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Abstract A wavelet based linear estimator is proposed for the derivatives of a prob-
ability density function based on a sample from a finite mixture of components with
varying mixing proportions. It extends the linear estimator of a probability density
function proposed by Pokhyl’ko (Theor. Probability and Math. Statist, 70 (2005)
135-145). Upper bounds on Lo and L., losses are obtained for such estimators.
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1. Introduction

The problem of analysis of mixtures with varying mixing proportions occur in the
study of medical, biological, social and other types of data. The objects of ob-
servation Ji, ..., Jy may belong to any one of M populations. Let /(.J;) denote
the indicator of the population that contains the object .J;. For every object J;, we
observe a random variable X; based on the object .J;. Note that the distribution
function of the random variable X; depends on the indicator I(.J;). Suppose that

P(X; <z|I(J;) =k)=Hp(z),1 <j<N,1<k<M.

Suppose the distribution functions Hy(x),1 < k < M are unknown and the
sequence I(.J;),1 < j < N are also unknown but we know the probability wy(j)
that an object J; belongs to the k-th population, that is,

wi(j) = P(I(J;) =k),1<j<N,1<k<M.
Note that wy(7) > 0,1 < k < M and 224:1 wr(j)=1,1<j <N.
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Observe that the probability wy(j) indicates the mixing proportion of the ob-
jects of k-th population in the mixture from which the object J; is chosen. It is easy
to check that

P(X;<z)=> w(j)Hi(x),1 <j<N. (1.1)

The problem of estimation of the distribution function H,(x) was studied in
Maiboroda [10] using a weighted empirical distribution function. Maiboroda [11]
obtained a generalized version of the Kolmogorov-Smirnov test for testimg the
hypothesis for the homogenity of mixtures with varying mixing proportions. As-
suming that the distribution functions Hy(z) are absolutely continuous with density
functions hy(x), Pokhyl’ko [14] constructed linear and adaptive wavelet estimators
for the density function hy(z).

Methods of nonparametric estimation of a density function and regression func-
tion are widely discussed in the literature (cf. Prakasa Rao [15, 17]). It is known
that the estimation of derivatives of a density as well as that of regression function
are also of importance and interest to detect possible bumps in the case of a density
and to detect concavity or convexity properties in the case of regression function.
Asymptotic properties of the kernel type estimators for the derivatives of density
have been investigated earlier (cf. Prakasa Rao [15], p.237).

Our aim in this paper is to discuss wavelet linear estimators for the deriva-
tives of a probability density function when the sample of observations come from
a mixture of several components with varying mixing proportions. We propose
an estimator for the derivative of the density based on wavelets and obtain upper
bounds on the Ly and L., losses for the proposed estimator. Estimators of den-
sity using wavelets was studied for independent and identically distributed random
variables in Antoniadis et al. [1], for some stationary dependent random variables
in Leblanc [9] and for stationary associated sequnces in Prakasa Rao [19]. Chaubey
et al. [2, 3] extended these results to derivatives of density estimators for associated
sequences and for negatively associated processes.

The advantages and disadvantages of the use of wavelet based probability den-
sity estimators are discussed in Walter and Ghorai [24] in the case of independent
and identically distributed observations. The same comments continue to hold in
this case. However it was shown in Prakasa Rao [16, 18] that one can obtain precise
limits on the asymptotic mean squared error for a wavelet based linear estimator
for the density function and its derivatives as well as some other functionals of the
density. Tribouley [21] studied estimation of multivariate densities using wavelet
methods. Donoho ef al. [6] investigated density estimation by wavelet threshold-
ing. For a discussion on statistical modeling by wavelets, see Vidakovic [23].

2. Preliminaries on Wavelets

A wavelet system is an infinite collection of translated and scaled versions of func-
tions ¢(-) and ¢ (-) called the scaling function and the primary wavelet function
respectively. In the following discussion, we assume that ¢(-) is real-valued. The
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function ¢(x) is a solution of the equation

o(x) = ki Crd(2x — k), 2.1)
with
/OO o(x)dx =1, (2.2)
and the function ¢(z) is defined b;oo
() = kf} (—1)FC_ps10(2z — k). (23)

The choice of the sequence {C}} determines the wavelet system. It is easy to see
that

S =2 (2.4)
k=—00
Define
pjn(x) = 272¢(2x — k), —00 < j, k < o0 (2.5)
and
WYip(x) = 2/2(20x — k), —00 < j,k < 0. (2.6)

Suppose the coefficients {C}} satisfy the condition

> CiCraze = 2if £=0 (2.7)

k=—o0

= 0if ££0.

It is known that, under some additional conditions on ¢(-), the collection
{¥jr, —00 < j, k < oo} is an orthonormal basis for L?(R), and {¢; x, —00 < k <
oo} is an orthonormal system in L?(R), for each —oo < j < oo (cf. Daubechies
[4D).

Definition 2.1. The scaling function ¢ is said to be r-regular for an integer r > 1,
if for every nonnegative integer ¢ < r, and for any integer k > 1,

109 (2)] < ep(1+ |x))7F, —c0 < 2 < 0 (2.8)

for some ¢, > 0 depending only on k. Here ¢()(-) denotes the /-th derivative of

()
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Definition 2.2. A multiresolution analysis of L?(R) consists of an increasing se-
quence of closed subspaces {V;} of L?(R) such that
() M52 Vi = {0}

j=—00
(i) U2 _ .V = L*(R);
(iii) there is a scaling function ¢ € Vj such that {¢(z — k), —00 < k < oo} is
an orthonormal basis for Vj;

(iv) for all h(:) € L*(R), —00 < k < 00, h(z) € Vo = h(x — k) € Vp; and

(V) h(-) € Vj = h(2z) € Vj11.

Mallat [12] has shown that, given any multiresolution analysis, it is possible to
find a function () (called the primary wavelet function) such that, for any fixed
J, —00 < j < 00, the family {1} 5, —00 < k < oo} is an orthonormal basis of the
orthogonal complement W) of Vj in Vj 1 so that {1}, —0co < j,k < oo} is an
orthonormal basis of L?(R) (cf. Daubechies [4]). When the scaling function ¢(-)

is r-regular, the corresponding multiresolution analysis is said to be r-regular.
Let f € La(R). The function f can be expanded in the form (cf. Daubechies

[5D):

Fo= ) agdsr+d. D> btk (2.9)

k=—o0 j=s k=—o00
= Psf + Z D]f
j=s

for any integer —oo < s < oo. Observe that the wavelet coefficients are given by

sk = /_Oo f(@) sk (z)dx (2.10)

and

bik = / @) da. @.11)

Suppose that the functions ¢ and 1 belong to C", the space of functions with r
continuous derivatives for some r > 1, and have compact support contained in an
interval [—0, ] for some ¢ > 0. It follows, from the Corollary 5.5.2 in Daubechies
[4], that the function 1) (-) is orthogonal to polynomials of degree less than or equal
to 7. In particular

/ Y(x)atde =0,0=0,1,..., 7

The above introduction to wavelets is based on Antoniades et al. [1]. For
a detailed discussion, see Daubechies [5]. For a brief survey on wavelets, see
Strang [20].
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3. Introduction to Sobolev Spaces and Besov Spaces

Let f be a function defined on the real line which is integrable on every bounded
interval. It is said to be weakly differentiable if there exists a function g defined on
the real line which is integrable on every bounded interval such that

/ZWMu:ﬂw—fu»

The function g is defined almost everywhere and is called the weak derivative of
f (cf. Hardle et al. [8]). It is known that, if f is weakly differentiable with weak
derivative g, then

[:ﬂwwwm=—/mmwawm

—0o0
for any ¢ € D(R) where D(R) denotes the space of infinitely differentiable func-
tions, on the real line R, with compact support.
Definition 3.1. Let 1 < p < co and m > 0 be an integer. A function f € L,(R)
belongs to the Sobolev space W (R), if it is m-times weakly differentiable and
™ € L,(R). In particular WJ(R) = Lp(R). The space W)"(R) is equipped
with the norm

1A 1lwge = 11l + 1S
where || f||,, denotes the norm for L, (R).
Let W"(R) = W*(R)if1 < p < o0 and W™(R) = {f : f € W*R) :
£ uniformly continuous }. Note that WY(R) = Ly(R),1 < p < .

Let f € L,(R) forsome 1 < p < oo. Let (A f)(x) = f(x —h) — f(x) and
define A%f = ApApf. Fort > 0, define

wi(f,t) = sup [|Anf]lp
|n|<t

and

wp(f,t) = sup ||AFf1],-
Ihl<t

Let 1 < g < oo. Suppose there exists a function €(¢) on [0, 00) such that
|€]|;; < oo where

lell; = (/ tHe(t)|9dt)M9, if 1< q < oo
0
= 685S11p|€(t)|, if q = 0. (31)
t

Definition 3.2. Let 1 < p,q < co and s = n + « where n > 0 is an integer
and 0 < a < 1. The Besov space B, , is the space of all functions f such that

f € W} (R) and wf,(f(”),t) = €(t)t™ where |[e||; < oo,
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For properties of Besov spaces, see Meyer [13] and Triebel [22] (cf. Leblanc
[9], Hardle et al. [8]).
Suppose that the function f belongs to the Besov class

Fspq(L)={f € By HfHBi,q <L}

forsome 0 < s <r+1,p > 1land q > 1, where

11185, = [1Pofllp + [ _(1D; £11,27%) 7714,

Jj=0

Given a double indexed sequence {v;} define the norm

6 =0 (32)
k

|17..

In view of the representation (2.9), it be can shown that the function f € B, , if
and only if

\|as,.||¢, < oo, and (ZH‘bsr’vaj(er(l/?)—(l/p))]Q)l/q < c0. (3.3)
Jj=s

Let ¢(-) be a scaling function as defined earlier. Define

Opx) = D |o(z — k).

k=—00

Suppose the following conditions hold:
(C1) The esssup, O4(x) < oo where

€85 SlIp g(z) = inf{y : A([z : g(x) > y]) = 0}

and ) is the Lebesgue measure on the real line.
(C2) There exists a bounded nondecreasing function ®(-) such that |p(u)| <
®(|u|) almost every where and

/ lu|"®(|u|)du < .
0

for some integer r > 0.

Lemma 3.1. Suppose that the scale function ¢(-) is such that the collection {¢(x —
k), —oo < k < oo} is an orthonormal system in Lo(R) and the spaces Vj, —oo <
J < oo are nested. Further suppose that the function ¢ satisfies the condition (C2)
and it is v + 1 times weakly differentiable. If ¢\"t1) satisfies the condition (C1),
then the norm ||.|| s, is equivalent to the norm ||.| |335’q in the space of the wavelet
coefficients for all s,p,q such that0 < s <r+1land 1 < p,q < oo where

[ee]

||fHIBg7q = ||aol|p + (Z(2j(s+(1/2)_(1/p))Hbjllp)q)l/q.
=0
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(Here ||ao||, denotes [ |ao k[P]"/? and ||b;|[, denotes [-32 . bj k[P]/P).
For a proof of Lemma 3.1, see Theorem 9.6 in Hardle et al. [8], p.123.

4. Estimation of the d-th Derivative of a Probability Density Function

Let {Y;,1 < i < n} be independent and identically distributed random variables
with probability density function f which is d-times differentiable. Suppose that
f@ is bounded and has compact support. Suppose that f(?) € Ly(R). Let us first
consider the case d = 0. The problem now is the estimation of the probability
density function f. A wavelet based density estimator of the density function f can
be motivated in the following way from the expansion given in (2.9) (cf. Prakasa
Rao [19]). We can estimate f(z) by f(x) where

f($) = Z O‘s,kgb&k(:n)? (41)
k‘eNs
where
ok = 3 fu(¥D). @2)
i=1

Here NV, is the set of integers & such that supp( f) N supp(¢s i) is nonempty. Since
the functions f and ¢ have compact supports, the cardinality of the set N, is finite
and it is of the order O(2°).

Let us now consider the problem of estimation of the derivative f(?) of f. As
in Prakasa Rao [16], we assume that the scaling function ¢(-) generates a r-regular
multiresolution analysis for some r > (d + 1) and that there exists C};, > 0 and
By > 0 such that

1™ (@)] < Crn(1+]z]) P, 0 <m <. (4.3)

This assumption implies that that the derivative ¢(%) is bounded for every d > 0
(cf. Prakasa Rao [16]). Furthermore the projection of f(9) on V; is

Fi) =Y aspdsn(z), (4.4)
k}ENs
where

0= (-1 [ " @)D @)

The equation given above can be justified by using integration by parts since the
function ¢(-) is r-regular (cf. Prakasa Rao [16]). This expression motivates the
following estimator for f(4)(z) :

FiP2) =Y aopdanr(z), (4.5)

k€N,

281
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where

)

Qs =

Note that the estimator defined above reduces to the density estimator given in (4.1)

for d = 0. We now rewrite the expression for the estimator fs(d) (x) in a slightly
different form.

Note that
fs(d)(x) = Z &s,kd)s,k(x)
kENg
-1
::ZHJEMWmmw
k€N i=1
= Z > A (Y)k(x)
1=1 k€N,
_1)d 2
_ ( 1) Z Z 2(8/2)+d$¢(d)<28§/; _ k)28/2¢(23$ o k‘)
n i=1 k€N
<_1)d - d) (9s s s+ds
= ST 6 D2 - k)2 — k)j2*t
n i=1 kEN;
— ( ZK d) 23Y 25 )23+ds
= ZK (Y;, z), (4.6)
where
Ks(,y) = 2° K(2°x,2%)
and

vy) =Y dle—k)dly—k).

k€N

Here K\? (x,y) denotes the d-th partial derivative of K(x,y) with respect to x.

5. Estimation of the d-th Derivative of a Component Probability Density Func-
tion from a Mixture with Varying Mixing Proportions

Let {X;,1 < ¢ < N} be random variables as described Section 1. The prob-
lem is to estimate the d-th derivative of the component probability density func-
tion hy(z) corresponding to the mixing proportion wy(-) based on the observations
X1,..., Xn. Note that the probability density function of X; is given by

M
= 5" wil)hela)
/=1
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for1 < j < N.Forx,y € RY, define the inner product < x,y > by the relation

| N
<X,y >N= szkzyk,
k=1
whenever x = (z1,...,zy)andy = (y1,...,yn). Let wi, = (wi(1), ..., wi(N)).

Suppose that the vectors wy,, 1 < k < M are linearly independent in R”. Then it
follows that the matrix I'y = ((< wg, wy > )) is nonsingular and det(I'y) > 0.
Leta; = (ay(1),...,ae(N)) be a vector such that

(i) < ag, Wy, >= 6,1 < k. £ < N: and
(i) < ag, ap >= % Z;\le a¢(7)? is minimum.

Here dy, is the Kronecker delta function. By using Lagrange multipliers, it can
be checked that

N
as(j) = Z Dk wi (), (5.1)

det k:l

where 7)) denotes the determinant of the minor (¢, k) of the matrix I'y. We now
construct the wavelet linear estimator, for the d-th derivative of the density hy(x)
of the ¢-th component, at resolution level s. It is defined by

=z

[h(d)] (HKD(X;, ). (5.2)

We now study the properties of the estimator [hgd)]s(yc). For d = 0, it can be
shown that this estimator is essentially the same as the density estimator studied in

Pokhyl’ko [14].

6. Properties of the Estimator [hﬁd)} s(z)
Lemma 6.1. Let Pry,g = g5 denote the projection of a function g € Lo(R) on the
(d)

space V. The estimator [h, ] (z) is an unbiased estimator of[héd)]s(x).

Since X; is a random variable with the density function p;(z) = Zé\/:[ Lwe(3)he(z),
it follows that

(@ (DI~ @
E([hy”),(0) = 7= > ae() EIK (X5, ). (6.1)
j=1
Note that
B RO = [ DR oy
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= Pryp (d)(:p)
= [P (2). (6.2)

S

The second equality follows by integration by parts and the last three equalities use
the fact that projection and derivative are linear operators. Therefore

E(W®) (5) = Zae ),

=

= N Z’wk (z))

= ), (). (6.3)
O

Lemma 6.2. Suppose the scaling function ¢(-) has the property that the function
K(x,y) is d-times differentiable with respect to x and there exists F' € Lo(R) such
that

K (z,y)| < F(z —y).
Suppose that Z is a random variable with density function h € Lo(R) which is
d-times differentiable and h'Y) € Lo(R). Then

El|(-1)'KD(Z,) — [hD])()]|3 < 2%dst2 / " P u)du. (6.4)

—00

Proof : Observe that
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and
BI(-) K (2..) - WD)l
= E(/OO (=1)*K(Z,2) — E[(-1)'K?(Z,2)]]*dx)
= /_ b E[Y?(z)]d, (6.5)
where
Y(z) = (-1)'KD (2, 2) - Bl(-1)'K[D(Z,2)].
Since

Ks(z,y) = 2°K(2°z, 2%),

it is easy to see that
K9 (z,y) = 2B+ K (252, 2%)

which implies that
KD (,y)] < 280 (2% - 2°).
Therefore
EY?(2)] < E((-1)'K"(Z,2)])

< 92dst2s / F2(25z — 2°y)h(y)dy. (6.6)

Hence
El|(-D)'KD(Z,) — hIL08

< 22ds+25/ [/ F2(251' _ 28y)h(y)dy}dx

< 22ds+23/ [/ F2(28$ _ 28y)d$]h(y)dy

= glsts / F%(v)dv. (6.7)

O

Lemma 6.3. Suppose the scalar function ¢ satisfies the conditions stated in
Lemma 6.2. In addition, suppose that the functions h](Cd) € Ly(R),1 <k < M.

Define the estimator [héd)]s(l') of[héd)]s(x) as given in (5.2) for 1 < < M. Then

(@) 2de < L < ay, ag) 22t / T P )dv 68)

=
—
8
-
-
&/>
@
—
8
SN~—
>
~ A~
&
2|

for1 < ¢ < M and forall s > 0.
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Proof : Let
d .
Yi(w) = (-D)KD(X;,2) — [P}V (2),1<j < N.
Then the random variables Yj(z),1 < j < N are independent with mean zero for

every x. Applying Lemmas 6.1 and 6.2, we get that

N

B[ (@) - @ = Bl Y a0y

— =

1 oo
< N <avar>n 22d3+5/ F2%(v)dv.

— 00

(6.9)

We now obtain bounds on the mean integrated squared error

E(I), - EN1B).

Theorem 6.1. Suppose the conditions stated in Lemma 6.2 and Lemma 6.3 hold
for some r > 0.. Suppose that the functions h,gd) € Fopqe(L),1 <k < M for
some L > 0. Further suppose that s € (0,7 + 1) and 1 < q < 2. Then there exists
a constant C = C(q, s, L) > 0 such that forall { = 1, ..., M,

22dj+j
N

Proof. For any function g € La(R), let Pry, g denote the projection of g onto the
subspace Vj. Since

E(||hg™), - n13) < Cl(< a.ap > 12728, 6.10)

d d d
E([hy"],(x) = 1], (z) = Pry,h{" (x),
and Pry, hgd) € Vj, it follows that
(d d (d (d (d d
B[], - h?13) = B, — E(B1)IB) + 1E(R]) — b3
We now obtain a bound on the second term on the right side of the above equation

by applying the Lemmas 3.1 and 6.1 to 6.3. Note that the second term on the right
side of the above equation is given by

d d d
1E(R"1,) = hP15 = 11",

= > bkl

i=7 k=—o0

d
—h?|13

oo
2725 3 22 | 3
i=j

_9isg d
27292 (| 1y p3., )2 (6.11)

IN

IN
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since B3 . C B3, (cf. Hardle et al. [8], p.124). Here b; ;; denote the wavelet

coefficients of the function hgd) in the space orthogonal to V. Furthermore, for all
L > 0 and all g such that 1 < ¢ < 2, there exists a constant C; = C(s, ¢, L) such

that for all h\") € Fy4(L),
d
17§75, < O
Hence
B[R], — hi |3 < Cr27%, (6.12)

We now obtain an upper bound on the first term

(d (d

E(||[h{"), - Er1113).

Applying Lemma 6.3, we get that

N ~ 1 . . o
E(lin™); - BB <+ < ana)y2* ™ / F2(v)dv (6.13)
92dj+j

N

= Cy<aga)n

Combining the relations (6.12) and (6.13), we get that there exists a constant C' > 0
such that

22dj+j

E(||(y"), - nP113) < Cl< ap,a >x +27%), (6.14)

a

Remark 6.1. If the integer j is chosen so that 27 ~ N1/(25+2d+1) “then the bound
on the right side will be minimum and is of the order N =28/ (d+2s+1)[< a, a, >
+1]. This results extend Theorem 1 in Pokhyl’ko [14] on the Lo-loss in the problem
of density estimation to the estimation of the d-th derivative of a density function
constructed from observations of a mixture with varying mixing proportions.

The next result deals with Lo.-loss of the estimator [héd)]j as an estimator of
hlgd). We first state a lemma due to Pokhyl’ko [14].

Lemma 6.4. Suppose that a function g € C1(R) with ||g||ec < 00, ||g]2 < 0o and
[19'||cc < 00, where g’ denotes the derivative of the function g. Then

llglloo < (4119 lloollgl3)"/2.

Theorem 6.2. Suppose the conditions stated in Lemma 3.1 and Lemma 6.3 hold
for some r > 0. Suppose that the functions h,(gd) € Wit 1 < k < M for some
r > d and there exists v > 0 such that th(gd)ngoﬂ < ~. Further suppose that
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the scaling function ¢ € C" with compact support. Then there exists a constant
C =C(r,y) > O0such that forall ¢ =1, ..., M,

(H[ ;= " Nlee) < ClU< a2 >n) 2L (615)

Proof : Since

it follows that

B, = B ) + HE([h%) — e
= BB, — B lloe + 1117, — 2l (6.16)

B(||[h"), = hy?[0)

IA

Since ¢ € C"(R) for some r > 1 with a compact support, the condition (C3)
holds for all » > 1. Furthermore ¢ € W/ (R). Hence there exists a constant
C = C(v) > 0 depending on ~ such that

1[R]; = WP < O(y)2770+1), (6.17)

whenever hgd) € WZFH(R) with Hhéd) || < ~. This follows from Theorem 8.1(ii),
Lemma 8.6 and Theorem 8.2 in Hardle et al. [8].

Since ¢ € C"(R),r > d with a compact support, the function K (z,y) is a
uniformly bounded and continuously d-times differentiable function with respect
to 2 and there exists a constant C' > 0 such that |K](.d) (z,y)| < C29+7. Therefore

d 7-(d) dj+j
|E((—1) Kj (Xi,z))| < C2977.

Let
Yaj(@) = ("], () — B(h{"),(2))
Then
Yaj(@)| = |—Zag DKW (X, 2) — [P ())]
< 2ot S )
j=1
< 20291 [< ag ap >n]V2 (6.18)

The same argument shows that

N
[Ya- 1]|‘oo<02djz|aé )| < o0
j=1
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Applying Lemma 6.4, we get that
1Yajlleo < [C29 (< ag, a0 >n)"?||Ya15)"/*

for all X;,1 < ¢ < N. Observe that |KJ(-d) (z,y)] < C24%J for some constant
C > 0and K](-d)(:c,y) =0if |z —y| > L = 2 diam(supp ¢). Let F(z) =
C24+i ] 0,0)(||) where I(A) denotes the indicator function of the set A. Then
F() € Ly(R). Applying arguments similar to those in Lemma 6.3, we get that

Bl|h"), - Elh®)Jlle < [C207 (< ag,a) >y >) 12022
< apa; >N> / F2(2)da] /3
2dj+j

SCW

(< ag,ap >y)"? (6.19)

for some constant C' > 0 independent of j and d. Combining the inequalities (6.17)
and (6.19), we get that there exists a constant C' > 0 such that

(d d _ilr
BlIIA"; = hiPlle) < CTIHD 4+ g

(<aga;>n)"Y?.  (6.20)
Remark 6.2. If the integer j is chosen so that 2/ ~ NU/B(+d+2)] then the
bound on the right side will be minimum and is of the order N —2(r+1)/[3(r+d+2)]
{[< ag,ay >n]"/? + 1}. This result extends Theorem 2 in Pokhyl’ko [14] on the
L-loss in the problem of density estimation to the estimation of the d-th deriva-
tive of a density function constructed from observations of a mixture with varying
mixing proportions.

Remark 6.3. Let p’ > max(p,2). Following the techniques in Leblanc [9] and
Prakasa Rao [19], one can get bounds on the L,,-loss

(d d
E(|I[h{"), - i 112),

whenever hy, € Fs ) 4(L),1 < k < M by noting that

EN|ng™), - ni? 2] < 2B, — B2 + 1E(RY1) — hi|12]

and .
d d _9ig!
1E([R"],) = hOI2 < Gy
for some positive constant C; whenever s > % and s’ = s + }% - % (cf.
Leblanc [9], p.83).

If 1 < p’ <2, then a bound on the L,/-loss

B(||[ng™), - ng?|12)

J

289



290

B. L. S. PRAKASA RAO

can be obtained by noting that

(d ) - (d (d / (d d)p
E(|[h®), — hPI5) < 2 Y ENRY], — BRI + 11ER]) — kI

and

J J

~

d d ’ I,
1B([r™),) = by < Co27 257

for some positive constant C5. We do not discuss the details here.

References

1.

10.

11.

12.

13.

A. Antoniadis, G. Gregoire and I. W. McKeague, Wavelet methods for curve esti-
mation, J. Amer. Statist. Assoc., 89 (1994), 1340-1353.

Y. P. Chaubey, H. Doosti and B. L. S. Prakasa Rao, Wavelet based estimation of the
derivatives of a density with associated variables, Int. J. Pure and Appl. Math., 27
(2006), 97-106.

. Y. P. Chaubey, H. Doosti and B. L. S. Prakasa Rao, Wavelet based estimation of the

derivatives of a density for a negatively associated process, J. Statistical Theory and
Practice, 2 (2008), 453-463.

I. Daubecheis, Orthogonal bases of compactly supported wavelets, Comm. Pure
Appl. Math., 41 (1988), 909-996.

I. Daubechies, Ten Lectures on Wavelets, STAM, Philadelphia, (1992).

D. Donoho, I. Johnstone, G. Kerkyacharian and D. Picard, Density estimation by
wavelet thresholding, Ann. Statistics, 24 (1996), 508-539.

I. Dewan and B. L. S. Prakasa Rao, A general method of density estimation for
associated random variables, J. Nonparametric Statistics, 10 (1999), 405-420.

W. Hardle, G. Kerkycharian, D. Picard and A. Tsybakov, Wavelets, Approximations,
and Statistical Applications, Lecture Notes in Statistics, Vol. 129, Springer, New
York, (1998).

. F. Leblanc, Wavelet linear density estimator for a discrete-time stochastic process:

Ly-losses, Statist. Probab. Lett., 27 (1996), 71-84.

R. E. Maiboroda, Estimators of components of a mixture with varying concentra-
tions, Ukranian Math. J., 48 (1997), 618-622.

R. E. Maiboroda, A test for the homogenity of mixtures with varying concentrations,
Ukranian Math. J. , 52 (2000), 1256-1263.

S. G. Mallat, A theory for multiresolution signal decompocition: the wavelet rep-
resentation, /EEE Transactions on Pattern Analysis and Machine Intelligence, 11
(1989), 674-693.

Y. Meyer, Ondolettes et Operateurs, Hermann, Paris, 1990.



14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

WAVELET LINEAR ESTIMATION FOR DERIVATIVES OF A DENSITY

. D. Pokhyl’ko, Wavelet estimators of a density constructed from observations of a
mixture, Theor. Probability and Math. Statist., 70 (2005), 135-145.

B. L. S. Prakasa Rao, Nonparametric Functional Estimation, Academic Press, Or-
lando, 1983.

B. L. S. Prakasa Rao, Nonparametric estimation of the derivatives of a density by
the method of wavelets, Bull. Inform. Cyb., 28 (1996), 91-100.

B. L. S. Prakasa Rao, Nonparametric functional estimation: an overview, in Asymp-
totics, Nonparametrics and Time Series, Ed. Subir Ghosh, pp. 461-509, Marcel
Dekker Inc. New York, 1999.

B. L. S. Prakasa Rao, Estimation of the integrated squared density derivative by
wavelets, Bull. Inform. Cyb., 31 (1999b), 47-65.

B. L. S. Prakasa Rao, Wavelet linear density estimation for associated sequences, J.
Indian Statist. Assoc., 41 (2003), 369-379.

G. Strang, Wavelets and dilation equations: a brief introduction, SIAM Review, 31
(1989), 614-627.

K. Tribouley, Practical estimation of multivariate densities using wavelet methods,
Statistica Neerlandica, 49 (1995), 41-62.

H. Triebel, Theory of Function Spaces 11, Birkhéuser, Berlin, 1992.
B. Vidakovic, Statistical Modeling by Wavelets, Wiley, New York, 1999.

G. Walter and J. Ghorai, Advantages and disadvantages of density estimation with
wavelets, In Proceedings of the 24th Symp. on the Interface, Ed. H. Joseph Newton,
Interface FNA, VA, 24 (1992), 234-243.

291




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 215
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.04651
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 215
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.04651
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


