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Abstract—The problem of constructing an estimate of a signal function from noisy observations,
assuming that this function is uniformly Lipschitz regular, is considered. The thresholding of
empirical wavelet coefficients is used to reduce the noise. As a rule, it is assumed that the noise
distribution is Gaussian and the optimal parameters of thresholding are known for various classes of
signal functions. In this paper a model of additive noise whose distribution belongs to a fairly wide
class, is considered. The mean-square risk estimate of thresholding is analyzed. It is shown that
under certain conditions, this estimate is strongly consistent and asymptotically normal.
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1. INTRODUCTION

Many algorithms of signal and image processing are based on possibility of a sparse representation
of the useful signal function in a certain basis. For a fairly wide class of functions, such sparseness is
ensured by using wavelet bases [1]. This enables us to effectively separate noise from the useful signal
and remove it using simple thresholding procedures [2—5]. A classical observation model assumes the
presence of white Gaussian noise. The properties of estimates obtained by thresholding have been well
studied, and we know the order of the mean-square risk of such procedures is found to be close to
optimal [1]. Some results also testify to the asymptotic behavior of a mean-square estimate constructed
from noisy observations of a signal function [6]. The strong consistency and the asymptotic normality of
this estimate were demonstrated in [7, 8].

A wider class of possible noise distributions, especially ones with heavier tails than a Gaussian
distribution, was considered in [9]. The parameters of so-called universal thresholding were calculated
for this class, and it was shown the order of the mean-square risk was close to minimal with an
accuracy up to the logarithm of the number of observations in a certain power, which depends on the
distribution parameters. In this work, we prove the strong inconsistency and asymptotic normality of the
mean-square risk estimate of universal thresholding in a model with a non-Gaussian noise distribution,
assuming the signal function belongs to the Lipschitz class with a certain index.

2. THRESHOLDING IN A DATA MODEL WITH ADDITIVE NOISE

Let signal function f be defined on a certain interval [a, b] and uniformly Lipschitz regular with an
exponenty > 0. In practice, f is given in discrete samples. We assume that the number of these samples
is 27 for a certain J > 0. After the discrete wavelet transform of the signal, set of wavelet coefficients
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{1} j=0.....7—1,k=0,. 2i—1 IS obtained, for which index j is called the scale, and index k is called the shift.
When meeting certain conditions on the wavelet function [1], coefficients p; ;, obey the inequality

Cp27/?
‘:u']k| 92j (v+1/2) (1)

Since there is usually noise in actual observations, empirical wavelet coefficients take the form
Yik=pip+Wig, j=0,...,0-1, k=0,...,27 -1,

where p1; 1, are the discrete wavelet coefficients of a pure signal, and W ;, represent the noise coefficients,
for which it is assumed that they are independent and have a distribution with symmetric differentiable

density h(x). In this work, it is assumed that sup |h/(z)| < A with a certain constant A > 0, and that
T€R

h(z) < = z% %" a5 r—oo, a€R, 6>0 pg>0.

We denote a variance of W; j, by 0. The class of such distributions is fairly wide. Distributions from this
class can have lighter and heavier tails than the Gaussian distribution.

One popular way of removing noise is thresholding of the empirical wavelet coefficients. This involves
setting to zero the coefficients whose absolute values do not exceed a given threshold. Estimate )A/]k is
calculated using threshold function p7 (Y} x) with threshold 7. Most common are the function of hard

thresholding p\” (z) = #1(|z| > T) and soft thresholding p$% (z) = sign(z)(|z| — T). We define the
mean-square risk of the estimate obtained by thresholding as

J—12f-1

=3 > Bk mn) (2)

j=0 k=0

The way of choosing the threshold is one of the main problems when thresholding. So-called universal

threshold Ty = (6! In27) 1/8 s considered in this work. In a certain sense, this threshold is maximal

among reasonable thresholds, and the mean-square risk at this threshold is close to the minimum one
with an accuracy up to the logarithmic factor of the number of observations in a power that depends on
the distribution parameters [9].

3. MEAN-SQUARE RISK ESTIMATE

Unknown values of pure coefficients y; 5 are presented in expression (2), so we cannot calculate risk
value R(f,T) in practice. However, it can be estimated directly from the observed data. If |Y} x| > 7" in
the term, the contribution of this term into risk is o2, in the case of hard and o2 + T2, in the case of soft
thresholding, and if | X;| < T, the contribution is ,uik in both cases. Since EYfk =02+ ,uik, the value
of ,uik, must be estimated using difference Yfk — 0%, As an estimate of the mean-square risk, we can use
the quantity

J—12f-1

T)=>"Y" F[Yj 1], (3)

=0 k=0

where F[Yj, T = (Y7, — 0*)1(|Yjr| < T) +0°1(|Yjk| > T) in the case of hard thresholding and

FlYjx, T) = (Y7, — 0)1(|Yjk| < T) + (0% + T?)1(|Yj x| > T) in the case of soft thresholding.
Risk estimate (3) enables us to obtain a representation of the error with which a signal function is
estimated using only the observed data. If distribution W ;, is Gaussian, in the case of soft thresholding

R(f,T) is an unbiased estimate of R(f,T). Under certain additional conditions, it is also strongly
consistent and asymptotically normal [7, 8]. Similar properties for the more general noise model
considered in this work will be proved.
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Theorem 1. Let signal function f be defined on interval [a,b] and uniformly Lipschitz regular
with an exponent v > 1/2. Then with hard and soft thresholdings

p (mf, Ty) ~ R(f.Tv)
V227

where 92 is the variance of W?,, and ®(x) is the distribution function of the standard normal law.
7,k

< a:) — ®(x) as x — oo, (4)

Proof. Let us prove the theorem statement for hard thresholding. (The proof is similar for soft
thresholding.) We have

R(f,Tv) — R(f,Tv) = R(f,Tv) — ER(f,Tv) + ER(f,Ty) — R(f,Tv).

We estimate quantity ER(f, Tyy) — R(f, Tvy). We consider the part of this sum (denoted by Sy ) at which
terms the inequality |p; x| < ¢Tyy may not be fulfilled when ¢ is a positive constant that will be chosen
later on. Summation over j in Sy is performed up to j1 ~ J/(2y 4+ 1) — logy(cT) /(27 + 1) + logy Cy in
virtue of the inequality (1). In addition, [EF[Yj , T] — E(Yjx — pjx)?| < CsT? is fulfilled for a certain
constant Cs > 0(See[9]). There is thus a constant Cy > 0 that

J
1S1| < C1TA22+1,
We now consider the remainder of the sum where |; x| < ¢Ty. We denote it by Sa. For terms of this
sum, we find
EFY;p, T] = E(Vik — pjn)* = 2B1(\Yje| > T)[o® + mjnYjn — Yii)- (5)
Taking into account the form of (5) and repeating the arguments of [9], we obtain the estimate

[BFY) 4, T] = B(Vix — )| < CoT e P27,
where C5 is a certain positive constant. Therefore,
‘52‘ < 02T5+Q_B2J(1_(1_C)ﬁ).

Choosing0 < ¢ <1 — (2311 )1/8 we find here exists such a constant C' > 0 that

[ER(f,Tv) - R(f,Tv)| < CTE22+1.
Consequently,
ER(fv TU) - R(f, TU)
V227

We now consider difference R(f,Tyy) — ER(f, Tyy). Let p be such that (2y + 1)~ < p < 1/2. We
write

—-0 as J —o0. (6)

[pJ] 2 -1
R(f.To) ~BR(f.Ty) =Y Y (F[Yjr, Tv] - BF[Y;, Tv))
j=0 k=0
J-1 2/-1
+ Y > (FIYjr Tyl — EF Y, Tu)). (7)
j=[pJ]+1 k=0
Since
|F Yk, To] — EF Yk, Tyl| < CrT a. e, (8)

where C'r is a certain positive constant, then
ZEP:J(]) o (F[Yjk, Ty) — BF[Y; ., Ty))

— 0 a.e.asJ — oo.
V9227
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By virtue of (1), ;5 — 0 as J — oo for all terms in the second sum of (7).
Repeating arguments from [7], it can be shown that

lim - S 1 o (1Y, Tu] = BF[Y; 4, Ty))
J—00 V19227
Finally, the Lindeberg condition is fulfilled: for any e > 0 as J — oo

=1.

— 271

Z > E[(FIYjkTv] - EF[Yj,k,TU]) 1(|F Y}k Tv]
j=[pJ]+1 k=0

—EF Y5, Tv)| > e9?27)] — 0, (9)

since starting from a certain J, all indicators in (9) vanish. Hence, statement (4) holds true. The theorem
is proved.
We now prove the strong consistency of estimate (3).

Teopema 2. Let f € L?>(R). Then with hard and soft thresholdings for any X\ > 1/2
R(f,Ty) = R(f,Tv)

o] —0 a.e.as J—o0. (10)

Proof. Using the Hoefiding inequality in light of (8) and the form of 7y, we find that for any § > 0
there is such a constant Cs > 0 that

\R(f,Tv) — BR(f, Tv)| e
—P ( o] >0 ] <expq—Cy s [

Hence, Y77, ps < oo. By virtue of the Borel—Cantelli lemma and (6), (10) is fulfilled. The theorem is
proved.
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