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ESTIMATING A DENSITY, A HAZARD RATE, AND A TRANSITION
INTENSITY VIA THE p-ESTIMATION METHOD

MATHIEU SART

ABSTRACT. We propose a unified study of three statistical settings by widening the p-estimation
method developed in [BBS17]. More specifically, we aim at estimating a density, a hazard rate
(from censored data), and a transition intensity of a time inhomogeneous Markov process. We
relate the performance of p-estimators to deviations of an empirical process. We deduce non-
asymptotic risk bounds for an Hellinger-type loss when the models consist, for instance, of piecewise
polynomial functions, multimodal functions, or piecewise convex-concave functions. Under convex-
type assumptions on the models, maximum likelihood estimators may coincide with p-estimators,
and satisfy therefore our risk bounds. However, our results also apply to some models where the
maximum likelihood method does not work. Besides, the robustness properties of p-estimators are
not, in general, shared by maximum likelihood estimators. Subsequently, we present an alternative
way, based on estimator selection, to define a piecewise polynomial estimator. We control the risk
of the estimator and carry out some numerical simulations to compare our approach with a more
classical one based on maximum likelihood only.

1. INTRODUCTION

1.1. Statistical settings. In the present paper, we are interesting in estimating a unknown func-
tion s that appears in one of the following frameworks.

Framework 1 (Density Estimation). Let X be a real-valued random variable with density function s
with respect to the Lebesgue measure p. Our aim is to estimate the density s from the observation
of n independent copies Xq,..., X, of X.

Framework 2 (Hazard rate estimation for right censored data). Let (T1,Ch),...,(T,,Cyn) be n
independent copies of a pair (T,C) of non-negative random variables. The variable C' may take the
value +00. We suppose that T is independent of C and that T admits a density f with respect to
the Lebesgue measure p. The target function is the hazard rate s defined for t > 0 by

AQ)
s(t) = P(I>0)

The observations are (X;, D;)1<i<n where X; = min{T;, C;} and D; = { 0 otherwise

Framework 3 (Estimation of the transition intensity of a Markov process). We consider a (possibly
inhomogeneous) Markov process { Xy, t > 0} with the following properties:
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e The process is cadlag with finite state space, says {0,1,...,m}.
e The state 0 is absorbing.
e Let, for each interval I C [0,400), As be the event: “the process jumps at least two times

on I”. Then, P(Ar) = o(u(l)) when the length uw(I) of I tends to 0.
o The transition time

TLO = inf{t >0, X, =1, X; = 0},

which has values in [0, 400], is absolutely continuous with respect to the Lebesgue measure
on R and satisfies therefore for all Borel set A of R,

P (TLO S A) = / f(u) du,
A
for a suitable non-negative measurable function f.

We consider an observation interval I s C [0,400) either of the form I,ps = [0,T] with T € (0, +00)
or Lops = [0,400). Our aim is to estimate the transition rate s from state 1 to O defined for t > 0

" 0
£(t
W =5, =1y

from the observation of n independent copies {Xt(i),t € Lops} of { X4, t € Tops}.

In all these frameworks, we will always suppose that n > 3. Although numerous estimation
strategies can be considered, we will rather focus in this paper on a particular method developed
in [BBS17] and named “p-estimation”.

1.2. On p-estimation in framework 1. We begin by outlining some of the underlying ideas of
this estimation procedure. First, the method fits into the scheme of a series of papers using tests to
construct estimators. Given two densities f and g, a test is, intuitively, a decision rule that decides
which one is the best for estimating s. In order to measure the quality of estimation, we consider
the Hellinger distance h, which is defined for two non-negative integrable functions f and g by

h2(f,g) = % /]R (W— \/gﬁ)2 dt.

We try, in p-estimation, to estimate h%(s, f) — h%(s,g). The smaller this difference, the better f.
Conversely, the larger this difference, the better g. Unfortunately, it seems difficult to build consis-
tent estimators of h2(s, f) — h?(s,g) with good properties (without additional assumptions on s).
A way to circumvent the issue, and which follows from [Barll], is to estimate a good approxima-
tion Tr(f,g) of h2(s, f) — h?(s,g). We will denote such estimators by T(f, g).

We then consider models S, that is collections of densities, which translate, in mathematical
terms, the knowledge we have on the target s. A model may correspond to different assumptions
on s, such as parametric, regularity, or qualitative ones. When S only consists of two densities, S =
{f,g}, an estimator § on S may be deduced from the test: we may set § = g when T'(f,g) > 0 and
$= f when T(f,g9) < 0. When the model S is more general, several methods exist in the literature
to define an estimator. A key theoretical reference is [Bir06]. In p-estimation, T'(f,g) is viewed as
an approximate value of h%(s, f) — h?(s,g). We may then form the criterion v(f) = sup,es T'(f, 9)
and interpret it as an approximation of h2(s, f) — infgeg h2(s,g). It then remains to minimize 7 to
define the p-estimator § (if such a minimizer does not exist, take an approximate minimizer).



ESTIMATING A DENSITY, A HAZARD RATE, AND A TRANSITION INTENSITY 3

Before going any further, we need to mention that we may construct several variants of the p-
estimation procedure that may lead to similar theoretical results, at least in density estimation. For
instance, there exist several ways to define the estimator T'(f, g) as explained in [BB17]. It turns
out that p-estimators (including some variants) satisfy interesting statistical properties. We briefly
present below four of them: generality, optimality, robustness, and superminimaxity.

First of all, p-estimators exist on some models S for which the maximum likelihood method does
not work. Numerous examples are known in the literature. A very simple one is

(1) S = {f1y, I is a closed interval of R and f a non-increasing density on I},

where 1 denotes the indicator function of I. In this model, the log likelihood can be made arbitrarily
large, and the maximum likelihood estimator does not exist. By contrast, we may define, and study,
p-estimators on S.

The quality of a p-estimator § relies on the behaviour of the error T(f,g) — Tr(f,g). This
error can be controlled according to different notions that aim at measuring the “complexity”, or
“massiveness” of the model S (entropy with bracketing, metric dimension, covering numbers. .. ).
We may deduce an upper-bound Rg(n) of the maximal risk sup,cgE[h%(s,$)]. This result can
then be compared to the minimax bound infz sup,.g E[h?(s, 3)], where the infimum is taken over all
estimators § with values in S. The rate of convergence of infz sup,.g E[h%(s, §)] to 0 is usually called
the optimal minimax rate of convergence. Yet, Rg(n) achieves this rate, up to possible logarithmic
factors, in all cases we know.

This minimax point of view supposes that s does belong to S. Such an assumption corresponds
to a perfect modelling of the statistical problem, which is scarcely the case in practice. It makes
therefore more sense to study the risk of the estimator § not only when s lies in S but more generally
when s is close to the model S. It turns out that the Hellinger quadratic risk of a p-estimator § can
be bounded above by

E[R%(s,3)] < C}ng h%(s, f) + Rg(n) whatever the density s,
€

where C' is a universal constant (that is a number). This inequality asserts that a small error in the
choice of the model S induces a small error in the estimation of s. This is a robustness property.
Such a property is not shared in general by the maximum likelihood estimator. It may indeed
perform very poorly when s ¢ S but is close to S (when this closeness is measured by the Hellinger
distance, see Section 2.3 of [Bir06] for an example).

The rate given by Rg(n) stands for the worst-case rate over all densities s of S. This rate
may therefore be very pessimistic in the sense that the estimation may be much faster for some
densities s € S. One may actually refine the preceding risk bound to take into account this
phenomenon (named superminimaxity in [BB16]). More precisely, it is shown in [BB16] a non-
asymptotic risk bound of the form

(2) E[h?%(s,8)] < C" inf {h2(s, f)+ Rg(f,n)} whatever the density s,
fes

where O’ is a universal constant, S a suitable subset of S, and where Rg(f,n) tends to 0 at a
(usually) faster rate than Rg(n). For illustration purposes, consider the model S defined by (1).
Then, S consists of piecewise constant densities belonging to S,

(o) = Lhiogt (7).



4 MATHIEU SART

d(f) is the number of pieces of f, and log, « = max{logx,1}. In particular, when the support of s
is an interval on which s is non-increasing and piecewise constant, that is when s € S, the rate of
estimation is parametric (up to some power of log, (n/d(f))). If we now suppose that s belongs
to S\ S, some computations allows to bound (2) from above by C,(log? n)n=%/3, where C, only
depends on s. This corresponds, up to a logarithmic factor, to the expected rate of convergence.
The previous reasoning is not only valid for this particular model .S but is more general and holds
true for other models S corresponding to qualitative assumptions on the density (for instance, s
may be piecewise monotone or /s may be piecewise convex-concave).

There are moreover two additional properties of p-estimators we now briefly mention. First, p-
estimators can be related to maximum likelihood ones. Second, it is possible to introduce penalties
into the criterion v, leading to penalized p-estimators and allowing to cope with model selection.

1.3. On hazard rate and transition intensity estimation. In this paper, we propose to extend
the scope of p-estimation to these two statistical settings. The first one, namely hazard rate esti-
mation, frequently appears in different domains such as reliability or survival analysis. Typically,
in medical studies, T' may represent the lifetime of a patient, and the hazard rate s at time ¢,

P(T >t)

. PU<T<t+h|T>t)

= lim
h—0 h

9

measures the tendency of dying just after ¢, given survival to time ¢. In practice, some patients may
leave the study before dying, which makes the data censored. The random variable C' then gives
the time of leaving and D = L7<¢ indicates whether the patient dies (D = 1) or leaves the study
(D =0).

The problem of transition intensity estimation of a Markov process may also be encountered in
various domains. For example, in medical trials, a Markov process {X;, ¢ > 0} may be used to
model the evolution of a disease, the state 0 representing (for instance) the death of the patient.
The transition rate s at time t,

_ [
S(t) - ]P)(Xt_ —_ 1)7
e BXn =0 X = 1)
h—0 h

Y

has similar interpretation than the hazard rate: it measures the risk of dying just after ¢, given the
disease is in state 1 at time t—. This framework is actually more general than the one of hazard
rate estimation (when the data are uncensored) as s coincides with the hazard rate of T" when the
Markov process is defined by X; = 17>.

In the literature, numerous estimators have been proposed to deal with (at least) one of these two
frameworks. We may cite wavelet estimators, Kernel estimators, maximum likelihood estimators,
procedures based on L2 contrasts. .. However, non-asymptotic studies seem be rather scarce. We
refer to [BC05, RB06, BC0S, P1a09, AD10] for results concerning procedures based on (penalized) L2
contrasts. We may cite [vdG95, DR02| for a study of non-asymptotic properties of maximum
likelihood estimators. We refer to [BB09] for results concerning a selection rule based on pairwise
comparisons of histogram type estimators.
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1.4. A generalized procedure. As in [BB09, AD10, Barll], we consider in the present paper
the problem of estimating the intensity of a random measure. This is a very convenient statistical
setting to study the three frameworks in a unified way.

We measure the risks of our estimators by means of a (possibly random) Hellinger-type distance h
adapted to the framework. In framework 1, h is the usual Hellinger distance, in framework 2,

1 [ 2 (1 &

and in framework 3,
w(ro) =3 | (VIO - Va®) (% > ﬂxgo:1> dt.
obs =1

The quality of an estimator 5 is therefore assessed by h?(s,3): the smaller h2(s, 8), the better the
estimator.

We define an approximation Tx(f,g) of h?(s, f) — h?(s,g) and an estimator T(f,g) of Tx(f,g).
Given a model S, that is a collection of possible candidates for estimating s, we define our estimator §
on S as a minimizer, or more precisely as an approximate minimizer of y(f) = sup,es T(f, ).
Similarly to framework 1, bounding above the Hellinger-type risk h(s, §) of a p-estimator § requires
to control the deviations of the error T'(f,9) — Tr(f,g). We carry out a uniform exponential
inequality to control these deviations. We deduce risk bounds for p-estimators over a particular class
of models S. This class includes, for instance, models consisting of piecewise polynomial functions,
multimodal functions, piecewise convex-concave functions or piecewise log-concave functions. We
establish in the three frameworks a risk bound akin to the one obtained in density estimation
by [BB16]. Actually, in density estimation, the control of the empirical process is a bit more accurate
than in this last paper, leading to a slightly sharper estimation term Rg(f,n) (although probably
not optimal). Moreover, the closeness of the results in the three frameworks allows to transfer
the rates of convergence obtained in [BB16] in framework 1 when s is multimodal or when /s is
piecewise convex-concave to frameworks 2 and 3 (with a minor improvement).

1.5. On maximum likelihood estimation. The p-estimation procedure differs from that of max-
imum likelihood. Nevertheless, the two approaches are very close in some situations.

This phenomenon may be understood by looking at the local behaviour of the estimator T'(f, g).
Indeed, under some assumptions, T'(f, g) roughly behaves as the difference of log likelihoods L(g) —
L(f) when f and g are very close densities in framework 1. If we could replace T'(f, g) by L(g)—L(f),
Y(f) = supges T(f,g) would become sup,cg L(g) — L(f), and a minimizer of v(-) would be a
maximum likelihood estimator.

We show that p-estimation may coincide with maximum likelihood estimation when the model
is either convex or of the form § = { 2, feF } where F is convex and consists of non-negative
functions. In particular, a maximum likelihood estimator on such a model S is a p-estimator. A
similar result for convex sets of densities was obtained by Su Weijie in the context of framework 1
and was recently included in [BB17]. Consequently, our theoretical risk bounds, which apply to p-
estimators, may also apply to maximum likelihood ones for these models (in the three frameworks).
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1.6. Estimator selection. The practical computation of p-estimators seems unfortunately to be
numerically out of reach in numerous models. In some cases, a model S may be written as a union
S = Upea Sm of models S, satisfying the convex-type assumptions described in the preceding
section. Thereby, one may maximize the likelihood to define a p-estimator §,, on S,,. All that
remains then is to select an estimator among {5,,, m € M}. This solution may be more numerically
friendly (when M is not too large), but the quality of selected estimator needs to be shown.

In the present paper, we will not address this problem in general but rather focus on the par-
ticular model Sy, consisting of non-negative piecewise polynomial functions of degree at most r
and based on ¢ consecutive intervals. Although maximum likelihood estimators do not exist on Sy,
p-estimators do exist, and we even control their Hellinger-type risks. Unfortunately, we do not know
how to build these p-estimators in practice. Alternatively, we may consider collections m of inter-
vals, and define models Sy, ,, C Sy, consisting of functions which are polynomial on each interval I
of m. Then, Sy, = {,,c M, Se.r.m Where the union is taken over a suitable (infinite) family M, of
collections m. For each m € M,, we may define a p-estimator 3, on the convex model Sy, by
maximizing the likelihood. Selecting among all the estimators §,, is theoretically feasible but does
not yield a practical procedure as My is/\inﬁnite. This is the reason why we will replace My by
a finite, but usually very large, family M, C M,;. We /vzill carry out a new procedure, inspi/rgd
from [Sarl4], to select among the estimators §,,, m € M,. Although the large cardinal of My,
dynamic programming makes it possible the computation of the selected estimator in polynomial
time (at least when one knows how to maximize a likelihood on a convex model). We prove an
oracle inequality for the selected estimator from which, we deduce, when r = 0, a risk bound very
similar to the one we would obtain for the p-estimator. Besides, we carry out a numerical study in
which we compare, in the context of density estimation, our procedure with a selection rule based
on maximum likelihood only.

We finally explain how we can modify this procedure to select adaptively the number £ of pieces
from the data. In particular, we show that we can build an estimator that performs well when s
belongs, or is close to, the model S, = Up2; Sy .. More precisely, the risk bound we get corresponds
to the one we would obtain for the best estimator of the family {5,,,¢ > 1} where 3, , denotes the
p-estimator built on Sy, (up to mild modifications).

1.7. Organization of the paper. We carry out in Section 2 the general statistical setting that
encompasses the three frameworks. We then explain the estimation procedure and relate it to the
maximum likelihood one. In Section 3, we present the probabilistic tool that enables us to control
the risk of p-estimators. We then present the required assumptions on the models as well as our
main result on the theoretical performances of p-estimators. In Section 4, we deal with estimator
selection to define a piecewise polynomial estimator as explained in Section 1.6. Section 5 is devoted
to numerical simulations. The proofs are deferred to Section 6.

2. THE p-ESTIMATION METHOD

2.1. Statistical setting and notations. We consider an abstract probability space (2,&,P) on
which are defined the random variables appearing in the different frameworks. We associate to each
framework, and each borel set A € B(R) two random variables N(A) and M (A). More precisely,
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we set in density estimation,
1 n
N(A4) = =3 1a(Xp),  M(4) = u(4),
i=1
and in hazard rate estimation,
I 1 ¢
N(A) = — 14(X)1p,—1, M(A) =— Tx, >t 10400y (t) dt.
= L e ) =Y [ Lt

In framework 3, we define the jump time of the i** process
i) =inf {t >0, X =1, x{ =0},

and consider
N(A) = n ; ]lTl(fgeA]lIobs (Tl,o)v M(4) = n ; /A ]lXt@:l ]lIobs(t) dt.
These formulas define two random measures N and M on (R, B(R)) such that
E[N(A)] = E [ / s(t) dM(t)] for all A € B(R).
A

In each of the frameworks, the statistical problem may be reduced to that of estimating s from the
observation of the random measures N and M.

As explained in the introduction, we will evaluate the quality of the estimators by using an
Hellinger-type loss. This Hellinger-type distance h can be written simultaneously in the three
statistical settings as

w(19) = 5 [ (VI - V) amo.

for all non-negative measurable functions f, and g which are integrable with respect to the mea-
sure M.

We now introduce some notations that will be used all along the paper. We define Ry = [0, +00),
and set for x,y € R, Ay = min(z,y), * Vy = max(z,y). The positive part of a real valued
function f is denoted by fi and its negative part by f_. The distance between a point x and a
set A in a metric space (E,d) is denoted by d(x, A) = infyeca d(z,y). We denote the cardinal of a
set A by |A|, and its complement by A°. We set log, x = max{log z, 1} for all z > 0. The notations
c,cd,C,C’",... are for the constants. These constants may change from line to line.

2.2. Heuristics. Let S = L. (R, 1) be the cone of non-negative Lebesgue integrable functions in
frameworks 1 and 3, and S be the cone of measurable non-negative functions which are locally
integrable with respect to p in framework 2. Let now S be a subset of S. Such set will be named
model. Our aim is to define an estimator § with values in S such that h(s, §) is as small as possible.

Consider two arbitrary functions f, g of S. As explained in the introduction, we begin by defining
an approximation Tg(f,g) of h%(s, f) — h?(s, g).
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Let 1 be the real-valued function defined for x > 0 by ¢(z) = g;i, and 9(4+o00) = 1. For
f,g€ S, we set

glx 1

Te7.9) = [ v (45 ) st@) bt - § [ (ote) = ) aM ).
R \f(®) 4 Jr

In this definition, and throughout the paper, we use the conventions 0/0 = 1 and 2:/0 = +oo for all

x > 0. Some computations show:

Lemma 1. For all f,g € S,

Q §205. ) = 32(5.9) < Ty (f,) < 3025, ) ~ 5W°(s.).

In particular, if Tr(f,g) is non-negative, then h%(s,g) < 9h2(s, f). Conversely, if Tg(f,g) is
non-positive, then h%(s, f) < 9h%(s, g). In other words, the sign of Tx(f, g) allows us to know which
function among f, g is the closest of s (up to a multiplicative constant).

Let S be a model and f € S. We are interested in evaluating h%(s, f) — h?(s,S). The smaller
this number, the better f. As Tg(f,g) is roughly of the order of h2(s, f) — h?(s,g), it is natural
to approximate h2(s, f) — h?(s,S) by ve(f) = sup,es TE(f,g) and to study the properties of the
minimizers of yg.

We deduce from the above lemma that for all f € S,

1 1
§1205,1) — 312(5,8) < () < 32, ) — 5h*(s,5),
Minimizing g over S yields a function f € S (assuming such a function exists) such that,
1

§h2(s,f) —3h%(s,8) <ye(f) < }Ielgw(f) <3 inf (s, f) — éhz(s,S) = §h2(8,5)-

Therefore, h?(s, f) < 17h?(s, S), which means that f is, up to a multiplicative constant, the closest
function of s among the ones of S.

The approximation Tg(f, g) is certainly unknown in practice as it involves s. It can however be
suitably estimated by

(@) 1.9 = [0 (53) v - ; [ (ot0) - @) (o),

Similarly, yg(f) is unknown but can be estimated by v(f) = supyes T(f,9). It then remains to
minimize this criterion to define the estimator as described below.

2.3. The procedure. Let for f,g € S, T(f,g) be given by (4). Let S be a model and ~(f) =
supyes T'(f, 9). Any estimator 3 € S satisfying

(5) v(8) < }ggv(f) +1/n

is called p-estimator.

Remark 1. We do not assume that S consists of densities in framework 1 for more flexibility
in the choice of models. Likewise, the functions of S may not be hazard rates in framework 2, or
transition intensities in framework 3.
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The procedure may also be used to estimate the restriction of s on an interval I. Indeed, let N’
be defined by N'(A) = N(ANTI) for all A € B(R). Then, E[N'(A)] = E[f,s 1;dM] and the
target function becomes sl;. Let now F be a collection of functions and S be a model of the form
S ={f1;, f € F}. Since the functions of S vanish outside I, we may replace N in the procedure
by N’ without changing the estimator. Thereby, when all functions of S vanish outside I, the
estimator § actually estimates s1;.

The procedures are quite close in the three frameworks. Indeed, let us consider framework 2 and
suppose that the data are not censored (that is C' = +00). Define G,,(t) = n~! Y7 | 1x,>¢ and
consider a collection S consisting of non-negative integrable functions. We may use the procedure
in density estimation with the (random) model S = {fG,, f € S} to estimate the density of X.
This leads to an estimator of the form $G,, with § € S. Then, § is also a p-estimator on S in
framework 2. A similar reasoning applies to framework 3.

Remark 2. Two ingredients are required to define the procedure. First, we need to approximate
h%(s, f) — h%(s,g) by a quantity Tx(f,g) that satisfies an inequality akin to (3). Second, we need
a random variable T'(f,g) that can be computed in practice and that is close enough to Tg(f,g)
(for more details about the meaning of “close enough”, we refer to Section 3.1). When f and g
are supposed to be densities in framework 1, Tg(f, g) becomes [, ¢(g/f)sdu. We then recover an
approximation of h?(s, f) — h?(s, g) that appears in [BB17].

2.4. Connection with maximum likelihood estimation. The p-estimation method may be
related to that of maximum likelihood. Since a model S may not only consist of densities in
framework 1, a known solution to define the maximum likelihood estimator is to add a Lagrange
term in the log likelihood. More precisely, we define in the three frameworks

(6) L(f):/Rlogde—/RfdM for all f €8,

and call maximum likelihood estimator any estimator maximizing L(-) on S. In the above formula,
and throughout the paper, the convention log0) = —oo is used. In framework 2, L(f) may also
be interpreted as a log likelihood (it is equal to the usual log likelihood when f is a hazard rate,
up to some terms constant in f). The same is true for framework 3, see the literature of counting
processes e.g. equation (3.2) of [Ant89] (using that s is an Aalen’s multiplicative intensity).

We may write

T(f,g):/Rtanh<M> dN—i/R(g—f) dM  for all f,g € S.

As tanh(x) ~ x when x ~ 0, we deduce that if § maximizes L and g ~ 3,

T(§,g)f:i</ logng—/log§dN> —i(/ng—/édM)
R R R R

Thereby, T'(8, g) is likely non-positive. Under suitable properties of S, this result does not only occur
when g ~ 3, but also for all g € S, which implies that v(§) = 0. In particular, § is a p-estimator.
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Theorem 1. Suppose that S is a conver subset of S. Let X be a subset of R such that {x €
R, f(x) #0} C X for all f € S. Define

Lx(f):/Xlogde—/deM forall f €8,

and suppose that sup,eg Ly (g) & {—00, +00}.

If there exists an estimator § € S such that Lx(g) < Lx(8) for all g € S, then v(5) =0 and § is
a p-estimator. Conversely, assume that there exists a p-estimator § € S such that y(5) = 0. Then,
forallge S, Lx(g) < Lx(8), and § mazimizes Ly (-) over S.

When X = R, Ly = L, which means that results on maximum likelihood estimators may be
derived from that of p-estimators and vice versa. We recover the result of Su Weijie when S consists
of densities in framework 1. Using sets X not equal to R may be of interest to remove some
observations that would make the log likelihood identically equal to —oo. In that case, we rather
estimate the restriction of s to X as illustrated in the example below.

We consider the convex model S in framework 1 defined by
(7) S = {f]l(O,Jroo), f is a non-increasing function of S on R} .

When the random variables X; are positive, which in particular holds true almost surely if s does
belong to S, the maximum likelihood estimator exists on S and is known as the Grenander estimator,
see [Greb6]. We deduce from the above theorem with X = R that this estimator is, in this case, a
p-estimator. When some of the random variables X; are non-positive, L(g) = —oo for all g € 5,
and we cannot maximize L(-) over S to design an estimator. However, the p-estimation approach
works and still coincides with the maximum likelihood one, up to minor modifications. Indeed, in
this case, the preceding theorem can be used with X = (0, +00). Then, Lx(f) takes the form

1 [e.e]
La(f)== Y logf(Xi) - / f(t)dt forall feS.
n. 0
i€{1,...,n}
X;>0
Let § be the Grenander estimator based on the random variables X1, ..., X,, that are positive. This

estimator is a density and maximizes the map

froo o 3 log f(X)
0 i€{l,....,n}
X;>0
over the densities f of S, where ng is the number of positive random variables among X, ..., X,,.
One can verify that the estimator that maximizes Ly(-) over S, and which is thus the p-estimator
on S, is § = (ng/n)s. Note that [p §du = no/n, which means that the p-estimator is not a density
unless all the observations X; are positive. This is due to the fact that § estimates in this case the

restriction of s to (0, +00) (which is not a density when some observations X; are negative).

It is sometimes convenient to consider models S of the form S = { 2 fer } where F consists of
non-negative functions. The set F can then be interpreted as a translation of the knowledge one has
on y/s. For instance, if F denotes the set of non-negative concave functions on [0, +00) vanishing
on (—00,0), the assumption s € S means that /s is concave on [0, +00) with support in [0, +00).
It turns out that the connection between p- and maximum likelihood estimators established by
Theorem 1 remains valid when the convexity assumption is put on F instead of S.
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Theorem 2. Let F be a convexr set of non-negative functions such that S = {f2, fe ]:} 18 in-
cluded in S. Let X be a subset of R such that {x € R, f(x) # 0} C X for all f € F. Then,
if supyes La(g) & {—00,+oc}, the conclusions of Theorem 1 apply to S: any mazimizer 5 € S
of Lx(-) on S vanishes v(-), and any § € S vanishing v(-) mazximizes Lx(-) over S.

3. RISK BOUNDS OF p-ESTIMATORS

3.1. A uniform exponential inequality. We recall that the definition of p-estimators is based on
the minimization of a criterion v on S. This criterion 7 uses the approximation T'(f,g) ~ Tr(f,g)
where f,g € S as explained in Section 2.2. Bounding above the risk of the p-estimator requires to
bound above the error due to the approximation of Tg by T.

We introduce for any bounded function ¢ € S, the random variable

2(0) = /R o(z) AN(z) - / o(2)s(x) AM ().

R

This variable is centered in each of the statistical settings. Note that Z(y) measures the approx-
imation error of Tg(f,g) by T(f,g) when ¢ = 1(g/f). The theorem below allows to control the
deviations of Z(p) under very simple (but somewhat restrictive) assumptions.

Theorem 3. Let F C S be a set of functions ¢ such that |p(x)| < 1 for all p € F, x € R. Assume
that for all t € (0,1), the sets {x € R, o4 (x) >t} and {x € R,p_(x) > t} are unions of at most d
intervals (d > 1). Let, for p € F,

o) = /R 2(2)s(x) M (x).

Then, there exists for all € > 0 an event which holds true with probability larger than 1 — e™™¢ and
on which: for all p € F,

(5) 2(0)] SC{\/v<eo>log+<1/v<so>> (FElD ) +dl°g+TW‘“+g}.

Moreover, for all e € (0,1],

dlog% (n/d)
n

(9) 1Z ()] §€U(¢)+Cé{ +£10g+(1/£)}-

In the above inequalities, C is a universal constant while C. only depends on ¢.

In this theorem, we relate the complexity of F to that of a collection of sets of the form A =
{xeR, pi(zr)>t}or A={x € R, ¢_(x) > t}. We then measure the complexity of this family of
sets by using the notion of “union of intervals”. This condition may seem stringent but is general
enough to control the risks of p-estimators in several models S of interest (see the next section).
Moreover, this theorem will allow us to perform (polynomial) estimator selection in Section 4. It
also allows to refine some results already proved in density estimation.

As a by-product of the proof of the theorem, we get the following proposition which may be of
independent interest:
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Proposition 4. Consider framework 1 and an at most countable set F C S of functions ¢ such
that |p(x)] <1 for allz € R, p € F. Let fort € (0,1), A; be the collection of sets defined by

Ar={{z eR, p4(@) >t} p c FLU{z €R, o (2) > 1}, p € F},
and S 4,(2n) be the Vapnik-Chervonenkis shatter coefficient defined by
Sa,(2n) = max . {{z1,..., 200} N A, A € A}

T1,..,22n€

Let 0% = sup,cr E[0*(X)] and p; = sup,cr max{P(py > t), P(p_ > t)}. Then, there exist
universal constants C,C" such that

c . "log, [S4,(2n)] "
<= inf 084 DAL g4 log., |S.4,(2n)] dt
=/ el {U\//n t +/o \/pt %8+ [5.4.(2n)

C 1
+ —/ log, |S4,(2n)] dt
n Jo

E |sup [Z(p)]

peF

< U\/SuPte(o,l) log | |54,(2n)|log . (1/0) n SUP¢e(0,1) log, [S4,(2n)|

n n

In the literature, numerous bounds on this expectation were showed under different assumptions
on F. We refer to [GGO1], [GKO06], Chapter 13 of [BLM13], [Barl6] and the references therein.
In the last paper, the complexity of F is also measured through the one of A, and this corollary
is similar to his result (when the X; are identically distributed). Actually, our bound is sharper
when A; is Vapnik-Chervonenkis with dimension d (apart from constants). Such an assumption
corresponds to a notion of (weak) VC-major class (see [Barl6]). In that case, Sauer lemma [Sau72]
implies

(10) E <c”

sup [Z ()|
peF

9

. \/ dlog, (n/d)log (1/0) N dlog, (n/d)

n n

where C” is a number. If we put aside the constant C”, the main difference between this bound and
Inequality (2.8) of [Barl6] lies in the position of the logarithmic term log, (1/0): it is here involved
inside the square root while it is outside in [Barl16].

Theorem 3 is well tailored for bounding the risk of a p-estimator. Indeed, when ¢ = ¢(g/f), the
random variable v(y) can be bounded above as follows.

Lemma 2. For all f,g € S,

/R g/ f)sAM < 4 (1 (s, f) + 1*(s,9)) -

Now, under suitable assumptions on the collection F = {¢(g/f), f,g € S}, Inequality (9) roughly
says that with high probability (and ¢ = 1/24):

(11) T(f,9) — Te(f.9)l < = (K*(s, f) + h*(s,9)) + Ds(n) forall f,g € S.

[
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The term Dg(n) depends on the probability of the event on which (11) holds true and the complexity
of S. The approximation T'(f,g) ~ Tg(f,g) is then accurate enough to control the risk of a p-
estimator §. We may do as in Section 2.2: we deduce from (3), that for all f,g € S,

S5, ) = S H(5,9) — Ds(n) S T(f,) < W5, f) ~ £h*(s,9) + ().
Therefore,
FH2(5, )~ DR (5,5) ~ Ds(n) < () < R (s, f) — £h(5,5) + Ds(m),
and hence,
1.4, 19 , .
Eh (s,8) — Fh (s,8) — Dg(n) < ()
< Jigelg’v(f) +1/n
< %iﬂ(s,S) + Dg(n) + 1/n.

Finally, the risk of a p-estimator § is bounded above by
h?(s,3) < 37h*(s,S) + 12Dg(n) + 6/n.

It remains to explain the assumptions to put on the model S to make inequality (11) more precise
and rigorous.

3.2. Assumptions on models. A convenient assumption to control the risks of p-estimators is
the following.

Assumption 1. There exists a collection S of functions such that for allt >0, f € S, g € S the
set {x € R, g(x) > tf(x)} is a union of at most ds(f) > 1 intervals.

Not all models S satisfy this assumption. However, it applies for several models of interest,
including some which are well suited for estimating functions under smooth or shape constraints.
We carry out below some examples.

Let Py, be the model defined for £ > 1, r > 0 by

l
(12) Per = { Z Pjlk;, P; is a polynomial function of degree at most r, which is
j=1

non-negative on an interval K; of R of finite length}.

Proposition 5. Assumption 1 is fulfilled with S = Py, S C Poy and for all f € S, ds(f) =
(r+2)(2¢+1).

We may also consider the model consisting of piecewise monotone functions defined for £ > 1 by

k
(13) Fr=8N ij]lKj,Kj is an interval, and f; is monotone on Kj;
j=1

Note that multimodal functions with k¥ — 1 modes belong to Fy.
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We introduce for all interval K the set
G(K) = {f, f is either convex or concave on the interior of K},
and define
k
G, =8N ij]lKj,Kj is an interval, and f; € G(K;) » ,
j=1

k
G.=8n Zefj lg;, Kj is an interval, and f; € G(Kj)
j=1
It is shown in [BB16] that Pro, Fi, Gr and G, satisfy Assumption 1 and the proposition below
ensues from their results.

Proposition 6. Let 7%1 ={f. f€S, el € Pea}. Assumption 1 is fulfilled with:

o §=Fi, S CUZ, Prg and for all f € Ppo, ds(f) =2(k+ L +1).

o S=Gr, SCUR, Py and for all f € Py, ds(f) =4(k++1).
e S=G;, SCUZX, Py, and for all f € Py, ds(f) =4(k+ £+ 1).

3.3. A risk bound.

Theorem 7. Let S be a model such that Assumption 1 is satisfied with S C S. Then, for all
€ >0, there exists an event which holds true with probability larger than 1 —e™™¢ and on which any
p-estimator § on S satisfies

o ds(f) n
(14) h%(s, ) < }Ielfg {clhz(s,f) +c2 p log? <m> + 03510g+(1/§)} .
In particular,
N . / dS(f) n
(15) E [h2(s,8)] < }gg {clE [h2(s,f)] + ¢ - logﬁ_ (ds(f)> }

In the above inequalities, c1, ca, ¢y, c3 are universal positive constants.

Remark 1. When s € S, the risk of a p-estimator on S is bounded by

E [h%(s,8)] < Cds(s) log? (dﬁs)) :

n

The rate of estimation of s then becomes parametric (up to the logarithmic term log? (n/ds(s))).
When s ¢ S, the estimator automatically achieves the best trade-off between the bias (approxima-
tion) term h%(s, f) and the variance (complexity) term (ds(f)/n)log? (n/ds(f)):

. . : ds(f) n
16 E [h%(s,8)] < CR(s) with R(s) = inf {E h (s, + log? .
(16) [h*(s,3)] () () inf [17(s, )] + = log? 357
It remains to compute R(s) to deduce (an upper bound of)) the rate of convergence of the p-estimator
when s € S. This rate may be much slower than the rate we would obtain if s does belong to S

(see Section 3.5 for an example).

This phenomenon (faster rate of convergence when s € S) has been put forward in [BB16] for
p-estimators in density estimation and has been named superminimaxity. We show here that this



ESTIMATING A DENSITY, A HAZARD RATE, AND A TRANSITION INTENSITY 15

phenomenon also occurs for p-estimators in frameworks 2 and 3. If we now restrict to density
estimation, we observe that our risk bound slightly improves the one of [BB16] in the sense that
our approximation term involves a smaller exponent on the logarithm. We need, however, a more
stringent assumption on the models.

Remark 2. When the framework varies, the Hellinger loss h in (15) changes, but the variance
term remains the same. Moreover, the bias term in (15) in frameworks 2 and 3 is not larger than
the bias term in density estimation (when one extends the definition of s in frameworks 2 and 3 to
(—00,0) by setting s(z) = 0 when & < 0). We may therefore only focus on density estimation to
bound above R(s) in (16). The risk of the p-estimator is then bounded by this upper bound in the
three frameworks (up to a multiplicative constant).

Remark 3. It follows from a crude application of the triangular inequality and from (15) that
E [h2(s, §)] <C 122 {E [hz(s,g)] + R(g)} .
g

If we know how to bound R(g) for g € S, this inequality says that the risk of the p-estimator is not
only controlled when s does belong to .S but also when there exists g € S such that s ~ g, that is
when s is close to S. In other words, the Hellinger risk of § cannot substantially increase when s
does not belong to S but is close to S. Such a result may be interpreted as a robustness property.

In particular, this robustness property applies to maximum likelihood estimators when assump-
tions of Theorem 1 or 2 are met with X = R. It is worth mentioning that this result is not true
in general for maximum likelihood estimators. We refer to Section 2.3 of [Bir06] for an exam-
ple in density estimation. We carry out below another example in framework 2. Let a > 0 and
Sa(t) = t_l]ltza be the hazard rate of a Pareto distribution. Suppose that the density f of 1" is a
mixture of two Pareto distributions,

1
ft)= 6%1217 +(1—e)mle,

where e = 1/n and where n € (0,1/2). Suppose moreover that the data are not censored: C' = +o00
almost surely. The survival function G and the hazard rate s of T" are given by the formulas

1l—ec+en

G(t) = <1 —&+ 6?) Liep1) + v Ti>1
1 1
S(t) — €n t€n,1) tZI.
(I—e)t+en t t

The maximum likelihood estimator on S = {s,,a > 0} is § = s5 where & = min;<;<,, X;. We are
now interested in its risk. Let A,, be the event on which there exists at least one observation X;
smaller than 27 and B, be the event on which n/2 observations are larger than ¢y where G(to) = 3/4.
Then, P(A,) =1—(1—¢/2)" =1—-(1—-1/(2n))" >1—e Y2 and P(B,) = P(Y > n/2) where Y
is binomially distributed with parameters (n,3/4). Therefore, for all ¢ € (0,1), and n large enough,
P (B,) > c. Since ty > 21, we deduce that on A, N By,:

hz(s,g)ziL;(ﬁ—\/@fdtzi/ﬂiéo— u_;ﬁfdt

Some elementary computations show (using that ¢ < 1/2),

2 2
. En En
f 1-,/— >(1-,/—— > 0.17.
tel[Izln,l] ( (1 —E)t—i-&?n) - ( \/2(1 —€)n+an>
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Therefore, h%(s,3) > 0.041log(1/(2n)) and E[h%(s,5)] > 0.04log(1/(2n))P (A, N B,). Finally, there
exist universal constants ¢/, ng such that for all n > ng:

E[h%(s,5)] > ¢ log(1/(2n)).

In particular, the risk of a maximum likelihood estimator § can be made arbitrarily large by playing
with 7. We now turn to p-estimation. The model S fulfils Assumption 1 with ds(f) =1, S = S.
A p-estimator § on S satisfies therefore E[h?(s, §)] < C(E[h3(s, S)] + log? n/n). The variance term
log?n/n is likely not optimal. However, the bias term can be bounded above by E[r%(s,S)] <
E[h%(s,51)] <P (T € [n,1]) = (1 — n) < 1/n. Consequently,
2
sup E[h%(s,5)] < 0282
n€(0,1/2) n

where C’ is universal. This example illustrates the lack of robustness of the maximum likelihood
estimator in this model.

When a p-estimator § vanishes the criterion v, which typically happens when § maximizes Ly
over some models, the constant ¢; appearing in front of the bias term h2(s, f) in Theorem 7 can be
improved:

Proposition 8. Let S be a model such that Assumption 1 is satisfied with S C S. Suppose that
there exists § € S such that v(8) = 0.

Then, (14) and (15) hold for all € > 0 with ¢; = c1¢, ca = Cae, Ch = 6,276 such that c1. > 9 and
lim€_>0 Cle = 9.

The constant ¢; = c; . may therefore be made as close as 9 as wished. We do not know to what
extent this result can be improved for estimators § maximizing Ly under convex type assumptions
on the models. However, ¢c; = c1. cannot be smaller than 2 in general as shown by the following
elementary example.

Consider framework 1, a finite collection of disjoint intervals m, and the model S consisting
of piecewise constant densities based on m. Since S is convex, the usual histogram estimator §
is a p-estimator that vanishes . Moreover, it is known that the usual histogram estimator may
not converge to the closest function of s in the model (for the Hellinger distance), see [BR06]. In
particular, let p € (0, 1) to be specified later, s = Ljop+(1=p)L(1,2) and S be the model of piecewise
constant densities based on the partition {[0, 1], (1,2]}. Then E[h?(s, 5)] converges to h?(s, 51) where
51 = p]l[071] +(1- p)]l(lm. Define

_ p? 1—p

1 [
52 ot T,

S — Lz € S.
PO —— (1.2

The fraction

h(s,5) _ p(— )

h2(s,82) 1 /1T p(1—p)
can be made arbitrarily close to 2 by choosing p small enough. Therefore, for all n € (1,2), and p
small enough

lim E[h2(s,§)] > nh2(s,§2) > nhz(s,S),

n——+o0o

and thus ¢; > n.
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3.4. Risks of p-estimators for models consisting of step functions. For illustration purposes,
consider the collection Py o of step functions defined by (12). Then, any p-estimator § on Py satisfies

l
(17) E [h*(s,8)] < C {E [P%(s, Peo)] + —logh (%)} :
The first term E [hz(s, 77570)] can be interpreted as an approximation term that is small if s is close
to a step function. When s does belong to Py, the bound becomes

E [h2(8,§)] < C’g log?. (%) .

This result is, in general, slightly suboptimal as it is possible to do better in density estimation.
Indeed, we may relate in framework 1 the performance of a p-estimator to the Vapnik-Chervonenkis
dimension of the subgraphs of the model. Yet, this dimension is of the order of £ for Py (see [BB17]).
We then derive from the proof of Theorem 12 of [BBS17],

E [h%(s,8)] < C' {h2(s,77£,0) + g log., (%)} ,

where C” is universal. This last inequality is also shown and discussed in Section 7.4 of [BB17]. In
particular, the logarithm in this inequality cannot be avoided since the variance term corresponds
to the optimal minimax rate of convergence on Py (Proposition 2 of [BM98]).

3.5. Risks of p-estimators for models consisting of piecewise monotone functions. Let
(L?(R, ME),ds) be the metric space of square integrable functions on R with respect to the mea-
sure Mg defined by Mg(A) = E[M(A)] for all A € B(R). Let S be a model satisfying the assump-
tions of Theorem 7. We know from (16) that a p-estimator § satisfies

09 B8] <oR6) i R = it {38050+ Pedt (775 |

n

where C' is universal. It then remains to bound R(s) to control the risk of 5.

Two bounds on R(s) in density estimation can be deduced from the results of [BB16]: when s is
piecewise monotone and when /s is piecewise convex-concave. Dealing with the two other statistical
settings requires little supplementary work (see Remark 2 in Section 3.3). We obtain bounds that
are roughly of the order of (log? n/n)*? when s is piecewise monotone, and (log? n/n)*® when /s
is piecewise convex-concave. In the sequel, we propose to make explicit the first bound only.

We define for K C R and f € S, Vi (f) = sup,ex f(z) — infzex f(z). Let My, be the family
gathering all the collections m of at most &k disjoint intervals of R, and for m € My,

F(m) = { Z fik 1k, where fg € S is monotone on K} .
Kem

We define for m € My, and f € F(m) of the form f =5, frlk,
L) = Y [Me(K)VE (fi)] "

Kem
In this equality, we use the convention +o0o x 0 = 0 when Mg(K) = +oo. For f € F, we set

L(H) = inf Ln(f)
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The result is the following.
Corollary 1. Any p-estimator § on Fy, (k > 1) satisfies

og®n 2/ og?n
(19) E[hz(svgﬂScfig;k{dg(\/g,f)JrL(f)(li) 1 Kloe }

n

In particular, if s does belong to Fy, then f = /s also belongs to Fy and hence,

log?n 2/3 klog?n
L(\/§)<gn> | RlogTn |

n

(20) E [h%(s,8)] < C

In the preceding inequalities, C' is a universal constant.

We may also make inequality (20) more explicit when k& = 2 and s is unimodal by bounding L(+/s)
from above. We distinguish the cases according to the different frameworks.

Consider framework 1. Then, Mg(K) = w(K). Therefore, if the support of s is of finite
length Lgypp,

Consider now framework 2 and suppose that X has finite expectation. Then, for all interval K C
[0, +00), Mp(K) is not larger than E(X) and hence

L(V5) < 2 (E(X))"? (sups(x)) *.
x>0
As to framework 3, define the time 7} = || I... Lx,_=1dt during which the (left limit) of the observed
Markov process is in state 1 and suppose that E(7}) < oco. Then, Mg(K) < E(T}) and thus

L(V5) < 2(B(T1)"? ( sup s(x))"?.

€I hs

4. SELECTING AMONG ESTIMATORS

It is often difficult in practice to find a global minimum of v and thus to build p-estimators. In
particular, we do not know how to construct a p-estimator on the model S = P, ,.. In this section,
we propose an alternative way, more numerically friendly, to define a piecewise polynomial estimator
and study its properties.

4.1. A uniform risk bound. The quality of a p-estimator is, in the present paper, assessed by
means of Theorem 7. We have not yet mentioned the following result: the event on which (14) is
valid depends neither on S nor on S. In other words, the theorem can be rewritten as:

Theorem 9. For all § > 0, there exists an event which holds true with probability larger than
1 — e and on which: for all model S satisfying Assumption 1 with S C S, and all p-estimator §
on S,

h%(s,8) < inf {qiﬂ(s,f) v czdséf) log? <%(f)> + 63510g+(1/f)} :

In the above inequality, c1, co, c3 are universal positive constants.
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Thereby, this risk bound simultaneously holds true for all p-estimators and models S satisfying
Assumption 1. In particular, this allows the model S to vary randomly among the class of models
for which this assumption is fulfilled. It may then be chosen according to the data.

An application of this result is polynomial estimator selection: consider £ > 1, » > 0 and an
at most countable collection {5y, A € A} C Py, of non-negative piecewise polynomial estimators
of degree at most r based on at most ¢ pieces. Building a p-estimator on the (random) model
S = {5\, € A} amounts to selecting an estimator among {$x,\ € A}. Moreover, we deduce
from Proposition 5 that we may set dg(8x) = (r +2)(2¢ + 1). Thereby, any p-estimator $ is of the
form & = 5 and satisfies

T o) 2 n r
(21) E[h2(37§5\)] SC{;@RE[hz(SﬁA)]—i—( +1)€1 g+,’i /(6( +1)))}7

where C' is a universal constant.
This risk bound is always worse than the one we would obtain for a p-estimator 5 on S = Py .

n (r+1)¢log2 (n/(£(r +1))) }

n

(22) E [h*(s,8)] <’ {E [h?(s, Pyr)

where C” is universal. The interest of 55 is practical: the construction of 5 seems to be numerically
difficult whereas the selected estimator $5 can be computed in a reasonable amount of time as soon
as A is finite and not too large (and when the computation of the estimators $ is fast enough).

4.2. Selecting among a special collection of piecewise polynomial estimators. As we see
in (21), we should take A as large as possible to improve on the theoretical performances of the
selected estimator. In this section, our aim is to select an estimator among a special, but possibly
very large, collection of piecewise polynomial p-estimators {5y, A € A}.

The preceding procedure could be a solution. However, its numerical complexity depends heavily
on |A|, which is, in this section, usually very large. This procedure may therefore be numerically
intractable in practice. We propose in this section an alternative way inspired from [Sarl4] that
improves on its numerical cost.

Let M be the class of finite (non-empty) collections m of disjoint intervals K that are right-closed,
not reduced to a singleton, and of finite length. Let r» > 0, m € M and

Pr(m) = { Z fxlg, for all K € m, fi is a polynomial function of degree at most 7,
Kem
non-negative on K}.

We may compute a piecewise polynomial p-estimator §,, on the convex model P,(m):
Lemma 3. Let m € M and for K € m,
Pr(K) ={f1k, [ is a polynomial function of degree at most r and non-negative on K} .

Then, supsep, (k) Lx(f) is finite and achieved at a point Sx. Moreover, 8y = Y ge,, Sk maz-
imizes Ly over Pp(m) where X = Uge,, K. It is a p-estimator on the model S = P,(m) that
vanishes .
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We now consider some (possibly random) collection of distinct random variables {Y;, i € I }
where [ is a (possibly random) set such that 72 = |[I| > 2. Since the random variables (Y;),_; are

distinct almost surely, we may order them: Y(;) < Y(g) < -+ < Y{3). We define the collection M
that gathers all the partitions m of [Y), (3] of the form

m = {[Y), Vi), Yinr)s Yono) s (Vona)s Ying)ls -5 Vi) Yl } 5

where k > 0 and 1 < ny <ng--- < ng < i with the convention that m = {[Y(y), Y(5)]} when & = 0.
We set for £ € {1,...,n— 1},

./\//\lg:{meﬁ/l\, |m|:f}.

We consider a random variable ¢ with values in {1,...,7n — 1}. For each m € M > we define the
p-estimator $,, on the model P.(m) as in Lemma 3. The aim of this section is to explain how we
can select an estimator among the family {5,,, m € M;}.

We define for m € M\, K e€m and mg € M\, the partition myg V K of K by
(23) mgVEK={K'NK,K'e mg, K"K #0}.

We now consider a positive number L and define the criterion ~» for m € M ; by

m’ v K|log? (n/(r + 1)) }

(24) Y2(8m) = Y sup {T(ém]lK,ém/]lK)—L(r—l—l) .

Kem m’E//\;(\g
The selected estimator is then any estimator §;, of the collection {$,,, m € M ;) minimizing ~s:

(25) Yo(8m) = min y2(8m)-
meM;

Note that the above minimum is achieved since M\ 7 1s finite.
Theorem 10. There exists a universal constant Ly such that if L > Lg, any estimator S; mini-

mizing (25) satisfies for all € >0, and probability larger than 1 — ™",

(26) h2(37 Sm) < C’{ inf h2(8,73¢(m)) I L(r + 1)£log3_(n/(r +1))
meM; n

=+ £log+(1/£)} .

In particular,

inf 125, Py (m)) 4 07 F D08 (/4 1)

(27) E [h*(s,8m)] < C'E
mGMé n

In the above inequalities, C and C' are universal constants.

This last inequality also says

inf K2(s, 6 + £ DL /(4 1))

E [R*(s, §3)] < C'E
mEMlﬁ n

This risk bound is very similar to the one (21) obtained for the first selection rule (we only slightly
loose on the variance term).
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The numerical complexity of this procedure may be significantly reduced by using an algorithm
of dynamic programming. The estimator $,; may then be computed in practice when the §x can
be constructed sufficiently fast and when n, n, { are small enough (the numerical complexity of the
algorithm increases polynomially with n and é) Unfortunately, the practical computation of the

estimator may take too long in other situations. For more informations on this algorithm, we refer
to [Kan92] and Section 4.2 of [CRO4].

We now consider framework 1. When Y(l) < minj<i<y, X; < maxi<i<n Xi < Y(ﬁ), Sy maxi-
mizes L(-) and is therefore a maximum likelihood estimator. It is then natural to compare our
estimator §y to the one §; that maximizes the log likelihood L($,,) over m € M ;- We refer to Sec-
tion 5 for numerical simulations when {Y;, i € I} = {X;, i € {1,...,n}} and r = 0 (and when the
parameter L is chosen as in the next section). We do not know theoretical results for §,;. However,
when 7 is a deterministic subset of {1,...,n}, when the Y; are deterministic numbers, and when {is
deterministic, then results concerning the maximizer of m — L(§,,) over m € M ; may be found in
the literature. We refer to Theorem 3.2 of [Cas99] (when 7 = 0) and Theorem 2 of [BBM99] (when
r > 0) for upper-bounds of the Hellinger risk in density estimation. Note that they put restrictions
either on s, or on the minimal length of the intervals K of the partitions m € M ;- Besides, contrary
to ours, their upper-bounds involve the Kullback Leibler divergence.

The bias term in (26) depends on the collection M ; and thus on the choice of {Y;, i € I }. In
general, this bias term may be larger than the one we would obtain for a p-estimator on P; .
Nevertheless, it may be controlled in favourable situations as explained below.

Suppose that {Y;, i € f} is rich enough to satisfy
(28) N(A)=N{Y;,ieI}nA) forall Ac B(R).
For instance, we may define {Y;, i € I} as follows:

e in framework 1, we may set I = {1,...,n}, and for all i € I, Y; = X;,

e in framework 2, we may consider a set I C {1,...,n}, such that |[I| > 2and I D {i €
{1,...,n}, D; =1} and define for all i € 1Y, = X;,

e in framework 3, we may consider a set I C {1,...,n}, such that |[I| > 2and I D {i €
{1,...,n}, Tl(f()) € Iyps}, and define for all 7 € 1Y, = Tl(f).

The lemma below allows to bound the bias term when r» = 0.

Lemma 4. Suppose that condition (28) is met. Let r = 0, and for ¢ > 1, M} be the family that
gathers all the collections m of disjoint intervals of the form

(29) m = {[xhx?]v (x27x3]7 ($3,$4], ) ($5,$5+1]} ,

where x1 < o < -+ < mpyrq (with the convention that m = {[x1,x2]} when ¢ = 1). Then, for all
€ >0, the following holds with probability larger than 1 —e™™¢: for all £ € {1,..., 7 — 1}, m € M,
written as in (29) and such that Y1) and Yz belong to [x1,xe11], there exists m' € M, such that
the p-estimator §,, satisfies

¢log? !
n 0g+n(”/)

(30) h?(s,8m) < C {hz(&?’o(m)) + 510g+(1/§)} :
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In particular, suppose that s vanishes outside [0,1], and r = 0. Let 7327 0 be the collection of
step functions based on partitions m of [0, 1] belonging to M/g- Then, we deduce from (27) and the
preceding lemma when (28) holds, {Y;, i € I} < [0,1] and L > max{Lo,1},

i log?n

E [h*(s,84)] < C"E h2(s,732;70)+L =,

where C” is a universal constant. This risk bound, corresponds, up to slight modifications (in the
constant and the variance term), to the one we would obtain for the p-estimator on Pé o

4.3. Selecting among a special collection of piecewise polynomial estimators: a calibra-
tion free approach. The preceding procedure suffers from a major drawback: the choice of L.

This parameter, is, indeed, involved in the construction of §,; and a bad choice of L may deteriorate
the estimator.

A simple solution to avoid this pitfall, is to proceed as follows. We consider a (non-empty, but
at most countable) collection L of positive numbers. For each L € £, we may use the procedure
described in the preceding section with the parameter L in (24) to select an estimator among the

collection {§,,, m € M ;- The selected estimator is written 5,5, to emphasize that it depends on L.
We then select an estimator among {5, , L € L} as explained in Section 4.1.

The p-estimator on the model {$,,,, L € L} is of the form § = S, and satisfies for all £ > 0 and
probability larger than 1 — e™"¢,

R2(5,8) < C | inf {B2(s,8m,)} + 1)llog} (n/(r +1))

inf . +€log, (1/6)]

where C is a universal constant. If £ contains at least one number L larger than Ly, we derive
from (26),

R . {(r + 1) log? (n/(r +1))
h?(s,8) < C' | inf {h*(s,P(m))} +max | 1, ng£ L +

N , n
meM; L>Lo

+&log, (1/) |

where C’ is a universal constant.

This estimator § does not depend on the particular choice of a calibration parameter L but rather
on a collection L. The larger £, the better the risk bound. However, the numerical complexity of
the whole procedure increases with the size of L.

4.4. Adaptive piecewise polynomial estimation. In this section, we modify the previous pro-
cedure in order to choose the number £ of pieces from the data.

We define for k € {1,...,n — 1} the collection /(/l\k,lower of partitions m € M whose cardinal is
at most k,

M\k,lower = {m e M, |m| < k‘} = CJ/\?@
=1

We consider a random variable k& with values in {1,...,7 — 1} and aim at selecting an estimator
among {8,,, m € M; }.

k,lower
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We consider some L > 0 and set for m € M\ ;

k,lower’

Kem m/'eM

/ 2
WBm) =Y, sup {T(s:mnK,gman) L™ VKHOg; (”/(T“))}.

k,lower

The selected estimator §,; is any estimator of the family satisfying

1| log? (n/(r +1))

= inf {73(.§m) +2L(r +1)

(31) v3(8m) +2L(r + 1)

mG./T/l\A n

k,lower

m|log? (n/(r + 1)) }

Theorem 11. There exists a universal constant Ly such that if L > Lo, any estimator §;, satisfy-
ing (31) satisfies for all € > 0, and probability larger than 1 — e~ "%,

(r + Dlm/log? (n/(r + 1))

h%(s,47) < C  inf {hz(s,Pr(m))—kL
meM;

k,lower

+§10g+(1/§)}.

In particular,

(32)  E[h*(s,87)] < C'E
meM; n

k,lower

inf {h2(s,7>,,(m)) L et Dim| log? (n/(r +1)) }] |

In the above inequalities, C and C’ are universal constants.

This risk bound improves when k grows up. Moreover, (32) implies

inf { inf  {h?(s ’pr(m))}+L(T+1)é10gi(n/(r+1))}].

E [h%(s,47)] < C'E | inf
1<l<k | meM; n

The right-hand side of this inequality corresponds to the bound (27) achieved by the estimator of
Section 4.2 when the choice of ¢ is the best possible among {1,..., k}.

The quality and the construction of the estimator $;, still depends on {Y;, i € I }. However, when
k = n, and when {Y;, ¢ € I} is rich enough, the infimum in (32) can be taken over the infinite
collection M (up to a modification of C'), as shown below.

Lemma 5. Suppose that {Y;, i € I} is chosen in such a way that N satisfies (28). There exists a
universal constant C such that for all € > 0 and probability larger than 1 —e~"¢: for all m € M,
there exists m' € M such that

L et Dlm| log? (n/(Im|(r +1)))

h(8,8) < C {h2(8,7’r(m)) + 510g+(1/£)} :

Moreover, |m/| < 2|m|+ 3.

Therefore, when k = 7, when (28) is satisfied, and when L > max{1, Lo}, we deduce from (32)
that §,, satisfies

E [h3(s, 4p)] < C"E [ inf {h2(s,77r(m)) L pmlr+ ) log} (n/(r + 1)) H ,

meM n
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where C” is a universal constant. Now, Upea,Pr(m) is dense in Py, in the metric space (S, h),
[m|=¢
and hence

E [1*(s, 37)] < C"E -

gfi {h2(3,7?“) n Lf(r +1) logﬁ_(n/(r +1)) }] |

< C"inf R(0),
>1

where

¢(r + 1) log? 1
R(0) = E[12(s,Py,)] + L0 Og;(n/(rJr ).
This term R(¢) can be interpreted as an upper-bound of the risk of the p-estimator on P, (up to

constants), barely worse than the one given by Theorem 7 and that is written in (22).

Remark. As in Section 4.2, we could compare this estimator with the one that maximizes a
penalized log-likelihood criterion of the form m +— L(5,,) — pen(m) over m € M;, . We do not

know theoretical results for this estimator when {Y;, i € I} is random, but refer to [RMG10] for a
numerical study in framework 1.

5. NUMERICAL SIMULATIONS

We consider framework 1, r = 0, £ € {1,...,n}, {¥;,i € I} = {X1,...,X,,} and the (random)
collection ./\//Yg consisting of partitions of [X(1), X(y)] of size ¢ defined in Section 4.2. For each
m € My, we consider the p- and maximum likelihood estimator §,, on Py(m) defined by

R N(K) . 1<
Sm = KE@%W with N(K) =~ 2 1k (X;).
We carry out in this section a numerical study to compare two selection rules described in Sec-

tions 4.2 and 4.3.

e The first procedure is based on the likelihood. We select the partition m9) e .K/l\g by
maximizing the map

1 ¢ —~
m— L(8y,) = — E log $,,(X;)  over m € M.
n
i=1

e The second procedure is based on the p-estimation method. We consider a set A consisting
of 300 equally spaced points over [0, 3], and define

EZ{%,GGA}
log“n

For each L € L, we use the procedure of Section 4.2 specified in (24) and (25) to get a

partition my, € M\g. We then use the procedure of Section 4.1 to pick out an estimator
among {8, , L € L} as explained in Section 4.3. This leads to a selected partition of the

form 7m; € M, that will be denoted in the sequel by mZ0.

We consider four densities s:
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Example 1. s is the density of a Normal distribution

1
s(z) = e ™/2 for all z € R.

V2

Example 2. s is the density of a log Normal distribution

1
s(x) = —e_%1°g2x]l(07+oo)(x) for all x € R.

TV 2T
Example 3. s is the density of an exponential distribution
s(z) = e 1y 400y for allz € R.

Example 4. s is the density of a mizture of uniform distributions

1 1 3
s(z) = B X 3]1[071/3] + 3 X 3]1[1/372/3] + 3 X 31[2/371} for all x € R.

We simulate Nyep samples (X7, ..., X, ) according to a density s defined above, and compute, in
each of these samples the two selected estimators. Let, for k € {1,2} and i € {1,..., Nyep}, 8,560
be the value of the estimator corresponding to the k" procedure and the i** sample. We evaluate
the quality of the estimators by

1 Nrcp
Rk, 0) = — > h*(s, 8000)-
TP =1

We estimate the probability that the two estimators coincide by
1 Nrep
Pequal(ﬁ) = Noer Z 1200 —p(1,000)

i=1

Results are summarized in Figures 1 (when n = 50) and 2 (when n = 100).

Ex1 | Ex2 | Ex3| Ex4 Ex1 | Ex2 | Ex3| Ex4
(1,2) |0.057 | 0.078 | 0.064 | 0.052 1,5) |0.062 | 0.063 | 0.061 | 0.060
(2,2) |0.057 | 0.080 | 0.065 | 0.051 2,5) |0.059 | 0.062 | 0.059 | 0.060

E22) | 100 | 1.02 | 1.02 | 0.99 E25) | 095 | 0.98 | 0.98 | 1.00
Poguat(2) | 0.76 | 0.75 | 0.80 | 0.78 || Pogua(5) | 0.27 | 0.33 | 0.32 | 0.39

3) 10.052 | 0.056 | 0.053 | 0.048 | R(1,6) |0.067 | 0.068 | 0.066 | 0.065
RA(2,3) 0.047 | 0.055 | 0.052 | 0.047 | R(2,6) | 0.065 | 0.067 | 0.065 | 0.065

R23 1091 | 098 | 097 | 0.99 | EZ8 | 0997 | 0.99 | 0.99 | 1.00
Pogual(3) | 0.63 | 0.64 | 0.66 | 0.57 || Poguar(6) | 0.28 | 0.33 | 0.33 | 0.37

R(1,4) |0.057 | 0.058 | 0.056 | 0.054 || R(1,7) |0.071|0.072 | 0.071 | 0.070
RA(2,4) 0.052 | 0.055 | 0.053 | 0.053 || R(2,7) |0.070 | 0.072 | 0.070 | 0.071

R4 1092 | 094 | 095 | 098 | EZD | 099 | 1.00 | 1.00 | 1.00
Poguat(4) | 0.32 | 0.40 | 0.40 | 0.43 || Poguar(7) | 0.32 | 0.36 | 0.35 | 0.41

FIGURE 1. Results for simulated data with n = 50, N,¢, = 10000.
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Ex1 | Ex2 | Ex3| Ex4 Ex1 | Ex2 | Ex3 | Ex4
R(1,2) |0.055]0.074 | 0.056 | 0.035 | R(1,5) |0.038[0.038 [0.037 | 0.033
R(2,2) |0.056 | 0.076 | 0.057 | 0.034 | R(2,5) |0.035 | 0.034 | 0.035 | 0.033
R(2,2 R(2,5
REng 1.03 | 1.02 | 1.02 | 0.98 Afzgmi 0.92 | 0.94 | 0.95 | 1.00
Poguar(2) | 0.63 | 0.60 | 0.70 | 0.80 | Pogua(5) | 0.15 | 0.18 | 0.17 | 0.23
R(1,3) |0.034]0.042]0.037]0.023 | R(1,6) |0.041|0.040 | 0.039 | 0.037
R(2,3) |0.033 | 0.042|0.036 | 0.024 | R(2,6) |0.039 | 0.040 | 0.038 | 0.037
R(2,3 R(2,6
RE1,3; 0.96 | 1.00 | 0.98 | 1.01 Afzgmi 0.95 | 0.97 | 0.98 | 1.00
Poguar(3) | 071 | 0.63 | 0.63 | 0.57 | Pogua(6) | 0.10 | 0.15 | 0.11 | 0.19
R(1,4) |0.036]0.035]0.034]0.028 || R(1,7) |0.044 | 0.043]0.043 | 0.40
R(2,4) |0.032|0.034]0.032 | 0.028 | R(2,7) |0.043 | 0.043 | 0.042 | 0.40
ggg 0.90 | 0.96 | 0.94 | 0.98 ggg 0.96 | 0.99 | 0.98 | 1.00
Poguar(4) | 029 | 0.39 | 0.35 | 0.33 || Pogua(7) | 0.09 | 0.11 | 0.11 | 0.16

Numerically, we observe in these examples that the two estimators 5.a. and 5, . perform
In Example 4, s does

FIGURE 2. Results for simulated data with n = 100, N;¢, = 1000.

similarly. Their risks are close and the estimators may even coincide.

belong to P3¢ and the fractions E(Q,E)/R\(I,E) are very close to 1. In the other examples, s is
not piecewise constant, and the robustness properties of the second procedure may be useful. The
fractions R(2,¢)/R(1,¢) suggest indeed that the second procedure improves the risk of the first one
by a few percent, at least when the size ¢ of the partitions is well adapted to the underlying density,

that is when ¢ corresponds to the smallest values of R(1,¢) and R(2, ).

Remark. The fractions R(2,¢)/R(1,¢) are computed with all significant digits and are then

rounded.

6. PROOFS

6.1. Proof of Lemma 1. Let /g = (v/f +/9)/2 and

Then,

X ={zeR, g(x) #0 or f(z)#0}.

%/)(7\@\;6\/7(\/_—\/5)2dM:%/X\/g%q\/TdeJr%/X(\/_—\/?>\/§dM
—/X(\/_—\/f>\/§dM.

Note that

Ws.) =125 =5 [ = Hadr+ [ V5 (VF-va) an
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Therefore,
LVI—NT o oy - L[ VIVT 1 ~
2/2’( N (Vs \/?J)dM_Z/X NG dM+2/X<\/_ \/f>\/c_1dM
~3 [ (0= DM+ (s.) 125, 5)
(33) = Tg(f,9) + h*(s,9) — B*(s, ).
Now,

L[ Vi—VT 2 o (NI VI+VEY
I (\/E—ﬁ)dM—X\/ﬂ\@(\/E 1)

S/){(\/E—MYdM

i (V= VE) + (s v@) am

=1
+ (1 + a2,
%/X*@%qﬁ(\/;—\/a)?cw HO‘/( ) dM+1+4a_1/X(\/§—\/§)2dM

1+at

By using the inequality (z + y)? < (1 + a)z?

1
TR s, f) +

We now plug this inequality into (33) to get

IN

h*(s, g).

ol
To(f.9) < 220N (s, 1)~ (s, 0)

The right-hand side of (3) follows from thls inequality with o = 3. As to the left-hand side, note
that we also have (setting o = 3, and exchanging the role of f and g),

TE(ga f) < 3h2(37g) - _h2(37f)'

Yet, Te(f,9) = —Tr(g, f) and hence Tg(f,g) > %hQ(s,f) — 3h?%(s, g) as wished. .

3+a

6.2. Proof of Theorem 1. In each framework, the measure N can be put of the form N(A) =
n~t Y. 1a(Y;) where I C {1,...,n}, and where the Y; are suitable real-valued random variables.

For instance, in framework 1, J = {1,...,n},Y; = X,, in framework 2, I = {i e{l,...,n},D; =1},
Y; = X;, and in framework 3, I = {i € {1,...,n}, T1 0 € Lobs}, Yi = Tl(g

Set J = {iel,Y;e X} Then, for f,ge S, T(f,g) and Lx(f) take the form
_1 g\ _1 o) — o .
>—n%w<m)> 1] tote) ~ @) aarte)
==Y log £(¥)) - [ f)dM(a)
n J Py

jed
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The proof is straightforward if J = () since then 4T(f, g) = Lx(g)—La (f) and 4y(f) = supges L (g)—
Lx(f). We suppose from now on that J # 0.

Claim 1. Let S = {f € S, Lx(f) # —oo} and f € S. Then, SupgegT(f,g) = 0 if and only if
supyes La(g) — La(f) = 0.

Proof. Suppose that sup g Lx(g) — Lx(f) =0.

Letglz{geg,g:f,Na.s} and Sy = S\ S;. When g € S,

T(9) = =7 ] (o) = Fa)) M@

(Lx(g) — Lx(f)) -

B~ =

Therefore, T(f,g) < 0.

Let now g € Sy, u € [0,1] and ¢ = g — f. Note that f+u( = (1 —u)f + ug € S and thus
Lx(f +ul) — Lx(f) <0. We introduce the real-valued map g, for u € [0, 1] by

@1()=Lx(f+UC)— x(f)
Zl (ZF—“C>—U/< )dM (z

We now define p9 for u € [0, 1] by
p2(u) = AT(f, f + uC)

_Zw <—|——u§> —u/ C(z)dM (z
Some computations show that g and p9 are twice differentiable on [0, 1] and
91(0) = 02(0) =0

01(0) = (0) = 2 /c )M (2

#1(0) = $4(0) (C )

Therefore, p/(0) and @ (0) are always negatlve.

Since 1(u) is non-positive for all u € [0,1], ©}(0) < 0. The above computations show the
existence of u; € (0,1] such that po(u) < 0 for all u G [0,u1]. Now, g9 is concave, and hence
non-positive on [0, 1]. In particular, po(1) = T(f, g) <

Likewise, sup,c5T'(f,g) = 0 implies sup 5 Lx(g) — LX( ) =
O

Let § € S such that Ly (5) > Lx(g) for all g € S and Lx(8) # —oo. The above claim then shows
that T'(5,g) < 0 for all g € S such that Ly(g) # —oo. Choose now g € S such that Ly(g) = —oc.
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Define for u € [0,1], f, = (1 —u)5 + ug € S and note that f; =g¢. If u € [0,1), Lx(f,) # —o0 and
thus 7'(5, f,) < 0. The continuity of the map u € [0, 1] — T'(3, f,,) ensures that 7'(5, g) < 0. Finally,

7(8) = 0.
Conversely, let § be a p-estimator satisfying v(§) = 0. We begin by proving that Ly (§) # —oo.
Consider g € S such that Ly (g) # —oo and define for v € [0,1], f, = (1 —u)§ +ug € S,

p3(u) =T(8, fu)
:lz¢<(1—u) (}/j)Jrug(Y))—i/x(fu(:ﬂ)—é(x)) M ()

When j € J, g(Y;) > 0. Therefore, if J' = { e J,5(Y;) = 0} and u € (0, 1],

outi = 71 L5 (A0 b)) L (1) s00) anvo),

e
SRy 5(¥)

Therefore, if J' # ) choosing u > 0 small enough leads to p3(u) = |J'|/(2n) > 0, which is impossible
as v(8) = 0. Therefore, J' = ) and Ly (38) # —oo. The claim then asserts that for all g € S such
that Lx(g9) # —oo, LX( ) < Lx(8). This inequality being true if Ly(g) = —oo, the proof is
complete. ]

6.3. Sketch of the proof of Theorem 2. We define the elements Y;, I , J as in the proof of
Theorem 1. Let for € [0, 4-00], ¥2(z) = ¢(2?) and for f,g € F,

To(1,0) = T(f*. %) = %Zw (455) 1 [, @) - @) duro),

Lwalf) = La() = = S log f(¥5) = [ (@) b1 (a)

]EJ

The proof is very similar to the one of Theorem 1. The main change lies in the replacement of the
symbols S, T', Lx by F, T, Lx . We will only give some insight into why Claim 1 remain valid
under these modifications.

As in the proof of Theorem 1, we may suppose that J # .

Claim 2. Let F = {g € F, Lx2(g) # —oo} and f € F. Then, supgeng(f, g) = 0 if and only if
supger Lx2(9) — La2(f) = 0.

Sketch of the proof. We prove that supger Ly 2(9) — Lx2(f) = 0 implies SUPge 7 Ty(f,g) = 0. The
proof of the converse is similar. Let F; = {g €eF,g=f, N a S} and F = F \ Fi. As in the proof
of Claim 1, T2(f, g) = (Lx2(9) — Lx2(f))/4 when g € F; and is thus non-positive. Let now g € F,
u € [0,1] and ¢ = g— f. Note that f+u( = (1—u)f+ug € F and thus Ly o(f +u¢)— L 2(f) < 0.
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We introduce the real-valued map gy for u € [0, 1] by
p1(u) = Ly 2(f +uC) — L 2(f)

——Z ( *“C ) @ [ )@ ~2u [ (@i o)

We now define o for u € [0,1] by
p2(u) = 4To(f, f + u()

_—Zw< ”g ) @ [ Ga)ar@) -2 [ @i ane.

Some computations show that p;(0) = p2(0) = 0, ©}(0) = ©5(0), {(0) = p5(0) < 0.

As p1(u) is non-positive for all u € [0, 1], }(0) < 0. There exists therefore u; € (0,1] such that
p2(u) <0 for all u € [0,u1]. Since 17 is concave, 9 is also concave, and g3 is non-positive on [0, 1].
In particular, po(1) = To(f,g9) <0

O

6.4. Proof of Theorem 3. We introduce the random measure My defined by
M, (A) = / s(t)dM(t) for all A € B(R).
A

Note that E[N(A)] = E[M(A)] for all A € B(R).
We begin by showing that the problem boils down to a suitable control of the deviations of
N(4) — E[N(A)] and M, (4) — E[M,(A)].

Lemma 6. Let F be a collection of functions of S such that |p| < 1 for all p € F. Consider a
collection A C B(R) such that

AD> | {fzeR pi@)>thoe Flu{{z eR, o (x) > t}, 0 € F}.
te(0,1)

Suppose that there exist o, B and an event on which: for all A € A,

(34) IN(4) — EIN(4)]| < @ (V@ + VEIN(AT) + 2.
(35) |M(A) — E[M,(A)]| < \/g <\/MS(A) + \/IE[MS(A)]) + g

Then, on this event, for all p € F,

20 < 0\ Settog, (/000 + 2221

n

The constant C above is universal.

The proof of this result is delayed to Section 6.5 below. It remains to verify that (34) and (35)
hold true in our different statistical settings. As N is an empirical measure, we can prove that (34)
is valid on an event of high probability when A is a Vapnik-Chervonenkis class of finite dimension
(this result follows, for example, from Vapnik-Chervonenkis inequalities for relative deviations).
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The proof of (35) in frameworks 2 and 3 is more involved. It is based on the notion of entropy with
bracketing. This is the reason why in the lemma below, we only prove (35) for a class A of unions
of at most d intervals. Its proof is deferred to Section 6.6.

Lemma 7. Let A C B(R) be an at most countable collection of Borel sets and S(2n) be the
Vapnik-Chervonenkis shatter coefficient defined by

Sa(2n) = maXERH{xl,...,xgn} NAAeA}|.

Z1,-.-T2n

Let £ > 0. There exist a universal constant ¢ and an event Q¢ 1 such that P[Q¢1] > 1 — e " and
on which (34) holds for all A € A with a = c[log [Sa(2n)| +n&] and B = 0.

Let for d > 1, Z; be the class of unions of at most d intervals with endpoints in QU {—o0, +00}.
Then, Lq is at most countable, and Sauer lemma implies

(36) log . ‘de(2n)‘ < 4dlog(n/d).

Moreover, there exist a universal constant ¢ and an event Q¢ o such that P[Q¢ o] > 1 — e~ and on
which (35) holds true for all A € Ty with o = 3 = [dlog (n/d) + né].

We may now finish the proof of Theorem 3. Lemma 7 implies that (34) and (35) hold true for
the collection Zy with a = 8 = '[dlog, (n/d) + nf] on an event Q¢ such that P[] > 1 — e "¢,
Let now Z; be the class of unions of at most d intervals. Then, for all ¢ > 0, A € Z,, there exists
A € T, such that

IN(A) = N(AD) e and  [My(4)— M,(A)| <e
Thereby, (34) and (35) hold with A = Z; (up to a modification of 3). Lemma 6 finally implies (8).

Elementary computations then show (9). As  — xlog, (1/x) is non-decreasing, for all < y,
zylog, (1/z) < y?*log (1/y). Moreover, when z > y, log, (1/z) < log, (1/y) and hence zylog (1/x) <
xylog, (1/y). Therefore, for all z,y > 0,

zylog, (1/x) < max{wz,y}tylog, (1/y)
< (z +y)ylog, (1/y).
We thus obtain for all £ > 0,

2¢/zylog, (1/x) < e(z +y) +e tylog, (1/y)

<ex+ Ceylog, (1/y),
where C depends on €. By using this inequality with 2 = v(y) and y = (d/n)log, (n/d),

2\/1)(90) g (1/ot)) ( TEELDY < o)+ (LELD Y 1o, (%Ud))

n
n

dlog? (n/d
<ev(p) + Ca%n/).

Similarly,

2/v() log . (1/0())€ < cu() + Cet log  (1/6).
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Therefore,
og? (n
2\/ vletog (1/ole)) (TEED 1 6) < veute) + 00 | TEED 4 gnog (179
and (9) follows from (8). O

6.5. Proof of Lemma 6. For convenience, and to make the proof more readable, we introduce a
new notation. Given z,y € R, the assertion: there exists a universal constant C' such that z < Cy
is written in the sequel as x < y. The claim below follows from elementary computations.

Claim 3. When (34) and (35) hold true,

(37) INCA) -~ EINCA /2 min{N (), BN ()] + 222
(39) ML)~ DL < /S min{r,(4), B0 (4)]) + 222
(39 INGA) = M(A)] <\ min{ N (), BN (), M (A} + 2

Proof of Claim 3. For reasons of symmetry, we may suppose that N(A) > E[N(A)] to prove (37).
We derive from (34),

IN(A) BNV < /2y + 257
<2 V() - BN + 2B ()] +
For all € > 0, we deduce from the inequality 2,/zy < ez + ey, that
V() - BN < JIN() - BN + € | 2BV ) + 222,

where C'is universal. This proves (37). The proof of (38) is identical.
As to (39), we use E[N(A)] = E[M;(A)], the triangular inequality
IN(A) = Ms(A)] < |N(A) —E[N(A]| +[Ms(A) - E[M;(A)]],
and (37), (38):

Moreover, when N(A) > M(

IN(A) — ,/%
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As in the end of the proof of (37), we may deduce

IN(A) = Ms(A)] <

which ends the proof. O

Without loss of generality, we prove the lemma when the functions ¢ of F are non-negative. We
suppose moreover that we are on an event on which (34) and (35) hold true. Let for ¢ € (0,1),
Ao ={x € R, ¢(x) > t}. Asin [Barl6], the notion of integral is a great help: for all z € R,

1
o) = /0 1, (z)dt.

Let e > 0 and n € (0, 1] to be specified later. Since

1
(,02(3}) = 2/ tla,,(z)dt,
0

we get
1 1
\Z(w)!—ﬁv(¢)=‘ [ @0 - 4.0 dt\—zs [ it a

1
< {‘N(A%t) - Ms(A%t)‘ - 25’5M8(A<p,t)} dt
0

n 1
(40) < [ IN(Apy) — My(Apy)l dt+/ {IN(Apt) = Ms(Ap )| — 2etM(Ap,y)} dt.
0 n
It follows from (39) and the inequality 2,/7y < ex +¢e 1y,
o a+p
‘N(A%t) — MS(A%t)‘ — QEtMS(A%t) < ’I’L—€t + " .

We deduce,

(41) 1Z(p)| —ev(e) = \/g/o?7 E[N(A,4)] dt + n%log(l/n) + O‘nﬂ,

We now optimize this result with respect to € and »:

’Z((p)‘ﬁ\/gne%f:ﬂ{ U(go)log(l/n)+/()”\/mdt}+a:5

It remains to use E[N(A,;)] <1 to conclude. O

6.6. Proof of Lemma 7.

6.6.1. Proof of (34). A possible way to prove (34) is to use the celebrated Vapnik-Chervonenkis
inequalities for relative deviation (see for instance page 24 of [DL12]). We recall them below:

Theorem 12 (Vapnik-Chervonenkis inequalities for relative deviation). Let Z1,...,Z, be n inde-
pendent and identically distributed random variables with values in a space X. Let A’ be an at most
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countable collection of measurable sets. Define the empirical measure vp(A') = n=1 Y0 | 14/(Z;),
v(A") = E[un(A")] and the Vapnik-Chervonenkis shatter coefficient

Sp(2n)= max _|[{{z1,..., 220} N A A € A}].

21,...7227L€X
Then, for allt > 0,

sup 4SAr(2n)e_"t2/4

Ale A v(A’) t)
. < Un(A") — v(A)

v
IN

P ( v(A) — vn(A)

sup
Ale A vn(A")

v

t) < 4SAr(2n)e_"t2/4.
In particular,

(42) P <sup

Ale A!

V(&) = /v(4)

> t> < 8Su(2n)e /1,
Assume that we are within framework 1. Then, the random measure IV is the empirical measure
of X1,...,X,. Now (42) with A" = A,
4
t? = - (log 8 + log [Sa(2n)| + né)

shows that (34) holds true with probability larger than 1 — e ™, a=nt?, B=0.

The proof in frameworks 2 and 3 is very similar since N is an empirical measure for suitable
random variables with values in X = R x {0,1}: Z; = (X;,1p,—1) in framework 2 and Z; =

(Tl(f()) ]lTl(fgeIobs’ ]lTl(féEIobs) in framework 3. We apply (42) with A" = {4 x {1}, A € A}. Moreover,
IS4 (2n)| < maxeR|{{$1, o ToptNAJA € A}
T1,.--yX2n
< [Sa(2n)].
We end the proof as in framework 1. O

6.6.2. Proof of (36). Tt is known that the Vapnik-Chervonenkis dimension of Z, is at most 2d. By
using Sauer lemma, we deduce

(sfd@n)( < id: ol .
=0

By using a classical inequality (see, for instance, exercise 2.14 of [BLM13]), we deduce when d < n,
|5z,(2n)| < (en/d)* | and when d > n, 15z,(2n)| < e?d. In particular, (36) holds true. O

6.6.3. Proof of (35). There is nothing to prove in framework 1 as M is deterministic and we
therefore focus on frameworks 2 and 3. We define V(t) = 1x,>:1jy4o0)(t) in framework 2 and
Vi(t) = 1,64)_, 11, (¢) in framework 3. Then, M; is of the form

W=

M(A) = %zn:/As(t)Vi(t) dt for all A € B(R).
i=1
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There exist independent random variables Z1, ..., Z, such that
1 < .
My(A) = -3 fa(Zs) with fa(Z:) = / S(OVi(2) dt.
i A

We show that the assumptions of Bernstein’s deviation inequality are satisfied:

Lemma 8. For allk>1,i€{1,...,n} and A € B(R),
E[(f4(Z)"] < KE[M,(4)].

We then measure the complexity of the family {fa, A € Z4} by means of the notion of entropy
with bracketing:

Lemma 9. For all 6 > 0, there exists a collection Cs of functions of the form fa with A € Tg.
The cardinal of this set can be bounded by log |Cs| < cdlog, (1/6?), where ¢ is a universal constant.

Moreover, for all A € T4, there exist fa,, fa, € Cs such that fa, < fa < fa, and such that for all
k> 1,
k!

E [(fAz(Zl) - fA1(Zl))k] < 0%

The proofs of the two lemmas are given in Sections 6.6.4, 6.6.5 and 6.6.6.

Finally, it remains to use several times an exponential inequality of [Mas07] to control the devi-
ations of My(A) — E[M4(A)]. We keep the notation < introduced at the beginning of Section 6.5.

Set for 6 > 0, Bs = Cs U{—f, f € Cs}. Note that
log |Bs| <log2+log |Cs| < cidlog. (1/6°),
where c; is a universal constant. We set H(d) = c1dlog, (1/6%) and for o € (0, 1],

E:\/ﬁ/oa VH(u) Andu+2(1+0)H (o).

Simple arguments allow to bound E from above, see for instance page 190 of [GN15]: the funda-
mental theorem of calculus shows

o/log(e/o) = /00 (x/log(e/u) - ﬁ) du

24/log

> log, (1/u) du —o/2.
| lowct1u) duof
Consequently,

(43) E < oy/ndlog, (1/02) + dlog, (1/0?).

Consider ¢ > 0 and define J as the (possibly empty) set of non-negative integers j such that
279 >d/(2n). Let, for j € J, zj =2log(j+1)+1+n& Aj = {A €Ty 2777 <E[M,(A)] <277},
The assumptions of Corollary 6.9 of [Mas07] are satisfied with F = {fA, —fa, A€ 71]-}, 0% =279t
b =1, and H(§) = c1dlog, (1/6?). There exists an event (2; such that P(Q;) > 1 — e~ and on
which: for all A € .71]',

n|Ms(A) — E[M,(A)]| < E + o/Ax; + ;.
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Therefore,

dlog,(1/0?%) + z; N dlog, (1/0?) + x;
n n '

|M;s(A) — E[M,(A)]] < U\/

As 0?2 < 4E[M;(A)], 0? > d/n, and z; < log, (n/d) + né,

M, (A) - E[M,(A)]| < VEDM,(A)] \/ d10g+("n/ d) +ng d10g+(nn/d) g

Let now A = {A € Zy, E[M(A)] < d/(2n)}. We apply Corollary 6.9 of [Mas07] with F = { fa, —fa, A € A},
b=1, 02> = min{d/n,2}. We deduce that there exists an event €’ such that P (Q') > 1 — (1/2)e "¢
and on which: for all A € A,

dlog, (1/0?) + né + log 2 N dlog, (1/0%) 4+ n& + log 2
n n )

|Ms(A) — E[M;(A)]| < ‘7\/

Since o < \/d/n < \/(dlog (n/d) +né)/n,

- dlog, (n/d) +n§.

’MS(A) - E[MS(A)” n

We deduce from these computations that (35) holds true on the event Q') ( Njcs ;) for all
Ae UjeJZj U A with «, 8 of the form c(dlog, (n/d) + n&)/n. Now, Z; = UjeJZj UA, and

P KQ’Q (O]QJ)) ] <P [Q"] +Z]IP> (]

e~ ¢ o0 e~
<S5+l %

2 o Je
< e_n5

6.6.4. Proof of Lemma 8 in framework 2. Without loss of generality, we suppose from now on that
A C [0,+00). We define for k > 1,

ULy, up EA
ur<uz<--<ug

k
Ji = / Hs(uj) P (X > ug) duy dug ... dug.
j=1
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We have,
E[(a2)] = E ( X nx>udu>k]

k
= E / Hs (u; ]1X>u duq dus . .. duyg
Ak:

j=1

k
= /k Hs uj) | P (X > max{uy,...,ux}) dugdug... duy
A .
7j=1

= klJ.
Now,
k—1 .
Ji < /u1,---,uk16A H s(uj) (/ s(uk)P (X > ug) duk> duy duy ... dug_1,
up<ug<--<up_1 \J=1 Uk—1
and
/ s(up)P(X > ug)du, = fug)P (C > uy) dug,
Up—1 Uk—1
< ( f(uk)duk) P(C > ug_1)
Uk—1
< ]P’(T > uk_l)]P’ (C > uk_l)
< P(X > uk—l)-
Therefore,
k—1
Jk < Uttt EA H S(Uj) P (X > uk_l) du1 dUQ ‘e duk_l
ur<us<--<up_1 \j=1
< Jg-1
By induction, Ji < J; = E[M(A)]. O

6.6.5. Proof of Lemma 8 in framework 3.

Claim 4. Lett > 0,F; = 0(X,, v <t) be the o-algebra generated by the family of random variables
Xy, v €[0,t]. Let B be an event Fi-measurable. Let up be the measure defined for all A € B(R) by

,uB(A) =P (B and T170 € A) .
Then, for p-almost all u > t,

d
(44) d”B( w) =P (B and Xu_ = 1) s(u).
U
Proof. First of all, up is absolutely continuous with respect to the Lebesgue measure p and admits
therefore a Radon-Nikodym derivative. We now aim to show that this derivative is given by (44)
for almost all u > t.
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Let Zp(u) be the random variable giving the number of jumps of the Markov process in [u —
h,u+ h]. Then, P (Z,(u) > 2) = o(h) when h — 0. We deduce,

pp([u,u+h]) =P (B, Zy(u) =1, T o € [u,u+ h]) + o(h).
When Zp,(u) =1, Th o € [u,u+ h] is equivalent to X,,— =1 and X,y = 0. This yields
up([u,u+h]) = P(B,Zp(u)=1,Xy_ =1, Xysrp =0) +o(h)
— P(B,Xu_ =1, Xon =0)+o(h)
P (B, Xy = )P (Xysn =0| B, Xu_ = 1) + o(h).
As B is Fi-measurable and u > t,
pe([u,u+h]) = P(B,Xy- =1)P(Xysn =0| Xy =1) +o(h)

P(X, =1,Xyop =0
( +h =0) + o(h).

(45) = P(B X = )=

P(Xy- =1, Xyt =0) = P(Xyo =1, Xypp =0, Zp(u) =1) +o(h)
= P(Tvo € [u,u+h], Zp(u) = 1)+ o(h)
= P(Th € [u,u+ h]) +o(h).
Finally, by plugging this inequality into (45),

pa(uu+h) = B(B,X, -1 o luuth)

P(X,— =1)
= P(B, X, :1)]}»(;'5721)—1-0(}1)
= hP(B,Xu— =1)s(u) + o(h),
which proves (44). O

We now return to the proof of Lemma 8. Without loss of generality, we suppose that A C [0, +00).
Define for k£ > 1,

Jp =
UL,..., U €A
u<u2<--<ug

We have,
E[(fA(zi))ﬂ - E /A w)ly, _1du>k]

= E )x, —1dujdus...d
/AkHSUJ X 1 dul dus uk:|

=

||'::];r

u]) (Xuy—=1,..., Xy,— = 1) duy duy ... dug.

[y

k
= / ( s(u ) Xu—=1,...,Xy,- =1) dusduy. .. dug
=1

J
= k.
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Yet,
k—1 o
Jp < et 1A H s(uj) (/ s(up)P (Xyy— =1,..., Xy,— = 1) duk> duq dus ... dug_q.
up<ug<--<up_i; \Jj=1 Uk—1
Let B = [Xul_ =1,..., Xy, - = 1] € Fu,_,- Then,
/OO s(ug)P (Xy,— =1,..., Xy, - =1)duy, = /Oo (jiiuf(uk) duy
Ug—1 Uk —1
pB([ug-1, +00))
= P (Xy-=1,..., Xy, ,— =1land Tip > up_1)
< P (Xuy-=1,..., Xy ,—- =1).
Therefore, Ji < Jr_1 and by induction J; < J; = E[M(A)]. O

6.6.6. Proof of Lemma 9. First of all, we only need to prove the lemma when § is smaller than 1,
what we will do in the sequel.

We endow Z, with the distance dist defined for Ay, Ay € 7y by
d’L'St(Al, Ag) =K [Ms(AlAAQ)] where A1AAy = (A1 \Ag) U (Ag \ Al)
We may write dist(A;, As) as
dist(A1, 42) = [ Ly (8) = Lo, (0] F(O)
R
where f(t) = s(t)E[V1(t)]Li>0 is a non-negative function satisfying [ f(t)dt < 1.
We introduce the real valued function F' defined by

F(:E):/_x f(t)dt for all x € R.

Since F' is a continuous non-decreasing function such that F(R) C [0, 1], there exist an even integer

¢ € [2,4d/6% + 2], and £ numbers (x1,29,..., x¢_1,2¢) € {—00} x Q2 x {400} such that
1) — F(z;)} <62 :
15@){_1 {F(zit1) — F(a;)} < 67/(4d)

We may suppose that ¢ > d. Let X = {x1,72,...,7,}, and Zg, be the collection of unions of at
most d closed intervals whose endpoints belong to X.

When k < /2, choosing k disjoint closed intervals whose endpoints belong to X amounts to
choosing 2k numbers among X. When k > ¢/2, we cannot find k disjoint closed intervals with
endpoints in X. The cardinality of Zg;, is therefore bounded by

d
k=0

Standard arguments (see, for instance, exercise 2.14 of [BLM13]) show that [Zgs| < (fe/d)®. Using
now that ¢ < 4d/6% + 2 , we derive that

log |Zgis| < cdlog+(1/52)

for a suitable universal constant c.
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For each set A € T4, we now show that there exist Ay, Ay € Ty such that fa, < fa < fa,
and dist(Ay, As) < 62/2. Let A € T4 be written as A = UZ:l Ay, where Ay is an interval whose

endpoints are a < bg. For each k € {1,...,d}, there exist a,(fl) < a](f) < b,(fl) < b,(f) € X such that
o) <ap <o, B <b <,
and

F(al?) = F(a") < 6%/(4d), FOP) - F(bM) < 62/(4d).
Define the closed intervals
A,(Cl) = { € R, a(2) <z < b(l)}, A,(f) = {ZE e R, a,(;) <z < b,(f)}.

Then, A; = Uzzl Al(j) and Ay = Uk LA belong to Zyis and satisfy fa, < fa < fa,. Moreover,

AyAA; C U alV a®yu Vb)),
k=1

/1) @) 52 F(e)dt

(F?) - Pl + FO) - FH))

and hence,

d
dist Al, A2
k

IN

M&EM&

(6%/(4d) + 6% /(4d))

IN
(ST
N
,_.

2.

Now,

k
E|(f4x(21) = Fa(Z0))] = B[ (fana(20)"]
< KIE[Ms(A2 \ A1)] thanks to Lemma 8
S k!d’iSt(Al, Ag)
< k16?2,
which completes the proof with Cs = {fa, A € Tyis}- O
6.7. Proof of Proposition 4. The proof follows closely the one of Theorem 3. Suppose without

loss of generality that the functions ¢ are non-negative. Consider £ > 0 and n € (0,1). According
o (40), for all p € F, and t € (0,1), there exists A; € A; (we omit the subscript ¢) such that

n
1Z(¢)] < e0® + / IN(A,) — E[N(A)]| dt

/ {IN (A7) — EIN(A)]| — 2¢tE[N(A)]} dt.
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Therefore,

(46) E | sup | Z(p)|

peF

< 502+/077E Li‘éi'N(At) —E[N(At)]|] dt

1
-y/E[wpHNMO—MNmmwaaMNmmﬂdt
n A€ AL

Let now & > 0. As (34) holds true for all A € A;, on an event Q¢ such that P[Q¢,] > 1 — e ",
with a = cllog [S4,(2n)| +n€], B =0, we deduce from Claim 3 that on this event: for all A, € A;.

|N(At) — E[N(At)” _ 2€tE[N(At)] < C{lOg-l- |SAt7g2n)| +né I log+ |SA;LE_:2tTL)| + ng} ‘

and

log [, (20 + € log.,|.4,(2n)] + ¢
el VEIN(A)] + ;

In these two inequalities, C' denotes a universal constant.

IN(A) ~E[N(4)]| < C

We integrate these inequalities with respect to & to get

E[wpﬂNmn—MNmmrnaMNmmﬂ30[

log |Sa,(2n)| n log | |S¢4t(2n)|:|
A€ Ay

n net

and

E%mWNM»—MNmmqgcl B%E%Q@iam\@ﬂﬁzﬂ+ﬁ&§§@ﬂl

Are Ay n Are Ay

where C’ is universal. We now plug the two latter inequalities into (46)

E |sup |[Z(p)|| < e0? + — dt

peF

c’ /1 log, |5At(2n)|

!/

1
/ \/ sup E )]> (log, |54, (2n)|) dt+%/0 log, |S4,(2n)| dt.

A€ Ay

As e >0 and n € (0,1) are arbitrary,

log \SA (2n)|
< — inf / Do+ DAY dt—i—/ sup E[N > lo Sa,(2n)|) dt
nneou{ \/ \/ Ategt Ap)] ) (log, [S4,(2n)])

+—/b&WﬂM%
n Jo

sup [Z ()]
peF

where C” is a universal constant. O
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6.8. Proof of Lemma 2. The proof of this lemma follows from some computations as in Section 8.4
of [Barll] (see also Proposition 3 of [BB17]). Let /g = (v/f + /9)/2 and

X={zeR, g(z) #0 or f(z)#0}.
/w?( >de XW <§>de
)2§dM
q
)2<\/§—1+1>2dM
)2

(ﬁ—l)sz+%A(f—\/?>2dM
/X\@#\/_)(\/_ Va)® dM + R3(f,g)
<9 / (V3 — va)* dM + B2(f,g)
<5 [ (V= VD+(G=vi) am+1(f)

< [ (s-vD s [ (V- e iy

X X
< 2h%(s, f) + 2h°(s, 9) + h*(f. 9).

We complete the proof by using h2(f,g) < 2h%(s, f) + 2h%(s, g). O

Then,

i
VI—Vf

(
(-
(

(

INA
I Y (SN

IN

6.9. Proof of Proposition 5 for S = P,,. Let f,g € Pg,. There exist two partitions myq,mo
of R into intervals such that |my| < 2¢ + 1 and |ms| < 20 + 1 and such that f (respectively g) is
polynomial on each element K7 € m; (respectively Ko € mg). Let

m = {KlﬂKQ, (Kl,KQ) € my X mo, K1 NK>y 75@}

Then, m is a partition of R into intervals such that |m| < |mq| + |m2| < 4€ + 2. Moreover, we may
write f and g as

f=> Pxlg and g= > Qklx,

Kem Kem

where Pg and Qi are non-negative polynomial functions on K of degree at most r. Let Rx =
Pr — tQx. Now,
{z €R, g(x) > tf(2)} = |J {v € K, Rx(z) > 0}.
Kem

Let X be the set gathering the zeros of Ri. If X = (), then Ry is either positive, or negative on R
and the set {x € K, Rx(z) > 0} is either empty or the interval K. If X = R, then Rx = 0 and
{z € K, Rg(z) > 0} = (). Suppose now that X # () and X # R. We may write X = {b1, ..., b} with
by < by <.+ <bpand k <r. Weset by = —o0 and by1 = +o00. For all j € {0,...,k}, R is either
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positive or negative on (b;, bj11), and its sign changes with j. Therefore, the set {z € K, R (x) > 0}
is a union of at most k/2 4 1 intervals.

Finally, for all K € m, {z € K, Ri(x) > 0} is always a union of at most r/2 + 1 intervals, which
implies that {x € R, g(x) > tf(x)} is a union of at most (r/2 + 1)(4¢ + 2) intervals. O

6.10. Proof of Theorem 7. Let for d > 1,

9(d) d log? <g) .

n

We need to prove that there exists an event Q¢ such that P(Q¢) > 1 — e and on which any
p-estimator § on S satisfies

(47) h?(s,5) < }22 {erh?(s, f) + ca9(ds(f)) + c3€log (1/€)} .

We introduce the following notations. Let for d > 1, Z be the class of unions of at most d intervals.
Let f,g € S. Suppose that there exists d > 1 such that for all ¢ > 0, the set {x € R, g(x) > tf(z)}
belongs to Z;. Then, d4(f) stands for any number d such that

{r eR, g(x) >tf(x)}
belongs to Zy (for all ¢t > 0). If the preceding assumption does not hold, we set dg( f) = +oo.
We define for d > 2,
Ga={L(9/f), 9 €S, f €S, dy(f)=d—1}.

We will apply Theorem 3 to the class F = %;. In order to verify its assumptions, we begin with the
following elementary claim:

Claim 5. We have,
o Forall J €Ty, R\ J € Zyq.

e For all non-increasing sequence (Jp)n>1 of Zq, ngl Jn belongs to .
The set ¢, enjoys the following properties:
Claim 6. The functions ¢ € 9, satisfy |o| < 1. Moreover, for allt € (0,1), p € 9y, {x € R, pi1(z) >t} €
Zg—1 and {z € R, p_(z) >t} € I,.

Proof. Let ¢ € 9, written as ¢ = 1¢(g/f). Then,
{z eR, pi(x) >t} ={x R, ¢y(g(z)/f(x)) >t}
={zeR, f(z) #0, ¥4(9(x)/f(z)) >t} U{z € R, f(x) =0, g(x) > 0}
={zeR, f(z) #0, g(x) > uf(z)} U{z €R, f(z) =0, g(x) > 0},
where u = ¢~1(t). Therefore,
{z eR, pi(x) >t} ={z eR, g(z) >uf(r)} € Za-,
as dg(f) = d — 1. Now, note that ¢_(z) = ¢4 (1/x). Hence,
{reR, ¢ (2) >t} ={z e R, ¥y (f(z)/9(x)) >t} .
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By exchanging the role of f and g in the above computations, we derive
{zreR, ¢ (z) >t} ={z R, f(z)>ug(z)}
={z eR, g(z) < (L/u)f(2)}.
By using the first point of Claim 5, for all n > 1,
{z eR, g(x) < (1/u+1/n)f(x)} € La
Yet,

{zeR, g(z) <(/u)f }—ﬂ{wER g(x) < (V/u+1/n)f(x)}.

The second point of Claim 5 ensures that {x € R, g(x) < (1/u)f(z)} belongs to Z;, which completes
the proof. O
The lemma below is at the core of the proof of Theorem 7.
Lemma 10. For all £ > 0, there exists an event Q¢ such that P (£2¢) > 1 — e~ and on which: for
alle € (0,1/12), f,g €S,
4— 3¢
(48) T(f.g) < (3+4e)h*(s, f) — o h2(s, ) + c19(dg(f)) + ca€log (1/€).

In the above inequality, c1 and co only depend on e. Besides, we use the convention ¥(+00) = +00
when dg(f) = oc.

Proof. Let d > 2. Theorem 3 shows the existence of an event Q¢(d) such that P [Q¢(d)] > 1 — e
and on which: for all € > 0, ¢ € ¢, of the form ¢ =¥ (g/f), with f,g € S,

1Z(p)| < ev(p) + e[V (dg(f) +1) + Elog (1/€)] -

In this inequality, ¢ only depends on €. Since

Hdg(f) +1) < 20(dy(f)),

we get

1Z(p)| < ev(p) + 2¢0 (dg(f)) + c§log (1/€).
Let Q¢ = (NgZs Qet(210g(1+))/n(d). Then,

P [(2)7] < ZP [(Qer210g1+)/m(d Z (1+4d)? e
d=2 2

Moreover, on §¢: for all f,g € S, ¢ =(g/f) such that dg(f)

2log(1+dy(f)) 1
(f + o - g > 10g+ (6 N 2log(1+dgy (f)) )]

2clog(1+dy(f)) '
n

1Z ()| < ev(p) +2¢0(dy(f)) + ¢

n

i <210g(1 +dy(f))

< ev(p) +2c0(dy(f)) + log

(49) < ev(p) + dO(dy(f)) + cElog, (1/€),

where ¢’ only depends on €. This last inequality remains true when dy(f) = co using the convention
I(+00) = +00.

) T et log, (1/€)
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Now, it follows from (3) that for all f,g € S,

1
(50) T(f,9) < 3205, ) — $h*(5,9) + 2009/ ),
Therefore, we deduce from Lemma 2 and from (49) that on Q¢: for all f,g € S,

T(f,0) < (3-+4)02(s, 1) — “02(5,9) + Cr(dy (1)) + eETog, (1/€),

which proves (48) with ¢; = ¢ and ¢; = c. O

We now finish the proof of Theorem 7. Lemma 10 implies that on Q: for all f,g € S,

(51) T(f,0) < 3+ 4275, ) — —2W2(5,9) + exd(dy(f)) + ea€ o (1/€).
Thus, for all f € S,
62 A S B ) = b5, 8) + e supd(dy (1) + ok o (1/6).

By using T(f,g9) = —T(g, f), we deduce from (51) that for all f,g € S,

B H25,9) — (84003 (s, f) — exi(dy(F) — er€ og (1/€) < (g, f).

Any p-estimator $§ satisfies on ()¢: for all f € 5,

(53) T s) = (3 )5, ) = exsupd(dy () — o€ og (1/6) < TG 1)
<7(9)
<7(f)+1/n.

Using now (52) and 1/n < 9(dy(f)), we deduce when ¢ € (0,1/12),

G 8 < inf {cl,ah% D)= H(5.5) + o sup (dy (1) +c2,aslog+<1/5>},

with ¢ . = 24(3 + 4¢)/(4 — 3¢), and with ¢z . depending only on e.

When f € S and g € S, Assumption 1 says that d,(f) may be defined by dy(f) = ds(f).
Therefore, (54) becomes

h(s, 8) < inf {c1h*(s, f) = h*(5,S) + c2.0(ds(f)) + ca.c&log (1/€)}
and it remains to choose € arbitrarily in (0,1/12) to prove the theorem. O

6.11. Proof of Proposition 8. We keep the notations introduced in the proof of Theorem 7. It
follows from (53) that on Qg: for all f € S,

4— 3¢ R R
o1 (5,8) = 3+ 4e)h*(s, f) — ex Sugﬁ(dg(f)) —ea€log (1/€) <T(5, f),
g€
where ¢; and c¢2 only depends on . Now 7(§) = 0 and hence T'(3, f) < 0. This leads to
2 ~ . 2 . 3 + 4e
h*(s,8) < inf < c1ch(s f)+02€sup79(d (f)) + cac&log, (1/€) with ¢, = 12 .
fes ’ ges ’ 4—3e
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It then remains to use Assumption 1 to define dy(f) by dy(f) = ds(f) when f € S, g€ S. O

6.12. Proofs of Theorems 10 and 11. It is convenient for ease of demonstration to encompass
the two procedures into a more general selection rule we now describe. Theorems 10 and 11 follow
from Theorem 13 below. Their proofs are given in Sections 6.12.2 and 6.12.3.

We consider an arbitrary (possibly random) set A. For each A € A, we consider an estimator 3y
with values in S§. Our aim is to select an estimator among the collection {3y, A € A}.

We consider for each A € A a (possibly random) model Sy C S. We associate to each A € A,
g € S, two penalty terms pen; ,(g) and peny()). We finally define the criterion v4 by

74(8)) = sup [T'(3x,9) — peny 5(9)] -
geESN

The selected estimator 85 is then any estimator among {5x, A € A} satisfying

74(35) + 2peny(A) < inf {74(5,) + 2peny(A)} +1/n.

The risk of this estimator is bounded above as follows.

Theorem 13. Let for £ > 0, Q¢ be the event defined by Lemma 10, which is such that P (£¢) >
1 —e ™. We assume that there exist two real valued maps, A >0 on A, and d > 1 on S such that

(55) ds, (§) < d(@) +A(N) forall X € A, § € Sh.

where dg, (§) is defined at the beginning of the proof of Theorem 7. We suppose that there exist a
(possibly random) model S C (1,o4 Sx and a map peny on S such that

~

(56) pen; »(g) < peny(g) + peny(\) forall g € S, A €A

s
m

There exists a universal constant Ly such that if for all A €

(57) pen; z(3) > L 0 1o (

peny(A) > Ly Aff‘ < A >

then, for all £ >0, on Q¢:

h?(s,8;) < ¢ <lnf {1*(s,5)) + peny(\) } + inf {h%(s, §) + peny () } +£10g+(1/£)> :
AEA ges

In the above inequality, c is a universal constant and the convention 0 x logﬁ_(n/O) = 0 is used when
A(X) =0.
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6.12.1. Proof of Theorem 13. Let € € (0,1/12). We deduce from Lemma 10 that there exists an
event Q¢ such that P (Q¢) > 1 — e " and on which: for all f,g € S such that d,(f) < +o0,

(58) T(f,6) < (344225, ) — T2 h2(5,9) + exd(dy(F) + er€ log (1/2)

12
where c¢1, ¢ only depend on ¢.

Let A € A and § € Sy. Tt follows from Claim 5 and from (55) that we may set d;(5)) = ds, (§)+1 =
d(g) + A(X) + 1 (we may always increase dg, (¢)). We now use (58) with f =3y, g =§:

435

T(3x,9) < (3+4e)h*(s,5)) — h?(5,9) + 19 (d(g) + AN) + 1) + co€log (1/€)

< (3+4e)h?(s,8)) + cm(d(g) + A(N) 4+ 1) + 2 log, (1/€)
< (34 4)h?(s,8)) + 2e19(d(9)) + c19(A(N)) + o€ log,, (1/€).
If Ly is large enough,
T(5x,§) < (3+4e)h?(s, 5) + peny A(9) +peng(A) + c26log (1/€),

and hence
(59) v4(8)) < (34 4e)h?(s,8)) + peny(N) + o€ log, (1/€).
We now derive from (58) that for all § € S,
. o 4—3e .
T(9,85) < (3 +40)%(5,) — 5 W2(5,85) + exi(ds, (6)) + eat log., (1/6).

Using moreover that T'(55,§) = —1(g,5;) we deduce,
4 — 3¢ . . .
h?(s,85) < T(35,9) + (3 +42)h?(s,9) + c19(ds (9)) + 26 log  (1/€)
)

12
< T(35,9) + (3 +4e)h?(5,9) + e10(d(3)) + 19 (A(V)) + a6 log  (1/6).
If Ly is large enough,

L 5,83) < T(55,0) + (3 + 4)0%(5,) + spen, 5(3) + gpeny()
+cflog (1/€) —1/n
< [1065.0) = pen 3(0)] + gems(3) + |3+ 402 (5,0) + Sen, 3]

+ eat log, (1/€) — 1/n.
Since this inequality is valid for all § € S 5 and Scs %

4 —3 1 N 3
ghz(s, 55) < 1(85) + speng(A) + inf 3(1 + E)hz(s,g) + spen, 5(9)
12 2 ses 9 P,

+ c€log (1/€) — 1/n.

We deduce from (56),

4-3 “ 3
T3 H(553) < 2a(63) + 2pemy () + int {301+ (s.9) + Gpem (@)}
ges

+ cp€log (1/€) — 1/n.
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By using the definition of A and (59), we get for all A € A,

4 I236 h?(s,8;5) < 74(8x) + 2peny(A) + ;ng { (14 e)h%(s,§) + 2pen1( )} + 2e¢ log, (1/€)
ge

< (3+40)H7(s.50) + 3peny() + it {301+ 9(6.9) + Gpema(3)

ges 2
+ 2c2€log  (1/€).

It remains to take the infimum over A € A to finish the proof. (]

6.12.2. Proof of Theorem 10. We will apply the selection rule developed in Section 6.12 to pick out
an estimator among {5y, A € A} {8m, meM é} For this purpose, we need to explain the values

of the different parameters involved in the procedure. We set S = {8m, meM e}’ and for m € M, 2

= { Z §mK]lK, mg € M\lf}

Kem
Note that the assumption S C Nine it S, of Theorem 13 is fulfilled. We define for m e M\év
14

K € m and mg € ./\//\(2, the partition mg V K of K by (23). A function § € S,, of the form

G = > Kkem Smy LK is piecewise polynomial. In the sequel, m(g) designs a partition of M of the
form
m(g) = U mg V K,
Kem
with minimal length that is such that

m(3)] = inf{ Sk vELg= Y ngnK}.

Kem Kem

Let S = Ure; Pr,r and note that S, C S for all m € M\ Let f € S and k > 1 be the
smallest integer for which f € Py .. It follows from Pr0p081t10n 5 that one may define dp(vk (f) =

(r+2)(2(¢ V k) 4+ 1). In particular, for all m € sz and f € S, we may set since 8, € P;
di (F) = (P +2)(2 jnf (v E) +1).
Prr3f
We now define d for f € S and A for m € M\lg by
d(f) = (r+2)@2 inf k+1), A@m)= 20(r + 2).

Prrdf
We define d arbitrarily when f ¢ S. Note that (55) is satisfied. We now define Ly = 6L; and the
penalties for L > Lg, m € ./\/l and g € . by

i 2
peny (3 = 7+ Dlm(g)[log (n/(r + D)} peny (1) = L+ Dllogh (n/(r +1))

n n

The first penalty satisfies the lower bound (57) since
d(g) < (r+2)2lm(g)| + 1) < 6(r +1)jm(g)| for all § € Sy,
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It remains to define pen,(g) for g € S = {8,,, m € M;}.

Claim 7. For all m,m’ € M, |m(3,,)| < |m|+ |m’|.

Proof of Claim 7. We have,

m(8m)] < > |m VK|
Kem

<Y HKNK, K em,KnK' #0}|
Kem
<H{KnK (K,K')emxm' KNK #0}|.

Since m and m’ are partitions into intervals, we deduce that [m(8,,)| < |m|+ |m/|. O

It then follows that for all m,m’ € M i

pon, () < 1T DETogL (n/(r 1))

- + peny(m).

The penalty defined by

Lt 1)l1og? (n/(r + 1))

peny (§,y) =

satisfies therefore (56).

Note now that the selection rules described in Sections 6.12 and 4.2 coincide. Theorem 13 controls
the risk of the selected estimator: for all { > 0, there exists an event ()¢ of probability larger than
1 —e ™, and on which:

h*(s,85) < C ( inf {h*(s,8m) + peny(m)} + inf {h*(s, 8m) + peny (8m) } + 510g+(1/£)> :
mEMlz mEMlﬁ

where C' is a universal constant. By using the definition of the penalty terms,

RP
h2(s, 4m) < C' { inf {h2(s, 5m)} + p Do (n/lr+1) 510g+(1/g)} ,
mEMlﬁ n
where C' is a universal constant. It then remains to use the fact that 3, is a p-estimator on P,.(m)
to get a bound on h?(s, 4,,) on the same event Q¢ (the event that appears in Theorem 7 to control
the risk of a p-estimator is the same that the one that appears in Theorem 13. It is, in each case,
defined by Lemma 10). O

6.12.3. Proof of Theorem 11. The proof is almost the same than the one of Theorem 10. The
modifications are very mild, and this is the reason why we only specify the values of the different



50 MATHIEU SART

parameters involved in the procedure of Section 6.12:

5= {§m7 m e Mk,lower}

gm: {Z §mK]lK, mKG'A//\ll%lower} for allme/\//\l,;lower
Kem

1)|m|log? 1 —

pen, (8,,) = peny(m) = L(r + Dimllog. (n/(r + 1)) for all m € M;

n k,lower*

O

6.13. Proof of Lemma 3. As in the proof of Theorem 1, the measure N can be put of the form
N(A) =n~! > ici L1a(Yi) where I C {1,...,n}, and where the Y; are suitable real-valued random
variables.

Note that if K N {Y),...,Yn)} = 0 then,

Lic(f) = - /K £(t)dM (1),

and the supremum suprcp, () Lk (f) is achieved at §x = 0 and equals 0. We now suppose that
Kn{Yuy, . Yy} # 0.
Let V be the Radon—Nikodym derivative of M with respect to the Lebesgue measure p. Then,
V = lin framework 1, V(t) = n=" 37| 1x,5¢1{g +00)(t) in framework 2 and V (£) = n~' Y7, 1y Ly, (2)
W=

in framework 3. Let k be the largest integer of {1,...,7} such that Y(;) belongs to K and
K' = K N (—00,Yy]. There exists some o > 0 such that (Y(;) — a,Y)) C K'. Moreover, we
can choose a small enough to get V() > 1/n for all t € (Yz) — o, Yi)-

Let now f € P.(K). Then, Li(f) takes the form

L) = = 30 (lor F(Y)) 1) = [ FOV(D) at.
icl

and is bounded above by

Li(f) <logy <Sup f(t)> . /Y(k) f(t)dt.

te K’ n Yy —«

We endow the linear space consisting of polynomial functions of degree at most r with the two
following norms:

Yik)
£l = [ sl a1 = sup 170,

Y —a teK’
This linear space being of finite dimension, there exists C' such that || f||oo < C||f]]1 for all f € P,.(K).
Now,

Lic(f) < log (@ l1) - L1,

n

The continuous map Ly tends therefore to —oo when ||f|1 — +o00. As there exists at least a
function f € P,(K) such that Li(f) # —o0, §x does exist.
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For the second part of the lemma, we use Theorem 1 to deduce that T'(Sk, fx) < 0 for all
Jx € Pr(K). If f € Pr(m) is of the form f =) ., fk,

T(sm, f) = Y Tk, fxo) <0.
Kem

Thus, 7(8,,) = 0 and §,, is a p-estimator on P,(m). O

6.14. Proof of Lemmas 4 and 5. The following claim will be useful in the sequel.

Claim 8. Let £ > 0 and Q¢ be the event given by Lemma 10. Then, P(¢) > 1 — e "6, Let
n>0,r>0, and m,m" € M. The following holds on Q¢: for all piecewise polynomial estimators
Sm € Pr(m), 8y € Pr(m’) such that T (8, $py) > —1,
(r+D(Im|+[m]), n
log+ /
n (r+ 1)(Im| + [m/])
Moreover, if §,, is a p-estimator on P,.(m),

1
L 4 Dlm
n

R2(s, 8nr) gc{h2(s,§m)+ >+§10g+(1/§)+?7}.

h2(8,§m) <C {h2(s,73r(m)) logi > + ﬁlog+(1/§)} .

(e

In the above inequalities, C' is universal.

Proof. Let € = 1/24. On Qg:

02 s, 8u) 0l  (3m)) + ea€ o (1/6),

where ¢1 and ¢y are universal constants. Now, §,, and §,, belong to P.(m") where

m"={KnNK', (K,K')emxm', KNK'#0}.

(60) T (5, ) < (34 4e)h2(s, 5m) —

Yet, [m”| < |m|+|m/|. Thereby, 5,, and 8, belong to Pj;,| 1 |ny|» and it follows from Proposition 5
that we may set

dsr (5m) = (r+2)(2(|m| + |m]) + 1).
We now bound above ¥(ds (3,,)) in (60), and then use T'(5,,, 8,7) > —1 to prove the first inequality
of the claim. The second one follows from the proof of Theorem 7 (use (54) with S = S = P,(m)

and apply Proposition 5). O

Proof of Lemma 4. Let m € M), be a collection written as

m = {[x1, xa], (x2, x3], (x3,24], ..., (xe,xe11]}

and such that 1 <Y(y), and Y(3) < z¢41. We may define a partition m € M, of the form

m = {[Z1, Z2], (T2, T3], (T3, Za), ..., (Te, Tega]}
where 71 = Y(y) and Zy41 = V() and whose intervals are included into the ones of m.

Let $y, and $5 be p-estimators on Py(m) and Py(m) respectively. We order the intervals of m
as follows. We define ¢ intervals Iy, ..., I; such that m = {Iy,...,I;} and such that the value §;
on [j, denoted by 8y, is non-decreasing when j grows up. We denote the endpoints of I; by a; < b;.
We now define j; as the largest integer of {1,...,72} such that Y) < aj and j2 as the smallest
integer such that Y{;,y > b;. When j; = 1, we set K; = [Y{;)),Y(;,)] and when j; # 1, we set
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Kj = (Y(j1), Y(j»)l- Note that Kj; is the smallest interval containing I; that is either of the form
Yi0): Yia)l or (Y, Yool

Define J; = K and for j € {2,...,¢}, J; = K; \Ug:_ll K;. Since K; ¢ K; when i # j, K; \ K; is
an interval. Therefore, J; = gzl(K i\ K;) is also an interval. When it is not empty, it is either of
the form [Y{y), Y(;)] with i > 1 or (Y{;)), Y(;,)] with 41 < da. The collection m' = {J;, j € {1,...,£}}
defines therefore a partition of [Y{y), ()] that belongs to My with ¢ < ¢ (we must remove the
empty sets). Let f be the step function of Py(m’) defined by

¢
f= Z s, 1,
J=1

We now prove that f < 7. When = & [Y(y), Y(»)], f(z) = 3m(z) = 0. When z € [Y(y), (3], there
exist j € {1,...,¢} such that x € I; and j/ < j such that « € Jj;. Therefore, f(z) = 81,- By using
that 87, < §1;, we finally deduce that f(z) < $m ().

Consider an interval I; € m and let us denote the cardinal of {Y(,-), Yo €11 € {1,...,75}}
by kj. When k; > 3, there exists at least k; — 2 random variables Y{;) that belong to I; but not to
Ujreqr,...a} K. Such Y(;) belong therefore to J; and satisfy f(Y(;)) = $m(Y(5))- Therefore

J'#3

(¥ F(0) # 8 (Y) i € (L. 2} = Z (Yo, F(V0) # 8n(¥i). Yo € L € (L.}
(61) < 2@.
It follows from f < 55, (61) and (28) that T'(f, $m) < 2¢/n. We now use Claim 8 to get on ¢
(62) (0. 1) <. {12(s,80) + 102 (n/0) + €0, (1/6)}.
where C' is universal.

We may refine the partition m’ € ./\//Yg/ to get m' € ./\//Yg such that Py(m') C Po(m'). Let §,,

and 87/ be p-estimators on Py(m') and Py(m’) respectively. There exists a universal constant C’
such that on ():

(s 500) < € {25, Polon) + = 0g? (n/0) + €l0g. (1/6)}.
By using that f € Py(m’) C Po(m') and (62),
(o 500) < € {12(s. 1)+ 1 logk (/) + €1og, (1/€)

(63 < 0 {12(s,50) + L 1og? (n/6) + €108, (/9 |
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where C” is universal. Note now that SmLiyyy V) € Po(m) and thus T'(8, §m]].[y(1)’y(ﬁ)]) <0 as §p
is a p-estimator on the convex model Py(m) (see Theorem 1 and Lemma 3). Now,

L L 1 . .
T(sm,sm) = T(Sm,sm]l[y(l)vy(ﬁ)]) + Z </]R Sm]l[)/(l)7§/'(ﬁ)] dM — /Rsm dM)
<0.

Therefore, Claim 8 asserts that
1
(64 2(s5m) < " {12 (5,50) + 082 (00 + €og, (1/6) .
where C" is universal. By using that §,, is a p-estimator,
1
(65) 120, 5) < € {12 (5, Palim)) + 1 log? (nf€) + €108, (1/€) |
It remains to put inequalities (63), (64) and (65) together to finish the proof. O

Proof of Lemma 5. Note that we may always suppose that
{Kﬂ {}/il)" .. ,Yv(ﬁ)},K S m}

contains Y(;) and Y{zy (up to an increase of |m| by 2). Let

my = {Kem, {Y—(l),,}/tﬁ)} QK#@}
Then, m; # ) and we may write m; = {Kj, j € {1,...,£}} where 1 < ¢ < |m| and where Kj is an
interval with endpoints a;, b; satisfying a1 < b1 <a <by <....

Let us recall that the p-estimator §,, is of the form
Sm = Z Sk where §x maximizes Lg over P, (K).

Kem

When K € m does not belong to mq, Sxg = 0 and hence

¢
Sm =Y 8k,
j=1
For each j € {1,...,¢}, we set a; = min {Y(Z-), Y € Kj}, Bj = maX{Y(i), Y € Kj}. We define
forj S {2,...,6— 1}, Jgj = (ﬁj,ajH] and fOI‘j S {2,...,6}, Jgj_l = (aj,ﬂj]. If g = Yh), we
set Ji =0, Jo = [B1, 9] and if B1 > Y{yy, J1 = [Y1), B1], J2 = (B1, az]. Note that Jo; 1 C Kj for
all j € {1,...,¢}. The collection m' = {J;,5 € {1,...,2¢ — 1}} defines a partition of M such that
|m’| < 2¢ — 1. We define the p-estimator

¢ (-1
§m’ = E <§J2j71 + E §J2j7
J=1 J=1

where §4 maximizes Ly over P,(A) for all non-empty interval A with the convention that 3 = 0
when A = (). We now consider
L
St = By
j=1
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Note that 5, also belongs to the random model P,(m’) and hence T'(8,,/,8,r) < 0. We deduce
from Claim 8 that on )¢:

(r + D)lm|

6 i) < 0 {550 + (o) +€roe 179},

where C is universal.

Now, for all j € {1,...,¢}, such that Jy;_1 # 0,
(67) T (§J2j71, §Kj]].J2j71) <0,

since 8j,,_, maximizes Lj,, , over P.(Jzj_1) and that 8,1, , € Pr(Joj—1). When Ja; 1 = 0,
T (845;_1+8K,1,,_,) =0, and thus (67) also holds.

We define
l
A= U Jgj_l.
j=1

We deduce from (67) that T'(S, La,$,1a) < 0. Therefore,

T(§m/, §m) = T(§m/]1A, .§m]lA) + T(O, §m]lAc)
<0+ T(0,38,14¢)
<[ ¥(3n/0)dN
AC

where we recall the conventions (0/0) = ¥(1) = 0, ¥ (z/0)

= ( ) =1 for all x > 0. Let
B = UJ 1 K. Note that §,, vanishes outside B and thus, as |¢| <1

(68) TGy ) < /B /) AN < N(B A,

Now,

l
N(BnN A :Z JQJ 1)}

Since o, B € {Y;,i € I}, we deduce from (28) that N(Kj) — N(J2j—1) = N({a;}). In each of the
frameworks, N({c;}) < 1/n and thus N(B N A¢) < ¢/n. By using (68), we get T (3, 8m) < £/n.
Claim 8 with n = £/n < |m|/n ensures that on Q:

. / .y r+D)m| n
h2(s,3) < C {h2(3,sm) + Tbgi <m> +§log+(1/§)} ,

where C’ is universal. Since §,, is a p-estimator on P,(m), we deduce that on the same event Q:

h2(s,8) < C" {hQ(s,Pr(m)) n (7’%1)’”” log2 (W) + {log+(1/§)} ,

where C” is universal. It then remains to combine the two last inequalities with (66) to finish the
proof. O
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