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A DATA-DRIVEN BLOCK THRESHOLDING APPROACH TO
WAVELET ESTIMATION

By T. Tony Car! AND HARRISON H. ZHOU?
University of Pennsylvania and Yale University

A data-driven block thresholding procedure for wavelet regression
is proposed and its theoretical and numerical properties are investi-
gated. The procedure empirically chooses the block size and threshold
level at each resolution level by minimizing Stein’s unbiased risk es-
timate. The estimator is sharp adaptive over a class of Besov bodies
and achieves simultaneously within a small constant factor of the
minimax risk over a wide collection of Besov Bodies including both
the “dense” and “sparse” cases. The procedure is easy to implement.
Numerical results show that it has superior finite sample performance
in comparison to the other leading wavelet thresholding estimators.

1. Introduction. Consider the nonparametric regression model
(1) yi = f(ti) + oz, i=1,2,...,n,

where t; =i/n, o is the noise level and z;’s are independent standard normal
variables. The goal is to estimate the unknown regression function f(-) based
on the sample {y;}.

Wavelet methods have demonstrated considerable success in nonparamet-
ric regression. They achieve a high degree of adaptivity through thresholding
of the empirical wavelet coefficients. Standard wavelet approaches threshold
the empirical coefficients term by term based on their individual magnitudes.
See, for example, Donoho and Johnstone (1994a), Gao (1998) and Antoniadis
and Fan (2001). More recent work has demonstrated that block threshold-
ing, which simultaneously keeps or Kkills all the coefficients in groups rather
than individually, enjoys a number of advantages over the conventional term-
by-term thresholding. Block thresholding increases estimation precision by
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utilizing information about neighboring wavelet coefficients and allows the
balance between variance and bias to be varied along the curve which results
in adaptive smoothing. The degree of adaptivity, however, depends on the
choice of block size and threshold level.

The idea of block thresholding can be traced back to Efromovich (1985)
in orthogonal series estimators. In the context of wavelet estimation, global
level-by-level thresholding was discussed in Donoho and Johnstone (1995)
for regression and in Kerkyacharian, Picard and Tribouley (1996) for den-
sity estimation. But these block thresholding methods are not local, so they
do not enjoy a high degree of spatial adaptivity. Hall, Kerkyacharian and
Picard (1999) introduced a local blockwise hard thresholding procedure for
density estimation with a block size of the order (logn)? where n is the
sample size. Cai (1991) considered blockwise James-Stein rules and inves-
tigated the effect of block size and threshold level on adaptivity using an
oracle inequality approach. In particular it was shown that a block size of or-
der logn is optimal in the sense that it leads to an estimator which is both
globally and locally adaptive. Cai and Silverman (2001) considered over-
lapping block thresholding estimators and Chicken and Cai (2005) applied
block thresholding to density estimation.

The block size and threshold level play important roles in the performance
of a block thresholding estimator. The local block thresholding methods
mentioned above all have fixed block size and threshold and same thresh-
olding rule is applied to all resolution levels regardless of the distribution of
the wavelet coefficients. In the present paper, we propose a data-driven ap-
proach to empirically select both the block size and threshold at individual
resolution levels. At each resolution level, the procedure, SureBlock, chooses
the block size and threshold by minimizing Stein’s Unbiased Risk Estimate
(SURE). By empirically selecting both the block size and threshold and
allowing them to vary from resolution level to resolution level, SureBlock
has significant advantages over the more conventional wavelet thresholding
estimators with fixed block sizes.

Both the numerical performance and asymptotic properties of SureBlock
are studied in this paper. The SureBlock estimator is completely data-driven
and easy to implement. A simulation study is carried out and the numer-
ical results show that SureBlock has superior finite sample performance in
comparison to the other leading wavelet estimators. More specifically, Sure-
Block uniformly outperforms both VisuShrink and SureShrink [Donoho and
Johnstone (1994a, 1995)] in all 42 simulation cases in terms of the average
squared error. SureBlock procedure is better than BlockJS [Cai (1991)] in
37 out of 42 cases.

The theoretical properties of SureBlock are considered in the Besov space
formulation, that is, by now classical for the analysis of wavelet methods.
Besov spaces, denoted by By, and defined in Section 5, are a very rich class
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of function spaces which contain functions of inhomogeneous smoothness.
The theoretical results show that SureBlock automatically adapts to the
sparsity of the underlying wavelet coefficient sequence and enjoys excellent
adaptivity over a wide range of Besov bodies. In particular, in the “dense
case” p > 2 the SureBlock estimator is sharp adaptive over all Besov bodies
By (M) with p = g = 2 and adaptively achieves within a factor of 1.25 of the
minimax risk over Besov bodies Bﬁq(M) for all p>2, ¢ > 2. At the same
time the SureBlock estimator achieves simultaneously within a constant fac-
tor of the minimax risk over a wide collection of Besov bodies By (M) in the
“sparse case” p < 2. These properties are not shared simultaneously by many
commonly used fixed block size procedures such as VisuShrink [Donoho and
Johnstone (1994a)], SureShrink [Donoho and Johnstone (1995)] or BlockJS
[Cai (1991)].

The paper is organized as follows. In Section 2 we introduce the SureBlock
method for the multivariate normal mean problem and derive oracle inequal-
ities for the SureBlock estimator. The results developed in this section pro-
vide motivations and necessary technical tools for SureBlock in the wavelet
regression setting. In Section 3, after a brief review of wavelets, the SureBlock
procedure for the nonparametric regression is proposed. Section 4 discusses
numerical implementation and compares the numerical performance of Sure-
Block with those of VisuShrink [Donoho and Johnstone (1994a)], SureShrink
[Donoho and Johnstone (1995)] and BlockJS [Cai (1991)]. Asymptotic prop-
erties of the SureBlock estimator are presented in Section 5. The proofs are
given in Section 6.

2. Estimation of a nmormal mean. As mentioned in the Introduction,
through an orthogonal discrete wavelet transform (DWT) the nonparametric
regression problem can be turned into a problem of estimating the wavelet
coefficients at individual resolution levels. The function estimation proce-
dure as well as the analysis of the estimator become clear once the problem
of estimating the wavelet coefficients at a given resolution level is well un-
derstood. In this section we shall treat the estimation problem at a single
resolution level by considering a more generic problem, that of estimating
the mean of a multivariate normal variable.

Suppose that we observe

(2) wi=0;+z, oz NO1),  i=1,2,....d
and wish to estimate the mean vector § = (6y,...,0;) based on the observa-
tions z = (z1,...,24) under the average mean squared error

d
(3) R(0,0)=d """ E(6; —6:)°.
i=1
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This normal mean problem occupies a central position in statistical esti-
mation theory. Many methods have been introduced in the literature. In
this section, with the application to wavelet function estimation in mind,
we estimate the mean 6 by a blockwise James—Stein estimator with block
size L and threshold level A chosen empirically by minimizing SURE. Oracle
inequalities are developed in Section 2.2.

2.1. SureBlock Procedure. A block thresholding procedure thresholds the
observations in groups and makes simultaneous decisions on all the means
within a block. Let L > 1 be the possible length of each block, and m =d/L
be the number of blocks. (For simplicity we shall assume that d is divisible
by L in the following discussion.) Fix a block size L and a threshold level
A and divide the observations x1,x2,...,24 into blocks of size L. Let z;, =
(T(b-1)L+1,---,TpL) Tepresent observations in the bth block, and similarly
0y = (Op—1)r+1:---0z) and 2, = (2(—1)141,-- - > 21). Let SF = ||z |3 for b=
1,2,...,m. The blockwise James—Stein estimator is given by

(4) éb(A,L)z(l—%> z,, b=1,2...,m,
Sp/+

where A > 0 is the threshold level. Block thresholding estimators depend on
the choice of the block size L and threshold level \ which largely determines
the performance of the resulting estimator. It is thus important to choose L
and A in an optimal way.

We shall select the block size L and threshold level A by empirically
minimizing SURE. Write 6,(\, L) = x;, + g(z;,), where g is a function from
R% to RE. Stein (1981) showed that when g is weakly differentiable, then

Eg, |0y, L) — 0|5 = Eg, {L + I|9ll3 +2V - g}.
In our case, g(x;) = (1 — §>\g)+£b — xy, is weakly differentiable. Simple calcu-
- b
lations show Ejy, [|0,,(X, L) — 0,[13 = Ep, (SURE (2, A, L)), where

A2 —2)\(L —2)

(5) SURE(zy A\, L)=L+ =
b

I(SE > N\)+(S2—2L)I(SE < \).
This implies that the total risk Eg||6(\, L) — 0|2 = EgSURE(z, A, L), where

(6) SURE(z, A, L) = SURE(z), A\, L)
b=1

is an unbiased risk estimate. Our estimator is constructed through a hybrid
method. Set Ty =d 13 (2? — 1), 74 = d—1/2 logg’/2 d and M =2Llogd. Let
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(\*, L*) denote the minimizers of SURE with an additional restriction on
the search range

(7) (A, L%) = argmin SURE(xz,\, L).
max{L—2,0}<AKA\F 1< L<dl/2

Define the estimator 8*(z) of 6 by
0%, =0,(\",L*) i Ty>7y; and

®) 2logd
9;:(1— S ) v i Ty <.
+

€Ty

We shall call this estimator the SureBlock estimator. When Ty < ~4 the
estimator is a degenerate block James—Stein estimator with block size L = 1.
In this case the estimator is also called the nonnegative garrote estimator.
See Breiman (1995) and Gao (1998). The SURE approach has also been
used for the selection of the threshold level for fixed block size procedures,
term-by-term thresholding (L = 1) in Donoho and Johnstone (1995) and
block thresholding (L =logn) in Chicken (2005).

REMARK. The hybrid scheme is used to guard against situations of ex-
treme sparsity of the mean vector. See also Donoho and Johnstone (1995)
and Johnstone (1999).

2.2. Oracle inequalities. We shall now consider the performance of the
SureBlock estimator by comparing with that of ideal “estimators” equipped
with an oracle. An oracle does not reveal the true estimand, but does “know”
the optimal choice within a class of estimators. These ideal “estimators”
are not true estimators in the statistical sense because the oracle depends
on the unknown estimand. But the oracle risk of the “ideal estimators”
provides a benchmark for the performance of estimators. It is desirable to
have statistical estimators which can mimic the performance of the oracle.
We shall consider two oracles: block thresholding oracle and linear shrinkage
oracle. The oracle inequalities developed in this section are useful for showing
the adaptivity results of SureBlock in the wavelet estimation setting. In
particular, these results will be used in the proof of Theorem 3 given in
Section 5.

Block thresholding oracle. Within the class of the block thresholding es-
timators, there is an “ideal estimator” which uses the optimal block size
and threshold level so that the risk is minimized. The block thresholding
oracle does not tell the true mean 6, but “knows” the values of the ideal
parameters,

9) (A% L°) = argmin 7r(\L)= arg min r(\ L),
0<\,1<L<dl/2 max{L—2,0}<\,1<L<dl/2
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where r(\, L) = d_lE\|é(A, L) —0]3. Denote by Rpyjock.oracie () the oracle risk
of the ideal block thresholding estimator #(\°, L?), that is,

10 R ock.oracle 0) = )\O,LO = inf )\,L .
( ) block l( ) T( ) max{L—2,OiI;)\,1§L§d1/2T( )

Linear shrinkage oracle. Linear shrinkage estimators have been com-
monly used in estimating a normal mean. A linear shrinker takes the form
0 = ~vx where 0 <~ <1 is the shrinkage factor. The linear shrinkage oracle
“knows” the ideal shrinkage factor v* which equals ||0(|3/(]|0]|3 + d). Simple
calculations show that the risk of the ideal linear “estimator” 6 = y*z is
given by

. el
linear.oracle — W

The following oracle inequalities show that the SureBlock estimator mim-
ics the performance of both the block thresholding oracle and the linear
shrinkage oracle.

THEOREM 1. Let {x;,i=1,...,d} be given as in (2) and let 6* be the
SureBlock estimator defined in (8).
(a) (Block thresholding oracle.) For some constant ¢ >0,

(11) R(é*7 9) < Rblock.oracle(e) + Cd_1/4(10g d)5/2 fO’f’ all 6 € Rd.
(b) (Linear shrinkage oracle.) For some constant ¢ >0,

R(é*, 9) < Rlinear.omcle (9) + cd_1/4(10g d)5/2 f07’ all 6 € Rd.

(c) Set pg=10]13/d and g = d~/? logg/2 d. There exists some constant
¢ >0 such that for all 0 satisfying pg < %yd

(12) R(0%,0)<d™'> 07 A2logd + cd ™ (logd) /2.

Part (c) of Theorem 1 gives a risk bound of the SureBlock estimator in
the case of € being in a neighborhood of the origin. This bound is technically
useful later for analysis in the wavelet function estimation setting. Parts (a)
and (c) of Theorem 1 can be regarded as a generalization of Theorem 4
of Donoho and Johnstone (1995) from a fixed block size of one to variable
block size. This generalization is important because it enables the resulting
SureBlock estimator to be not only adaptively rate optimal over a wide
collection of Besov bodies across both the dense (p > 2) and sparse (p < 2)
cases, but also sharp adaptive over spaces where linear estimators can be
asymptotically minimax. This property is not shared by fixed block size
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procedures such as VisuShrink, SureShrink and BlockJS, or the empirical
Bayes estimator introduced in Johnstone and Silverman (2005).

In addition to the oracle inequalities given in Theorem 1, it is also inter-
esting to consider the properties of the SureBlock estimator over ¢, balls,

(13) Op(r) ={0 € R: 4|, < 7}.

THEOREM 2. Let {x;,i=1,...,d} be given as in (2) with d >4 and let
0* be the SureBlock estimator defined in (8).
(a) (Adaptivity for dense signals.) For some constant ¢ >0 and for all
p=>2
2

sup R(0",0) <

<——— +cd Y (logd)®?.
90, (r) T2+ d?/p (log d)

(b) (Adaptivity for moderate sparse signals.) For some constant ¢ >0 and
forall1 <p <2, supyce, () R(0",0) < cd= 1P (log(dr—P))' =P/ 4 cd=/*(log d)°/?.
(c) (Adaptive for a very sparse signals.) For 0 <p <2 and 7 < %dl/‘l logg/4 d

there is a constant ¢ >0 such that supgcg, () R(é*,@) <d 17?2 +ed !t x
(logd)~1/2.

3. The SureBlock procedure for wavelet regression. Let {¢,1} be a pair
of compactly supported father and mother wavelets with [ ¢ = 1. Dilation
and translation of ¢ and 1 generate an orthonormal wavelet basis with an
associated orthogonal DW'T which transforms sampled data into the wavelet
coefficient domain. A wavelet ¢ is called r-reqular if 1 has r vanishing
moments and r continuous derivatives. See Daubechies (1992) and Strang
(1992) for details on the DWT and compactly supported wavelets.

For simplicity in exposition, we work with periodized wavelet bases on
[0,1]. Let

o (0.0]
D@ =Y djnlz—1), D@ =Y il —1)  forze(0,1],
l=—00 l=—00
where ¢; x(2) = 2/2¢(27x — k) and 1; (z) = 2//?%1(2x — k). The collection
{(;51;07,{,1@ = 1,...,2j0;¢§7k,j >jo>0,k=1,...,27} is then an orthonormal
basis of L?[0,1], provided jy is large enough to ensure that the support of
the wavelets at level jj is not the whole of [0, 1]. The superscript “p” will be
suppressed from the notation for convenience. A square-integrable function
f on [0,1] can be expanded into a wavelet series

270 co 27

(14) F@) =" Eondion(@) + DD 05115 1(),
=1

J=jo k=1
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where &, 1 = (f, ®j,,k) are the coefficients of the father wavelets at the
coarsest level which represent the gross structure of the function f, and
01 = (f k) are the wavelet coefficients which represent finer and finer
structures as the resolution level j increases.

Suppose we observe Y = (y1,...,y,) asin (1) and suppose the sample size
n =27 for some integer J > 0. We use the standard device of the DWT to
turn the function estimation problem into a problem of estimating wavelet
coefficients. Let Y = W - n~'/2Y be the DWTs of n~%/2Y. Then Ycan be
written as

(15) Y:(£j071,..., j02j0,§j071,...,gjo’m,...,gJ_l,l,...,%_172#1)/’

where jg is some fixed primary resolution level. Here Ejo,k are the gross
structure terms, and 7, are the empirical wavelet coefficients at level j
which represent fine structure at scale 27. Since the DWT is an orthogonal
transform, the y; ;. are independent normal variables with standard deviation
o, =n"Y25. The mean of Yjk, denoted by §j7k, is the DWT of the sampled
function {n~"1/2f (%)} Note that éj,k equals, approximately, the true wavelet
coefficient 0 ;. of f. The approximation error is given in Lemma 4 in Section
6. Through the DWT, the nonparametric regression problem is then turned
into a problem of estimating a high-dimensional normal mean vector.

3.1. SureBlock for wavelet regression. We now return to the nonpara-
metric regression model (1). Denote by zj ={yjr:k=1,...,27} and 0; =
{0;:k=1,..., 27} the empirical and true wavelet coefficients of the regres-
sion function f at resolution level j. We apply the SureBlock procedure
developed in Section 2 to the empirical wavelet coefficients Y ; level by level
and then use the inverse DW'T to obtain the estimate of the regression func-
tion. More specifically the SureBlock procedure for wavelet regression has
the following steps.

1. Transform the data into the wavelet domain via DWT: Y =W - n~1/2Y,
2. At each resolution level j, estimate the wavelet coefficients using Sure-
Block, that is,

(16)

>
Il
Q
3
>
*
—~
Q
S
—
~<
<
N~—

=J
where 0, = n"1/2¢ and #* is the SureBlock estimator given in (8). The
estimate of the whole function f is given by

270 J—1 27

(17) ()= > Gonbion® + D> 0; 1 k().
k=1

Jj=jo k=1
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i
n

3. The function at the sample points f = {f(5):i=1,...,n} is estimated
by the inverse transform of the denoized wavelet coefficients: f =W
129
n .

This procedure is easy to implement with good numerical performance.
Theoretical results given in Section 5 show that (L}, \}) is optimal in the
sense that the resulting estimator adaptively attains the exact minimax

block thresholding risk asymptotically.

4. Implementation and numerical results. We now turn to the numerical
performance of SureBlock. Proposition 1 below shows that for a given block
size L it suffices to search over the finite set A for the threshold A\ which
minimizes SURE(z, A, L). This makes the implementation of the SureBlock
procedure easy. The result is also useful for the derivation of the theoretical
results of SureBlock.

PROPOSITION 1. Let z;,i=1,...,d, and SURE(x,\,L) be given as in
(2) and (6), respectively. Let the block size L be given. Then the minimizer \

of SURE(z,\, L) is an element of the set A where A2 {22;1 <i<d}u{0}
ifL=1, and A2{S%82>L—21<i<m}U{L—2}if L>2.

The noise level ¢ is assumed to be known in Section 2. In practice o
needs to be estimated. As in Donoho and Johnstone (1994a) we estimate
o based on the empirical coefficients at the highest resolution level by ¢ =
o median(|n/2g;_1 |1 <k <2/71).

We now compare the numerical performance of SureBlock with that of
VisuShrink [Donoho and Johnstone (1994a)], SureShrink [Donoho and John-
stone (1995)] and BlockJS [Cai (1991)]. VisuShrink thresholds empirical
wavelet coefficients individually with a fixed threshold level. SureShrink is
a soft thresholding procedure which selects the threshold at each resolution
level by minimizing Stein’s unbiased risk estimate. BlockJS is a block thresh-
olding procedure with a fixed block size logn and a fixed threshold level.
Each of these wavelet estimators has been shown to perform well numerically
as well as theoretically. For further details see the original papers.

Six test functions, representing different levels of spatial variability, and
various sample sizes, wavelets and signal to noise ratios are used for a sys-
tematic comparison of the four wavelet procedures. The test functions are
plotted in the Appendix. Sample sizes ranging from n = 256 to n = 16384
and signal-to-noise ratios (SNR) from 3 to 7 were considered. The SNR is
the ratio of the standard deviation of the function values to the standard
deviation of the noise. Different combinations of wavelets and signal-to-noise
ratios yield basically the same results. For reasons of space, we only report
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here the results for one particular case, using Daubechies’ wavelet Symmlet 8
and SNR = 7. See Cai and Zhou (2005) for additional simulation results. We
use the package WaveLab for simulations and the procedures MultiVisu (for
VisuShrink) and MultiHybrid (for SureShrink) in WaveLab 802 are used
(see http://www-stat.stanford.edu/ wavelab/).

Figure 1 reports the average squared errors (ASE) over 50 replications for
the four thresholding estimators. SureBlock consistently outperforms both
VisuShrink and SureShrink in all 42 simulation cases in terms of the ASE.
SureBlock procedure is better than BlockJS about 88% of times (37 out
of 42 cases). SureBlock fails to dominate BlockJS only for the test func-
tion “Doppler.” For n = 16384 the risk ratio of SureBlock to BlockJS is
0.013/0.011 ~ 1.18 and additional simulations show that the risk ratio goes
to 1 as sample size increases. The main reason for BlockJS outperforming
SureBlock in the case of “Doppler” is that at each resolution level the few
significant wavelet coefficients all cluster together and this special structure
greatly increases the accuracy of BlockJS. On the other hand, SureBlock
is invariant to permutations of wavelet coefficients at any resolution level.
Although SureBlock does not dominate BlockJS for “Doppler,” the improve-
ment of SureBlock over BlockJS is significant for other test functions. The
simulation results show that, by empirically choosing the block size and
threshold and allowing them to vary from resolution level to resolution level,
the SureBlock estimator has significant numerical advantages over thresh-
olding estimators with fixed block size L =1 (VisuShrink or SureShrink) or
L =logn (BlockJS). These numerical findings is consistent with the theo-
retical results given in Section 5.

Figure 2 shows an example of SureBlock applied to a noisy Bumps signal.
The left panel is the noisy signal; the middle panel displays the empirical
wavelet coefficients arranged according resolution levels; and the right panel
is the SureBlock reconstruction (solid line) and the true signal (dotted line).
In this example the block sizes chosen by SureBlock are 2, 3, 1, 5, 3, 5 and
1 from the resolution level j = 3 to level j =9.

In addition to the comparison with other wavelet estimators, it is also
instructive to compare the performance of SureBlock with the oracle risk
% 2k (9?-7,C A o2, where 8 . are the true wavelet coefficients. Furthermore, to
examine the advantage of empirically selecting block sizes, we compare the
ASE of SureBlock with that of an estimator we call SureGarrote which em-
pirically chooses the threshold at each level but fixes the block size L = 1.
Figure 3 summarizes the numerical results for Doppler and Bumps with
n = 1024, SNR ranging from 1 to 15 and 100 replications. SureBlock con-
sistently outperforms SureGarrote in all cases. The ASE of SureGarrote is
up to 40 percent higher than the corresponding ASE of SureBlock (see the
right panels in Figure 3). Furthermore risk of SureBlock is within a small
factor of the corresponding oracle risk. For Doppler the ratios of the ASE of
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VisuShrink vs. SureBlock
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F1G. 1. The vertical bars represent the ratios of the ASFEs of estimators to the correspond-
ing ASE of SureBlock. The higher the bar the better the relative performance of SureBlock.
The bars are plotted on a log scale and are truncated at the value 2 of the original ratio.
For each signal the bars are ordered from left to right by the sample sizes (n = 256 to
16382).



12 T. T. CAI AND H. H. ZHOU
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Fic. 2. SureBlock procedure applied to a noisy Bumps signal.
SureBlock and the oracle risk are between 2 to 2.7 and for Bumps the ratios

are between 1.5 to 2.2 (see the left panels in Figure 3). In these simulations
the block sizes chosen by SureBlock vary from 1 to 16, depending on the
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resolution levels. This example shows that the SureBlock procedure works
well relative to the ideal oracle risk and empirically selecting block sizes im-
proves the performance noticeably relative to the SureGarrote procedure. It
would be interesting to carry out a more extensive numerical study to com-
pare the performance of SureBlock with many other procedures including
the empirical Bayes estimator of Johnstone and Silverman (2005). We leave
this to future work.

5. Theoretical properties of SureBlock. We now turn to the theoretical
properties of SureBlock for the nonparametric regression problem (1) under
the integrated mean squared error R(f,f) = E||f — f|3. The asymptotic
results show that the SureBlock procedure is strongly adaptive.

Besov spaces are a very rich class of function spaces and contain as spe-
cial cases many traditional smoothness spaces such as Holder and Sobolev
spaces. Roughly speaking, the Besov space By, contains functions having «
bounded derivatives in LP norm, the third parameter ¢ gives a finer grada-
tion of smoothness. Full details of Besov spaces are given, for example, in
Triebel (1983) and DeVore and Lorentz (1993). For a given r-regular mother
wavelet 1 with » > « and a fixed primary resolution level jy, the Besov se-
quence norm ||- ||bqu of the wavelet coefficients of a function f is then defined
by

o] ) 1/q

(18) £llsg, = €, I+ (z <2jsuejup>q) ,
J=Jjo

where £ is the vector of the father wavelet coefficients at the primary res-
olution level jo, 6, is the vector of the wavelet coefficients at level j, and
s=a+ % — % > 0. Note that the Besov function norm of index (a,p,q) of
a function f is equivalent to the sequence norm (18) of the wavelet coeffi-
cients of the function. See Meyer (1992). The Besov body By (M) is defined
by B (M) ={f:|flsa, < M}. The minimax risk of estimating f over the

p,q —

Besov body By, (M) is

(19) R (Bp,(M))=inf sup E|f—f[3.
7 feBg, ()

Donoho and Johnstone (1998) show that the minimax risk R*(B),(M))

converges to 0 at the rate of n=20/1420) a5 p — o0,

The blockwise James—Stein estimation of the wavelet coefficients and the
corresponding function f is determined by the block size L; and threshold
level \; of each resolution j. Let L = (Lj)ijo with 1 <L; < 27/2, and \ =
(Aj)j>jo with A; > 0. Let J?L,A be the corresponding estimator of f. The
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minimax risk among all block James—Stein estimators with all possible block
sizes L and threshold levels )\ is

(20) Rp(BY (M) =inf sup EB|for— fII3
fLa feBg (M)

and equivalently

* (Do : ) 2

B (B, (M) = )\jZO,llﬁnlfszW/z GEJBS;iM) Egj 16505 L) = &5
We shall call R (By,(M)) the minimax block thresholding risk. It is clear
that R}.(By ,(M)) > R*(By ,(M)). Theorems 4 and 5 below show R7.(By,(M))
is within a small constant factor of the minimax risk R*(By,(M)). The fol-
lowing theorem shows that SureBlock adaptively attains the exact minimax
block thresholding risk R7.(By,(M)) asymptotically over a wide range of
Besov bodies.

THEOREM 3. Suppose the mother wavelet i is r-regular. Let f* be the
SureBlock estimator of f defined in (17). Then

(21) sup  Er||f* — flI3 < Rip(By,(M))(1+o(1))
feBg 4(M)

20%2—-1/6

for1<p,q<o00,0< M < oo, andr > a > 4( —%)Jr—l-%wz'th e >1/p.

1
p

Theorem 3 is proved in Section 6. The main technical tools for the proof
are the oracle inequalities for SureBlock developed in Section 2.2.

Theorems 4 and 5 below make it clear that the SureBlock procedure is
indeed nearly optimally adaptive over a wide collection of Besov bodies
By (M) including both the dense (p > 2) and sparse (p < 2) cases. The
estimator is asymptotically sharp adaptive over Besov bodies with p=¢ =2
in the sense that it adaptively attains both the optimal rate and optimal
constant. Over Besov bodies with p > 2 and ¢ > 2 SureBlock adaptively
achieves within a factor of 1.25 of the minimax risk. At the same time the
maximum risk of the estimator is simultaneously within a constant factor
of the minimax risk over a collection of Besov bodies By’ (M) in the sparse
case of p < 2.

THEOREM 4. Suppose 1 is r-regular. (i) SureBlock is adaptively sharp
minimaz over Besov bodies BSo(M) for all M >0 and r > a > 0.88, that is,

(22) sup By f* — fl3 < R*(Bgo (M) (1 +o(1)).
feBg (M)
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(ii) SureBlock is adaptively, asymptotically within a factor of 1.25 of the
minimaz risk over Besov bodies By (M),

(23) sup Byl f* — f[13 < 1.25R*(Bg,(M))(1+ o(1))
feBg (M)
forallp>2,q>2, M >0 and 20{2:2}1/6 >1/p with r>a>1/2.

For the sparse case p < 2, the SureBlock estimator is also simultaneously
within a small constant factor of the minimax risk.

THEOREM 5.  Suppose v is r-reqular. SureBlock is asymptotically mini-

mazx up to a constant factor G(p A q) over a large range of Besov bodies with

2
1<p,g<o0, 0< M < o0, andr2a>4(%—%)++% with, 2Oi+_22/6>1/p.

That is,
(24) sup )Efllf* — fI5<G(pAq) - R*(By (M))(1+0(1)),

feBg (M

where G(p A q) is a constant depending only on p A q.

6. Proofs. Throughout this section, without loss of generality, we shall
assume the noise level o = 1. We first prove Theorem 1 and then use it as
the main tool to prove Theorem 3. The proofs of Theorems 4 and 5 and
Proposition 1 are given later.

6.1. Notation and preparatory results. Before proving the main theo-
rems, we need to introduce some notation and collect a few technical re-
sults. The proofs of some of these preparatory results are long. For reasons
of space these proofs are omitted here. We refer interested readers to Cai
and Zhou (2005) for the complete proofs.

Consider the normal mean problem (2) with o = 1. For a given block size L
and threshold level A, set 75(\, L) = EngEb(A,L) —0,||? and define r(\, L) =

LS4y m(A L) = ED(A, L), where D(A, L) = § X231 [[05(A, L) — 813 Set

(25) R(0) = inf r(\ L) = inf r(\ L).
AN 1< L <dl/? max{L—2,0}<AKA\F 1< L<dl/2

The difference between R(Q) and Ryjock.oracte (0) defined in (10) is that the
search range for the threshold A in R(f) is restricted to be at most A\*'. The
result given below shows that the effect of this restriction is negligible for
any block size L.

LEMMA 1. For any fized >0, there ewists a constant C,, > 0 such that
for all € R?,

é(@) - Rblock.omcle (9) < Cndn_l/2-
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The following lemma is adapted from Donoho and Johnstone (1995) and
is used in the proof of Theorem 1.

LEMMA 2. Let Ty=d 'Y (22 —1) and pg=d1||0]|3. Ify3d/logd — oo,
then

sup (14 pa) P(Ty < va) = o(d~1/?).
Ha>37d

We also need the following bounds for the loss of the SureBlock estimator.
This bound is used in the proof of Theorem 3.

LEMMA 3. Let {z;:i=1,...,d} be given as in (2). Then
(26) 16 — 615 < ddlogd + 2| (3.

Finally we develop a key technical result for the proof of Theorem 1. Set
1
U\L) 2 GSURE(x,\.L)

m 2 .
:1+$Z($2L2)[(55>>\)+(S§—2L)[(5§§>\)>'
b=1 b

Note that both D(\, L) and U(\, L) have expectation r(\, L).

The goal is to show that the minimizer (A%, L) of U(\, L) is asymptot-
ically the ideal threshold level and block size. The key step is to show that
Ag=|ED(XN%, L) —infy [ r(\, L)| is negligible for max{L — 2,0} <A <\F
and 1 < L < d%/2. Note that for two functions g and h defined on the same do-
main, |inf,g(z) — inf,h(z)| < sup, |g(x) — h(z)|. Hence, |UN°,L°) —
infy (N, L)| = |infy f U(N, L) —infy (A, L)| <supy  |[UA L) —r(\, L)
and consequently

Aq < E|D\, L) —r(\%, L) +r(\%, L)

(27) — U\, LS+ U\, L) — infr(\, L)

< Esup|D(\, L) —r(A\L)|+2Esup|r(A, L) —U(\ L)|.
AL AL

The upper bounds for the two terms on the RHS of (27) is given as follows.

PROPOSITION 2. Let A\f'=2Llogd. Uniformly in 6 € R%, we have

(28) Ey sup |UN L) —r(\ L)| < ed™*(log d)®/?,
max{L—2,0}<AA\F 1< L<dl/2
(29) Ey sup ID(\, L) — r(\, L)| < cd™*(log d)*/2.

max{L—2,0}<A<A\F 1< L<dl/2
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The following result, which is crucial for the proof of Theorem 5, plays
the role similar to that of Proposition 13 in Donoho and Johnstone (1994b).

PROPOSITION 3. Let X ~ N(p,1) and let F,(n) denote the probability
measures F(dp) satisfying [ |p[PF(dp) <nP. Let 7(65,n) = SUPE, (5 {Eprg( ):
J|ulPF(dp) <P} where (1) = B, (05 () — p)* and 63 (x) = (1— 2) 4. Let
p€(0,2) and A= +/2logn=P, then T(6%,n) < 2nPA?7P(1 +o(1)) as n — 0.

The following lemma bounds the approximation errors between the mean
of the empirical wavelet coefficient and the true wavelet coefficient of f €
2_
Bg"ng). Set = a —1/p, which is positive under the assumption 20{+2}1/6 >
1/p in Theorems 3, 4 and 5.

LEMMA 4. Let 0 = (0;) be the DWT of the sampled function {n_l/Zf(%)}
with n=27 and let 0;5, = [ f(x);1(x)dx. Then |0 — 0|3 < Cn=25.

REMARK 1. Lemma 4 implies

inf E 0;(Aj, Lj 0.112
A>01<LJ<2J/QQEBQIEM) ]ZJ:OH i Lj) — 0,5

(30)
= (1+0(1)) Ry (B, (M)

and for p>2 and ¢ > 2

sup Z Z<92 ]—]:—/f/n)

QEBg,q(M Jj=jo k

=(14o0(1)) sup ZZ(@ZJk/n )

GEBPQ(M i +1/n

(31)

under the assumption 20{ +_2 . 6 > 1/p which implies 8 > o/(20 + 1). The

argument for (30) is as follows. Write

E Y 18;(\ Ly) = G113 — B Y~ 116,05, Ly) — 513

J=jo J=Jjo

=6 - 9H2+2EZ (N, Lj) —0,.0,—0,).

J=Jo

From Lemma 4, [|§ — 6|3 < Cn=2 = o(n=2¢/(2+1) The Cauchy-Schwarz
inequality implies

sup E (N, L) —0;,0; —0;)
0e B (M) ]ZJO ’ T
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= sup -0, |E g-/\-,L' — 0|13,
et 16 =9 J ];O 16 (A L) = 65112
which is o(n=2¢/(a+1) since [|6 — 6]|s = O(n %) with § > a/(2a + 1) and
R3(By ,(M)) < Cn~=20/(0420) 1ogp from Cai (1991) in which L; = logn and
Aj = 4.5051og n. We know R (BY,(M)) > R*(BS (M) > Cn~2/(04+20) from
Donoho and Johnstone (1998). Thus (30) is established. The argument for
(31) is similar.

In the following proofs we will denote by C' a generic constant that may
vary from place to place.

6.2. Proof of Theorem 1. 'The proof of Theorem 1 is similar to but more
involved than those of Theorem 4 of Donoho and Johnstone (1995) and
Theorem 2 of Johnstone (1999) because of variable block size.

Set Ty=d 1> (22 — 1) and vy = d—1/2 log;’/2 d. Define the event Ag =
{T4 <4} and decompose the risk of SureBlock into two parts:

R(0%,0) = d ' Eg{]|0* — 0|31(Aa)} +d  Eo{||0" — 0]21(A9)}
= Ry 4(0) + R2,q(0).

We first consider R; 4(6). On the event Ag, the signal is sparse and 6
is the nonnegative garrote estimator éj = (1 — 2logd/x?) x; by the def-
inition of #* in (8). Decomposing Ry 4(0) further into two parts with ei-
ther pg =d 03 < 3vq or pg > 3vq yields that Ry 4(0) < Rp(0)I(pa <
374) + r1,4(0) where Rp(0) is the risk of the nonnegative garrote estima-
tor and ry 4(6) = A= Eg{||6* — 0|21(Ag)} (114 > 374). The oracle inequality
(3.10) in Cai (1991) with L =1 and A = A\f' = 2logd yields that

Rp(0) <d ' [(02 ANF) + A(nlogd) /27

(32)
<d'[||0]|3 + 4(rlogd) /2.

Recall that pg = ||0]|3/d and 4 = d—1/? logg’/2 d. Tt then follows from (32)
that

(33) Rp(0)I (114 < 37a) < d~[3d"1ogy* d + 4(w log d)~/?]
< ed V*(log d)®/?.
Note that on the event Ag, [|0*]|2 < ||z||3 < d + dv4 and so
r1.a(0) < 247 (E||6° |13 + [16113) P(Aa) (114 > 37a)
< 2(1+ 214) P(Ag) I (p1a > 374) = o(d™'/?),
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where the last step follows from Lemma 2. Note that for any n > 0, Lemma
1 yields that

(34) é(@) - Rblock.oracle(e) < Cndn_1/2
for some constant C,, >0 and for all § € R?. Equations (27)—(29) yield
(35) Ry.q(0) — R(0) < Ay < cd™Y*(log d)®/2.

The proof of part (a) of the theorem is completed by putting together (33)—
(35).
We now turn to part (b). It follows from part (a) that R(é*, 0) < Rpiock.oracte (0) +
cd=Y*(logd)®?. Note that Rpjock.oracte () < r(dV/? — 2,d"/?). Stein’s unbi-
ased risk estimate and Jensen’s inequality yield that

1
T(d1/2 2 d1/2 —1 (d1/2 d1/2_2 2E )
> e

1
_d—l <d1/2_ d1/2_2 2 >
2 R P

Note that E||X,||> = [|6,]|> + d'/2. Hence r(d"/? — 2,d"/?) <d='3,(d"/? +
W) The elementary inequality (37" az)(Z,zl a_l) > m?, for
a; > 0,1 <1 <m yields that

d2
Rblock.oracle (9) < T(dl/z — 2, d1/2) < d_l <d + d1/2 _ >
1015 + d

19113 172

gt
and part (b) then follows. We now Consider part (c). Note first that Ry 4(6) <
Rp(6). On the other hand, Ry 4(8) = d~'E{||6* — 0(31(AS)} < Cd~(E|6* —
0|3)'/2P1/2(AS). To complete the proof of (12), it then suffices to show that

under the assumption 114 < 374, E 6% — 6|4 is bounded by a polynomial of
d and P(AS) decays faster than any polynomial of d~ 1 Note that in this

case ||0]|3 = dug < d'/? logz/ d. Since [|0*[12 < ||=|3 and z; = 6; + 2,
E|6* — 0]z < E(2/|6"[15 +21|013)*
< BQlz]3 +200113)* < E(4]9113 + 2]|113)?
< 32|10]4 + 8E||z||3 < 32dlog} d + 16d + 8d>.

On the other hand, it follows from Hoeffding’s inequality and Mill’s inequal-
ity that

P(AS) = P(d—l 3 (22 + 228 + 62 — 1) > d V2 log)? d)



DATA-DRIVEN BLOCK THRESHOLDING APPROACH 21
<P(d7'Y (1) > 2710y % d)
+P(d71Y 2240, > Ld71 10y % d)
< 2exp(—Clogi d) + § exp(—Clog3 d/pa),

which decays faster than any polynomial of d—'.

6.3. Proof of Theorem 2. Note that z/(z + d) is increasing in = and for
p =2, supgee,(r) [10]l2 = d'/?=1/Pr. Hence

A 19113 —1/4 5/2
sup R(0%,0)< sup ———+cd logd
sl OO = b o+ oz )

supgeo, () 10115
= supgpee, (1) 10113 + d
Jl-2/p2

T A2y d

2

- m + cd_1/4(logd)5/2.
Now consider part (b). It follows from Proposition 3 that there is a con-
stant ¢, depending on p such that R(0) < infyo7(\, 1) < ed~'7P(log(dr—P))~P)/2,
since ©,(7) = {# € R%: 10lp/d < 7P/d}. Part (b) now follows directly from
(11) in Theorem 1.
For part (c) it is easy to check that for 0 <p <2, [|0]]3 < ||0]]2 <72 <

%ﬁil/ 2 logg/ 2d and so fa < %’yd. It then follows from Theorem 1 and (39)
that

+ cd™ Y4 (log d)°/?

+ cd™ 4 (log d)>/?

R(6*,0) < Rp () 4 cd™(logd) /2

< =(]|0]|2 + 8(21log d) /%) + cd~ (log d) />

< —7%+cd ' (logd)~'/?,

Ql— Ql— &

6.4. Proof of Theorem 3. Again we set o = 1. Note that the empiri-

cal wavelet coefficients g;; can be written as y;; = éj,k + n_1/2zj7k, where
0, = By, are the DWT of the sampled function {n_1/2f(%)} and z; i Lig

N(0,1). To more conveniently use Theorem 1, we multiply both sides by
n'/2 and get

(36) Yo =051+ Zj ks j>jo, k=1,2,...,2,

)



22 T. T. CAI AND H. H. ZHOU

where ), =n'/?j;; and 6, =n'/?0;;. Let f=x% (2B k(t),
where n = 27. Note that SUPfepa (M wmy llf = f112 = o(n=20/(1420)) from Lemma 4.

To establish Theorem 3, by the Cauchnychwarz inequality as in Remark 1,
it suffices to show that

sup B[ f* = fl5 < Rp(By (M))(1+o(1)),
feBg 4(M)
Fix 0 < g < 1/(1 +2a) and let .Jy be the largest integer satisfying 270 <
n®0. Write

R 0D o2 oib 3 wb o) RRTA A

i<Jo k Jo<j<J1 k j>J1
=51+ 52+ 53,

where J; > Jjy is to be chosen later. The terms S; and S3 are identical in
all block thresholding procedures. We thus only focus on the term Ss. Since
0<eo<1/(1+2a), n®n"logn = o(n=2*/(1+2)) Tt then follows from (26)
in Lemma 3 that S; < Cn®n~'logn = o(n_(za)/u“a)) which is negligible
relative to the minimax risk. On the other hand, it follows from (11) in
Theorem 1 that

So< >0 nT2RE)+ > nT'2Rp(05)1 (b < 372)

Jo<g<J1 Jo<j<J1
I Z n—1e239/45/2
Jo<g<J1

= So1 + S22 + Sa3,

where pl; = 2_j||Q;»H% = 2_jnHQ]~H% and vy = 279/253/2_ Tt follows from Re-
mark 1 that

(37) Sor= > n'2R(6;) < (1+0(1)Ry(B5,(M)).
Jo<j<J1

We shall see that both Sss and Soz are negligible relative to the minimax
risk. Note that

(38) Sey= > nl@¥MPR2 < onT 1A
Jo<j<J1

The oracle inequality (3.10) in Cai (1991) with L =1 and A\ = A\f" = 21og(2/)
yields that

27
2 Rp(0)) Znejkm )+ 8(2log 27) /227

(39) - o
< nl|g,]3 + 8(2log 27) /2274
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Recall that ul); = 2‘jnHQ~jH§ and 7y, = 277/25%/2_ Tt then follows from (39)
that

Swo= Y. n 2 Rp(0)I(1h; < 3v0s)
Jo<j<J1
(40) . . .
< S @Bn 2P p s (210g2)) V227 < O 22,
Jo<g<J1

Hence if .J; satisfies 271 = n" with some y < 3(i+ay> then (38) and (40) yield

Esy
(41) Sog + So3 = 0(71—(201)/(14-204))'

We now turn to the term Ss. It is easy to check that for 6 € By (M),
16,113 < M?272'7 where o = o — (% — 3)+ > 0. Note that if J; satisfies
271 = n7 for some 7y > m, then for all sufficiently large n and all j > Jy,

279n|0,(|3 < Jv9; where vy =279/2j3/2 which implies 1}, < $79; for j > Jy
and vy > 2(1 — 23), since

(42) iy =27 mllg 3 <27 mlld; — 0,3 < O2 7m0 = 0(27022).

It thus follows from (12) and (39) that

Ss= 3 >0 By (0%~ 050)

ji=>J1 k

<> ('Y RE(8)) +en T
j=J1

(43) < S 6,2+ Cn!

j=J1

< Z HQ]H% +Cn 40 —0)3<C272 N 4 on?
j=J1

= O(H_(2a)/(l+20))

)

when v > W and > 755 Equations (41)-(43) hold by choosing ~

satisfying

« 1 :
max{m,z(l —2(a —1/p)), m} RUNIETSEY

which is possible for a > 4(% - %)4. + % with 20{ +2 8> 1/p. This completes

the proof.
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6.5. Proof of Theorem 4. Define the minimax linear risk by

Ri(BS,(M)=_inf  sup E|d— 0|3
9 linear 0eBg (M)

It follows from Donoho, Liu and MacGibbon (1990) and Remark 1 that

2. /n

R} (B2, (M)) = (1 2 )
LBE00) = (o) sup z Z<92 v
R} (By,(M)) = R*(By ,(M))(1 4+ o(1)) for p=q =2, and R} (B, ,(M)) <
L.25R*(By ,(M))(1+ o(1)) for all p>2 and g > 2. It thus suffices to show
that SureBlock asymptotically attains the minimax linear risk for o >0,
p>2 and g > 2. Since ||§ — 0|3 = o(n™28) with 3> a/(1 + 2a), we need
only to show suppepa (ar) ) Eoll* — 6113 < R} (Bg,(M))(1 + o(1)) similar to
the arguments in Remark 1.

Recall in the proof of Theorem 3 it is shown that E9J|9* — |3 < S+
521 + 522 + 523‘4- 53, where 51 + 522 + 523 + Sg = O( —2a/ 2a+1)) and 521 =
2 Jo<j<n n~1'2/R(0}) with Jy and J; chosen as in the proof of Theorem 3.
Since the minimax risk R*(By,(M)) < n~20/QatD) " this implies that So;
is the dominating term in the maximum risk of SureBlock. It follows from

. N
the definition of R(¢}) given in (10) that n™'2/R(6) <n~'3, Eg 1105(L; —
2,L;) — 0,13, where the RHS is the risk of the blockwise James-Stein es-
timator with any fixed block size 1 < L; < 29/2 and a fixed threshold level
Lj — 2. Stein’s unbiased risk estimate [see, e.g., Johnstone (2002), Chap-

. _ A 0.112L -
ter 9.2] yields that n™' 3, By [10,(L; — 2,L;) — 043 < Zb(”&i}'gzﬁ +2).

Hence the maximum risk of SureBlock satisfies

sup E(;Hé* — 9~H§
GEB‘;‘,Q(M)

sup Z Z< H0b||2 Ly/m +—)'(1+0(1))

_eeB M) oS D 10,113+ Lj/n— m

105]|"L; /n
sup Z Z<H9b||2+2]/n+n> “(1+40(1))

9€B (M)JO<]<J1 b
116sl3L5/n 2
— s SN o S ) (1+0(1)),
eeBS‘,q(M)<Jo§j<J1 b 16113+ Lj/n << i

where the second inequality follows from a similar argument as in Remark 1.
Note that in the proof of Theorem 1, J; satisfies 271 =n?7 with v < ﬁ'
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Hence if L; satisfies 2P < L; < 21/2 for some p > %, then >, % < %2'
= J
2713/4 = o(n~(2)/(1420)) and hence

sup  Bg||6* — 0|3
0eBg (M)

(a4) 2
185" Lj /7 )
< sup (— -(1+0(1)).
QEBO‘ (M) JO<]Z'<J ; HQb||2 +L]/7’L
29 /L; [0,12L;/n 2/L;
Note that ), /3%—%—( 1)25 / m Then the simple
inequality (31 a;) (X" a; ) >m?, for a; > 0,1 <4 <m yields that
ALy (2 (L) 2L ey Lo
sj<n b MBITHEm/ o n A = n
_ 2/ o)
(45) ST
N8I +27 /n
) 2ﬂ/nzkrej,k,\ |
2ok 105 kl* +27/m
Theorem 2 in Cai, Low and Zhao (2000) shows that
27 /n 0, x| . o
(46) sup /1 3 |03 = R1(B,,(M))(1+o(1)).

0BG (M) 1,552 1, 2ok 10517 +27/n

The proof is complete by combining (44)-(46).

6.6. Proof of Theorem 5. Set py(n) 2 infysupg () Eprg(p) where Fy(n)
and r4(p) are given as in Proposition 3. Proposition 3 implies that p,(n) <
7(6%,m) < 2nP(2lognP)P)/2(1 4+ 0(1)) as n — 0. For p € (0,2), Theorem 15
of Donoho and Johnstone (1994b) shows the univariate Bayes minimax risk
satisfies p(n) 2 infy supg, () ErEu(6(x) — )2 =nP(2logn~P)2=P)/2(1 4 0(1))
as 1 — 0. Note that py(n)/p(n) is bounded as n — 0 and py(n)/p(n) — 1 as

n — o0. Both py(n) and p(n) are continuous on (0, 0), so G(p) = sup,, p;;((n)) <

0o, for p € (0,2). Theorems 4 and 5 in Section 4 of Donoho and Johnstone
(1998) derived the asymptotic minimaxity over Besov bodies from the uni-
variate Bayes minimax estimators. It then follows from an analogous argu-
ment of Section 5.3 in Donoho and Johnstone (1998) that

Ry (BY (M))<1nf sup FE ||9 (A, 1) — 8,
e A 9EBg (M) ]ZJO ’ '

<G(pNq)- R (B (M))(1+0(1)).
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APPENDIX: TEST FUNCTIONS
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