the constant C(M) = M/(M + 1) in (21)) reduces to 1/2 whereas, by Hurwitz’s
theorem, the best possible value is 1/v/5 (see, e.g., Schmidt (1980), Theorem 2F, p. 6). For
M =2, C(M) takes the value 2/3; the best possible value is unknown although if Cy(2) denotes
the infimum of admissible values of C'(M) for M = 2, then it is known that 1/2/7 < Cy(2) < 0.615
(see, e.g., Schmidt (1980), p. 41). Furthermore, the corresponding best constant in the case of
systems of linear forms is positive, meaning that it cannot be replaced by arbitrary small constants
(see, e.g., Schmidt (1980), Section 4, pp. 41-47) .

We, however, are interested in the opposite result. Namely, the real numbers 31, 5o, ..., Bu
form a BA M -tuple if for any integer numbers ¢ > 0 and p1,po,...,py one has

—1/M
max | |8ig = pil = B, (2.2)
for some constant B(M) > 0, dependent on M (and f1, B2, ...,Brn) but independent of ¢ and
P1,D2,---,PM (see, e.g., Schmidt (1980), p. 42). It is well-known that the set of all BA M-tuples
has Lebesgue measure zero, but nevertheless this set is quite large, namely there are uncountably
many BA M-tuples (see Cassels (1955), Davenport (1962)) and the Hausdorff dimension of the
set of all BA M-tuples is equal to M (see Schmidt (1969)). In the case where M = 1, the number
B = (1 which satisfies (2.2)) is referred to in the Diophantine approximation literature as a BA
number (see, e.g., Schmidt (1980), p. 22); in view of Hurwitz’s theorem, the constant B(1) in
this case must satisfy 0 < B(1) < 1/4/5 (see, e.g., Schmidt (1980), pp. 41-42). Furthermore, a
characterization result exists, namely a real number, that is not an integer, is BA if and only if its
continued fraction coefficients are bounded. The latter is often used as a definition of a BA number,
however, there is no analogous characterization for M > 1 (see, e.g., Schmidt (1980), Theorem 5F,
p. 22). The above definitions of BA numbers and BA M-tuples have been also extended to cover
BA systems of linear forms (see, e.g., Schmidt (1980), pp. 41) and their existence was proved by
Perron, providing also an algorithm for constructing BA linear forms (see, e.g., Schmidt (1980),
Theorem 4B, p. 43). Furthermore, it has been established the existence of uncountably many BA
systems of linear forms (see Schmidt (1969)).

In what follows, we are interested in the case of BA M-tuples. Although, as indicated above,
an algorithm is available for constructing BA M-tuples on the real line, these do not necessarily
belong to any specified interval of the real line. Furthermore, if M is strictly fixed (independent
of ¢q), one can treat B in (2.2]) as a positive constant; this, however, becomes impossible if the
value of M is growing. Using the technique described in Schmidt (1980), Section 4, pp. 43-45, we
show that one can construct a BA M-tuple B4, Bs, ..., By of real numbers so that it lies in any
specified interval (a,b), a < b, of non-asymptotic length, of the real line, and derive a lower bound
for B(M) in (22) as M — oo. This result is proved in Section [l



3 An adaptive wavelet thresholding estimator

Let ¢*(-) and ¥*(:) be the Meyer scaling and mother wavelet functions, respectively, in the real
line (see, e.g., Meyer (1992) or Mallat (1999)). As usual,

Ohp(@) = 220" (2w — k), Yi(x) =22 (e —k), jkeZ, zeER,

are, respectively, the dilated and translated Meyer scaling and wavelet (orthonormal) basis func-
tions at resolution level j and scale position k/2/. Similarly to Section 2.3 in Johnstone et al.
(2004), we obtain a periodized version of the Meyer wavelet basis, by periodizing the basis func-
tions {p*(-),v*()}, i.e., for j >0and k =0,1,...,27 — 1,

pip(x) =Y 2P0 (D (x+i) — k), V()= 222 (w+i)—k), zeT.
€L €L

Let (-, -) denote the inner product in the Hilbert space L?(T) (the space of squared-integrable
functions defined on T), i. fr9) = [7 f( g(t)dt for f,g € L*(T). Let ep(t) = 2™ m € Z,
and let f,, = (em, f), gm( ) = <em,g(u,-)>, uw € U. For any jo > 0 and any j > jo, let
Cmjok = (em: Pjok) and Vi = (em,Vjk), where {¢j, k(-),¥;,(-)} is the periodic Meyer wavelet
basis introduced above.

Using the periodized Meyer wavelet basis described above, and for any jy > 0, any (periodic)
f(-) € L3(T) can be expanded as

270 —1 oo 27—1
)= > ajorpior(t) + D> bixtk(t), teT. (3.1)
k=0 Jj=jo k=0

Furthermore, by Plancherel’s formula, the scaling coefficients, aj,rx = (f,¢j.k), and the wavelet
coefficients, b;, = (f, k), of f(-) can be represented as

Aok = Z fm(ijok, bjk = Z fmwmjka (32)
mECjO mECj
where Cj, = {m : @njor # 0} and, for any j > jo, Cj = {m : ¥ # 0}. Note that both C}, and

Cj, j > jo, are subsets of (27/3)[—27%2, —27] U [27, 2]+2] ie.
Im| € (27/3) [27, 2912 (3.3)

due to the fact that Meyer wavelets are band limited (see, e.g., Johnstone et al. (2004), Section
3.1).
Reconstruct the unknown response function f(-) € L2(T) in (L3) as

270 —1 J—12/-1
)= Giorpior®) + D > bul(bjel = X)u(t), teT, (3.4)
k=0 Jj=jo k=0

where @y, and gjk are the natural estimates of aj,; and bjj, respectively (see (B.I) and (3.2)),
given by

mECjO mECj



with fm obtained by

fm_<zgmu1ymul>/<2|gmul >7 UlEU, l:17277Ma

here g, (w;) and yp, (), [ =1,2,..., M, are the discrete Fourier coefficients of y(u,-) and g(u,-),
respectively, obtained by applying the discrete Fourier transform to the equation (L.3]). Note that,
in this case,

sin(2rmauy)

Z l=1,2,..., M. .
L, meZ\{0} I=12,..., (3.6)

go(w) =1 and  gm(w) =v(w)

The choices of the resolution levels jo and J and the thresholds A; will be described in
Section [6l when we examine an expression for the L?-risk of the estimator (BZI) over a collection
of Besov balls, leading to an adaptive estimator (i.e., its construction is independent of the Besov
ball parameters that are usually unknown in practice).

Among the various characterizations of Besov spaces for periodic functions defined on LP(T)
in terms of wavelet bases, we recall that for an r-regular (0 < r < oo) multiresolution analysis
with 0 < s < r and for a Besov ball B, (A) of radius A > 0 with 1 < p,q < oo, one has that,
with ¢ =s+1/2—1/p,

270 —1 27 -1 %
Bf;,q(A)z{f()GLp (Zr%w) +<Zzﬂsq(§jrw)> SA}, (3.7)

J=Jo

with respective sum(s) replaced by maximum if p = oo or ¢ = oo (see, e.g., Johnstone et al. (2004),
Section 2.4). (Note that, for the Meyer wavelet basis, considered considered above, r = c0.)

The parameter s measures the number of derivatives, where the existence of derivatives is
required in an LP-sense, while the parameter ¢ provides a further finer gradation. The Besov
spaces include, in particular, the well-known Sobolev and Hdélder spaces of smooth functions but
in addition less traditional spaces, like the space of functions of bounded variation. The latter
functions are of statistical interest because they allow for better models of spatial inhomogeneity
(see, e.g., Meyer (1992)).

The precision of the estimator ([3.4]) is measured by the (maximal) L2-risk given by

Ro(fa)= sup E|f.— fl% (3.8)

J€B; (A)

We are interested in the asymptotic rate of convergence of the estimator fn, i.e., we are interested
in the following asymptotical upper bounds

Rn(fn) <Cwv, as n — oo,

where {7, }5°; is a positive sequence converging to 0 as n — oo and C' > 0 is a generic constant,
mdependent of n, which may take different values at different places.

Hereafter, || - ||2 denotes the L2-norm, f,(-) is an estimator (i.e., a measurable function) of
f(-) € L*(T), based on observations from model (I.3)), and the expectation in (3.8) is taken under
the true f(-).



4 Relation to the theory of Diophantine approximation

By direct evaluations (see also Lemma [5l and its proof in the Appendix), one can show that

M _
B~ byl = N7 Y fthgel? [ 3 lamu)?]
meC; =1

Since in the case of Meyer wavelets, |t < 277/2 and |C;| < 27 (see, e.g., Johnstone et al (2004),
p. 565), we derive

Elbj1. — bji|* = O(n_lAl(j)), (4.1)

where

1 U o _
M0) =157 > [M 1;|gm<ul>|2] :@m%[nm)] !

mECj

with 71(m) = 7(m;u, M) = M~! Zf‘il |gm (u)) 2, w = (u1,us2,...,up). By (L2Z) and (B8], one
has

M
1 :
T1(m) =< -y E sin?(2rmay). (4.2)
=1

Here, u(m) =< v(m) mean that there exist constants C; > 0 and Cy > 0, independent of m, such
that 0 < Civ(m) < u(m) < Cav(m) < oo for every m.

Therefore, the risk of the estimator f,,(¢) defined in (3] is determined by the rate of growth
of A1(j) as j — oo which, in turn, depends on the rate at which 74(m) goes to zero as m — oo.

It is easy to see that for some choices of M and u (e.g., M = 1, u1 = u = 1), one has
min,, 7 (m;u, M) = 0 for every m which leads to an infinite variances of the estimated coefficients
gjk and, consequently, to an infinite L?-risk. Hence, the choice of M and the selection of points u
is of an uttermost importance. In particular, we want to choose points (u1,usg, ..., ups) such that
le\i L sin?(2mmay) is as large as possible for m € C; and large j.

Moreover, for any choice of M and any selection of points wu, one has 7y (m;u, M) < Kym™2
for some constant K7 > 0 independent of m, the choice of M and the selection points u, so that,
for any j and selection of M and wu,

A1(j) > K227, (4.3)

for some constant Ky > 0, independent of j. It turns out that if M = M, increases at least as fast
as n'/3, then, by sampling wu;, | = 1,2,..., M, uniformly on U, i.e., by selecting u; = a+(b—a)l/M,
I =1,2,...,M, one can attain A1(j) < K32% for some constant K3 > 0, independent of j, so
that the upper and the lower bounds in this case coincide up to a constant independent of n (see
Pensky & Sapatinas (2010)).

Unfortunately, the above results do not hold for finite values of M or when M = M, is
a slowly growing function of n. Indeed, in the case of small values of M, both 71 (m;u, M) and
A1(7) have completely different dynamics from large M. Indeed, if M = 1, Johnstone & Raimondo
(2004) and Johnstone et al. (2004) showed that in the case of y(u) = 1/u, u1 = u* = a = b, one
has A;(j) > K423 for any choice of u* and some constant K4 > 0, independent of j. Johnstone
et al. (2004) also demonstrated that if u* is selected to be a BA number, then the lower bound
for A1(j) is attainable, i.e., A1(j) < K352% for some constant K5 > 0, independent of j. Hence,
in this case, Aq(j) < 2%.

These results were extended by De Canditiis & Pensky (2006) who studied the multichannel
deconvolution model with a boxcar kernel and showed that the convergence rates obtained by



Johnstone et al. (2004) for M = 1 can be improved by sampling at several different points. In
particular, they demonstrated that if M is finite, M > 2, one of the uy, us, ..., ups is a BA number,
and u is a BA M-tuple defined in (2.2]), then

A1(j) < C(M) j2IGH1AD (4.4)

for some positive C(M). In particular, when M is growing with n, the value of C'(M) depends on
n and, hence, affects the convergence rates of the estimator fn() as n — oo.

The relation between the convergence rates of the estimator f,(-), given by B4), of f(-) in
the model (I3]) and the theory of Diophantine approximation becomes obvious when one notes
that in (£2]), for any m € Z \ {0} and any u;, [ = 1,2,..., M, one has, combining the periodic
behavior of the sine function together with a first order (linear) approximation,

4)|12mu||? < sin®(2rmauy) < 7 ||2ma|?, 1=1,2,..., M, (4.5)

where ||a|| = inf{|a — k|, k € Z} denotes the distance from a real number a to the nearest integer
number. Hence, ([42]) becomes

M

1

T1(m) = 1 (m;u, M) < Y Z [|2muy]|?, (4.6)
=1

so that the convergence rates of the estimator fn() depend on the lower bound, in terms of m, of
the expression (4.6]).

The value of C(M) in (4] is related to the value of B(M) in (22]). To the best of our
knowledge, there has not been developed a procedure for construction of a BA M-tuple on a
specified interval, of non-asymptotic length, of the real line, and there are no asymptotic lower
bounds, in terms of M, on B(M) in (2:2]) when the value of M is growing. For this reason, in
order to find upper bounds of estimator ([3.4]) and choose an optimal relation between the sample
size n and the number of channels M when M = M, is a slowly growing function of n, we need
to obtain new original results in Diophantine approximations. In particular, the objective of the
next section is to construct a BA M-tuple on the non-asymptotic interval U, of the real line, and
to obtain a lower bound on B(M) in terms of M for this BA M-tuple when M grows slowly with
n.

5 Construction of a BA M-tuple on a specified interval

Below, we construct a BA M-tuple 3 = (81, B2,...,8u) of real numbers on a specified interval
(a,b), of a non-asymptotic length, of the real line, and derive the lower bound on B(M) in formula
([22)). For this construction, we use the technique described in Schmidt (1980), Section 4, pp. 43-
45. In particular, we shall provide an algorithm for construction of an M-tuple 51, 8o, ..., By of
real numbers such that, as M — oo,

1. it lies in any specified interval (a,b), a < b, of nonasymptotic length, of the real line, and

2. it satisfies

_max |Biq — pi| > Boexp(—6M In M)g~ /M, (5.1)
i=1,2,...,
for any integer numbers ¢ > 0 and p1, po, . . ., par, and for some constant By > 0, independent

of M, q and p1,pa,...,pum, so that B(M) = Byexp(—6M In M) in (2.2)).



Assume that M is large enough, fix a positive integer () and consider

P(z)=(z-Q)(z -2Q)- - (z — MQ) -1, (5.2)

a monic polynomial (i.e., a polynomial with a unit leading coefficient) of the degree M. Let
&1,&2, ..., & be the roots of a polynomial (5.2). Recall that £ is called an algebraic integer number
if it is a root of some monic polynomial with coefficients being integer numbers. Algebraic integers
are called conjugate if they are roots of the same monic polynomial with integer coefficients.

Then, the following statement is valid.
Lemma 1 If Q > 5M, then £1,&o,...,En are real conjugate algebraic integer numbers such that
(1—1/2)Q <& < (14+1/2)Q, i=1,2,..., M. (5.3)

Now, to construct a BA M-tuple, choose Q > 5(M+1) and construct real conjugate algebraic
integers £1,&a,...,&m, 41 using the process described in Lemma[ll Let a = (g, 9,...,an)
be a solution to the following system of equations:

M
Zglig_lai:_gljcwv k:1727"‘7M‘ (54)
i=1

Observe that the determinant of the system of equations (0.4]) is a Vandermonde determinant;
hence, it is nonzero since & # &; for i # j. Therefore, the system of linear equations (5.4]) has a
unique solution & = (aq, @, ..., anr), which turns out to be a BA M-tuple.

Lemma 2 The solution o = (a1, az,...,an) of the system of equations (5.4) is a BA M -tuple
such that

lag| < 30exp(3M In M), k=1,2,..., M, (5.5)
and for any integer numbers ¢ > 0 and p1,p2,-..,Pum, a8 M — oo, one has
_max loiq — pi| > Coexp(—=3M In M) ¢~ /M (5.6)
1= 1<y

with some constant Cy > 0, independent of M, q and p1,p2,...,PM-

Lemma[2 provides a BA M-tuple which, however, does not necessarily belong to the specified
interval (a,b), of a non-asymptotic length, of the real line. Assume, without loss of generality,
that both a and b are rational numbers, otherwise, replace (a,b) by (a*,b*) € (a,b), where a* and
b* are rational numbers. Let a = p,/qo and b = p,/qo for some integer numbers p,, p, and qp, and
let z be an integer number such that z — 1 < 30 exp(3M In M) < z. Define

Bi=a+aqb—a)/z, 1=1,2,...,M, (5.7)
where a = (a1, a9, ..., apr) is the BA M-tuple constructed in Lemma 2
The following theorem confirms that 3 = (81, 32,...,8u), as constructed above, forms a

BA M-tuple on the specified (a,b), of a non-asymptotic length, of the real line.

Theorem 1 The real numbers By, B, ..., By defined in (5.7) lie on the interval (a,b), of a non-
asymptotic length, and form a BA M-tuple, so that, as M — oo, one has

_max |Biq — pi| > Boexp(—6M In M) g~ /M, (5.8)
1=1,2,..
for any integer numbers ¢ > 0 and p1,p2,...,pnm, and for some constant By > 0, independent of

M, q and p1,p2,...,pym, so that B(M) = Byexp(—6M In M).
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6 Asymptotical upper bounds for the L2-risk of the adaptive
wavelet thresholding estimator

In Section [B, we constructed a BA M-tuple and derived a lower bound on B(M) in (22)), as
M — oco. We can now choose the resolution levels jo and J, the thresholds \; in (84) and the
optimal relation between the total number of observations n and the number of channels M = M,
and derive asymptotical upper bounds for the L2?-risk of the estimator fn() given by ([B4) over a
collection of Besov balls.

In order to formulate and prove Theorem [2] we first need to obtain some preliminary results.
Recall that ||a|| denotes the distance from a real number a to the nearest integer number. For this
purpose, we recall the equidistribution lemma (see Lemma [3]), proved in Johnstone & Raimondo
(2004), which we state here for completeness, and formulate a new lemma (i.e., Lemma @) which
is based on application of Lemma [3] to the BA M-tuple.

Lemma 3 (Lemma 1 in Johnstone & Raimondo (2004)) Let p/q and p'/q’ be successive conver-
gents in the continued fraction expansion of a real number a. Let N be a positive integer number
with N +q < ¢'. Let h be a non-increasing function. Then

q N+q q—
D hiifg) < D h(|kal]) < Z (i/q) + 6h(1/(2¢")).
i=4 k=N+1 i=1

Lemma 4 Let 51,08s,...,8m be a BA M-tuple constructed in Theorem [1 and let 51 be a BA
number. Let rog be an arbitrary fixed positive real number. Denote

. —k
Re(j, M) = D (0B + -+ [l1Bal?] (6.1)
lGQj
where €1 is defined as ' '
Q; ={1:2 <l <27F70} . (6.2)

If M s large enough, then, as j — oo,
Ry(j, M) = O (j 210 EE-D/AD SEE-DMIAY g 19,34 (6.3)

We also need the following two lemmas which evaluate the precision of estimation of aj
and bjy.

Lemma 5 Let 3 = (p1,B2,...,0u) be a BA M-tuple constructed on the interval (2a,2b) according
to Theorem [1l and let one of By, Ba,...,Bm be a BA number. Let the equation (IL3) be evaluated
at the the point u with components u; = /2, 1 =1,2,..., M. Then, for all j > jo, as n — oo,

E’ajok — ajok‘2 =0 (n_ljo M 2j0(2+1/M) eGMlnM) 7
E|/5jk: — b]k‘|2 =0 (n_lj M 2j(2+1/M) eGMlHM) ,
E@k —b*=0 ( =2 ;2 \p2 9i(4+2/M) 42M1nM> _

Lemma 6 Let uj,ug,...,up be as in Lemmald If n > 0 is a constant large enough, then, for
all j > jo, as n — oo,

P(fbg — bl = 12 (nar) 270 ) = 0 (n 7)),

where nyr = (n/M)exp(—6M In M) and 0 = n?/(2Cy) with Cy, = 277|Cy|.
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We are now ready to formulate Theorem 2l Let the resolution levels jo and J and the
thresholds A; be such that

290 =Inn, 27 = (ny) 3+11/M, Aj =0 (nar) Y24/ j20CH/M) Inp, (6.4)
for some constant n > 0, where
nar = % exp(—6M In M). (6.5)

Note that since the construction of jg, J and A; is independent of the Besov ball parameters, s,

p, ¢ and A, the suggested wavelet thresholding estimator fn() given by (B.4) is adaptive with
respect to these parameters.

The following statement provides the asymptotical upper bounds for the L2-risk, over a
collection of Besov balls.

Theorem 2 Let s > 1/min(p,2), 1 <p<oo, 1 <qg<ooand A>0. Let = (B1,P2,---,0m)
be a BA M-tuple constructed on the interval (2a,2b) according to Theorem [ and let one of
B1, B2, ..., Bum, say B1, be a BA number. Let the equation (I.3) be evaluated at the the point u
with components w; = /2, 1 =1,2,..., M. Choose

M =M, =v+/Inn/(Inlnn) (6.6)

for some v < 1/4/6, independent of n. Let fn() be the adaptive wavelet thresholding estimator
defined by (3.4)) with jo, J and \; given by (64), and ny given by (6.3). Then, as n — oo,

Cn 50y if s> 3(1p—1/2),

Ry(fn) < i (6.7)
()T an, i s <301/p-1/2),
where o, is given by
Ay 1
o, =exps VinnVinlnn |=— (3v+ — | +7.| ¢, (6.8)
A2 AQV
with
— 3A1v Inlnlnn 2Inv 1) 4 Vinlnn é—l— Aq _ 347 _ Aq
L Ay Inlnn Inlnlnn Vinn \Ax 24, A2 A2
Inlnlnn 34, Aq (1) (n = o0)
— = n
vinnyInlnn A% 245 ? >
where

Ay =28, Ay=2s+43, A3=2s, if 2<p<oo,
Ay =2s, Ay =2s+3, A3=4s, if 6/(28 + 3) <p <2, (69)
Ay =28%, Ay = 25"+ 3, A3 =4s*, if 1 §p§6/(28—|—3)

with s* = min(s',s), s =s+1/2—1/p.
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7 Discussion

We considered the estimation problem of the unknown response function in the multichannel
boxcar deconvolution model with a boxcar-like kernel when the number of channels grows as
the total number of observations increases. This situation seems to be of a particular interest
nowadays since data recording equipment is getting cheaper and cheaper while overall volumes of
data is growing very fast. Our aim was to investigate the situation when the number of channels
M = M, grows slowly with the number of observations n.

For this purpose, we obtained new original results in the field of Diophantine approximation
in order to devise a technique which allows the reconstruction of the unknown response function
with a precision that differs from the best possible convergence rates (which can be attained in the
corresponding continuous functional deconvolution model (I4])) by a factor which grows slower
than any power of n.

Specifically, in Section B we derived asymptotical upper bounds for the L2-risk of the
adaptive wavelet thresholding estimator (3.4) of f(-) € L?(T) in the model (L3]). In comparison,
it follows from Pensky & Sapatinas (2010) that the choice of a uniform sampling strategy (i.e.,
w=a+((b—al/M,1=1,2...,M, for- M = M, > (32r/3)(b — a)n'/3, leads to an adaptive
wavelet block thresholding estimator f3(-) of f(-) with the following convergence rates

. On~ 743 (Inn)?, it s>3(1/p—1/2),
Ru(f3)) < i (7.1)
C(lnT") T (lnn)?, if s<3(1/p—1/2),

for s > 1/min(p,2), where s’ = s+ 1/2 —1/p and

Smax02p=1) i s> 3(1/p - 1/2),
0=14 max(0,1—p/q), if s=3(1/p—1/2),

0, if s<3(1/p—1/2).

Moreover, its has been shown that the above convergence rates with p = 0 are the fastest possible
ones (see Pensky & Sapatinas (2010)); hence, up to the logarithmic factor (Inn)?, f}?() attains
the best possible convergence rates. By comparing the convergence rates (6.7) in Theorem [2 to
the fastest possible convergence rates (without the extra logarithmic factor (Inn)” appearing in
(1)), one concludes that they differ by the extra factor «,, defined in (G.8]).
How fast does «,, — 0o as n — oo? It can be easily seen that a,, grows slower than any
power of n but faster than any power of Inn, i.e., for any ai,as > 0, one has
im 2% =0, lim —" _ — o
n—oo N1 n— 00 (]n n)a2
Hence, although choosing M = M,, — oo at a rate given by (6.6]) improves the convergence rates
in comparison with the finite values of M (see Pensky & De Canditiis (2006), Theorem 2), these
rates are quite a bit worse than in the case when M = M, grows at a faster rate as n — oo.
Since, as we have explained in Section [ this fast growth of M = M,, with n cannot be achieved
in a number of practical situations, one has to resign to M,, growing slowly with n, in particular,
M = M,, = o((Inn)*3) for some ag > 1/2.
The interesting question, however, is whether the convergence rates (6.7]) can be improved.
To uncover an answer to this question, one needs to either come up with another procedure for
constructing a BA M-tuple which belongs to a specified interval, of a non-asymptotic length, of
the real line and delivers a higher value of B(M) in (2.2)), as M — oo, or to show that no matter
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what the value of u = (uj,ug,...,upr) is, there exist integer numbers ¢ and pi,pa,...,pa such
that, as M — oo,

max |u;q — p;| < Byexp(—6M In M)q_l/M,
i=1,2,....M

for some positive constant By independent of M, ¢ and p1,po,...,pym. At the moment we are
unable to provide answers to either of the above questions; we challenge, however, the number
theory community to work on the issue. Derivation of these results will not only enrich the
theory of Diophantine approximation but will also be valuable for the theory of statistical signal
processing.

8 Proofs
Proof of Lemma [Il Observe that for P(z) given by (5.2]), one has
P((M +1/2)Q) >0, (-1)P((M —=1/2)Q) >0, ..., (-1)"P(Q/2) >0,

so that P(x) has M real roots &1,&s,...,&n such that (53) is valid. By definition, &;1,&a,...,&n
are algebraic integer numbers. Let us show that no proper subset of £1,&s,...,&y is itself a set
of conjugate algebraic integer numbers. For this purpose, note that

Therefore, by (5.2)), for any i = 1,2,..., M,

-1

M M
0<lé—iQl = |J[1& -0 <@ ™ V[[i—id-1/2)7" (8:2)
j=1 Jj=1
J#i J#i
Now, assume that &;,,&,,...,&,., 1 < ... < i, and m < M, form a set of conjugate real integer

numbers. Then, P} (i1Q) = (&, —1Q) ... (&,, — 1Q) is an integer number and is not equal to
zero, hence, |Py (i1Q)| > 1. On the other hand, by (81) and (82),

M m

1< P Q) < @MV TT (5 — il —1/2)7" TRk — x| + 1/2)].
j=1 k=2
J#u

The product in the right-hand side above takes the largest value if m = M — 1, iy = 1 and
ir=k+1, k=23,...,M — 1. In this case, for M > 2, combination of the last two inequalities
yields

1< [P (i1Q)] < 4(M —1/2)Q7" <5M/Q,

which leads to a contradiction when @ > 5M. O

Proof of Lemma [2. Choose Q = 5(M + 1) and construct real conjugate algebraic integer
numbers &1, &2, ..., &0, 1 using the process described in Lemma [Il Then, by ([§2), & ~ Qi.
Let ¢ > 0 and p = (p1,p2,---,pm) be integer numbers and denote

M
Hi(g,p) =Y & 'pi+&"q k=1,2...,.M+1.
i=1
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Note that if p is not zero and the components of the vector p/ q are not integer numbers, then
Hy(q,p) # 0. Furthermore, H1(q,p), H2(q,p), ..., Hrn(q,p), Hyry1(q, p) are themselves real con-
jugate algebraic integer numbers and, thus,

M+41

IT 1He(a.p)| > 1.

k=1
Now, note that (5.4]) implies that aq, as, ...,y are coefficients of the monic polynomial with the
roots &1,&2,...,&n. Also, it is easy to check that for the solution o = (g, aa,...,an) of the

system of equations (5.4)), one can write

M
:Zgz_l(pi_aiq)v k:1727"'7M' (83)
Moreover, if one denotes
WM = Z Qiiyin €M1 (8.4)
then Hjs11(q,p) can be written as
Harga(q,p) ZSMH — @iq) + Wi (8:5)

Note that (84]) implies that wys is the value of the polynomial
M .
=> a2 =@ - &) (2 — )
i=1

at the point £3741. Therefore, by (81) and [82), |wis| < KM!QM for some constant K > 0.

Recall that |a|| denotes the distance from a real number a to the nearest integer number.
Denote L = max;=12 . m |&q — pi|. Note that we can assume that p;/q, i = 1,2,..., M, are not
integer numbers. Otherwise, if, for instance, p; /g = z is an integer number, then L > ¢|&; — z| >
qll&1]| and (B6) is valid. If L > 1, then (5.6]) is valid. Hence, consider the case of L < 1. Then
L < |q| and, by (83]), we have

M
[Hi(g,p)| < LY &G < LG /(& —1), k=1,2,...,M.
i=1

Then, using (85) and an upper bound for wys, we obtain

|Har1(q,p)| < lal(637 41/ (Enra — 1) + KMIQM).

Since H1(q,p), H2(q,p), .., Hym(q,p), Hrr1(q, p) are real conjugate algebraic integer numbers,
one has

En gt SMH M
1< [ [He(ap)l < H Tl g -+ KMIQ

k=1 k=1 5
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Note that, by 82) and Q > 5M, one has [y41 — (M + 1)Q| < Q=™ and, hence, |£3741|M <
2QM (M + 1), Therefore

M 1/M M AM —1/M
_ kE—1 (M +1)"Q
v 11 |Frgu] (a1 @
Plugging in @ = 5(M + 1) into the expression above, we obtain
L > B(M)|q|"/M
with
M —1/M
M+ 1)M
B(M) = K [5(M + 1)]~ M+ [5k(M +1) — 1]Y/M _WMEDT L
(M) = K [5(M +1)] "¢ ]};[15 S A R v s

Using Stirling formula,
M! = V2r(M 4+ )M exp(—(M 4+ 1))(1 4+ 0(1)), as M — oo,

(see, e.g., formula 8.327 of Gradshtein and Ryzhik (1980)) and the fact that In(M +1) < In(M) +
1/M, after some simple algebra, we obtain that, as M — oo,

B(M) > Cyexp(—3M In M),

for some constant Cy > 0, independent of M, ¢ and p, which proves (5.6]).

Now, it remains to prove the upper bound (EX) for o, &k = 1,2,..., M. For this pur-
pose, recall that aq, as,...,aps are coefficients of the monic polynomial with roots &£1,&s,...,&m.
Therefore, using (8.2]), obtain

2
] < (Alf)MQ(M—1)Q...(M—k+1)cg:k!<]‘lf> Q. k=12... M

Since for any k = 1,2,. M 5% /k! < 625/24 < 30, Q = 5(M +1) and (M +1)(M — j) < M? for
j > 1, one has (readlng H =1

5k k—1
ol < oy (M + DF T =)
7=0
< 30 MA(M +1)(M —k+1))? H (M +1)(M — 5)?]
Jj=
< 30M3k < 30e3MIM 1 2 M,
which proves (B.53]). O

Proof of Theorem [I It is easy to check that (1, fs, ..., By, as defined by (5.7, lie on (a,bd).
Furthermore, by Lemma [2] and the fact that z < 30 exp(3M In M), as M — oo, one has

. J— . _1 p— J— p—
max  |Big —pil (2q0)™"  max ow(py —pa)g — (2q0p1 — 2pag)|

(2q0) " Col(py — pa)g| ™™ exp(—3M In M)
By exp(—6M In M) |q| =M,

AVARLY}
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for any integer numbers ¢ > 0 and p1,ps,...,pr, and for some constant By > 0, independent of
M, q and p. O

Proof of Lemma [4. Recall first that any real number a, which is not an integer number, may
be uniquely determined by its continued fraction expansion

1
a=ag+ ———,
S LSS -
ag+--
where ag is an integer number and ai,ase,... are strictly positive integer numbers. The con-
vergents pr/qx = pr(a)/qk(a), k = 0,1,..., of a are those rational numbers, the continued
fraction expansions of which terminate at stage k, that is, po/q0 = ao, p1/@1 = ap + 1/aq,

p2/q2 = ag + 1/(a1 + 1/az), and so on. The denominators in the above expansions grow at
least geometrically

2=D/2¢ =~ if i odd, (8.6)

2i/2qn, if 4 even,

nti =
>

dn+i

and a, < ¢n/qn—1 < an +1, n > 1. A real number a is BA if sup,, a,, < o0, i.e., there exists ¢ > 0
such that

Qn/Gn-1<q n>1 (8.7)

(see, e.g., Schmidt (1980), Sections 3-5, pp. 7-23).

Let p/q and p’ /¢’ be successive principal convergents in the continued fraction expansion of
B1. Let N be a positive integer number with N + ¢ < ¢’. Then, application of Lemma [3] with
h(z) = 2! yields

N+q
> B = 0(gIng), (8:8)
I=N+1
since ¢’ < gq by [B1). Now, note that by (5.8)
N+q . N+q
Yo BP -+ 1Bul?) ™ < Y WAl fmax(lEBall,-- -, 118w ID) Y (8.9)
I=N+1 I=N+1

Combination of (5.8]), (88]) and (89) implies that

N+q
ST (AP + -+ 1Bul?) " =0 (eb’(?’f—l)MlnM g ER=L/M) 1y q> , k=1,2,3,4. (8.10)
I=N+1

Now, observe that the set of indices [ in €; is symmetric about zero, and so are the com-
ponents of the sum. Hence, we can consider only the positive part of €2; which, with some abuse
of notation, we keep calling it £2;. Let g; be the denominators of the convergents of 3, and let
I be the smallest number such that ¢; > 27. The geometric grows of denominators (8.6]) implies
that 27770 < 270, < g9, so that Q; C [g—1,qi2r). If we denote Ds = N N [qr4s-1, Gits),
s=0,1,...,2rg, then

Q; C U D,.
s=0
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Since, by B.0), gi+1 < g, there are at most ¢ disjoint blocks of length ¢;4s—1 that cover Dsg.
Applying (8I0) to each of those blocks, we derive

> (Z lllﬁznz) =0 (66@‘“‘1”‘““’” (Qus—1) TEF=DAM 1y QI+s—1> , k=1,2,34.
leDg =
Note that ¢;_; < 27, so that ¢4 s_1 < @qi—1 < 2. Therefore,

N(j, M) = %Z (;nlw)

s=01eDsy

2rg

- 0 <66(2k—1)M1nM 2(682_7)(14—(2]6—1)/]\4) In(g* 2j)>
s=0

— 0 <e6(2k—1)M1nM j 2j(1+(2k—1)/M)>  k=1,2,34,

proving, thus, (6.3). O

Proof of Lemma [Bl In what follows, we shall only construct the proof for the term involving
bji. since the proof for the term involving a;,x is very similar. Denote

—2K M
1 2
H J |gm Ul AT |gm(ul)| " y K= 1727
‘e ][5y
where 71(m) is given by (42]) and (£6]). Note that, by (3:2)) and ([B.3]), we have

M -1 M
Z ’gm(ul)‘2 (Z Im (1) Zml) )
=1 =1

where z,,; are standard Gaussian random variables, independent for different m and [. Therefore,
since in the case of Meyer wavelets, |t,ix| < 277/2 and |C;| < 27 (see, e.g., Johnstone et al (2004),
p. 565), we derive that E|bj; — bjx|? is given by expression (LI)). If £ = 2, then

Fon = fn = N7V2011

r 2

Elbje — bl = O | Y Elfun— ful* | +O [ | 3 Elfn — fiul?

mEC’ mGCj
=0 | N2272 M Y Z|gm w)|* | + 0 (N"2M~227%[r(m)]?)
meC; =1
=0 (27/N2M 2 Ag(j) + N2M2A3(j)) = O (n2[M 1277 Ag(j) + AT(5)]) - (8.11)

Now, recall that |g,,(u)| < |m|~'||mB|| by @5). Note that, by formula @.1]), N (j, M)
is increasing in 7o and recall that, by the definition of the Meyer wavelet basis, one has |m| €
[(27/3)27, (87/3)27] C Q; with rg = 3 + logy(m/3) (see (B3] and (6.2))). Then, direct calculations
yield

A1(j) = O MR (5, M) and  As(j) = O(27 M™Ry(j, M)). (8.12)
To complete the proof, combine (@3), @), (8II) and (8I2) and note that M j~1277(1=5/M) =
o(1) as n — oo, since 2/ > 290 = Inn and M = M,, — oo as n — oo. O
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Proof of Lemma [6l It is easy to see that Ejk — bji, follows a Gaussian distribution with mean

zero and variance bounded by %(n ar)1520CH/M)  Hence,

~ . —1%/(2Cy)
P (!bjk — bjkl* = 1P (nag) 2 GHYM) lnn) <20 <L 1nn> =0 <”7> :

viem Vinn
where ®(-) is the cumulative distribution function of a Gaussian random variable with mean zero
and variance one. 0

Proof of Theorem [2. Due to the orthogonality of the Meyer wavelet basis, we obtain
E|f. — flI3 = Ro+ Ry + Ro + Rs + Ry,

where
2001 oo 27/-1
Ro = Y E(@e—apr)’, Ri=) > by,
k=0 =7 k=0
J—127-1 R R
Ry = > Y Elbj — bn)’ LIl = A L(Ibje] < Aj/2),
Jj=jo k=0
J—127-1 ~
Ry = >0 % 03P(Ibl < A)Ibsel = 2y),
Jj=jo k=0
J—127-1 R R
Ry = Z Z E[(bjx — bjx)*I(|bjr| > AN T(bjx| > A;/2),
Jj=jo k=0
J—127-1 R
Rs = Y > 03Pl < \) L(Jbje| < 2);).
J=jo k=0
Denote .
+
M) =5 s

and observe that (s, M) < 2 for s > 1/min(p,2). First, consider the terms Ry and R;. Using
Lemma [l it is easily seen that

Ry=0 (n_12j0N1(j0, M)) =0 (n_ljo 2j0(2+1/M) QGMIHM) = 0((M nM)_l In3 n) =0 ((nM)_2s+32Ji1/M> .

Furthermore, it is well-known (see, e.g., Johnstone (2002), Lemma 19.1) that if f € B} (A), then

for some positive constant ¢*, dependent on p, ¢, s and A only, we have Zijz_ol b?k < ¢*27%5" and,
thus,

R =0 (2—2Js*) —0 ((nM)—2s*/(3+1/M)) .

By direct calculations, one can check that if 2 < p < 0o, then s* = s and hence
Ry = o ((nM)—2s/(2s+3+1/M)) _

On the other hand, if 1 <p < 2 then s* = s+1/2—1/p. If {(s, M) < p < 2 then 2s*/(3+1/M) >
2s/(2s + 3+ 1/M) and, hence,

R =0 ((nM)—2s/(2s+3+1/M)) _
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Similarly, if 1 < p < {(s, M), then 2s*/(3+ 1/M) > 2s*/(2s* + 2+ 1/M) and therefore
R =0 ((nM)—2s*/(2s*+2+1/M)) _

Now, consider the term Rs. Using Lemma [Bl and Lemma [6] with 8 > 2, formula (6.4]), and
the fact that eMM — o(n®) for any a > 0 as n — oo, after some simple algebra, one derives

J—127-1 J—127-1

Ry < ) ZE[ (bj — bjk)? (\ij—bjkIEAj/ﬂ > Z\/E [(0jk — bjk) \/]P’ [bji — bjk[? > A2/4)
Jj=jo k=0 J=jo k=0
J—-129-1 ceyi
M2t MInM oj(2+1/M) 9J(3+1/M) py gy @15 M In M .
=0l X =0 " =0 ((na)™")
Jj=jo k=0
For the term R3, again applying Lemma [l with 6 > 2, obtain
J-127-1 J-1 _
Ry < Y 3 0hPB(bk— bl > A;/2) =o [ D27 ™" | =o(n7").
Jj=jo k=0 J=jo

Now, consider the term R4. Let j; be such that
291 — O <(nM)1/(2S+3+1/M) (In n)&)) 7

for some real number &y. First, consider the case when p > ((s, M). Then,

J—
Z Z k—b]k (|bjk| 2)\]'/2) = Ry1 + Ryo,

0 k=0
where
J1 291 J—-1 29-1
Ry =) > Bl —bw) Wl 2 0/2). Rz= 37 D Bl —bx)  bgel > 4;/2).
j=jo k=0 j=j1+1 k=0
Then, Lemma [{ yields
j1 29—1
Z Z (nar)~ L joi @+1/M) | —_ 9 <(nM)—2s/(2s+3+1/M)(lnn)1+§0(3+1/M)) '
J=jo k=0
For term Ry, one derives
J—1 20—1 b [P
Ry = O Z ZHM L j 0i(+1/M) [og[”
j=j1+1 k=0 Al
J-1
= O (na) P2 (Inn)t—" Z 94l(2+1/M)(1—p/2)—s"p] = O ((nar) ™" (Inn)P?),
Jj=j1+1

where p; = —2s/(2s+3+1/M) and po =1—p—E[ps* — (2+1/M)(1 — p/2)]. Now, choosing w
& = —2/(2s + 3+ 1/M), and combining the above terms, one easily arrives at

Ry=o0 ((nM)_23+324i1/1% (Inn) 23+32Ji1/]w) .
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Now, consider the case when 1 < p < ((s, M). Note that, same as above,

Ry =0 ((nM)—2s/(2s+3+l/M) (In n)1+£0(3+1/M))

but & does not need to be the value chosen above. Observe that, since for R4 one has \bjk\ <

¢*277%" and |bjr| > A;j/2, then, combination of these inequalities requires j < jo where jo satisfies
. 1

J2 272 = O (np/Inn)2"+2+1/M  Then, |bj,| < A;/2if j > jo + 1 and

Ry = O ((nM)—(l—p/2) (Inn)'~? 27 [(2+1/M)(1—p/2)—s*p]) = O ((nar)"* (Inn)"),

where p3 = —25*/(2s*+2+1/M) and py = 25*/(2s* +2+1/M)—p/2—[(2+1/M)(1—p/2) —ps*].
Noting that, in this case, s/(2s+3+1/M)—s*/(2s*+2+41/M) > 0 and one arrives at Ry; = 0o(R42)
as n — oo. Therefore,

*

25 2s
Ry=0 <1“—”> T )35 | _ (1“_”> T
nar nas

since the power of Inn in the expression above is negative.
Finally, consider the term Rs. First, consider the case when ((s, M) < p < 2. Let j3 be
such that
213 = O ((n;@m(ln n)ﬁl) :

for some real number &;. Then,

J—127-1
Rs < Z Z b?k I(|bjx| < 2X;) < Rs1 + Rso,
Jj=jo k=0
where
Ji Pl 2s J3 29-1
Ry = Z Z b?k =0 ((nM)_z‘s+3+1/M' (lnn)_Qs £1> , Rs = Z Z b?k H(|bjk| < 2>\j)-
Let _
271
E() = Y b Ulbji| < 2);).
k=0
Note that _ _
2(j) = 0 (2722) = 0 (j 2T Dt (nar) ™)
and also
27 -1 '
2G) = O D2 barl? P Wbl < 23) | = 0 (XF7 2777)
k=0

=0 <(nM)p/2_1 (Inn)t—p/2 ji=p/2 2j[(2+%)(1_§)_p5*}) ‘

Let j4 be such that
. 1
24 = 0 ((mas) T (1))
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for some real number &. Then

& I3 Ja
Ry = D EG)+ . E(G) =0 j2C/M 1 (ny) ™
J3
+ 0 Z (nar)P >~ YA n)'—P/2 j1-p/2 9il(2+47) (1= 5)—ps”]
J=ja+1

- 0 <(nM)‘%+fﬁ(ln n)2+52(3+1/M)) +0 <(nM)_2L%JH32ﬁ (Inn) 2 PHél+ ) (0-
Since the bound for Rss is valid for any value of &, we choose & which minimizes
max(2 + (3 +1/M), 2 —p+ &[22+ 1/M)(1 - p/2) — ps*]),
e, &=[s*+1+1/p+1/(2M)]7* (25* +2/p — 1). Hence
_ 2s 2s*+2/p—1
R52 =0 <(71M) 2s+3+1/M (ln n) s*+1+1/p+1/(2M)> .

Choose now & = —2/(2s + 3+ 1/M). Then, combining the R5; and Rs terms, obtain

2s
Rs— 0 <<1n_n> 25+3+1/M (lnn)m) .
N

Now, consider the case when 1 < p < ((s, M). Let js be such that
275 = O ((lnn/nM)m (In n)53> ,

for some real number &3. Then
R5 < Rs1 + Rs2 + Rss,

where _
J—1 27-1 Ja Js
2 —_— . —_— .
Ri= Y Y b Bea=>» EZ(), Rs= Y, 6 E()
J=js+1 k=0 j=do j=ja+1

It is immediate that

J-1 - —
- 1 2s*F2+1/M "
Rs1 =0 Z 27 | =0 <7§1—1\Z> (Inn)~2"¢
J=js+1
and that '
J4 j 2j(3+1/M) Inn

Ry =0 >

— Ny
j=jo
After some simple algebra, one obtains
Js
Rss = O Z (nar)P/21 (lnn)=P/2 j1p/2 9il@t30)(A=5)—ps’]
J=ja+1
2s™*
= oo (BR)ETE g ezl d 0-F)-ps]

nym
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Choosing &3 = —1/(2s* + 2+ 1/M), and combining the above terms, we arrive at

2s*

lnn )\ 2s¥+2+1/M 25*

R5 =0 _ (ln n) 2s*+2+1/M
Ny

Finally, consider the case, 2 < p < oco. In this case, j3 = j4, and we easily see that

nap

Combining all the above expressions, we obtain that, as n — oo,

2s
O <<1§_A?> zs+3+1/M> ’ if 2< p < 00,
2s s
Ba(fy =] O <<51—£> /> ()= 57, i (s M)<p<2  (313)
_ 2% s*
0 <<17?_N7) 2s +2+1/M> (lnn)m, if 1<p<{(s,M).

Now, note that 6/(2s + 3) < ((s, M) for any M > 0. Hence, if p < 6/(2s + 3), then p < ((s, M).
On the other hand, if p > 6/(2s + 3), then it is easy to show that for M large enough one has
p > ((s,M). Observe also that p > 6/(2s + 3) if and only if s > 3(1/p — 1/2).

The upper bound in (8I3)) depends on the choice of M = M,,. Choose M, of the form (6.0)).
Then, from the definition of ny; and formulae ([6.9) and [BI3]), it follows that

Ru(fn) = O(exp{ — (A2 +1/M) ' [A;In(n — 6M In M — In M) — AzInlnn]}). (8.14)

Using Taylor expansion, we write (Ag + 1/M)™' = A;' — M~TA;? + M~2A5% + O(M~3) as
M — oo. Recalling that InM = Inv + 0.5 Inlnn — 0.5 Inlnlnn and plugging expressions for
M, In M and (As + 1/M)~! into the argument of exponent in (8I4), by direct calculations, one
derives that

A

Ry(fn) = O(exp (—(A2) " A1 Inn+A,)),

where, as n — oo,

Aq 1 3A1v VInn Inlnlnn 2 Inv
A, = VianVinl — — | = -1
nvinn <A2 [3V+ AQI/:|> Ay vVInlnn <lnlnlnn >

— Inlnn (é—i- A _ 34 A >+lnlnlnn<£—3—Al> +O(1).

Ay T 24y A3 AL 24, A3
Now, to complete the proof, note that the main term in A,, is minimized by v = v,y = (3A2)_1/ 2,
and that Ay > 2 for any s > 1/ min(p, 2). O
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