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Abstract—We consider the problem of estimating the mixing density f from n i.i.d. observations
distributed according to a mixture density with unknown mixing distribution. In contrast to finite
mixtures models, here the distribution of the hidden variable is not restricted to a finite set but is
spread out over a given interval. We propose an approach to construct an orthogonal series estimator
of the mixing density f involving Legendre polynomials. The construction of the orthonormal
sequence varies from one mixture model to another. Minimax upper and lower bounds of the
mean integrated squared error are provided which apply in various contexts. In the specific case
of exponential mixtures, it is shown that the estimator is adaptive over a collection of specific
smoothness classes, more precisely, there exists a constant A > 0 such that, when the order m
of the projection estimator verifies m ~ Alog(n), the estimator achieves the minimax rate over
this collection. Other cases are investigated such as Gamma shape mixtures and scale mixtures of
compactly supported densities including Beta mixtures. Finally, a consistent estimator of the support
of the mixing density f is provided.

Keywords: mixing density, nonparametric estimation, exponential mixture, scale mixture, Gamma
shape mixture, polynomial approximation, support estimation.

2000 Mathematics Subject Classification: primary 62G07; secondary 62G20.

DOI: 10.3103/51066530715030023

1. MIXTURE DISTRIBUTIONS

We consider mixture distributions of densities belonging to some parametric collection {my, 6 € O}
of densities with respect to the dominating measure ¢ on the observation space (X, X’). A general
representation of a mixture density uses the so-called mixing distribution and is of the form

() = /@ £ (o) (), (1)

where the mixing density f is a density with respect to some measure p defined on ©. To avoid confusion
in the notation of my and 7y, we use Greek letters in the indices to denote scalars and latin letters for
functions. If i is a counting measure with a finite number of support points 6y, then obviously, 7y is a

finite mixture distribution of the form Zszl pry, . However, if 1 denotes the Lebesgue measure on ©,
and if © is a given interval, say © = [a, b], then the distribution of the latent variable ¢ is spread out over
this interval and 7 represents a continuous mixture. In this paper we consider continuous mixtures and
the problem of identifying the mixing density f when a sample of the continuous mixture 7 is observed.
Note that when 6 is a location parameter, the problem of estimating f is referred to as a deconvolution
problem, which has received considerable attention in the nonparametric statistics literature since [9].
Continuous mixtures have been used in very numerous and various fields of application. We just give
some recent examples to show that continuous mixtures are still of much interest from an application
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NONPARAMETRIC ESTIMATION OF THE MIXING DENSITY 201

point of view. The video-on-demand traffic can be modeled by a continuous Poisson mixture for
the purpose of efficient cache managing [22]. In time-resolved fluorescence, where photon lifetimes
have exponential distribution and parameters depend on the emitting molecules, typically continuous
mixtures of exponential distributions are observed [20, 26]. When @ is a scale parameter, the distribution
my is called a scale mixture. Scale mixtures of uniforms are also related to multiplicative censoring
introduced in Vardi [27] and length-biased data. A recent application in nanoscience of the latter are
length measurements of carbon nanotubes, where observations are partly censored [18]. Exponential
mixtures play a significant role in natural sciences phenomena of discharge or disexcitation as e.g.
radioactive decays, the electric discharge of a capacitor or the temperature difference between two
objects. Several examples of applications of the exponential mixture model can be found in the references
of the seminal paper[16].

Not only for applications, but also from the mathematical point of view, scale mixtures are particularly
interesting as they define classes of densities that verify some monotonicity constraints. It is well known
that any monotone non-increasing density function with support in (0, +00) can be written as a mixture
of uniform densities U[0, 0] [12, p. 158]. Moreover, a k-monotone density is defined as a non-increasing,

convex density function h with derivatives such that (—=1)7h0) is nonnegative, non-increasing and
convex for all j =1,...,k— 2. One can show that any k-monotone density can be represented by a
scale mixture of Beta distributions B(1, k). Furthermore, densities that are k-monotone for any & > 1,
also called completely monotone functions, can be written as continuous mixtures of exponential
distributions [3].

The literature provides various approaches to the estimation of the mixing density, as for example
the nonparametric maximum likelihood estimate (NPMLE). A characteristic feature of this estimator
is that it yields a discrete mixing distribution [19, 21]. This appears to be unsatisfactory if we have
reasons to believe that the mixing density is indeed a smooth function. In this case a functional approach
is more appropriate, which relies on smoothness assumptions on the mixing density f. In Zhang [29]
kernel estimators are constructed for mixing densities of a location parameter. Goutis [14] proposes an
iterative estimation procedure also based on kernel methods. Asgharian et al. [2] show strong uniform
consistency of kernel estimators in the specific case of multiplicative censoring. In the same setting,
Andersen and Hansen [1] consider the linear operator K verilying 7y = K f and estimate f by an SVD
reconstruction in the orthonormal basis of eigenfunctions of K. This approach, although optimal in
principle, requires a deep and possibly difficult analysis of the operator K. Polynomial estimators in turn
apply easily in many settings. For mixtures of discrete distributions, that is when my are densities with
respect to a counting measure on a discrete space, orthogonal series estimators have been developed
and studied in Hengartner [15] and Roueff and Ryden [25]. For such mixtures, these estimators turn out
to enjoy similar or better rates of convergence than the kernel estimator presented in Zhang [30]. Comte
and Genon-Catalot [6] present a projection estimator based on Laguerre functions that has the specific
feature that the support of the mixing density f is not a compact set as usual, but the entire positive real
line. Belomestny and Schoemakers [4] extend the class of scale mixtures and derive estimation methods
based on the Mellin transform.

In this paper we show that orthogonal series estimators can be provided in a very general fashion to
estimate mixing densities with compact supports. In contrast to Andersen and Hensen [1], who consider
only the case of scale mixtures of uniforms, our approach applies to a large variety of continuous mixtures
as our numerous examples demonstrate. In the exponential mixture case, in particular, we exhibit an
orthogonal series estimator achieving the minimax rate of convergence in a collection of smoothness
classes without requiring a prior knowledge of the smoothness index. In other words, we provide an
adaptive estimator of the mixing density of an exponential mixture.

The paper is organized as follows. In Section 2 the general construction of an orthogonal series
estimator is presented and the estimator is applied in several different mixture settings. In Section 3 we
derive upper bounds on the rate of convergence of the mean integrated squared error of the estimator on
some specific smoothness classes. In Section 4 the approximation classes used for the convergence rate
are related to more meaningful smoothness classes defined by weighted moduli of smoothness. Section 5
is concerned with the investigation of the minimax rate. On the one hand, a general lower bound of the
MISE is provided and on the other hand, some specific cases are studied in detail. Section 6 provides
a consistent estimator of the support of the mixing density. Finally, the performance of the projection
estimator is evaluated by a simulation study in different mixture settings in Section 7. The Appendix
provides some technical results.
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202 REBAFKA, ROUEFF
2. ESTIMATION METHOD

In this section we develop an orthogonal series estimator and we provide several examples, namely
for mixtures of exponential, Gamma, Beta and uniform densities.

2.1. Orthogonal Series Estimator

Throughout this paper the following assumption will be used.

Assumption 1. Let ¢ be a dominating measure on the observation space (X, X). Let {my,0 € ©}
be a parametric collection of densities with respect to (. Furthermore, let the parameter space
© = [a,b] be a compact interval with known endpoints a < bin R. We denote by X, Xy, ..., X, an
i.i.d. sample from the mixture distribution density 7y defined by (1) with u equal to the Lebesgue
measure on |a, b|.

The basic assumption of our estimation approach is that the mixing density f in (1) is square
integrable, that is f € L2[a, b]. Then, for any complete orthonormal basis (1) )x>1 of the Hilbert space
H = L?[a, b], the mixing density f can be represented by the orthogonal series f(6) =", cxtr(6),
where the coefficients ¢ correspond to the inner products of f and . If we have estimators é;k of those
coefficients, then an estimator of the mixing density f is obtained by >~} | &, k%

To construct estimators ¢&, 5, we remark that the following relation holds: Let g be a nonnegative
integrable function on R. Define the function ¢ on [a, b] by the conditional expectations

p(0) = Exy[g(X)] = /EX g(x)mo(x) ((dx), 0 € [a,b]. (2)

Suppose that ¢ belongs to H. The mean E.,[g(X)] can be written as the inner product of f and ¢.
Namely, by the definition of ¢ in (1) and Fubini’s theorem,

b

E,, [g(X)] = / g(e)mp(x) () = /

zeX a

£(60) / 9@ () a8 = (f )

Consequently, by the strong law of large numbers, 711 >, 9(X;) is a consistent estimator of the inner
product (f, p)m based on an i.i.d. sample (X1, ..., X,,) from the mixture density 7 defined in (1).
We make the following assumption under which the orthogonal series estimator makes sense.

Assumption 2. Assumption 1 holds and there exists a sequence (gi)r>1 of X — R functions such
that (pi)k>11s a dense sequence of linearly independent functions in H, where i, (8) = Er,[g1(X)]
asin(2).

We then proceed as follows. Using linear combinations of the ¢y’s, a sequence of orthonormal
functions 41,19, ... in Hcan be constructed, forinstance by the Gram—Schmidt procedure. Say that v,

writes as Z?Zl Qr,jj With an array (Qr,j)1<j<s of real values that are computed beforehand. Then we

define estimators of ¢, = (f, Yx)m = Z?:l Qr,;(f, v;)m by the empirical means
. Iy
Cnk = ; ; Qr,j9;(X5).
Finally, for any integer m, an estimator of f is given by
i = ikz:lcnk?[% = 1112 ';1Qk7ij,l9j(Xi)90b (3)
- i=1 k=

with the convention @y, ; = 0 for all j > k. We refer to fmn as the orthogonal series estimator or the
projection estimator of approximation order m.
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Define the subspaces
Vin = span (o1, ..., om) forallm > 1. (4)

By Assumption 2, the sequence (Vi) is strictly increasing, V;,, has dimension m for all m, and
Um Vi has closure equal to H. By construction the orthogonal series estimator fmn belongs to V,,.
Consequently, the best squared error achievable by f,n . is || f — Py, (f)||%, where || - - ||z denotes the
norm associated with H and Py;,, the orthogonal projection on the space V,,,. Hence once the functions gy,
are chosen, the definition of the subspaces V,,, follows and the performance of the estimator will naturally
depend on how well f can be approximated by functions in V;,,. It is thus of interest to choose a sequence
(9% )k>1 yielding a meaningful sequence of approximation spaces (V). In the context of scale family
mixtures (but not only, see Roueff and Ryden [25]), polynomial spaces appear naturally. Indeed, for any
function g, we have E.,[g(X)] = Er, [g(0X)], so that, provided that 7; has finite moments, if ¢ is a
polynomial of degree k, so is ¢(0) = Er,[g(X)]. The following assumption slightly extends this choice
for the two following reasons. First, a scale family is not always parameterized by its scale parameter but
by its inverse (as for the exponential family). Second, it will appear that the choice of (gx)r>1 not only
influences the approximation class (and thus the bias) but also the variance. It may thus be convenient
to allow the g;’s not to be polynomials, while still remaining in the context of polynomial approximation.
This goal is achieved by the following assumption.

Assumption 3. Assumption 2 holds and there exist two real numbers o' <b and a linear
isometry T from H to H' = L?[a’, V] such that, [or all k > 1, Ty, is a polynomial of degree k — 1.
We denote by T~! the inverse isometry.

To compute the coefficients @, ; under Assumption 3, one may rely on the well-known Legendre
polynomials which form an orthogonal sequence of polynomials in H' = L2[a/, ¥']. Indeed, by choosing gy,
so that T'py, is the polynomial t — t*~1 as will be illustrated in all the examples below, the constants Q.
are the coefficients of the normalized Legendre polynomials Ele Qrjt7 1. Let us recall the definition
of the Legendre polynomials.

Definition 1 (Legendre polynomials). Let @’ < b’ be two real numbers and denote u = (a’ +0')/2 and
d = (b —a')/2. The Legendre polynomials related to the interval [a’, V'] are defined as the polynomials

ri(t) = Zle Rmtl_l, where the coefficients Ry, ; are given by the following recurrence relation
Riy10 = Rig—1+ pRig — BuRi—1, forallk,0 > 1,

with Ry =1 and Ry, =0forall [ >k, 81 =25 and B = §2(k — 1)?/(4(k — 1)*> — 1) for k > 2. The
obtained sequence (ry)g>1 is orthogonal in H' = L?([a’, b']) with norms given by |7k |lw = /B - - - Br.
Hence, the coefficients of the normalized Legendre polynomials are defined by the relation

Qr, = ’ forall k,1 > 1. 5
M B B )
2.2. Examples

For illustration we exhibit in this section the orthogonal series estimator in some special cases. Some
scale mixtures are presented. As an example for a nonscale mixture we also consider Gamma shape
mixtures.

Example I (a). Exponential Mixture. We first consider continuous exponential mixtures as they play
a meaningful role in physics. That is, we consider my(z) = #e~%%. For the orthogonal series estimator we
choose the functions gi(z) = 1 {z > k — } } for k > 1. By (2), we obtain

or(0) = e~ (b=2)0, (6)
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204 REBAFKA, ROUEFF

We claim that the ¢;’s can be transformed into polynomials in the space H' = L%[e~" e~%]. Indeed,
define, for all f € H = L?[a, b],

Tf(t) = f(=logt)/Vt, tee e . (7)
Then one has (T'f, Tg)w = (f, g)m, hence T is an isometry from H to H'. Moreover Ty, (t) = !
polynomials. Denote by p(t) = Z§:1 Qy.;17 71 the Legendre polynomials in H' with coefficients Q. ;
defined by (5) with @’ = e~ and ¥ = e~*. Denote by T~ the inverse operator of T' given by T~'h(f) =
e~ 92h(e=?). Since T~ is a linear isometry, we get that the functions , = T~ 'p;, = Z§:1 Qr,jpj are
orthonormal in H. Consequently, an orthonormal series estimator is given by

Fmn(0) = Z Z {Xi >j— ;}Qk,ij,le_U—é)e' (8)

k,j,l=11i=1

are

Example I (b). Exponential Mixture. The choice of the functions gy, is not unique and needs to be done

with care. For illustration, consider once again exponential mixtures with mp(x) = #e=%*. This time we
take

gk(7) = apa®  withay, = (/ka(da:)> B = 1/k!

and hence ¢ (#) = 6%, for k> 1. To relate ¢ to polynomials, define the isometry T from H to
H = L2[1/b, 1/a] by Tf(t) = 1f(}). We have Ty, (t) = t*~1for all k > 1. Furthermore, denote by 7!
the inverse of T satisfying T='h(6) = jh(}). Let pr(t) = Z§:1 Qy.;t7 71 be the Legendre polynomials
in H defined with @’ = 1/b and &' = 1/a. Since T~ is an isometry, ¥ =T 'py = 2?21 Qr, jpj are
orthonormal functions in H and the orthonormal series estimator is given by

Fron(0) = Z ZQk,JQmX

k,j,l=11i=1

To decide which functions gx should be chosen between Example 1 (a) and Example 1 (b), their rates of
convergence may be studied. For these examples this will be done later on p. 208.

Example 2. Gamma Shape Mixture. Polynomial estimators can be used in the context where the
mixed parameter is not necessarily a scale parameter. As pointed out earlier, they have first been used
for mixtures on a discrete state space X, such as Poisson mixtures, see [15] and [25]. Let us consider
the Gamma shape mixture model. Parametric Gamma shape mixtures have been considered in [28]. For
this model 7y is the Gamma density with shape parameter 6 and a fixed scale parameter (here set to 1
for simplicity),

ﬂ@(aj) = e—w’ b€ [CL, b]7

where I' denotes the Gamma function. This model has a continuous state space (( is the Lebesgue
measure on R ) and is not a scale mixture. We shall construct g, and ¢ (0) = E,,[gx(X)] such that
Assumption 3 holds with T being the identity and ¢ (0) = #*~1. Consider the following sequence of
polynomials, p1(t) =1, pa(t) = ¢, ..., pe(t) =t(t +1)...(t + k —2) for all K > 2. Since (pg)r>1 is a
sequence of polynomlals of degree k: — 1, there are coefficients (¢ ;)1<i<k such that th=1 = = Cm(t)
for k =1,2,.... A simple recursive formula for computing (¢ ;)1<i<k is provided in Lemma 6 in the
Appendix, see Eq. (48). Observe that, forany l > 1,

[ mate) i = “9;(2)‘ S
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Hence, setting gr(z) = Y, &k 2'1, we obtain

or(0) = mo(gr) = Y Eram(6) = 657,

and thus Assumption 3 holds with 7" being the identity operator and o (6) = 6*~1. Define (Qk1)k, as

the coefficients of Legendre polynomials on H = L?([a, b]), that is as in (5) with &’ = @ and ¥ = b. The
polynomial estimator defined by (8) reads

fmn Z Z QkJleZthXh lel 1

=1 k,j,l=1

Example 3. Scale Mixture of Beta Distributions or Uniform Distributions. It is well known that any
k-monotone density, for £ > 1, can be represented by a scale mixture of Beta distributions B(1, k) [3]
with

mo(x) = 0(1— 9> forx € [0, 6].

Note that if & = 1, then my is the uniform density U (0, §). We take

-1
1
z) = apzP™!  witha, = </ajp_17r dw) = , >1,
where 3(a,b) = [J t*~(1 — ¢)>~1 dt denotes the Beta function. It follows that ¢, (6) = 67~1. As in the

preceding example, if f eH then an orthogonal series estimator fm,n of f can be constructed by using
Legendre polynomials py(t) = Y°F_; Qp;#7~1, where the coefficients Qy; are defined as in (5) with
a’ = a and b’ = b. Then according to (3), the corresponding orthogonal series estimator is given by

Fmn(6) = ZZQP,JQP,W 0’

7,0,l=11=1

In Example 1(b) we considered the same functions g, but here Assumption 3 holds with 7" equal to
the identity operator on H. This difference relies on the parametrization of the exponential family by the
inverse of the scale parameter.

Example 4. Mixture of exponential distributions with location parameter. The estimator also
applies to the deconvolution setting. As an example, consider X =Y + 6 where Y and 6 are independent
random variables, Y has exponential distribution with mean 1 and 6 has unknown density f supported

on [a,b]. The density of X is given by m¢(z) = f; mo(z) f(0) do with mg(z) = e~ =D 1{z > #}. Let
g1(z) = land

ge(x) = 21 — (b — 1)k 2 (9)
for k > 2. Then o (6) = 6%~ for k > 1. The estimator fm n of f is then given by

Finn (6 Z Z QrQr 95 (X0,

=1 j,k,I=1

where Qy, ; are the Legendre coefficients defined by (5) with @’ = a and ¥/ = b.

3. ANALYSIS OF THE ORTHOGONAL SERIES ESTIMATOR

In this section the properties of the orthogonal series estimator are analyzed.
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3.1. Bias, Variance and MISE

[t is useful to write the orthogonal series estimator fmm defined in (3) in matrix notation. Therefore,
we introduce the m x m matrix Q = (Qx ;)k,;, where Q ; = Ofor all j > k, and the m-vectors

(I):[Qoly---ﬂpm]Ta qj:[wly---ywm]T:Q@a
8) = (@) om@], E= > g(Xo)
=1

Cc= [017"' 7cm]T = <\117f>H7 ¢ = [én,ly--- 7én,m]T = Qg

[t follows that the orthogonal series estimator can be written as
= €T = gTQTQ2.

Further, let © = 7;(gg?) — 7(g)7;(g)" be the covariance matrix of g(X1). The MISE is defined by
E||fm,n — f|I%. The orthogonal projection of f on V;, is denoted by

Py f=c'l = Z Cn kVk-

k=1

[t is clear that the orthogonal series estimator fmm is an unbiased estimator of Py, f. Furthermore,
by the usual argument, the MISE is decomposed into two terms representing the integrated variance
and integrated squared bias, as summarized in the following result, whose proof is standard and thus
omitted.

Proposition 1. Suppose that Assumption 2 holds. The orthogonal series estimator fmm defined
in (3) satisfies

(i) Foreveryt € [a,b], E[fmn(t)] = Py, f(t).
(ii) Foreveryt € [a,b], Var(frmn(t) = 10T(1)QEQT¥(t).

(ift) Bl fn — FIZ =Py, f — FIZ + Ltr (Q2QT).

An important issue for orthogonal series estimators fmn is the choice of the approximation order m.
The integrated squared bias || Py, f — f||% only depends on how well Py, f approximates f, whose rate
of convergence depends on the smoothness class to which the density f belongs. To be more precise,
define for any approximation rate index o and radius C, the approximation class

Cla,C) ={f €H: ||f|lu < Cand ||Py,, f — fllu < Cm *forallm > 1}. (10)

So when the mixing density f belongs to C(a, C'), then the bias of the orthogonal series estimator fmn
is well controlled, namely it decreases at the rate m™* as m increases. Furthermore, denote the set

of densities in H by Hy = {f € H: f >0, f; f(t)dt = 1}. We will investigate the rate of convergence

of fmm in H when f € C(a,C) NH;. We will obtain the best achievable rate in the case of exponential
mixtures and almost the best one in the case of Gamma shape mixtures.
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3.2. Upper Bound of the MISE
We now provide an upper bound of the MISE for the orthogonal series estimator based on Legendre
polynomials, that is, when Assumption 3 holds.
To show an upper bound of the MISE we use the following property [25, Lemma A.1]. If A >

2?_’;5' + \/1 + 222“_/;2(’/, then the coefficients of the normalized Legendre polynomials in L?[a’,¥]

defined by (5) verify

k
D Qi =0 ask— oo, (11)
=1

By combining Proposition 1 (iii) and the bound given in (11) along with a normalization condition on
the gx’s (Condition (12) or Condition (15) below), we obtain the following asymptotic upper bounds of
the MISE.

Theorem 1. Let a be a positive rate index and C be a positive radius. Suppose that Assumption 3

holds with f € C(a, C) NH;. Let fmm be defined by (3) with Legendre polynomials coefficients Qy, ;
given by (5). Then the two following assertions hold.

(a) Let, for some constants Cy > 0and B > 1,

Var (gx(X)) < Co B*  forall k > 1. (12)
Set m,, = Alogn with
1 24d +V 24a +0\
A<2{logB+log< b o +\/1+ Y — o >} . (13)
Then, as n — oo,
£ 2 2 2«
E ([ fmn = £ < CPmi(1 4 0(1)), (14)

where the o-term only depends on the constants o, C, a’, V', A and Cy.

(b) Let, for some constants Cy > 0 and n > 0,
Var (gx(X)) < Co k™ Jorall k> 1. (15)
Set m,, = Alogn/loglogn with A < n~'. Then, as n — oo,
Bl fonm — [l < Oy (14 0(1)), (16)
where the o-term only depends on the constants o, C, a’, V', A and Cy.

Remark 1. The larger A, the lower the upper bound in (14). Hence, since o/, b" and B directly depend
on the gi’s, the constraint (13) on A indicates how appropriate the choice of the g;’s is.

Remark 2. In the examples treated in this paper, Cy and B or n can be chosen independently of
f €C(a,C)NH;. Consequently, the bounds given in (14) and (15) show that fmnn achieves the
MISE rates (logn) 2% and (log(n)/loglog n)~2%, respectively, uniformly in f € C(a, C) NHj. In the
exponential mixture case, we show below that fmmn of Example I (a) is minimax rate adaptive in these
classes (since m,, does not depend on «). In the Gamma shape mixture case, we could only show that

fmn’n of Example 2 is minimax rate adaptive in these classes up to the multiplicative loglogn term.
A data-driven choice of m,, should not improve the behavior of the estimator, see the case of Poisson
mixtures in [6], where a data-driven choice of m,, is provided.
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H . . CLI b/
Proof. We first consider Case (a). By (13), we may choose a number A strictly lying between 2?;,_:{, +

\/1 + 2;;“_’:[,1" and /24 /B. Note that from Condition (12), it follows by the Cauchy—Schwarz
inequality that |$, | = |Cov (gx(X), q1(X))| < CoB*B! for all k, 1. Thus, we obtain

m k k m k k
r(QEQT) < CoY Y D 1QkiQuil BB < Co Y (Z Qi D B”) < Km{BA}™™,
j=1

k=1 j=11=1 k=1 \j=1
where the last inequality comes from (11) and K is a positive constant (the multiplicative term m is
necessary only for B = 1). It follows by the decomposition of the MISE in Proposition 1 (iii) that

N K
B frn = FI < C2mi2® 4 Kol (B < C2mi22 (14 Jyn~tm2et (B2,

C
Now we have for m,, = Alogn that

nim20t L (BA)2mn = A20H1(Jog )20+l 24108 BA-L _ (1),
since A < 1/(2log BA).

Let us now consider Case (b). Proceeding as above, for any A > 2?;‘1,:[,1’, + \/1 + 2?;“_/;21’/, we get

tr (QEQT) < K CoA?™m! ™™ which yields

Bl o~ 71 < CPm? (14 [ym
To conclude, it suffices to check that the log of the second term between parentheses tends to —oco as
n — oo form, = Alogn/loglogn with A < n~!, which is easily done.

_1m721a+1+77mn )\2mn) .

Let us check the validity of Condition (12) or Condition (15) for the above examples.

Example I (a). Exponential Mixture (continued). Condition (12) immediately holds with B = Cy =
1 for the exponential mixture of Example 1(a) since g(z) = 1{z > k — 3 }.

Example 1 (b). Exponential Mixture (continued). Interestingly, Condition (12) does not hold for
Example 1(b), where a different choice of g;’s is proposed. In fact, one finds that log Var(gx (X)) is of
order klog(k). Hence, only Condition (15) holds and we fall in case (b) of Theorem 1. Since a slower rate
is achieved in this case, this clearly advocates to choose the estimator obtained in Example 1 (a) rather
than the one in Example 1 (b) for the exponential mixture model.

Example 2. Gamma Shape Mixture (continued). We recall that here we set gi(z) = Zle C L,
where the coefficients (¢ ;) are those defined and computed in Lemma 6 of the Appendix. Using
the bound given by (49) in the same lemma, we obtain that gy(x) < k!(1V |z|*~1). It follows that
Erolgz(X)] < (K1)*(1 +T(0 + 2k — 2)/T'(9)) and Er [g7(X)] < (K!)*(1 +T'(b 4 2k — 2)/T'(b)) Tor any
f € Hy. Hence, by Stirling’s formula, we find that Condition (15) holds for n =4 and some Cj
independent of f € Hj.

Example 3. Scale Mixture of Beta Distributions or Uniform Distributions (continued). We now
verify Condition (12) for Beta mixtures and the g,, of Example 3. Note that we can write X = AX with
independent random variables A ~ f and Xy ~ B(1, k). We have forallp > 1

- E[X2p_2] _ E[A2p—2]E[X§P—2] - b2p—2
T k2P(p k) K2B%(pk) T K2B%(p.k)
Hence Condition (12) holds with B = kif b < 1 and with B = bk if b > 1.

A close inspection of Example 3 indicates that it is a particular case of the following more general
result concerning mixtures of compactly supported scale families.

Var(g,(X)) < B2
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Lemma 1. Suppose that Assumption | holds in the context of a scale mixture on R, that is,
is the Lebesgue measure on Ry and g = 0~ tm1(07%) for all § € © = [a,b] C (0,00). Assume in
addition that m is compactly supported in R.. Define, for all k > 1,

gk(w) = </azk—17r1(:r) da:> o 1

Then Assumption 2 holds with ¢(0) = 051, and thus so does Assumption 3 with T being the

identity operator on L*([a,b]). Moreover there exist Cy and B only depending on w1 and b such
that Condition (12) holds.

Proof. Using the assumptions on 7r; and Jensen’s inequality, we have
B < /xm m(z) de < By forall m > 1,

with By = [z m1(z) dz and By > 0 such that the support of 7 is included in [0, B]. The result then
follows from the same computations as in Example 3.

An immediate consequence of Theorem 1 and Lemma 1 is the following.

Corollary 1. Under the assumptions of Lemma 1, the estimator fmn defined by (3) with Leg-
endre polynomials coefficients Qy. ; given by (5) achieves the MISE rate (logn)™>“ uniformly in
fella,C)NHy forany o> 0and C > 0.

Example 4. Exponential mixture with location parameter (continued). One can show that Condi-
tion (15) of Theorem 1 is satisfied, so that the rate of the MISE of the estimator is (log(n)/ log log n) 2%,
Indeed,

b T i r :
r 124 b
E[X]:T!/ f(t)zj!dtgrlzj!gr!eb,
e j=0 j=0
and thus, using the definition of g, in (9), Var (g (X)) < 2(2k — 2)le® ~ 2v/2web2k+2(2k — 2)2k=3/2,

4. APPROXIMATION CLASSES

Although the approximation classes C(«a, C') appear naturally when studying the bias of the orthog-
onal series estimator defined in (3), it is legitimate to ask whether such classes can be interpreted in
a more intuitive way, say using a smoothness criterion. This section provides a positive answer to this
question.

4.1. Weighted Moduli of Smoothness

Let us recall the concept of weighted moduli of smoothness as introduced by Ditzian and Totik [8] for
studying the rate of polynomial approximations. Fora < binR, f: [a,b] — R, r € N* and h € R denote
by A} (f,-) the symmetric difference of f of order r with step h, that is

T

80 = 3 (7)1 ot G- r2), (17)

=0
with the convention that A} (f,z) = 0 if z = mh/2 ¢ [a, b]. Define the step-weight function ¢ on the

bounded interval [a,b] as ¢(z) = \/(z — a)(b — z). Then for f: [a,b] — R the weighted modulus of
smoothness of f of order r and with the step-weight function ¢ in the LP?([a, b]) norm is defined as

wl(f,t), = sup [|AT (s )lp-
o(ft)p 0<hI;tll ho() ()l
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We recall an equivalence relation of the modulus of smoothness with the so-called K-functional,
which is defined as

Ky o(ft"), = i%f {1f = hllp + "l RO p: hTD € A.Cuoe b, (18)

where A"~ € A.C. o means that his r — 1 times differentiable and A"~ is absolutely continuous on
every closed finite interval. If f € LP([a, b]), then

M7WL(f )y < Kpo(f,1)p < Mwl(f,1),  fort < to, (19)

for some constants M and ¢y, see Theorem 6.1.1 in Ditzian and Totik [8].

4.2. Equivalence Result

We show that the classes C(«,C) are equivalent to classes defined using weighted moduli of
smoothness. This, in turn, will relate them to Sobolev and Hélder classes. To make this precise, we
define for constants o > 0 and C' > 0 the following class of functions in H = L?([a, b])

Cla,C) = {f € H: || fllu < C and w}(f,t)2 < Ct*forallt > 0}, (20)
where p(z) = \/(z —a)(b —z) and r = [a] + 1.

The following theorem states the equivalence of the classes C(a, C') and C(«, C'). This result is an
extension of Proposition 7 in Roueff and Ryden [25] to the case where the subspaces V;,, correspond
to transformed polynomial classes through an isometry T, which includes both a multiplication and a
composition with smooth functions.

Theorem 2. Let o> 0. Suppose that Assumption 3 holds with a linear isometry T: H =
L%([a,b])) — H' = L*([a’,V]) given by Tg =0 x got, where o is nonnegative and o] + 1 times
continuously differentiable, and 7 is [o] + 1 times continuously differentiable with a nonvanishing

first derivative. Then for any positive number «, there exist positive constants Cy and Cy such that
forallC >0

C(a, C1C) € Cla, C) C Clar, C2C), (21)
where C(a, C) is defined in (20) and C(a, C") is defined in (10) with approximation classes (Vi)
given by (4).

For short, we write C(a, -) < C(av, -) when there exists C; > 0 such that the first inclusion in (21)
holds for all C' > 0. The validity of both inclusions is denoted by the equivalence C(«, ) < C(«, ).

Proof of Theorem 2. Weighted moduli of smoothness are used to characterize the rate of polynomial
approximation. We start by relating C(«, C') to classes defined by the rate of polynomial approximation,
namely

C(a,C) = {g €H': gl < Cand inf g —plls < Om™, forallm > 1},

where P, is the set of polynomials of degree at most m. Indeed, we see that, since 7" is a linear isometry,
Cla,C) ={f e H: Hf||H < Cand||Py, f— fllu <Cm *forallm > 1}
={T'g: ge W, ||g|lmr < Cand|Prv,,g—gllp <Cm *forallm >1}
=T7C(a, C).

As stated in Corollary 7.25 in Ditzian and Totik [8], we have the equivalence C(a, -) =< C'(a, ), where
C'(a, C) is defined as C(a, C) but with o’ and ¥ replacing a and b. Hence, it only remains to show that

T (a, ) < Cla, ). (22)
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To show this, we use the assumed particular form of T', that is T'(¢) = o x g o 7. Since T'is an isometry
from H = L?([a, b]) to H' = L?([a/,b']) and o is nonnegative, we necessarily have that 7 is a bijection
from [a/, '] to [a,b] (Whose inverse bijection is denoted by 71) and o = 1/v/7/ o 7=1. Moreover the
inverse isometry writes T7!(g) = (c o 771)~! x g o 71, From the assumptions on 7 we have that o,
(0o 171 7and 7! all are [a] + 1 times continuously differentiable and the first derivatives of the last
two do not vanish. The equivalence (22) then follows by Lemma 5 in the Appendix.

Example [ (a). Exponential Mixture (continued). In Example 1(a) of continuous exponential
mixtures, the operator T' is given by (7), that is o(t) = 1/v/t and 7(t) = —logt and further H' =

L%*(e7,e7%). Both ¢ and T are infinitely continuously differentiable on [a,b] if @ > 0, and thus the
equivalence given in (21) holds.

Example | (b). Exponential Mixture (continued). For the estimator exhibited in Example 1 (b) for
exponential mixtures, the isometry T is such that o(¢t) = 7(¢t) = 1/t witha’ = 1/band ¥/ = 1/a. Hence
the conclusion of Theorem 2 holds if a > 0.

Examples 2, 3 and 4. Gamma Shape Mixture, Scale Mixture of Beta Distributions and Expo-
nential mixture with location parameter (continued). In the cases of Examples 2, 3 and 4, the
transform T is the identity and hence Theorem 2 applies. However, this result is also obtained by
Corollary 7.25 in Ditzian and Totik [8].

5. LOWER BOUND OF THE MINIMAX RISK

Our goal in this section is to find a lower bound of the minimax risk

inf supEq,[|f — f|f,
fesSn feC

where S, is the set of all Borel functions from R" to H, C denotes a subset of densities in H; and Er,
denotes the expectation when (X7, ..., X,,) is an i.i.d. sample with density 7y under Assumption 1.

We first provide a general lower bound, which is then used to investigate the minimax rate in the
specific cases of exponential mixtures, Gamma shape mixtures and mixtures of compactly supported
scale families.

5.1. A General Lower Bound for Mixture Densities

We now present a new lower bound for the minimax risk of mixture density estimation. As in
Proposition 2 in [25], it relies on the mixture structure. However, in contrast to this previous result
which only applies for mixtures of discrete distributions, we will use the following lower bound in the
case of mixtures of exponential distributions, Gamma shape mixtures and scale mixtures of compactly
supported densities.

Theorem 3 (Lower bound). For fy € Hy and f. € Hwith ||f«|lm < 1 and fo £ f.« € Hy the Jollowing
lower bound holds, for any c € (0,1),

inf Er |f - fI Jz- © <<1 d>n—1>. 23
e sw Byl flEzenli— (0 f @) e (23)

Proof. Let f. be as in the Theorem. We define for a fixed f € S, and any c € (0,1) the set A=
{Ifo — f||H < ,°.} Then, forall fes,, supfe{fmfoif*}waHf - f||%1 is bounded from below by

: Jort fo= FIE+ SEngy o= £ = flE+ (1= OBay I1fo — I

2E7Tf0+f*
C o C ~ ~
> Bapep. [Lallfo+ fo = FIR] + 5By [Lallfo = fo = FIR] + (1= O, Lfo — FI:
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Note that for a function & defined on R™ we have

Bryr b= [ Koneo i) [lmg o) &y )] [T )
i=1 i=1
/k:a:l, R [:l:l #JHTFf* xj wao azz}Hgdwz
jeJ el

where the sum is taken over all sets I and J such that TU J = {1,...,n} and I N J = (). Therefore,
Eryy g [Lallfo+ fu = FIE] +Enyy . [Lallfo — fo = FlIE]

=2 / [T @0 [T s @) nalllfo + £ = fIl+ (~0#1fo - £. = F1] Tt
i=1

i€l jeJ

Since ”f*HH <1and, on A, |fo— flu < 1S We obtain that, on A, || fo £ f« — fllz < Ifo— flla+
| fellm < .. This implies that the absolute value of the sum in the last display taken over all sets I
and J such that the cardinality of J is positive, #.J > 1, is no greater than

PRD DY B ) D ) (A1) ) K

1,J: #J>1 el jeJ

- (1_20)2 Z H/Wfo ;)¢ (d;) H/|7rf z;)lC(dz;)

I,J: #J>14i€l jeJ

- o {1+ [ i) -1

Moreover, the term with #£J = 0 writes
Er,, (La(lfo + fo = Fl + 1o = fo = FIE) = 2By, (alllfo — Fllf + 1 £:10))

by the Parallelogram law. By combining these results, the minimax risk is bounded from below by

(1= OBy | fo = Il + Bayy [Lalllfo = FllF + 1 flIf)]

c n
- Kl + / |7, (2)]¢( dm)) — 1].
Finally we see that

(1=l fo = Fllf + cLa(lfo = FliF + 1<)
= cla|l fullf + (L= 0) + cLa)ll fo — FIIF > cLall fullfy + clac > el full,

where we used 1 > || f.||%. This yields the lower bound asserted in the theorem.

5.2. Application to Polynomial Approximation Classes

The lower bound given in (23) relies on the choice of a function f, such that fy and fy & f are in the
smoothness class of interest. In this subsection, we give conditions which provide a tractable choice of
| f«llm < 1 for the class C(«, C') defined in (10). Following the same lines as Theorem 1 in [25], the key

idea consists in restricting our choice using the space V- (the orthogonal complement of V;,, in H) and
to control separately the two terms that appear in the right-hand side of (23) within this space.

An important constraint on f, is that fy £ f. € H;. In particular, for controlling the sign of fo & f,
we use the following semi-norm on H,

[flloo,fo = ess sup
te©
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with the convention 0/0 = 0 and s/0 = oo for s > 0. Further, for any subspace V' of H, we denote
Koo fo(V) = sup{[| flloc,fo: f € V. [ fllx = 1}

The following lemma will serve to optimize the term || fi ||z on the right-hand side of (23). It is similar to
Lemma 2 in [25], so we omit its proof.

Lemma 2. Suppose that Assumption 2 holds. Let fo be in Hy, o, Cy > 0, K < 1 and let C(«, Cy) be
defined by (10) with V,, given by (4). Let moreover w € H. Then there exists g € C(a, Co) NV Nw™
such that ||g|so, 5, < K and

lgllss = min ( Co (m + 1)~ K
= ImMin .
g o " Koo o (Vins2 N ViE Nt

Under Assumption 3, where the orthonormal functions 1, are related to polynomials in some space
H' = L[, V'], the constant Koo s, (Vint2 N Vit Nwh) can be bounded by Ko £, (Vin2) and then using
the following lemma.

Lemma 3. Suppose that Assumption 3 holds. Let fq be in Hy and suppose that

sup{||f||oo7f0: f €MHsuchthat sup |Tf(t)] < 1} < 0. (24)
tela! V]

Then there exists a constant Cy > 0 satisfying

Koo o (Ving2) < Com  forall m > 1.

Proof. Note that {T'f: f € V,,} is the set of polynomials in H" of degree at most m — 1, denoted by
Pm—1. Using || f|lm = ||T f||m and denoting by B the left-hand side of (24), we have

Koo, fo(Vin) = sup{[[fllco.fo* £ € Vin, [[fllm = 1}

< Bsup{ sup [T0): S € Vi 1 = 1}
tela’ b

bl
= Bsup{ sup [p(t)|: p € Pm-l,/ pA(t) dt = 1}-
te(a’ b’ a’

By the Nikolskii inequality (see, e.g., DeVore and Lorentz [7], Theorem 4.2.6), there exists a constant
C > 0 such that the last sup is at most C'm. Hence there exists Cy > 0 such that K ¢,(Vin) < Com for
allm > 1.

Theorem 3 and Lemmas 2 and 3 yield the following result.

Corollary 2. Let o > 1and C > (b—a)~ /2. Suppose that Assumption 3 holds with an isometry T
satisfying the assumptions of Theorem 2. Let w be an [a] + 1 times continuously differentiable
function defined on |a,b] and set

Vyy = sup / |Tw g(x)] ¢(d). (25)
g€V, llgllm<1

Then there exists a small enough C, > 0 and C* > 0 such that, for any sequence (my,) of integers
increasing to oo satisfying vy, < Ciyn~tm, %, we have

inf  sup B lf = fIf = CF my (1 +0(1)), (26)
fE€Sn fel(a,C)nH;

where C(a, C) is the smoothness class defined by (20).
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Remark 3. The assumption C' > (b — a)~/2 is necessary, otherwise C(a, C') NH] is reduced to one
density for C' = (b — a)~'/2 and is empty for C' < (b — a)~ /2. To see why, observe that for any f € Hj,
by Jensen’s inequality, | f||Z = ff f2(t)dt > (b—a)~t, with equality implying that f is the uniform
density on [a, b].

Proof. We apply Theorem 3 with fj set as the uniform density on [a,b] and f,. chosen as follows. For
some Cy > 0 and an integer m to be determined later, we choose f. = wg, where g is given by Lemma 2

with K = min(1, supyepq ) [w(t)]). Since g € wt and ||gleo.fy < K, we get that fo & f, € H.

Now we show that { fo, fo & f.} € C(a, C) for a well-chosen Cy. We have || follz = (b — a)~'/2 and,
since the symmetric differences of all order vanish on fy, we get that fy € C(av, (b — a)~'/2). By definition
of gin Lemma 2 and Lemma 5 successively, we get that f, € C(a, €| Cp) for some C > 0 not depending
on Cy. Choosing Cy = (C — (b — a)~/2)/C}, we finally get that

{f07f0 :l:f*} - é(O&,C) N H;.

By Lemma 2, ||g||m — 0 as m — oo and, since w is bounded, it implies that || fi|jm < 1 for m large
enough. Hence we may apply Theorem 3 and, to conclude the proof, it remains to provide a lower
bound of the right-hand side of (23) for the above choice of f,. Under the assumptions of Theorem 2,
Condition (24) clearly holds. So Lemma 3 and the definition of g in Lemma 2 give that

«

lgller < Com™

for some constant C{, > 0. By definition of v, and since g € V,,%, we have

[ ) () < gl om < G~
We now apply the lower bound given by (23) with m = m,, for (m,,) satislying v,,, < Cyn~'m_ <. We
thus obtain

infsup B |~ fllf 2 e(Goma®) = )
FE€Sn fel(a,C)NH; e

> C*my** (1+0(1)),
where the last inequality holds for some C* > 0 provided that C\ is small enough.

¢ L C.Cmy (1 + o(1))

n

To apply Corollary 2, one needs to investigate the asymptotic behavior of the sequence (v,,) defined
in (25). The following lemma can be used to achieve this goal.

Lemma 4. Under Assumption 3, if m.(x) € H for all z € X, then v, defined in (25) satisfies

om < / | T{wn. ()] — Pr,,_, (Tlwm (@) ¢(dx), (27)

where Py,_1 is the set of polynomials of degree at most m — 1 in H' and Pp,,_, denotes the
orthogonal projection in H' onto Pp,—_1.

Proof. Let g € V- such that ||g|lw < 1. Then we have, for all z € R,
Tug(z) = (wg, ™. ()i = (9, wr.(2))u = (Tg, T wr.(z)])n -

Recall that T'V,,, = P,,,_1 is the set of polynomials of degree at most m — 1 in H'. Hence T'g is orthogonal
to Pp,—1, and for any p € P,,,—1, we get, forall x € R,
[Twg ()| = (Tw, TTwr.(z)] — p)w| < [|T[wr.(z)] — pllw, (28)

where we used the Cauchy—Schwarz inequality and ||T'g||lm = ||g|lm < 1. Now the bound given by (27)
is obtained by taking p equal to the projection of [wr.(x)] onto Py,,—1 (observe that the right-hand side
of (28) is then minimal).
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5.3. Minimax Rate for Exponential Mixtures

In this section, we show that in the case of exponential mixtures the orthogonal series estimator of
Example | (a) achieves the minimax rate.

Theorem 4. Consider the exponential case, that is, let Assumption | hold with { defined as the
Lebesgue measure on Ry, © = [a,b] C (0,00) and mg(z) = 0e=%. Let C > (b—a)""/? and a > 1
and define C(«a, C) as in (20). Then there exists C* > 0 such that

inf  sup B |lf - fIf > C*(logn) (1 + o(1)). (29)
fE€Sn fel(a,C)NH;

Proof. Let gi(z) = 1{z >k — }} for k > 1. Then Assumption 3 holds with ¢, and T defined by (6)

and (7) respectively. Since a > 0, T satisfies the assumptions of Theorem 2. We may thus apply
Corollary 2 with w = 1y, . Hence the minimax lower bound given in (29) follows from (26), provided

that we have, setting m,, = C’"log n for some C’ > 0,

1

Um,, = o(n”"m, %) as n — oo, (30)

where vy, is defined by (25). Note that my(x) = fe=%1g, (x). We apply Lemma 4 to bound v,. Using
the definition of 7" in (7), we have [T'w.(z)](t) = —logtt*~'/2 for all z > 0. We write # € R, as the
sum of its entire and decimal parts, = [z] + (x), and observe that, since (z) —1/2 € [-1/2,1/2)
and [a',b] = [e7®,e7%] C (0,1), the expansion of +@ =12 =3~ _ ay(x)(1 —t)F as a power series
about t = 1 satisfies |ax(x)| = H?:1 [(x) —1/2 — j|/k! < 1. Extending — log t about ¢t = 1, we thus get
—log(t)t=1/2 = 2 0 Br(x)(1 — t)F with | B ()| = | S5, ak_i/l] < 1+ log(k). Forany z < m, we

use this expansion to approximate [T'r.(z)](t) = — log(t)t{*)=1/2 x tl*] by a polynomial of degree m.
Namely, we obtain

m—|z]

[Tr.(@)](t) = > Bila) "

k=0

< 3 (1 +log(k)) (W) < Oy,

k>m—|x]

sup
tela’,b']

where we used the bound 1 4 log(k) < Cy(c/b')* valid for some constants C; > 0 and ¢ € (b/,1) not
depending on x. This bound also applies to ||Tn.(z) — Pp,,_,(T'w.(x))||m by definition of the projec-

tion Pp,, _,. For > m, we simply observe that |[T'7.(z)](t)] < — log(a’)b’m_lp. This also provides an
upper bound for | T'w.(x) — Pp,, ,(Tm.(z))||m. Finally, integrating on > 0 we get

| Iria) = Po, (0r@)) e do < Come™
Ry

with constants Cy > 0 and ¢ < 1 not depending on m, and this upper bound applies to v,, by Lemma 4.
This shows that (30) holds provided that C* > 0 is taken small enough. This completes the proof.

5.4. Minimax Rate for Gamma Shape Mixtures

In this section, we show that in the case of Gamma shape mixtures the orthogonal series estimator
of Example 4 achieves the minimax rate up to the log log n multiplicative term.

Theorem 5. Consider the Gamma shape mixture case, that is, let Assumption | hold with ¢
defined as the Lebesgue measure on Ry, © = [a,b] C (0,00) and my(z) = 2°~1e=?/T(0). Let C >
(b—a)"Y2and o > 1 and define C(a,C) as in (20). Then there exists C* > 0 such that

inf  sup B |lf - fIf > C*(logn) (1 +o(1)). (31)
fe€8n feC(a,C)nHy
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Proof. We proceed as in the proof of Theorem 4. This time we set gi(z) = Ele &zt~ with coeffi-
cients () defined in Lemma 6. Assumption 3 then holds with H' = H and 7" defined as the identity
operator. Applying Corollary 2 with w(t) = I'(¢), we obtain the lower bound given in (31) provided
that Condition (30) holds with m,, = C'logn/loglogn for some C’ > 0. Again we use Lemma 4 to
check this condition in the present case. To this end we must, for each x > 0, provide a polynomial
approximation of w(f)mg(x) = 2%~le™™ as a function of #. Expanding the exponential function as a
power series, we get

—_

m—1.
sup |w(f)mp(x) —e™* log™(z)

o\ |log(@)* ),
<e c,
0€(a,b] k=0 k! Z k!

k>m

(6 -1

where ¢ = max(|Ja — 1|, |b — 1|). Let (x,,) be a sequence of real numbers tending to infinity. The right-
hand side of the previous display is less than ecl'&@)|==(¢|log(z)|)™ /m!. We use this for bounding
|wm.(z) — Pp,, , (wm.(z))||lm (recall that T is the identity and H' = H) when z € [e=*™, x,,]. When
x € (0,e=*m) we use that the latter is bounded by O(1) and when 2 > x,,, by O(e~*/?). Hence Lemma 4
gives that

cm

Uy = O(e” ™) +

- / " 1082 | log () da + O~ /2).

Now observe that, as z,, — oo, separating the integral [ = as fel,mm + [, we get
/ " e log (2) [ dx = O(e ) + O(log™ ().

Set z,,, = com. By Stirling’s formula, for ¢y > 0 small enough, we get v,,, = O(c]*) with ¢; € (0,1). We
conclude as in the proof of Theorem 4.

5.5. Lower Bound for Compactly Supported Scale Families

We derived in Corollary 1 an upper bound of the minimax rate for estimating f in C(a,C). It is
thus legitimate to investigate whether, as in the exponential mixture case, this upper bound is sharp for
mixtures of compactly supported scale families. A direct application of Corollary 2 provides the following
lower bound, which, unfortunately, is far from providing a complete and definite answer.

Theorem 6. Consider the case of scale mixtures of a compactly supported density on R, that is,
suppose that the assumptions of Lemma 1 hold. Suppose moreover that m has the kth derivative

bounded onRy. Let C > (b—a)~'/? and a > 1, and define C(a,C) as in (20). Then if k > a,
it sup By f - SR >0 2 o). (32)
F€Sn fel(a,C)nNH;

Proof. We proceed as in the proof of Theorem 4, that is, we observe that Assumption 3 holds with the
same choice of (gx) as in Lemma | and apply Corollary 2 with w = 1, . Here, the lower bound given
in (32) is obtained by showing that

U, = O(n™'m; %) as n — oo (33)
holds with m,, = n!/(*=%) and with (v,,) defined by (25). Again we use Lemma 4 to bound v,,,. Here T

is the identity operator on H = H' and my(z) = 6~ 1my(x/0). Let M > 0 be such that the support of 7y is
contained in [0, M]. Then for ¢ € [a,b] and x > Mb, mg(z) = 0. Hence

|m.(x) = Pp,, ,(m.(z))[[m =0 forall z > Mb. (34)

We now consider the case = < Mb. By the assumption on 7; and a, we have that 6 — my(z) =
0~ 'mi(x/0) is k times differentiable on [a, b]. Moreover its kth derivative is bounded by Cyx* on [a, b],
where C, > 0 does not depend on x. [t follows that, forany h > 0 and ¢ € [a, b],
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where A’,j is the k-th order symmetric difference operator defined by (17). Observing moreover that

b
In @l = [ ¢t <

for some C’ > 0 not depending on x, we get that 7.(z) € C(k,C" Vv Cj, k! z¥). Using Corollary 7.25 in
Ditzian and Totik [8], we thus have for a constant C” > 0 not depending on z,

|m.(x) = Pp,_, (m.(z))||lu < C"(1 4 zF)m~F forall = < Mb. (35)

Applying Lemma 4 with (34) and (35), we obtain v,, = O(m~*). We conclude that (33) holds with
my, = n"/ =) which completes the proof.

Theorem 6 provides polynomial lower bounds of the minimax MISE rate, whereas Corollary 1 gives
logarithmic upper bounds in the same smoothness spaces. Hence the question of the minimax rate is left
completely open in this case. Moreover the lower bound relies on smoothness conditions on 71 which
rule out Example 3 (for which 7 is discontinuous). On the other hand, the case of scale families can be
related with the deconvolution problem that has received a considerable attention in a series of papers in
the 1990’s (see, e.g., [9—11, 23, 29]). The following section sheds a light on this relationship.

5.6. Scale Families and Deconvolution

The following lower bound is obtained from classical lower bounds in the deconvolution problem
derived in[11].

Theorem 7. Consider the case of scale mixtures on Ry, that is, suppose that Assumption 1 holds
with ¢ equal to the Lebesgue measure on Ry, © = [a,b] C (0,00) and mp(x) = 011 (x/0). Denote
by ¢ the characteristic function of the density e’ (e?) on R,

o(6) = [ HEm () .

Define T as the operator T(g) = §, where g: R — R and §(t) =t *g(log(t)) for all t € (0,00). Let
C > 0and a >0, and define L(a,C) as the set containing all densities g on R such that

‘g(T) (t) — g (w)| < Clt —u|*"" forallt,u € R,

where r = [a].

(a) Assume that ¢\9)(t) = O(|t|=P~7) as |[t| — oo for j = 0,1,2, where ¢\9) is the jth derivative of ¢.
Then there exists C* > 0 such that
inf sup B llf - f3 > € n 2/ CEEI (1 4 o(1)), (36)
JE€Sn feT(L(a,C))

(b) Assume that ¢(t) = O(|t|ﬁle_|t"8/“f) as |t| — oo for some 3,7 >0 and (1, and that m(u) =
o(u=1og(u)|=%) as u — 0,00 for some a > 1. Then there exists C* > 0 such that

inf  sup B |lf - fllE > C" log(n)**P (14 o(1)). (37)
FE€Sn feT(L(a,C))

Proof. In the scale mixture case the observation X can be represented as X = Y, where Y and 6 are
independent variables having density m; and (unknown) density f, respectively. By taking the log of the
observations, the problem of estimating the density of log(6), that is f*(t) = e’ f(e), is a deconvolution
problem. Hence we may apply Theorem 2 in[11]to obtain lower bounds on the nonparametric estimation
of f* from log(Xy),...,log(X,) under appropriate assumptions on ¢, which is the characteristic
function of log(Y). Let @’ = log(a) and & = log(b). The lower bounds in (a) and (b) above are those
appearing in (a) and (b) in Theorem 2 in [11] on the minimax quadratic risk in H' = L?([a’,b']) for
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estimating f* in the Lipschitz smoothness class £(a, C). Observe that T is defined for all functions
g: [a/,b'] = RbyT(g) = g with j defined on [a, b] by §(t) = t~'g(log(t)), so that T(f*) = f. Observing
that T is a linear operator and that for any g € H', || T(¢)|lm = ||g||z’, We obtain the lower bounds given
in (36) and (37).

As in Theorem 6, the smoother m; is assumed, the slower the lower bound of the minimax rate.
However the lower bounds obtained in Theorem 7 hold for a much larger class of scale families.
Indeed, if 71 is compactly supported, the conditions imposed on 7 in case (a) are much weaker than
in Theorem 6. For instance, it holds with 5 = k for Example 3. For an infinitely differentiable w1 both
theorems say that the minimax rate is slower than any polynomial rate. However, in this case, case (b)
in Theorem 7 may provide a more precise logarithmic lower bound. It is interesting to note that, as a
consequence of [5], the MISE rate (log n) 2%, which is the rate obtained in Corollary 1 by the polynomial
estimator for any compactly supported 71, is the slowest possible minimax rate obtained in Theorem 7(b)
for a compactly supported 7;. Such a comparison should be regarded with care since the smoothness
class in the latter theorem is different and cannot be compared to the smoothness classes considered in
the previous results, as we explain hereafter.

The arguments for adapting the lower bounds of Theorem 7 also apply for minimax upper bounds.
More precisely, using the kernel estimators for the deconvolution problem from the observations log(X7),

..., log(X,,) and mapping the estimator through 7', one obtains an estimator of f achieving the same
integrated quadratic risk. The obtained rates depend on similar assumptions on ¢ as those in (a) and (b),
see [9—11]. Although the scale mixture and the convolution model are related to one another by taking
the exponential (or the logarithm in the reverse sense) of the observations, it is important to note that,
except for Theorem 7, our results are of different nature. Indeed, the upper and lower bounds in the
deconvolution problem cannot be compared with those obtained previously in the paper because there
are no possible inclusions between the smoothness classes considered in the deconvolution problem and
those defined by polynomial approximations.

Let us examine more closely the smoothness class T'(L(«, C)) that appears in the lower bounds
of Theorem 7, inherited from the results on the deconvolution problem. This class contains densities
with noncompact supports, whereas C(a, C') N Hj only contains densities with supports in [a, b]. Hence
neither (36) nor (37) can be used for deriving minimax rates in C(a, C') NH;. In fact the densities
exhibited in [11] to prove the lower bound have infinite support by construction and the argument does
not at all seem to be adaptable for a class of compactly supported densities. As for upper bounds in the
deconvolution problem, they are based on Lipschitz or Sobolev type of smoothness conditions which are
not compatible with compactly supported densities on [a, b] except for those that are smoothly decreasing
close to the end points. This follows from the fact that, in the deconvolution problem, standard estimators
(kernel or wavelet) highly rely on the Fourier behavior both of the mixing density and of the additive
noise density. In contrast, such boundary constraints are not necessary for densities in C(«, C). For
instance, the uniform density on [a, b] belongs to C(a, C) for all & > 0 and C' > (b — a)~/2, but has a
Fourier transform decreasing very slowly. A natural conclusion from this observation is that polynomial
estimators should be used preferably to standard deconvolution estimators when the mixing density has
a known compact support [a,b] C (0,00). Of course this conclusion holds for both deconvolution and
scale mixture problems.

6. SUPPORT ESTIMATION

A basic assumption of our estimation approach is that the mixing density f belongs to H = L?[a, b].
However, in practice the exact interval [a, b] is generally unknown. To cope with this problem, we propose
an estimator of the support of the mixing density f, or more precisely of the support of T'f. [t can be
shown that the support estimator is consistent when it is based on an estimator T'f,.,,, which is a
polynomial, and T f behaves as follows on the bounds of the support interval. Note that the problem of
dealing with an unknown support also occurs in classical density estimation, see[13, 17, 24].

MATHEMATICAL METHODS OF STATISTICS Vol.24 No.3 2015



NONPARAMETRIC ESTIMATION OF THE MIXING DENSITY 219

Denote by [ag, bg] the smallest interval such that T'f(u) = 0 for all w € [a/, ] \ [ag, bo]. In other
words, ag = inf{u € [a/,V/],Tf(u) > 0} and by = sup{u € [a’,V'],T f(u) > 0}. Furthermore, we sup-
pose that there exist constants D > ag, F < by, D', E’, o’ > 0 such that

Tf(u) > ((u—ag)/D")* Tforall u € |ag, D], (38)
Tf(u) > (b —u)/E)* forall u e [E,b). (39)
For fixed &,,, n,, > 0, we define the estimators a,, and Bn of the interval bounds ag and by by
an = inf {u € [@V]: Tfom, (v) > 52” forall v € [u,u+ ]}, (40)
b, = sup {u e [, V]: Tfpm,(v) > E; forallv € [u — nn,u]}. (41)

Roughly, these estimators take the smallest and largest value where the estimator Tfn,mn exceeds €,,/2,
by disregarding side-effects of size n,. For a suitable choice of the sequences (g,), and (n,), these
estimators are consistent.

Proposition 2. [ef fnmn be the density estimator defined in (3) under Assumption 3 with
a > 1/2. Suppose that f verifies (38)—(39) for appropriate constants D > ag, E < by, D', F’,
o/ > 0. Assume that there are sequences m,, — oo, e, — 0 and n, — 0 such that

EHﬁLmn - f”]%l — O(mg2a)7 Egl — O(m?(12a—1)/(2+1/a’))’ T = O(qum/almrjl)‘
Then the estimators a, and b, defined by (40) and (41) are consistent for the support bounds ay
and by. More precisely, as n — oo,
(Gn, —a0)+ = Op(s,lh/o‘/) and (4, —ag)- = Op(fsi/o‘lm;l),

(bn — bo)+ = Op (Ei/alm;l) and (b —by)— = Op (Ei/al).

Proof. First we consider (a,, — ag)+. We set 6,, = MD'cY/® for some M > 1 and denote

An = {(&n — a0)+ > 571} = {dn > ag + 571}

= {Vu € [, ap + 6,) v € [u, u + ) such that Tf,, ., (v) < 52” }

As Tf’n,mn is a polynomial of degree m, Tfmmn has at most m,, intersections with any constant

function. Hence the number of subintervals of [a’, 8], where T f,, ., exceeds £/2, is bounded by m,,
for any fixed e > 0. On A,, all such intervals included in [a/, ag + ;] are at most of size n,,. Thus, on A,,,

a0+6n R c
/ H{Tfnmn(u) > ;}du < MMy
a

/

It follows that on A4,,

a0+6n " En
/ H{Tfn,mn(u) < 5 }duz ag + 6, —a' — munn,
a

/

and thus
a0+5n N ETL , l/a/
/]I{Tfn,mn(u)g }duzdn—mnnn—Dsn .
aO+DI€11’L/a 2
For large n such that 5711/0/ < Dandsince Tf > &, on [ap + D’si/a/, D] by (38), we obtain on A,
ao+6 R . a0+0n 5 En
[ o {Thm@ < G dus [ T ) - TS > G
ao+D’61/a 2 ao—i-D’z-:;/a 2
4 [ooton s 2 4. s s 4 2
< o [T (W) = T @) du < o T fom, = Tl =, [ fnm, = fll5:
€n ag+D’ey) €n €n
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For sufficiently large M we have m,n, < d, — D’fsi/al. Then it follows by Markov’s inequality that

. 44 o
P((an - aO)-l— > 5n) S ]P<€2 an,mn - fH]%I 2 571 — Mnpln — D,E}l/ >

_ 4B o, — 1]

< 1o — 0, n — oo,
e2(6p — mpny — D'ey/ ™)

by the assumptions on (e,,),, and E|| fy.m, — f|% and as 6, = MD'el™ . Thus (an — ag)4 = Op(6,) =
Op (V).

To investigate (a,, — ag)— put 8, = M'n,, for some M’ > 1. By using that T'f = 0 on [a, ag], we have
P((an — ag)— > 6n) = P(an < ag — dy)

T+Nn R
:]P’<E|a;€ o/, ao — 6, / l{Tfmmn(u) > E;}du:nn>

ag 2
n

< IP’</:O H{Tfmmn(u) > E;}du > 77n> - (/a ]l{|Tfn7mn(u) ~Tf)? > 54 }du > 77n>

4 a0 £ 2 4E[an,mn - fHIzHI]
< IP’<€% /a T fromn (w) — T f (w)|” du > nn> < e — 0,
where again we applied Markov’s inequality. Consequently, (@, — ag)- = Op(n,) = Op (s,lq/o‘,mgl).

By symmetry, the properties on b, stated in the proposition hold as well.

By Theorem 1 the proposition applies to Examples 1(a) and 3 with m,, = Alogn and to Exam-
ples 1 (b)and 2 with m,, = Alogn/loglogn.

7. NUMERICAL RESULTS

A simulation study is conducted to evaluate the performance of the estimator on finite datasets. Six
different mixture settings are considered, namely the exponential mixture from Example 1 (a) and 1 (b),
the Gamma shape mixture from Example 2, the uniform mixture and the Beta mixture with k = 4 from
Example 3 and the exponential mixture with a location parameter from Example 4.

We consider the case where the mixing density f is the Beta distribution on the interval [1, 4] with
parameters o = 3/2 and § = 3. Remark that for the exponential mixture setting of Example 1(b) we
cannot take a mixing distribution with support [a, b] with a = 0, since b’ = 1/a must be finite.

For every mixture setting, the estimator f,, ,, with m = 5 is computed on a large number of datasets
(for sample sizes n varying from 100 to 10%) and the corresponding MISE is evaluated. Table 1 gives
the mean values of the different MISE’s and the associated standard deviations. Obviously, in all six
settings the MISE decreases when n increases. Note that in the last four settings, where the mixing
density f is approximated in the same polynomial basis, the MISE tends to the same value, which is
obviously the squared bias of the estimator when m = 5. In the exponential mixture settings, different
values are obtained because different bases are used to approach f. The exponential mixture setting from
Example 1(a) always has the largest mean MISE value, while the uniform and the Beta mixtures are
doing best.

Figure 1 illustrates the estimator fmn when n = 10° and where the order m is the value minimizing

the MISE when n = 10%, say myesi. The values of mypest have been obtained by extra simulations. We
see that in the first two settings, we only have myest = 3 and the estimator seems slightly biased. On the
contrary, the uniform mixture setting allows for the best approximation with mypest = 5.
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Table 1. Estimated MISE (and standard deviation) of estimator fm,n with m = 5 in six different mixture
settings when the mixing density f is a Beta distribution

n
102 10 10* 10° 106 107 108 10°
Exp.(a) MISE 072 069  0.62 0.48 0.26 0.058  84e-03  1.1e-03
sd (0.16) (0.17) (0.16)  (0.19) (0.18)  (0.085)  (0.10)  (1.4e-03)
Exp.(b) MISE 061 052  0.35 0.21 0.084 0.015  2.0e-03  4.4e-04
sd (0.21) (0.25) (0.25)  (0.21) (0.12)  (0.027) (2.9¢-03) (2.7¢-04)
Gamma MISE 058 047 0.3l 0.12 0.020  34e-03  1.5e-03  1.3¢-03

sd (0.20) (0.22) (0.21)  (0.13)  (0.024) (3.0e-03) (4.5e-04) (4.9e-05)
Uniform  MISE 032 0.10 0015  2.9¢-03  1.5e-03  1.3e-03  1.3e-03  1.3e-03
sd (0.25) (0.12) (0.018) (2.1e-03) (2.6e-04) (4.4e-05) (1.2¢-05) (3.6e-06)

Beta MISE 046  0.19 0035 54e-03  1.7e-03  1.4e-03  1.3e-03  1.3e-03
sd (0.27) (0.17) (0.040) (5.3e-03) (6.5e-04) (8.6e-05) (2.2¢-05) (5.8¢-06)
Exp.loc. MISE 055 047  0.29 0.11 0.015  2.9e-03  1.5e-03  1.3¢-03

sd (0.20) (0.23) (0.21)  (0.11)  (0.018) (1.9¢-03) (2.6e-04) (5.3¢-05)

(a) Exp. mixture (a), mpest = 3

(d) Uniform mixture, mpest = 5 (e) Beta mixture, mypest = 4 (f) Exp. location, mypest = 4

Fig. 1. 10 estimators fmbcst,n in six different settings with n = 10° when the mixing density f is a Beta distribution
(dashed curve).
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APPENDIX A: TECHNICAL RESULTS

Lemma5. Let o> 0, a < band o’ <V. Define C(o, )y as in (20) and C'(a, C)y similarly with o
and V' replacing a and b. Let o be [a] + 1 differentiable on [a,b] and 7: [a', V'] — [a,b] be [a] + 1
differentiable on [a', V'] with a nonvanishing first derivative. Then

{of: fe€Cla,)u} — Cle, ) and {for:feCla,)u}— C(a, )u

Proof. As the first enlbedding is the inclusion (40) in Roueff and Ryden [25], we only show the second
embedding. Let f € C(a, C) and denote r = [a] + 1. Let ¢ € (0,1]. By the equivalence (19) with the
K -functional given in (18) there exists a function & such that A"~ € A.C.;,. and

If = hlla + 0" h O | < 2Mwl(f,t)e < 2MCt2, (42)

where p(z) = \/(z — a)(b — x). Let us set h = h o and show that, for some constant K > 0 depending
neither on ¢t noron C,

If o7 —Rlle + 711" Al < K Ot (43)

where we defined ¢(z) = \/(x — a’)(V — z), that is the same definition as ¢ with a’ and ¥’ replacing a
and b. Using again equivalence (19), the bound given in (43) will achieve the proof of the lemma.
Note that since 7/ does not vanish, denoting C; = (inf |7/|)~?, for all g € H, we have
lgoTlm < Cillglla- (44)

In particular, we have that

|for —hllw = |(f —h)orllw < Ci||flln. (45)

Since 7 is r times continuously differentiable and =1 € A.C.pe, we note that A=Y € A.C.,,. with
h(r) = D i1 Ty X h\9) o 7, where the 7;’s are continuous functions only depending on 7. Hence there is
a constant Cy > 0 only depending on 7 and r such that

157 Al < Cy e 167 A o 7l

Another simple consequence of 7' not vanishing on [a, V'] is that there exists a constant C3 > 0 such
that ¢(x) < Csp o 7(z) forall z € [a,b']. Using this with (44) in the previous display, we get

157 Al < €102 G max N h (46)
We shall prove that ||¢" h9)||y appearing in the right-hand side of the previous inequality is in fact
maximized, up to multiplicative and additive constants, at j =r. For j=1,...,r — 1, we proceed
recursively as follows. For any u € (a,b), we have

W@ < | [ RO ) ds| + 1 )

Then, by Jensen’s inequality,

' b , 1/2 ,
Hso’”h(”HHS{ / so2’"<x><|x—u| / {hU“)(s)}?ds)daz} 1 s 12w,
z=a s€u,x)

where we used the convention that [e, d] denotes the same segment for ¢ < d as well as for ¢ > d. By
Fubini’s theorem, the term between braces reads

b
/ (R Py ds with b(siu) = / Ly a1 (8) (& — a) (b — )|z — ] de
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Let @ < b be two fixed numbers in (a,b). It is straightforward to show that, for some constant Cy > 0
only depending on a, b, a, b, we have

Y(s;u) < CF o*"(s) forall u e (a,b).
The last three displays thus give that

le" B9l < Calle” D lsr + |7 [ inf_ D) (w)].

UE(I

By induction in j, we thus get with (46) that there is a constant C5 such that

19" 5 < Cs (I HWOllat ¥ inf (B0 ). (47)

j= 1,...,7"—1“6[&’17}
The final step of the proof consists in bounding d; = infue[& B |hG) ()| for j =1,...,r — 1. For any
v,v" € [a,b], we have |[hU—1 (') — hU=D(v)| > §; |v' — v|. Suppose that v is in the first third part of
the segment [@,b] and v’ in the last third so that [v — v/| > (b — @)/3. On the other hand, |hU—1 (/) —
RGOV (v )| < (W=D (") + |~ (v)|. Tt follows that |hU=D(v/)| and |hU=1 (v)| cannot be both less
than d; (b — @) /3, which provides a lower bound of [:U=1)| on at least one sub-interval of [a, ] of length

(b— @) /3. Proceeding recursively we get that there exists a sub-interval of [@,b] on which h is lower
bounded by §; multiplied by some constant. This in turn gives that

inf |29 (u)| < Cs||hlm,

j=1,..r—1 u€lab]

where Cg is a constant only depending on a,b and r. Observe that, since f € C’(a,C), we have
| flle < C. Using (42), ¢t € (0,1] and [|Allm < |[f — hllm + || f[lm in the last display we thus get

> inf [B9(u)] < Cs(2M +1)C.

j=1,r—1 u€la,b]

Finally, this bound, (47), (45) and (42) yield (43) and the proof is achieved.

Lemma 6. Let (pi) be the sequence of polynomials defined by p1(t) =1, pa(t) =1t, ..., pr(t) =
tt+1)...(t+k—2) Jor all k> 2. Define the coefficients (¢x)1<i<k by the expansion formula

th=1 = Zz 1 Crapi(t) valid for k =1,2,....Then ¢,y =1, and for all k > 2,
Ek,l = O, 6]4,1@ =1 and Ek,l = 6]4—1,[—1 — (l — 1)614—1,[ fOI’ all 1 = 2, ey k—1. (48)

Moreover, we have, for all k > 1,

|G| < K (49)

IIM?v
I

Proof. By definition of p;, we have tp;(t) = pr1(t) — (I — 1)p;(t) for any [ > 1. Hence, for any k > 2,
writing tF71 = ttF=2 = 37, & _1,tpi(t), we obtain (48).

We now prove (49). It is obviously true for £ = 1. From (48), it follows that, for all k£ > 2,

Bounding [ inside the last sum by (k — 1) yields (49).
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