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Abstract

We propose and implement a density estimation procedure which begins by turning density estimation into a
nonparametric regression problem. This regression problem is created by binning the original observations
into many small size bins, and by then applying a suitable form of root transformation to the binned data
counts. In principle many common nonparametric regression estimators could then be applied to the
transformed data. We propose use of a wavelet block thresholding estimator in this paper. Finally, the
estimated regression function is un-rooted by squaring and normalizing. The density estimation procedure
achieves simultaneously three objectives: computational efficiency, adaptivity, and spatial adaptivity. A
numerical example and a practical data example are discussed to illustrate and explain the use of this
procedure. Theoretically it is shown that the estimator simultaneously attains the optimal rate of convergence
over a wide range of the Besov classes. The estimator also automatically adapts to the local smoothness of the
underlying function, and attains the local adaptive minimax rate for estimating functions at a point. There are
three key steps in the technical argument: Poissonization, quantile coupling, and oracle risk bound for block
thresholding in the non-Gaussian setting. Some of the technical results may be of independent interest.
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The Root-Unroot Algorithm for Density Estimation as Implemented
via Wavelet Block Thresholding

Lawrence Brown, Tony Cai, Ren Zhang, Linda Zhao and Harrison Zhou

Abstract

We propose and implement a density estimation procedure which begins by turning
density estimation into a nonparametric regression problem. This regression problem
is created by binning the original observations into many small size bins, and by then
applying a suitable form of root transformation to the binned data counts. In principle
many common nonparametric regression estimators could then be applied to the trans-
formed data. We propose use of a wavelet block thresholding estimator in this paper.
Finally, the estimated regression function is un-rooted by squaring and normalizing.

The density estimation procedure achieves simultaneously three objectives: com-
putational efficiency, adaptivity, and spatial adaptivity. A numerical example and a
practical data example are discussed to illustrate and explain the use of this procedure.
Theoretically it is shown that the estimator simultaneously attains the optimal rate
of convergence over a wide range of the Besov classes. The estimator also automati-
cally adapts to the local smoothness of the underlying function, and attains the local
adaptive minimax rate for estimating functions at a point.

There are three key steps in the technical argument: Poissonization, quantile cou-
pling, and oracle risk bound for block thresholding in the non-Gaussian setting. Some

of the technical results may be of independent interest.

Keywords: Adaptation; Block thresholding; Coupling inequality; Density estimation;
Nonparametric regression; Root-unroot transform; Wavelets.
AMS 2000 Subject Classification: Primary: 62G99; Secondary: 62F12, 62F35, 62M99.

1 Introduction

Density estimation and nonparametric regression are two fundamental nonparametric prob-
lems and have traditionally been treated separately in the literature. In this paper we de-

scribe a simple algorithm that allows density estimation to be treated as a nonparametric



regression problem. We then show in detail how this algorithm can be used along with a
wavelet regression estimator. The resulting procedure yields a convenient, effective density
estimator that is adaptive and rate-optimal over a broad range of function classes.

Our basic algorithm can be termed a “root-unroot” procedure. It can easily be shown in
special settings that the resulting density estimator shares analogous asymptotic optimality
properties with the nonparametric regression estimator used in the algorithm. It is more
complex to show this in broad adaptive settings. The current paper provides a complete
proof of this in such a broad setting, and hence validates the root-unroot algorithm in
this setting and provides strong evidence for the generality of the heuristic motivation
underlying the algorithm.

As we describe in Section 3, the root-unroot procedure involves binning the observa-
tions and using a “mean-matching” square root of the bin counts. Virtually any reliable
nonparametric regression estimator can be applied to these square rooted bin counts. The
resulting regression estimator is then un-rooted and normalized in order to provide the final
density estimator. Two key steps are the choice of bin-size and the use of the asymptotically
“mean-matching” square root transformation. The algorithm is particularly convenient for
the use of wavelet methods because with no difficulty it can provide the binary number of
equally spaced regression observations for which a wavelet method is most suited.

There are two separate, though related, motivations for the root-unroot algorithm.
First, recent results in asymptotic equivalence theory have shown that, under very mild
regularity conditions, density estimation is asymptotically equivalent to nonparametric re-
gression. For such equivalence results see Nussbaum (1996) and Brown, et al. (2004).
Binning and taking the square-root of the bin counts lies at the heuristic heart of these
equivalence results. It turns out that mean-matching allows simple and effective use of
transformed bin-counts for the specific goal of density estimation without the necessity of
implementing the much more complex equivalence mappings described in these papers.

A second motivation for the method involves the ideas of Poissonization and variance
stabilization. Poissonization is discussed in several sources. See for example Le Cam (1974)
and Low and Zhou (2007). The bin counts have a multinomial distribution and here Pois-
sonization allows one to treat the bin counts as if they were independent Poisson variables.
The variance stabilizing transformation for Poisson variables is any member of a family of
square-root transformations. This family was discussed in Bartlett (1936) and Anscombe
(1948). Anscombe described a particular member of this family that provides the greatest
asymptotic control over the variance of the resulting transformed variables. However, for

the present purposes it is more important (and often essential) to have better asymptotic



control over the bias of the transformed variables, whereas optimal control of the vari-
ance term is not essential. The mean-matching transformation that we use provides the
necessary degree of control over the bias of our resulting estimator.

The root transform turns the density estimation problem into a standard nonparametric
regression problem. Virtually any good nonparametric regression procedure can then be
applied. In this paper we shall use a wavelet estimator. Wavelet methodology has demon-
strated considerable success in nonparametric regression in terms of spatial adaptivity and
asymptotic optimality. In particular, block thresholding rules have been shown to possess
impressive properties. The estimators make simultaneous decisions to retain or to discard
all the coefficients within a block and increase estimation accuracy by utilizing informa-
tion about neighboring coefficients. In the context of nonparametric regression local block
thresholding has been studied, for example, in Hall, Kerkyacharian, and Picard (1998), Cai
(1999, 2002) and Cai and Silverman (2001).

The wavelet regression estimator used in our implementation of the root-unroot algo-
rithm is one such block thresholding procedure. It first divides the empirical coefficients
at each resolution level into non-overlapping blocks and then simultaneously keeps or kills
all the coefficients within a block, based on the sum of the squared empirical coefficients
within that block. Motivated by the analysis of block thresholding rules for nonparametric
regression in Cai (1999), the block size is chosen to be asymptotically logn. It is shown
that the estimator has a high degree of adaptivity. The root-unroot and block thresholding
procedure is easy to implement and the procedure performs well for modest, realistic sam-
ple sizes and not only for sample sizes approaching infinity as is promised by asymptotic
theory.

Theoretically we show that our density estimator possesses several desirable properties.
It is shown that the estimator simultaneously attains the optimal rate of convergence under
both the squared Hellinger distance loss and the integrated squared error over a wide range
of the Besov classes. The estimator is also spatially adaptive: it attains the local adaptive
minimax rate for estimating functions at a point. Implementation of our procedure is
relatively straightforward, but the proof of the main theoretical results requires several
steps. The first step is Poissonization. It is shown that the fixed sample size density
problem is not essentially different from the density problem where the sample size is a
Poisson random variable. The second step is the use of an appropriate version of the
quantile coupling inequality of Komlés, Major and Tusnddy (1975) to approximate the
binned and root transformed data by independent normal variables. The third step is

the derivation of a risk bound for block thresholding in the case where the noise is not



necessarily Gaussian. Some of these technical results may be of independent interest.

It should be noted that density estimation has a long history and an extensive literature.
See, e.g., Silverman (1986). The traditional estimators are typically linear and thus not
spatially adaptive. A wavelet density estimator was first introduced by Donoho, et al.
(1996). Minimax convergence rates over Besov classes were derived. It was shown that
nonlinear thresholding approach can have significant advantage over the traditional linear
methods. However, the wavelet density estimator introduced in that paper is not practical
as the thresholds are not fully specified. The resulting density estimator is also not fully
adaptive. In the case of term-by-term wavelet thresholding estimators, analysis of mean
integrated squared error of single functions is also available. See Hall and Patil (1995).

We should also note that wavelet block thresholding has been used for density estima-
tion in the literature. A local block thresholding density estimator was introduced in Hall,
Kerkyacharian and Picard (1998). The estimator was shown to be globally rate optimal
over a range of function classes of inhomogeneous smoothness under integrated squared
error. However the estimator does not achieve the optimal local adaptivity under pointwise
squared error. Chicken and Cai (2005) proposed a block thresholding density estimator
which is adaptive under both the global and pointwise risk measures. However these es-
timators are not very practical as they are not easily implementable and require tuning
parameters.

The paper is organized as follows. Section 2 discusses the mean-matching variance
stabilizing root transform for a Poisson variable. We first discuss the general ideas for the
root-unroot transform approach in Section 3 and then consider our specific wavelet block
thresholding implementation of the general approach in Section 4. Theoretical properties of
the root-unroot block thresholding density estimator are discussed in Section 5. In Section
6 we discuss the implementation of the estimator and application of the procedure to a call

center data set. Technical proofs are given in Section 7.

2 Root transform

Variance stabilizing transformations, and closely related transformations to approximate
normality, have been used in many statistical contexts. See Hoyle (1973) for a review of the
extensive literature. See also Efron (1982) and Bar-Lev and Enis (1990). For Poisson distri-
butions Bartlett (1936) was the first to propose the root transform VX in a homoscedastic
linear model where X ~ Poisson(\). Anscombe (1948) proposed improving the variance

stabilizing properties by instead using /X + %. The constant % is chosen to optimally



stabilize the variance using the Taylor expansion. Anscombe’s variance stabilizing trans-
formation has also been briefly discussed in Donoho (1993) for density estimation.

In the context of nonparametric density estimation considered in the present paper, in
comparison to variance stabilization, mean matching is more important. A mean-matching
root transform is needed for minimizing the bias as well as stabilizing the variance. The
goal of mean matching is to choose a constant ¢ so that the mean of /X + cis “closest” to
V'A. The following lemma gives the expansions of the mean and variance of root transform
of the form /X + ¢ where ¢ is a constant. It can be seen easily that ¢ = % is the optimal
choice for minimizing the bias E(v/X + ¢) — VX in the first order.

Lemma 1 Let X ~ Poisson(\) with A > 0 and let ¢ > 0 be a constant. Then

4e—1 16¢2 — 24
BWVX T = abe ol 22T ol )
1 3-8¢ 32¢? — 52¢ + 17
X = = AL -2 -3. 2
Var( +c¢) 4—|— 5 AT+ 198 AT+ 0N (2)
In particular, for c :%
Blyx+t) = - Lationd (3)
4] 64

ny 1 1.5, 3. 5 -3

Var( X—|—4> = 4+32)\ —1-64)\ +O0O(A77). (4)

Lemma 1 shows that with ¢ = % the root transformed variable v/ X + ¢ has vanishing
first order bias and almost constant variance. Lemma 1 follows from Taylor expansion and
straightforward algebra. See also Anscombe (1948).

1
4
and ¢ = 2. The left panel plots the bias Ex(vVX +¢) — VA as a function of X for ¢ = 0,

c= % and ¢ = %. It is clear from the plot that ¢ = i is the best choice among the three for

Figure 1 compares the mean and variance of three root transforms with ¢ = 0, ¢ =

matching the mean. For this value of ¢ the bias is negligible for A as small as 2. On the

other hand, the root transform with ¢ = 0 yields significant negative bias and the transform

with ¢ = % produces noticeable positive bias. The right panel plots the variance of v/ X + ¢

forc=0,c= i and ¢ = %. For variance ¢ = % is the best choice among the three when A

is not too small. The root transform with ¢ = % is slightly worse than but comparable to

the case with ¢ = % and clearly ¢ = 0 is the worst choice of the three.
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Figure 1: Comparison of the mean (left panel) and variance (right panel) of root transforms with

¢ =0 (solid line), ¢ = § (+ line) and ¢ = £ (dashed line).

3 Density estimation through regression

We now consider density estimation, the main problem of interest in this paper. We shall
discuss the general ideas for the root-unroot transform approach in this section and consider
a specific wavelet block thresholding implementation of the general approach in Section 4.

Suppose that {Xi,..., X,,} is a random sample from a distribution with the density
function f. We assume that the density function f is compactly supported on an interval,
say the unit interval [0, 1]. Divide the interval into T" equi-length subintervals and let @; be
the number of observations on the i-th subinterval I; = [%, %), i=1,2,...T. Set m = 7.
The counts {Q;} can be treated as observations for a nonparametric regression directly, but
this then becomes a heteroscedastic problem since the variance of @; is mp;(1—p;/T) where

pi=T] ; f(x)dx. Instead, we first apply the root transform discussed in Section 2, and
T

treat {4/Q; + %} as new regression observations. The constant i is chosen to stabilize the
variance and at the same time match the mean as discussed in Section 2. We will estimate
V/f first, then square it back and normalize to get an estimator of f. After the density
estimation problem is transferred into a regression problem, any nonparametric regression
method can be applied. The general ideas for the root-unroot transform approach can be
more formally explained as follows.

The first step of the procedure is binning. Let T' be some positive integer (The choice of




T will be discussed later.) Divide {X;} into T equal length subintervals between 0 and 1.
Let @1, ..., @7 be the number of observations in each of the subintervals. The @Q;’s jointly
have a multinomial distribution. Note that if the sample size is Poissonized, that is, it is
not fixed but a Poisson random variable with mean n and independent of the X;’s, then

the counts {Q; : ¢ =1,...,T} are independent Poisson random variables with

Q; ~ Poisson(mp;) where p; =T ! f(z)dz.
i—1
Ea

We then apply the mean-matching root transform discussed in Section 2. Set

1
Yi=/Qi+ T where Q; = Card({k : Xy, € I;}), i =1,---,T, (5)

and treat Y = (Y7,Y3, ..., Yp) as the new equi-spaced sample for a nonparametric regression
problem. Through binning and the root transform the density estimation problem has
now been transferred to an equi-spaced, nearly constant variance nonparametric regression
problem. Any good nonparametric regression procedure, such as a kernel, spline or wavelet
procedure, can be applied to yield an estimator \//\f of v/f. The final density estimator
can be obtained by normalizing the square of \//\f . Algorithmically, the root-unroot density

estimation procedure can be summarized as follows.

1. Binning: Divide {X;} into T equal length intervals between 0 and 1. Let Q1, Q2, ..., Q1

be the number of observations in each of the intervals.

2. Root Transform: Let Y; = /Q; + %, i=1,---,T, and treat Y = (Y1,Ya,...,Y7)

as the new equi-spaced sample for a nonparametric regression problem.

3. Nonparametric Regression: Apply your favorite nonparametric regression proce-

—

dure to the binned and root transformed data Y to obtain an estimate /f of v/f.

o~

4. Unroot: The density function f is estimated by f = (V)2
5. Normalization: The estimator f given in Step 4 may not integrate to 1. Set
~ o~ 1 ~
fio=Fwy [ Foa
0
and use f as the final estimator.

In this paper we combine the formal Root-Unroot procedure with the wavelet block
thresholding method BlockJS given in Cai (1999). We will describe the BlockJS procedure



in the next section and show in Section 5 that the resulting density estimator enjoys a high
degree of adaptivity over a wide range of Besov classes. The numerical performance of
this type of root-unroot procedure was investigated in Zhang (2002), using the VisuShrink

wavelet estimator at Step 3.

Remark 1 An advantage of the root-unroot methodology is that it turns the density
estimation problem to a standard homoscedastic nonparametric regression in which better-
understood tools can then be used to construct confidence sets for the density, in addition
to estimates. For the construction of confidence sets in regression setting, see, for example,
Genovese and Wasserman (2005) and Cai and Low (2006).

4 Wavelets and block thresholding

Let {¢,9} be a pair of compactly supported father and mother wavelets with [ ¢ = 1.
Dilation and translation of ¢ and v generate an orthonormal wavelet basis. For simplicity

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

(o] o0
D@ =D dinl@—1), Y0 (@)= > dipl@—1), forze(0,1]
l=—00 l=—0c0
where ¢, () = 27/2¢(272 — k) and ;1. (x) = 27/2¢(27z — k). The collection {(b?o w k=
1,...,20; wﬁk, j>jo>0,k=1,..,2/} is then an orthonormal basis of L?[0, 1], provided
jo is large enough to ensure that the support of the wavelets at level jg 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
F@) = &orbion(®@) + D> D 0ixtbin(2), (6)
k=1 J=Jjo k=1
where &, = (f, @jo.k) are the coefficients of the father wavelets at the coarsest level

which represent the gross structure of the function f, and 0, = (f,v;) are the wavelet
coefficients which represent finer and finer structures as the resolution level j increases.
An orthonormal wavelet basis has an associated orthogonal Discrete Wavelet Transform
(DWT) which transforms sampled data into the wavelet coefficients. See Daubechies (1992)
and Strang (1992) for further details about the wavelets and discrete wavelet transform.
Note that one can also use boundary corrected wavelet bases, instead of periodized wavelet
bases. See Cohen, et. al (1993) and Daubechies (1994) for more on boundary corrected

wavelet bases.



4.1 Root-unroot and block thresholding for density estimation

We now return to the density estimation problem. Set J = J, = Llogg n3/ 4J and let
T = 27. Divide {X;} into T equal length subintervals between 0 and 1, I; = [, &) for
i=1,...,T. Apply the discrete wavelet transform to the binned and root transformed data
Y = (Y1,...,Yr) where Y; are given as in (5), and let U = n~2WY be the empirical wavelet

coefficients, where W is the discrete wavelet transformation matrix. Write

~ ~ /
U = (o1, » g 290 Ujo, 15 "+ * » Ujg 9do, """ s UJ—1,1," " " >uJ71,2J—1) . (7)

Here j,  are the gross structure terms at the lowest resolution level, and w;; (j =
jo,-++yJ — 1,k = 1,---,2)) are empirical wavelet coefficients at level j which represent
detail structure at scale 2/. It is important to note that the empirical wavelet coefficients

can be written as

Ujp =0+ €k + \FZJ P IN (8)

where 6} are the true wavelet coefficients of \/f, ¢ are “small” deterministic approx-
imation errors, z;; are iid. N(0,1), and &;; are some “small” stochastic errors. The
theoretical calculations given in Section 7 will show that both the approximation errors €;
and the stochastic errors ;, are negligible in certain sense. If these negligible errors are

ignored then we have an idealized sequence model with noise level o = =

SNOK
iid
ujp =0 + 2fzjk7 where z;;, ~ N(0,1). (9)

The BlockJS procedure was proposed in Cai (1999) for nonparametric regression and
was shown to achieve simultaneously three objectives: adaptivity, spatial adaptivity, and
computational efficiency. We now apply the BlockJS procedure to the empirical coeflicients
uj ) as if they are observed as in (9). More specifically, at each resolution level j, the
empirical wavelet coefficients u; ;, are grouped into nonoverlapping blocks of length L = logn
(in the numerical implementation we use L = 2logz(log)]) T et BJ’: denote the set of indices

of the coefficients in the i-th block at level j, i.e.
Bl ={(j,k): (i—1)L+1<k<iL}.

Let SJZJ = Z(j,k)e Bi u]%k denote the sum of squared empirical wavelet coefficients in the

block B; The James-Stein shrinkage rule is then applied to each block B; For (j,k) € B;-,

~ A L
O = (1 — FSJZZ-)JF Uj (10)



where, as in Section 4, A\, = 4.50524 is the solution to the equation A, — log A, = 3 and
4n in the shrinkage factor of (10) is due to the fact that the noise level in (9) is 0 = ﬁ
The block size L = logn and the threshold A\, = 4.50524 are selected according to a block
thresholding oracle inequality and a minimax criterion. See Cai (1999) for further details.

For the gross structure terms at the lowest resolution level jj, we set éjo,k = Uj, - The
estimate of /f at the equi-spaced sample points {% 241 =1,---,T} is then obtained by
applying the inverse discrete wavelet transform (IDWT) to the denoised wavelet coefficients.
That is, {\/f(%) : @ = 1,---,T} is estimated by \//\f = {\//\f(%) ci o= 1,---,T} with
\//\7 = T2W~1 .. The estimate of the whole function Vf is given by

270 J-1 27

VIO =S i dion® + 350405 4(8) (11)
k=1

J=jo k=1

and the estimator of the density function f is given by the square of /f:

2

270 J—1 27 A
ft) = > 0w bion® + DD Oipbin(t) | (12)
k=1 j=jo k=1

By normalizing fwe obtain the final density estimator fwhere

~ o~ 1 ~
7y = Fty/ / Ftyt. (13)

This density estimation procedure is easily implementable and possesses desirable proper-

ties.

5 Theoretical properties

We turn in this section to the theoretical properties of the root-unroot BlockJS density
estimators introduced in Sections 3 and 4. The asymptotic results show that the procedure
enjoys a high degree of adaptivity and spatial adaptivity. Specifically, we consider adaptivity
of the estimator over a wide range of Besov spaces under both the squared Hellinger distance
loss Ui (g, f) = ||v/9 — V/F|3 and the usual integrated squared error ls(g, f) = |lg — f||3. We
also consider spatial adaptivity under pointwise squared error.

Besov spaces contain a number of traditional smoothness spaces such as Hoélder and
Sobolev spaces as special cases and arise naturally in many fields of analysis. See Donoho
and Johnstone (1998) for a discussion on the relevance of Besov spaces to scientific problems.

A Besov space By, has three parameters: o measures degree of smoothness, p and ¢ specify

10



the type of norm used to measure the smoothness. Besov spaces can be defined in several
ways. For the present paper, we will use the Besov sequence norm based on the wavelet
coefficients. Let (¢, 1) be a pair of compactly supported father and mother wavelets.
A mother wavelet v is called r-reqular if 1 has r vanishing moments and r continuous

derivatives. For a given r-regular mother wavelet ¢ with » > a and a fixed primary

resolution level jo, the Besov sequence norm || - [[pe  of a function g is then defined by
- 1/p\ 7\ /4
lglleg , = I€jokller + | D |27 <Z |9j,k|p> (14)
J=jo k

where s = a +1/2 —1/p, & = fol g(t)p;i(t) dt and 05, = fol g(t)1;,(t) dt. The standard
modification applies for the cases p, ¢ = 0o. See Triebel (1992) and Meyer (1992) for further
details on Besov spaces. We define By (M) = {f; [ fllog,, < M} .

In the present paper we consider the risk of estimating the density function f over Besov
balls,

1
Fo (M, ) = {f fe ng(M),/O F@)dz =1, f(z) > cfor all z € [0, 1]} .

Note that when f is bounded below from 0 and above from a constant, the condition
f € By, (M) is equivalent to that there exists M’ > 0 such that \/f € Bf, (M’). See Runst
(1986).

Remark 2 The assumption f(z) > e implies that the number of observations @); in each
bin is large so that Y; defined in equation (5) can be treated as if it were a normal random
variable. See Lemmas 2 and 3 for more details. This assumption can be relaxed. For
instance, the main results in this paper can be extended to the case that the density f is 0

at a fixed number of points so long as f’ is not 0 at those points.

The two density estimators, f in (12) and the normalized version f in (13), share the
same asymptotic properties. To save space we shall use fi to denote either f or f in the
theoretical results given below. The following results show that the estimators enjoy a high

degree of adaptivity under the squared Hellinger distance loss.

Theorem 1 Let x1,x2,...,x, be a random sample from a distribution with density func-
tion f. Suppose the wavelet ¥ is r-regular. Let f. be either f given in (12) or f given in

(13) with m = Cni. Then forp>2, a<r and 20[124-_20&/3 - % >0

__2a
sup Bl fe — VI3 < Cn” T2, (15)

fEF;fq(M7€)

11



2042—0[/3 1
1+2a ~ p >0

sup  EllV/Fr — VI3 < Cn~ 15 (log n) . (16)

JEFg(M,e)

and for1 <p <2, a <r and

Remark 3 Note that the two density estimators depend on the number of bins T or
equivalently the bin size m. Lemma 1 implies that the mean-matching variance stabilization

3/2 The cumulative contribution of the

transformation leads to a bias term of order m™
biases in the mean squared error of all 7" bins is then at a level of %T (m_3/2)2 =m~%. To
make this term negligible for all a, we set m~* = O(n™1), i.e., m = Cnl/*, or equivalently
T = C~'n3/%. In practice, we define T' = 9[log> "wﬂ, where [a] denotes the smallest integer

greater than or equal to a, and consequently the average bin size m is n/T = n2~ [logy n?/4]

Theorem 1 together with the lower bound given in Theorem 2 below show that the
estimators f and f are adaptively minimax rate optimal over Besov balls with p > 2 for a
large range of «, and at the same time is within a logarithmic factor of the minimax risk
over Besov balls with 1 < p < 2 for a range of a.

Theorem 1 states the adaptivity results in the squared Hellinger distance error. Same

results hold for the conventional integrated squared error.

Corollary 1 Under the conditions of Theorem 1,

-2 20°—a/3 1
Cn™ 1+2a p>2 and —=>0
sup  E|fi— f”% < _ _2a 2-p 1+220;2,a/§ 1 (17)
feFg (M,e) Cn~ T2 (logn) P72 1 < p <2 and 5> — 5 > 0.

The following theorem gives lower bound for the minimax risk under the squared

Hellinger distance loss.

Theorem 2 Let x1,xs,...,x, be a random sample from a distribution with the density

function f. Then forp > 1 and a + % . % > 0 there exists constants cq1, co > 0 such that

inf  swp  ElVF-VIEzen 5 and inf s Bl — fI3 > con 1
[ feFg (M) f feFg, (M)

Theorem 2 follows from similar arguments used in the proof of Theorem 2 of Donoho,
et al. (1996).

The upper bounds and the lower bounds given above together show that the density
estimator enjoys a high degree of adaptivity over a wide range of the Besov classes under
both the squared Hellinger distance loss and the integrated squared error. However, for

functions of spatial inhomogeneity, the local smoothness of the functions varies significantly

12



from point to point and global risk given in Theorem 1 cannot wholly reflect the performance

of estimators at a point. We thus consider spatial adaptivity as measured by the local risk

R(f(to), [(to)) = E(f(to) = f(t0))* (18)
where ¢y € (0,1) is any given point. The local smoothness of a function can be measured
by its local Hélder smoothness index. For a fixed point ¢ty € (0,1) and 0 < a < 1, define
the local Hélder class A®(M, o, d) as follows:

A (M, to,0) = {f:|f(t) — f(to)| < M|t —to|®, fort € (to — 4, to +0)}.
If a > 1, then
A*(M,t,8) = {f: |fLD@) = LoD (t)| < M|t —to|* for t € (to — b, to+ 6)}

where |«] is the largest integer less than o and o/ = a — [«]. In Gaussian nonpara-
metric regression setting, it is well known that for local estimation, one must pay a price
for adaptation. The optimal rate of convergence for estimating f(¢y9) over function class
A*(M, tg,0) with o completely known is n~2%/(142¢) " Lepski (1990) and Brown and Low
(1996) showed that one has to pay a price for adaptation of at least a logarithmic fac-
tor. It is shown that the local adaptive minimax rate over the Holder class A“(M, ty,0) is
(log n/n)?*/(1429) " The following theorem shows that our density estimator automatically
attains the local adaptive minimax rate for estimation at a point, without prior knowledge

of the smoothness of the underlying functions.

Theorem 3 Suppose the wavelet ¢ is r-reqular with r > « > 1/6. Let to € (0,1) be fized.
Then the estimator f, defined in (12) satisfies

logn, 25- (19)

sup  E(fu(to) — f(t0))* < C - (
feAe(M,to,0) n

5.1 A brief outline for the proof of Theorem 1

The proof of Theorem 1 is somewhat involved. There are three key steps in the proof.
The first step is Poissonization. It is shown that the fixed sample size density problem
is not essentially different from the density problem where the sample size is a Poisson
random variable. This step enables us to treat the counts on subintervals as independent
Poisson variables as discussed briefly in Section 3.
The second step is the use of the quantile coupling inequality of Komlés, Major and

Tusnady (1975) to approximate the binned and root transformed data by independent

13



normal variables. In this step we shall give tight bounds for both the deterministic ap-
proximation errors €; and the stochastic errors ;; in the decomposition of the empirical
wavelet coefficients given in (8).

The third step is the derivation of a risk bound for block thresholding in the case where
the noise is not necessarily Gaussian. This risk bound is useful in turning the analysis
of the density estimator into the bias-variance trade-off calculation which is often used in

more standard Gaussian nonparametric regression.

6 Numerical implementation and examples

The root-unroot approach is easy to implement if the nonparametric regression procedure
in Step 3 is computationally efficient. In Section 4 we discuss in detail a wavelet block
thresholding implementation of the root-unroot approach which is fast to compute. We
implement the procedure in Splus. The following plot illustrates the steps in the root-unroot
BlockJS procedure. A random sample is generated from a distribution with a multi-modal
density function. The histogram of the data is given in the upper left panel and the binned
and root transformed data is plotted in the upper right panel. The empirical wavelet
coeflicients and the BlockJS denoised coefficients are plotted respectively in the middle left
and right panels. The estimate of the square root of the density function (solid line) is
given in the lower left panel and the estimate of the density function is plotted in the lower
right panel. The dotted lines in the lower panels are the true functions.

The following example taken from a practical data set illustrates the application of our
root-unroot wavelet method. The data are the arrival times of calls to agents at an Israeli
financial call-center. This data is a portion of that described in much more detail and
analyzed from several related perspectives in Brown, et al. (2005). The values recorded
are the times (in second) at which telephone calls seeking service from agents arrive to be
served by the agent pool. In this example we only use calls received throughout the year
on non-holiday Sundays. (Sunday is the first day of the regular work-week in Israel.) The
data for current analysis contains about 55,000 call arrival times.

Features of arrival densities are of practical interest. The left panel of Figure 3 shows the
histogram of this arrival time data. The right panel shows the density estimate produced by
the root-unroot, wavelet block thresholding methodology. In this example we use 7" = 512,
symmelet “s16” and the primary level jo = 4. Note the three modes in the density plot.
These occur at roughly 10-11 am, 2-3 pm and approximately 10pm. The morning buildup

and afternoon fall-off in call density is otherwise a fairly smooth curve. The dip in arrival
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Figure 2: An example of the root-unroot BlockJS density estimator.

density between the first two modes is presumably connected to the time of lunch break,
when Israelis seem less inclined to call their bank. The noticeable mode at around 10pm
may be related to societal TV or bedtime habits or to phone rates in Israel, which change
at 10pm. See Weinberg, Brown and Stroud (2007) for a more sophisticated analysis of a

similar set of data from an American financial call center.

7 Proofs

We shall only give a complete proof for Theorem 1. Theorem 2 can be proved by using
similar arguments given in the proof of Theorem 2 of Donoho, et al. (1996) and the proof
of Theorem 3 is similar to that of Theorem 4 of Brown, Cai and Zhou (2008).

As outlined in Section 5.1, the proof of Theorem 1 contains three key steps: Poissoniza-
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Figure 3: The histogram (left panel) and the density estimate (right panel)of the call center data.

tion, coupling, and bounding the risk of block thresholding estimators. We shall proceed
according to these three steps. We first prove a Poissonized version of Theorem 1. The
proof for squared Hellinger distance loss is given in Section 7.4 and the proof for integrated
squared error is given in Section 7.5. Section 7.6 shows that the normalized estimator
f shares the same properties as the estimator f . Finally we complete the proof of The-
orem 1 in Section 7.7 by showing that the Poissonized version of Theorem 1 yields the

corresponding results for density estimation.

7.1 Poissonized density estimation

We begin by introducing a Poissonized version of the density estimation problem. Let
N ~ Poisson(n) and let z1,x9, ..., 2N be a random sample from a distribution with density
function f. Suppose that x;’s and N are independent and that the density f is supported on
the unit interval [0, 1]. Let ); be the number of observations on the interval [(i—1)/T',i/T),
i=1,2,...T. Set m =n/T. Then Q; ~ Poisson(mp;) where p; = Tfl%%l f(z)dx. Set

1
Yiz,/QﬁA—l, i=1,2,...,T (20)

and let fbe given as in (12) and f given in (13). We shall first prove a Poissonized version
of Theorem 1 which shows that fhas the same rate of convergence when the sample size

is a Poisson variable as when the sample size is fixed.

Theorem 4 Let x1,x9,...,TN i fy N ~ Poisson(n). Suppose the wavelet v is r-reqular
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and o < r. Let f, be either f given in (12) or f given in (18) with m = Cni. Then

— Cn_iliga p>2 2a%—a/3 1 >0
sup BV fe = VI3 S{ 2 e a1
feFg (M) Cn”~ T+2a (logn)r(+2e) 1 <p <2, T30 0.
Corollary 2 Under the conditions of Theorem 4,
— 2o 202 —a/3 1
Cn™ T+2a p>2 and —=>0
sup  Ellf. - fH% < { __2a 2=p 1+22C;27a/§ 1
fEFS (M) Cn™ T2 (logn)r(+2) 1 <p <2 and 5~ — 5> 0.

We should note that the result in Theorem 4 holds in more general setting where one
is interested in estimating the intensity function of an inhomogeneous Poisson process. A
similar result has been used for this purpose in Zhang (2002) and Brown, et al. (2005).

The proof of Theorem 4 requires analysis of both the deterministic part (the mean) and
the stochastic part of Y; given in (20). We shall first collect in the next section technical
lemmas that are needed for the proof of Theorem 4. In section 7.6, we show the risk

difference between f and f is negligible.

7.2 Coupling and preparatory results

We shall use the quantile coupling inequality of Komlés, Major and Tusnddy (1975) to
approximate the binned and root transformed data by independent normal variables. The
following lemma is a direct consequence of the results given in Komlés, Major and Tusnady
(1975) and Zhou (2006).

Lemma 2 Let A > 0 and let X ~ Poisson(\). There exists a standard normal random
variable Z ~ N(0,1) and constants c1,ca,c3 > 0 not depending on X\ such that whenever

the event A = {|X — A| < c1 A} occurs,
X = A= VAZ| < 2 2% + ¢3. (21)

We shall develop tight bounds for both the deterministic approximation errors €;; and
the stochastic errors ; ; in the decomposition of the empirical wavelet coefficients given in

(8). Let X ~ Poisson(\) and let Y = /X + 1 and ¢ = EY — V/A. Let Z be a standard
normal variable satisfying (21). Then Y can be written as Y = VA4 e+ %Z + & where

B X -\ 1, X -
g_\/X—F}l—i-\//\-‘v-i 27 JX+Er L)

It follows from Lemma 1 that when A is large, € is “small”, |¢| < 6—14)\7%(1 +0(1)). We shall

(22)

show, using Lemma 2, that the random variable ¢ is “stochastically small”.
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Lemma 3 Let X ~ Poisson(\) and let the standard normal variable Z be given as in
Lemma 2. Let € be given as in (22). Then for any integer i > 1 there exists a constant

C; > 0 such that for all A > 1 and all a > 0,

El¢[f < CiA"2  and P(|¢] > a) < Ci(a®\)"2. (23)
Proof: First note that £§ = 0. Set 6 = E(ﬁ_/\\/ﬁ) Then
- +iH/A+1
X - 1
§ = _§Z_5Z£1+£2+§3
X+ A+l
where
32
§ - - k) 5 (24)
2(YX+1+A+1) ]
6 — X -A—VAZ (25)
24/A+ 1
1
£ = Z. (26)

8A/1+ (1 + /14 55)

Note that B& = 0, 1 = 1,2,3 and [&] < A™2(CoZ2 + C3) and [&3] < A1 Z| on A =
{|X = Al < 1A} with P (A°) < exp (—c)) for some ¢ > 0. Hence for any integer i > 1 the

Cauchy-Schwarz inequality implies, for some constant d; > 0,

El&' <dA™2 and E|&| < diA2. (27)
2
Note also that (24) yields § = BE(—2=2 ) = —F (X=) . Hence
VXA 2<\/X+i+\/)\+%)2\/)\+%
|0] < E(X_gA)Q = %)\7%. On the other hand, it follows directly from Lemma 4 below that for

222 , )
any integer ¢ > 1 there exists a constant ¢; > 0 such that E(X — )\)2Z < ¢;A'. Note that for

i >1, (a+0b)" <27(|a|]’ + [b]"). Tt then follows that

; L [B(X =N ; 1, A i 1 1.0, 4
Elg) <27 | 4 0| <27 (S 427 ) = (S + o)A e 28
< o O 2T e = Gat a9
The first bound in (23) now follows by combining (27) and (28). The second bound in (23)
is a direct consequence of the first one and Markov inequality. 1

Lemmas 1, 2 and 3 together yield the following result.
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Proposition 1 Let Y; = +/Q; + i be given as in (20). Then'Y; can be written as
1 .
}/i:\/mpi+€i+§zi+fia i=1,2,...,T, (29)

where Z; "% N(0,1), € are constants satisfying |e;| < G—Z(mpi)_% (14-0(1)) and consequently

for some constant C > 0

S|

T
Y ag<c-m, (30)
i=1

and & are independent and “stochastically small” random variables satisfying

N~
~—~
w
—_
~—

2 —
El&G|' < Ci(mpi)™2  and  P(|&] > a) < Ci(a®mp;)
where I > 0, a > 0 and C; > 0 is a constant depending on | only.

We need the following moment bounds for an orthogonal transform of independent

variables.

Lemma 4 Let Xy,..., X, be independent variables with E(X;) =0 fori=1,...,n. Sup-
pose that E|X;|* < My, for all i and all k > 0 with M, > 0 some constant not depending
onn. Let Y = WX be an orthogonal transform of X = (Xi,...,X,)". Then there exist
constants Mj, not depending on n such that E|Y;|F < M foralli=1,...,n and all k > 0.

Proof: Let a;, i = 1,--- ,n be constants such that Yo a? = 1. It suffices to show that
for U = """ | a; X; there exist constants M, not depending on n and a = (a1,...,ay) such
that E|U* < M, for all even positive integer k.

Let k be a fixed even integer. Then, since F(X;) =0 fori=1,...,n,

n
k
B = BQaX)t = 3 (k ,{;)a’f%-ainEXfl‘--Exﬁn
i— Kyt thon =k 15y m

k
= > akv ot EXR L BXEe
ki Fon
(k1,....ken)ES ()

where S(k) = {(ki1,...,kn) : k; nonnegative integers, k; # 1 and >, k; = k}. Set
A = (14 M;)(1+ M) ---(1+ My). Then, since |a;] <1,

BUf < kA Y Jalfca <k, S0 e P g, P
(k1,eeskn)€S(K) (K1, kn ) ES(K)
k/2

ALY > (@) (),

k=1 (k,,....k},) €S (k')

IN
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/ ’ n k'
Since Y wyesgry (@) (@)t < (i af)” = 1, E|UIF < kKAGE(S + 1) The

1=

lemma is proved by taking M; = k'Akg(f +1). 1

. .. . _ P 7 N

1From (29) in Proposition 1 we can write \FY vr T f taomt . Let (ujg) =

n~2W -Y be the discrete wavelet transform of the binned and root transformed data. Then
one may write

Ujp = 9;',19 +ekt+ =2k + &k (32)

2f
.

where 0’ K, are the discrete wavelet transform of ( \/T) which are approximately equal to the

true wavelet coefficients of \/f, z;x are the transform of the Z;’s and so are i.i.d. N(0,1)

and €, and &, are respectively the transforms of (\6/%) and (\%) Then it follows from

1 _
zj:zk:e?’k:nzi:efng 4, (33)

It now follows from Lemma 4 and Proposition 1 that for all ¢ > 0 and a > 0

Proposition 1 that

i i

El& i< Ci(mn)"2 and P(|& k| > a) < C’;(a?mn)_i. (34)

7.3 Risk bound for a single block

Oracle inequalities for block thresholding estimators were derived in Cai (1999) in the case
when the noise is i.i.d. normal. In the present paper we need the following risk bound for

block thresholding estimators without the normality assumption.

Lemma 5 Suppose y; = 60; + z;, © = 1,..., L, where 6; are constants and z; are random
variables. Let S? = Zle y? and let 0; = (1-— f‘g%)erZ Then

E||0 — 0lI3 < 10113 A AL + 4B [|2]31(]|=[5 > AL)] (35)

Proof: Tt is easy to verify that ||§ — y||2 < AL. Hence

E (110 - 01311213 > AL)| < 2B 10— yl31(I213 > AL)| + 2E [lly - 0131()12113 > AL)]
2ALP(2|3 > AL) + 2B [|=I31(||2I13 > AL)]
4B [|I2131(11213 > AL)] (36)

A

IN

On the other hand,

B (16 - 013101218 < AL)| < B [2010 -yl + 20y — 0 I(1213 < AD)| < L. (37)
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Note that when $2 < AL, § = 0 and hence || —0||2 = [|0]|2. When ||z||2 < AL and S% > AL,

0-013 = STI0- S5m0 = (1 = )I8* ~ AL =23 il + 013
_ <1—qu)[Z(eﬁznz—AL—2Z@-(9Z-+Z1»>J+WII%

AL
= (1= ) l2l13 = AL = [|9113) + 16115 < ll61]3.

Hence E [Hé —9|21(]|2]2 < )\L)} < [16]2 and (35) follows by combining this with (36) and
(37). 1

We also need the following bound on the tail probability of a central chi-square distri-
bution (see Cai (2002)).

Lemma 6 Let X ~ X% and A > 1. Then
P(X > AL) < e 218D gpg EXT(X > AL) < ALe 2 losA=D)  (3g)

Proposition 2 Let the empirical wavelet coefficients ;) = 9;',k +e€ik+ ﬁzj,k + &k be
given as in (32) and let the block thresholding estimator 0} be defined as in (10). Then

for some constant C > 0

E Y (Oje—0j,)" <min<4 > (0,)% 8\In"" p+6 > €+ CLn 2 (39)

(j.k)eBi (j:k)EB! (4.k)€B;

Proof: 1t follows from Lemma 5 that

E Y (Oje—0,)"<2E > [Ojp— O+’ +2 >

(j.k)eB} (j.k)eB] (4,k)€ B

< mind4 > (05,)% 8hIn ' h 46 Y

(jk)EB (k)€

+2n7'E Y (e 2vng ) T [ D (zik +2vngin)? > AL

(j.k)EB! (4,k)€EB;

Define the event A by A = {|2y/n&; x| < L™ for all (j,k) € B;} Then it follows from
(34) that for any ¢ > 1

PA%) < 7 P(2v/ngal > L7Y) < CY(L™2m) 75, (40)

(4,k)EB;
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Note that

D = E Y (za+2vn&n)’ [ Y (zx+2vngn)" > AL

(.k)EB] (J,k)EB;

= E > (ze+2Vngp) T An D> (zik+2vngn)’ > AL

(j.k)EB! (j:k)€B;

+E Y (a+2vng )T [ A0 > (zik +2vngn)? > ML

(.k)EB] (J,k)€B;
= Dy + Ds.
Note that for any L > 1, (z + y)? x + Ly? for all z and y. It then follows from

Lemma 6 and Holder’s Inequality that

D1 = E Y (za+2vn&n)T [ AN D (zik+2Vngir)? > ML

(4,k)€ B (4,k)€BE
< 2B ) 2 0| ) i >AL-A -1
(j.k)EBY (j.k)E€BI
+8nE > Gl Y Sy >AML-A -1
(4,k)EB; (4,k)EB;
< 200L — Ay — 1)em 5o muA DL log(u—(Au ) L7 -1)

+8n Y (BT PCY 2> AL A1)

(ih)eB] (k)eB]

where r,w > 1 and %—1— % = 1. For m = n* we take % = 1—e¢. Then it follows from Lemma
6 and (34) that
D1 < A\, e S5 Ln +CLm 'n "¢ =CLn".
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On the other hand, it follows from (34) and (40) (by taking ¢ = 10) that

Dy = E Y (ma+2Vnge)’T| AN D (zx+2vngx)? > ML

(j,lc)eB;i (j,k)eB;'.
1 1 1
< £ Z (223, + 8n&F ) I(A°) < Z 2(Ezj;)2 + 8n(EE) )] - (P(A°))2
(4,k)€B; (G,k)€B:
< CL(L?m)™® <n7L

Hence, D = D; 4+ Dy < CLn~! and consequently, for some constant C' > 0,

E Y (Oje—0)" < mind Y (0;,)% 8\Int p+6 > e, +CLn % 1
(J,k)EB] (J;k)EB} (J,k)EB]

Lemma 7 Let T = 2/ and d = min(a — %,1). Set p; = Tf yr9 (@ Y(z)dx and g;(z) =
Zgzl ﬁ\/pikﬁsjk(l‘) Then for some constant C > 0

sup  [|lgs — gll3 < CT* (41)
gEFE (M)

Proof: Note that it follows from embedding theorem of Besov spaces that for some constant
M' >0 By, (M) C Bd 0o(M'). Hence for all g € By (M) there exists a constant C' > 0

such that WJ,k—fg( )| < C2™ T(d+3) Let gs(x) = Zk 1\Fg( )¢ k(). Then

~ 1 k o « =
||9J—g||§:Z(ﬂJ7k_ﬁ ) D2+ 33763, < 022 4 oo +3-3) < o2,
k j>J k

Since € < g < Cp for some Cy > 0,

by TS0 @) — g (B)del 2007 Ji/T 1 lg(e) — gl
VB~ g = Wfi/T — e S e
ll)/f_pg $+9(T)

Hence [|g; — 373 = + >, (v/Pr — 9(£))? < CT~?? and consequently

<Cor

sup  |lgs—gll3 < sup  (2lgs —gl3 + 255 — gs113) < CT*. 1
gGngq(M,e) gGFIg’fq(M,e)

7.4 Proof of Theorem 4

In this section we show the result holds for f given in (12). In Section 7.6, we will see the
difference of the risk between f and fis o (n*QO‘/ (2a+1)) which is negligible.
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Let Y and 0 be given as in (20) and (10) respectively. Then,

BIVI =il = B0 +§:§:E =00+ D05 0
—jo k j=J k
= 51 + Sy + Ss B j (42)
It is easy to see that the first term S; and the third term S5 are small.
Sy = 20n e = o(n 2/ (1120)) (43)
Note that for z € IR™ and 0 < p; < ps < o0,

]lpy < z|lp, < mpl B || py (44)

Since f € B, (M), so 2]‘8(221 1 |0jk\p)1/f’ < M. Now (44) yields that

j=J k

Proposition 2, Lemma 7 and Equation (33) yield that

Se < 2ZZE ik — 0 +2ZZ

Jj=jo k Jj=jo k
J—12/L J—-1 J—1

© S S winds Y g s oY Y A on 0y Y0
J=jo i=1 (j,k)EB; Jj=jo k J=jo k
J—127/L

< DY mind8 > 67, 8\In Ty +Cmt+ Cn 4 CT
j=do =1 (J:k)EB]

We now divide into two cases. First consider the case p > 2. Let J; = [1 Toq 108y n]. So,

271 ~ p!/(1420)  Then (46) and (44) yield

J1—127/L J-1
Sp<8A D Y LnTh+8) > 0% 4+ Cnt 4 CT < on /02 (47)
j=jo =1 j=J1 k

By combining (47) with (43) and (45), we have E||0 — 0|3 < Cn=20/(+29) for p > 2,

Now let us consider the case p < 2. First we state the following lemma without proof.

Lemma 8 Let 0 <p <1 and S={z € R*: 3} 1 a? < B, >0, i=1,--- ,k}. Then
sup,eg SoF_ (i A A) < B+ AP for all A > 0.

24

(46)



Let Jo be an integer satisfying 272 = n!/(1429) (1og n)(2=P)/P(1422)  Note that

[N4S]

27 /L 27
S| X ] <@t
=1\ (J.k)eB; k=1

It then follows from Lemma 8 that

J-1 2j/L 2 2—p
Z Z min ¢ 8 Z 9]2',k> 8\ In 'Y < Cn T (log n)p(+2a) (48)
j=T =1 (e B!

On the other hand,

Jo—127/L Ja—1 2 2—p
Z Z min ¢ 8 Z 9]2',1:7 8\.Ln 'Y < Z ZSA*Ln_l < COn~ Trza (log n) P(+20)
j=jo =1 (4.k)eB! j=jo b

(49)
A~ =% 2—
Putting (43), (45), (48) and (49) together yields E||0 — 0||3 < On” T+ (logn) pOTa) 1

202 —a/3
1+2a

spaces. To make the other terms negligible (or at least not dominant) for all «, we need to

Remark 4 The condition

> % is purely due to approximation error over Besov

2a _ _1 __2a . e .
have m™% = O(n” T+2a ) and T A=A - O(n~ T+2a). This condition puts constraints on

both m and « (an(;l p). We choose m = ni and so T = ni1. Then we need S(a— %) > 1«2304
_ 1
or equivalently 20‘1 +26;/ EAEN %. The other condition, m > n1, is needed for bounding the

stochastic error.

7.5 Asymptotic optimality under L, Loss

Proof of Corollary 2: In this section, we only give a proof for f given in (12). See the next

section for f.

The Lo loss can be related to Hellinger loss as follows
oif-ss=s [ (Vi-v7) (Vievs) <om [ (Vi-vi) (F+).
Since f is bounded by a constant Cp, we then have
ai-ng<zevans [(Vi-vi) see [(Vi-vr) 7 (|Vi]_>e).

where the constant C' will be specified later. To prove the Theorem, it suffices to show the

second term is negligible for an appropriate constant C'. The Cauchy-Schwarz inequality
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implies

o (Vi) 5[] )]

IN

_ — 4
p(lVil ~e)e [ (Vi-ve) 7
2p (H\/}H > C> E/ (f‘* + f2f2)

It then suffices to show that there exists a constant C' such that

\//\EH > C} < Cln7l7

IN

sup {
VFIEES (M)

for any [ > 1, since it is easy to see that a crude bound for E [ (]?4 + fzj?z) is Cn?.

Recall that we can write the discrete wavelet transform of the binned data as

/
i =051+ €k + 57=2ik + &k

v

where 9}k are the discrete wavelet transform of (‘/g) which are approximately equal to

the true wavelet coefficients 0;; of /f. Note that |07, — 0| = O (2770d+1/2)) | for d =
min (o — 1/p, 1) . Note also that a Besov Ball By, (M) can be embedded in Bgo’oo (M) for
some M; > 0. (See, e.g., Meyer (1992)). From the equation above, we have

270 J—1 27
> 0 xBion®) + DD 05 4in(t) € BL o (M)
k=1 Jj=jo k=1

for some Ms > 0. Applying the Block thresholding approach, we have

A ALo? ALo? ALo? 1
O = (1— )40+ (11— —)reine + (1 - )+ < jk+£jk>
i) St Sha \2Vn
= O+ 0ok + O3 i . for (j,k) € BL, jo<j <.
J-1 2
Note that ‘6’1 ]k‘ < ‘9 ‘ and so g1 = ZGJO kPjok T Z Zeljk%k € BoOOO (My) . This
Jj=jo k=1

1/2
implies g; is uniformly bounded. Note that T3 (ij (eM)) =T2.0 (m™2) =o(1),

so Ww—1. T% (égdk) is a uniformly bounded vector. For 0 < # < 1/6 and a constant a > 0

we have

= (’ég,jk’ S a2*i(ﬁ+1/2)> < p (‘g3 jk‘ < aT—(ﬁH/z))
< P (’%fz]k > aT (ﬁ+1/2)> +P <|§;k| > Zal™ (ﬁ+1/2)>
< Aln !
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for any [ > 1 by Mill’s ratio inequality and Inequality (31). Let A = Uk { ‘937]‘]@‘ > a277(6+1/2) }
]7
Then P (A) = Cin~'. On the event A® we have

J—1 27

= Z Zé&jk%‘,k(t) € Bgo’oo (Ms3), for some M3z > 0
Jj=jo k=1

which is uniformly bounded. Combining these results we know that for C' sufficiently large,

sup P{H\/fH > C} < sup  P(A)=Cn' 1 (50)
\/?EFI?‘,q(M7E) 00 \/]TGFI?fq(M,e)

7.6 Normalization
We now show that the normalized estimator f has the same properties as the estimator ]/‘\

Theorem 5

sip Elf-F3B < (1+o(V) swp  EIf -T2 (51)
VIeFg (M) VIEFg (M)
s EWVE-FR < ro) sw EWVI-VAR (2
VFEFg (M) VIEES (M)

Proof of Theorem 5. We will only prove (51). The Cauchy-Schwarz inequality yields

2
Bllf - (\/EHf 713+ /BN - f\la)-

We know sup, gepa (o) EIlf = FlI2 > en=20/(2a+1) iy Theorem 2. It thus suffices to show

sup  B||f - I3 = o (n~2/@D).
VIeFg (M)
We write [ (]?— f)z = (ff— 1)2ff2/ (ff)z, where

270 J—1 27

7= S 0T

j=jo k=1 (4,9)
and SJQz = Z(j,k:)eB;i “?k with B; ={(j,k) : (i —1)L+1 < k <iL}( see Section 4.1). Let
D= {g o 2> etor [ f< 61} where €; will be specified later, then we have

[0 = e[(f 1) [

3E</f1> +2E|f - FIHV2PY2 (D).

+ E|f - fl3p

IN
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To prove the theorem, it suffices to show

(1). sup  E||f — flI3 < Cn for a fixed b > 0 and sup P (D) < Cmn~ forall I > 0.

VIeFg (M) VIEFg (M)

2

@ swo B([Fo1) —o) sw Blf-FIE

VIeFg (M) VIEFg (M)

The first part of (i) follows from the following crude bound,
240 J—1 29 In-1 N2
/ < Cn’ ZﬂwZZ £ ifk SC”4</f>
J=jo k=1 ] i

which implies [ f2=0 (n*). To establish the second part of (i), it is enough to show
SUD, /FeFa (M.0) P <f fﬁ 61) < O~ for all I > 0 since P (f P > 1/61) decays faster than

any polynomial of n~! from equation (50) for €; sufficiently small. Let

2J0 log1/2n 27 _ 270 logl/Qn 27
A=D Tt 2 2 (- T 2 Tt D D
j=jo k=1 (JZ) j=jo k=1

Note that [ f > A, and —2ALn"! < 26k EBz[(l — )‘;2”71)1%2,@ —u3,] < 0. By the Hoeffd-

ing’s inequality we have P (|JA — B — E (A — B)| >t) decays faster than any polynomial of
n~1 for a fixed t > 0. It is easy to see EA = EB = 1+ o(1), i.e., A and B are both

consistent estimator of [ f. Write

P(A<e) < P(A—-B<e —1/2,B>1/2)+ P(B<1/2)
< P(A-B<e—-1/2)+P(B-EB<1/2—EB).

Since it is obvious to see P (|B — EB| > 1/2 — EB) decays faster than any polynomial
of n=1 and so does P (|A — B| > 1/2 — ¢) for € sufficiently small, then P (f f< 61) <
P (A < €1) decays faster than any polynomial of n~! uniformly over Fg (M, e).

We now turn to (ii). Let J; = [(ﬁ - 62) log, n} and J;" = [(14}204 + 62) log, n] for

some €2 > 0. Note thatE(f]/”\— 1>2:E <f (\/?)2—f(\/7)2> . So

) |

Bl D+ >+ Z@%k‘ﬁk)
J<IT Jr<g<dy g>Jdf) ok
2
w2 | (@) | rem | X (B
j<ar geai) ok Jr<j<Jit k
= Ri1+ Rs.

IN
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Let gp denote the projection of a function g to a subspace which only contains functions

whose coefficients vanish with resolutions between J;” and Jf . We write

e (f () - ()

Similar to equation (50) we have SUP./FeFe, (M) P <§: pr” > M, ) < Cyn~" for some
’ o0

—~ 2
M; > 0 and any [ > 1, then R; is bounded by CE [ <\/fp - \/fp) + C/n, where

IA

— 2
E/ (ﬁp - \/fp> ) ming8 > 67, 8\In "ty +Cmt+Cnt +CT
i k=1 (j.k)€B:

= o <n—2a/<2a+1>)

uniformly over all f following from similar arguments for equations (46), (47) and (48) in
the section of the proof of the main theorem. Now we show Ry = o (n*%‘/ (20‘“)) uniformly
over all f. Write HAM = Qj Rk = Qjk (9;k +€k+ ﬁzﬂk + §j’;€> where 0 < @, < 1is
the shrinkage factor, then Ry is bounded by

2 2
2E Z D@k =G| 2B 3 >k (w6
LJ; <]<JJr ( Jr <]<JJr (
2 2
< 2| Y YOG F2E| Y Y (uhy— 0%+ 05— 05)
Jy<j<gt i Jr<g<dt @
2
= 2m( 3 36| PR Y S (hh-oh) 2| X Dk
Jr<j<gt i Jr<g<df @ Jr<j<gt i
= Ro1 + Rao + Ras
It is straightforward to see
2J1+ / 2 —2d
I D S S/ N > e cerH),

Jo<g<at @ Jo<g<Jf i

and by the Cauchy-Schwarz inequality we have

Rz < Z Z j k)2 . Z Z (9;7;C + Hj’k)2 < cT—2,

Jr<i<dy d Jr<g<df
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_\ —2(a—(1/p—1/2
j]k§C<2J1> amp /)+). It is easy to

check 2 (o — (1/p —1/2)) > a under the assumptions of Theorem 4 and so

Ry < C <<2J1)—4(a—(1/P—1/2)+) n Qf (2J1)—2(a—(1/p—1/2)+)> — Y <n—2a/(1+2a))

From equation (45) we have 35—+ 37

uniformly over all f, when e is sufficiently small. This proves (ii). i

7.7 Proof of Theorem 1

We have given a complete proof of Theorem 4, which gives asymptotic risk properties of

our procedure for the Poissonized density estimation model,
F, : N ~ Poi(n) and given N, x1,x9,...,zy i.i.d. with density f.
We shall now show that corresponding results hold for the density estimation problem,
E, :x1,29,...,2, iid. with density f.

Proof of Theorem 1: The Poisson experiment F,, can be generated from FE,, as follows.

Generate N ~ Poisson (n). If N > n, generate N — n i.i.d. additional observations with
density f; otherwise, throw away N — n observations.

Recall that we use NN; to denote the number of observations in the ¢th bin for F;, and
Y; denotes \/m for F),. Similarly, let N;* be the number of observations in the ith
bin for E, and Y;* = \/W Apply the root-unroot procedure for both E, and Fj,
and obtain two estimators of f for E, and F, respectlvely Let h denote the estimator of

f for F,. Following the notations in Section 4.1 \/7 and \/ﬁ are given as follows

270 J—1 27

¥ ; - - AL

Vh = Zgjo,kﬁbjo,k(t) + Z Zej,k¢j7k(t)7 0k = (1- W)+ Uj. ke
k=1 j=jo k=1 Jit

— 20 J—1 27 AL

\/f - Ze;o,k@bjo k() + Z Z k% k(1 =(1- in S*Q)+ gk
k=1 Jj=jo k=1

1o, 2 ¥ ; . :
where (u},) =W - (n"2Y;"), and ij = Z(jk)eBJi_ uj?k with B} = {(j,k) : (i — 1)L +1 <
k <iL}. Note that the Cauchy-Schwarz inequality yields

EIVT — VT3 < (%E\?? VI3 + VEIVA - ﬁn%)Z
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It then suffices to show sup  E|Vf-Vh|Z =0 (n_l) to establish the theorem.

VIEFg(M.e)
2]0 ~ ~k ) )% 2 :
Note that ||f \f\|2 = (um k— jo,k) + Z] Zio <9]k 0% k) . It is easy to
check
~ N 2 )\*L * \2 A*L
> (Br=0u) = A0 G Y () 20— ) - (-
(j:k)eB: It (j,k)EB! Dt
2
< 6 Z uﬂ’k_ujk
(J, k)GBJZ

by applying the Cauchy-Schwarz inequality twice. Then we have

270 J—1 29 T
= N o 1
INVF = VRIE <603 (@ = W)™ + D0 D (wj —ujp) 1= 62D (Vi = ¥7)*. (53)
k=1 Jj=Jjo k=1 i=1
A * * _ i — ko Ni*_Ni :
Note that ¥; = ¥;" — (/N + 1/~ /N, +1/4) = Y; \/N-"+1/4+ S and given N
and N; the distribution of [N} — Nj;| is Binomial(|N — n|, f x)dz). Tt is then easy to

check E (Y; — Y;*)? < Cn=3/%. Thus EH\f - \f”% <6C/n and the asymptotic optimality
of funder Hellinger loss is proved.

The asymptotic optimality of ]?under Lo loss and the parallel result for fcan be proved
by using the upper bound in equation (53) together with similar arguments given in Sections
7.5 and 7.6. 1
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