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WAVELET THRESHOLDING FOR NON-NECESSARILY
GAUSSIAN NOISE: IDEALISM

BY R. AVERKAMP! AND C. HOUDRE?
Freiburg University and Université Paris XII and Georgia Institute of Technology

For various types of noise (exponential, normal mixture, compactly
supported, ...) wavelet thresholding methods are studied. Problems linked
to the existence of optimal thresholds are tackled, and minimaxity properties
of the methods also analyzed. A coefficient dependent method for choosing
thresholds is also briefly presented.

1. Introduction. A common underlying assumption in nonparametric curve/
surface/signal estimation is that the function to estimate has some redundancy and
this is often reflected by the hypothesis that it belongs to a particular functional
class. A similar prior assumption is that limited information is present in this
curve/surface/signal. For example, it could be discontinuous but only at a limited
number of places, or the function to estimate is assumed to have only one mode
or to be monotone. Then, the heuristic for the use of wavelets in non-parametric
estimation is that the expansion of such a function in a wavelet basis is sparse,
that is, only a few of the wavelet coefficients are big and the rest are small and
thus negligible. Hence, in order to estimate the function, one has to estimate the
large wavelet coefficients and discard the rest. This approach has proved useful
and successful as shown, in recent years, by various authors [1, 7, 9-13, 15, 21,
23-25, 28, 33, 39].

Since we do not review the theory of wavelets here, we refer the reader to the
books of Daubechies [8] and Meyer [31, 32] for an introduction to the subject.
Nevertheless, let us just say that in using a multiresolution approach there is a large
family of wavelets with compact support generating orthonormal bases. Moreover,
properties of compactly supported wavelets are at the root of a very efficient analog
of the fast Fourier transform, the so-called fast wavelet transform. With this in mind
and from now on, we use an orthonormal wavelet basis from a multiresolution
analysis adapted to an interval.

Next, nonparametric estimation via wavelet methods is usually divided into
two steps. The first step transforms the data into something which can be input
into the fast wavelet transform, that is, noisy versions (denoted by CN‘jO,k) of the
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scaling coefficients ¢ joks with jo large. The fast wavelet transform is then applied
to this data giving noisy versions of the wavelet coefficients d; ; (denoted by d; j

and called the empirical wavelet coefficients). In the second step, estimates dip .k
of the d; ; are computed using the d; i,k and using the heuristic that the wavelet
transform of the signal is sparse and that the noise is evenly spread over the
empirical wavelet coefficients. From this, estimation of the original function can
easily be obtained.

A simple approach, which can be viewed as a first-order approximation, for
getting the ¢, x is to assume that they are given, of the form ¢, x = ¢y x + ex,
where the ej are i.i.d. random variables. Although this might seem rather naive, it
is close to the equidistant design case in a regression problem. Indeed, assuming
for simplicity that f is defined on [0, 1] and continuous at x; = 270k k=1,...,
n =2/, then

(LD cjpp =207 / 90x — k) f(x)dx ~ fQTPR2T2 = f(x)27 02,
R

since for the scaling function ¢, [p ¢(x)dx = 1.

A word on notation is needed here: Throughout the text, a ~ b is used to mean
“about the same,’ that is, a/b is approximately 1, and a, ~ b, means that a, /b,
tends to 1 as n tends to infinity.

Assume now that we obtained (by some preprocessing) noisy observations of

the ¢y« (:= fi),
(1.2) Ciok=fi+ex, k=1,...2"=n,

where the e; are i.i.d. random variables which represent the noise or the
observation errors. Applying a fast wavelet transform W, to the data (¢, x) gives

(1.3) Wik =Wn(f)jk+ Wn(e)jk:=wjk+2zjk

where for the transformed data, we write w. . rather than d. . since the coefficients
do not exactly correspond to the wavelet coefficients, due to boundary effects and
since we do not compute the whole “triangle” of coefficients but stop at some level
Jrop (and replace the top d; k, j > jiop, by the ¢ Jiop: k)-

Again, since the wavelet transform of a “nice” function is sparse, it is expected
that only a small fraction of the wavelet coefficients are big and that the rest are
small and thus negligible. So if a @, is small, it is reasonable to regard it as
mostly noise and to set w; x to zero; if it is big, it is reasonable to keep it. This
is known as hard thresholding. Soft thresholding shrinks everything toward zero
by a certain amount, thus reducing the variance of the estimation at the cost of a
higher bias. Nonlinear shrinking policies were first applied to wavelet coefficients
by Donoho and Johnstone [12-14, 16] and in a function space framework by
DeVore and Lucier [11]. (This procedure has some origin in [17]; see also [5].)
In both cases the threshold usually depends on the index (j, k). There is by now
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a variety of papers on these rules, and other shrinking methods have also been
proposed [6, 20] but, all in all, the asymptotic performances of the different
shrinking estimators do not vary much. We refer the reader to the book of
Vidakovic [38] for further information on wavelets in statistics.

Clearly, the thresholds should depend on the type of noise and on the variance
of the noise in the initial data. For i.i.d. normal initial noise, the distribution of
the noise in the wavelet coefficients is also i.i.d. normal. In practice, the normal
noise assumption is not always realistic. For large datasets one can rely on the
central limit theorem and get the same asymptotic results as in the normal case,
but this will not do for small datasets (e.g., see [19]). Matters get worse if the
requirement of independence in the initial noise is dropped; often the initial data
to which the wavelet transform is applied is already the result of preprocessing
(when dealing with irregularly spaced design, random design, density estimation),
and then the noise is neither identically distributed nor independent. In particular,
for noise with tails heavier than normal, the thresholds are sometimes too small. To
date, only a few results directly deal with nonnormal noise ([19, 26, 27], etc.), and
it is the purpose of the present work to help better understand such a case. Let us
describe the content of the present paper. In the next section we recall the “ideal”
denoising method and study it for certain classes of noise. Minimax type results
are obtained in Section 3. In Section 4, compactly supported noises are tackled.
Section 5 deals with compactly supported noise with a smooth density. In the last
section, a different approach to choosing thresholds is introduced (the threshold of
the kth coefficient is always the same, no matter the signal length). This is studied
in a normal framework, the extension to nonnormal noise being briefly indicated.
Various simulations and computations are also presented. At times, our approach
also complements the Gaussian framework. Many of the results presented here
have been announced in [2] and were presented at the 1996-1997 wavelet special
year in Montréal. A companion paper [3] studies the function space approach to
denoising in a not-necessarily normal framework.

2. The ideal method. Let us briefly recall Donoho and Johnstone’s ideal
denoising method [13]. Given noisy wavelet coefficients, that is, the true wavelet
coefficient plus a random term which represents the noise and assuming that one
has knowledge of the true wavelet coefficients, an ideal (oracular) estimator is to
set a noisy coefficient to zero if the variance o2 of the noise is greater than the
square of the true wavelet coefficient; otherwise the noisy coefficient is kept. The
mean square error of this estimator is the minimum of o> and of the square of the
coefficient. Under the assumption of i.i.d. normal noise (see also [22] for normal
correlated noise), these authors show that the soft thresholding estimator achieves a
risk at most O (logn) times the risk of this ideal estimator. Moreover, no estimator
is asymptotically better.

The “ideal method” does not require any a priori knowledge of the function to
denoise, but might not be optimal when smoothness class information is available.
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For many “smooth” functions “most of”’ the wavelet coefficients are rather small
and only a small part of the wavelet coefficients are big. This means that the
risk of the ideal estimator is small and this, in turn, implies that the risk of soft
thresholding is small for these functions.

Let us now assume the regular design situation; that is, we have the observations
Xi=fi+e,i=1,...,n=2", where the ¢; have finite variance. To this data we
apply a discrete wavelet transform W, : R" — R”" which is adapted to an interval
by boundary corrections or by periodization, in any case in such a way that W, is
an orthonormal transformation.

Let Y = W, (X) be the empirical wavelet coefficients, let 8 = W, (f) and let
7= Wy(e). Thus ¥; =6, +z;,i =1, ..., n, and the respective mean square errors
in estimating 6 and f are equal. Assuming some knowledge of the true wavelet
coefficients 0, the oracular estimation for 6; is then given by éi =Y; if 91.2 > o2

and 6; = 0 if 9,-2 < o2, In plain words, an empirical wavelet coefficient is kept if its
contribution to the energy of the function is greater than the variance of the noise;
otherwise it is discarded. The performances of other estimators (in particular of the
soft thresholding estimator T)\S (x) = (Jx| — L)+ sgn(x) or of the hard thresholding
estimator T)\H (x) = x1{jx|>2)) when applied to Y are compared to the benchmark

n
2.1) By(0.0%) =0+ min6},0°),
i=1

which is the mean square error of 6 plus o2 which itself represents the penalty
corresponding to the error of the oracular estimator 6 if & = 0 (see [13]). This is
close to assuming that at least one 91.2 is greater than o2; note also that B, (0, o2)
is small in comparison to no? (the sum of the variances of the components of X)
if 0 (the wavelet transform) is sparse.

A further note is necessary here: let f be a function defined on [0, 1] and let
W, be a wavelet transform based on the wavelet v; then it follows from (1.1) that

So, in the sequel, when the thresholds are increasing with n, it is important to
remember that the true wavelet coefficients are also increasing with n, whereas the
variance of the noise in the coefficients remains constant.

If the ¢; are i.i.d. normal random variables, then so are the z;. Now, for
Yi=0;+z,i=1,...,n,n> 3, where the 6; are parameters of interest and where
the z; are centered i.i.d. normal random variables with variance o2, Donoho and
Johnstone [13] proved that

E|T%(Y) =0
su
peir Bu(6.07)

where 1 < o /2logn is the largest X attaining A and where X ~ N(z, 1). (Here
and throughout, | - || denotes the Euclidean norm and 6; are real parameters of

E(T3(X) —1)?
<A :=infsup (1) (X) 1)

< (1421 ,
n SO 2, 1) = (L T2 loen)
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interest.) A result of this type is also proved for i.i.d. random variables with
exponential tails in [19].

Inspired by the above results and their proofs, we now provide for i.i.d. random
variables z; with (known) distribution, a general (nonasymptotic) estimate on
the ratio of thresholding risk and benchmark. It should also be emphasized here
that the result below (as well as Proposition 2.5) does not depend at all on the
correlation among the coefficients (except for their variances). However, for highly
correlated coefficients, the benchmark as defined by (2.1) might not be such a good
measure of estimation.

THEOREM 2.1. Let Y; =6, +z;,i=1,...,n, n > 4, where the z; are
identically distributed symmetric (about zero) random variables with law pu and
such that E z% = o 2. Then, the equation

o0
(2.2) n+1)p»,0):=2(n+ 1)/ (x —0)*uldx) =1 +02,
A
has a unique positive solution \,. Moreover,
: E|TS(Y) -0 EITS(¥) =01 n(2+02)
A, :=1inf sup 5 = sup 5 = 5
A gern  Bp(8,0%) 9eRn B,(0,07%) n+ 1o

PROOF. ForA >0,60 R, let

p(r,0):=E|TS(z1 +60) — 0
(2.3) )
= A;(sgn(x +0)(|x + 6] — A4+ —0) u(dx),

and let also

p(i,0)
L,(A) :=sup 5 — -
9cR 0-/n + min(6-, 0~)

Then
n n 2
24 Y EIT V) -6 <L, (U— + min(6?, 02)> =L,(M)B,(0,0?).
i=1 i=1 "

The function p(A, 00) :=limg_ 0 p(X,0) = o2+ 12 is continuous and increasing
on [0, 00), whereas p(1,0) =2 [, fo (x— A)Zu(dx) is continuous and nonincreasing
on [0, co0) (decreasing on the positive part of the support of u, and zero outside
the support). Moreover, p(0,0) = p(0, c0) = o2. Hence A,,, which is the unique
solution of

P, 00 pi,00)
o?/n  or4+ao%/n’
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minimizes
p(%,0)
bef0,00} 02/n +min(62, 02)’
that is,
nGg+0% . p(1.0)
—— = =inf sup -
(n+1)02 % gefo. 400} 02/n + min(9?, o2)
2.5)
p(An,0)

= su - )
0e{0,+00} ‘72/” + min(62, 62)

‘We now claim that

p(An,0) p(An,0)
(2.6)  Ly(hy) = sup — L= 5 e
peR 0°/n+min(0%,0°)  gei0,00) 0°/n +min(6=, o)

Let A be fixed, let 5y be the Dirac measure with unit mass at 6 and let

(x — 0 + 22, x € (—o0, —A],
Fro@) = (T3 (x) —0)* =162, X € (=h, A),
(x — 0 —1)2, x € [A, 00).

IfX>h>0,60>0,then
P00+ h) = f Froen () (1 % 8941)(dx)
R
- /R Froon (e 4 1) (% 89)(dx)

> [ fro@)xa)dx) = pt.6),
where the inequality holds since

(x — 0 +1)2, x € (=00, —A — h],

Froen(x +h) =1 6 +h)?, x €(=A—h,A—h),
(x —6 — 22, x €[ —h,00),
> fr.o(x).

Thus p(X, 6) is nondecreasing in 8 on (0, co) and nonincreasing on (—o0, 0) since
w is symmetric. Therefore

A0 A, 00
en s p(r,6) _ plr,00) (

16]>0 02/11 +min(62, 02) B 02/11 + 0?2

_ p(h—OO))

" o2/n+o02
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We now claim that 6% + p(X,0)> p(X,0). Indeed,

02 4+ (x + )3, x € (—o0, —A],
02+ fro(x) =1 62, X € (=h, A),
0%+ (x —1)2,  x€[r, 00),

(x 4+ 1)2, x € (=00, —A — 0],

> {92, XE(=A—0,1—0),
(x — 1)2, x €[A—0,00),
= fio(x +0).
Hence
¥+MLm=/X#+ﬁmmmwmzfﬁﬂu+mmw>
2.8) R R

=Ajmuxuwwww=paﬁx

which proves our claim. Assume for a moment that p(,,0) > ¢2/n; it then
follows from (2.8) that for 6 € [—o, o],

PG, 0) PG 0) 602+ p(ha,0) _ p(hs,0)
(2.9 . = < < :
o%/n+min(0%,02) o2/n+62 o%/n+62 o%/n
We therefore conclude from (2.7) and (2.9) that if p(A,, 0) > o2 /n, then
p()‘m@) p()\n,e)
sup

bek 02/n + min(62,02) hel0,00) 02/n +min(62, 02)”

Let us now show for n > 4, p(i,,0) > o%/n, or equivalently, since p(i,,0)/
(0%/n)= (0> +12)/(1+ 1/n)o?, that A2 > 02/n. Indeed,
p(x,0) = Eg(z}) = g(Ez}) = g(07) = Eg(Y?) = py (1, 0),

where g(x) = (V[x] — )»)i is convex, where Y is a random variable with law
(6—¢ +6+5)/2 and where py (A, 0) is asin (2.2) with u replaced by (§_4 +6445)/2.
Hence p(X, 0) > py (A, 0) which implies that A, > &,, where &, is the solution of
n+1Dpy¢E,0) = £2 4+ 02, Thus it is enough to prove that for n > 4, S,% > O’z/l’l,
but this is easily verified since &, is the solution (smaller or equal to o) of
(n+1)(o —&)? = £2 + o2, Hence (2.4)—(2.6) show that

E|TS (Y)—0|? A2 + o2
A < sup E1T : [ 05+ 0%
pern  Bn(8,07) (n+ Do
To finish the proof, we now show that A, is the optimal threshold. For A > 0 we
have (choosing 8 =0 or 8 = 00)
E|TS(Y) -6 np(x,0) np(i, o0)
sup 5 > max > 5
HcR™ B,(0,07) o (n+ 1o

= Ln(kn) =

)zLAML
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where the second inequality holds since A, minimizes the second term and L, (A,)
is the minimum of this term by (2.5) and (2.6). This finishes the proof. [J

REMARK 2.2. If the z; are compactly supported on [—M, M],
limy_, 37 p(%,0) =0, thus lim,,— 4 o0 Ay = M and lim,,_, ;o0 A, = (62 + M?) /02,
In this case the risk associated with soft thresholding is comparable to the bench-
mark. For example, if the law of z1 is (6—¢ + §40)/2, thenas n — 400, A, > ©
and A, — 2. Thus the soft thresholding risk is only twice as bad as the benchmark.
For the uniform distribution on [—M, M], the ratio is 4. The ratio becomes worse
if the size of the support is large in comparison to the variance.

REMARK 2.3. Theorem 2.1 is still true if w is not symmetric. It was
notationally convenient not to include this case above. Replacing in (2.2),

o0

2 A w—02udx) by [ (xl = A)2udx).

[x|>A

gives a result for arbitrary u. However, it might be better to use different thresholds
for each side, but this leads to another class of estimators. Nevertheless, then the
optimal pair of thresholds (Alefi, Aright) is the solution of

Meft 00
(n+ 1>( [ = mPacan + [l - xﬁghozu(dx))

—00 right
_ 2 .2 2
= max(Aefi, Afigh) +0°7,

as easily seen by the methods presented above.

REMARK 2.4. The previous method of proof can also be applied to other loss
functions, thus removing the second moment assumption on the z; in Theorem 2.1.
This is briefly explained now. Let £ be an even convex function with £(0) =0, and
let my := E€(z1) < +o00. Let B, (6, my) :==my + > !, min(£(6;), my) and finally
let pe(A,0) := EZ(TAS(zl + 6) — 60). Then, for all n > ng, the equation

o
2100 4+ Dpe(r,0)=2n+ 1)/ Lx —Mu(dx)=El(z1 —A)
A
has a unique positive solution A, with, moreover,

g B2t UTS (YD) —6) o EN UTIY) —0) _ nEEG— )
petn  Bu(B.my) N getn  Bu(@.mo) (n+ Dmy
As in the previous proof, we see that for A > 0, pg(A,0) is continuous and
nonincreasing (decreasing on the positive part of the support of v and zero outside)
while (by the convexity of £ and since w is symmetric) pg(A, 00) = E€(z; — X) is
continuous and nondecreasing and moreover p;(0, 0co) = m,. These ensure that

Pe(A,0)  pe(r, 00)
me/n mg+mg/n’
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has a unique positive solution A,, which minimizes

“u pe(A, 0)
9e(0,00} /N + min(£(8), me)’

and npe(A,, 00)/(n + 1)m, is equal to this minimum. This leads us to a claim
similar to (2.6) but with p replaced by p,; and o2 replaced by m,. To prove it,
proceeding as above, we arrive at

(2.11) sup pe(A,0) _ pe(X, 00) (:pg()»,—oo)>
' |9|Zg—l(m[)me/n+min(£(0),me) my/n + my me/n +myg ’

which is the £-version of (2.7). Then for all 8, my + p¢(A,0) > p¢(A,0) and
assuming for a moment that npy(1,,0) > my, it then follows that for 0 €
(=€~ (my), €1 (mp)),
Pe(hn, 6)  peO0,0)
me/n + min(€(0), me) me/n

This proves that for all n such that np, (A, 0) > my,

sup pe(hn,0) _ pe(ry,0)
peRr Me/n +min(€(6),me)  peo,00) Me/n + min(€(H), my)’

and the result is proved.

Unfortunately the previous theorem does not, in general, directly apply to
the noisy wavelet coefficients; the requirement of identically distributed random
variables is too strong. In the case of nonidentically distributed random variables,
the next result gives a good suggestion for a threshold and an upper bound for the
ratio of risks, namely compute A, ; for each z; separately, and choose for global
threshold the largest of those A, = sup; A, ;. This will give a bound on the ratio
of risks which is more handy (although bigger) than sup; A, ; (note that inf; A, ;
provides a lower bound). Note also that below the benchmark B, (¢, ) has been
replaced by 7, (min(@iz, oiz) + aiz /n) since the variances oiz are no longer the
same and the oracular estimation is done coefficient by coefficient. In light of
the remarks above, it is also clear that below the symmetry (or quadratic loss)
assumption can be removed.

PROPOSITION 2.5. LetY; =6;+z;,i =1,...,nwithn >4, where the z; are
symmetric (about zero) random variables with law w; such that E zi2 = oiz. Let
2= (03 o*iz)/n. For each i, let A, ; be the unique solution of the equation

[e.e]
(2.12) 2(n + 1)/A (x — A2 ui(dx) = 2% + o?, 1> 0,
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let A, > sup; A, ; and let A, := sup; ()»ﬁ + aiz)/(oiz(l + 1/n)). Then

E|TS(Y) -0
(2.13) sup — 2” 5 <
perr 0° + >/ min(6;7, 07°)

PROOF. The proof is similar to the proof of the previous theorem. All we need
to show is that

i )"}’lae
(2.14) sup L1 6)

i=1,...,n
2 R 2 2 — n» k) ) ’
geR 0 /n +min(6=, o;°)

where p;(1,0) := [p |TAS (x+60) —0]*1;(dx). As shown in the previous proof, the
left-hand side in (2.14) is smaller than the maximum of

b+ 0} Ppi(An. 0)
— and sup —————.
(1 + l/n)ai 0€[—oi,0i] O} /n +6
Now, the first term above is dominated by A, while for the second term,
pi(n.0) _ Pi(n.0) +6% Pi (i, 0) +6°
0€l—oai,0i] ‘7,'2/” +62 7 pel—0;,0 ‘71'2/” +62 7 pel—o;,0] ‘7,'2/” +62
2 2
_ Api 0 -
o?(1+1/n) ~

where the second and third inequalities hold since A, ; < A,,, and the equality holds
because of the properties of A, ; obtained in the proof of Theorem 2.1. [J

n»

We want to apply the above theorem to empirical wavelet coefficients Y; =
O + zx. Since W,, is orthonormal, the z; are linear combinations of the initial noise,
thatis, zx = Y1, w,ﬁ?ei with Z;’:l(w,(c'fl))z = 1 and A, is thus quite complicated
to compute. An alternative is to find an upper bound for the A, ; which only
depends on the initial noise (e;). By Proposition 2.5, to compute an upper bound
for the performance of soft thresholding, we just need to find an upper bound
for all the optimal thresholds. Now, for given symmetric distributions w1 and u»
with 111 ([t, 00)) < pa([t, 00)), t > 0, and 0f = 05 = 02, let A;, i = 1,2, be the
solutions of

[e.e]
2(n+1)/ (x —A)*ui(dx) =2>+ o2, A>0,neN,i=1,2;
A

where clearly A, > ;. By a classical result of Hoeffding (see [35], page 855), if
the e; are zero mean, bounded i.i.d. random variables (or just bounded independent
or even bounded martingale differences) and, say, with support [—M, M],

—2¢? —12
raEn= eXp<Zi wi (M — (—M))2> - exP(m)
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for t+ > 0. Thus an upper bound for the optimal thresholds of the empirical
wavelet coefficients is the solution of (2.2) for the symmetric distribution p,
defined by ua([t, 00)) := exp(—tz/(ZMz)). In Theorem 2.7, we show that for

this u,, the solution is asymptotically like ,/2M?2logn. Estimates more precise

than exp(—2/(2M?)) are available but the asymptotics of the thresholds do not
change much with these. For centered (e;) with exponential tails, estimates on
P (zx > t) are known ([34], Section 2.2) and these also provide upper bounds for
the optimal thresholds for this class of noise.

If (e;) has tails heavier than normal, then the central limit theorem applies and
the distribution of ) _; wi je; “tends” to the normal distribution; that is, its tail
is becoming smaller. This tail compression property and the fact that the family
of variance mixtures of normal random variables is closed under mixtures and
convolutions leads us to the following which provides another approach to finding
threshold upper bounds.

PROPOSITION 2.6. Let pu be a variance mixture of normal distributions,
that is, the measure u defined on R is absolutely continuous with density
fooo ¢s(x)v(ds), where v is a probability measure on (0,00) and where ¢ is
the centered normal density of variance s. Let X;, i = 1,...,n, be i.i.d. random
variables with law ., and let g be a convex function on RT. Finally, let
ai,...,ap €R, by,...,b, € R, with respective squares written in nonincreasing
order (-- -ai2 > aiZ_s_1 >, (- -bi2 > bi2_~_1 > ...) be such that Zle ai2 < Zf-‘zl biz,

k=1,...,n—1,and Y!_ a? =", b?. Then,

wl(So) ) <os((£er))

PROOF. For y > 0, let RV(y) := Eg(yN?) where N is a standard normal
random variable. Clearly, R" is a convex function since y — g(yx?) is convex for
all x € R. Next, it is easy to see that, for any a1, ..., a, € R and X; i.i.d. with law
a variance mixture of normals, )%, a;X; is again a variance mixture of normal
random variables. The mixing measure of this sum is given by v 2 ¥ E Vg2,
where for any ¢ > 0, v, is the measure v(-/c)/c and vy is the Dirac measure with
unit mass at 0, and where v is the mixing measure of X;. Now,

2

R(a%, e az) = Eg((ZaiXi) )
i=1

—+00 [e.e] o0
= [ eed( [T [T b g v vidun) ) d
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:/Ooo... /Ooo</+Oog(xz)d)zagm(x)dx)u(dul)...u(dun)

—00

n
= ERN<Zal-2Yi>,
i=1
where the Y; are i.i.d. random variables with law v. Since R" is convex, it follows

from [30], Chapter 12, beginning of Section G that R is Schur-convex, which gives
the result. [

Let us now briefly explain how the previous proposition can be used when the
initial noise e = (¢;) is i.i.d. with law u a variance mixture of normals (see also
Proposition 1.5 in [2]). For x > 0, let g(x) = (/x — )L)i. Clearly, g is convex and
g(x?) = (Ix] —M)%. Now let by = 1, by = --- = b, = 0 and let z = (z;); be the
o
are in nonincreasing order (for the index j).

wavelet transform of e, thatis, z; = (W,e); = ;?:1 w; :e;, where without loss of

generality we assume that the (w("j))2

i
Since Y"_, (w;"))? =1, then
2

2
E(sz‘(,nj)ej —X) §E< ijej —)») ,
J + J +

for all A > 0. But the terms above are, respectively, equal to 2 [ )\00 (x — 2)2ui(dx)
and 2 ffo(x — 2)2u(dx), where p; is the law of z;. This implies that the solution
of (2.2) is larger than the solution A, ; of (2.12), providing via (2.13) an upper
bound on the ratio of risks.

The class of variance mixtures of the normal distribution contains many
important distributions, for example, densities of the form A (x) = ¢ exp(—czxd ),
0<d<?2,orc3/(1 + x5, n > 1, where cj, ¢, c3 are appropriate constants
(see [18], Chapter XIII and [2]). However, for a specific application, this class
might not be adequate. Nevertheless, it is sometimes possible to carry over
their properties to other “nearby" densities, since we only need an upper bound
on p(X,0). Indeed, if e; is symmetric, and if there exists a random variable v
whose distribution is a normal mixture such that P(leq| > x) < K P(|v| > x), for
all x > 0 and some K > 1, then for any ay, a, ..., € R,

2 2
E(Tf( Zaiei Zaivi
i i

) <o)

where the v; are i.i.d. copies of v (this last inequality is a consequence of the
contraction principle (e.g., see [29], Lemma 4.6). Next, if A, is the positive solution
of (n+ 1)E(|Kv| — A4)2 =12 + o2, then
E(T (X; aiei +6) — 0)?
up 2 ' 2
geR  0~/n+min(0,07)

(2.15)

S n»
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where now the coefficients a. are given by the entries of W, and where A, =
(A2 +02)/((1+ 1/n)0?). The inequality (2.15) then implies a version like (2.12),
for 6 € R". If P(le;] > x) < KP(Jv] > x) holds only for x > x¢, then (again
by [29], Section 4.2),

E (Tf( Zaiei
i

2
<1E (Tf (ZKxO

i) i)

where the u; are i.i.d. random variables with distribution (61 + 6_1)/2 and again
the a. are given by the entries of W,,. So if A, is the solution of (n 4+ 1)k(A) =
A% 4 o2, then again (2.15) holds with A, = (A2 +02)/((1 + 1/n)a?).

It would be desirable to generalize Proposition 2.6 to a wider class of
distributions, or to obtain a version which directly describes the behavior of the
tails of the sums. Results of this type are available for special classes of
distributions, where the tail of the sums is bounded by the tail of the initial random
variable [4].

In general, the distribution of the noise in the coarser levels of the transformed
signal is difficult to compute, and as a consequence of Propositions 2.5 and 2.6,
we used thresholds based on the initial noise. If this noise has tails heavier than
normal, then the thresholds for the coarser levels are higher than actually necessary.
In a minimax approach this does not really matter. As shown in [3], and depending
on the noise, from some level on upward the thresholds can be chosen as in the
normal case. Also for the finer level, the thresholds based on the initial noise
are also often too high. For example, let X be a random variable with a Laplace
distribution with EX2 = 1 and A, such that (1 + n)px(%,0) =A% + 1. Let ¥ be
an independent copy of X and let &, be the solution of (1 4 n) P(x+v) ﬁ(é ,0)=

2

(2.16) 2

2_aivi 2_aiui
i i

£2 41 [again, px and P(x+y)/v/3 are defined as in (2.3) with u, respectively,

replaced by the law of X and the law of (X 4 ¥)/+/2]. Then (see Figure 1 and
thanks to G. Nason) for n = 512, A, = 2.85, for n = 216, A = 5.43, while
the respective values of &, are &, = 1.81 and &, = 3.55. So, for the Laplace
distribution, it is reasonable to expect that the optimal thresholds for the finer level
wavelet coefficients are much smaller than the optimal ones.

To finish this section, asymptotic rates for A, and A, are obtained for
exponentially decreasing densities. This result applies when %, below, grows
asymptotically at least as fast as a fractional polynomial and, in particular, taking
h(x)= x2 /2 recovers a normal result given in [13]. Some numerical comparisons
between optimal and asymptotic thresholds for some classes of distributions are
also presented.
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THEOREM 2.7. Let  be absolutely continuous with variance o> and density
f(x) = Cexp(—h(x)) (C normalizing constant) where h is even, continuous and
increasing on [0, 00), and such that liminf, _, };l((cf)) > 1, for all ¢ > 1. Let A, be

the solution of (2.2) and let A, = n()»ﬁ + 0’2)/(0’2(11 +1)). Then

. h~(logn) . (hY(logn))? + o2
Iim ———————=1 and lim =
n—00 An n—00 oA,

1.

PROOF. First let us note a consequence of the conditions imposed on #
[showing, e.g., that in the proof we only need f(x) = Cexp(—h(x)), for x large
enough]. If A tends to infinity, then for all x € R, h(cA) — h(x + 1) — log(A% 4+ ¢2)
tends to plus infinity if ¢ > 1 and to minus infinity if 0 < ¢ < 1. Set g(4) :=
A2 +02)/2 [0 (x — )2 f(x)dx — 1,1 > 0, which clearly defines an increasing
function. For 0 < § < 1, we now claim that g(1) f((1 + 6)A) — 0, and that
qgA) f((1 —=8)L) > 400, as A — 4o00. For the first limit, let A > 1. Then

k2+02
—1 146
(2ff°(x—k)2f(x)dx )f ((1+8)3)
2 2
Mto F(A+8)2)

= 0
T (=12 f(x)dx

00 —1
= (/ x2 o+ dx) — 0,
0 FA+HNR2+02)

fG+2)
FA+HMNR>+0?)

and, by assumption, this last term tends to infinity, for all x, as A — +o00. Let us
turn to the second limit,

since

= exp(h((1 +8)A) —log(A? + 02) — h(x + 1))

*© A
g fF((1=8)r) > <2/0 2 fa+n

-1
* F(A=8ANA2+02) dx) — f(A=8x)

— +00,

as A — +o00. The second summand on the right-hand side above converges to 0.
The integrand in the first summand is equal to x2 exp(h((1 —8)A) —h(x + A) —
log(x> 4 ¢?)), which, by assumption, converges to zero, for all x € R. Therefore
the integral tends to 0 and the whole term to plus infinity. Thus for x sufficiently
large (depending on 6),

1 1
R AN T
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hence
L amza o= —— .
1-46 - )
for y large enough. Since 1, is the solution of g (A,) = n, it follows that
. n . An
lim ———— = lim ———— =1.
n—oo f=1(1/n) ~ n—o0c h=1(logn) O

REMARK 2.8. If f above is asymptotically like the inverse of a fractional
polynomial, that is, if there is a d > 3 such that lim,_, o f(x)x¢ € (0, o0), then
easy computations yield p(,0) ~ cA?~¢, implying that A, ~ &cn, for some
constants ¢ > 0.

REMARK 2.9. The additional summand o2 in the benchmark B, (6, o2) can
be moderately increased without changing the asymptotics of the thresholds.
Indeed, if o2 is replaced by cp,02, with ¢, = O ((log n)#), B > 0, then after
changing g, above, to g(}) := A2 +0?) /p(x, 0) — ¢, the optimal thresholds are
still the solution of ¢ (%) = n, and the asymptotic behavior of ¢! is not changed.
Thus the asymptotic behavior of the thresholds is not changed either.

Although there are in general no closed form formulas for the thresholds
in Theorem 2.1, it is quite easy to compute numerical approximations. The
results of such computations, using Mathematica, are presented in Figure 1 (see
also [13] for the normal case). The types of noise distributions considered are
the normal distribution, the Laplace distribution and the distribution with the
density ¢ exp(—c2+/]x[). Additionally, the optimal thresholds for densities with
polynomial decay, the uniform distribution and some mixtures of them are also
given. All distributions are scaled to have variance 1. In Figure 1 the densities are
only labeled by their functional part, that is, the actual density is the functional part

n— 32 128 512 2048 65536 2% 232

® 128 1.67 204 240 3.22 4.35 5.31
exp(—|x|) 1.58 219 285 3.55 543 8.70 12.15
exp(—+/1x]) 2.18 326 460 621 11.6 24.2 42.1
1.11(x) 1.04 126 142 153  1.66 1.72 1.74
1/(x'041) 1.11 140 168 199 296 5.53 10.3
1/(x*+1) 199 328 530 846 27.0 171 1088
1/((x +20)* + 1) 278 467 7.64 123 400 256 1625
1/((x+0.D*+ 1) 208 344 557 891 285 181 1149
999 (x)+1/(x +1* | 1.28 1.67 205 242 351 220 141
9p(x)+1/(x+D* | 1.29 1.69 2.10 257 723 479 306

9 (x) + 1/(x + 1* 137 193 289 482 162 105 666

FIG. 1. The optimal thresholds for some densities.
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0 5 10 15 20 Z5 30

log, of sample size

FIG. 2. Ratio of asymptotic threshold and optimal threshold for the normal distribution.

scaled such that it has variance 1. For example, exp(—x?) is the functional part of
the standard normal density ¢. The rationale for a maximal n = 232 is that most
of today’s (December 1999) computers are not able to work with datasets larger
than 232 (32 bit address bus).

Figure 2 (resp. 3) shows the ratio of the asymptotic threshold and of the
optimal threshold for the normal distribution (resp., the Laplace distribution).
The horizontal axis represents the base 2 logarithm of the sample size. As one
sees, the asymptotics in Theorem 2.7 work very slowly, since for the normal
distribution (resp. the Laplace distribution) and 22* (resp. 2%7) data points, this
ratio is approximately 1.3.

1.45} - .
1.af .
1.35 -
4] 5 10 15 20 =5 30

log, of sample size

FIG. 3. Ratio of asymptotic threshold and optimal threshold for the Laplace distribution.
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3. Near minimaxity. If the noise is normal, thresholding achieves the

minimax rate in the class of all estimators, that is,

. E|6—6]* 1

lim inf sup ————=1,

n—00 g pern Bn(0,0%) A,

where the infimum is taken over all estimators and where A, is now computed for
the normal distribution [13]. For a special class of distributions one can also show
that soft thresholding is asymptotically “near” minimax; that is, the 1 on the above
right-hand side is replaced by a constant. This result is a natural consequence of
Theorem 2.7 and of our next result (again the normal case is recovered by taking
below h(x) = x2/2).

THEOREM 3.1. LetY; =6, +z;,i=1,...,n, where the z; are i.i.d. random
variables with Ez1 =0 and E z% =02 and law . Let pu be absolutely continuous
with density f of the form f(x) = Cexp(—h(x)) (C a normalizing constant),
where h is even, continuous and increasing on [0, 00). Further, let

: h'(x)
lim sup =
x—o00 h~1(x —2logx)

Then

o Elg—01> o
liminf inf sup 5 i 5 =1,
n 0 gerr Bn(8,07) (h~'(logn))

where the infimum is taken over all estimators o of 6.

PROOF. We prove this bound by computing Bayes risks (a strategy already
used in the proof of Theorem 3 in [13]). For 0 <e <1 and a > 0, let F,, :=
&8s + (1 — €)dg, where §. denotes the Dirac measure with unit mass at c. The
a priori measure for 0 € R" is Q, := ®i_, Fs, 4,, With &, and a,, specified later.
For now, it suffices to assume that ¢, — 0 and a,, — oo. First we consider the
one-dimensional case, and compute the Bayes risk for estimating 67 € R given
Y1 =01 + z1, where the a priori measure for 0; is F, ,. Let M := F, ;, x f; that is,
for any A, B, Borel sets in R,

M(A,B):(l—8)80(A)/Bf(x)dx+88a(A)/Bf(x—a)dx.

Let I1; and II, be the projection from R? to the first, respectively, the second
coordinate. In this context, the Bayes estimator for 6 is
0l—¢e)f(x)+acf(x —a)
ds,a(x) = Ey(I11|TTy = x) = ! !
(I-e)f(x)+ef(x —a)
ef(x —a)

Tefa—a+d-ef@"

3.1
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Thus,

EF.  Eo (dsq —01)°

:g/+oo (dea(x) —a) f(x —a)dx + (1 — &) /joo de.o(x)? f (x) dx

—00
2

) f(x —a)dx

(=
fG—a+ -6

2

e [T (1—¢)f(x) B
=¢&a /_oo (sf(x—a)_|_(1_8)f(x)> f(x —a)dx

1 2.2 too f(x)z _
=(1—¢&)¢a /_oo (sf(x—a)—i—(l—e)f(x))zf(x a)dx.

Let us further lower bound (3.2). For any « € (0, 1), there exists a ¢ > 0 such that
I o f(x)dx > a, while for any B > 0, assume that there exist (as will be shown
below) ¢ > 0 and a > 0 such that 8f(a +c¢) > l’%gf(O). Then, since f is even and
decreasing on [0, +00), Bf (x) > ﬁf(x —a),forall x € (a —c,a—+c). In turn,
this implies that for all x € (@ — ¢, a + ¢),

f&)? . f@&)?
ef(x—a)+ 1 —e)f(0))? ~ (A=) f()1+p)*

and using (3.2),

(32) >ea’ /

—0oQ0

(1= €)? o ) o 2
3.3) EF, ,Eo (deg —01)" > d_o2d +ﬂ)28a =13 ﬂ)zea .
Let us now show how to apply the above inequalities to the multivariate Bayes
case. Let « (hence c) and B be fixed, let &,, a, be sequences such that
ne, — oo and Bf(a, + ¢) > li'fenf(o), and finally let m, := (ne,)*3, N, =
#O; #0,i =1,...,n}, Ay := (N, < ne, + my}, and p, = Q,(AY), where
# denotes cardinality. We now prove that p, = Q, (N, — ne, > m,) = o(g,) by
using Bennett’s inequality [35], page 851. This inequality provides the first step
below, where the function k(x) :=2((1 + x)log(1 + x) — x)/x2 is continuous,
decreasing on (0, oo) and such that k(0) =1,

28’:: 1/:/’;) k<8n (Tn—/;:)ﬁ NG ))

- (_(enn>2/3k( (ean)?/3 ))
=P\ e, 0 \nen (I =)

—1/3
(34) :exp<_%8n—1/3nl/6k<%))

1—¢,
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< exp(—is 173 1/6>
[for n large enough since ne;, — oo and k(0) = 1]
=o(ey).

We are now ready to tackle the Bayes risk of Q,,. Let d,, be the (R"-valued) Bayes

estimator for Q, and let dfl, i=1,...,n, be its ith coefficient. In view of (3.1) it
is clear that 0 < d! < a,. Next,
ldn (Y) = 011 1 S 2
: > Eg,Eg ) (d,(Y) = 6:) 14,

Qn =6 B,(0,02) ~ o2(1 +ne, +my) Pt

1 noo 5
Eo E di(y)—6;)" — 2
62(1+n8n+mn)( o ngl:( n(V) =) npnan)

[since Eg(d! (Y) — 9i)21AC < pnay]
@3.5)
1

= (ZEQHEQ (dl (Y) ) npna,zl>

(1 +ne, +my)

ey (e )

n a,——= —nNn a

o2(1+neg +mp \ " pyz P
~— % 2
(1+B)2%2 "

using (3.3) and since pnaﬁ = o(enaﬁ) and m, = o(ne,). Let us now choose
&, and a,,. Remember that ¢, has to satisfy ne, — oo and that a,, must be such
that f(a, +c) > ﬂ(l 5 )f(O) Thus, if ne, = logn and since f~! is decreasing,
we can optimally choose

1
(3.6) a, =h" (logn —loglogn +log(1 — £> +logp — 10gf(0)) —
n

Because of the conditions imposed on A~!, we have a, ~ h~!(logn). Since
o and B are arbitrary, the theorem follows by letting « — 1 and 8 — 0. U

REMARK 3.2. Above, the time domain i.i.d. assumption which is natural
in view of the regression model (1.2) could be replaced by independence and
the (less natural) requirement that the ratio of two arbitrary noise densities is
uniformly bounded above and below. It should also be noted that the proof
just presented readily adapts to a general symmetric, continuous and decreasing
noise density f, since a lower bound for the Bayes risk similar to (3.5) can be
obtained where now a,, = f_l(sn/(ﬁ(l —&,)) f(0)) — c. Above, the condition
lim supx_)ooh_l(x)/(h_l(x —2logx)) =1 (where actually limsup = lim, since
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h~! is increasing on [0, +-00)) was mainly imposed to simplify the resulting
asymptotic behavior of a, in (3.6) and is satisfied if & grows at most as fast as
a fractional polynomial. Combining the last two theorems we see that if the noise
in the data is i.i.d. and its density is asymptotically like exp(—#h(x)) where A is a
fractional polynomial, then soft thresholding is optimal in the minimax sense, it
has the asymptotically best ratio of risk and benchmark.

REMARK 3.3. Again, and as previously noticed, the benchmark can be
moderately increased. One of the last steps in the proof of the previous theorem

asserts that
! < eg2 Y 2) o 2
nepa, ———— — pya;, | ~ ————a,.
o2(14+ne, +mpy) \ (14 B)2 Pl (I1+p)? ™

The constant 1 in the denominator on the left-hand side can be replaced by c,.
The ~ remains valid if c¢,/(e,n) — 0. To keep the same rate for a, it is
necessary that loge, ~ —logn. Thus, if for example ¢, ~ (logn)?, then with
en = (logn)P*!/n we get the same asymptotic rate for a, and for the Bayes risk
for Q,.

In contrast to Theorem 3.1, our next result [which applies to the wavelet domain
model (1.3)] is only about the rate of the ratios. The idea of the proof is the same
in both results, but the proof is now complicated by the fact that we do not have
a closed form expression for the density of the noise in the empirical wavelet
coefficients. Since we have to rely on rough bounds for these tails, we only get
a statement about the rate.

THEOREM 3.4. Let the observations X; = fi +e;, i =0,....,n — 1 =
2™ — 1, be given, where the f; are parameters of interest and the e; are
i.i.d. random variables with law w and variance o>. Let u be absolutely
continuous with density g of the form g(x) = Cexp(—h(x)) (C a normalizing
constant), where h is even, continuous and increasing on [0,00). Further,
let limsup,_, h(cx)/h(x) < oo, for all ¢ > 0. Apply a periodic wavelet
transform W, to these observations, taking for every n the same compactly
supported generating wavelet. Let 6 = W, (f). Then

N E|6—0|> 1
liminf inf sup >0,
n=>00 g gegpn Bn(0,02) (h=!(logn))?

where the infimum is taken over all estimators 6 of 6.

PROOF. We apply a wavelet transform W, derived from a multiresolution
analysis generated by a common compactly supported wavelet. The fixed filter
lengthis N, Niseven,and Y; s, 0;rand z;x,0<k <2/ —1,0<j<m—1,are
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respectively the kth wavelet coefficient at the level j, of W, (X), W, (f) and W, (e).
Let @ « be an estimator for 0; x, where é\J x may depend on all the X;. We compute
below an asymptotic lower bound for supy(}_; « Elgj,k - Qj,klz)/Bn(Q, o?), by
computing a Bayes risk. For 0 < e <1 and a > 0, let F, , be defined as in the
proof of the previous theorem. The a priori measure for 0, i is F, 4, if j=m —1,
and &g otherwise. For now, it suffices to know that &, — 0 and that a,, — o0. The
a priori measure Q, for # € R”" is the product measure of the a priori measures of
the coordinates. In the sequel, we omit the level coefficient m — 1, since we are only
concerned with the coefficients in this level. Let us now observe the following: For
n greater than a certain bound, the filter coefficients dy, . .., dy—1 used to compute
the 0; x no longer depend on n. Thus ¢; = Z?’:_Ol dy fri+¢ where the indices for f
are considered modulo n, since we are using a periodic wavelet transform. On
the other hand, given the a priori measure Q, (that is, assuming that the wavelet
coefficients for the levels j <m — 1 are 0) one computes the f; by

N-—1
fi= Z deOi—g))2 if i is even,
£=0, £ even
and
N—1
fir= ). dbi—ep  ifiisodd.
£=0, £ odd

This follows immediately from the fact that W,, is orthonormal, that is, WnT =
Wl For0<i<n/2—1,set

On(-N{iy;=0,1<[jl=N/2-1})
0n({6+j=0,1<|jl=N/2—1}) ~

where 0/0 is understood as 0. If Qil is the a priori measure, then 6; and f; are
independent whenever j < 2i or j > 2i + N — 1. Hence the Bayes estimator
for 6; given the a priori measure Qil only depends on f5;, ..., f2itnN—1. As one
easily checks the projection of sz on fai,..., f2itN=1 15 €x8(dy,....dy_1)an +
(1 —&n)é(0.....0)- Hence the Bayes estimator b; for 6; given Qﬁl 18

0l ()=

8a, (X)ep 4
ga, (X)en + (1 —gy)go(x) "

where g,, (resp. go) is the density of Xo;, ..., Xoiyn—1 if (f2i, ..., f2i4n—1) =
an(do, ...,dy—1) [resp. if (f2i,..., frign—1) = (0,...,0)]. In other words,
8a,(X) = ]_[?/:_01 g(xg —andy) and go(x) = ]_[2\’:_01 g(x¢). Now let 6; be an estimator
for 6;. Then

bi(x) := xeRVN,

3.7) Eg,Eo,0; —0)> > (1 — ,)" 2E i Eg, (bi — 6:)°.
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Next, we proceed to compute the Bayes risk of b; given the a priori measure Q' :

E yi Eo,(bi — 0:)* = (1 — &) Eg,—0b} + €0 Eg;—a, (bi — an)”
2

8ay, (X)en _
G8 zon [ (o t 2an En " ) g, 21

2

— e g2 go(x)(1 — &) ) 4
I A‘@N <80(x)(1 — &n) + &a, (X)&n 8a, (¥) dx.

Set dmax = max;—o,. nN—1|di|]. Let 0 < o < 1. Then there exists a ¢ > 0
(depending on «) such that f[_C’C]N go(x)dx > «. Now define [, := [—c, Vv +
an(do, ...,dny—1), and assume that &, and a, are such that (1 — g,)go(x) >
26,84, (x), for all x € I,,. Thus using (3.8),

go(x)(1 —&,)
go(x)(1 —¢&,)3/2

2
4
E i Eg,(bi — 6)" = eqa, fl ( ) Zan (V) dx = G enaze,

which implies via (3.7)
EQ,Eq 0 —0)% > 5(1 — &))" epanor.

Hence for o large enough and n greater than a certain bound, the Bayes risk for
estimating a single 6; is greater than or equal to 14—08na,%- Let ¢, and a, be sequences
such that (1 — &,)go(x) > 2g,84,(x), for all x € I,, with also lim,_, . ne, =
+o00. Set m,, := (nsn/2)2/3, and as in the previous proof let N, := #{6; # 0,
i=0,....,n/2 -1}, A, := {Nn; ne, /2 +my}, and p, := Q,(AY). Recall also
from (3.4) that p, = o(g,). Let 6; ; be an estimator for 0, ; and, without loss of

generality, assume again that 0 < §m—1,k < a,. Now, given Q,, that is, assuming
that the wavelet coefficients for the levels j <m — 1 are 0, it follows that

Y l05k— 04l
Bﬂ(97 02)
Ok — Okl?
ZEQHEQZI;| ke — Okl
o-(14+ N,)
(leaving the index m — 1 out, thatis, 6 :=6,,—1 k)

Eg,Eq

1
>
~ 02(1 +ne, /2 +my)

> ! E
~ 02(1 +ne, /2 +my)

Eg,Eo Y 16k — 6k|*14,
k

-~ n
0.Eo Y 10k — k> — Epna,%
k

[since Eglac |0k — Ok* < Qn(AS)a; = paaj]

1 ~ n
= > Eg,Eol0k — 0k|* — < pnay
o2(1 4 ne/2+ my) o 016k = Ol” = 5 Put
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- 1 (n 4 , n 2)
——é&na; — = pud
= 52(1 4 nen 2+ myy \2 107"~ 3 Pnétn
(for n large enough)

1
> ) aﬁ [for n large enough and since p,, = o(ey)].
o

logn assume n is so large that &, < 1/2, and choose

Take ¢, := —

1
a, = h_1<ﬁ(logn —loglogn) —log(g(0) I«V/Zl)) —c.
It then follows that
1
h(a, +c) = —log(g(O) w) + N(logn — loglogn),

equivalently, exp(—h(a, + ¢)) = g(0) ¥/logn/n V4, that is, gla, + ¢) =
g(0) /g, V/4. Since &, < 1/2 and |dpmax| < 1,

g(dmaxan +c) > g(0) W\N/ 2/(1 —¢&p);

thus
N-1
(1—en) [] g(dean + ) = 26,8(O)",
=0
and finally

(1 - Eﬂ)go(x) Z zgngan (“x)

for all x € I,. Our choice of a, has fulfilled the required conditions, and since
a, ~c¢ lh_l(log n) for some constant ¢; > 0, the theorem is proved. [J

4. Compactly supported distributions. In the previous section, we com-
puted lower asymptotic bounds for thresholding for some classes of noise. To do
so, we made use of the facts that half of the coefficients are in the finest level,
and that the distribution of the noise in this level is “close” to the distribution of
the original noise. We consider now compactly supported noise and show that the
asymptotic performance of the wavelet domain thresholding is not better than for
normal noise. Here we will use the fact that the distribution of the noise in the /n
coarser level coefficients is “close” to the normal distribution. From the discussion
before Proposition 2.6, the result below can be complemented by the fact that for
compactly supported noise, A, (as defined below) is such that A,, = O(logn) (see
also the next section).
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THEOREM 4.1. Let the observations X; = fi +e;, i =1,...,n =2", be
given, where the f; are parameters of interest and the e; are zero mean, compactly
supported (on [—M, M)) iid. random variables with variance o*. Apply a
periodic wavelet transform W,, to these observations, taking for every n the same
compactly supported generating wavelet. Assume moreover that the corresponding
wavelet basis is Holder continuous of index 8 > 0. Let Y = W, (X), let 0 = W,,(f)
and let

Sk EITS (Yix) =0k
4.1) Api= inf sup =LEtIo I
(K.,.)GR" OecRn Bn (0, o )

Then liminf,_, A, /(2logn) > 1.

PROOF. Let z = W,(e), where the wavelet transform W,, is derived from a
multiresolution analysis generated by a common compactly supported wavelet i,
and the fixed filter length is N. To prove the result, we need to lower bound p (X, 0)
corresponding to the noise (z;x) in the wavelet coefficients, where again z; ; =

"l wyf,z’iei, with 2?21(10;7/2,1')2 = 1. We first show that max; ; j<j |w§-’f,3’i|
C2U=m/2 for some constant C and where for a fixed q€,1), h=hn) =
[log,(n?)] ([-] denotes integer part). This first step is needed to apply known
estimates to control the tail behavior of z;. Recall that if W, is generated
by a compactly supported wavelet not necessarily adapted to an interval, then
wy',z i =¥k, ®m,i), where ¢ is the scaling function associated to the wavelet ¥,
and again n = 2". It is also well known that if ¢ is Holder continuous with
exponent §, then

=

4.2) sup|20" P2k gmi) =Y @I —ho < Q2P
L

for some constant C; and m — j > jg, for some jy ([8], page 205). But W,, isa
periodic wavelet transform adapted to [0, 1]; thatis, for j > 0and 0 <k <2/, ¢«
and ¢; ; are replaced by

PR =) Yk +i) and  @f(x) =) @jx(x +i);
i€’ i€’
thus wjnlzl = (W?’ekr, (pslej). Since for m large enough, (pglej (x) =@m,i(x —[x]) and
since in the construction of each ¥"-' only at most N wavelets are involved, a
bound similar to (4.2) continues to hold, but with C; replaced by a constant C»

depending on N and C;. Hence

(4.3) H/iafx |w§n121| < z(j_m)/zNHW”oo + sz(j—m)(ﬂ+1/2) < C32(J'—m)/2’
Ji
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where C3 := Cy 4+ N ||V |l 0o- Now

Yk EITS (Va0 — 60kl
sup )
beRr By (02,0)

4.4)

(ngh,k E(T (zj0) Ljapp3, + 02))
> max . , = ’ s
- o? 2rtl 4 1)o2
where this lower bound is obtained by choosing, respectively, 6; y = 0 for all j, k
and

00, J=h,

Ok =

0, elsewhere.

Because of (4.4), from now on we will only be concerned with the levels O, ..., A,

and in the rest of the proof when (j, k) is an index then implicitly j < k.

To bound the first term in the maximum in (4.4) we use the following version
of Kolmogorov’s converse exponential inequality (see [36], Section 5.2).

Let (X;) be a finite sequence of independent, zero mean random variables such
that || X;|lco < D, for all i. Then for every y > 0, there exist positive reals K(y)
(large enough) and &(y) (small enough) such that for every ¢ satisfying t > K (y)b
andtD < 8()/)!72,

2
4.5) P(in > t) > exp(—%),

where b? = Y; EX?.
Let us now show how to use (4.5), and let y > 0. Recall that |leg|lco <

M < oo for all k, that by (4.3) max ;< k. ; ||w;f’,2’ie,~ loo < C3M2=m/2 and that

S E@") e)? = o2 Thus for t = K (y)o and 1 < (y)o220"=/2/(C3M),

1
(1+ y)tz)
202 )’
In addition to (4.6), let us also state two estimates we need. First, by Chebychev’s

inequality,

2
4.7) P(zjkl = djx+ 1) < E(T, (20) "

(4.6) P(lzjil > 1) = 2GXP<_

Second, thanks to the uniform convergence in the CLT with rate (see [34],
Section 5.2) for all x > 0, there exists an ng = ng(x) such that for all n > ny,

(4.8) 2P(lzjkl Z0ox) =1 — @ (x),

where @ is the standard normal distribution function.
Now let (A7, ,) be a set of optimal thresholds for the right-hand side of (4.1)

and let 0 < @ < 1. Recall that j < h, hence #{Aj s, ] < h} = 2h+1 (again,
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# denotes cardinality) and thus at least one of the following three conditions holds:

22(m—h)/2
@9 #fie (koo ) = a
or
(4.10) #0% < K)o} > a2",
or
. g(y)o,Zz(m—h)/Z N

Combining (4.4) and (4.7) leads to
2 i<k PUzjxl = kj,k,n +1) Zj,k(()\?k,,,)Z + 02))
o? T @ 4 )o?
Assuming (4.9) and using (4.6), (4.12) becomes
2 <_ A+)05 e, + 1)2> Yk (O3 )7+ 02)>

A, > max <j<2h:k ) exp 702 T+ o2

. 2 <1+y><xjkn+1>2>
4.13) > f — — = ,
@19 =, g mox( 5 Zonf

2 2
j<hk @ 20

“4.12) A, > max(

Y i<ani(jan)? +0?)
@1+ 1o? ’
where the sums are over the )G;’k’n and A ¢, satisfying (4.9).

It is easy to see that the minimum on the right-hand side of (4.13) is achieved if
all the A x , are the same and equal to the solution A of

2 I+ + D\ (409
xp (‘ 202 ) T T Dot

Now computations as in the proof of Theorem 2.7 show that A* behaves
asymptotically like

o2

\/20210g2h+1 \/202q logn
(1+vy) (1+vy)

where the asymptotic ~ holds by our choice of & = h(n). Hence (4.9) and (4.13)
lead to

_ h+1 *\2 2 .
(4.14) A, o (Lm0 +0) 201 —a)glogn.
M1+ 1)02 1+y
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Assuming (4.10), using (4.8), and for n > no(K (y) + 1), (4.12) becomes

1
Anz— > Pzl =K@)+ 1)

j<h,k
(4.15) Zf I )
> a_<1 — Q(M)) ~Cq2" > C4n_’
202 o 2

where the sum is over the indices such that )\’;’k’n satisfy (4.10), where C4 =

Cs(a, 0, K(y)) and since n? < 2"*1 < 259, Finally, assuming (4.11), (4.12)
becomes

A= Y.

J=<hk

(A ) +0%)
@1+ 1)o?
(4.16)

0[2h (8(y)o.22(m—h)/2

2
2\ ~n(m—h) -
> e o) ~ €2 = !,

where the sum is over the )‘j,k,n satisfying (4.11) and for some appropriate
constant Cs. Thus (4.14)—(4.16) show that the right-hand side of (4.4) grows as
least as fast as (1 — «)2¢g logn/(1 4 y). Since «, g and y are arbitrary, this gives
n

liminf > 1.
n—+oc 2logn O

5. Smooth compactly supported densities. In this section we show that soft
thresholding is optimal for a class of C2-noise with compactly supported positive
density. Under these conditions on the noise, no estimator can give a better rate
than soft thresholding. However, in the “function space setting” where signals
are assumed to belong to balls in function spaces, and without the “smoothness”
assumption, other types of estimators can outperform soft thresholding. Such an
improvement is presented, via a nonlinear filtering procedure, and for uniform
noise, in Section 4 of our companion paper [3]. Moreover, estimators which exploit
the special structure of the densities involved, for example a moving median
estimator (see Section 3 of [3]), can also outperform soft thresholding for other
types of noise, e.g., for noise with inverse polynomial tails.

THEOREM 5.1. Let the observations X; =s; +e;, i =1,...,n=2" be
given, where the s; are parameters of interest and the e; are zero mean i.i.d.
random variables with variance o> and law 1. Let u be absolutely continuous with
compactly supported (on |a, b)) density f. Let f be twice differentiable on [a, b]
and such that f > 0 on (a,b). Further, let f(a) = f(b) = f'(a) = f'(b) =0,
let f"(a) #0, f”(b) # 0 and let sup,_._, |/F (x)| < 4+00. Apply a periodic
wavelet transform W), to these observations, taking for every n the same compactly
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supported generating wavelet. Let Y = W, (X) and let 6 = W,,(s). Then

N E|6 -6 1
liminf inf sup 5
n—=00 g gcRn Bn(Q,O' ) logn

where the infimum is taken over all the estimators of 6.

The computations of the minimax bounds in the previous sections were based on
the a priori measure F; , and its Bayes risk, where ¢ and a were carefully chosen.
In that context we computed the Bayes estimator using likelihood ratios. Here
we wish to apply a similar method to coarse level wavelet coefficients. Again the
Bayes estimator relies on likelihood ratios, and below we compute an asymptotic
expansion for these likelihood ratios. To do so, we will use elements of Le Cam—
Hiajek LAN theory as exposed in [37], for example.

PROOF OF THEOREM 5.1. Let m be the Lebesgue measure, let Py = fm and
let P, = Py8p, thatis, P,(dx) = f(x —h)m(dx) and letalso g := —2/F //F =
—f'/f on(a,b), g =0elsewhere. Finally, lett#,;,i =1,...,n, be a triangular
array of numbers with t, :=sup;_; , |tn.i| and #,/n¢ — 0, for any ¢ > 0. Our
goal is to prove that

ndP, . m 1 & Eplgl* &
(5.1) 10g< — IV ) ) = =Y tig() — =223 "2 opn(1),
=25 7R o i or

where opr (1) denotes a sequence of random variables converging in probability
to 0, and where this stochastic convergence only depends on #, and n. For
simplicity and ease of notation we will assume that ¢, ; > 0, as this spares us some
simple distinction of cases. For2 < p < 3, let Ep,|g|’ = f: L )P/ f(x)P~Ldx.
The restrictions on f imply that for x € (a, b) close to a, f(x) =c(x — a)? +
o((x —a)?) and f'(x) =2c(x —a) + o((x — a)), for some constant ¢ # 0. Thus,
near a, |f'(xX)|?/f(x)P~1 = O((x — a)~P~?). A similar statement holds for
f close to b, and together these imply that Ep,|g|” < oo. Let us now turn to the
likelihood quotient, and define

dP,_ -
By =2 | )
’ V" ap,

52 [ thnil?aro=2" [ VF Gt =1 F R dx < oo,

.....

For 2 < p < 3, then

Indeed, the conditions on f imply that \/F € C!([a, b]), hence

(5.3) Ve =ti/vm = F00| = 06/,
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uniformly in x. Moreover, since near a (resp. near b), f P2 =0((x —a)*P)
[resp., f(x)!7P/2 = O((b — x)>~P)], it follows thatf Fx)'=P/2dx < co. Thus,
Elh, i|P <00, 2 < p <3, and in fact

t \*
(5.4) Epylin1? —0((ﬁ) )
tn,i

Next, we show that
[e%e) i 2 tr?
ﬁg :/—oo (hn,i(X) - ﬁg(X)> fx)dx = O(W)

The middle term in (5.5) is equal to

4/; <1/f(x — tn.i//1) - f.i (x)>2f(x)dx

o 2t
—4/ (Vo= tnarvm - IW)
) as

- 4/aa+tn’i/ﬁ <\/f(x —twi /) =\ f

b 2
4 (V&= tnirvm - \/f(x)+f\/f()c>

a+tyi//n
attyi/Jn 2 y
<[ v (ro=mirm =70 + 24,70 ax

b thi 4 1/
4/ <c1 "’l> dx (since sup I\/? x)] < +oo)
a+ti//n \/ﬁ a<x<b

() + () + )

for some constants ¢; > 0,c; > 0, by (5.3) and since /f € C([a, b]). This
proves (5.5).
As in [37], page 379, a simple Taylor expansion gives

log<1_[ ;”1;”< >)

i=1

2

(5.5) Ep,

hn,i -

2

(5.6) :Zzlog (%h,,,i(xi) + 1)

—Zhnz(xt Zhnt(xz)2+ Z l_r(hnt(xz))) nt(xz)z
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where r(0) = 1 and where |r(x;) —r(x3)| < C|x1 — x3|, for |x1] < 1, |[x2| < 1 and
some constant C > 0. We now analyze (5.6), and first show that the last summand
there converges to zero in probability, the rate depending only on ¢, and n. First,

PS’(Z (1= 7 (hp i ()i (xi)* > 8)

i=1

(5.7 < P(;’(s?p\l —r(hni(x))] > 2 logn)

Next, by (5.4), Ep0|h,,,,~|2 = O(t,%/n), hence m Y h,,,i(xi)2 converges to

zero in L', and the rightmost term in (5.7) converges to zero in probability, the
rate depending only on n. Further for 2 < p < 3,

Pé’(t,%logn sup [1 —r(hy,; (x;))| > 1)
i

n
<> Po( 11 = r(hni(xi))| =
‘,-221 0<| r( n,l<x,>>|_t310gn)

" 1
< Pol b, :(x))| > ———
_g O<| n,l(xl)|_ Ct,%logn)

n
<Y EplhniIPCP1y? (logn)?
i=1

_ ooz
- np/2-1 )
where the second inequality follows from properties of r and the last using (5.4).

Since p > 2, our choice of #,, implies the uniform stochastic convergence of (5.7),
and thus

n dP ) o n 1 n
(5.8) log (1‘[ %(xo) =2 IniGi) = 7 Y hnixi)* +opr(1).
i=1 0 i=1 i=1

Next, we show that )7 , ni and )7 | Ep,h ,” are stochastically equivalent
with respect to P(;’, that is, that )7 X,” — 0 in probability, where X, ; =
h: ;. — Epyh ;. For2 < p <3, (5.4) gives

n, i

tp
EpylXn,i |p/2 = EP()lhﬂ,i|p + (EP()hZ,i)p/2 - O(l’l;ﬂ)’
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hence if X.,; := Xu,i1yjx, ,1<1). then X7 ; < |X,,117/* and

n N n tp
(5.9) Z EPOX%,I' = Z EPo|Xn,i|p/2 = O<nTnZ—1>
i=1 i=1

Since Epy X, ; =0,

n n
Y ErXnilyx, 1<y < D Epy|Xnillyx, 1>1)
i=1 i=1

EP0|Xn,i|p/2d
P2 .

n o0
(5.10) <> (1P0(|Xn,i| > 1) +/1
i=1
tn
o).

n
zs) <> Py(|Xpil > D+ P(f(

i=1

by (5.9). Now, for ¢ > 0,

n
P(';( > X

i=1

n ~
> %,
i=1

i ZS>

n n tp
Z Po(|Xpil = 1) < ZEP()|X"’i|p/2 - 0<l’ll7/n2—1>’
i=1 i=1

P(;’<

and

while

S\ Em (i) Xni)?
) 2

n ~
an,i
i=1

< er'lzl EPO)’Z%J + (Z?:l |EP0)?n,i|)2

82
ty
_ o(r /2_1),

by (5.9) and (5.10). It thus follows that ), ; X, ; converges to zero uniformly, that
is, the rate depends only on ¢, and n. Combining the above with (5.8) gives

- dPtn l/\/ﬁ
log (1_[ 7dP0
i=1

n 1 n
A =) i = gD op(D
i=1 i=1

n 1 n n
=2 (i = Ephni) = 3 3 Erhy i+ Erhai+opy(1).
i=1 i=1 i=1
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Still proceeding as in [37], page 381 top,
Epyhni=—3Ephy; — Py, ) i(Nui)s
where Ny, ; ={dPy/d P, = 0}. Hence (5.11) becomes

141

1 n,i .
og(l[[l—dpo (x»)
(5.12) -
= (hni — Ephn,i) — ZEPO 2, ZP,”M(N,,,HOP( n(1).
= i=1
Next,
; E (t’“ )2 Ep (h )’
Py 8 Py\Np,i
i=1 \/ﬁ
n
ta.i t,
=Z EPO(_g hn,t)( g+hnt>‘
= N N
(5.13)

oG o()

by (5.4) and (5.5). Moreover, since Ep g =0,

n
In,i
EP"( E (hn,i — Epyhni) — — g)
0 i=1 \/ﬁ

2
(5.14) _ZE ( —[g Epohn,)

2”: thi \° t3

= Eny(hni = 2L e) = 0(2).
— 0 Jn Jn
by (5.5). Hence with (5.13) and (5.14), (5.12) becomes

log<H ;’1’)/[( ))

i=1

n

1 fni\° n
Z gt - 2 ﬁ) Eng’ = 30 By i) +ory (1)

i=1 i=1
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where again the stochastic convergence depends only on #, and n. Finally, since

h+ln.i/\/’_l tn,i
Pln.i/«/ﬁ(Nn,i)='/l; f(x_ﬁ)dx

ln.i/\/r_l [3
=/0 f(b—x)dx=0<n3/2),

by the conditions imposed on f it follows that

logl_[ t"'/\/_ (xi) Ztn,g(xl)— Pog Zt,”+0p0(1)

where once more the stochastic convergence of o P(;l(l) to 0 depends only on n
and 7,. As announced in (5.11), we obtained an asymptotic expansion for the
likelihood ratios which we are going to use to compute Bayes risks.

Let us now come to the second part of the proof. Again, we only consider the
wavelet coefficients at the level / = (log, n)/2, the coefficients in the middle of
the wavelet coefficients pyramid. The Bayes measure for each 0, j # 1, is do,
while for j =/ itis Fg, 4,, with &, — 0 and a, — 00; the exact sequences will be
specified later. The overall Bayes measure is the product measure of the individual
Bayes measures. First let us compute the Bayes risk for a single coefficient 6 .
Let z = W(e), and let g ik be random variables which are distributed according to
the Bayes measure, and which are independent of the initial noise (e;). The Bayes
estimator for the coefficient with index (I, i) is

E@nlzjk+0ik, j=0,...om—1; k=1,...,2%),

and the Bayes risk of estimation is (the expectation is for the noise and the Bayes
measure simultaneously)

E(E@nlzjx+0i4 j=0,....om—1; k=1,...,27)=f,)°
>E(E@nlzjx+0i4 j=0,....m—1; k=1,...,2/;

~ . . i 2
Qj’k,(],k)i(l,h), ]=0,...,m—1;k=1,...,2])—91’h)
= E(E@nlzin +0in, zjxs (k) # A h),

J=0,..m—1; k=1,....21) = G4)°

~ ~ . ~ 2
> E(E@nlei +Orncinii=1,...,n) —6p)",

where the last 1nequa11ty holds since > ;(e; + 01 WCLhi)CLhi =2Zh + 0; » and for
(G, k) £, h), Y (e; + 91 hCLh,i)Cj ki = Zjk» Where (cj ;) are the coefficients
of the wavelet transform (recall that the wavelet transform is orthonormal). Now,
simple computations yield that

endPy,

E@ nle. + 6 )= ,
Or,nle.+ 6 pern,.) ansndPa,, T —e)dP,
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where P is the law of e. and d P,, the law of e. 4- a, (c; 5,.). With the background
of the proofs of Theorems 3.1 and 3.4 it is easy to see that when choosing
&n = log(y/n)/+/n, the Bayes risk for this coefficient is larger than

dPy ?
L2 2/ < ) dP,,.
( 8n) Endy R7 (1—8n)dPO+8ndPan -

Let p1, C1 be constants between 0 and 1. If the above integrand is larger than C;
with probability p; then the Bayes risk is larger than (1 — en)Zena,%Cl p1. Now,

since
( dPy )2
Pa,, > Cl
(1—e,)dPy+e,dP,,
dpP_, 2
=P ( . ) > Cy
(1—e,)dP_y, +endPy

P (1 8nd10)2<1/c
= — &, +
0 n /P o = 1

> Po(% > C28n)a
0

(5.15)

where C, = 1/(1/4/C; — 1) and since clearly the asymptotic properties of
dP_,, /dPyand dP,, /dPy are the same. Let us investigate when Py(d P,,/d Py >
Caey) > p1. We have Yy, = 37 ¢1.p,i X;. Since [ = (log,n)/2, and thanks to
the dilation equation, only about r = O(y/n) of the ¢}, ; are nonzero (see [8],
Chapters 6-8]). Thus, if ¢; is short for the nonzero coefficients c.n.i>» and re-
indexing X; as Z;, we get ¥;, = > i_, ¢; Z;, with sup, ci2 < C3/r, where C3 is
some global constant, as we already know from the proof of Theorem 4.1. Next,
changing the mean of the Y} , by a is equivalent to changing the mean of each Z;
by ac;. [1t follows from the orthonormality of the wavelet transform that the inverse
wavelet transform of (w; ) where w;, =a and wj; =0 for (j, k) # (I, h) is
(ar.p.i)i.] 1t thus follows from (5.1) (with ¢, ; = ayci~/r) that

dP, a?
(5.16) o —exp(anUy = Ly o (D),

where U,, = % S (cin/T)g and y? = Epogz. Note that >7_, (/rc;)> =r. By
the central limit theorem, U, converges in distribution to a N (0, y2) random
variable, that is, U, = V, + R,, where V,, is a N (0,)/2) random variable
and R, converges to 0 in probability. Since E|g(X;)|”,2 < p < 3, the uniform
convergence in the central limit theorem ensures that this convergence only
depends on ¢, := sup; |t ;| and n (e.g., see Theorem 5.8 in [34]). Thus from (5.15)
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and (5.16), we wish to investigate when

log(e,,C a,yv?
Po(vn+0p0<1)z g(a" 2 4 )>p1.
n

Let ¢, := (log\/n)/+/n, and let a, be the solution (which exists as shown below)
of

(5.17)

log(g, C ayy*? 1—
g2(6,C2) n nY +)/=J/CD_1< Pl)’
a, 2 2

where @ is the standard normal distribution function. Now for some ng and all
n = no,

log(e,C2) I an )/2>

Pyl 'V, 1) >
o<n+0p0(>_ = 2

1 C 2 1 —
zPo<Vnz 0g(e,C2) +any +y>_ D1
a, 2 2
1 C 1 —
=1—¢'<M+%+1)— pl:pl,
ya, 2 2

by (5.17). Next, let us provide a closed form expression for a, and find its
asymptotics. Simple computations yield that the solution of (5.17) is

(1 — -l - m)/z))2 2log(eaC) 1= 07N = p1)/2)

\ 1% y? 1%
_ |logn _,logCs +loglog/n N (1 —®-I((1 - pl)/2)>2
v? y? 1%
1= = p1)/2)
Y
Jlogn
o

These choices of ¢, and a,, provide lower bounds on the Bayes risks and applying
the machinery of the proofs of Theorems 3.1 and 3.4 gives

N E|l6 — 6] y?
liminfinfsup — > 0.
=00 g g o241 min(67,0?) logn OJ

6. Concluding remarks. Variations of many of our results, such as Theo-
rems 2.1 and 2.7 and Proposition 2.5 also hold for related types of estimators,
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for example, hard thresholding or the estimator TAM(x) = x1ypy=n + 2(x] —
A/2)4 sgn(x)1{x|<;), which belongs to the semisoft class of [6]. In each case,
the size of the threshold parameter and the performance of the estimator are gov-
erned by the tail behavior of the noise distribution. The asymptotic performance
is the same as for soft thresholding, as long as the density satisfies the conditions
of Theorem 2.7, that is, it decays like exp(—h(x)), where h grows at least as fast
as x%, ¢ > 0.

If applied levelwise, the ideal estimator method is no longer minimax. The
thresholds are a little bit too small, the sum of the risks at O of the coefficients
is of size ~ Clog®n, for some constant C. In practice the coarser levels are
not thresholded, and this does not change the asymptotic performance of the
method since only a smaller and smaller fraction of the wavelet coefficients is not
thresholded. Another method, where the threshold for the kth coefficient is always
the same (no matter what the length of the input vector is) is briefly introduced
now in the normal case. The result below can be transfered to other exponentially
decaying densities as in Theorem 2.7; the main point is to choose i such that

T p(i,0) = Aol

THEOREM 6.1. LetY; =6, +z;,i =1,...,n, where the z; are i.i.d. normal
random variables with mean zero and variance o2, and let A, aNnd p(:, ) have
their usual meaning (as in Theorem 2.1). Let A; be such that p(};,0) = 202/1',
and let

- EY T (YD) — 6
Ay = sup 3
OeR” Bn(ea o )

Then lim,,_, 5o A,,/Txn =1.

PROOF. First, let us provide asymptotics for on. To do so, recall (e. g., see [35],
page 850) that as . — +o0,

2 2 1 o A2
6.1 Q) gy~ — = ( )
(6.1) X \/EAGXP

1 00
—_— e [ —
\/271'(72/A 2072
Let

2

V2mo?

clearly s is continuous, increasing and let s~! denote its inverse. From (6.1), it

is easily seen that lim,_,¢ s_l(x)/,/2(7210g(1/x) = 1. Our choice of thresholds
[p(hi, 0) =202/i] implies that

s(A) :=p@,0)=

°° 2 —x2/(202)
/ (x—=A)"e " dx;
A

x
(6.2) lim —2  —1.

"o 202logn
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Taking in the defining property of An, 6; =0 for all i, we get A, >
O p(Ai,0) /0% = Y7 2/i. Since A, ~ 2logn, it follows that
1i111supn_>Jroo Ap/A, < 1. In particular, A, > 1. Let 0 € R", if |60;| > o. Then
since p(xj, 0;) < p(xj, o0) (see the proof of Theorem 2.1),
" p(hi, 6) - p(xj’oo)_{—z?:l,i;ﬁj PG, 6)
B,(6,0%) ~ B, (6,0?) '
If |6;| < o and if, moreover, 7, p(A;, 6;)/Bn(6,0%) > 1, then by (2.8),
" p(hi, 6) - p(A;,0) +9]2 + 21,z Py 0)
By(0,0%) T 02467+ 3], min@b],02)

_ PS04 X i PO, 61)

LR DY Py min(6?, 0'2)

(6.3)

(6.4)

Since supycgn % > 1, repeated use (n times) of (6.3) and (6.4) leads to
sup ?zlp(?»iz, 0;) < s ?zlp(?»iz, 6;)
perr  Bn(0,07) 9e(0,00y1  Bn(0,07)
—  sup YicJ p(xi, 0) + Zie]c(xl‘z + 02)
Jc{l,.n) o2(1+1J¢))
2+21 24| JI(A2 402
< s 2+ ognga + | l("+6)~An,
Jc{l,.n) o(1+|J¢)

since )", 1/i <1+ logn, since Ai s increasing with i and since from (6.2),
(X2 +0%) /0% ~ A, ~2logn. Hence, liminf,_, yoo A, /A, > 1, and the proof is
complete. [

It is known that the ideal estimator is not always the optimal one. Indeed let
X be a zero mean random variable with variance 1 and let x — ax, @ € (0, 1) be a
linear shrinker. Then E (¢(X +60) —0)?> =a?+ (1 —a)?0%. If || =l and o = 1/2
then ((1 — «)%6% + az)/(min(ez, 1)) = 1/2. This pathology is because we are
estimating a single coefficient whose square is the variance of the noise. However,
in general, linear shrinkers applied to wavelet coefficients do not always perform
that well. Indeed, a result of Donoho and Johnstone ([14], Theorem 5) asserts that

for Xi, ..., X, i.i.d. centered normal random variables with variance o2,

inf E (X +6) — 01> = El|Tys (X +6) —0]|* =202,
for all & € R", where

(x> = o*(n +2))+
2

Tys(xt1, ..., xp) i=(X1,...,Xp)
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FIG. 4. The four signals.

is the James—Stein estimator. With this result, assume we are given a signal of
length n which is contaminated by i.i.d. standard normal noise. Then the risk of any
estimator which shrinks linearly each level of the wavelet transform of the data by a
fixed amount is larger than the risk of the James—Stein estimator applied levelwise
minus 2log, n (we have log, n levels). Note that this property is independent of
the signal itself. The situation might change if the linear shrinkage coefficients are
chosen to depend on the noisy wavelet transform; this is what Tjg does.

A comparison of the performance of the different thresholds and of the
performance of soft thresholding for non-Gaussian noise is of interest. To do
this, a small Monte Carlo study was performed. The target signals are depicted
in Figure 4; they were introduced by Donoho and Johnstone [13].

The simulation was performed with S+ from StatSci and the software package
wavethresh for S+ from Guy Nason. As wavelet basis, the least asymmetric
wavelets of Daubechies, with a filter length of 16, were chosen (see [8]). The
lengths of the signal are 512 and 8192, while the noise is, respectively, normal
and Student with four degrees of freedom, scaled to have variance 1. The density
of this Student distribution decays like 1/]x]°, so its tails are quite heavy. The
thresholds used are the optimal thresholds of Theorem 2.1 for normal noise
and n = 512 and n = 8192, respectively (thresholding is done in the wavelet
domain and so for Student noise, the central limit theorem dictates our choice
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TABLE 1
Optimal Gaussian thresholds™

Signal length = 512 Signal length = 8192
Gaussian noise Student noise Gaussian noise Student noise
Signal 0 3 5 0 3 5 0 3 5 0 3 5

Doppler 0.45 0.40 0.35 051 049 039 0.074 0.07 0.06 0.099 0.095 0.094
Blocks 098 093 0.77 097 1.03 080 0.22 0.22 0.20 024 024 0.24
Bumps .11 112 1.02 1.17 117 107 021 021 0.19 024 0.23 0.23
Heavisine 0.24 0.18 0.15 034 0.22 0.21 0.046 0.043 0.034 0.074 0.064 0.068

* Average square errors for 100 runs.

of normal threshold). For each combination of noise, signal and signal length,
different thresholding methods were applied: all levels are thresholded; the three
coarsest levels are not thresholded and the five coarsest levels are not thresholded,
denoted, respectively, by 0, 3 and 5 in Table 1. The numbers in the table are the
averages of the square errors for 100 runs, divided by the length of the signal,
that is, ﬁ 2,1(;01 ||5(9 +er) — 9”%,;1’ where 8 is the estimator (soft thresholding,
James—Stein,...) and || - ||2,, the corresponding normalized (by n) Euclidean
norm of 6 = (0;...,6,). Clearly, for a small sample size the levels which are
not thresholded influence the performance of the estimator (as pointed out by a
referee, this is much less an issue with hard thresholding).

Additionally, the estimator of Theorem 6.1 was used, but the coefficients of
one level were thresholded with the largest threshold for that level of the original
estimator; that is, the level j was thresholded with Xz jy1 of Theorem 6.1.

For comparison the James—Stein estimator was applied levelwise to the wavelet
coefficients, the five coarsest levels being treated as one level. This estimator tries
to shrink the values with an estimate of the best linear shrinkage coefficient.

The main conclusion of this small study is that the performances of the
estimator which does not threshold the five coarsest levels and of the estimator of

TABLE 2
Thresholds of Theorem 6.1*

Gaussian noise Student noise
Signal 512 8192 512 8192
Doppler 0.39 0.046 0.49 0.095
Blocks 0.91 0.18 1.07 0.26
Bumps 1.16 0.16 1.20 0.25
Heavisine 0.17 0.028 0.23 0.070

* Average square errors for 100 runs.
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TABLE 3
James—Stein estimator*

Gaussian noise Student noise
Signal 512 8192 512 8192
Doppler 0.55 0.077 0.58 0.078
Blocks 0.75 0.26 0.74 0.26
Bumps 0.91 0.14 0.92 0.14
Heavisine 0.18 0.040 0.19 0.043

* Average square errors for 100 runs.

Theorem 6.1 are comparable. Surprisingly good is the performance of the James—
Stein estimator; it is also more robust if the noise is not normal.

To finish this study, the reader is referred to www.math.gatech.edu/~houdre/
where an extensive set of simulations is presented. For various classes of noise,
the visual appearance of the denoising method can also be evaluated there.
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