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Chapter 1

Introduction

In this dissertation, we consider different problems that all fit within the following framework.

General Problem. We observe n (possibly dependent) random variables X1, ..., X, on a mea-
surable space (2 ,X) which are presumed to have a common distribution P and we aim at
estimating P. When P belongs to a parametric family of distributions {Pp;0 € ©} which is
identifiable, we also want to estimate the parameter 0 such that P = P;.

This includes the generic situation of probability estimation from independent and identi-
cally distributed (i.i.d.) observations but also the estimation of the stationary distribution of
discrete time processes. In this context, we denote by &x the class of all probability distribu-
tions on the measurable space (£ ,X) = (2, X%").

Definition 1.1. We call model any (nonvoid) subset M of Px.

In the case where observations are assumed to be i.i.d., a model .# should naturally be of
the form

M={P"Pe.a} (1.1)

where . is a subset of Px, the class of all probability distributions on (2",X). In that case,
we might informally make the abuse of calling .#Z the model. We consider the estimation of the
distribution P for different types of models. We first consider the simpler case of independent
observations with mixture models. In a second time we consider models for dependent obser-
vations, namely hidden Markov models or discretely observed diffusion processes. We present
those models with a review of the related literature hereafter.

1.1 Mixture models

Mixture distributions are a flexible tool for modeling heterogeneous data in an independent
context. We illustrate it with the following toy example.

Example 1.1. In a population, a proportion w € (0,1) is diseased and therefore a proportion
1 — w is healthy. We have access to one of the vital signs of each individual that we denote
X. This quantity X is distributed according to a distribution Fy for the healthy population and
according to a distribution Fy # Fy for the diseased population. Therefore the wvital sign X
of an individual chosen at random from the overall population is distributed according to the
distribution

P=(1—-w)Fy+wk,. (1.2)

1



2 Chapter 1. Introduction

The distribution P is a two-component mixture distribution. Different problems are worth
investigating in this situation such as the estimation of the mixture distribution P, or also the
estimation of the different features of this distribution such as the proportion of diseased w or
the distributions Fy and F; characterizing each health status. In machine learning, people are
also interested in clustering. In this example it means guessing if an individual 7 is healthy or
diseased given its vital sign X;.

Example can be generalized to model a wide variety of phenomena. For a complete
introduction to mixture models and an overview of the different applications we refer to the
books of Mclachlan & Peel [71] and Frithwirth-Schnatter [3§]. Finite mixture models contain
distributions of the form .

Pw,F = Z U)ka, (13)
k=1
where K > 1, w belongs to the simplex Wy = {w € [0,1]%;w; + -+ +w, = 1} and F, ... Fx
are probability distributions on the same measurable space, e.g. (£,X) in the situation of the
General Problem. The distribution P, r is a mixture with K components, each component
k is characterized by the proportion wy called the weight and the probability Fj, called emission
distribution.

One can easily see that the different parameters are not identifiable in general. We can
always add an arbitrary number of components with null weights or merge components, e.g.
P, r is also a mixture with one component and emission distribution P, p. Therefore one
usually considers mixtures with restrictions on the emission distributions in order to avoid
this problem. The most common example is Gaussian mixture models (GMMs), where all the
emission distributions are Gaussian. In that context, we can define as follows the canonical
number of components of a mixture distribution called the order.

Definition 1.2. Given a fized class of distributions Z, we can define the order of a finite
mizture distribution P as the smallest integer K such that P = P, p with Fy,... ,Fx € Z.
Therefore the order depends on the class of distributions %,

We can notice that even if the order is identifiable it does not mean that the parameters are
identifiable as shown by the following example. For real numbers a < b we denote by U(a,b)
the uniform distribution on the segment [a,b]. If .Z is the class of uniform distributions given
by # = {U(a,b);a < b}, the distribution P = 314(0,3) + 3U(1,2) is of order 2 but can also be

written as ] ]
P= 51/{(0,2) + 51/1(1,3).

Therefore, restricting the emission distributions to a specific class is enough to establish a
canonical number of components. However, it is generally not enough to guarantee that the
parameters are identifiable. Also, one should notice that identifiability can only be up to
relabeling of the components, i.e. we have

K
Pw,F = Z wT(k)FT(k)
k=1

for any permutation 7 on {1,2,... K}. Sufficient conditions for identifiability have been estab-
lished by Chandra [21], Henna [51] or Atienza et al. [7] for instance. Those conditions allowed to
prove identifiability for some parametric emission models such as normal distributions, gamma
distributions, or Weibull distributions. Gassiat [45] presents a review of the different situations
for which we have identifiability, in a nonparametric context. If the parameters are identifiable
their estimation is a well defined problem. However, one might have to estimate the order of
the target distribution if it is unknown.
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The monograph of Titterington et al. [83] and the book of Frithwirth-Schnatter et al. [39)
provide a good overview of the different statistical procedures that have been developed for
mixture models. Bayesian and likelihood-based approaches are the most commonly used but
methods based on moments or spectral methods have also been considered. As finite mixtures
are used to describe heterogeneous data, they are a common tool in model-based clustering.
McLachlan & Basford [70] give a good overview of the topic, mainly with GMMs. We are
mostly interested in density estimation based on mixtures and the estimation of the different
parameters.

One can look at Figueiredo [37] as a general formulation for the problem of the estimation
of the parameters, with parametric models for the emission distributions. Their approach is
probably the most common one and uses a penalized likelihood criterion to select the order and
estimate the parameters. The sole estimation of the order is also a problem itself that has been
investigated. Dacunha-Castelle & Gassiat [23] provide a convergence rate for their estimator of
the order in parametric models based on moments of the parameters. Kéribin [56] proves the
strong consistency of an estimator of the order based on a penalized likelihood approach. They
prove that the associated estimators of the other parameters are strongly consistent. This type
of result is quite usual, along with results of asymptotic normality for the parameter estimators.

On the other hand, non-asymptotic results are very rare, especially for the estimation of the
parameters. We are only aware of the results of Gadat et al. [40] which consider the following
problem. The true distribution has a density f* with respect to the Lebesgue measure on R?
given by

[r=1=X )0+ No(- - 2%), (1.4)
where ¢ is a known square integrable density and the parameters (A\*,z*) € (0,1) x R?\ {0} are
to be estimated. They prove an oracle inequality for their least squares estimator f of f* with
respect to the Ly-loss. Their estimator being of the form f = (1 — )¢ + A¢(- — 2) it naturally
gives estimators X and 2 of A* and z*. Under some regularity conditions on the density ¢,
they establish non-asymptotic deviation bounds for the parameter estimators which lead to the
usual 1/4/n parametric rate with respect to the Euclidean distance, up to a logarithmic factor.
This is for fixed parameters A* and z*. They also investigate how those rates are deteriorated
when those parameters are allowed to go to 0 with n which corresponds to the limit cases for
identifiability.

Finite mixtures are also used a lot in density (or distribution) estimation as their flexibility
allows them to approximate distributions that are quite complex. We refer to Li & Barron |66]
as a good introduction to the subject. They present the generic approach in a general context.
Let G = {¢y;0 € O} be a parametric set of densities, typically with respect to the Lebesgue
measure on R%. A density f is said to have a mixture representation if it can be written as

f(@) = do(@) = [ du(x)Q(d0), (15)

where () is a probability distribution on ©. Under some conditions on G and @, such a density
can be well approximated by finite mixtures with emission densities in G, given that the num-
ber of components is large enough. Therefore we can use standard estimation procedures for
finite mixtures to estimate densities with a mixture representation. Different examples have
been considered for the family G. Bochkina & Rousseau [18] consider mixtures of Gamma
distributions, i.e.

bo(a) = a1 (2] F(l)e € (0,00),

where z is a parameter that they estimate and I' is the Gamma function given by

I'(2) :/ t*~letdt,
0
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for all z in (0,00). They obtain posterior convergence rate for a Bayesian estimator when the
true density satisfies regularity and tail conditions. Kruijer et al. [59] and Rousseau |77] obtain
similar results with different classes of densities. In [59], they consider location mixtures of

densities of the form )

_ ~(2=0/0) » 0 c R 1.6
e .0 € R, .
20T (1 + %) (1.6)

Po ()

where o is a scale parameter they estimate. In [77], they consider mixture of beta-densities,
i.e. for

b1 L(@)T'(0)
I'(a+0b)

Maugis-Rabusseau & Michel [68] consider location mixtures of normal distributions, i.e.

pg(z) = 211 — z) .0 = (a,b) € (0,00)%.

1 (@=0)°
= 202
oo () W@ 2,0 € R,
where the scale parameter o depends on the number components which is selected with a penal-
ized likelihood criterion. They establish non-asymptotic deviation bounds for their estimator
with respect to the Hellinger loss and prove it is minimax adaptive to the regularity of the true
density, up to a logarithmic factor.

Even though finite mixtures are flexible and approximate wide classes of distributions, they
can be restrictive to model real phenomenona. For instance, in Example there are only two
states which correspond to “sick” or “healthy” and it can appear quite simplistic. One could
refine the model with a high number of components. Another approach is to consider general
mixtures, such as the density ¢¢ considered in .

Example 1.2. Let (©,T) be a measurable space and F = {Fy;0 € ©} be a parametric family
of distributions on (2 ,X). Each individual has a health level H in © and given H =0, X is
distributed according to the distribution Fy € % . Therefore the vital sign X of an individual
chosen at random from the overall population will follow the distribution P given by

P(A) = /@ Fy(A)Py(dO) VA € X, (1.7)

where the mizing distribution Py is the distribution of H within the population.

Example is a special case where the mixing distribution Py is a discrete distribution
with two support points. The most common problem involving such general mixtures is the
problem of deconvolution, widely studied in the signal processing community. It corresponds

to the model of additive measurement error where observations X1, ...,X,, are given by
Xi=H; + &,
where Hy,...,H, are i.i.d. random variables, referred to as the signal, and &, ... ,&, are i.i.d.

random variables independent of H, referred to as the noise. If & has a density ¢ and H; has
a distribution Py, then X has a density

fl@) = [ o= h)Pudh). (18)

which is given by the convolution of ¢ and Py. Therefore the problem of estimating Py from
observations X1, ...,X, is often called the deconvolution problem. We can see from that,
in this case, the distribution of X is a general location mixture associated with the density ¢. We
refer to the book Meister 73] for a complete introduction to the subject which includes a review
of estimation methods and results, all of which are asymptotic results, i.e. consistency results,
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convergence rates or asymptotic normality results. We can mention a few non-asymptotic
results. Dedecker et al.|26] prove a bound on the p-Wasserstein loss, p > 1, for their estimator
of Py when observations belong to R and the density ¢ is smooth and known. Gassiat et
al. |47] consider the case where the distribution of the noise is unknown. They provide an
identifiability in the multivariate case with conditions on the structure of the noise and the
signal. They establish convergence rates for the estimator of the density of H based on Fourier
inversion techniques, which is very common for deconvolution problems.

Some results exist for general mixtures that are not based on location families. Genovese
& Wasserman [4§] and Ghosal & van der Vaart [49] consider the estimation of P given by
(1.7) where .Z is the location-scale family of univariate normal distribution. They obtain
convergence rates for a maximum likelihood estimator based on sieves, i.e. finite mixtures,
with respect to the Hellinger loss when the true mixture distribution is compactly supported.
They also consider the case where the mixing distribution satisfies light tail conditions.

1.2 Hidden Markov models

We can build upon Example [I.1]to introduce hidden Markov models with another toy example.
We were only considering the distribution of the vital sign X across the population at a fixed
time. When the vital sign is discretely observed over time we can model its behavior as follows.

Example 1.3. We only consider one individual and observe its daily average vital sign over
n days. We denote by X; and H; their average wvital sign and their health status on day @
respectively, with the convention H; = 0 when the individual is healthy and H; = 1 when sick.
We model (H;)1<i<n as a homogeneous Markov chain and we denote by q,p = P(H; 11 = b|H; =
a), a,b € {0,1}, the transition probabilities. In that case, the distribution of (Xi,...,X,) is
given by

n

P= Z ]P(lehl,...,Hn:hn)(thi
hi,...,hn€{0,1} i=1
= Z ]P)(Hl = hl)qhth e qhn717hn ® Fhi‘ (19)
hi,...,hn€{0,1} i=1

It is called a hidden Markov model as the Markov chain (H;); is not observed and (X;), is
the only accessible data. As for Example different statistical problems are of interest. One
might want to estimate the features of the model, i.e. the transition probabilities (¢ap)q,pefo,13,
the initial probabilities P(H; = 0),P(H; = 1) and the distributions Fy and F; characterizing
each health status. Another problem is to find out if the individual is sick at time ¢ given
the values of their vital sign up to time ¢. People are also interested in predicting X;,; given
past observations X, ...,X;. Those two problems are referred to as filtering and predicting in
machine learning.

We can generalize this example to any number of hidden states. Hidden Markov models
(HMMs) were formally introduced for the first time by Baum & Petrie [14] in 1966.

Definition 1.3. We say that the pair (X, Hi)i>1 is a HMM if:
 (Hi)ys, is a Markov chain,
« conditionally on (Hy),s, the variables (X;),5, are independent,

o and the distribution of X; only depends on H; for eacht > 1.
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In that case, we shall say that (X3); is generated by a HMM.

If we denote by L£(Y') the probability distribution of a random variable Y, we can write the
last two points of the definition as

L((X)ez1l(Hp)iz1) = Q) L(X,|Hy). (1.10)

t>1

HMDMs are often represented by dependence graphs of the following form.

Although the process (Hy,X;),, is a Markov chain it is not the case for (X;),., in general. In
comparison, mixture models are usually represented by the following graph.

As seen in Example homogeneous hidden Markov models can be fully described with the
state space ., the Markov kernel @) (defined below) and initial distribution 7 of the hid-
den Markov chain (H;),.,, and the conditional distributions (F},)nen of X; given H;. The
distributions (F},)ne are called emission distributions.

Definition 1.4. A Markov kernel on a measurable space (€, H) is an application Q : 7 x H
such that:

o forallh in A, Q(h,) is a probability measure on (€ H);
o for all A in H, the application h — Q(x,A) is measurable.

One can see that mixture models are a special case of hidden Markov models. It corresponds
to the specific situation where there is a distribution w on () such that Q(h,-) = w for all
h in €. It implies that the variables Hy,Hs, ... ,H, are i.i.d. with common distribution w.
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Finite state space HMMs correspond to the case where .7 is finite. Based on and
(1.9) we can see that 4 should contain finite mixture distributions on (£ ,&X) with specific
conditions on the weights and the emission distributions. We can always identify the state space
€ with {1,2,... K} and identify the Markov kernel with the transition matrix (Qp p )nner =
(P(Hir = W|Hy =h)p e U7 :{12,...,K} = S is a one-to-one map, the distribution
of (X¢),~; can equally be described by the initial distribution 7’ = (7,4))1<k<k, the transition
matrix Q' = (Qr(k1),7(ks))1<ks ko<x and the emission distributions F’ = (F,))1<k<k. Therefore
we shall say that (X;),-, is generated by a hidden Markov models with parameters (/K,Q’, 7', F").

Definition 1.5. Let # C Px be a class of probability distributions on (2 ,X). We define the
order of (X3):, with respect to %, as the minimal value of K such that (X3); is generated by a
HMM with parameters (K,Q,n,F) with F,... Fx in Z.

One should note that, contrary to mixtures, we cannot arbitrarily merge two components
(or states in the context of HMMs) so that restricting emission distributions to a specific class
of probabilities is not necessary. For instance in Example we can say that the distribution
P in is a mixture with one component and emission distribution (1 —w)Fy+wF; however
we cannot write (X, H;); as a HMM with one unique state in Example in general. It is
only possible if Fy = F} or if the Markov chain (H,), has an absorbing state a which has initial
distribution 1, i.e. if P(H;y 1 = a|H; = a) = 1 = P(H; = a). Abraham et al. [2] note that those
cases correspond to X1,X4,...,X,, being independent random variables. They investigate the
possibility to learn the parameters in those limit cases.

As for mixtures, it is easy to see the parameters are at best identifiable up to a permutation
on the state space{l,...,K}. Gassiat et al. [43] and Alexandrovich et al. [3] provide general
results showing that the parameters are identifiable from the distribution of consecutive obser-
vations. Let PE?’QJ’F) denote the distribution of (Y3,...,Y7) when (Y;);>1 is generated by a
stationary HMM with parameters (K,7,Q,F), i.e.

L
L
]P)gl{)anﬂ'vF) = Z ﬂ-lekl,kQ e Qk‘L_l,kL ® Fk’” (111)
=1

1<ky,...k, <K

where 7 is stationary with respect to ). Under some assumptions, the equality Pg?QW P =

IP’E?,Q,J,,F,) implies (Q',7',F") = (Q,7,F) up to a permutation on {1,2,...,K}. Taking L > 3
is enough under the condition that the emission distributions Fi,...,Fx are linearly indepen-
dent. If the emission distributions are only distinct, taking L = 2K + 1 is sufficient to have
identifiability.

We refer to the book of Cappé et al. [55] for an exhaustive review of the topic of statistical
inference for finite state space HMMs, particularly for parametric models. As for mixtures,
maximum likelihood and Bayesian approaches are the most popular ones. For a different ap-
proach, we can mention Anandkumar et al. [6] that proposes a method of moments to estimate
the means of the emission distributions. Standard results of consistency and asymptotic nor-
mality for the MLE are given in [55], under the assumption that the order is known. Gassiat [44]
and Gassiat & Boucheron [42] give results of consistency for penalized maximum likelihood es-
timators of the order. We refer to Lehéricy [64] for a recent state of the art in finite state space
HMMs.

Some recent papers adopted a slightly different approach more adapted to nonparametric
estimation which is somewhat similar to the one of Gadat et al.[40] for mixture models given
by . Following the identifiability results mentioned above, one might believe that the
parameters (Q,m,F') and (Q’',7’,F") should be close to each other if the associated distributions
IP’E?’QJ, ) and IP’E?,Q,’W,7 Fry glven by (1.11)) are close to each other. Although the reverse is quite
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easy to prove, see Proposition [3.6] this implication has only been proved recently. De Castro et
al. [25] show this is true for the emission densities when the initial distributions and transition
matrices are the same, i.e. 7’ =7 and Q' = Q. Lehéricy [63, [65] gets rid of this limitation and
obtain results of the following nature. If F},... , Fx have densities fi,...,fx with respect to a
reference measure v, we define the associated density

L
pEK{QJr,f)(xl? cee ,LIZL) = Z 7Tk’1Qk17k2 s Qk’L—hkakl (5131) s ka ('IL)’

1<ki,...kp <K

with respect to u = v®L. For square integrable emission densities and under some technical
assumptions, for (@Q,r.f) in a neighborhood of (Q*,7*,f*) we have

3) (3) 2

P (Qd), (@ £)) < Q" £) [0 ) — D ey

(1.12)

2 Y

where ¢(Q*,7*,f*) is a positive constant that depends on the parameters Q*, 7* and f*,

& (Q,m.f), (Q* 7" £)) =
2
La(v) }’

K* K*
inf { S (e =T D (Qrtitin) — Qh) + 2|
7€k o 1<k ka<K* k=1
and Sk~ is the set of all permutations on {1,2,... K*}. Therefore, it is possible to deduce
deviation bounds for the parameter estimators from a deviation bound on an estimator of
pF = pg*@*m*’f*) when the order K* is known. Lehéricy |63] proposes a penalized least squares
estimator that consistently estimates the order. They prove an oracle inequality with respect
to the Lo-loss for the estimation of p* and deviation bounds for the parameters, conditioned on
the event where the order estimator is exact. They obtain convergence rates for their estimators
that are minimax up to logarithmic factors, and adaptive to the regularity of the true densities
iy fie«. 1t is only adaptive to the worst regularity of the different densities however this
limitation is lifted by Lehéricy [65] which achieves state-by-state adaptivity estimation of the
emission densities given the transition matrix * and the distribution 7*, or minimax estimators
of them. Abraham et al. [1] consider the estimation of the parameters for nonparametric hidden
Markov models with two states. They show that estimating the smoother emission density first
can improve the estimation of the second emission density.
The same way finite mixtures can be generalized to more complex models, it can be inter-
esting to consider HMMs with state spaces that are not necessarily finite. We can illustrate it
with the following example based on Example

frey — [

Example 1.4. Let (©,7) be a measurable space and F = {Fy;0 € ©} be a parametric family of
distributions on (2" ,X) such that 0 — Fy(A) is measurable for all A € X. Each individual has
a health status in ©. We focus on one individual and denote by X; and H; their average vital
sign and health status on day i. Given H; = 0, X; is distributed according to the distribution
Fy. We assume (H;); is a homogeneous Markov chain with initial distribution w and Markov
kernel Q. In that case, the distribution P of (X1,...,X,) is given by

P(Ay,... A, = /@ i (A) B (A w(dh)Q(hdhy) ... Q(hyr.dh),

forall Ay,... A, € X.

As for general mixtures, most of the existing literature on the subject comes from signal
processing and focuses on the following situation. Observations Xi,...,X,, are assumed to be
generated by the model

X, =H; + ¢, (1.13)
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where the signal (H;); is a Markov chain and the noise (¢;); is i.i.d. random variables, indepen-
dent from (H;);. This corresponds to a translation hidden Markov model. If ( H;); is a stationary
Markov chain with initial distribution = and Markov kernel @), and ® is the distribution of ¢;,
the distribution IP’EQQ@) of (X1,...,X) is given by

B gy (A1, Ap) = / O(A — hy) ... D(Ay — hp)m(dh)Q(hi,dhs) . .. Qlhy_1,dhy),

for all measurable sets A;,..., Ay with A —h = {a — h;a € A}. Even though models such as
have been used a lot for applications, there are very few theoretical results, especially
if the distribution of the noise is unknown. Gassiat et al. [46] prove that the parameters are
identifiable from PE?Q@) in a fully nonparametric setting. They also prove consistency results
for a least squares estimator and a maximum likelihood estimator of the associated density.

Cases of general HMMs that do not fit within the framework of have been investigated
by Douc & Matias [31] and Douc et al. |32]. In [31], they consider a parametric setting for
the emission densities and the Markov kernels and prove the convergence in probability of the
maximum likelihood parameter estimator. They make assumptions that are equivalent to the
standard assumptions for finite state space HMMs however they do not require the true initial
distribution to be stationary but only the Markov kernel to be ergodic. Some assumptions are
relaxed in [32] which contains similar results.

1.3 Diffusion processes

Stochastic differential equations are used to model a wide variety of processes with behaviors
apparently random. Applications are numerous in many different fields and inferring features
of the models used in practice is of great interest. A common framework is to assume that the
observations come from the stationary solution of a stochastic differential equation (SDE) of
the form

dY; = b(Y)dt + a(Y;)d By, (1.14)

where (B;);>0 is a d-dimensional Brownian motion and the functions b : R — R? q : R? — R%*4
are such that everything is well-defined. The features to estimate can be the function a,
called the wvolatility or diffusion coefficient, the function b, called the drift, and the invariant
distribution associated with equation .

We mention some standard references on the subject of estimation for diffusion processes to
give a quick overview of the topic. Kessler |[57] considers a parametric model for one dimensional
ergodic diffusion. They prove the asymptotic normality of their parameter estimator, obtained
through the minimization of a contrast function, based on discrete observations Y;,,...,Y;,,
0<t; <+ <ty <ty < oo of astationary solution (Y;); of . Comte et al. |22 consider
a similar situation but in the nonparametric context. They prove non-asymptotic deviation
bounds for their estimators of the drift and the volatility based on least squares. They also
show adaptivity properties for a penalized criterion. The most common approach when it
comes to diffusion processes is based on kernels, using regularity properties of such processes.
For instance, Dalalyan & Rei [24] consider a nonparametric framework with constant volatility
for a continuous multidimensional observation (Y;)o<i<r € (R%)®7) and use kernel estimators
for the drift function and the invariant density. They obtain asymptotic rates with respect to
the Ls-loss when the regularity of the drift function is known.

We can note the following similarity with hidden Markov models when considering discrete
observations of a stationary solution. In some cases, the features of the considered diffusion
model are not accessible through the stationary distribution of the process. For instance, this
is the case in Nickl [75] and Hoffmann & Ray [52] which deduce the feature of interest from the
distribution of consecutive observations.



10 Chapter 1. Introduction

1.4 Contribution

This thesis proposes a generic approach to the General Problem with applications to mixture
models, hidden Markov models and diffusion processes. In particular, we want to provide
results for those models under the weakest assumptions possible on the true distribution of
the observations as they can never be checked in practice. We provide a list of standard
assumptions that people usually make and that are problematic/unrealistic/too restrictive.
This is illustrated with examples.

Before we do so, we introduce the Hellinger distance h between probability distributions
defined as follows. For two probability distributions P and @) on a measurable space (2 ,X),

WPQ) - J; / (ﬁj(z) - ﬂff(x))zmdas) € 0.1, (1.15)

where p is any positive measure dominating both P and @), the result being independent of the
choice of p.

e It is common to assume that the observations Xi,...,X,, arei.i.d. with common distribu-
tion P and in addition to assume this distribution belongs to the model. This assumption
is quite important for classical estimators such as the MLE as shown by the following ex-
ample.

Example 1.5. The model contains miztures of two uniform distributions on segments of
length 1, i.e. the distributions of the form

Py ayay = wl(ar,a1 + 1) + (1 —w)U(ag,ae + 1),w € (0,1), a1 # as € R.

Now assume that the true distribution is given by
— 1
P = 51,1(45 —n 145+ ) + UGBTI —n T AT+, (1.16)

The model is a good approzimation of the true distribution as h*(P,Pijs 4531) < 2/n.
However, the likelihood is null for any distribution in the model as soon as there are
observations X;,,X;,,X;, such that X;, +1 < X;, < X;; — 1. In particular, it is implied
by the event

{Birinsis, X, € [45 —n7',45),X;, € (145,145 + 0" and X5 € [3.1—n~' 41+ 07"},

which has probability at least 1 — e=3/8(2 — e=4/10) — (1/2)% > 0.07 for n > 6. Therefore,
there is at least a 7% chance that the MLE is not defined.

We see that even if the true distribution is very close to the model but not in it, the
maximum likelihood approach fails.

o It seems normal to put conditions on the model that the statistician chooses, usually
because of the loss or the estimation method considered. On the other hand, it is quite
restrictive to also put those conditions on the true distributions. For example, it is very
common to assume that the true distribution admits a density with respect to some
reference measure, usually the Lebesgue measure. In particular, when people use a least
squares approach or when they simply consider the Lo-loss, they assume this density to
be square integrable. For instance, this is the case of Lehéricy [63] which assumes the
true distribution is a stationary hidden Markov model with emission densities that are
square integrable and uniformly bounded. If one makes those assumptions they ban some
models from their framework such as the following example.
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Example 1.6. Consider the location mizture model containing distributions of the form
(]‘ - w)Sa,O + wSa,zy (].]_7)

where o € (0,1) and S, . is the distribution defined by the density s, , with respect to the
Lebesgue measure given by

l—«

T ER— ——r
Saz - & 2|z — z|*

Lo ic(0)- (1.18)

One can notice that such densities are unbounded, and they are not square integrable
when « > 1/2. This implies that both the maximum likelihood and the least squares
approaches fail to apply here. We want to propose an approach that would have more
flexibility and allow us to consider such models. To do so, it is natural to work with a
loss that does not require any assumption on the true distribution such as the L;-loss
(equivalent to the total variation distance) or the Hellinger loss.

o Another restriction of standard frameworks is to assume that the observations are equally
distributed. This can easily be wrong in practice. Following Example [I.T] it may happen
that some of the values of the vital sign were erroneously reported. It might also happen
that a measuring instrument is defective such that the observations gathered by this
instrument would not be distributed according to the same distribution as the values
measured by the other instruments. If the proportion of corrupted data is small enough
it should still be possible to estimate the distribution of interest. Similarly, it is quite
common to assume that the observation process is stationary in the case of finite state
space HMMs (see Lehéricy [63] or Abraham et al. [1]) but it appears restrictive and does
not take into account the possibility to have corrupted observations.

Those different points motivate us to work with a statistical framework that is slightly different
from the one we introduced at the beginning of this chapter. We build upon the work of Baraud
et al. [9] and Baraud & Birgé |11] that developed p-estimators to solve some of the problems
we just raised among others. However, they did not consider departures from the assumption
that the observations are independent. We provide a way to obtain theoretical guarantees
for p-estimators without the independence assumption. Assuming that the observations are
independent is the same as assuming that the joint distribution

P =L(Xy,....X,)
is equal to the product of the marginal distributions
P =L(X)® - RLX,)=P,® @ P,. (1.19)

We quantify the dependence within the observations through the Kullback-Leibler divergence
K (P*||Pmd) of P* from P defined as follows. For two probability distributions P and Q
on the same measurable space (<7 ,A), the Kullback-Leibler divergence of P from @) is given by

[y log (45 (x)) P(dz) if P < Q,

1.20
+00 otherwise. ( )

K(P[|Q) :{

We show that in general we can do as if the observations were independent when K (P*||Pmd)
is small enough (see Section [1.4.4]). We illustrate that with the following example.
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Example 1.7. The observations X1, ...,X, are assumed to be i.i.d. with common distribution
the univariate normal distribution N'(z,1) and we try to estimate the location parameter z how-
ever the random variable X = (X,...,X,) actually follows a multivariate normal distribution

N(z,%.) where

1 e & ... !
c . . . :
z=1(z,....2) ER " and .= | 2 .. .. .. 2 | eRV" (1.21)
SO
gn—1 e ¢ 1

where z € R and e € (—1,1). The assumption that the observations are independent only allows
us to consider the case € = 0. It might happen that results obtained under this assumption
completely fall apart even for very small values of €. In this example, we have K (P*||Pmd) =

"T_l In (1—7152> and the Theorem stated later shows that the performance of the p-estimator

is not significantly worse for € of order at most n=/2.

We can use this flexibility with respect to the independence assumption to consider the
estimation of the stationary distribution of processes such as hidden Markov models or diffusion
processes for instance. But there is no obvious reason for the dependence K (P*||Pi"d) to be
small in general. We propose a way to obtain a smaller dependence for mixing processes by
selecting a subset of the observations. Intuitively, if (Xj)rez is a mixing process the variables
Xk, and Xy, are “almost independent” for |k; — ko| “large enough”. We refer to Bradley [19)
for a review of the different notions of mixing. Based on this idea, for an integer s we build the
subset X () of observations as follows

X () — (X1,X2+S,X1+2(s+1), . 7X1+n(s)(s+1)> , (1.22)

with n(s) = | (n—1)/(s+1)]. It means we take observations separated by blocks of s consecutive
observations. A large value of s gives a smaller dependence term but it also makes the set of
observations used for the estimation smaller. We show that this strategy is efficient for HMMs
and some diffusion processes. The key point is that those processes satisfy strong mixing
properties.

1.4.1 Framework

Let X = (X1,Xy,...,X,) be a random variable on (£ ,X) = (Z®",X®"), where (2,X) is a
measurable space. We denote by P* the distribution of X and by P, = £(X;) the marginal
distribution of X; for i € {1,...,n}. We do as if the observations were independent and
identically distributed with common distribution P, i.e. as if the distribution P* were of the
form P". Therefore we take models .# of the form given by . As mentioned earlier, we
measure how far are the observations from being independent through the Kullback-Leibler
divergence of P* from the product distribution of the marginals P given by ( - For an
estimator P € .4 of P, we measure its accuracy with the Hellinger-type loss

1 n

b (PuP).

n;3

where h denotes the Hellinger distance defined by (1.15] - In the ideal situation where the
observations are identically distributed with common distribution P, this loss becomes h?(P, P)
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1.4.2 Results of p-estimation

The p-estimators developed by Baraud et al. [9, 11] are based on robust tests and can be seen
as a refinement of T-estimation developed by Birgé [16[. We illustrate the performance of p-
estimators in the context of the General Problem under the independence assumption. Let
A be a class of probability distribution on (£°,X) and 4 be the associated model on (Z,X)

given by (|1.1)).

Theorem 1.1. (Theorem 1 [11]])
For indepfnde@t random variables X, ..., X, with arbitrary distributions Py,...,P,, the p-
estimator P = P(X, M) € M satisfies

< inf lzn:fﬂ (Q,P) + D(;/{), (1.23)

Qes n -1

17 ~
CE ln 3 n? (P,Pi)

i=1

where C' is a positive universal constant and D(M) > 1 is a bound on the p-dimension of the
model M which depends on n.

We mention that there is also a similar result of model selection for p-estimator (see Theorem
2 |11]). The p-dimension function is formally introduced in [11]. Let us explain the result above
and illustrate the different properties of p-estimators. The upper bound in ((1.23)) is composed

n
of two terms, the approximation or bias term infge »n ' > h? (Q,F;) and the dimension term
i=1

D(#)/n. In the simple situation where the observations are actually i.i.d. with distribution
P in ./, the approximation term vanishes and we have

D(A)

n

CE [ (P.P)] <

One can see that the dimension term determines an upper bound on the convergence rate of
the estimator over .#. In most of the applications of p-estimation, the rate D()/n is optimal
up to a logarithmic factor.

The p-dimension can be related to more common notions of dimension such as the VC-
dimension that we briefly introduce in Section [L.5, with a few results and references on the
subject. Let M be a class of density functions associated with .#, with respect to a o-finite
positive measure on (2°,X). If M is VC-subgraph with VC-index V (.#), we can take

D(#)=CV(M)logn, (1.24)

where 4 is the model given by and (' is a universal constant.

As we said earlier, assuming that the observations are i.i.d. with common distribution P in
A could be debatable. The bias or approximation term measures how far is the model from
the truth. It accounts for the robustness of the estimator P. We can illustrate it considering
specific types of departures from this assumption.

e If the observations are i.i.d. with common distribution P that does not belong to .,
from we get

CE [n* (P,P)| < 1?(P.#) + D(;/{),

where the notation h?(P,.#) is defined as follows. For a distribution P € &y and a class of
distributions 2 C Py, we write

h(P.F) = int W(P.Q)
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We can see that the estimator is robust to misspecification, i.e. the deviation bound is not
significantly worse as long as the distance h (P,//[ ) is of order not larger than /D, (.#)/n.

e We can also consider the situation where the observations are only obtained after an
alteration of a sample from a distribution P in .#, that we model as follows. The observations
Xi,...,X, are given by

where the variables X = (X;);<i<, are i.i.d. with common distribution P, the (E;); are inde-
pendent Bernoulli variables and (X); are independent random variables with arbitrary distri-
butions. For 7 in {1,2,...,n}, the probability of observing X; instead of X; is ¢; = P(E; = 0).
This includes the Hiiber e-contamination model (see [53]) where observations are i.i.d. with
common distribution P of the form

P=(1-¢)P+¢Q. (1.26)

It corresponds to the case where P(E; = 0) = ¢ and £(X;) = Q for all i € {1,...,n}. It
also includes adversarial contamination inspired by adversarial machine learning. Before the
statistician is given access to an i.i.d. sample X1,...,X,, an adversary can select any subset
(X)ier of observations and replace them with any arbitrary values (X,);c7. In this thesis we
will rather not use the term adversarial contamination and rather say that the observations

(X,)ier are outliers. We can be even more general and not assume that P is necessarily in .4
in the situation described by (1.25)). In that case we get

C'E 1 (P.P)] <h?(P.#)+ 711 S+ D<;;/{),
=1

where C" = C'/(1+ C) is a universal constant and C' comes from ([1.23]). Basically we have split
the approximation term in two terms using the convexity of the squared Hellinger distance. In
this thesis, we repeatedly use the inequality

R*(PAQ1 + (1 — A)Q2) < M2(P,Q1) + (1 — M)A (P,Qs), (1.27)

for all distributions P, Q; and @y on (2°,X) and all A € [0,1]. The first term h? (?,,///)

accounts for the misspecification, it quantifies how far is the model from the distribution of
n

interest. The second term n~' 3 ¢; accounts for the alteration of the data, it quantifies how
i=1

far are the observations from being an i.i.d. sample from the distribution P. On average, the
number of contaminated observations is ¢; + - - - + ¢,,, which corresponds to ne (respectively |I])
in the case of contamination (respectively outliers). As long as those terms are of order not
larger than D()/n, the upper bound for the risk of the estimator is not significantly worse.
Therefore we shall say that the estimator P is robust to misspecification and to alteration of
the data.

An estimator being robust to misspecification is interesting in itself but also because it
allows us to consider approximation models. This approach is quite popular in nonparametric
estimation when a class of densities or regression functions is approximated by a simpler class
of functions. It is the case in the situation we described earlier with for instance. In our
framework, we will consider nets with respect to the Hellinger distance.

Definition 1.6. We say that .# C Px is an n-net of M C Px if, for all P in M, there
exists Q in M such that h(P,Q) < n.

We can easily see with Theorem what we would obtain with approximate models. Let
A [n] be an n-net of .# with respect to the Hellinger distance. If . [n)] is the associated model
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given by (1)), the p-estimator P = P(X .#[n]) satisfies

13, s
CE [n > n?(P.p)

=1

R R D(An))
< ngf]ﬁ ; W (Q.P) +n° + — (1.28)

In particular, for i.i.d. observations with distribution P, we get

CE[i? (PP)] < w* (Pt) + ot + 2.

Therefore, we can obtain a uniform bound on the convergence rate over .# by balancing the
terms n? and D (A [n])/n.

1.4.3 Mixture models (Chapter |2

In Chapter 2] we fill a gap in the literature providing non asymptotic guarantees in a very general
framework, along with robustness results. For classes of distributions %1, ..., %k € Px, we
define the associated K-component mixture models

K
%(K,yl, - ,fK> = {Z kak;w € WK,Fk € yk,Vk € [K]}

k=1

We will call the classes %1, ..., % emission models. We assume that the emission models are
dominated by a o-finite measure pu, typically the Lebesgue measure, and there are classes of
density functions F7, ... ,Fx with respect to u associated with %1, ..., %k. If we denote by 4
the model given by with A4 C M (K, F1,...,Zk), we prove a bound on the p-dimension
that depends on the VC-dimension of the emission density models. We can take

D(#)=C(Vy+ -+ Vk)logn, (1.29)

where C' is a universal constant and Vi is the VC-dimension of F;. We can deduce the following
deviation bound from this result and the general inequality ((1.23)).

Theorem 1.2. (Theorem |2.1) For indgpenc{ent random variables X1, ..., X, with arbitrary
distributions Py, ... ,P,, the p-estimator P = P(X,.#) € M satisfies

1 .
CE ln ;fﬂ (P.P)

where C' is a positive universal constant.

+(V1—|—---—|—VK)logn

- (1.30)

1TL
< inf =Y h* (P,
_ngﬂng (PQ)

To our knowledge, there is no similar result of robustness in a general framework for mixture
models. We can obtain risk bounds and convergence rates for the considered models determining
the VC-dimensions V7, . .., Vi of the corresponding emission models. For instance, if we consider
Example [1.5] we can show that the VC-dimension of the class of uniform densities is 2, and
therefore the p-estimator satisfies

4logn < 2+410gn.

2 (B B 2 (B
CE[n?(P.P)| <h*(P.)+ - p
The fact that the true distribution P does not belong to the model does not deteriorate the
performance of the estimator, contrary to the MLE.

We consider the cases of multivariate location mixtures and multivariate location-scale mix-
tures of normal distributions. Let Cov,.(d) denote the class of d x d symmetric and positive-
definite matrices.
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Theorem 1.3. (Corollary[2.1)

We assume the observations X1,...,X, are i.i.d. with common distribution P.

o Let M be the d-dimensional Gaussian location-scale mizture model with K component,
i.e.

Fr=-=Fg = {N(N,E);u eRY Y e C’ov+*(d)}.
There is a positive universal constant C' > 0 such that the p-estimator P on M, satisfies

CE i (7] < Kd?[1+1log (% V K)] |

n

for all P € ;.

o Let Mpe(X) be the d-dimensional Gaussian location mizture model associated to the co-
variance matriz 3 € Covy,(d), i.e.

Fr=- =T = {N(uL)n R

There is a positive universal constant C > 0 such that the p-estimator P on Mipe(X)
satisfies
. Kd|l+log(%V K

n

for all P € Mp.(X).

Those rates are optimal up to a logarithmic factor. Doss et al.[30] obtain the optimal
rate with no logarithmic factor for Gaussian location mixtures with known isotropic covariance
matrix. However, the dependency in the number of components K of their bound is worse than
exponential when it is just linear for our estimator.

We also consider nonparametric settings for s-concave and log-concave emission densities.
Let C be the class of concave functions R — [—00,00). We say that a function f : 2" — R is
s-concave if there exists ¢ in C such that

f:g}r/s for s > 0,
f= (—g)fr/s for s € (—1,0).

Similarly we say that such a function f is log-concave if there exists ¢ in C such that

f=expg. (1.31)

The class of log-concave densities includes many usual parametric densities such as Gaussian,
exponential, logistic or Laplace densities. It is possible to use finite nets to approximate the
class of log-concave (or s-concave) densities that are upper bounded by a uniform constant M.
We follow the approach exposed earlier to obtain and deduce a deviation bound for our
estimator based on mixtures of log-concave (or s-concave) densities (see Corollary 2.2)). Let .#
be the model of all mixtures with K emission densities upper bounded by M and s-concave,
the case s = 0 corresponding to log-concave emission densities. There exists a constant C'(M,s)
depending on M and s such that the p-estimator P on . satisfies

K [1+log (Kn)]
nAl5 ’

C(M,s)h? (F, 15) <
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where the observations are i.i.d. with common distribution P in .#. The uniform bound on the
convergence rate we obtain is similar to the one obtained by Doss & Wellner [29] for a single
component, i.e. in the case K =1, up to a logarithmic factor.

We also consider the estimation of a general mixture of normal distributions. It corresponds
to Example [I.2] in the case where the class .% is the family of univariate normal distributions.
We consider location-scale mixtures with mixing distribution supported on a compact set, i.e.
distributions with a density with respect to the Lebesgue measure of the form

6—($—z)2/202

)= [ o ),

where 7 is the mixing distribution and there are (finite) positive constants M,o_,o, such that
n([—M,M] x [0% ,0%]) = 1. Our estimator achieves the same rate as the one given by Ghosal &
van der Vaart [49] with less assumptions on the true distribution.

We can also deduce results for the estimation of the parameters. Our aim is to obtain similar
results as for the estimation of the mixture distribution, in particular we want non-asymptotic
deviation bounds that also allows us to exhibit the robustness of the parameter estimators.
Although identifiability is necessary to ensure that the problem of estimating the parameters is
not ill posed, it is not enough to obtain non-asymptotic results. Our approach is to show that
when two distributions in the model are close to each other then the associated parameters are
also close to each other. Ideally, for a parametric model .# = {Py,0 € ©},0 C R?, we would
have an inequality of the form

C(O) (1A 110 —013) < 1* (Po,Fy) 0 € ©, (1.32)

for each § € ©, where C(f) is a positive constant that depends on 6. In that case, we can
deduce the following result from Theorem and the convexity inequality (1.27). For all # in
O, the p-estimator P = P; on ./ satisfies

+(V1+---+VK)1ogn
n

)

n
COE[LAIB-0IE] < - 31 (P.Fy)
i=1
where C(0) is a positive constant that depends on #. We can deduce a convergence rate for the
parameter estimators when the model is well specified. We can see that the parameter estima-
tors are robust for similar reasons as for the distribution estimator, as long as the parametric
model we consider satisfies an inequality similar to . Under this assumption in particular,
we do not worry whether the model is exact or not before considering the estimation of the
parameters. True parameters might not exist but we can always aim for the best approximation
within the model, if the associated distribution is not too far from the true distribution.

We use the theory of Ibragimov & Hasminskii [54] to prove inequalities similar to for
regular parametric emission models (see Theorem . We can also use existing results that
relate to the Lo-distance between densities instead of the Hellinger distance between distribu-
tions when the considered densities are bounded. Let P = p-pu and () = q- i be two probability
distributions with bounded densities p and ¢ with respect to a positive measure . We have
the inequality

1p = all2 < 4(I1plloo + llalloo) b2 (P.Q). (1.33)

We consider the specific case of two-component location mixtures with one known location
parameter given by investigated by Gadat et al. [40]. We show that our method applies to
the different location families they consider, i.e. location families based on a Cauchy, Gaussian,
Laplace or skew Gaussian distribution. We obtain similar results with respect to the Hellinger
distance with weaker assumptions.
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We also consider parameter estimation for the mixture model
M ={P,,.=(1—w)Suo~+ wS,.;w e (0,1],z € (—00,0) U (0,00)},

defined earlier in Example It does not fit in common frameworks as the emission densities
are unbounded with a singularity. However, we can still obtain an interesting lower bound on
the Hellinger distance. For all w* € (0,1] and all z* # 0, there is a positive constant C'(a,w*,z*)
such that for all z € R and all w € [0,1], we have

W2 (P 2oy Puz) > Claz" ) [(w)* (1A ]2 = 2*7°) + (0 —w)* (LA [27])]

This inequality allows us to deduce convergence rates for the estimation of w* and z* from
Theorem (see Theorem . We obtain the usual 1/4/n parametric rate, with respect to
the Euclidean distance, for the estimation of the weight w*, up to a logarithmic factor. The
singularity of the emission densities allows us to obtain a faster convergence rate for the location
parameter z*. Up to a logarithmic factor, this rate is of order n=%/(1=® which is minimax and
faster than the parametric rate.

All the results mentioned so far were obtained by considering one mixture model with a fixed
number of components K and fixed emission models %1, ..., %x. We can lift this restriction
using model selection. We provide a general result of model selection and focus on two cases:
the selection of the order for a fixed emission model and the selection of the emission models
for a fixed number of components.

The first situation is illustrated with the selection of the order of an estimator based on
mixtures of univariate Gaussian distributions. We prove a uniform bound on the convergence
rate of our estimator over a class of distributions with densities satisfying regularity and tail
conditions. There exists a positive constant C'; 5 such that if the observations are i.i.d. with

distribution P € % with 0 < 8 < 3 < 3, our estimator P satisfies

58
(log n) 2+
28 )
n26+1

Cy3E [h%P,ﬁ)] <

where 75 is a class of distributions with associated densities having regularity index / (see
Theorem [2.11)). We obtain the same rate as Maugis-Rabusseau & Michel [68] which is minimax
up to a logarithmic factor and our estimator is adaptive to the regularity of the target density.
However, we do not need to know bounds 3 and B on f3 to construct our estimator which is
the case in [68].

In the second situation, the number of components K is fixed but the emission distributions
can belong to different emission models. We consider an application for emission distributions
that are either Gaussian or Cauchy, i.e. distributions of the form

e = sz (z:,07) + Z w;Cauchy(z;,07). (1.34)
i=j4+1
We prove that, when the sample is large enough, with high probability we can identify the
number of components corresponding to each type of distribution, i.e. the integer j in the
example above, and the parameter estimators satisfy the inequality

i
C(w,j,z,0) (||w —|* + Z H(ngﬁi) — (%,63) H Al 4+ Z |(Zk,0k) (2k,6k)||2 A 1)

k=1 k=j*+1
Klogn

< g

n

Y

where C(w,j,2,0) is a positive constant depending on P, ; ., (see Theorem [2.9)). To our knowl-
edge, this is the first result of this nature.
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1.4.4 Dealing with dependent observations and applications (Chap-
ter (3))

Robustness to the independence assumption

In Chapter [2l we make the assumption that observations are independent. However, in Chapter
we show that our estimator is robust to small deviations from this assumption. We have the
following result for general models .# of the form (L.1)), extending Theorem [1.1]

Theorem 1.4. Theorem [3.]]
For (possibly dependent) random variables X, ..., X, with respective distributions Py, ... Py,
the p-estimator P = P(X, . #) satisfies

1 e 1 D(#)  K(P|[P™)
CE |- n*(P,P)| < inf =) W (Q,P 1.35
an: (P.P,) _ég%n; (Q.F) + ——+ — (139)
where C'is a positive universal constant, P* is the joint distribution £(X1,...,X,) and P"? s

the product of the marginal distributions given by .

One should notice that this result is assumption-free. It is similar to with an addi-
tional term that accounts for the dependence within the observations. We can see that this
deviation bound is not significantly worse than the one we would have if the observations were
independent, as long as the quantity K (F*HFZM) is of order not larger than D ().

We show that the robustness to misspecification and alteration of the data is not damaged

by removing the independence assumption. Let Xi,... X, be observations given by
where X = (X;); is the process of interest, E1,...,E, are Bernoulli random variables and

X = (X,); is the contamination process. For i in {1,2,... n}, the probability of observing X,
instead of X; is denote by ¢; = P(E; = 0).

Definition 1.7. Independent contamination.
We talk about independent contamination of the data if the observations X.,...,X,, are given
by and the variables By, ..., E, X, ..., X, and X are mutually independent.

We show that, in the case of independent contamination, the dependence term is not bigger
than without any contamination, i.e.

K (L(X1, . X)L @ 8 L£(X,)) S K (LK, X)ILEXD) @ @ LX)
Therefore our estimator is robust to independent contamination.

Proposition 1.1. (Corollary[3.1)
Let the observations X1,Xs, ..., X, be given by the contamination described by . If the
contamination is independent, the p-estimator P = P(X,.#) satisfies

| ~ K (P[P
Ségf”i;h2(Q,Pi)+;i_l~ —+ (n )

1. a
CE [n ;hQ (P,PZ)

where C is a positive universal constant, P~ = L(X1, ..., X,) and P = R, P =@, L(X).

We can see that the deviation bound is not significantly worse as long as the average

n
contamination rate n=! 3 ¢, is of order not larger than D () /n.
i=1
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Estimation strategy for mixing processes

Our estimation strategy basically follows the path initiated in ((1.22)) but is more elaborate
and we use all the observations for a better robustness to independent contamination. We can
still use it to simply explain what type of results we can obtain. In the ideal situation where

X1,...,X, are (possibly dependent) random variables with common distribution P in .#, the
p-estimator P, = P(X©) .# ) satisfies

D) K (Pz|[Pid)
n(s) n(s) ’

where C' is a positive universal constant, . ) = {P®"(s); P e ,///}, P! = £(X®) and P =

P Based on this deviation bound, if one knows how the quantity K (P:||Pi"d> behaves
with respect to s, they can choose a value of s that balances the two terms, as we already know
that n(s) behaves roughly like n/(s + 1) and the dimension D(.#®)) depends on the choice of
the model and should be known.

We prove that the term K (PZHPZM) /n(s) decreases geometrically with respect to s for
finite state space HMMs and for a class of diffusion processes observed at regular time steps.
It is possible to deduce a bound on the converge rate of our estimator of P. In that case, we
obtain bounds on the convergence rate for the estimation of P by taking s of order log®n, or
clogn where ¢ is a constant depending on the true distribution. It shows that the number
of observations used for the estimation is of order n/ logZn, in the latter case, and up to a
logarithmic factor the convergence rate is the same as if the observations were independent.

CE[1? (P, B,)] <

Hidden Markov models

We follow the strategy discussed earlier relying on the fact that the parameters of a stationary
finite state space hidden Markov model can be deduced from the distribution of consecutive
observations. For integers L and s, and observations X = (X3,...,X,,) we define a new set of
variables

Y® = (Y17Y2+sayl+2(s+1)a s 7Y1+n(8)(8+1))’ (1'37)
where n(s) = |(n— L)/(s+ 1)] and

Y= (X Vi), (1.38)

for i in {1,...,n+1— L}. One can see that distributions of the form PE?,QJ,F) given by (|1.11
are finite mixtures of product distributions therefore we can rely on the work established in
Chapter 2| For classes of distributions ., ..., %, the associated model for the distribution
of L consecutive observations of a finite state space HMM is given by

HKFy, . Fr) = {PRonmiw € Wi, Q € T, Fy € Fi.Vk € [K]}.

We use ([1.29) to obtain a bound on the p-dimension of models based on (K, Z1,...,Fk).
Assume Fi, ..., Fx are classes of density functions (with respect to a common o-finite positive
measure) associated with the emission models ., ..., % . If we denote by . the model given

by (1.1) with .# C (K, 71, ...,Zk), we can take

1<k1,...k <K

D(-ﬁ) - CL ( Z Vk‘l ..... kJL) 1Ogn7
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where C' is a universal positive constant and Vj, x, is the VC-dimension of the product of
density models

-Fkl,...,k:L = {X — fkl (.Tl) - ka(ZL’L); fkl € fkl,VZ ~ [L]} ,kl, A ,kL € [K],

see Proposition
If X is an ergodic finite state space HMM with parameters (K*,Q* 7, F*), i.e. Q" is irre-

ducible and aperiodic, then Q* admits exactly one invariant distribution that we denote 7* and
we define the associated distribution P* given by

* L
P* =P oo oy, (1.39)

where Pg?@,w, ) Is given by (1.11)). Ergodicity also allows us to bound the dependence term

and to show that most of the distributions (£(Y;)); lie in a small neighborhood of P*, making
the stationarity assumption unnecessary. In that case, there exist positive constants C'(Q*) and
c(Q*) depending on @Q* such that for s > ¢(Q*)logn, the p-estimator P, = P(Y* . #)) ¢ .4
satisfies

C(QE [n* (P, P,)| < n* (P, ) + L ( 3 ka> (s 1)logn

1<ki,rkp <K n

see Theorem [3.4and (3.40)) in particular. If we know the constant ¢(Q*), or eventually an upper

bound ¢ on it, we can take s = [¢T logn] which gives

N 1 2
C(Q . HE 12 (P B)] < W2 (P*.tt) + L ( ) ka) =
and if P* belongs to .# we obtain a convergence rate of order n~'log®n with respect to the
squared Hellinger distance, which is optimal up to a logarithmic factor. If it is not the case we
can take s of order log? which establishes a rate with only an additional logarithmic factor. We
obtain a bound of order n='log® for all P* in the subset .#* C .# of ergodic HMMs given by

@ irreducible ,
M= IP%F € . #; (@ aperiodic,
and w = Quw

However, this bound is not uniform as some of the constants depend on the transition matrix
of the true HMM.

We show a bound for the VC-dimensions Vi, i, when all the emission models are expo-
nential families, i.e. for all £ the emission model has a associated class of densities Fj, given
by

Fh = {f@ L x e O Te(@)+ARO)+Br(@). g @k} ’

where Oy, is a non-empty set, T : 2 — R%* and B : 2° — R are measurable functions,
n: 6O — R% is such that Ay(0) := —log [, O T@+Br@)y (dr) is well-defined. In that case,
we have Vi, r, <3+dy, +---+dy, forall ky,... ,kr such that

D(A) < C [BKE+ LK " (dy + -+ +di)]

where C' is a positive universal constant (see Proposition . Exponential families include
usual parametric models such as normal, exponential, gamma or beta distributions for example.
We consider the cases of location and location-scale families of multivariate normal distributions
and provide bounds on the convergence rate for the estimation of P* in Theorem
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As for mixture models, we can deduce deviation bounds for the parameter estimators when
the Hellinger distance between distributions is lower bounded by a distance between the corre-
sponding parameters (see ((1.32)). We use the theory of Ibragimov & Has'minskii [54] to prove
such an inequality for models with exponential families as emission models and satisfying some
regularity conditions. We obtain the expected parametric rate for the parameter estimators,
up to a logarithmic factor. We illustrate this result for finite state space HMMs with emission
distributions that are exponential distributions in Theorem [3.9] If the observations come from
a HMM with an ergodic transition matrix @) and emission distributions £(0,),...,E(0x), for
s = [log n] our parameter estimators satisfy

v 21T A2 L ST 2 slog’ n
CQOE |[[w—d|* +[|Q = QI+ D (0 — )" AN1| < K :

k=1 n

where W is the stationary distribution with respect to Q, C(w,Q,d) is a positive constant
depending on the true parameters and £(#) is the exponential distribution with parameter 6.
We can also consider nonparametric estimation with finite nets as an approximation, follow-
ing the approach of . We illustrate it for emission models containing distributions with
densities that are log-concave. Under the ergodicity assumption and if the emission distribu-
tions have a log-concave density with respect to the Lebesgue measure, there exist a positive
constants C'(P*) such that for s = [log?n] we have
C(PME [n* (P, P,)] < [rrlosn
Y S — nbd )
where the constants ay and by depend on the dimension d and are given in Theorem (3.5 The
convergence rates are similar to the ones obtained for density estimation of a log-concave density
from i.i.d. observation (see Kim & Samworth [58] and Kur et al. |[60]). We only obtain worse
logarithmic terms due to the higher complexity of the model and the dependence within the
observations. It is possible to deduce deviation bounds for the parameter estimators under
additional assumptions, using inequality and the results of Lehéricy [63], such as .
We also consider an atypical example inspired by Example [I.6] We take L = 2 and believe
that P* is of the form

pw,z,q = (1 - w)Sa,O ® (qO,ISa,z + (1 - q0,1)So¢,0) + wSa,z ® (q1,OSa,0 + (1 - q1,0)8a,z) .

This corresponds to a translation hidden Markov model with two states, one of which is known.
If the true distribution is an ergodic finite state space HMM and P* is actually of the form
Py=g, for s = [log®n] our parameter estimators satisfy

* __ N _ R - R _ R 70{ lOgSTL
C<P)E[(w_w)Q—i-(QQ—le)Q—l-(Qm—Q21)2+(|Z—z|/\1)1 }g —,

where C'(P*) is a positive constant that depends on P*. We obtain the usual 1/y/n parametric
rate, with respect to the Euclidean distance, for the estimation of the transition probabilities
Q0.1,q10 and of the stationary distribution w, up to a logarithmic factor. As in the case of

-1/(1-«

mixtures, we obtain the faster rate n ) for the location parameter %, up to a logarithmic

factor.

Diffusion processes

In Section|3.3], we consider the problem of estimating the invariant distribution of the stochastic
differential equation

dY, = dB, — VU (Y,)dt, (1.40)
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where (B;);>0 is a d-dimensional Brownian motion, d > 1. Under some conditions on U : R —
R this equation is well defined and the associated invariant distribution P has a density p with
respect to the Lebesgue measure given by

. 6_2U(y)
ply) = m-
We consider the estimation of P from discrete observations X7, ...,X, assuming they are given

by X; =Y;,, where (Y;); is a stationary solution of and 0 <t < - <ty < t, < 0.
For the sake of simplicity we consider a constant time step A; > 0 such that ;.1 =t; + Ay

Strict convexity of U is a sufficient condition for everything to be well-defined and it has
two interesting consequences. In that case, the distribution P has a log-concave density with
respect to the Lebesgue measure. There is a rich literature on log-concave density estimation in
the i.i.d. context, particularly for the maximum likelihood estimator. Dumbgen & Rufibach [34]
and Schuhmacher & Diimbgen [81] established consistency results for the maximum likelihood.
Dumbgen et al. [35] investigated the approximation properties of log-concave densities. More
recently, Kim & Samworth [58] and Kur et al. [60] proved non-asymptotic results for the maxi-
mum likelihood estimator with respect to the squared Hellinger distance. We can rely on some
of the different results contained in those papers to consider the estimation of P.

We obtain a risk bound for our estimator P of P in any dimension. There is a positive
constant ¢(U) such that for s > ¢(U) logn we have

(s+1)log™n
nba

Y

C(UAE [1? (PP,)] <

where aq and b, are constants given in Theorem [3.2)that depend on the dimension d. We obtain
convergence rates that are similar to the ones of Kim & Samworth [58] and Kur et al. [60] for
i.i.d. observations. We only obtain worse powers of logn except in the 3-dimensional case. To
our knowledge, the approach we propose is quite new in the context of diffusion processes. In
particular, there are no comparable results of robust estimation in a similar framework.

Selection of the spacing parameter

The procedure described by ((1.22) requires the statistician to specify the spacing parameter s
giving the subset X () of observations to be used for the estimation. One needs some knowledge
on the true distribution in order to choose a satisfactory value of s. This is restrictive as we
want to avoid making any assumption on the true distribution of the observations. In Section
[B.5 we propose a strategy to automatically select a value of s from a second set of observations.
For a subset .#Z of & and independent sets of observations
1 2
X = (XY, X)) and X® = (X7, x?)

we consider the following procedure. We use the first set X() to get an estimator P, =
P (X(l’s) M (3)> for different values of s in a set S. In a second time, we use X to select a

value § in S and our final estimator is P = P;. We show under minimal assumptions that our
estimator performs almost as good as if we knew the optimal value for s. We also show that
the estimator is still robust to independent contamination and we present an application to
finite state space hidden Markov models.

1.4.5 Model selection for finite state space HMMs (Chapter [4))

For the sake of simplicity, we do not consider the possibility to use model selection in Chapter
We extend this framework in Chapter [] with model selection for finite state space HMMs,
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allowing us to consider different possible values for the order K and/or different emission
models. For the sake of simplicity, we consider the two situations separately. For the selection
of the order, we can show that if the true distribution belongs to the model with order K*,
we do not underestimate K* for n large enough. For the estimation of the distribution P*
given by , the estimator achieves the same rate as if K* was known. We illustrate this
with an application with Poisson emission distributions. For the selection of the emission
models, we take the example of multivariate Gaussian emission models. We define classes of
covariance matrices fixing some of the coefficients to be null and associate a class of multivariate
normal distributions to each class of covariance matrices. We consider those classes as potential
emission models and use model selection with a penalty related to the number of zeros in the
covariance matrices. We show that the dependence on the dimension in the risk bound can be
improved if the true covariance matrices of the emission distributions are sparse, which is very
interesting in high dimensions.

1.4.6 General HMMs (Chapter [5))

We present another extension in Chapter 5] considering hidden Markov models with a general
state space. We consider the case of univariate normal emission distributions. The model
assumes that observations Xi,...,X,, are given by

2
Xi = Z; + 0,8,

where (z;,07); is a Markov chain on R x (0,00) and ¢y, . .. &, are i.i.d. standard normal distribu-
tions. We prove a result of identifiability from the distribution of two consecutive observations.
If (hi); = (z:,0%); is a Markov chain with Markov kernel @ and initial distribution 7 stationary
with respect to @, the distribution Py g of (X;,X;+1) has a density with respect to the Lebesgue
measure given by

7(921—Z1)2 7(1‘2—22)2

Pro(21,22) = (27?)_1/01_16 2t oyle > Q(hy,dhy)m(dhy).

We prove that such distributions can be well approximated by finite mixtures of multivariate
normal distributions when 7 and () are supported on a compact set. We build an estimator
of P; o based on such mixtures and prove a bound on its convergence rate. To our knowledge,
this is the first non-asymptotic result for a general HMMs that are not translation HMMs. In
our case, it corresponds to the situation where the variance o2 is constant.

i

1.5 Reminder of Vapnik-Chervonenkis theory

For a more detailed introduction to VC-subgraph classes we refer the reader to Van der Vaart &
Wellner [84] (Section 2.6.5) and Baraud et al. [9] (Section 8). The VC-dimension was originally
introduced by Vapnik & Chervonenkis [85] to measure the complexity of a model in binary
classification. Let C be a collection of subsets of a set 2. We say that C shatters a set
S = {x,...,xx} C Z if each subset of S can be obtained by taking its intersection C'N S
with some set C' € C. This means that a classification algorithm based on C can learn a perfect
classifier for the sample S.

Definition 1.8. The VC-dimension of C is the largest cardinality |S| of a set S C 2 that C
shatters. We say that C is a VC-class (of sets) if its VC-dimension V (C) is finite. We can also
use the VC-index V (C) given by V(C) =V (C) + 1.
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This notion can be extended to classes of real-valued functions through the classes of sets
given by their subgraph. Let F be a collection of functions 2" — R U {+o00}. For f in F we
define its subgraph by C; = {(z,t) € Z" x R; f(x) > t}.

Definition 1.9. The VC-dimension of the class of functions F is the VC-dimension of the
class of sets Cr = {Cy; f € F}. We say that F is a VC-class or a VC-subgraph class if its
VC-dimension V (F) is finite.

We can also use the notion of VC-index for classes of functions. The remarks below imme-
diately follow from this definition.

o If .# is VC-subgraph with dimension V', then any subset ¢4 C .% is VC-subgraph with
dimension at most V.

o If % is afinite set, .# is VC-subgraph and its dimension is not larger than V' = log, (|.#|)V
1.

We can state some results that give an idea of the VC-dimension in some cases. The following
one relates the dimension of a finite-dimensional vector space of functions to its VC-dimension.

Proposition 1.2. (Lemma 2.6.15 [84)])
Any finite-dimensional vector space F of measurable functions f : Z — R with dimension
d(F) is VC-subgraph with VC-dimension smaller than or equal to d(F) + 1.

The result below allows us to establish bounds on the VC-dimension that are more compli-
cated than simple vector spaces.

Proposition 1.3. (Proposition 42 [9])
Let F be VC-subgraph with VC-dimension V' on a set Z .

1. For all function g : Z — R, the class of functions F+g = {f+g, [ € F} is VC-subgraph
with VC-dimension not larger than V.

2. For all monotone function ¢ on R, the class of functions o(F) = {po f,f € F} is
VC-subgraph with VC-dimension not larger than V.

With the two propositions above, we can already prove that any exponential family of
densities is VC-subgraph. For multivariate normal densities for instance, we can see that we
recover the usual notion of dimension in parametric models, up to an additive constant.

Proposition 1.4. (Lemma[2.1)

Let d > 1. Let Covy.(d) be the set of d x d symmetric and positive-definite matrices. For
p € R and ¥ € Covy.(d), we denote by g, the density function of N (u,%) with respect to
the Lebesgue measure given by

1 1
() i= — s exp (=5 (0 = )5 (= ).
' (2m)?[] 2
Let Gy be the location-scale family of densities given by Gg := {gmg; peERLY € COU+*}. For a
fized X, we denote by Gioo(X) the associated location family given by Goe(2) := {gmg;,u € Rd}.

The sets Gq and Gioe(2) are VC-subgraph with VC-index bounded by 3 + @ and 3+ d respec-
tively.
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1.6 Possible extensions

We can identify different directions in which the work of this thesis can be extended.

We considered continuous mixtures of Gaussian distributions and HMMs with general
state space with Gaussian emission distributions. This could be generalized to other
location or location-scale parametric families for the emission distribution and eventually
to a nonparametric framework.

Our framework focuses on cases where observations are identically distributed or close to
it. This does not allow us to investigate time series with trends or cycles for example.

We provided some results similar to to lower bound the Hellinger distance between
distributions by a distance on the parameters for specific cases of mixture models and
hidden Markov models. It would be interesting to investigate further the problem of
deducing the parameters from the distribution of interest in cases that have not been
treated or eventually other types of latent variable models.

We considered a specific class of stochastic differential equations. The approach could
be easily extended to other diffusion processes. The main difficulty is to bound the
dependence term. To do so we need to investigate the quantity

K (L(X5, Xeq6)[|£(X) @ L(Xpys)) 5t,5 > 0.

1.7 Organization of the thesis

Chapter [2| is based on the paper Lecestre [62] published in ESAIM: PS and is dedicated to
mixture models. We consider observations that are not necessarily independent in Chapter
and present applications to finite state space HMMs and a type of diffusion processes. This
chapter is based on the arXiv paper Lecestre [61]. The last two chapters are ongoing projects
that extend the applications to hidden Markov models presented in Chapter [3] Chapter []
presents a general result of model selection for finite state space HMMs with applications to
the selection of the order and the selection of the emission models. Chapter [5| deals with
estimation for general state space hidden Markov models for the particular case of normal
emission distributions.
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Robust estimation in finite mixture
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Abstract

We observe a n-sample, the distribution of which is assumed to belong, or at least to be close
enough, to a given mixture model. We propose an estimator of this distribution that belongs to
our model and possesses some robustness properties with respect to a possible misspecification
of it. We establish a non-asymptotic deviation bound for the Hellinger distance between the
target distribution and its estimator when the model consists of a mixture of densities that
belong to VC-subgraph classes. Under suitable assumptions and when the mixture model is
well-specified, we derive risk bounds for the parameters of the mixture. Finally, we design a
statistical procedure that allows us to select from the data the number of components as well
as suitable models for each of the densities that are involved in the mixture. These models are
chosen among a collection of candidate ones and we show that our selection rule combined with
our estimation strategy result in an estimator which satisfies an oracle-type inequality.

2.1 Introduction

Mixture models are a flexible tool for modeling heterogeneous data, e.g. from a population
consisting of multiple hidden homogeneous subpopulations. Finite mixture models are models
containing distribution of the form

K
Pur=> wiFy, (2.1)
k=1

where K > 2, each Fj, belongs to a specific class of probability distributions (e.g. nor-
mal distributions in the case of Gaussian mixture models) and w belongs to the simplex
Wk = {w € [0,1]K; wy 4w, = 1}. For a complete introduction to mixture models and
an overview of the different applications we refer to the books of Mclachlan & Peel [71] and
Frithwirth-Schnatter [38].

Assume we have a sample X := (Xi,...,X,,) of i.i.d. data, each coordinate following the
probability distribution P*. The majority of the statistical methods based on finite mixture
models aim to solve one of the following problems: density estimation (estimation of P*), pa-
rameter estimation (estimation of w* and/or F* assuming P* = P, p+) and clustering. The
monographs of Everitt & Hand [36] or Titterington et al.[83] provide a good overview of the
different estimation methods that have been developed for mixture models such as maximum
likelihood, minimum chi-square, moments method and Bayesian approaches. Although al-
gorithms are numerous, theoretical guarantees are mostly asymptotic and restricted to very
specific situations. To our knowledge, only a few non-asymptotic results have been established
in the case of density estimation based on Gaussian Mixture Models (GMMs). The approxi-
mation and entropy properties of Gaussian mixture sieves have been investigated by Kruijer et
al.[59], Ghosal & van der Vaart |[49] and Genovese & Wasserman [48] where bounds on the con-
vergence rate are given for the MLE and Bayesian estimators. Similarly, Maugis & Michel [69)
use a penalized version of the MLE to build a Gaussian mixture estimator with non asymptotic
adaptive properties proven in [68]. However, those results rely on relatively strong assumptions
and estimators are not proved to be robust to small departures from those assumptions.

This paper aims to provide non-asymptotic results in a very general setting. In our framework,
the data are assumed to be independent but not necessarily i.i.d. Our mixture model con-
sists of probabilities of the form where the F), admit densities, called emission densities,
that belong to classes of function that are VC-subgraph. We investigate the performances of
p-estimators, as defined by Baraud and Birgé [11], on finite mixture models. This paper only
focuses on the theoretical aspects and performances. We do not consider here the problem of
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computing estimators in practice. Our main result, Theorem [2.1] is an exponential deviation
inequality for the risk of the estimator P, which is measured with an Hellinger-type loss. We
get an upper bound on the risk that is the sum of two terms. The first one is an approxima-
tion term which provides a measure of the distance between the true distribution of the data
and our mixture model. The second term is a complexity term that depends on the classes
containing the emission densities and which is proportional to the sum of their VC-indices.
We deduce from this deviation bound that the estimator is not only robust with respect to
model misspecification but also to contamination and the presence of outliers among the data
set. Dealing with models that may be approximate allows us to build estimators that possess
properties over wider classes of distribution. Ghosal & Van der Vaart [49] used finite location-
scale Gaussian mixtures to approximate general Gaussian mixtures with compactly supported
mixing distribution. They consider mixtures with scale parameters lying between two constants
that depend on the true distribution. By using a similar approximation (see Proposition ,
we show in Theorem that our estimator achieves the same rate of convergence but without
any restriction on the scale parameters so that the model we consider does not depend on the
true mixing distribution. In particular, our result is insensitive to translation or rescaling.

Under suitable identifiability assumptions and when the distribution of the data belongs to
our model, hence is of the form ([2.1]), we also analyze the performance of our estimators of the
parameters wi, ..., wx and F,... Fg. In order to establish convergence rates, we relate the
Hellinger distance between the distribution of the data and its estimator to a suitable distance
between the corresponding parameters. A general technique is using Fisher’s information and
results of Ibragimov & Has'minskii |54] for regular parametric models. We can also use other
results specific to parameter estimation in mixture models such as what Gadat et al.[41] proved
in the context of two component mixtures with one known component. In both situations,
we obtain, up to a logarithmic parameter, the usual 1/y/n-rate of convergence for regular
parametric models. We also provide with Theorem the example of a parametric model
for which our techniques allow us to establish faster convergence rates while classical methods
based on the likelihood or the least-squares fail to apply and hence give nothing.

In many applications, starting with a single mixture model may be restrictive and a more
reasonable approach is to consider candidate ones for estimating the number of components of
the mixture and proposing suitable models for the emission densities. To tackle this problem,
we design a model selection procedure from which we establish, under suitable assumptions, an
oracle-type inequality. We consider several illustrations of this strategy. For example, we use a
penalized estimator to select the number of components of a Gaussian mixture estimator and
obtain similar adaptivity results as Maugis-Rabusseau & Michel [68]. We also consider a model
with a fixed number of components but each emission density can either belong to the Gaussian
or to the Cauchy location-scale family. We prove that if we know the number of components,
we can estimate consistently the proportions of Gaussian and Cauchy components as well as
their location and scale parameters. To our knowledge, this result is the first of its kind.

The extension of the theory of p-estimation to mixture models is based on Proposition [2.3
below. The proof of this result relies on an upper bound for the expectation of the supremum
of an empirical process over a mixture of VC-subgraph classes. It generalizes the result that
was previously established for a single VC-subgraph class. The key argument in the proof is
the uniform entropy property of VC-subgraph classes that still holds for the overall density
mixture model with lower bounded weights.

The paper is organized as follows. We describe our statistical framework in Section [2.2] In
Section [2.3] we present the construction of the estimator on a single mixture model. We state
the general result for density estimation on a single model and illustrate the performance of the
estimator on the specific example of GMMs. The problem of estimating the parameters of the
mixture is addressed in the subsection [2.3.5] Finally, Section [2.4] is devoted to model selection
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criterion and the properties of the estimator on the selected model. The appendix contains all
the proofs that are gathered in the same sections when they are related. Those sections include
the main results, density estimation, the parametric estimation in regular parametric models,
the case of two-component mixtures with one known component and the lemmas.

2.2 The statistical framework

We observe n independent random variables X;,X5, ..., X, with respective marginal distri-
butions Py,P;,...,P* on the measurable space (2 ,X). We model the joint distribution
P =P ®Pf® - ®Pfof X = (X1,Xs,...,X,,) by a probability of the form P doing
as if the observations were i.i.d. with common distribution P. We assume that P is a mix-
ture of the form where K is a positive integer, the w; some positive weights that satisfy
S K wy, = 1, and F}, probability distributions. In order to model each of these probabilities

we introduce a collection {?k Nk>1LAe Ak} of possible models and assume that for each
ke {l,...,K}, Fy belongs to Uyea, Z .. We denote by 2y the family of distributions of the
previous form. For each k > 1, we call F}, an emission probability, .# , an emission model,
and &, = {?k AAE Ak} an emission family. Based on the observation of X, our aim is to

design an estimator P of P of the form

K
]3: Zwkﬁk c U P (22)
k=1

K>1

where K, (1), and (F},) are estimators of K, (wy), and (F})y respectively. There are a
lot of possibilities for the collections Ay, depending on the estimation strategy (nonparametric,
polynomial basis, wavelets, ...). We illustrate it in detail with the following example of usual
parametric models on R.

Example 2.1. Let us take Ay = {1,2,3} with
e the Gaussian location-scale family,

Fri=9 ={N (1,0);p €R,0 > 0}; (2.3)

o the Cauchy location-scale family,

F o= ={Cauchy(n,0); 1 € R, 0 > 0};

o and the Laplace location-scale family,

Fr3 =L = {Laplace (ju,0) ;1 € R,0 >0} .

The classical situation that has been considered in the literature corresponds to the case
where the collection {?;ﬁ,\; k>1,\¢e Ak} reduces to a single emission model .%, for example
the family of Gaussian distributions, and the problem is to estimate K and the emission proba-
bilities F}, under the assumption that they all belong to .%. This assumption is quite restrictive
and we rather consider a collection &, of candidate models for Fj, that may even depend on
k. We say that &, is simple when it reduces to a single emission model .%;, and composite
otherwise.
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In order to evaluate the performance of the estimator ]3, we introduce on the set &2 of all
product probabilities on (2™ ,X®") the Hellinger-type distance h defined by

h(Q?Q/) - ZhQ(QHQ;)? for Q = ®Q27 QI = ®Q; S y? (24)
=1 =1

=1

where h is the Hellinger distance on the set & of probability distributions on (£7,X). We

recall that for Q, Q' in &
2
1 |d [dQ)

where p is a measure that dominates both @) and ()’, the result being independent of p.

Assumption 2.1. For all k > 1, the set Ay is at most countable (which means finite or
countable) and such that for all X in Ay, F . contains an at most countable subset Fy, \ which

is dense in Fy, \ with respect to the Hellinger distance h.

This assumption is only made for technical reasons, i.e. it ensures the measurability of
the different objects considered in the proofs. But it is not really restrictive as, from a very
practical point of view, one would only deal with rational numbers which already restrict to
countable models. Moreover, one can check that %1 = {N(u,0); 1 € Q,0 € QN (0,00)} satisty
our assumption in the context of Example It holds as well for %5, Zi 3 and Fy 4 with
the same construction. Given Assumption [2.I] we can fix some notation. The countability
condition implies that there exists a o-finite measure p that dominates all the ?k, yfor k>1
and A € Ax. Throughout this paper, we fix such a measure p and associate to each emission
model .7}, a family of density distributions Fy , such that Fj , = { fwfeF ,\}- In all the
different examples considered in the rest of the paper u is the Lebesgue measure. As explained,
Assumption [2.1]is necessary for very technical reasons. The next assumption allows us to bound
the “dimension” of the model (see the introduction or Proposition [2.3)).

Assumption 2.2. For all k > 1 and A\ € Ay, the family of density distributions Fy,y is VC-
subgraph with VC-index smaller than or equal to Vi, > 1.

In order to avoid too much technicality in the core of this paper, we dedicated Section
to VC-subgraph classes of functions with the definition and proofs of the different results. The
next lemma shows that the VC-index corresponds to what we expect as the “dimension” of the
model in the case of multivariate for normal distributions.

Lemma 2.1. Let d > 1. Let Cov,.(d) be the set of d x d symmetric and positive-definite
matrices. For u € R? and ¥ € Cov,.(d), we denote by g,x the density function of N(j1,3)
with respect to the Lebesque measure given by

1

Gux () == W exp <—;($ — 'S (- M)) :

Let Gy be the location-scale family of densities given by Gg := {gmg; peERLY € COU+*}. For a
fized X, we denote by Gioo(X) the associated location family given by Goe(2) = {gmg;,u € Rd}.

The sets Gq and Gioe(2) are VC-subgraph with VC-index bounded by 3 + @ and 3+ d respec-
tively.



32 Chapter 2. Finite mizture models

The dependence in d is linear and quadratic for the location family and location-scale family
respectively, as for the number of parameters needed to describe each class. Throughout this
paper we shall use the following notation. For P=P, ® ---® P, € & and &« C &, we write

2 s 2 ®@n\) _ = 2/ p
h* (P.«/) = inf h* (P.Q°") = 52;& (P.Q).

For x € R, |z] is the only integer satisfying |z| < x < |z] + 1 and similarly [z] denotes the
integer satisfying [z] — 1 < « < [x]. Moreover, if z > 0 we write log, (x) = log(x) V 0. If A is
a finite set, we denote its cardinal by |A| and if A is infinite, we write |A| = oco. For k in N*,
we denote by [k] the set {1,2,...,k}. The notation C'(f) will mean that the constant C' = C(6)
depends on the parameter or set of parameters 6.

2.3 Estimation on a mixture model based on simple emis-
sion families

In this section, we assume that the &, = {?k} are simple for all £ > 1 and that P belongs

to 2y for some known value of K > 1. This means that we know that P is a mixture of at
most K emission probabilities Fi,...,Fx and that Fk belongs to %, for all k € [K]. Under
Assumption we denote by Vi the VC-index of .#

2.3.1 Construction of the estimator on 2y

For § in (0,1/K], we define the subset 2k 5 of 2 by

K
QK75 = {Z wrky, € QK;U} € Wk N ([5,1] QQ)K,Fk € ﬁk} (25)

k=1

where the .%, are the countable and dense subsets of .%, provided by Assumption We
associate to g s the family Qg s of densities with respect to p1 and the p-estimator Pj of P
based on the family Qg ;. We recall that Pj is defined as follows. Given

[0, + c0] —
x —>

H

~1,1]
—1

+

(% , (2.6)

we set for x = (21,...,x,) € 2" and ¢,¢' € Ok

T(x 2 ;)
4.4 ;w ( q(xi)) , (2.7)

with the convention 0/0 = 1 and a/0 = +oo for all a > 0, and

Y(X,q) := sup T(X,q,q). (2.8)

q'€QK,s

The p-estimator Py is any measurable element of the closure (with respect to the Hellinger
distance) of the set

E,X) = {Q =q g€ Qs Y(Xog) < inf Y(Xq') + 11-36} : (2.9)

q€QK,s
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This construction follows [11] and the constant 11.36 is given by (7) in [11]. This constant
does not play an essential role and can be replaced by any smaller positive number. Ideally,
one would take an estimator that achieves the infimum but it might happen that no minimizer
exists. Using allows us to avoid this problem without significantly deteriorating the
deviation bounds we obtain for our estimator.

As explained earlier, we only focus on the theoretical aspects in this paper. Although p-
estimators have been developed to obtain theoretical rather than computational properties, it is

possible to actually compute the estimators in practice for some models and to run simulations,
as in Baraud & Chen |12] (Section 5).

2.3.2 The performance of the estimator

The following result holds.

Theorem 2.1. Let § € (0,1/K] and § > 0. Assume that Assumptions[2.1 and [2.3 hold and set
V=Vi+- -+ Vg. Any p-estimator P on Qx5 satisfies with probability at least 1 — e~¢,

h? (P*, (155)®”> < co [0? (P*.2x) + n(K — 1)9] (2.10)

= K + 1)
+ 11617 [5.82 +log <<;)> +log, @ﬂ

+ Cl<149 + é)?

where ¢y = 300, ¢; = 5014. In particular, for the choice § =
P =P satisfies

n(KV—l) A %, the resulting estimator

Ch? (P*, Po") < h*(P*, 2x) + V [1 + log <K"> 3 (2.11)
V An

with probability at least 1 — e~¢, where C is a positive universal constant.

The proof of the theorem is postponed to Section [2.B.2] One can notice that the bound we
obtain does not depend on the space 2, e.g. on the dimension d in the case 2~ = R?, but only
on the VC-indices Vi,...,Vx and on §. Inequality shows the influence of the choice of
the parameter ¢ on the performance of the estimator Py. Hereafter, we shall choose ¢ as in the
second part of Theorem and therefore only comment on inequality . Given P in 2y,
it follows from the triangle inequality and the fact that (a +b)* < 2a? +20? for all non-negative
numbers a and b, that

nh® (P, P) =h*(P™", P®") < 2h® (P*, P*") 4 2b* (P, P™") .
We immediately derive from ([2.11]) that on a set of probability at least 1 — e~¢

Vlog(Kn/V) +¢

n

Ch* (P,P) < lf:hz P
=1

(2.12)

3

In the ideal situation where the observations are i.i.d. with common distribution P € 2k, we
obtain that

_ .. Vdog(Kn/V)+¢

ChQ(P,P)g ( / ) .

n
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Integrating this result with respect to ¢ and the fact that P is arbitrary in 2k leads to the
uniform risk bound B -
S Vieg( Kn/V

sup E [hQ (P, P)} < ( / ), (2.13)

P9y n

where C’ is a positive universal constant. This means that up to a logarithmic factor, the
estimator P uniformly converges over 2y at the rate 1/y/n with respect to the Hellinger
distance. One knows that when working with the Hellinger distance, no estimator can do
better that this 1/y/n rate (see (1.1) in [15]).

We can see that we only need to bound the quantity V to deduce deviation inequalities in
specific cases. Therefore, we can already get a bound on the convergence rate for Gaussian
mixtures with Lemma 211

Corollary 2.1. o Let 9 be the Gaussian location-scale mizture model, i.e. Fi = --- =
Fr = {N(,u,E);,u eERLY € C0v+*(d)}. There is a positive universal constant C' > 0

such that, for any p-estimator P =P on D5, for all P € 2k and for all £ > 0, we

have
cie (P.) < Kd?[1+1og (% v K)|+ 57

n

with probability at least 1 — e¢.

o Let QK be the Gaussian location mizture model associated to a fized covariance matriz
Y€ Covyi(d), ie. F1=-=F = {N(M,E);,u € Rd}. There is a positive universal
constant C' > 0 such that, for any p-estimator P=DPson D s, for all P € 2k and for
all £ > 0, we have

Kd[1+log (4 Vv K)|+¢

Ch? (F 13) < p ,

with probability at least 1 —e~¢.

Those rates would be optimal if the logarithmic factor was necessary. Doss et al.[30] proved
it is not the case for Gaussian location mixtures with known isotropic covariance matrix. They
provide an estimator that achieves the minimax rate \/% with respect to the Hellinger dis-
tance. However, the dependency in K of their bound in (1.12) is worse than exponential when
it is just linear for our estimator.

Our assumption that the families of density functions F; are VC-subgraph is actually weak
since it includes situations where these models consist of unbounded densities or densities
which are not in Ly which to our knowledge have never been considered in the literature. A
concrete example of such situations is the following one. Let g be some non-increasing function
on (0, + co) which is unbounded, nonnegative and satisfies [;" g(z)dz = 1 and .#; is the

translation model associated to the family of densities {x = g(|lz = 0)1z—9>0:0 € ]R} for all

ke {1,...,K}. It follows from Proposition 42-(vi) of Baraud et al.[9] that the VC-index of F,
is not larger than 10.

When the data are independent but not i.i.d., we derive from inequality that the
estimator P performs almost as well as in the i.i.d. case as long as the marginals Py, ... P}
are close enough to P. This means that the estimator is robust with respect to a possible
misspecification of the model and the departure from the assumption that the data are i.i.d.
In particular, this includes the situations where the dataset contains some outliers or has been
contaminated. Consider Hiiber’s contamination model where a proportion e of the data is
contaminated, i.e. we have P* = (1 — ¢)P + €Q, where P is the probability distribution we
want to estimate and () is the distribution of the contaminated data. In this situation, for any
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probability distribution @), using (2.12) and the convexity property of the Hellinger distance
we get o
N Viog (n) + &

n

Ch? (P,P) < (2.14)
We can see that there is no perturbation of the convergence rate as long as the contamination
rate € remains small as compared to V log(n)/n. Contrary to other loss functions, the Hellinger
distance does not allow to obtain a better rate than /e in the general case (see Birgé [17]).
Inequality , stated later, also allows to consider misspecification for the emission models
for example.

2.3.3 The case of totally bounded emission models

We might also consider emission models for which we do not have any bound on the VC-index.
For a subset .4 of & and n € [0,1], the n-covering number N (n,.4#",h) of A", with respect
to the Hellinger distance, is the minimum number of balls B,(F;,n), i = 1,...,N, necessary to
cover 4. In that case, the set A [n] = {P;;i =1,...,N} constitutes a finite approximation of
A, ie. for all @Q in A there exists i € {1,... N} such that h(Q,P;) < n. We say that N is
totally bounded (for the Hellinger distance) if its n-covering number is finite for all n € (0,1].
A direct consequence of the definition of VC-subgraph classes is that any finite set F of real-
valued functions is VC-subgraph with VC-index at most V(F) < log, (|F|). Consequently, we
can still use p-estimation for models that are not proven to satisfy Assumption but still are
such that emission models are totally bounded.

Theorem 2.2. Let .Z; be a totally bounded class of distributions for all k € {1,... K} with
K > 2. Let 2k be the mizture model defined by

K

Dk = {Zkak;w € Wk, Fy, € 7,k € {1,...,K}}.
k=1

Assume there are constants Ay, > 1 and oy such that logy N (n,Fk,h) < <%)ak for all k in [K]

and for all m € (0,1). Let € be in (0,1). For k in [K], let File] be a minimal e-net of F}, such
that | File]| = N(€,Zk,h). Let 2k sle] be the countable model defined by

QKy(;[G] = {Pw,F;w € Wy, wy > 0,wy, € Q, F), € g]ﬂ[ﬁ],\V/k S {1, . ,K}}

Take 6 = (K TR=T) A 1 with

where e = n" e and Quax = Maxi<p<i . Lhere exists a positive constant C' such that for
any p-estimator P = Ps on Qg sle], for all £ > 0, we have

Ch? <P*, (155) ) < h%(P*, 2x) + noma > ZA% [1 4 log (Kn)] + ¢,
k=1

with probability at least 1 — e~¢. In particular, if the observations are i.i.d. with common
distribution P* € &2 we have

K
Ch? (P*, ]55) < h’ (F QK) 0 Y0 AR 1+ log (Kn)] + fb’

k=1
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This theorem is proved in Section (page [60) and we illustrate it with the following
example. Doss & Wellner [29] provide a bound on the entropy for classes of log-concave and
s-concave densities. Let C = {¢ : R — [—00,00); ¢ is a closed, proper concave function} where
proper and closed are defined in [76] (Sections 4 and 7). For 0 < M < oo and s > —1, let Py,
be the class of densities defined by

Pu,s = {p € Pg;supp(z) < M, 1/M < p(zx) for all |z| < 1},

zeR

where Py = {p: [pd\ =1} N hsoC, X is the Lebesgue measure on R and hs : R — R is defined
by

eY, s=0
hs(y) = (_yﬁ-/s? s € (_170)7
yi/s, s> 0.

We fix such values of M and s. Let Qg be the density model of mixtures of s-concave densities
(or log-concave for s = 0) defined by

K
QK = {Zwkfk7w € WKafk € PM,S}?

k=1

with K > 2. Let 2k be the class of distributions associated to Q. The class Py s is not
proven to be VC-subgraph but it is totally bounded. As a direct consequence of Theorem 3.1
of Doss & Wellner [29], there exists a positive constant A, depending only on M and s, such
that for all € in (0,1], we have

logy N(e,Pass,h) < Ae 2,

In particular, it means there exists a e-net Pyy[e] such that log, (|Passle]]) < (A2/€)"?. Let
Qxk.sle] be the countable density model given by

K
Ok.slel = {Z Wi fr;w € Wi, wi > 0,w, € Q, fi, € PM,S[G]} -

k=1

One can check that P 5[] is also a e-net of 2k 5 with respect to the Hellinger distance using
inequality (2.18)) hereafter page The application of Theorem on this example gives the
following result.

Corollary 2.2. Assume there exists P* in & such that P* = (P*)®". Take ¢ = n~*° and
§ =nY> ANK™'. Let P = P; be a p-estimator on Qg sle]. There exists a constant C(M,s)
such that for all & > 0, we have

N K

with probability at least 1 — e~¢.

This corollary provides a risk bound over the class of distributions associated to mixtures
of s-concave densities. Up to a logarithmic factor, the estimator P uniformly converges over

D at the rate n~%/® with respect to the Hellinger distance, which is the same rate given in
Theorem 3.2 of Doss & Wellner [29] for the MLE over the model Py, i.e. for K = 1.
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2.3.4 Application to the estimation of a general Gaussian mixture

We denote by ¢, the density function of the normal distribution (with respect to the Lebesgue
measure on R) with mean 0 and variance o2 > 0, i.e.

1 _a?
o T \/We 202, (2.15)

We assume P* is of the following form or is close enough to a distribution of the form

pu(z) = /gbg(x — 2)dH (z,0),Vx € R.

We say that py is the Gaussian mixture density with mixing distribution H. We want to
approximate any distribution of this form with finite Gaussian mixtures, i.e. distribution with
densities of the same form with mixing distribution supported on a finite set. For a mixing
measure H on R x R™, we denote by supp(H) its support. To obtain an approximation result,
we need to consider mixing measures H that are supported on a compact set, i.e. there exist
A >0and R > 1 such that supp(H) C [—A,A] x [1,R]. The Hellinger distance being invariant
to translation and rescaling, we consider the following class of densities. For A > 0 and R > 1
we define

C(AR) = {pH; Al eR,3s > 0,supp(H) C [l — sA, 1+ sA] x [s,sR]}

and we denote by € (A,R) the associated class of distributions. We denote by %, x the
Gaussian mixture model with K components associated to the class of densities G, x defined

by
K
gmm’}( = {Z wkgbgk(' — zk);w € WK,O’k - (0, + OO),Zk c R,Vk - {1, .. ,K}} . (216)
k=1

This situation corresponds to Fp = G, for all k € {1,...,K}. We can approximate the class
¢ (A,R) with the model ¥,,,;, k as indicated by the following result.

Proposition 2.1. For K > 2 (24A% +1)°, we have

K172 )l[(l/‘* 3V2

1
h? (Pr,Giw i) < — —F—F— + R|.
Sup (Prs Grmie i) exp( 12V6 R2 JerTi/A + 1

Py e?é(A,R)

This proposition allows us to obtain a deviation bound on the estimation over € (A,R), with
Theorem 2.1} Its proof is postponed to Section 2.C.2

Theorem 2.3. For R > 1 and n > e, we take K = K(Rn) := [864R'log?(n)]. Let P
be a p-estimator on Yy s with 0 as in and assume the true distribution is i.i.d., i.e
P* = (P*)®". There exists a numeric constant C' > 0, hence not depending on R, such that for
all € > 0, with probability at least 1 — e~¢, we have

3
ch? (P, P) < 1? (P*6(AR)) + Bllog'(n) +¢ (2.17)

n
for A= A(Rmn) \/1224 Rlogl/2
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This result is proven in Section 2.C.I] Therefore, for a fixed R, we obtain a rate of
log®?(n)/\/n over €(c0,R) = Uyso € (A,R) with respect to the Hellinger distance. We can
also consider larger classes of distributions, with R increasing as n increases but it would deteri-
orate this rate. Our result is still an improvement of Theorem 4.2 from [49] as it requires weaker
assumptions. Their result is sensitive to translation or scaling and they have to specify bounds
0 < ¢ < 7 in the model such that H* is supported on a compact set [—a,a] X [g,5]. Moreover,
our estimator is robust, to contamination for instance. Assume we have an e contamination
rate of our data, i.e. P* is of the form P* = (1 — ¢)P + €Q with € € (0,1), P € €(A(R,n),R)
and @) is any probability distribution. Then, our estimator satisfies C’hz(P*,IS) <e+ %
on an event of probability 1 —e~¢. As long as ¢ remains small as compared to R*log®(n)/n,
the rate is not deteriorated by the contamination.

2.3.5 Parameter estimation

We say that @ and F are p-estimators if the resulting mixture distribution P given by
A K A
P = Z Wy F
k=1

is a p-estimator. We have a general result for the performance of P but not for & and F.
Hopefully we those parameter estimators would inherit the properties of P under additional
assumptions. Some results about the robust estimation of parameters exist in the machine
learning community, see Diakonikolas et al.|28| for instance. As before, the available results are
all restricted to specific cases such as Gaussian mixture models. Convexity properties ensure
that we always have the upper bound

h(Pyp, Pog) < inf {h(w, vor)+maxh (Fj, Gf(k))} , (2.18)

TES K kG[K}

for all mixing weights and emission distributions (see Lemma, where . denotes the set of
all permutations of [K] and Wy is seen as the set of probability distributions on [K] and justify
the notation h(w,v o 7). Therefore, a good estimation of the mixing weights w = (wy, ... ,wk)
and of the emission distributions F' = (F},...,Fk) ensures a good estimation of the mixture
distributions P, ». However the converse is not true as the parameters are not even identifiable
in general.

Example 2.2. Let .F be the set of uniform distributions U(a,b) the uniform distribution on
the interval (a,b) of positive lengths. Then the parameters w and F in the mizture model

0@2 = {w1F1 + (1 — wl)Fg;wl S (O,l), Fl,FQ S F}

are not identifiable since

3 1 1 1
TUO0.1) + JU(1/3.2/3) = SU(02/3) + SU(1/3,1).

We shall say that P = P, r is identifiable (with respect to the model) if for all v in Wy
and all G in %, X --- X Fg, we have

Pw,F = PU,G = dr e yK,\V/k € [K],wk = Ur(k) and F), = GT(k),

There is a wide literature about identifiability that includes the works of Teicher [82] and Sap-
atinas [79] for example. Allman et al.[4] provides identifiability conditions in a nonparametric
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framework but this is quite unusual. In this section, we will consider a unique parametric model
for the emission models, i.e. we have .Z,,...,.Z C {Fy;0 € O} with © C R? and assume
P+ F,. is the true distribution or the best approximation within the model. Identifiability is
a minimum requirement for the parameter estimators to be meaningful but we can hardly get
more than consistency with it.

There is one approach that allows not to consider the identifiability issue is to consider the
estimation of the mixing distribution instead of the parameters themselves, i.e. wjdg: + -+ +
w}}%;{ where 6, is the Dirac measure in . Most results are given for the L;-Wassertein metric
W7 which can be defined as follow for © C R. For probability distributions G1,Gy on ©, we
have

Wl(Gl,G2> = sup f(dGl — ng), (219)

feLip(1) /©

where Lip(1) is the class of Lipschitz functions with Lipschitz constant at most 1. Heinrich &
Kahn [50] establish minimax rates of estimation for mixing distribution under some regularity
and strong identifiability conditions. Wu & Yang [87] prove that their denoised method of
moments for univariate Gaussian mixtures provides an estimator of the mixing distribution
that reaches the optimal rate with respect to W;. They also prove an oracle bound for density
estimation in the case of misspecification similar to , for the total variation distance
instead of the Hellinger distance. However, they only consider misspecified distributions that
are sub-Gaussian and in dimension one.

Our approach is to derive bounds on the convergence rates for the parameter estimators
from . Typically, we are looking for an inequality of the form

K

WPy~ pye,Pu,r,) > C(w™,0%) [Z do(0;,01) + dw(w*,w)| Yw € Wk, V0 € O, (2.20)
k=1

where C'(w*,0%) is positive, dg is a distance on © and dyy is a distance on Wy. Intuitively, if we

can estimate each parameter individually we should be able to estimate the mixing distribution

as well. Formally, for © C R, we have

K K K K
Wi <Z wy s, Z wk59k> < Z |0; — Ok| + max 107 - Z lwi — wy|, Yw € Wy, V0 € 6%,
k=1 k=1 k=1 k=1
which is a direct consequence of . One can see that when dg and dyy, in are the
L, distance we can deduce a bound for the estimation of the mixing distribution. The main
difficulty remains to obtain a lower bound on the Hellinger distance between mixtures. There
are still some situations where we do have such a lower bound.

Regular parametric model

Let K be an integer larger than 1. We consider parametric emission models associated to
density models Fy = {f(+; @), € Ag}, where Ay, is a subset of R%* for all k € {1,... . K}. It is
always possible to find a countable dense subset of A; with respect to the Euclidean distance
on R%. We assume there is a reasonably good connection between the Hellinger distance on
the emission models and the Euclidean distances on the parameter spaces such that a dense
subset of A, would translate into a dense subset of the emission model with respect to the
Hellinger distance. This assumption is very weak and does not seem to be restrictive in any
way. In the different examples we consider we can always consider A, N Q% as a dense subset
of Ag. Therefore Assumption [2.1] is satisfied with Fj, = {fx(-; @), € Br}. We denote by 2y
the distribution model associated to the mixture density model

K-1

Ok = {p(-;@) =Y wefulsz) + (L —wy — - —wg_1) fr (oK) 0 = (w,a) € @} ;

k=1
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K-1
where © is an open convex subset of {w € (0,1)57L 3wy < 1} X Ay x -+ x Ag. To be in
k=1

the context of regular parametric models consider by Ibragimov & Has'minskii [54] we need to
make some assumptions.

Assumption 2.3. The classes of functions Fi,...,Fg satisfy the following reqularity condi-
tions.

a) The function z w— fi(x; z) is continuous on Ay (with respect to the Fuclidean distance)
for p-almost all x € Z°, for all k € {1,... K}.

b) Forallk € {1,... K}, for p-almost all v € 2 the function u — fy(x;u) is differentiable
at the point w = a and for all j € {1,...,dy}, we have

[ [Ptz * p(dr)
2| Oaj fr(z; @)

¢) The function 6 — ¢(-;60) = Zp'/%(;0) is continuous in the space La(y).

d) The class of densities Fy, is VC-subgraph with VC-index not larger than Vi, for all k €
{1,...,K}. WewriteV=V,=---+V,.

The work of Ibragimov & Has'minskii [54] allows to derive a deviation inequality on the
Euclidean distance between parameters using Fisher’s information.

Theorem 2.4. Let 0 be in ©. Assume the Fisher’s information matric

1) = /l op (2:0) (3})(1‘;9))T u(d)

00 00 D (x; g)

is definite positive and me?—GHZa h*(Py,Py) > 0 for all a > 0. Let P = P, ¢ be a p-estimator
0O

on Lis, with 6 as in (2.11). There exists a positive constant C (?) such that for all & > 0,
with probability at least 1 — e~¢, we have

C (0) <||w — 0| + f 1A ||ay, — @k||2) < :L [ (P, PE") + Vlog(n) +¢] . (2.21)
k=1

And assuming P* = Pj, we obtain the usual parametric convergence rate up to a logarithmic
factor for the parameter estimators.

This result is proven in Section [2.D.1| Following the proof and Theorem 7.6 [54], the best
constant C' (?) depends on the smallest eigenvalue of the Fisher’s information matrix [/ (@)

and the geometry induced by the Hellinger distance around # in ©. Inequality proves
that even if “true parameters” might not exist the parameter estimators can be meaningful as
long as P* is relatively close to the model. The Gaussian mixture model is the most common
mixture model and it is a regular parametric model. Let K > 2 and for all k in [K] take
Fi = Gi, where G, is given in Lemma 2.1, We define a binary relation on R x (0,00) by
01 > 09;

(2170'1) > (22,0'2) = { (222)

or oy = 0 and z; > zs.
We consider the parameters 6 = (w1, ... ,wx_1,21,0%, . ..,2K,0%) belonging to the set

K-1

0= {9 e (0,1)f 1 x (R x R)"; > wp <1, (z1,00) >0 > (ZK,O'K)}.

k=1
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K
Theorem 2.5. Assume P* = Py = Y Wi N (zy,0%) such that (z1,61) > -+ > (2k,0K) are all
k=1

distinct and 1<ikn<fKEk >0. Let P be a p-estimator on Y 5, with 0 as in (2.11)). There exists a

positive constant C (?) such that, for all & > 0, we have

0 (0) (X m -l + 3 (317) - (o) a1) < 2IEE )
k=1 k=1

n

with probability at least 1 — e~¢.

This result is proven in Section Our estimator reaches the optimal rate of conver-
gence up to a logarithmic factor. One can notice that the assumption of ordered couples of
parameters (zj,ajz) can be replaced by considering distinct couples only and taking the infimum
over permutation of the hidden states in .

Connection with the L,-distance

We can use results from the literature that do not apply to the Hellinger distance but to other
ones such as the Ly-distance between densities. There is a general inequality between the Lo
and Hellinger distances when the density functions are bounded, i.e.

lp = dll3 < 4(llplls + [lall) B*(P.Q)- (2.24)

Assume one can prove an inequality of the following type. For any w,v in Wy and any fi,gs
in 7y for all k € {1,...,K} such that the resulting mixtures belong to our model, we have

Z wy [ — Z Uk Gk

where dyy is a distance on Wy and dp is a distance on U;<p<x Fr. Moreover, assuming the
density models Fj are uniformly bounded, i.e.

2

<dw(w v) + m?X A3 (fr,9n ) , (2.25)

sup sup |[f[|oo = U < o0, (2.26)
kE[K] fEF

we get
SU K K
df/\,(w,v) + max di"(fkagr(k)) < —h? Z wi Fy, Z Gy | -
kelK] ¢ k=1 k=1

Here again, a density estimation result implies a result for the parameter estimation. We can
apply this method to the special case of a two-component mixture model with one known
component. Let ¢ be a density function on R? with respect to the Lebesgue measure. We
consider the 2-component mixture model 2 associated to the class of densities

Q= {x = Pwz(2) = (1 —w)o(z) + wo(r — 2);w € [0,1], 2 € Rd} : (2.27)
with F; = {¢} and Fy = {x = d(r —z);2 € Rd}. Gadat et al.[41] proved an inequality such
as (2.25]) in this situation. They still require the following assumptions on ¢.

Assumption 2.4. The function ¢ belongs to C3 (Rd) N L2 (Rd>. For any M > 0, there exists
a function g in L2 (Rd) such that
Vo € R Vz € [-M M) [¢(z) — ¢z — 2)| < [|2]|g(x)

and
/g x)dr < 400.
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In this context, we have the desired inequality with respect to the L2-distance.

Proposition 2.2. (inequality (7.11) |41)])
Under Assumption for all M > 0, there exists a positive constant c(¢,M) such that for all
21,2 € [=M,M]? and wy,w, € (0,1),

(@ M)z ([[2a]* (w1 = ws)? + 0] |21 = 2]*) < [Pun s = Pun 213

One can notice that Assumption implies that ¢ is bounded (see Assumption (Hg) in
[41]). Hence, we can deduce a deviation inequality for p-estimators of parameters.

Theorem 2.6. We assume Fo has a finite VC-index V, w* € (0,1] and z* # 0. For ¢ as in
, there exists a positive constant C(¢p,w*,2*) and an integer ng = no(p,w*,2*) such that
for any p-estimator P = Py ; on Z5, n > ng and for all £ € (0.&,), we have

O6,w) (" — )2 + (12" — 2l A1) < §+(V+ 1)log(n)’

n

with probability at least 1 — e=5, where &, = (1 + V)[1 +log(2n/(1 + V))]).

This result is proven in Section It implies the consistency of Z and consequently the
consistency of w if z* # 0, the parameter w* being ill defined if z2* = 0. We can deduce a
bound on the convergence rate for Z and also for \ but only for n large enough. It is similar
to Theorem 3.1 of Gadat et al.[41] with a smaller power for the logarithmic term. This slight
improvement is allowed by the VC assumption. Furthermore, we do not need to know a value
of M such that z* € [-M,M] or to specify it in the model. The examples of translation families
taken by Gadat et al.[41] (Section 6) all satisfy the VC assumption.

Lemma 2.2. We have the following VC-subgraph classes of density functions.

e The Cauchy location-scale family C of densilty functions, given hereafter by , 18
VC-subgraph with VC-index V(C) < 5.

o As a consequence of Lemma [2.1) the univariate normal location-scale family Gy is VC-
subgraph with VC-indezx at most 5.

o The Laplace location family L of density functions defined by
1 —|z—z|
L= {x — 56 1z € ]R}

is VC-subgraph with VC-index V(L) < 29.

o The location family of densities SG,, associated to the skew Gaussian density defined by

T

S5G, = {x = 201 (z — 2) /_Oj o1(at)dt; z € R}

is VC-subgraph with VC-index V(8G,) < 10 for all o € R, where ¢y is given by .

This lemma is proven in Section [2.F] By inclusion, if the bound holds for the location-scale
family it also holds for the location family with fixed scale parameter.
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Proving a lower bound for a specific example

In some specific situations, it is relatively easy to prove a lower bound on the Hellinger distance.
This is what we do in the following example and it allows us to obtain faster rates than the
usual parametric one. Let a be in (0,1). We denote by s, the probability density function with
respect to the Lebesgue measure on R defined by

1 -«

0w TER— —1, )
Sa - 2|JI|O‘ |z|€(0,1]

We consider Q as in (2.27) with ¢ = s, and for w € [0,1] and z € R, we write
Pwz= (1 —w)sy +wsy(- — 2).

We can prove that the Hellinger distance h(P, .,P,s /) is lower bounded by some distance
between the parameters which leads to the following theorem.

Theorem 2.7. For w* > 0 and z* # 0, there is a positive constant C(a,z*,w*) such that, for
any p-estimator P = Py ; on 25 with § = 10/n and n > 20, for all £ > 0, with probability at
least 1 — e~¢ we have
1
Cla,z"w") {1 AE =2+ (w* - 1?1)2] < log(n) +¢ 5

n

This result is proven in Section It implies rather directly that our estimators @ and
2 estimate w* and z* at a rate which is at worst y/(logn)/n and (n~!logn)'/1=®) respectively.

This latter rate is faster than the usual 1/4/n-rate for all @ € (0,1). Up to the logarithmic
factors, these rates are optimal. For 2, it a consequence of Theorem 1.1 in [54] (Chapter VI),
noticing that s, has a singularity of order —a in 0, and with the fact that we cannot do better
than 1/4/n for the Hellinger distance. One can notice that both maximum likelihood and least
squares approaches do not apply here since we consider density functions that are unbounded,
and not even square integrable for o € [1/2,1).

2.4 Model selection

In Section [2.3] we consider estimation on a model with a fixed order K and simple emission
families. We use model selection to overcome this restriction in this section and consider
composite emission families and/or models with different orders.

2.4.1 Construction of the estimator

Let © be a subset of .
K>1 k=1

Let § : © — (0,1] be such that for § = (K \1,...,\g) € 0, 6(0) € (0,1/K]. We write

K
0@5(9) = {Zkak;w € WK,wk > 5, Wg € Q, F € yk,Vk € [K]} .
k=1
We define 25 by
25 = | 25(9).

0cO



44 Chapter 2. Finite mizture models

We associate to 25 the family Qs of densities with respect to p and the p-estimator Ps of P
based on the family Qs. Assuming we have a penalty function pen : Qs — R, we set

Y (X,q) = sup [T(X,q,¢) — pen(¢')] + pen(q), (2.28)

q'€Qs

for all ¢ € Qs. The p-estimator Pj is any measurable element of the closure (with respect to
the Hellinger distance) of the set &(1,X), as defined by (2.9). One can notice that a constant
penalty function does not have any impact on the definition of X and brings us back to the
previous situation.

2.4.2 Estimation on a mixture model based on composite emission
families

Let K be larger than or equal to 2. Let L be a subset of [];—, Aj, and define © by © = {K} x L,
i.e. K is fixed. For A = (\,...,A\g) € L, the model 2(\) is a subset of

K
{Z kak;w € WK,Fk € ?Ak,\V/k S [K]}
k=1

and we define its countable subset Z5(\) by
K
Qé = {ZUJka € Q()\),w € WK,wk > (5()\),wk € Q,Fk I~ y)\k,Vk € [K]} ,
k=1

where § is any function L — (0,1/K], and 25 = Uyer Z5(A). Under Assumption 2.2, we write
VA =V(A) + -+ V(Ak).

Theorem 2.8. Let A be a mapping L — R such that Y e > < 1. Let pen be the penalty
AEL
function defined by

pen(q) =k  inf [116.1\/()\) [5.82 + log <(K5$\)1)2> +log, <n>1 + A()\)] , (2.29)

AELIQE2(N) V(A
where r is given by (19) in [9]. Assume there is P* in & such that P* = (P*)®". For the
choice 6(\) = n(‘;((i\)l) A %, there is a positive constant C such that the resulting estimator P =P

satisfies the following. For all € > 0, with probability at least 1 — e~¢ we have

n

Ch?(P*P) < inf {hQ(P*, 2(N\) + = (V(/\) [1 + log (V(fﬁmﬂ + AN + 5) } .

The constant C' is universal, in particular it does not depend on K or on the choice of the
model.

This proof of this theorem is postponed to Section 2.B.4] It is a general result for the
situation where you know the number K of subpopulations, or at least want to fix it for the
estimation, but are hesitating on the models for the emission distributions. For instance, let us
consider Gaussian and Cauchy location-scale families for the composite emission families, an
example simpler than Example For all k € {1,...,K}, we take Ay, = {1,2} with F, =%
and .Z, = €, where € is the Cauchy location-scale family of distributions associated to the
density class

1 1
C=qr+— ———=5;2€Ro>0;. (2.30)

(%)
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We consider the model 2 = Uy<;<xZ; with

2; = {Z wN (z,07) + Y wyCauchy(zy,0%); (21,01) > -+ > (25,05), } 7

k=1 k=j+1 (2j+1,0541) > - > (2K,0K)

where the order > on the parameters (zy,0y) is defined by ([2.22) and allows to have identifiability
properties again here. Lemma[2.2]gives the same bound on the VC-indices of G; and C therefore
(12.29) provides a constant penalty function, hence we will consider a null penalty function.

Theorem 2.9. Assume P* = Z wpN (Z1,0%) + Z wy, Cauchy(Zy,0) € 2+« with (Z1,01) >
k=j +1

- > (Z+,0+) and (fl*ﬂ,al*ﬂ) > > (Zg,0k). Let P be a p-estimator on Ds with 6 = %/\ %
and a null penalty. There exists an integer ng(P*) and a positive constant C'(P*) such that for
n > no(P*) there exists an event of probability 1 — (n(K 4+ 1))™% on which P € 2« and

P
C(P*) (||w—w||2+ZH(zk,ak (3,62) H AT+ Z |(Ze,0%) <zk,&k)||2m)
k=1

k=j*+1
< Klog(n(K + 1))
J— /’/L .

This result is proven in Section m Following the proof, the constant C'(P*) depends
both on the distance between P* and the “wrong models” 2;,j # j* and on the smallest eigen
value of the Fisher’s information matrix (within the regular parametric model 2;+). Theorem
[2.9 shows that it is possible to identify the true emission models for n large enough and if this
identification is established we can also estimate the different parameters. This seems to be
somehow original as we did not find any result of this kind in the literature.

2.4.3 Selection of the order K
We consider © of the foom © = U {K} x {\}¥, where ¥ is a subset of {1,...,n}. For
Kex

K € ., we write % = %, and .% = .%, its countable and dense subset given by Assumption
2.1, For K € ., the model 2(K) is a subset of

K
{Z wrF;w € Wk, Fj. € ?,Vk S [K]} .
k=1
K
We define Qg(K) = {Z wply, € Q(K),w € Wk, wy > 5, Wg € Q, F, € y,Vk S [K] and Y5 =
k=1

Uker Zs(K), where § : & — (0,1] satisfies 6(K) < 1/K. Under Assumption 2.2] we denote
by V the VAC—indeX of F, therefore V(K) = K x V. If P="Fisa p-estimator on Zs, we
denote by K the smallest integer K in .# such that P € 25(K).

Theorem 2.10. Let A be a function # — RY satisfying Y e 2F) < 1. We consider the
Kex
penalty function defined by

pen(q) =r _ inf [116.1KV [5.82 +log (W) +log, (;Vﬂ + A(K)} . (231)

where K is given by (19) in [9]. Assume there exists P* in & such that P* = (P*)®™. For the
choice 6(1) = 1 and 6(K) = L AN+ for K > 2, there is a positive constant C such that any
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p-estimator P = P on Q5 satisfies the following. For all € > 0, with probability at least 1 —e™¢
we have

(2.32)

CIA(P* D) < it {hQ(P*7Q(K))+ KVlog(n):uA(K)}

The constant C' is universal, in particular it does not depend on F and therefore neither on 'V .

This result is proven in Section It gives an oracle inequality and it provides a way to
determine the number of clusters if one wants to use mixture models in order to do clustering.
It is also interesting in the context of density estimation. Once again, we take advantage of the
approximation properties of GMMs to use our estimator for density estimation on a wider class.
We use the approximation result proven by Maugis & Michel [68]. Let 5 > 0, r = 3] and
k € N such that 5§ € (2k,2k+2]. Let also P be the 8-tuple of parameters (,", L e, C, o, &, M)
where L is a polynomial function on R and the other parameters are positive constants. We
define the density class H (3, P) of all densities p satisfying the following conditions.

o For all z and y such that |y — z| <7,
(logp)" () — (logp)" (y) < rIL(x)ly —x|”".
Furthermore for all j € {0,...,r},

[(log )P (0)] < I*.

e We have v
€
7

max | [(logp)?(x)

1<j<r
o Forall z € R, p(z) < My(x).

o The function f is strictly positive, non-decreasing on (—oo, —a)) and non-increasing on
(a,00). For all z € [—a, o] we have p(x) > £ .

This class of functions can be approximated by Gaussian mixture models, the quality of the
approximation depending on the regularity parameter 5.

Lemma 2.3. (Lemma 6.1 in [65]) B
For 0 < 8 < j3, there exists a set of parameters P(,8) and a positive constant g7 such that

for all B € {ﬁ,ﬁ], allpe H (5,77(@3)) and all K > 2, we have

38
2 (log K)
h (P7 gmix,K) < CE’BW’
where Gz k15 given by .
We consider & = {2,...,n}, A(K) = K and the penalty function pen as in (2.31)).

Theorem 2.11. Let P = P; be a p-estimator on Zs with 6 as in . For 0 < B < B,
there exist a positive constant Cy5 such that for any p* in H (B,P(éﬁ)) with B € [ﬁ,ﬂ, for
all £ > 0, we have -

56
PN logn)zs+t &
W(P*,P) < Cyg (< 2237 + n) ,

n2[3+1

with probability at least 1 — e~¢.
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This theorem is proven in Section 2.C.3] It provides an upper bound on the convergence
rate of our estimator of order (logn)>#/(4#+2)p=8/(25+1) Tt is the same rate obtained in Theorem
2.9 of Maugis & Michel [68] and therefore our estimator as well is minimax adaptive to the
regularity (3, up to a power of log(n). Moreover, in our setting there is no need to specify
nor 3 in our model i.e. there is no condition on the location and scale parameters of each
component. Intuitively, this would allow us to obtain a better approximation bound but we
did not have time to look into that direction.
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Appendix

2.A Main result

In this section we prove the main result of this paper, Proposition [2.3] which gives an upper
bound on the p-dimension for finite mixture models. The p-dimension function is properly
introduced in [11]. Bounding the p-dimension is the key element as it allows to obtain the
general result Theorem as a direct application of Theorem 2 [11]. We recall definitions
from [11] that we adapt to our context, in particular the function ¢ defined by satisfies
Assumption 2 of Baraud & Birgé |11] with ag = 4,a; = 3/8 and a2 = 3v/2 (see Proposition 3
[11]) which gives the different constants. Let .# be a countable subset of &?. For y > 0 and
P € P we write

#" (Py) ={Q €.a:0* (P P”") + 1n* (P Q") < ¢*}.

If Q is a set of probability density functions with respect to a o-finite measure v such that

M I{P} ={q v;q € M}, we write

w (V’Mr%upuy) = [ Supﬁ ‘T (X’Tg7q> - IE’P”‘ [T <X7p7Q)] |] :
QEAB (Py)
Similarly, we define w*/ (F,y) = inf, Ay w (V,M,/// ,F,y), where the infimum is taken over all

couples (v,M) such that M is the class of density functions associated to .# with respect to
v, o-finite measure. We can now define the p-dimension function of .#Z by

D” (P*,P@m) = [52 sup {yQ;W"@ (?,y) > Pg}] \/1,

with 8 = QE,JFL?M Following the notation established in Section we need to bound the
p-dimension function over each Zs(6) in order to apply Theorem 2 [11].

Proposition 2.3. Under Assumption for 0 = (K A\, ... ,\g) € O, we write
V(0) =Vin + -+ Vi

where Vi 5, 1s an upper bound on the VC-index of ?;ﬁ,\k. For allP € & and P € 25, we have
the following bound

D% (P P") < D, (4,0) := 545.3V(0) [5.82 + log (W) + log, <v7(19)>1 - (233)

2.A.1 Proof of Proposition [2.3

The strategy of the proof is based on the iollowingQremark. One can notice that if for some
pair (,Q) there is yo such that w (V,Q,Q,P,y) < % for all y > yo, then we have

D? (P*,P™") < (Byo)*\/ 1. (2.34)

Let 6 be an element of © such that P belongs to 25(6'). Following notation of Section we
prove such an inequality for the pair (u,Qs5(0) U {p}) where p is the density function in Qs(6’)
associated to P. To bound w (V,Q,Q,P,y), we are going to bound the entropy of 225 (F,y)
which is possible since each emission model is associated to VC-subgraph classes of density
functions (see Assumption 2.2). For a metric space («7,d) and € > 0, we denote by N (e, ,d)
the minimal number of balls of radius € needed to cover /. The next lemma provides a bound
on the covering number for our model, up to some modification.
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Lemma 2.4. For 0 = (K,\y,...,\g), we write V(0) = Vi, + -+ Vi, and we define

FuO (P) = {z/; ( q) 1q € Q5(0)}.

For any probability distribution R, we have

=

- o elt1/e 2 o
Ve < 2,log N (e,f96(9) (p) N HLQ(R)) < V(6)log ( iié() +1 >+2V(9) log(1/€). (2.35)

The next lemma is an intermediate result in the proof of Theorem 2 [12]. It allows to bound
the expectation of the supremum of an empirical process from a bound on the covering number
on the considered space of functions.

Lemma 2.5. Let F be an at most countable set of measurable functions £ — R such that for
any probability distribution P on (2" ,X), we have

log(N(&.F.[| - lo(p))) < a+ blog(1/e).
Let X1,...,X, ben independent random variables with values in (2 ,X). We define Z(F) by

and assume sup .z - i E[f*(X;)] <0?<1. Let g € (0,1). We have
i=1

E[Z(F)] < 32A% + A2V2no?,

with A =124 (14 gt o) log 2 + 20+ blog(1/g) + 2blog(1/0).

1—q

Let y be a positive real number. We set

Foy (P) = {¢ (ﬁ) :Q=q-p € 2:0),h* (P P)+h* (P P) < y2} c F&O (P).
Since 1 satisfies Assumption 2 [11] and given Lemma , we can apply Lemma with
02 = (3v/2y?/n) A 1,

e /e8(K + 1)
5(0)

a=V(0)log ( > and b = 2V (6).

We get

w? O (1.Q5(0) U (P} 25(6), Py) < E|Z (Fs,)] < 3247 + A2V/2n0

with A given in Lemma 2.5 Let us try to find a simple upper bound for it. In our situation,
dropping the dependency on # in the notation, we have

b 2V
log2 +2a+blog(1/q)  log2 + 2V log (””%#) + 2V log(1/q)

1

< 1+1/eg( K +1)2

e € )
log (=—5)

1 1

<
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hence

14 q 1 o eltl/e913/4 (K + 1)2
A< —=11 2V |1 _— 1 — .
1—¢ ( + log (81+1/624><32>> J Vv [Og < q + log 502

q

For ¢ = 1/9, we have

A<

| Ot

K+1)?
—l— 1+ log (2'3/4 x 9) + log (Mﬂ

) |

IN
| ot

x 1 $2V[582+10
- 8J2V[582+10g<( s )]

) (11,95(0) U {B}.Py) < Cor/nVo2Z(0.8.0) + C1V L(0.6.0) (2.36)

1
( Ty +410g J
+

Finally,

with Z(0,6,0) = 5.82 + log ((KH) ), Cyp=28x4=112and C; = 2% x 2.82. Then we follow
the proof of Proposition 6 [12]. For D > 22V = 211V and y > 8~'v/D, we have

3
=) s ()

(5

< 5.82 + log ( >+1og+
(5
(5

£(0,6.0) =5.82 + log

= 5.82 + log

< 5.82 + log

We combine it with (2.36) and since y > 37'v/D we get

@ (1,05(0) U {p},Py) < 11.2 x /32y VL + 2° x 2.8V L
32 [64 x 11.2 x 2V4VVL L2 282V L]
64 V3y 3y?

3y2 [64 x 11.2 x 2VAVVL 212 x 2.8V |

=% | VarwD | 33D

32 VVL VL|
=27 2% 1.2 = +2 2.8
64 N V2 x D

2
For D = 545.3VL > VL [\/11.22 +2v2 %282+ 11.2| we have D > 271V since L > 5.82.

Moreover, for all y > yo = 7'V D, we have w2 (1,05(0) U {p},P,y) < 3L which allows to
conclude with (2.34). We now turn to the proofs of the two lemmas.
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Proof of Lemma 2.5
The lemma is an intermediate result in the proof of Theorem 2 of Baraud & Chen [12]. We

write Z(f) = SUp e r ‘ > 6 f(Xy)
follow the proof with h(z ) = a+blog(1l/x) in (39) and everything stays the same up to equation
(42). We get

where €4, ... €, are i.i.d. Rademacher random variables. We

E |Z(F)] <J_Hq/ VIog2 + 2a + blog(1/q) + 2blog(1/u)du,

with B =\/o2 + M A 1. With Lemma 2 [12], we have
E[Z(F)| < 164% + AV2no?,
with A = 14 (1 + 1o 2+2af_’blog 1/q)) \/log 2+ 2a + blog(1/q) + 2blog(1/0). Classical symmetriza-

tion arguments imply

E[Z(F)] < 2E |[Z(F)| <324% + AV2no®. O

Proof of Lemma [2.4]
We write ¢ = (\/-/ﬁ) We drop the dependency on € in this proof.

Lemma 2.6. For any probability distribution R on (Z°,X), for w,v € Wy such that wy,vx > §
fork=1,... K and for any probability densities q,...,qx,r1,...,T'Kk, we have

|¢ o (wigr + -+ +wrqx) — ¢ o (viry + -+ vkTK)||Ly(R)

1 & 2
7Z||¢OQk_¢Ork||L2(R)+g||w_v||oo, (2.37)
0 k=1

where ||w — V|| = max |wy — vg|.
ke[K]

This lemma implies that for any probability distribution R on (2",X), we have
log N (€. 79 (P) || llza(m) < 10g N (exc1, Wi || []oo) (2.38)

K
+ ZlogN (ek,qbofkaH : HLz(R)) ;

where ¢ o F, := {¢o f‘F S 3}} fork=1,...,K and € = 61*;'/‘;“ + 26’§+1. Let us bound the

covering numbers involved in the latter inequality. From Proposition 42 in [9] and Lemma 1
in [12], we have the following bound . For any probability measure R on (2°,X) and for all
e € (0,2), we have

log N (€5, © Fi ||l iy ) < log (eVi(8e)s 1) + 2(Vi — 1) log(1/ex). (2.39)

We also need a bound on the covering number of Wy. For ex,1 > 0, we have

3
log N (exe1 Wi - Ih) < K log (
€EK+1

) . (2.40)
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The proof comes at the end on page We can now combine (2.38)), (2.39) and (2.40). For
e € (0,2) and 6 € (0,1/K], we take

0 K 2V —1
€K+ = € = and ¢; = eV/§ <Kj ) J=1... K.
K+ ¥ 2(Vk—1) K+ 3 2Vi.—1)
k=1 k=1

We get

_ 3 > (Vie—1)
log N (67}"95(9) (P) - ||L2(R)) < K'log <€K 1) + log <€K (H sz) (8e) * )
+ k

+ i(: 2(Vi, — 1) log(1/ex)

K
K+ kZ 2(Vk — 1)
=1
K

+ log (eK <1;[ vk) (86)V—K>

= Klog (;
€

K
K K+ZQ(\/j—1)
+3 2(Vi — 1) 1o =1
220V =Dlog |
K
K43y 2(v;-1)

[K+Z 2(V; — 1)] =t

~ 8| RO I (Ve - DR
1V
+ Vlog ([Hvk] )
K
K, VQV-K
+ log (665‘8/) + (2V — K)log(1/e).

The following inequalities allow to simplify this. For all 1, ... x, > 0such that z;+-- -4z, > 0,
we have

(xl + . + I.n)$1++xn

1 < st x| , 2.41
o (L) < ) o) (2.41)

1 1

n z1+-Fan i
(H $> < (ef)" <elre (2.42)

i=1
Then, we get
K

log N (%) () | - llsam) < |5+ )| log(K +1) + Vlog (¢°)

+10g(5 ) + (2V — K)log(1/e)

1+1/e K 1 .
( BUK + )+2Vlog(1/e).
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To conclude we need to prove (2.41)), (2.42) and (2.40)).

Proof of and

e In a first time, we assume 1 +--- + 2, = 1, i.e. x € W,,. Then

1
.. T1++an T - Faen n
log <($1 + x1+ Tn) ) le log(z;) and (H xl> ' = H T
i=1

X
Ty .’L'n” i—1

n n
Both functions z — — 3 x;log(x;) and x — [ x; are bounded and attains a maximum on W,
i=1 i=1

forz; = =2a, = 1/n_, such that

—sz log (z;) < log(n) and sz < <1> )

=1

e In the generic case, we define s(z) := 21 +---+z, > 0 and y in W, by y; = z;/s(z) for
t=1,...,n. We have

log <(a:1 + - .x.1+ xn)z1+...+xn> e l_ z": " lOg(yi)] < (214 - + ) log(n)

Ty ...xin Py
1/s(x)
i=1 1
< s(2)V*® x (

)l/s(m)
1
< (el/e) "
The last inequality comes from Vz > 0, 21/ < e'/¢ and we get (2.42) withe > 1 andn™ > 1. O

Proof of ((2.40)

Let € € (0,1). Let N be an integer greater than 1. We define

and

1
(TT) ™7 = st o

—

)

<=

WK,N = {w € Wy

d
Vk € [K],3d), € N, wy, = z\};}

e One can easily see that there is a bijection between Mg n and the set
K

S dy — N} |

k=1

We have the following bound |Dg y| = (NJF]IV(_l) < (N+1)F

DK,N = {dl, ..dg €N

e Let w be in Wg. For k € [K], we write a = | Nwg|. We define s(a) € N and d € D n
by s(a) :=a; + -+ ax < N and

vk € [K],dy = ay, + ]15(@)+k<N € [[Nwg], | Nwg] +1].
Therefore, we have v € Wy y defined by vy, = %, such that
Vk € [K], |wy — vk| < 1/N,

ie. [|lw—v|l <1/N <e



54 Chapter 2. Finite mizture models

Therefore Wy y is a e-net of Wg with respect to ||-||, and for N = [1/e] > 1/e we have
log(N (e, W d)) < log (Wi n|) = log (|Dk.n|)
< Klog(l+ N) < K log (3) . O
€

This concludes the proof of Lemma

Proof of Lemma 2.6

The result is just the combination of the two following claims and the triangle inequality.

o First claim: For any probability distribution R, any nonnegative measurable functions
¢1,92,9 and any w € (0,1) we have

1
¢ o (war + (1 —w)g) — ¢ o (wgz + (1 —w)g)l[,r) < Vi |poaq —¢oa|l,m-
(2.43)

« Second claim: Let ¢,...,9x be K densities. For w,v € Wk 5, we have
2
| o (wigi + -+ wrgr) — o (vigi + -+ + vk gr)||L.(r) < <[lw — v|[e. (2.44)

Combining those inequalities, we have

K K K K
||¢O<Zwkfk>—¢o<zvkgk> §‘¢O<Zwkfk>_¢o<zv’ffk>
k=1 k=1 La(R) k=1 k=1 Ly (R)
K
+ Z | o (hk—1)—¢o (hk)||L2(R)
k=1
< Y=ol + 3" —— 60 (g1) = 60 (o)
=5 o) = Ly (R)
< gHw — V] + € i || o (gr) — & o (fi)ll
=5 \/gk:1 La(R) >

k K
Wlth hk = Z ngj —f- Z Ujfj-
1 j=k+1

« Proof of (2.43)).

For two probability densities f; and fo, for x such that p(z) > 0 and fi(z) + fa(x) > 0,
computation gives

o fi(x) —do falx)| =




2.A. Main result 25

For fi = wq; + (1 —w)g and fy = wgs + (1 — w)g, dropping x in the notation, we get

| o (wqr + (1 —w)g) — do(wg + (1 —w)g)|

2w ‘thQ
_ P
wqi+(1-w)g wga+(1-w)g wqi+(1-w)g wge+(1-w)g
(e ) (femsgeie g ) (frogsts o fusoon)
2 q1—q2

p

[ [ a [
(V1) (VE+1) (VB +VE)
q q
() (VE1) (VE+VE)
waqr+(1-w)g wq2+ wg2+(1-w)g at+(1-w)g wga+(1-w)g
(e (f 1) (el g frmsen)
) el
=lpoq — Pogl x
( qu—l w)g_|_ ) wq2+(1 wg+1
[ [
o Bt
waqi+(1-w)g wg2+(1-w)g
o ¢ femid

For w € (0,1) and any ;,y2,2 > 0 such that y; + y» + 2z > 0, we have

VUL + y v (v +1)
\/wy1+(1—w)z+\/wy2+(1 —w)z \/wy1+(1—w)z+1
Ve (Vi + )

X

\/wy2+ (I1—w)z+1

ity Ve (itl) Vo(yietl) o
RN TR Y TS S S R

Finally, for = such that p(z) > 0 and ¢;(z) + ¢2(z) + g(z) > 0, we have

|60 (wgr + (1 —w)g)(x) — do (wge + (1 —w)g)(x)| () — ¢ o ga(z)].

< \/— |¢O Qi \T
(2.46)

We now considered the atypical cases given the convention established in section If
¢1(z) = g2(x) = r(z) = 0, we have

|60 (wgr + (1 —w)g)(x) — ¢ o (wge + (1 —w)g)(x)| =0

whether p(x) is positive or not. This equality is also true when p(x) = 0, ¢ () +g(x) > 0
and go(x) + g(x) > 0. The last case is for p(z) = ¢1(x) = g(x) = 0 and ¢z(z) > 0 (¢; and
¢z being interchangeable). We have

|90 (wg + (1 —w)g)(x) — ¢ o (wgz + (1 —w)g)(z)|
1
=1=lpoq(r)—¢ogr)] < ﬁlcboql(fﬂ) — ¢ oqy(r)].

Therefore, inequality ([2.46) is always valid and taking the Ly(R) norm provides the desired
result. O
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« Proof of (2.44)).

—We first prove an inequality for mixtures with fixed emission densities. Let r and ¢ be
any probability densities on (2°,&"). Let w and v be in (0,1). Using (2.45)) and dropping
x in the notation, for r # ¢ we have

¢ o (wr + (1 —w)q) — ¢ o(vr+ (1 —0v)q)|

2 |w U‘

= ( /w7~+1 wq+ )< /vr+1 v)q+ )<\/wr+(1w)q+\/vr+(1’u)q>
p p

2|w— U|’

_ (\/w\r al+(— w)q+1> (\/mr al+(1— 'U)q+|1) g|\/wrq|;(1w)q+\/waz(1v)q), if r>q
- 2|w—vl|| - )
(= = [ ==y ey ifr <g
2 vl /|5 .
Ay
< qm-m\\/@ ‘
(=) (o T
One can easily check that the function = — Ve is bounded above by
(\/@H)( Br+1>

2
(a1/4 + 61/4> . Therefore, we get

¢ o (wr+ (1 —w)q) = ¢o(vr+(1—v)q)
Vi—w—+1—-v
. <(|\F Ay ! | )

/4 4 yl/4) w)/4 + (1 — )1/4)2

- ‘w1/4 _ U1/4‘ ’(1 _ w)1/4 —(1- 0)1/4’
2 .

- wl/4 1 pl/4 (1 _ w)1/4 4 (1 _ v)1/4

The inequality obviously stands for x such that r(z) = ¢(z). Therefore we can take the
Ly(R)-norm and get

¢ o (W+( —w)q) = ¢ o (vr+ (1 —v)g)l
w4 _ /4 )V (1 = )4
< (v i), 27

wl/d 4 pl/4 (1 —w)/4+ (1 —v)l/

~We can now prove (2.44)). Let g1,...,9x be K probability densities. Let w,v € Wk.
If w = v the proof is obvious. Therefore we consider w # v. The idea is to rewrite
wig1+- -+ wggr and v1g; +- - -+ Vg gk as 2 component mixtures with the same emission

densities, allowing us to use ([2.47)). We define

W — Vg Vg — Wk
t; ;= max ——— € [0,1] and ¢t :== max ————
1Sk<K Ly, s, — Uk 1SESK Ly s, — Wk

€ [0,1].

Since w # v, we have t1,t5 > 0. We define two probability densities f; and f; by

K K

fi=> {vk - wkt_ Uk] gr and fo =) [wk U wk] -
1

k=1 i1 ta
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One can check that we have

K
t t2(1 — 1)
w = + )
kz::l W T = T h =)

K
tl(l—tg) tg
1% = + .
kz::l kK t2+t1(1—t2)f1 t2+t1(1—t2)f2

We get straight from (2.47]) that

¢ o (wigr + -+ wrgr) — do (vigi + - + vk gK)llL, 0

o( ty i ta(1 —ty) f)

ty+ta(1—ty) t1+t2(1—t1

t1(1 —t2)
1 2 f"’
to +t1(1 —to) t2+t1 1—t2

ta(1—t1) 1/4 1/4 1/4 t1(1—t2) 1/4
tl-itg 1 1t1)) (t2+t1(1 t2 ) (t1+t2(]. tl ) - (tz-’itl 1 Ztg))
<2 \
>~ t2(1 t1) )1/4+( >1/4 ( )1/4+( t1(1—t2) )1/4
t1+t2(1— t1 t2+t1 1 —t2) t1+t2 1 t1) t2+t1(1 t2)
1/4 4 1/4 1/4
e <>”\vkm/ (t2(1 — 1))/
(tz(l —t)) 4 (1) ()Y (1 - )
(1 =0 - 1 i-a- tz)l/ﬂ
STl (- )1/4 +1 V14 (1 —ty)l/4

( 3] \/ ta )
S P @) Y (@ e ) (B
<2t V t).

We end the proof of ([2.44]) with the following upper bound on ¢; V t5. We have

v Wp — Vi v Vr — Wi

tl t2 = max
<k<k \'1 — v 1 —w
1<k< Wi >V k Vi S W k

= max. {]wk — vg| X max ((1 — o) (1 — wk)’l,vk,wk»

<67 =l O

The proof of Lemma is now complete.

2.B Theorems

57

In this section we provide a very general result from which we will derive Theorems 2.1}, 2.2]

and 210
Theorem 2.12. Any p-estimator P on 25 satisfies, with probability at least 1 — e~¢,

h? (P, Por) < inf {co (h*(P*, 2(0)) + n(K — 1)5(0))

ta (116.1V(9) l5.82 +log (W) +log, (%)] + A(9)> }

+ e (1.49 + €).
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with ¢y = 300 and ¢; = 5014. Moreover, for K > 2 and §(0) = VO AL we have

n(K-1) K’
log <5(9)> +log (V(@)) < (2 +log, (9)) log (W) (2.49)

and n(K —1)§(0) <n AV (0).

2.B.1 Proof of Theorem 2.12

We recall that the function ¢ defined by ([2.6) satisfies Assumption 2 of Baraud and Birgé [11]
with a9 = 4,a; = 3/8 and a2 = 3v/2 (see Proposition 3 [11]). Using Proposition m, we can
apply Theorem 2 [11] with

D, (8,0) = 545.3V(6) [5.82 +log (W) +log, (v?e))] .

There exist constants v and » (given by (19) in [11]) such that, with probability > 1 —e~¢, we
have

h? (P, P) < inf [7h2(P*, 25(0)) + i’: (D ’i‘;ﬁ) + A(e)ﬂ

Lemma 2.7. For all K > 2 and 0 € ©, we have
VP € P, h(P,250)) < /(K —-1)d0)+ h(P,2(0)). (2.50)
Using this inequality, we get

h? (P*P) < nf 27 (h2(P*, 2(0)) + n(K (0) — 1)5(0))

+ f: (116.1V(9) [5.82 + log (W) +log., <V7(19>>1 + A(@ﬂ

From Baraud & Chen [12] (see proof of Theorem 1), we get that v < 150 and 4x/a; < 5014.

Let us now prove (2.49). We consider 6 such that K > 2 and we take 6(0) = n(VK(ﬁ)n A+

o IfV(0) <n(K —1)/K, then

log (W) +log, (%) = log <(K2 _ 1)((£2+ 1)712)
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« Otherwise V() > n(K —1)/K and

K?+2K +1

< 3log(K) +1log (9/2)

log(9) — log(2)
3+ log(2) ] log(K)

< (2 log,(0)) o ).

A

Finally, one can check that n(K —1)6(8) <n A V(0).

Proof of Lemma 2.7
For K > 2 and § € (0,1/K], we define W 5 by

Wr.s = Wk N [§,1]F. (2.51)
We prove by induction that
Vo € (0,1/K], sup h* (wWgs) <1—4/1— (K —1)d. (2.52)
weEWK

e Assume ([2.52) holds true for K > 2. Let § be in (0,1/(K + 1)) and w be in Wg1. Without

loss of generality we consider wy < wy < -+ < wi < wx4q. We define the function r by
WK—H — WK
r 1ivilaliuful,...,ffful) for wy # 0,
v i 11 1
fuf,..-,f) for w; =1,

and informally r—! by

T‘_l . Wik X [0,1) — WK+1
Jwa) =@ (- aug).

o Ifwy >0 then w € Mgy and h (w,Wgki15) =0.

e Otherwise w; < ¢ and we build a distribution v € Wk 5 to approximate w. Take
n=204/(1-4¢) € (0,1/K]. From (2.52)), there exists v' € M, such that h?(r(w),") <
1 —4/1—(K—1)n. Now take v = r~1(6,0'). We have v; = ¢ and for j > 2, v; =

(1—=06)v; 1 > (1—09)n=20. Therefore v belongs to Wi 1,5. We also have

R(w) = 5 (v = V3) + (V= - vi=3)’]
+ V1 —wi V1 —6R*(r(w),)
<[1-vi-4| +\/1—5{1— 1—(K—1)n}

=1-VI-6y/1 - (K —1)§/(1-6)
—1-V1-Ko.
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e We now prove ([2.52)) for K = 2. Let w be in W, and without loss of generality assume that
wy < 1/2 < w,. Once again we only need to consider w; < ¢. Then we take v = (4,1 — §) and
we get

h(wWas) < h?(w,v)
1
- 5 [V = Va)' + (vr=m - Vi)
<1-+v1-9.

This ends the proof of (2.52). We can now prove Lemma . Let P € & and P, r € 2(0).
There is v € Wk s such that P, r € Z5(0) and

h? (ww) <1—4/1— (K —-1)§ < (K —1)0.
By a density argument we can assume that v € Q. Therefore,

h (P,Qg(&)) <h (pvpv,F)
S h (PU,F7Pw,F) + h (Pva,F)

<AV(K =10+ h(PP,F)

where the last inequality comes from Lemma [2.8] Then, taking the infimum over 2(6) ends
the proof. n

2.B.2 Proof of Theorem [2.1]

It is a direct application of Theorem in the specific situation where
@ == {9 - (K,)\l,)\g, e ,)\K)}.
Then, taking A(f) = 0, inequality (2.48) becomes

h? (P, (P)™") < o (W3(P", 2i0) + (K — 1)9)

2
+ 11617 [5.82 +log <(K§1)> +1log, (;)]

With (2.49), we have
h? (P*, P*") < ¢y (h%(P*, 2) +n A V)
— K
4 1116.1 (2 + log,(9)) V7 {5.82 +log (")]
VAn
+¢1(1.49 + §),
for K > 2. One can easily check that it still holds for K = 1 (see |11]). Therefore (2.11)) is

proven.

2.B.3 Proof of Theorem [2.2]
Let 2k [e] be the model defined by

QK[E] = {ikak,w € Wk, Fj, € gzk[ﬁ],Vk‘ S [K]} .

k=1
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Since the class .7}, is totally bounded, the set .Zi[e] is finite for all k € [K]. We satisfy
Assumptions 2.1 and 2.2] and therefore can apply Theorem [2.1] with

V=S () < 3 ()"

Let P = Ps be a p-estimator on Lk s[e]. For all £ > 0, we have

h? (P*, (135)®"> < co [0? (P",2x[e]) + n(K — 1)9]

2
+¢116.1V [5.82 + log <<K—gl)> + log_, <‘T;>]
+Cl(149+€)7

with probability at least 1 — e¢.
Lemma 2.8. Let w and v be in Wg. Let Fy, and Gy, be in & for all k € {1,...,K}. We have

K K
h (Z kak7 Z Uka> S h(w, U) -+ max h (Fk, Gk) .

k=1 k=1 ke[K]
This lemma implies that Zg|[e] is a e-net of 2y with respect to the Hellinger distance, and

in particular
h? (P*,2ke]) < 2h? (P*,2x) + 2né’.

. -1 T K AL\ Yk
Therefore, if we use (2.11)) with V' = > (Tk) we get
k=1

K
Ch? (P*, (155)® > < 2h* (P*, k) + 2ne” + € > >~ Apk [1+ log(Kn)| + €.
k=1
Finally, for e = n~ amalir?, there exists a positive constant C' such that for all £ > 0, we have
K
% (P*, (B5)" ) < b2 (P*, D) + no3 3" AS [1 + log (Kn)] +€,
k=1

with probability at least 1 — e~¢.

Proof of Lemma [2.§

With Young’s inequality, we can easily prove the following inequality

2
Vr,y,z € Rf, ( Z Trie — Z xkyk> < Z (Ve — \/y_k)z
ke[K] ke[K]

ke[K)

Therefore, we get an upper bound on the Hellinger distance between mixture distributions. For
w,w € Wy and Fy,Gy € & for all k € [K], we have

h ( > wiFr, Y Uka) <h ( S wiFr, Y kak) +h ( > wiGr, Y Uka>

ke[K] ke[K] ke[K] ke[K] ke[K] ke[K]

< Z wih? (Fy, Gy) + h (w,v)

ke[K]

< h(F; h .
_]Igrel% (Fy,Gk) + h(w,v)
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2.B.4 Proof of Theorem [2.§]
Applying Theorem [2.12|in the described setting, we get

n? (P, P) < inf [co (R2(P", 2(\) + (K = 1)5()))

N C2£W [5.82 +log (W) +log,, (V?A))] " A(A)H
49+

C2 3
n

with probability at least 1 —e™¢. As K > 2 and 6(\) = n(VK(i)l) A + we have the following with
(2.49). and finally we have

h? (P, Por) < inf {eo (W2(P", 2(0) +n AV (N))
+c (116.1V()\) [5.82 + (2 + 1og,(9)) log (V(f)@\n)] + A(A)) }
+¢1(1.49 +§)

<Cinf {h2 (P*.2(\) + V() l1 +log <V(f)”m>] + A(/\)} +

where C' is a positive numeric constant that does not depend on L.

2.B.5 Proof of Theorem 2,10
Applying Theorem [2.12] we get

n? (P, P) < Kigglco (R*(P*, 2(K)) + (K — 1)§(K))

+Cz{116':lKv [5.82 +log (W) +log, (Knvﬂ + A(K)H

1.49 + ¢
Co 9
n

with probability at least 1 —e™¢. For K = 1 and §(K) = 1 we have (K —1)§(K) =0 < KV An

and
log (W) + log,, (I?V) = 2log(2) + log (KVn/\ n) :

Combining this inequality with (2.49), we have

Kn>

5.82 + log (W) +log <K7?V> < (5.82 4 2log(2)) + (2 + log,(9)) log (KV /\n

for all K > 1. Finally, there is a numeric constant C' > 0 that is universal, such that for all
& > 0 we have

Ch* (P, P) < dnf, [iﬁ(P*, 2(K)) + le {KV [1 + log (K{/(CL\ n)] + A(K)H + fl

with probability at least 1 — e¢.
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2.C Density estimation

This section gathers the proofs of density estimation results, namely Theorems and

2.C.1 Proof of Theorem 2.3

The Gaussian location-scale family of density functions is VC-subgraph with VC-index V' (C) <
5 (see Lemma . Proposition provides an approximation bound for ¥ (A,R). The proof
can be found on page [63] We can now apply Theorem with those two propositions. With
, there exists a universal constant C' such that for P* = (P*)®" ¢ > 0, with probability
at least 1 — e~¢, we have

R K172 3v2
2 * 2 * _ 1/4
Ch? (P*,P) < h* (P, %(A,R)) —I—exp( 12\/6R2> [K —n +R]

+Klog(n)+§
n

o [ a2
< h*(P* %4 (A,R)) + — [W

n
(864R*log*(n) + 1) log (n) + &

n

(864R*10g”(n) + 1) + R]

+

One can check that the assumptions ensure that log(n) > 1 and therefore

o 1/2 1/4 47403
OR2 (P*,P) < 12 (P Z(AR) + Rlog'?*(n) [3&865 1 865 log*(n) + ¢

n (em)/271/4 n

Finally, there exists a numeric constant C' > 0 such that, for K = [864R4 logQ(n)W > 2(24A4% + 1),
for all £ > 0, with probability at least 1 — e~¢, we have

R*log®(n) +¢
" :

Ch? (P*, P) < h*(P* 6 (AR)) +

The different conditions are satisfied for n > exp (%2%\5/3)

2.C.2 Proof of Proposition [2.1
We first need the following result.

Lemma 2.9. Let k be a positive integer. For any probability distribution H on [—a,a] X [0,5],
there is a discrete probability distribution H' supported by k(2k — 1)+ 1 points in [—a,a] X [o,7]
such that

2 2\* & 2 2
drv (P, Ppr) < inf {\/ﬂam (ea (1+m) ) + L exp (_(m—l)a)}

m>1 el 2ko? 20 202

The proof is postponed at the end of this one. Let A and R be two real numbers respectively
greater than 0 and 1. As a direct consequence of this lemma, for any | € R, any probability
distribution H on [l £ g A] x [g,Rg] and for K > k(2k — 1) + 1, we have

k
) . eA?(2 +m)? R _m?A?
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The goal is to have an upper bound without an infimum. For that we are going to take a value
of m given by the parameters A and R. Now

3 eA24m2\* R m2 A2
2 < 1 _ - _ -
h*( Py, %) _7}%{;{ 2/7rA2m< 5% > + 5 exp( SR )}

e LB (2N R A
T Var o\ k 2 P\ 2m ) [

Let W denote the Lambert W function restricted to (0; 0o) such that W (x) is the only positive

number such that W(z)e"® = z. For m = —W!{:lm and k >
that m > 2, we get

h2(Py, %) < \/2W (1/4eR?)RE'? (4e R*W (1/4632))'“ + ];exp (—kW (1/4eR?))

— Rexp (—kW(1/4¢R?)) {k1/23\/W(1/46R2)/7r 4 1/2] .

Let us simplify this bound using simple properties of the function W.
e Forallz >0,0<W(z) <z

w s to ensure

o Forall z € (0,1),2(1 —2z) < W(z). Therefore,

1 1

1/4eR? (1 — )

W(/4el5) = 4 1eR?

(1—1/4e) 4de—1 1
4eR2  16€2R?2 — 12R?’

Vv

Therefore, we have

k 3
2 < — 1/2 .

Since K > 2(24A2% +1)°, one can check that the set

242
B=lkeN:K>k2k—1)+1and k>
{ €N (2k—1)+1an _RQW(1/46R2)}

is not empty, e.g. [24A?] € B. Weset k =maxB > 1,i.e. k = E + /(K — 7/8)/2J < \/F\%

we have

Ke{n2n-1)+1,....Cn+)n+1)}=k=n>VK -

J@n+1)(n+1)

Since = +— m is non-decreasing on [1, + 00), we have k > /K //6 for all K > 2.

Finally, we have

k 3
<R _ 1/2
WP, 9c) < Rexp ( 12R2> [k NG 1/2]

K1/2 3v2
< _ 1/47
_ReXp< NG 2) [K 5 \/571/4“/2]

1/2
1ep< K )[KW 3v2 +R].

12V/6R2 VerT/4

One can see that ¢ does not play a role here and is equivalent to s in the definition of C(A,R).
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Proof of Lemma [2.9]
The bound is obtained following the proofs of lemmas in Ghosal & van der Vaart [49]

o 1st step:
For |z| > a we have,

(x — 2)*

pu(r) = / Tongs P (— o )dH(z,a)
< . 5 eXP <_(|x|—a)2> (2.53)

262

e 2nd step:
See Lemma A.l in Ghosal & van der Vaart [49]. Take N = k(2k — 1) + 1. There is a
discrete distribution H' with at most K support points in [—a,a] X [g,5] such that

/ lo=@HYdH (2,0) = /zla(QjH)dH’(z,a) (2.54)

for i =0,...2k—2and j =0,...,k— 1. Because of (2.54]) we get

k=1 (_1)ig—2i+D) (4 — 5 JO- @i+ (p — »
/ZO< D) ( ) dH(z,0) /Z ( ) dH'(z,0),

J! J!

for x € R. Taylor’s expansion of the exponential function (|49]),

@—22\ 2 S| e 22\
eXp(‘w)‘Z - S( 207 )

j=0 7!

Therefore,

V2r sup |pu(r) — pur ()|

x| <M

<2 sup — |exp
lz|<M O
lz|<a
0<o<o

i (_ (o - z)?) ! (-2
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Obviously, the inequality ([2.53)) holds also for pys. We combine it with the last one we obtained
in order to bound the total variation distance. Therefore, for M = ma, m > 1, we have

dry (Pu, Pr) = /’pH — pw(z)|dx
1
< M sup |pu(x) — pa(x)| + 5 pu(x) V pp(z)de
x| <M 2 Jiz|>m
- 2/7r e(M + a) |a7| —a)? p
ex ua
- T 2ko? 2 |z|>M \/27ra2 P

< 2/7T M+a +5 x—a
— —eX
- 0 2ko? g Jz>M /27152 P
—1)

2/ 1 2\kF = 22
< / am ca’(1+m) + — J exp ( — ¢
20 20

a 2ka?

Finally, writing A = a/g and R =& /g, we have

drv (Py, Ppr) < inf {mam <6a2(1+m)2>k+0exp (_(m—l)2a2>} 0

m>1 g 2]€Q2 20

This concludes the proof of Proposition 2.}

2.C.3 Proof of Theorem 2.11]

We firs provide the proof of Lemma [2.3] which provides the necessary bound for the approxi-
mation.

Proof of Lemma [2.3

We will use notation from [68]. With Lemma 7.23 [67] and an inclusion argument, we have
1
h? (P9k) < h*(PSk) < §DKL (P||Sk) -

Combined with Lemma 6.1 [68], we get

h? (P, %) < %A(K)%
s 3/2
= 7( K (InK) )
<o (n K)*
= é”B KQB )
with C@B = 667Ba%ﬁ/2. O

The Gaussian location-scale family of density functions is VC-subgraph (see Lemma .
For 0 < 8 < B and 8 € [3,0], let H (B,P(Q,B)) be the class of density functions defined in
Maugis-Rabusseau & Michel [68]. One can check that

Z e—A(K) S 17
ke



2.D. Regular parametric models 67

for A(K) = K. Applying Theorem [2.10} for £ > 0, with probability at least 1 — ¢, we have

Kex n

Ch*(P*,P) < inf {hZ(p*,gm n K(5log(n) + 1) +§}

O 36 ogin
S2h2(P*,’H(5,P(57ﬁ)>)+[(igg{2cw(l s )7 | K(Blogl )“)} :

+
K268 n n

Therefore, following the proof of Theorem 2.9 of Maugis-Rabusseau & Michel [68], we have

, (log K)**  K(5log(n) + 1) (log K)**  Klog(n)
_ <o
I%Ielf// {205’5 K?p * n ~ BB I%Ielgif K28 * n
58
(logm)2e+
NN 25
- n2ﬂ+1

Finally, there exists C'; 5 such that for all £ > 0, with probability at least 1 — e~¢, we have

n

58
. 1 B
P(P*P) < Cy5 ((Og”Zf + 5) .
- 26+1

2.D Regular parametric models

This section gathers the proof of Theorems and 2.5

2.D.1 Proof of Theorem [2.4]

We apply the results of Ibragimov & Has'minskii [54] (Chapter 1, Section 7.1 and 7.3) to
parametric mixture models. We recall the notation

K-1

p(50) = > wifu(sow) + (L —wy — - —wg—1) fx (-5 ak)

k=1

K1

and © = {w € (0,1)571 3wy < 1} X Ay X +++ X Ag. Obviously, © is an open convex subset
k=1

of RE=I x RY x - - - x RIx . We first check that Assumption [2.3[implies that the model is regular.

e a) = 0 — p(x;0) is continuous on O for p-almost all z € 2.

e b) = For p-almost all x € 2 the function u — p(z;w) is differentiable at the point u = 6.
For all k € {1,...,K} and j € {1,....,dy}, we have

IOp(x;0) Ofe(x;ap)|”  wi
/3&” oy, ; | / | Oay, ; p(z; 9) plde)
8fk(x705k) p(dz)
= /y day, fr(x; o) =
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It also works with & = K since w is fixed here. For k € {1,... K — 1} we get

/ Ip(a; 9)|2 pu(dx) 2 p(da)
X

wn p(z;0) = /f (fe(z; o) — fr(z,aK)) m
pldr)
/ fk fk x; O./k)

_pldz)
+1—w1 —wk/fK le’OéK)

2
=—+ < 00.
Wy, 1—w1—~-—wk

Therefore, we have a regular statistical experiment (see [54]). Since the Fisher’s information
matrix .
- [ ) () o

is definite positive. We can apply Theorem 7.6 of Ibragimov & Has'minskii [54] which says that
we have

liIgiOHthH_QhQ(P Pyy,) > A0)/4.

where \(f) is the smallest eigen value of the Fisher’s information matrix I(f). Therefore there
exists @ > 0 such that
inf

_ _9 -
6€®:||§—9||<a Q_QH h2 (P§7P0) > /\<9) /8

@ A inf  h? (P5,Py) > 0 such that
Jo-3]

Vo € O, <1+H9 | >h2 (PpPy) = C (7).

Finally, there exists a positive constant C' (@) =

We apply Theorem [2.1] m so that with probability at least 1 — e~¢ we have

i [ (P*,PE") + Vlog(n) + &] > Ch? (P5, Fy) —Cx C(0)

H?—éHQ/\b
145

v

C x C(0),

K-1
for any b > 0. Since ||w — @] < K Y (W — 1y)? and
k=1

K-1 K K—-1
3 (= 0+ 3 [l -l A1) < 3 (000 + |32 - | 1
k=1 k=1 k=1
K—1 ) K )
<> (e —p)” + Y M@ — dkl| ] AN(K +1)
k=1 k=1
=7 - A" A (K + 1),
we get, with b = K + 1,
1 2 * Rn I/ 2 CXC(?)
[ (Prp) + Vlowto) 4] = |l — ol + 32— aul | SE0

with probability at least 1 — e™¢.
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2.D.2 Proof of Theorem 2.9

Assumption is satisfied with Lemma . For all j in {0,...,K}, we have V; = 5K. We
apply Theorem 2.8 with A; = log(K +1) for all j € {0,...,K}. This induces a constant penalty
function and one can check that this does not modify the definition of p-estimators compared to
a null penalty function. Therefore, the estimator can be computed with a null penalty. There
exists a positive constant that does not depend on P* such that for n > 5K, any p-estimator
Py on 2; satisfies, with probability at least 1 — e~¢,

n

The following lemma allows to prove that for n large enough, the estimator P belongs to the
true model 2;- with high probability.

Lemma 2.10. Let j € {0,...,K} and assume there is a sequence

J K
(P, = (Z WinN (2o O ) + D Wi CGUChy(Zk,mUk,n)) € 32;-\]
k=1 n

k=j+1

such that nh_)ngo h(P,,P*) = 0. Then, j = j* and there is a subsequence (P¢(n)) such that

nh_{go<zk,w(n)>Uk,w(n))1§k§K = (Zk,0k)1<k<k -
This implies that a = inf; 2 h(P*,2;) > 0. Forn > ng = inf{n > 1 : C'a™'K <

n/log(n(K 4+ 1))} and 0 < £ < %, there is an event )¢, of probability 1 — e~ such
that

< Klog (n(K +1))+¢

Ch%(P*,P) -

and P ¢ Djs.

From now, we follow the proof of Theorem [2.3]to prove a lower bound on the Hellinger distance
h(P*,P) for P € Q]*

*

Lemma 2.11. There exists a positive constant @ such that for all Py = wiN (zx,0%) +
k=1

<.

K
> wiCauchy(zg,01) € 2,
k=5 41

0z o w3 () - () 1
k=1

S ((zow) — Erdw)lEA 1>.

k=j*+1

Finally, there is a constant C' such that for & and n, on the event ¢, we have

c (H@ —wl* + i: ‘ (fkﬁg) - (fkﬁi)Hz A1+ i 1 (2s6%) = (21,0315 A 1)
k=1 k=j*+1

< Klog(n(K + 1))+ 6‘

n

We still have to prove Lemmas and
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Proof of Lemma [2.10]

Let j € {0,...,K} and assume there is a sequence

j K
(P, = (Z WinN (o Oin) + D wk,nCaUCh}’(Zk,mUk,n)> € 2]
k=1

k=j+1
such that ILm h(P,,P*) = 0. The mixing weights are bounded so we can assume we are
n—oo

already considering a sequence such that wy, , — " Wikeo for all k € {1,...,K}. For the other
parameters, it is always possible to extract a subsequence Py ,) such that for all &

Ok, 00 € R+7

Zkoo € R, q
z n) —— ana o n) ——
kp(n) k4p(n) or + oo.

n—o0 or + 00, n—00

We now consider the different cases possible (dropping the dependency on v in the notation).

o If 2 —= +oo (without loss of generality we consider +o00 in the proof), for b € R, we
have

P,([b, + oo]) > wk,n[ﬂkﬁj‘/\/(zk,nyo—l%,n)([b> + o0)
+ 1>, Cauchy (2k n,0%.0) ([b, + oo[)}

Wi,n
> % for n large enough.

Assume wy o, > 0. Since P*([b, + o0|) — 0, there exists b such that P*([b, + oo]) <
—00
Wjoo/4. On the other hand we have P*([b,+00[) = lim Py, ([b,+00[) > wg 00/2. Therefore,

it means that wy o, = 0 and it also holds for 2, — —o0.

o If 24, — Zkoo € Rand o, —— 0, for b > 0 we have
7 n—oo ’ 7 m—oo

Po([#h00 = b,2k00 + 1)) = Wi (LkciN (2,07, ([b, + 00])
+1 >, Cauchy (24 n,0%,0) ([b, + 00])) = Wi co-
Assume wy o > 0. Since P*([zk00 — b,2k00 + b)) — 0, there exists b > 0 such that
P*([2k,00 — b,2k,00 + b]) < wjoo/2. On the other hand we have P*([24 00 — b,2k,00 + b]) =

Jim P, ([#k.00 — b,2k.00 + b]) > Wk oo Therefore, it means that wy o = 0.

o If 235, = 2k oo € R and oy, — 00, for a > 0 we have
Po([~a,a]) < (1 —wpp)
+ Wi (TreiN (21,07 ) ([~ 0,0]) + LisjCanchy (2 n,0k0) ([—a,]) )

— (1 — wy00)-

n—o0

Since P*([—a, + a]) — 1, we get wy.oo =0

This proves that P, converges to

Py = Z wk,ooN(kaogo-]z’oo)'}‘ Z Wi.00 Cauchy (24 00,0k,00 )+
k<j(X\) k>j(A)

wk,m>0 wk1w>0
and necessarily P* = P,. Lemma [2.10] with the assumptions on P* implies j = j* and
there exist two permutations 7,7, respectively on {1,...,5*} and {j* + 1,...,K} such that
(T Zk:0k) = (Wey (k) 2y (k) Oy (k) Tor kin {1, ... 5%} and (Tx,Zk,0k) = (Wro(k)Zre(k):Oro(k)) for &
in {;*+1,...,K}. O
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Proof of Lemma [2.17]
o The map (z,0%) — g(x;2,0%) = ¢,(x — z) is continuous and differentiable on R x R**
with

0000 —2) = 6l — )T

Drts(z — 2) = dolz — 2) [“;,f . QH -

Similarly (z,0) — f(z;2,0) = =2 is continuous and differentiable on R x R™* with

wo c(x;z,0)
1 z—-=z
az Y% YN
f(@;2,0) o3 (x; 2,0)
1 2
ao ) % =—F |1
UCE no?c(x; 2,0) [ c(x;z,a)]

Moreover, on can check that we have

J

/R‘&,zg(x;z,az)fdx :/Rl(x—z)z 1 rqbg(:c—z)dx e

g(x; z,02) 200 202

' o dx (x — 2)?
/R|azf($, 20)l flz;2,0) /]R o3 (z; z,o)dx =0
]
R

2 dx 1 2 2
. 2 It _ - d :
oo f (3 2,0%)| 7@ 2,0) /Rm?»c(x;z,a) [ C(xsz,O')] e

« The function 6 — ¢(-;60) = Zp'/3(-;0), where

2 dr :/R(q:—z)2

o(z .07 p ¢o(r — 2)dr < 00

bugl:20°)

J* K 1
= D Wk, (¥ — 2k) + p—
kz::l ok k:;H noc(x; z,0)
and
0= (wl, e WK 1,215+ - - ,Z}QO’%, ce ,U?*,Uj*_i_l, e ,O'K),

is continuous in the space Lo(pu).

« We apply Theorem 1 of Meijer & Ypma [72]. For j* < K,
det(1(0)) =0

=>3>\7é02¢ak )(wk)\ (2 ) + Wi A2 l(x_f)Q_;cQ]+>\wk>

O 20},

K-1
w /\ 2 A
K \ToC (x 2k,0k) 7T0'k o(x; zp,0%) (x5 28,08) ToRC(T; 28,08
A A 1 2
1— e — K 9K —
T o wk-1) (WU?(CQ(% 2K,0K) 7”7%( [C(HJ;ZK,UK) c*(; ZK,UK)D

1 K-1
- > Aw, = 0 for p-almost all .
Togc(T; 2x,0K) =
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« We now check inf|5_4 -, h*(P;,Py) > 0,Ya > 0. It is a direct consequence of Lemma [2.10]
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For j* = K,
det(1(0)) =0

K-1 o o 2 1
= 3\ 7é 07 Z (bai (x - Zk) <wk)‘Zk(xO_22k) + wk}‘o‘i [(‘I Z) ] + )\wk>
k=1 k

20 a 202
(r — zKk) (x — 2)? 1
"’QboK(l‘_ZK){(l_wl_"'_wK—l) (AzKO_%(-i-)\U%( 201 —20%(
K—1
-y /\wk} = 0 for p-almost all x.
k=1
Lemma 2.12. Let (21,01),...,(z2k,0K) be distinct elements of R x RT™. For any integer

n, the families
A= {x|—>xj¢oi(x—zi);i€ {1,...,K},j € {0,...,n}}

and

Bzz{x%% ;ie{lw”rKLle{lghje{DJ}}

M (@; 2i,04)

are linearly independent. Moreover, the linear spaces Spang(A) and Spang(B) are or-
thogonal.

This proves that 1(6) is non singular.

PQEQ]-*

2(A*) is a regular parametric model. We consider the parameter to be o for the Cauchy
distribution and o? for the Gaussian distribution. Obviously, (z,0) — g(z;z,0) =

2
%C(x.lz ok with ¢(z;z,0) =1+ (””;Z> is continuous and differentiable on R x R™ with

2(x — z)
o3 (x; z,0)
1 2

ro2c(z:2,0)  wo2c(x;z,0)

0.9(x; 2,0) =

0pg(z;2,0) =

Moreover, on can check that we have

dx A(x — 2)?
0-9(w; 2,0)' ——— :/—d
/R‘ 9(z:70) 9(x;2,0)  Jrmodc}(x;2,0) e

and

dx 1 2 2

2

: S | S 0.
/R|6(,g(33, 20)] g(z; z,0) /R nodc(x; 2,0) [ c(x; z,a)] dr <

o With the results of [54], we get that there is a constant a* > 0 such that

0 — 0]|?

VP € 20\, a"—= 1
b € 2(N),a 1re—ap =
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Proof of Lemma [2.12

o Let f be any function in Spang (A)NSpang(B). Therefore there are constants (A, ;)1<i<x,
0<j<n
and (A.i.;) 1<i<k, such that

0<;<1<i<2
K n ) K 2 1 l"j
F@) =223 Xig® o —2) = DD D Nt
i=15=0 i=11=1j=0 c(x; 24,04)

Since f € Spang(A), we have f(z) = 01oo(z7%),Vk € N. Therefore \.;;; = 0 for all i,5,]
and f = 0. This proves Spang(A) N Spang(B) = {0}.

e One can check that > is a strict total order such that

(21,01) > (22,02) = 27 ¢y (v — 22) [ b, (x — 21) o O

for any j € N. Let A be such that 3> \; j27¢s, (z — z;) = 0 for all . Without loss of
i,

generality, we assume (z1,09) > -+ > &ZK,UK). Therefore,
0 = Z )\i,jxj(bai (l' — Zi)
1]
=D Xl o, (¥ = 21) b0, (v — 21) + D Ao
Y] J

— Z )\17]'1’]' + 0+oo(1)'
J

It implies that A;; = 0 for all j. Then, we have > \;;27¢,,(z — 2;) = 0. By induction,
i>2,j
we get that A = 0 which proves that the family is indeed linearly independent.

e The partial fraction decomposition theorem implies that B is linearly independent. [

This concludes the proof of Theorem [2.9]

2.D.3 Proof of Theorem [2.5]
We apply Theorem and Lemma m (see page with j* = K.

2.E Two-component mixture models

This section gathers the proofs of the results for the two-component mixture model with one

known component, namely Theorems [2.6] and

2.E.1 Proof of Theorem [2.6]

We take M = ||2*||o + 1 to have (2.55)). With Proposition there exists a positive constant
C (depending on ¢ and M) such that for all z € [-M,M]¢, and all X € [0,1], we have

C(o M-I (1112 (7 = 0%+ ()2 1127 = 2°) < llpae o = el
One can prove (using Proposition 2.1 in [41] and A* # 0) that we have

inf ‘|p)\*7z* —p)\,ZH2 > 0. (255)
2g[-M,M]4,
A€[0,1]



74 Chapter 2. Finite mizture models

Therefore, there is a constant C(¢,\*,2*) such that for all z € R? and all A € [0,1],
Cle N2 (11217 A1) (7 =2+ A (117 = 2P A 1)) < Hlpae 2 — pacl 3.

Since ¢ is bounded, with inequality (2.24)), there is another constant C'(¢,\*,z*) such that for
all z € R? and X € [0,1] we have

CloN =) (122 AT) (A = A2+ (W) (12" = 2P A 1)) < W2 (Pae oo Prs).
One can check the following

B2 (Pyeor, Py 2) < (027 (W) (127117 A L) /2= (12" = 21 AL < (I[P A 1) /4
1Eal

Al
2

S AL
We use Theorem [2.1 for an upper bound on 7?(Py: .+, P ;). For n > ng(¢,\*,2*), with

1+ V)[1+log(2n/(1+ V)]
nCA )2 ([l A1)

no(@,\*,2") := inf {n > 1+ V’4< < C(gb,)\*,z*)} ,

for 0 < &€ <&, = (1+V)[1+1og(2n/(1+ V))], with probability at least 1 — =% we have

Ch? (PA*,z*,Px,g) < ;L {(1 +V) [1 + log ((X/Qﬁl))] + 5}
<O x CleX ) (W) (17IF A1) /2

where C' is the constant given in Theorem . Therefore, there is a new constant C'(¢,\*,z*)
such that for n > ng and € € (0,£,), with probability at least 1 — ™% we have

< (1+V)[1+1og(2n/(1+V))] +§.

Clox"2") (N =27+ (lle* = 2l A1)

2.E.2 Proof of Theorem

We need some preliminary results before applying Theorem [2.1]

Proposition 2.4. For \* € (0,1] and z* # 0, there is a positive constant C(«,\*,z*) such that
for all z € R and all X € [0,1], we have

W2 (Pye oo, Prz) = Clanz™ A7) [V (T ]z = 2772) + (7 = )2 (1A ]27])] -

Since s, is unimodal, the class of densities {x > s,(x — 2),2z € R} is VC-subgraph with
VC-dimension not larger than 10 (see Section [2.3.2). With Theorem [2.1] and Proposition [2.4]
there exists a positive constant C'(a,\*,z*) such that for all £ > 0, we have

n)+¢§

_ 2] log(
Cla,2* A [T A5 = 2o 4 (A = A }<
L e B R

with probability at least 1 — e™¢.
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Proof of Proposition [2.4
We write
fo(z) =5 (:B—z)—l_ia]l
: o 2w — oo AL

We define g by

9 2
o) = = (VI =XV fola) + 3 () = /L= N folw) + A (0) )
such that ] .
2h? (Pye o+, Py) = ?a/ g(x)dz.
Lemma 2.13. Assuming z - z* > 0 and |z* — z| < W There exists C(a,z*,\*) > 0 such
that

/g(az)da: > Clanz" A7) [ (LA ]z = 2]7) + (= N2 (A7)
Lemma 2.14. For z-z* <0, we have

1A {()\*)(l—a)/a(l _ O()Q(l—a)/a‘z*|1—a}

1l -«

/g(z)dm > \a?

Lemma 2.15. For |z — z*| > Ta)7a and z* - z > 0, we have

1
—Oé)

/g(x)dx — N (1A |2%).
Combining those three lemmas, there exists a positive constant C'(«,z*,A*) such that

W2 (Pye oo, Prz) > C'(a,2" X) [V (LA ]z = 2 [72) + (= 2 (1A L27))]

for all A in [0,1] and z in R. Without loss of generality, we assume z* > 0 through the proof of
the lemmas. O

Proof of Lemma 2.13

Without loss of generality, we consider z* > 0 for now.
e For z €] — 1,0, we have

2

1 x|e x|«
g(z) = I (J L=a+ A |_|Z*‘a1|xz*|e<o,u - J LA ]1|wze<o,11)

|z = 2|

If 2 Az > 1 then,

1
g(z) = o (VI=x =v1I=2})
and o .
2
dr > (VI—-X M —+v1-2A .
[ ote 2 (V=X VI3
Otherwise z* A z € (0,1) then for z €] — 1,2* A z — 1],
—z A zF)e

/Z*Az_lg(x)dx > (VIZ—N —VI=A) -

-1 1—a
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Finally,

21— (1—2zAz)®
1—a '

/Olg(a:)dasz (\/1—)\*—\/1—)\)

e For x €]z* V z,2* V z + 1], we have

1 |z — 2%V z|® |z — 2%V z|®
= — 1— M) —— :H-$ A* ]]-J:—z*
9() |$_fVZW(J( T Leeon F A L

2
|x — 2%V 2|« |x — 2%V 2|«
- J - A)Tﬂlxlem,ﬂ + Awﬂ\x—zlem :

o Iz <2, with V< *‘,forxe]zz+V|z—z|[ we have

o=l _ =2

<V,

|| z*
|x — 2% V]z* — 2| <V
|x—z| (14+V)|z* — 2|

We get

2*+V|z—2*|
/ g(x)dz > (

*

9 rz*4V|z—z*| dx
) /z* |z —2*V z|]@

2 (V]z* — 2)
ﬂ(| )

11—«

i
3 3

We take V = ()1 — a)? < (| Ot 1

T S and we have

2*+V]z—z*| )\* (1—a)/a 1 — 2(1—a)/a e
z* l1—a
_ (A*)l/aOzQ(l _ a/)2(1fa)/a|z* _ Z|1fo¢
B 1—a« ’
o If 2 > 2* we obtain the same way

|lfa

/z+1 o)z > )\1/04042(1 )2(1 o /alz

1l -«
Finally, for any z* in R, using the following inequalities
2
Yoy e 01,1 (1—[z)i* > (1 —a)AA|x)) and (VZ—7) > (x—y)° /4, (2.56)

we get

()\)l/aa2(1 _ a)2(1 o /O“Z ‘1—04
11—«
[(A*)l/aa2(1 o Oé>2(1 «a /a’z |1—a

]12 z*
J21<]="] 1o

+ N =N (1A |z|)] .

o If 2| > |27
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— if A > ¢A\*, then

(A*)l/acl/a(XQ(l _ a)Z(lfoz)/a|Z* _ Z|1fo¢
dr >
fou>

> Cy(ane) (W)Yo = 27+ (LA L27]) (A" = V)]

+ (N =X (A2

C1/o¢a2(1_0()2(1704)/a .

with Cy(a,c) = 1A — :

— otherwise [ g(z)dz > (A\*)*(1 — ¢)?(1 A |2¥]),

1

(1 — a)2i-a)/a + (LA [2")

()\*)1/&|Z* . Z‘lfa + (1 A ’Z*D ()\* . )\)2 S ()\*)1/04

and finally

e A=Al
e e VY E]

X )M = 2 (A L) (7 = A7)

o If 2| < |27

— if |z| > d|z*|, then

N1/an2(1 — o)2(l—a) /| % _ ,|1-a
[ oayd = (X) Pt ‘1‘)_ - R
> Co(and) [(A)* 2 = 27+ (A = N2 (1 ]7)]
with Cy(and) = d A 0=,

)\*)l/aa2(1ia)2(1fa)/a‘Z*|17a(17d)17a

T and

— otherwise [ g(z)dz > !

* « *|1l—a * * * « 1 *
V) = #1704 (A = A (LAL)€ O e + LA 1D

and finally

/g(x)dx >()\*>1/aa2(1 _ &)2(1—a)/a’2*|1—a(1 _ d)l_o‘/(l _ a)
- (M) e + (LA [27])

x ()Yl =2+ (AL ) (A = N7

Finally,

/g(a:)da: > Cla,2" \) [ (1A= 272) + (A = )2 (1A ]))]

7
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with
Cl/aOé2(1 _ a)2(l—a)/a

-«
(A)?(1 —c)* (1 A7)
(M) agatarra + (LA [2])
p a?(1 — a)2(-a)/e

)

C(a,z",A") = min (1,

Y

11—«
(A)Ya?(1 — a)?t/ef e (1 — d)' /(1 - Oé))
o e + (LA 2]
= min (1 ki o7(1 - Q)Z(lia)/a d
11—« T
(A)?(1 —c)* (1 A7)
O e + LA )
R e e et ).
(A1 + (LA [2*]) '

1 a)2(1 a)/a

Proof of Lemma [2.14]

Without loss of generality, we take z* > 0.
e For z €]z*2*(1 + a)[, a < (2*)~! we have

g(z) = S @ (1- A*)Mﬂmm (0.1 + A

|z — 2| ]

2
T — z*|* T —
— «1 — )\)| - | Lizjeco,) + >\||]1x—ze(o,1]) .

] |z — 2|
and
|lx — 2%  |x— 2*| a
<a.
le—z = |z T 14a~
We get

[ gtardn = (VA = V) [ ‘xi“;\a
l-a
= (V¥ vas) B
We take a = (A*)V/*(1 — a)¥* < L, and we have

2*+a ()\*) (1-« /a(l . a)Q(l—a)/a<Z*)1—a
> \a? .
/Z* g(z)dx > N« 1= o

Otherwise a = 1/2* < (\*)Y/*(1 — a)¥* and

z*4a 1
/ g(x)dx > \*a?

. 1—a’

Finally,

]

/m LA [(A)Ame)/a(1 — q)2i-a/a(z)iza]

* - l1—«
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Proof of Lemma [2.15]

Without loss of generality, we take z* > 0.

o If 22> 2"+ W For x €]z* V 1,(z* + 1) A (2 — 1)[, we have
A*
90 =
One can prove that
. 1

— If 2 > 1, then We get

2" 41 * —a
/+g(az)da:2 A [1/\]z—z*|—1}1

* 1l -«
)\*

1—a’

— If 2 <1, then

(z*+DA(z-1) *
/ i g(z)dx > A [1 Az =2 -1 —(1- Z*)l_a}
1

“1-a«

)\*

[1- (=29

. Ifz*Zz—i—W,weget

Finally,

Z+l )‘* *\1—« * *
/Z* g@)dr = = [1- (1= =11 A2). O

2.F VC-subgraph classes of functions

For more detailed introductions to VC-subgraph classes we refer the reader to Van der Vaart
& Wellner [84] (Section 2.6.5) and Baraud et al.]9] (Section 8).

Definition 2.1. Definition 41 [9]
Let € be a non-empty class of subsets of a set Z. If A C = with |A| = n, then
A(C,A)=|{ANB,B €%} and A, (F) = | Illla;‘)‘{ AL (FA).
Ccz,|Al=n
If V= sup{n € N|A,(¥) = 2n} < 400, then € is a VC-class with VC-dimension V and
VC-index V = inf{n € N|A,(€) < 2n} =V + 1. A class F of functions from a set 2 with
values in (—oo, +0o0] is VC-subgraph with dimension V' and index V if the class of subgraphs

{(z,u) € Z xR, f(x) > u} as f varies among .F is a VC-class of sets in 2" xR with dimension
V and index V.

It immediately follows from this definition the following:

o if # is VC-subgraph with dimension V', then any subset ¢4 C .# is VC-subgraph with
dimension at most V,
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o if Z is a finite set, .7 is VC-subgraph and its dimension is not larger than V' = log,(|.%#|)V
1.

The main reason for using VC-subgraph theory is the uniform entropy property. Namely, if .#
is a VC-subgraph set of measurable functions on (2",&’) with VC-dimension V' and || f||e <1
for all f € Z, it follows from Lemma 1 in Baraud & Chen [12] that, for any probability P on
(Z,X) we have
9 rV
N (e L(P) < e(V+1)(20) (2)

€

2.F.1 Proof of Lemma 2.1

Let Covy.(d) be the set of d x d symmetric and positive-definite matrices. The normal dis-
tributions on R? with mean p € R? and covariance matrix ¥ € Cov,.,(d) admits g, 5, defined
by
T
exp (=5 (@ = )" S (z - )
gux 1 T ,
(2m)* 2]

as a density with respect to the Lebesgue measure on R?, where |3| denotes the determinant
of |X|. We have

log(g,.5(2)) = 3 log (2 51) — 5 (¢ — )" 57" (z — )
:—;log(( m)* \E|) ; Tys=y — ut's 1:1:—;:17T2x.

For the location-scale family G, := {gmg; peERLY € COV+*}, we have

d
Gy C exp o {J} — a -+ Zb@jxixj + Zcixi; a € R, (bij)igj c Rd(d+1)/2, Ccc Rd} .

i<j i=1

Since {x = a+ Y b jrx; + Z cirisa € R, (b;) € RAU+D/2 ¢ Rd} is a vector space of dimen-
i<j

sion 1 + d(d + 3)/2 and exp is monotone, we get that V(¥4;) < 3 + (d+3) For ¥ € Covy.(d)
fixed, the location family G;..(X) := {gmg, pweR }, we have

TE d
Groe(X) Cexpo (x»—)—x 5 < +{azr—>a—|—2biazi;a€R,b€Rd}>.

i=1
With similar arguments and the fact that z — — TQZ is a fixed function, we have V (G,.(2)) <
3+d.

2.F.2 Proof of Lemma 2.2

The different arguments used in this proof are from Proposition 42 of Baraud et al.[9] and
Lemmas 2.6.15 and 2.6.16 from van der Vaart & Wellner [84]. We remind the reader that the
V(C-index is the VC-dimension plus 1.

o For the Cauchy location-scale family, we have

N2
Cleo{xHﬂoll%—(x Z)
o

;J>O,z€R},
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where (07! is the inverse function on (0, + o). Since

{xt—>7ra[1+<x;2>2

and 0! is monotone, we get that V(C) < 3 + 2.

;o>0,z€ ]R} C Ryfz] = {x — ax® + bz + ¢; (a,b,c) € R3}

o For univariate normal distribution, it is a direct consequence of Lemma [2.1]

e We have

1 _
Ez{xl—>2bexp <_’$b Z‘);ZGR,[)>0}

:eXpO{.Tl—) —log(2b) + b7 '[(z —2) A (z —2);z € R, b > 0}
Cexpo ({x — ax+b;a,b € R} Az — axr+b;ab € R}).

Since exp is monotone and {x — ax + b; a,b € R} is a vector space of dimension 2, we get
that £ is VC-subgraph with VC-index not larger than V(£) < 4.701x2(2+1)+1 = 29.206.

o Azzalini & Capitanio [§] proved that the probability density function of the skew-normal
distribution is unimodal, therefore the translation family SG, is VC-subgraph with VC-
index at most 10 (see Section [2.3.2)).
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Abstract

We observe n possibly dependent random variables, the distribution of which is presumed
to be stationary even though this might not be true, and we aim at estimating the stationary
distribution. We establish a non-asymptotic deviation bound for the Hellinger distance between
the target distribution and our estimator. If the dependence within the observations is small,
the estimator performs as good as if the data were independent and identically distributed.
In addition our estimator is robust to misspecification and contamination. If the dependence
is too high but the observed process is mixing, we can select a subset of observations that is
almost independent and retrieve results similar to what we have in the i.i.d. case. We apply
our procedure to the estimation of the invariant distribution of a diffusion process and to finite
state space hidden Markov models.

3.1 Introduction

We observe n random variables X1, ...,X,, with common distribution P which is assumed to
belong, or at least to be close enough, to a given model .Z. Our aim is to estimate P with
an estimator P taking values in .#. These random variables are not necessarily independent
however we assume that for indices i # j with |i — j| large enough, the distribution of the
couple (X;,X;) is close to P ® P. We also want our estimator to be robust to contamination
and outliers.

When we actually dispose of an independent sample, this problem has already been inves-
tigated in Baraud et al.[9] and Baraud & Birgé |11]. They provide a non-asymptotic deviation
bound for the Hellinger distance h between P and their p-estimator. For two probability dis-
tributions P and @ on the same measurable space, the Hellinger distance h(P,Q) between P
and @ is given by

W (2Q) = [ (Vap/in - i) an

where p is any measure that dominates both P and @), the result being independent of p. It
is shown in those articles that the p-estimator is robust in the following sense. Even if the
variables X; do not have a common distribution P but marginals P; such that most of them
are relatively close to a distribution P € ., then the p-estimator is almost as efficient as when
the data is i.i.d.with common distribution P. The obtained risk bounds are minimax, up to
a logarithmic factor, when the model is well-specified and are not significantly deteriorated as

long as the approximation term n~! i h?(P;,P) is relatively small in the misspecified case.

We want to obtain similar results.Z V\}hen we do not satisfy the independence assumption but
the observations are almost independent. This can happen for processes with mixing properties.
We only focus on the theoretical aspects and performances of our estimation method. We prove
a general result, Theorem [3.1 which gives a bound in expectation for the risk of our estimator
P with respect to an Hellinger-type loss. This result is free of any assumption on the data
and the risk bound is the sum of three terms: the approximation term mentioned above, a
dimension which measures the complexity of the model .#, and a dependence term which
measures how far the observations are from being independent. We quantify the dependence
within the sample using Kullback-Leibler divergence of the joint distribution from the product
of the marginal distributions. Our risk bound is as good as when the data is independent
as long as the dependence term is not bigger than the other terms. We have the following
approach for when the dependence term is too big. We split our data in order to get a subset
of the original observations for which the dependence term is small enough.

We apply this method for the estimation of an invariant distribution of a discretely observed
diffusion process. Under some condition the stationary solution of a Langevin equation is mixing
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and its invariant distribution has a log-concave density with respect to the Lebesgue measure.
We can refer to the literature on the estimation of a log-concave density in the i.i.d. context
and adapt our procedure to this situation. We obtain convergence rates for our estimator in
any dimension. Those rates are similar to the minimax rates for i.i.d. estimation, with a worse
logarithmic power.

Our main application is hidden Markov models (HMMs). These models are widely applied
to model state dependent processes where the state process is Markovian but is not observed.
We refer the interested reader to Mor, Garhwal and Kumar [74] for a review of applications of
HMMs. Let Yi,...,Yn,Hy, ... ,Hy be random variables. We say that (Y;,H;)1<i<n is a hidden
Markov model (HMM) if (H;), is a Markov chain and each variable Y; only depends on the
associated H;. In particular the variables Y;,...,Yy are independent conditionally on (H;),. It
is called a hidden Markov model as the Markov chain (H;), is typically not observed and (Y;),
is the only accessible data.

We focus on homogeneous finite state space HMMs. Such processes can be completely
described by the number K of hidden states hq,...,hg, the initial distribution w and the
transition matrix ) of the hidden Markov chain, and the set of emission distributions F' =
(F1,...,Fk), where Fj is the conditional distribution of Y; given H; = hy. In that case we
say that (Y;,H;); is a HMM with parameters (K,w,Q,F"). Because the hidden state space does
not have a particular importance, we will always assume it is of the form {1,2,... K}. For a
particular class of distributions .% there is a minimal value of K such that (Y;, H;); is a HMM
with parameters (K,w,Q,F) with Fy,... ,Fx € .%#. This value of K is called the order of the
HMM (with respect to .#). Typically one aims at estimating these parameters from stationary
observations (Y;)i1<i<n.

Numerous estimation methods have been developed to estimate some or all of the pa-
rameters. Cappé et al.|55] provide an overall survey of the different results in the literature.
Most theoretical guarantees are either asymptotic or restricted to specific parametric models.
Lehéricy [63] provided non-parametric and non-asymptotic results for a penalized least squares
estimator with the following approach. They first estimate the distribution P, = P« g« g+ of
L consecutive observations Y;,Y;y1,...,Y; 1 of a stationary ergodic HMM with parameters
(K*,m*,Q* F*), where P, ¢ r is defined by

L
Pw7Q7F - Z Wk, Qk1,k2 - QkL_1J<?L ® sz' (31)
=1

1<ky,...k <K

They use model selection to consistently estimate the order K*. When the estimation of the
order is correct, it is possible to deduce the different parameters from P, for L large enough.
They show that L > 3 is enough for linearly independent emission densities. They lower bound
the L2-distance between densities by a distance on the parameters. Therefore a risk bound for
the estimation of P, is enough to obtain risk bounds for the parameter estimators.

However their estimator is not robust to misspecification nor to contamination and there
is no estimator that tackles this problem for general finite state space HMMs. The estimation
method we propose aims at solving this problem. For the sake of simplicity we do not aim
at estimating the order K*. We do not look into this particular aspect in this paper however
model selection can be considered to automatically choose an order from the data. This is to
be treated in a subsequent paper.

We use the tools we develop in the first part with .# containing distributions of the form
P,.o.r to obtain a robust estimator P of Pr, hence P being of the form P = P, 5.7 We have

a general risk bound for P which is free of any assumption on the data from which we obtain
convergence rates when we assume that the observations come from an ergodic finite state space
HMM. In particular the stationarity of the observations is not necessary. We show that the
performance of our estimator is not significantly worsened when the model is misspecified as
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long as the distance to the true distribution is small compared to the rate we have in the well-
specified case. Similarly the performance of our estimator is not deteriorated by contamination
as long as the contamination rate is not too big.

We can deduce risk bounds for the parameter estimators @,Q,F under some conditions on
the model .#Z. We need an inequality of the form

d((w,Q.F),@Q.F)) < C(wQ.F) h? (Pugr, Prsgr) YPuor € . (3.2)

We obtain convergence rates for the estimation of the parameters when the model is well
specified. If the model is misspecified but P = P 5% is the best approximation of P, within

our model our estimators @,Q,F should be close to w,Q,F when this approximation is relatively
good.

It is possible to use the results that already exist for the Lo-norm to obtain an inequality
like (3.2) when the densities are bounded. For two probability distributions P, ) dominated
by a positive measure p, we have

1P = dll3 < 4(Ipll + llall)2*(P.Q), (3.3)

where p = dP/dp and ¢ = dQ/dp. 1t is also possible to prove inequalities directly for the
Hellinger distance in some cases. We do so for models with emission densities that belong to
exponential families with some regularity. We also consider an example with classes of emission
densities that are unbounded and not even square integrable in some cases. For this example
we obtain rates that are faster than the parametric rate for one of the parameters. Classical
estimators such as the maximum likelihood or least-squares estimators do not apply as the
considered densities are unbounded.

Our estimation method requires the statistician to select themself a subset of the observa-
tions that should be almost independent. This is not possible without any knowledge on the
distribution of the data. We propose to overcome this restriction and provide a way to automat-
ically select an almost independent subset of observations when we dispose of a second set of
observations independent from the first one. We obtain a general risk bound and show that for
ergodic HMMs we retrieve the same rate of convergence as when the optimal way of selecting
observations is known. This method is still robust to misspecification and contamination.

The paper is organized as follows. In Section [3.2] we present our estimation procedure and
our main result in a general framework. We consider the application to the estimation of the
invariant distribution of a diffusion process in Section [3.3] We dedicate Section to finite
state space hidden Markov models. Finally, we propose a complete procedure for situations in
which we do not know the mixing regime in Section The proofs of all the different results
can be found in the appendix.

Notation. For a set A, we denote by |A| its cardinal which can be infinite. For an integer
k, we denote by [k] the set {1,2,...,k}. We denote by R the set of non-negative real numbers.
For a real number z, we denote by [z] (resp. |z]) the only integer k satisfying k —1 <x <k
(resp. k <z < k+1). For a random variable X we denote by £(X) its probability distribution.
The notation C(0,a,3) means that C'(6,«,/3) is a constant that depends on the parameters 6, «
and . It can change from one inequality to the other. On the other hand a constant written
C will be universal. For a real number x we denote by x its positive part given by x, =z V0.

3.2 Construction of the estimator and main result

Let Xi,...,X, be n possibly dependent random variables on the measurable space (2",X). Our
aim is to estimate their marginal distribution P* doing as if they were identically distributed,
even though this might not be exactly the case. We denote by &y the class of all probability
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distribution on (£°,X) and for i € [n] by P, = L(X;) € Px the true marginal distribution
of X;. We also want our estimator of P* to be robust to misspecification, contamination and
outliers. The p-estimators developed by Baraud, Birgé and Sart in [9] and [11] are perfectly
adapted to this task when the observations are independent. We prove that their performances
remain almost as good when the observations are close to being independent.

3.2.1 Reminders of p-estimation

We denote by ¢ the function given by

[0, + co] — [—1,1]

z—1
T — 1

Y (3.4)

Let .# be a countable subset of &x such that there is an associated set of density functions
M with respect to a o-finite measure u. For n > 1, we denote by T,, and Y,, the functions
given by

X Mx M = [~1,1]

Tl gy o S0 < q’“?’) (3:5)
E—1 q(zi)
with the convention 0/0 = 1, a/0 = +oo for all a > 0, and
" x M
n: 3.6
‘ (%,q) = supyep T (%,0,¢) (3.6)
For x in 2™, we define the (nonvoid) set &,(x) by
En(x) = {Q =q- u’q € M, X (x,g) < fnf Xy (x,4) + 11'36} : (3.7)
q

We denote by P (n,X,.#) any measurable element of the closure of &,(X) with respect to the
Hellinger distance and we call it a p-estimator on .#. The constant 11.36 is given by (7) and
(19) in [11] but can be replaced by any smaller positive number.

One of the main results of p-estimation is Theorem 1 in [11]. For independent random
variables X71,...,X,, any p-estimator pP=pP (n,X,.#) satisfies an inequality of the form

C n ) R . . n ) ¢
p (n E h ( 5 ) > Qlellf//n lE 1 h (P,,Q) >1—e5, (3.8)

L Duldt) + 5)
i=1 n
where C' is a positive numeric constant and D,,(.#) > 1 is a dimension term that measures the
complexity of the model .. This dimension term corresponds to a bound on the p-dimension.
It is an important feature of p-estimation as it determines the bound on the convergence rate
of the estimator. If we actually dispose of i.i.d. observations with common distribution P in

M, we get
P <0h2(p7]5) < W) >1—e¢,
n

which leads to the bound D,,(.#)/n on the convergence rate, up to a multiplicative constant.
The notion of p-dimension is formally introduced in the appendix (Section (3.B).
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3.2.2 From independent to dependent data

To extend the previous result to non-independent samples, we use the following idea which is not
specific to our framework. We state this basic principle in a general context. Let § : 2" — ©
be an estimator of some quantity § € ©. The next result is proven in Section

Lemma 3.1. Let ] : © x © — R, be a loss function, P,Q two distributions on a measurable
space (% ,X) and 5 € (0,1]. Assume that when Y has distribution P

Px-p (z (é(X) 9) > A+ +5 > < et VE >0, (3.9)
then, when X has distribution Q

3 B
Exql (0X)6)] <A+ 7 2+ K (@iP)”

n

where K is the Kullback-Leibler divergence given by
Jlog dQ if Q < P,
K(QP) = { (3#)

+00 otherwise.

Deviation inequalities for p-estimators 6 have been established under the assumption that
one observes independent random variables X, ..., X, hence when the distribution of X =
(X1,....XN)is P =L(X1)® @ L(X,). Our idea is to apply Lemma [3.1] with a distribution
Q < P, which is not a product probability, in order to establish a risk bound for the estimator
6 when the observations X 1,--.,X, are possibly dependent. The quantity K(Q||P) measures
thus a departure from independence. We consider subsets of the original data X, ...,X,, when
this quantity is too big.

Let n be larger than 2. We build subsets of observations by taking them separated by blocks
of length s € N, as described in the diagram below.

X1 Xs+2 X2$+3
o o e e 6 o e e 6 o
Xy Xst1 Xots Xos2 Xosya
. ) . J
unused block of length s unused block of length s

Formally, for s € {0,1, ... ,Smax }+Smax := [(n —2)/2] and b € [s + 1], we define

1—-9%
n(s.h) = VJJ > 9

for i € [n(s,b)]
X = Xy aysen) € 27Vi € [n(sh)], (3.10)
and
X0 = (X[ i € [n(sh)])

We obtain s + 1 subsets XV .. X5+ with sizes n(s,1),...,n(s,s + 1) respectively. For
each block b € [s + 1], we con81der the probabilities Py, and P’S"bd which are defined by

P, = £ (X®") and Py := ® £(x"). (3.11)

We denote for short P* := Pg, the distribution of X = (Xy,...,X,) and P := Py =
L(X))® @ L(X,). Our estimator is obtained with the following statistical procedure.
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1. Let s be in {0,1,... ,Smax}. For bin [s+ 1], we denote by ]3375 the estimators given by
P,y =P (n(s,b),X(s’b),%> :

where the p-estimator P ( (5,b),X (=) //l) is defined in Section |3.2.1

2. We denote by P, = P, (X,.#) any element of .# that satisfies

s+1 s+1

2(5H B . 2 (B
Zn(s,b)h (Ps,b,Ps> Sngf%I;n(s,b)h (Ps,b,Q) + ¢, (3.12)

b=1

where ¢ is any fixed constant in (0,1273].

3.2.3 Main result
We assume that the p-dimension function (see Section [3.B]) is uniformly bounded by a function
m +— Dp,(.#) > 1 which is non-decreasing.

Theorem 3.1. For any random variables X1, ..., X, on (£ ,X), the estimator P, =P, (X, )
given by satisfies

-1 S 2 D
(s+1)

+Cl

s+1
17+ Dn<s,1><//z>} ¥ nz (P2, IP)

n

where ¢ = 602, ¢; = 20056/4.7 and ¢y = 30084.

The proof of this result is postponed to Section [3.B.1} One can check that we do not need
any assumption on the data to obtain this result. We only need a condition on the model .#
which is chosen by the statistician. However a posteriori assumptions are necessary to make
this bound meaningful. It follows from the triangle inequality and (a + b)? < 2a? + 2b? for all
non-negative numbers a and b that for any P € .#,

nh? (P.P,) <2Zh2 (P.P.) +22h2 (P.P).

=1

We derive from (3.13)) the following
(8 + DDngsy ()

n

nt fj n* (P;, P) (3.14)

=1

CEp. [12 (P, P,)] <

s+1

n! bz K (P7,/[PT)
=1

where C' is a universal positive constant. Up to the factor (s + 1), the first term on the right-
hand side of this inequality corresponds to the bound we would get if the data were truly i.i.d.
with distribution P € .# . In this ideal situation, both the second and third term vanish. When
the data are not identically distributed, the second term is not zero but its size remains small
when most of the true marginal distributions P, ... ,P, lie close enough to an element P € ..
The third term accounts for the fact that the data are possibly dependent. For a sufficiently
large value of s, we expect the observations

X(S’b) = (Xb,Xb+(s+l)7 ce 7Xb+n(s,b)(s+1)> with b € [8 + 1]

to be nearly independent, and consequently the quantity n~ Z K (P*bHPmd> to be small

compared to the first term.
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3.2.4 Robust properties of our estimator

The robustness properties of p-estimators in the independent context are illustrated in Section
5 [11]. Let X = (X1,...,X,,) be the true process of interest such that £(X;) = P for all 7 in

[n]. We actually observe a contaminated version of it. Let Zi,...,Z, be random variables with
any distributions. Let Ey, ... F, be Bernoulli random variables such that

The next result shows that the mixing regime is not altered by independent contamination/out-
liers. It is proven in Section [3.B.2

Lemma 3.2. If Ey,... ,E,.Z,...,Z, and X are mutually independent, we have
K(L(Y[LM)®©-- @ L(Y,)) <K (LX) [|L(X1) © - @ L(X,)) -

We can deduce a corollary of Theorem from this. We define p; by P(E; = 1) = p; for
i € [n].

Corollary 3.1. Let P, = P,(Y,.#) be the estimator given by . There is a positive
universal constant C such that in the situation of Lemma we have

CE [hQ (ﬁ,ﬁs)} < B2 (P///) n 1% (1-p)
=1

(8 4+ 1) Doy (A ) A p* ||pin
+ +n 1ZK< s,b||Ps,bd>7
where PY, and Pmd are given by (3.11).

This result is proven in Section [3.B.3l Inspired by Hiiber’s contamination model, we consider
the situation P € .# and p; = 1 — €.on for all ¢ € [n]. We get

s+ 1)Dn( (% s+1

7t K (PLIIP) .

CE [ (P.B,)] < cone +

n

Our bound on the convergence rate is not deteriorated as long as the contamination rate €.,
is small compared to the other terms. Equally, we can consider the case where the E; are
deterministic, i.e. there is a subset I C [n] such that P(E; = 0) = 1,c;. We get

s+1
CE[n* (P.P)] < ‘fll Chs 1>D£<S’”('//[ ) b:zl K (P[P

As before, our bound on the convergence rate is not deteriorated as long as the proportion of
outliers |I|/n is small compared to the other terms on the right hand side.

3.2.5 The particular case of Markov chains

Under the assumption that Xi,...,X,, is a Markov chain, the quantity K ( b||Pmd ) can be
written in a form given in the lemma below.

Lemma 3.3. If X is a Markov chain,

K (£(X)[|£ (X)) ®- )= 3 1o (X0).0(Xi)),

=2
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where
I(0(Xi),0(Xit1)) = K (L(Xi, Xip1)|[[£(X;) @ L(Xi41)) - (3.16)

In particular for all s in {0,1,... Smax} and all b in [s + 1],

n(s,b)

( bHP'md ) Z [( (Xl(jf))) )

where the Xi(s’b) are given by .

This result is proven in Section It tells us that for Markov chains we only need to
consider the simpler quantities (o (X;),0(X;1s+1)) referred to as coefficients of information by
Bradley [19]. This result also extends to hidden Markov models.

Lemma 3.4. If (Xi,H;), ., is a HMM, we have

K(LX)||£(X1)®

I/\

f; o(H)).

In particular for all s in {0,1,... Smax} and all b in [s + 1],

n(s,b)—

K (P bHPmd) Z [ ( 0 (Hp(i-1)(s41)),0 (Hb+z'(s+1>))'

The proof of this result is postponed to Section This means that for HMMs we only
need to consider the coefficients of information of the hidden chain. In what follows we consider
different processes for which the coefficient of information has an exponential decay. In that
case there exist positive constants C' and r such that

s+1

n YK (PP < Ce,
b=1

for all s in {0,1,... Smax}. For s > r~'logn the quantity n~ Z K (P*bHPmd) is small com-

pared to the first term on the right hand side in , as it cannot be of order smaller than 1/n.
Such a constant r is usually not known in practice but taking s of order log® n ensures that for n
large enough the quantity we consider remains small compared to the term (s41) Dy s1) (4 ) /1.
We pay the price of not knowing the constant r with a worse logarithmic term in the latter
quantity.

3.3 Estimation of the invariant distribution of a diffusion
process

We consider some diffusion processes that have been investigated by Royer [78] and use the
same vocabulary that they introduced.

3.3.1 Langevin equation

Let d be a positive integer and U : R — R be a function of class C2. The Langevin equation
is the following stochastic differential equation

dY, = dB, — VU(Y,)dt, (3.17)

where B = (B;);>0 is a d-dimensional Brownian motion. Its solution are called Kolmogorov
processes in Royer [78]. We assume that U satisfies the following.
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Assumption 3.1. The function U is convex on R and there exists a positive constant \(U)
such that the smallest eigenvalue of the Hessian matriz U"(x) at x € R? is not smaller than
MU) for all z in R, Besides we have

inf, {IVU@)I[; = Tr (U"(x))} > —oo, (3.18)

where Tr(A) is the trace of the matriz A.

Under our assumption on the eigenvalues of U”, [za e=*Y®)dx is finite for all a > 0 and we
may define the probability measure P with density p with respect to the Lebesgue measure on
R? given by

p(x) = Z Vexp(—2U(x)) with Z = | e 2V@dy, (3.19)

Rd
The probability P is the invariant probability distribution with respect to the semi-group
associated to the Langevin equation (see Lemma 2.2.23 [78]).

Lemma 3.5. Let (Yi)i>0 be a stationary solution of the Langevin equation associated to a
convex function U that satisfies Assumption|3.1. For all so > 0, there exists a positive constant
C(U,s0) such that for allt >0 and s > sq, we have

I(o(Y1), 0(Yits)) < C(U,s0) exp(=2A(U)s).

This result is proven in Section We aim to estimate P from discrete observations of
a stationary Kolmogorov process.

3.3.2 The framework

We consider the following statistical model for the observations X;,X,...,X,. For all i € [n],
X; =Y, where Y = (Y}):>0 is a stationary solution of the Langevin equation for some
unknown convex function U that satisfies Assumption and t; 1 = t; + A, for all i € [n —1].
As a consequence of , the X; are distributed according to the invariant measure P which
has a log-concave density p : x — Z = exp(—2U(z)) with respect to the Lebesgue measure. We
therefore consider the set of distributions that admit a log-concave density on R? with respect
to the Lebesgue measure. As usual, this describes our statistical model but we do not want to
assume that it perfectly describes reality. In the following section we recall some results about
the problem of estimating a log-concave density from i.i.d. observations.

3.3.3 log-concave densities

We refer to Kim & Samworth [58] for the problem of estimating log-concave densities from i.i.d.
observations in low dimensions (d € [3]). Kur et al.[60] investigated the same problem in higher
dimensions (d > 4). We denote by F; the set of upper semi-continuous, log-concave probability
densities with respect to the Lebesgue measure, equipped with the o-algebra it inherits as a
subset of Li(R%). We denote by .%, the associated set of probability distributions on R?. For
f € Fq, we define

Ty = /Rd rf(z)dr € R and X := /Rd(a: — up)(x — pp)? f(x)de € R

For a symmetric, positive-definite d x d matrix 3, we denote by Apin(X) and Ayax(2) the
smallest and largest eigenvalues respectively of . For 0 < A_ < Ay < oo and M > 0, we define

F)\_,/\+,M = {f € Fd; ||Tf‘| S M72 € Sym()‘—a)\-l-)}a
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where
Sym(A_,Ay) = {3 covariance matrix, A_ < Apin(E) < Amax(E) < Ay}
We denote by #,_ . a the class of probability distributions associated to Fx_ x, .
Given a subset .7 of a class & of probability distributions and € > 0, we say that <[e] is
an e-net of o7 if &/[¢] C &2 and for all () in & there exists R in @7[¢] such that h (Q,R) < e.
The case € = 0 corresponds to 7 [¢] being dense in «7. The following result is proven in Section
and based on the work of Kim & Samworth [5§] for d € [3] and Kur et al.[60] for d > 4.

Lemma 3.6. For all positive € there exists an e-net 34}_7,\%1\4[6] such that

9 MM+ — M) e

- rd=1,
387T M2 )\ )\ /\ Koe—1lo 3/2 .
| mle]] < 7 ( o )’ t K2 1082201/ for g — 9,
27 27/2 3 M3 )\ — )33
: : 15/2 ) e ford =3,
3 /\_/

where ng and Ky are constants given in Theorem 4 (58] that only depend on d, and with
log, , (z) = max(1,logx). For d > 4 and all positive € there exists an e-net Fx_ x, mle| such
that

)\ d(d— 1)/2Md()\ )\_)d
\ d(d+1)/2

| T n, el < Oy~ exp (Fde D Log(#+D(+2)/2( )> 7

where 1y and K4 are constants that only depend on d.

The case d € {1,2,3}

Let #5_ ., ml€]l be a e-net of #,_ 5, that satisfies the bound given in Lemma for

exp (Fl (n/log n)1/5> for d =1,
Ay =2'=M:={exp (Fin/B log?/? n) for d = 2, (3.20)
exp (Fg (n/log n)l/2> for d = 3,

and
n"?log?®n for d =1,
n~Y310g®%n for d = 2, (3.21)

n~1/4 10g1/4n for d = 3.

The following result holds and its proof can be found in Section |3.C.1}
Theorem 3.2. Let n > 3 and XI,XQ,.L. X, be arbitrary random wvariables with marginal

distributions Py, ...,P,. The p-estimator P, given by with M = Fx_x, mle| satisfies for
all P € Py

CiE [ (P, B,)] < 12 (P, Fr_soe) + 1 S 12 (P.P) (3.22)
i=1
s+1

+nt bz K (P, |[PTy)
=1

n~4/° (log4/5 n+ slog™/° n) ford=1,
+ {723 log5/3 n + slog2/3 n) ford =2,
n2 (logt? n + slog™Y/? n) for d =3,
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for positive constants Cy,C2,Cs. In particular if the model described in Section [3.3.9 is exact
and s > (2A(U)) " logn, there exists a positive constant C(U,d,A;) such that for n large enough

n~4/° <log4/5 n+ slog™'/? n) ford=1,
C(UdANE [h? (P, P,)] < <n 3 (log™* n + slog** n) ford=2,
n~2 (log*? n + slog ™'/ n) ford =3,

where P is the invariant distribution given by .

Inequality is a consequence of Theorem and does not require any assumption on
the data. The last term comes from the control of the dimension of the net .%,_ x, a[e] and the
choice of € given by . Ideally, most of the distributions P; lie in a small neighborhood of
a distribution P in %), u so that the first two terms in the bound remain small compared
to the last term. Those two terms vanish when the model is exact and a good choice of s
guarantees the term n~! :il K (P:,b| |P§”lfl) is negligible with respect to the last one.

=1

We can derive convergence rates for the optimal choice of s given A(U). One can check
that up to a logarithmic factor, we obtain the same rates as Theorem 5 [58] in the i.i.d. case.
Our power of logn is even better for d = 3. As mentioned in Section the knowledge of
A(U) is not necessary to obtain convergence rates. We obtain slightly worse powers of logn in
the convergence rates for s of order log?n. We can also derive results for i.i.d. observations

s+1 .
from (3.22)) by taking the term n~! 3> K (P;‘ b||P;”lfl) down to 0 which provides a result for the
b=1 ’ ’

robust estimation of a log-concave density from i.i.d. observations.

In order to illustrate the robustness of our estimators we consider the situation of Section
3.2.4. Let Zy,...,7Z, be random variables with any distributions and FE4,...,E, be Bernoulli
random variables such that for all i € [n],

Xi = EYy yi—va, + (1= E)Z;

where (Y}); is a stationary solution of the Langevin equation (3.17) for some unknown convex
function U that satisfies Assumption

Corollary 3.2. Let P, be the estimator given by with # = Fr_x, mlel. IfEr, ... By 7y, ...

and X are mutually independent, there exists a positive constant C(U,d,Ay) such that for
s > (2AM(U)) ! logn we have

C(UdA)E W (P,P,)] <n”! fj(l — ) (3.23)

i=1
n~4° (log4/5 n + slog™/° n) ford=1,

+{n723 (10,53;5/3 n+s 10g2/3 n) ford =2, ,
n1/? (logl/2 n + slog™*/? n) for d =3,

where p; = P(E; = 1) for alli € [n].

One can see that our deviation bound is not significantly worse as long as the average

n
proportion of contamination n=! 3 (1 — p;) remains small compared to the last term on the

i=1
right hand side of ([3.23)).
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The case d > 4

Let Zx_ ..M [€] be an e-net of Fa_ ., that satisfies the bound given in Lemma with

—(d-1) [ (dH+1)(d+2)/2 (1
_ € og €
A=A =exp < 7 ( )> (3.24)
—(d=1) |g(d+1)(d+2)/2( -1
M = exp <6 °8 7 (¢ )> , (3.25)
Wlth 1 1 a+2
€=n @ logitit 2z p, (3.26)
The following result holds and its proof can be found in Section |3.C.1}
Theorem 3.3. Let n > 3 and X1,X,,..., X, be arbitrary random variables with marginal

A

distributions Py, ...,P,. The p-estimator P, given by with M = Fx_x, m €] satisfies for
all P € Py
Cap- 12 (P, B)] <2 (PP soat) 40t 02 (P.P)
i=1
s+1

+n7 3K (PP
b=1
o (log‘””ﬁ n + slogt @ n) .

In particular if the model described in Section is exact and s > (2A(U)) 'logn, there
exists a positive constant C(U,d,A;) such that for n large enough

C(UdA)E {hz (P, Ps)i| <np T (logd”*#l n —+ slogd“ﬂ%l n) 7

where P is the invariant distribution given by .

This result is equivalent to Theorem [3.2] and the comments that applied to it also apply
now. Our estimator is also robust and tolerates a higher contamination rate as the convergence
rate is slower. One can check that up to a logarithmic factor, we have the same rate that Kur
et al.[60] obtain for the estimation of log-concave estimation from i.i.d. observations. We can
derive a result equivalent to Corollary for d > 4. Our estimator can tolerate an average
proportion of contamination of order not larger than n~ T logd“*% n without its performance
being significantly deteriorated.

3.4 Hidden Markov models

3.4.1 Stationary hidden Markov models

Let (Y;,H;); be a finite state space HMM with parameters (K*,w*,Q*,F*). If w* is invariant
with respect to Q*, then the process (Y;,H;), is stationary. As explained in the introduction,
we aim at estimating the different parameters through the distribution of consecutive obser-
vations. For L > 2 we define P;, = P, o« p+ With P+ o+ p- defined by , and we have
L(Y:,Yi1,...,Yi 1) = Pp for all i. We have identically distributed but dependent random
variables from which we can estimate P. It is possible to relax the stationary assumption.

Assumption 3.2. Let (Y;,H;), be a finite state space HMM with parameters (K*w*,Q*,F*)
such that Q* is irreducible and aperiodic.



96 Chapter 3. Dependent observations

In this case we do not have identically distributed observations anymore. However the
distribution £ (Y;,...,Y;4 1) converges exponentially fast to the distribution

P* = Pre e g, (3.27)

where 7* is the only invariant distribution with respect to Q*.

3.4.2 The framework

Let Y7,Ys, ..., Yy be random variables taking values in a measurable space (#,)). Let L be
in {2,3,...,|N/2]} and n be the integer given by n = N + 1 — L. We define the new random
variables

X’i = (}/’b}/i-‘rl? s 7)/7:+L—1> 77: = 1, PN N (328)

taking values in the measurable space (Z",X) = (@ L,y®L). We follow the notation established
in Section [3.21

We denote &y the class of all probability distributions on (#/,)). For K > 2 and subsets
Z1,...,.F g of Py, we denote by H# (K,?l, e ,?K) the set of distributions defined by

H (K,?l, e ?K) = {Pw,Q,F; vg E [7{;]%66];],: } C Px, (3.29)
where P, o r is given by (3.1),
K
Tk = {Q € [0,1)FK; ZQU =1,Vie{l,... ,K}} , (3.30)
j=1
and Wic = {w € [0,1]%;wy + -+ wg = 1} (3.31)

We call emission models the sets % 1, ... ,.F k. Let .4 be anon-empty subset of 77 (K,?l, e ,91().

3.4.3 Estimation

Let v be a o-finite measure on (#/,)) and we denote by p the associated o-finite measure on
(2 ,X) given by u:= v®L. We consider emission models that satisfy the following.

Assumption 3.3. We dispose of countable sets F;;i = 1,...,K of probability density functions
(with respect to v) such that

1. for allk in [K], the set of distributions F; := {f - v; f € F;} is an e-net of F; with respect
to the Hellinger distance;

2. for any ki, ...,k € [K], the class of functions

-----

V= Y Vi (3.32)
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We refer to van der Vaart & Wellner [84] (Section 2.6.5) and Baraud et al.[9] (Section 8) as
an introduction to VC-subgraph classes of functions. We just mention the following example.
Any finite set F of real-valued functions is VC-subgraph with VC-index V' (F) that satisfies

V(F) < 1+ log,(|F)). (3.33)

Therefore we can consider finite e-nets as we did in Section B.3] We also show in Section [3.4.3]
that exponential families satisfy our assumption.
We consider countable approximations of Wy and Tk given by

Wik =Wk N ([6,1]NQ)" and Tsx = Ti N ([6,1] N Q)X (3.34)
for 0 < 9 < 1/K. We define J# by
Hs = {Pugpiw € Wsk,Q € Tsx, fr € Fi,Vi € [K]}, (3.35)

where the sets (#), <, are given in Assumption 3.3, This lower bound § is a technicality
for bounding the dimension of our model. We define the countable set of distributions

W Q@) S (K —1)0
%5 - Pw,Q,FG%;HPw’,Q’,F’ E%v h<Fk‘7F]:;) SE,VI{:G [K]a )
h? (waw') < (K — 1),

(3.36)

which is a good approximation of .# for small values of § and e. We denote by p&(g the estimator
P,s:= P, (M;,X), (3.37)
as defined by (3.12)). The following theorem is proven in Section [3.D.1]

Theore{n 3.4. Let N > K+L and Yy, ..., Yy be arbitrary random variables. Under Assumption
let Py = Ps 5 be the estimator given by (|332|) with

Vv 1
§ = WGDE D) 3 (3.38)

There exists a positive constant C' such that for all P € Px,

CE [ (P,2)] < 0 (Podt) +n S0 (P.P) +n ' SO K (P [P)
=1 b=1

1
€+ (s+ °en .
+ Lé? 1)LV 2 3.39
n

In particular under Assumption there exist positive constants C(Q*) and c¢(Q*) such that
for s > c(Q*)logn V (L — 1) we have

CQE[n? (P, B,)| < h? (P, &) + Lé* + pyslosn (3.40)

n
where P* is given by .

Inequality is a consequence of Theorem and does not require any assumption
on the data. The last two terms come respectively from the approximation of .# by .#
and the control of the dimension of .#. Ideally, we can take P in .# such that most of the
distributions P; lie in a small neighborhood of P so that the first two terms in the bound
remain small compared to the last term. Under Assumption the quantity S°7 , h?(P*,P;)
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is bounded and a good choice of s guarantees the term n~* 335 K(P:,|[P) to be negligible
with respect to the last one. The optimal choice of s depends on a constant C(Q*) which relates
to the spectral gap of *. We distinguish two cases in order to obtain convergence rates over
the class

A (K Zy,... T (3.41)

- - () irreducible ,

P,or € (K,ﬁl, . ,Q’K) ;@ aperiodic,

and w = Quw
The first case 1s when we satisfy Assumption [3.3] with ¢ = 0. In that situation and for P* in
M = H ( e T ) the first two terms in (|3.40) vanish. For the optimal choice of s
our estimator achleveiche convergence rate n~'log” n with respect to the squared Hellinger
distance over 7 (K F 1y F K). This means that up to a logarithmic term we achieve the

optimal rate 1/n in the independent context (see Birgé [15]). As mentioned in Section [3.2.5
the knowledge of ¢(Q*) is not necessary to obtain convergence rates. We only obtain slightly
worse powers of logn in the convergence rates for s = log® n.
The second case is when we cannot take € = 0. In that situation the term V depends on € and
we proceed as in Section We obtain a convergence rate taking e that goes to 0 with n at a
rate that balances the last two terms in (3.40). This happens when €2/V is of order n~! up to
a logarithmic term. We put it in application in Section [3.4.3]

In order to illustrate the robustness of our estimators we consider the situation of Section
B.2.4 Let Zi,...,Zx be random variables with any distributions and Fj,...,Ex be Bernoulli
random variables such that for all ¢ € [N],

Y = EY, + (1 - E)Z;,
where Y’ satisfies Assumption The following result is proven in Section [3.D.2]

Corollary 3.3. Let N > K+ L and P, = 155,5 be the estimator given by with ¢ given by
3.58). If B, ..., En,Z1,...,Zn and Y' are mutually independent, there exist positive constants
C(Q*) and c(Q*) such that for s > ¢(Q*)logn we have

C(QME [n* (P, )] < n* (P .) + ]LViu —p) (3.42)
=1
b ey pyiloen

n
where p; = P(E; = 1) for alli € [N] and 0 is given by .

One can see that our deviation bound is not significantly worse as long as the average
proportion of contamination & Z( — p;) remains small compared to the last two terms. One

would typically look at the followmg situation. We assume that the model is well specified, i.e.
P* € . For Hitber’s contamination model, i.e. p; = 1 — cvepns for all i € [N], we get

slogn]

. (3.43)

C(QE W (P, P)] <L [awm +E4V
for s > ¢(Q*)logn. The bound on the convergence rate is not deteriorated as long as the
contamination rate an: is small compared to €2 + V‘gk’%. We can also consider the situation
where P (E; = 0) = 1;¢; for some subset I C [N]. We get

C(@E 12 (P, P.)] < | |

+eE VI (3.44)

—slogn
n )

for s > ¢(Q*)logn. As before, our bound on the convergence rate is not deteriorated as long
as the proportion of outliers |I|/N is small compared to ¢* + VSIO%.
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log-concave emission densities

We use results and notation given in Section Let d be a positive integer and € € (0,1).
Et Fx_ . ml€] be an e-net of Fy_ , s that satisfies the bound given in Lemma . We take
F = Fx_a,u for all k € [K] and satisfy Assumption with

V= K" (14 Llog, (|Fx a, mldl)) - (3.45)

We take A = # (K,ﬁ,\ﬂM’M, o ,ﬁ)\ﬂ,\%M). We distinguish the two cases d € {1,2,3} and
d> 4.

For d € {1,2,3} we take A\ ,A_,M as in (3.20]) and € as in (3.21). The following result holds
and its proof can be found in Section

Theorem 3.5. Let N > K + L and P, = 155,5 be the estimator given by with & given by
. There exist positive constants Cy,Cs,C3 such that for all P € Py,

C,E [h2 (F Ps)} < h? (F, %) +n! znj h2 (R,F) (3.46)

s+1
7t K (PPl

n~Y%1og’ n for d =1,
+ (s + DLAK" x {n~2310g®3 n for d = 2,
n~1/? logl/2 n for d = 3.

In particular under Assumption there exist positive constants C(Q*) and c¢(Q*) such that
for s > ¢(Q*)logn we have

n~4log® n for d =1,
C(QE W (P, B)] < b? (P, ) + sLK" x { 0™ log™ . for d = 2,
n~2log"?n for d =3,

where P* is given by .

Inequality is a consequence of Theorem and does not require any assumption on
the data. We can deduce convergence rates over the class 7* (K, %, ..., %4), where .%, is the
set of distributions with log-concave densities defined in Section [3.3| For the optimal choice of
s, we have

n~*%log”"n for d = 1,
C(QME [n? (P, )] < 2K x { n~?310g™* n for d = 2, (3.47)
n~21og*?n for d = 3,

for all P* in 5% (K, %y,...,%#4). We see that we have a worse power of logn compared to
Theorem [3.2] It comes from an additional logarithmic factor in the dimension term for HMMs.
Corollary [B.3]tells us our estimator is also robust to contamination and outliers. Let us illustrate
it for d = 1. We can see from that our bound is not significantly worse as long as the
contamination rate au, is of order not larger than n=4/5 logg/ n. Similarly tells us that
a number |I| of outliers of order not larger than nl/5 logg/ ®n does not significantly deteriorate
our bound on the convergence rate of our estimator. We can follow the same train of thought
for d = 2 and d = 3 and deduce the level of contamination or outliers our estimator can tolerate
before its performance significantly worsens.

For d > 4 we take A\ ,A”" as in (3.24), M as in (3.25) and € as in (3.26). The following

result holds and its proof can be found in Section [3.D.3
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Theorem 3.6. Let N > K + L and P, = Ps,g be the estimator given by with & given by
. There exist a positive constant Cy such that for all P € Py,
CiE[1* (P, P.)| < W (P,.#t) +n "> h* (P.P)
i=1
s+1
+n—1ZK ( bHPznd)
b=1
+ (s + 1)L2KLn_ﬁ log 2+ .

In particular under Assumption there exist positive constants C(Q*) and c¢(Q*) such that
for s > ¢(Q*)logn we have

CQME[n? (P, P.)| <h? (P, 7) + SLAK = loght2t i p, (3.48)

where P* is given by .

Inequality (3.46|) does not require any assumption on the data. We can deduce convergence
rates over the class J* (K, %, ..., %4). For the optimal choice of s, we have

C(QE [n? (P*.P,)] < LK n~ 7 log" ¥ @i

for all P* € 7 (K, Zq, ..., Z%q). As for d < 3, we have the same rate as in Section with a
worse power of logn due to the higher complexity of HMMs. Our estimator is also robust to
contamination and outliers. We can see from ([3.43)) that our bound is not significantly worse

as long as the contamination rate o, is of order not larger than T logd+3+% n. Similarly
d—1 2
1) tells us that a number of outliers of order not larger than ndtt log?3T @1 n does not

significantly deteriorate our bound on the convergence rate of our estimator.
Exponential families as emission models

We introduce exponential families as follow. Let d be a positive integer and n : © — R< be a
function over a non-empty set ©. Let T : % — R? and B : % — R be measurable functions
such that

/@ eMOT@N+B@), (dr) < 00, V0 € O,

we denote by & (@,n,T,d,B) the exponential family defined by

E(OT.d,B) = {fy: x> NOT@NHAOED, g c Y (3.49)

where
A(9) = —log </ e(n(e),T(:e)HB(x)y(dm)) )
v
It is a set of probability density functions with respect to v.

Assumption 3.4. For all k € {1,... K},

1. Z, is of the form - -
Ty = {q Vg €E <@ka7lkaTkadk7Bk)}a (3.50)

2. ©, is a countable subset of Oy, such that
Fy = {q viqg €& (GkanM@kaTk;dkaBk)}

is a dense subset of F},
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The next result is proven in Section [3.D.4] and shows that the last assumption is sufficient
to satisfy our main assumption.

.....

L
3+ > dy,. Therefore we have
k=1

V=3K'+ LK" ' (dy + - +dg). (3.51)

We can see that the constant V' does not depend on 2~ but on the dimensions di, ... dx
which is the actual measure of the complexity of the exponential families. To our knowledge,
the existence of a countable dense subset is satisfied for all the common exponential families.
We obtain the following result for .# C ¢ (K N2 ,?K).

Corollary 3.4. Let N > K+ L and P, = Ps,g be the estimator given by with & given by
. There exists a positive constant C' such that for all P € Px, we have

CE 12 (P, P.s)] < 02 (P, 70) + 0 Y02 (P.P)
1=1

s+1

+n' YK (PP
b=1
+(s+ D) LKY (K + L(dy + -+ + dg)) logn.

In particular under Assumption there exist positive constants C(Q*) and c¢(Q*) such that
for s > ¢(Q*)logn we have

C(QME [n* (P*.P.)| < n* (P*,.7) (3.52)

1
+LKL_1 (K+L(d1++dK)) s (;lgn7

where P* is given by .

This result is a direct consequence of Theorem [3.4] and Proposition [3.1] We can deduce a

bound on the convergence rate over .J* (K F 1y F K). For the optimal choice of s, we have
. log?
C(QE [0 (P*, P,)] € LEF™! (K + L(dy + -+ + die) —>,

for all P* in J* (K,?l, . ,§K>. We obtain the optimal 1/n rate with respect to the squared
Hellinger distance, up to a logarithmic factor. Corollary shows that our estimator is also
robust to contamination and outliers. From we see that our bound is not significantly
worse as long as the contamination rate qione is of order not larger than n~!log®n. Similarly,
we get from that the performance of our estimator is not altered as long as the number
of outliers |I| is of order not larger than log® n.

Let us illustrate how Corollary applies with the following example. Let d be a positive
integer and Cov,.(d) be the set of d x d symmetric and positive-definite matrices. For z € R4
and X € Cov,,(d), we denote by g, s the density function of the normal distribution N (z,X)
with respect to the Lebesgue measure given by

o) = 1 e [ (z —m)TS"Yz —m)
gzx(z) : T p( 5 ) : (3.53)
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where || denotes the determinant of X. Let G, be the location-scale family of densities given
by Gq = {¢g.5;2 € RLY € Covy,(d)}. One can check it is an exponential family with

Gg=¢& (]Rd x Covy.(d),n, T, d(d+3),0) where

2

T(x) = (x, (I?)lgigd , (xi$j)1<i<j<d> and

1
n(z%) = (E_IZ’ 2 (Zi_il)lgiéd T (Zi_fl)l<i<j<d> ’

For a fixed ¥ we denote by Gi,.(X) the associated location family given by Gjoe(X) := {g.x; 2 €
R?}. Tt is also an exponential family with G..(3) = & (]Rd x Covy,(d),n,T,d, B), where
2Ty 1y

2

n(z) =¥7'2,T(z) = z and B(z) = —

We denote by ¥, and ¥,.(2) respectively, the sets of probability distributions associated to G4
and Gj,.(X). The next result is a consequence of Corollary H

Theorem 3.7. Let N > K + L and Y, ...,YN be arbitrary random variables.

o Let P, = FA’S,(; be the estimator given by with M = (K9, ..., 9;) and & given
by . There exists a positive constant C such that for all P € Py

CE[1? (P, )] < 1 (P, %) + n' S 0* (P.P)
i=1

s+1 ]
n LK (PIIPY)
=1

1
F (s + DI2KEA(d + 3)28", (3.54)
n
In particular under Assumption there exist positive constants C(Q*) and ¢(Q*) such

that for s > ¢(Q*)logn we have

C(Q*)E [hQ (P*’PS)} < B2 (P*,]> + (S + 1)L2KLd(d—|— 3)10gn’

n
where P* is given by .

o Let P, = P, be the estimator given by with M = H (K, %oe(D), ... G0e(X)) and
0 given by . There exists a positive constant C such that for all P € Py

CE[1* (P, )] < 1 (P, %) + n' 3. 0* (P.P)
i=1

+n! f K (P,|[PT)
Pt s,b s,b

logn

+ (s + 1) L*K"d (3.55)

n )
for any ¥ in Covy,(d). In particular under Assumptz'on there exist positive constants
C(Q*) and c(Q*) such that for s > ¢(Q*)logn we have

CQE 12 (P, P,)] < b (P*, ) + (s + L2 K V25",

n
where P* is given by .
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Inequalities (3.54)) and (3.55)) are consequences of Corollary and do not require any
assumption on the data. We deduce bounds on the convergence rate of our estimator over

(K9G, . ... %) and H* (K, YG0e(2), ..., 90.(X)). For the optimal choice of s we obtain the
rate n~ " log? n with respect to the squared Hellinger distance both for P* € #7* (K%, . ... %9,
and P* € 7% (K, 90c(X), ..., %0c(X)). This rate is optimal up to a logarithmic factor. We can
see that the dependence on the dimension d is linear for the model 7 (K,9,.(%), . .. ,%0c(2))
while its quadratic for #7* (K.Y, ..., %,).

We can obtain similar results for any exponential family. It is also possible to consider
hidden Markov models with different exponential families as emission models. The next section
investigates the estimation of the parameters.

Estimation of the parameters with emission exponential families

A

We say that 7, Q and F are p-estimators of 7, Q" and F* if P, 5 p = Fss 1s an estimator
of P* given by . If we consider models of densities that are uniformly bounded, we can
use and Theorem 9 of Lehéricy [63] to deduce risk bounds for the parameter estimators.
It is also possible to use the results of Ibragimov and Has'minskii [54] for regular parametric
models.

We consider that Assumption |3.4]is satisfied with ©, C R for all k € [K]. For k € [K] we
denote by Fy, the probability distribution given by the parameter ), € O, i.e. Fy, = fg, - v
with fy given by . Let @ be an open convex subset of OF™ x ©; x -+ x O, where

OK = {a S (O,l)K_l,al +--tag1 < 1} .

For ¢ in @, we can define w € Wy, Q € Ty and § € O1 X+ x Ok by ¢ = (¢u,0Q.1, - - - ,0Q.1,P0)
with

(w17 s 7wK—1) = ¢w S OK7
(Qr1s- - Qr-1,1) = ¢k € Ok,
(917-~~79K>:¢0€@1 Xoee X@K.

We denote by .# the model given by
M = {P¢> =p(;0) ;¢ € 5} (3.56)

and

p(x;0) = Z wy, Q(ka|ky) ... Q(krlkr—1) l:lfekl (7).

1<k,....kL <K

We need the following assumption to make sure we can deduce ¢ from P.
Assumption 3.5. For all k in [K],
o the map 0}, — Fp, is continuous on Oy with respect to the Hellinger distance;

o the functions n;, and A, are of class C' on Oy;

o for all Oy in O, we have [ ||Tx(x)|*fo, (x)v(dz) < 0o and

JIT@)E |, @) = o (@) v(d)

s
[16x—051|—0

The next result is proven in Section and shows that under some conditions we can
deduce the parameters from the distribution P;.
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Proposition 3.2. Under Assumption[3.5 the information matriz I function given by

p(dx)
p(x; ¢)

is well-defined and continuous on ®. We define the subset ®* C ® by

Lj: ¢ 1(9),; = /&VL O, p(%; )0, p(X; §)

I (5) is definite positive and
¢ :=16€d; _inf h?(P;P,) >0,Ya >0, (3.57)
5—gll>a
$eD

For all ¢* € ®*, there exists a positive constant C(¢*) such that

K
C(¢") ||w*—w||§+||@*—Q||§+Z||9;;—9k||§A1] < W2 (Py, Py), (3.58)
k=1

for all ¢ in ®.

The constant C(¢*) depends on the inverse of the smallest eigenvalue of I(¢*) and the
geometry of ® around ¢* induced by the Hellinger distance on .#. The next result is a
consequence of Proposition [3.2] and Corollary

Theorem 3.8. Let N > K + L and Yi,...,YN be arbitrary random variables. Let Pq; = 153,5
be the estimator given by with & given by . Under Assumption for all ¢ € d*

there exists a positive constant C(¢) such that

K
C’(&)E l||w—u§||§+ HQ—QH;-I—; Hak_ékHz/\l
-1

| I

<n’! fj W? (Ps, Pr) +n! f K (P, |[PTy)
=1 b=1

1
(s DLEE Y (K + L(dy + - - + di)) 27,

(3.59)

In particular under Assumptz’on there exist positive constants C(¢,Q*) and ¢(Q*) such that
for s > ¢(Q*)logn we have

C(6.Q°)E l||w —al2+|[@ - Q| + kfj [ — &|) A 1] (3.60)
=1

1
<12 (P, P5) + LK*™ (K + L(dy + - + dg)) > (;g”,

where P* is given by .

Inequality is a consequence of Proposition and Corollary . It does not require
any assumption on the data and shows that the estimators of the parameters can be meaningful
even if the model is misspecified. Ideally there exists ¢ in ®* such that most of the distributions
P lie in a small neighborhood of P so that the first term of our bound is small compared to the

last term. In that case the estimators w, Q, él, e ,9K converge to a small neighborhood around
w,Q,01, . .. Ok, where P should be seen as the best approximation of the true distribution in
the model. We can deduce bounds on the convergence rate of our parameter estimators in the
well-specified case from ([3.60). For P* = Py € J* (K,?l, . ,?K) with ¢* € ®* and for the
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optimal choice of s, we retrieve the usual parametric rate for each parameter estimator, up to
a logarithmic factor. Let us illustrate this with the following example.
We consider exponential distributions for the emission models, i.e. we have .%; = & for all
i in [K| with
& = {f(, v fy €E (@,m@, —idg,l,O)} (3.61)

where © = (0,00), 2~ = [0,00), v is the Lebesgue measure on 2", and we can deduce A :
0 + logf. This means we have fp :  +— 0e % 1,50 for any § > 0. One can easily check
that we satisfy Assumption [3.5] the last condition being a direct consequence of the dominated
convergence theorem. We define ® by

=05 x {0 €00, >0,> - >0k}, (3.62)

and % as in (3.56). The condition on the parameters # ensures identifiability over ® and
®" = ®. The choice L = 3 is enough to obtain the result of Proposition The next theorem
is proven in Section [3.D.0]

Theorem 3.9. Let N > K + 3 and Yi,...,Yy be arbitrary random variables. Let Pq; = Pm
be the estimator given by with & given by . For any ¢ in ® there exists a positive

constant C(¢) such that we have

c ()5 [Ilw-ali+ Q-+ 3 @) a1
k=1

C1Ne 2 -1 = " ind slogmn
<n z;h (P, P) +n ;K(P5751|P87b)+(3+1)[( =
1= =1

In particular under Assumptz'on there exist positive constants C(¢,Q*) and c(Q*) such that
for s > c(Q*)logn we have

K
C(6.Q")E [Hw —al?+ @0l + X (8 — ) A 1] (3.63)
k=1

< 1*(P",P;) + sK® logn

n

where P* is given by .

Our different parameter estimators all reach the usual parametric rate up to a logarithmic
factor. One can notice that the ordering of the 6, in (3.62)) can be replaced by considering only
distinct values and taking the infimum over permutation of the hidden states.

It is possible to follow the same scheme to obtain similar results for other exponential
families, including HMMs with different exponential families as emission models. The difficulty

relies in determining the set ®* given by (3.57)).

Another example

In this section we consider a relatively simple example that does not fit any framework already
investigated but for which we can obtain risk bounds for the estimation of the parameters. Let
v be the Lebesgue measure on R and « be in (0,1). We denote by f, the probability density
function with respect to v defined by

1 — o Ligiepo
2 ale

farzeER—
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with the convention 1/0 = +o00. For z in R, we denote by F, . the probability distribution
associated to the density z — f,(z — z). We fix L = 2 and consider the model .# defined by

] = {ng,z; w,q12,921 € [0,1], zZ € R} ,
where

Pquuz = wFC’hO ® [(1 - qu)FOL,O + q12Fa,z]
+ (1 —w)F,.® [gnFao+ (1 —q)Fa:].
The distributions P, 4 . correspond to translation hidden Markov models with one known loca-

tion parameter. The following result is proven in Section and shows that we can deduce
the parameters from the distribution P, , ..

Proposition 3.3. For z* # 0, w* < 1 and ¢}, < 1, there is a constant C(«a,z*,w*,q*) such that
we have

Ol w* g W0? (Pug e Purgr 2+) > (12 = 2 A D) + (07)? (012 — a2)”
0= ) (g — g+ ()
for all w,q12,q21 € [0,1] and all z € R.

We can deduce a deviation bound for the parameter estimators. The model M is a subset
of (2,7 o, ZFa), with F, = {F,.;z € R}. We satisfy Assumption with e = 0, F, =
{fal- — 2);2 € Q} and V = 784. The next result is proven in Section [3.D.7|

Theorem 3.10. Let N > K + 2 and Py = P,s be the estimator given by with 6
given by . For allz#0, w < 1, g5 € [0,1] and Gy, < 1, there exists a positive constant
C(a,z,w,q) such that we have

C(azw)E (@ — )’ + (@15 — 412)” + (@12 — 412)* + (7 = 2| A 1)?]
1 & 154 . 1
< =30 (Pagz P+ — 3K (PL[IPE) + (s + )= (3.64)
=1 b=1

In particular under Assumptz’on there exist positive constants C(¢,Q*) and ¢(Q*) such that
for s > ¢(Q*)logn we have

C (3, Q)E[@ — @) + (@ — d12)” + (@1 — @) + (17— 2| A D]

1
< 12 (P, Ppgz) + o (3.65)

n
where P* is given by .

Inequality does not require any assumption on the data. It is a consequence of Propo-
sition [3.3] and Theorem 3.4, We can deduce convergence rates for our parameter estimators
from for P* = Pr 4=« with 2* # 0, w* < 1 and ¢3; < 1. The estimators @ and ¢
achieve the usual parametric rate up to a logarithmic factor. However the location estimator 2
reaches the faster rate (n~'log?n)"/(=®). This rate is optimal up the logarithmic factor. It is
a consequence of Theorem 1.1 in [54] (Chapter VI), noticing that f, has a singularity of order
—a in 0, and with the fact that we cannot do better than 1/n for the Hellinger distance. One
should notice that f, is unbounded for all & € (0,1). Therefore the maximum likelihood and
the least squares estimators are undefined and those methods do not apply on .#. In addition,
we can see that f, is not square integrable for o € [1/2,1).
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3.5 Selection of the spacing parameter

Until now we gave results that required a good choice of the spacing parameter s, given some
bound on the dependence term K (P bHPmd). This section propose a way to automatically
select a value of s from the data, assuming that we dispose of two independent sets of obser-
vations. We use the first set to produce an estimator P, for different values of s. We then use
the second set to produce an estimator § of the optimal value of s.

3.5.1 Framework and result

Let X{l), XD Xl(z), e ,X,(fz) be n; + ny random variables on the measurable space (2°,X).

ni

We define P by PY) = £(xY )) for all j in [2] and all 7 in [n;]. We also write

n1(s,b)

P:,b =L (Xlgl)’ o ,Xb+n1(s,b)(s+1)) and Pglbd = ® L ( b+ (i-1) s+l)) )

with

1-0
WJ ' (3.66)

m(sb) = { 1+s

Let S be a subset of {0,1,...,Smax}, Smax = [(n1 —2)/2]. Let (#;), s be countable subsets of
Px such that the p-dimension function (see Section |3.B)) is uniformly bounded over .#; by a
non-decreasing function m +— D,,(.#;) > 1 for all s € S. We follow the procedure below.

1. For s in S, let P, = P, (%S,X(l)) be the estimator given by (3.12)). Conditionally on
X®, we define the finite model

,/Z/;:./Z/E(X(l)) ::{]SS:SES}.

2. Let P be the p-estimator pP=P (ng,X(z),/Zlg) given by 1} We denote by 5 the value
of s such that P = ]55 and we write

P =P (X0 X®). (3.67)

We make the following assumption.

Assumption 3.6. The random variables

X = (xV, . XW) and X® = (X7, X2)
are independent.
The following result is proven in Section |3.E.1|

Theorem 3.11. Let ny,ny > 3 and P = ﬁs (X(l),X(Q)) be the estimator given by (3.67). Under
Assumptz'on there ewists a positive constant C' > 0 such that for all P € Px

CE [n* (P, Fy)| <ni! i n? (P P) +ny! Z n? (P?P) (3.68)

*12K< 5P

where the mixzing coefficient [3; (X(2)> is given by (1.2.5) in Dedecker et al.[27].

(8 + 1)Dm(571)(/[5 s+l ) }

ni
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One can check that we do not need any assumption other than Assumption [3.6]to obtain this
result. We need to make additional assumptions a posteriori to make this bound meaningful.
Let us interpret this inequality in simpler cases. We consider there is .# such that .#, = .#
for all s € S. If the data were truly i.i.d. with distribution P € .#, we would get

(s + )Duyio(4) | (1+ log(IS]))

ni U]

CE [1? (P, P)] <

The second term is the bound we get for i.i.d. estimation from a ny-sample over a finite model
of cardinal |S|. When the data are not identically distributed, the quantity

i S () o 0 (12 7)

is not zero but it remains small when most of the true marginal distributions Pl-(j ) lie close

enough to some distribution P in .#. The terms n;' Y51 K ( b||Pmd) and [ny/t]5,(X®)

account for the possible dependence within X and X® respectively. They vanish if the
observations X; (1 ) X X 1(2), e ,Xfé) are all independent. Contrary to Theorem we do

ni ?
not have to choose a good value of s as the method automatically select a reasonable s in S as

long as the B(j ) can be well approximated by a distribution P € .Z .

3.5.2 Robustness
Let X = (Xgl), . ,XSB) and X — (X?), . ,XEZ)) be the true processes of interest

such that P(j ) = P for all Jj € [2] and ¢ € [N;]. We actually observe a contaminated ver-
sion of it. Let Z(l) ...,ZJ(VII),Z{2), e ,Z](\?; be random variables with any distributions and

E() . E](Vl) ,E(Q) ,E](\?Q) be Bernoulli random variables such that for all j € [2] and all
i € [N ]

XD = EXY 4 (1 - ED)ZY. (3.69)
For s € {0,1,... ,Smax} and b € [s + 1], we define the distributions

n1(s,b)
- —(1) ) wind _ )
Ps,b =L <Xb yre 7Xb+n1(s,b)(s+1 ) and Ps b — ® L <Xb+(z 1)(5-‘,—1))

The next result is a complement of Lemma [3.2] and is proven in Section [3.E.2

Lemma 3.7. I[f EWY 29 . Egl),ZSl),Ef),Zfz), ..., E®.Z® XY and XP are mutually inde-
pendent, we have

K (P,|[PHY) <K (PL,[[PLy) Vs € {01, . Sma} Vb € [s +1], (3.70)

and

B (X®) < 8, (XP) v > 1.

We define p) by P <EZ-(j) = 1) =p7 for j € [2] and i € [N;].
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Corollary 3.5. Let ni,ny > 3 and P = P; (X(l),X(Q)) be the estimator given by (3.67). There
exists a positive constant C' such that in the situation of Lemma and for all P € Py,

ni

C’IE[hZ( >}<n1 Z(l—pl +ngy 121— )

i=1

e nt L g5+ Faf15 (X }

tE[ng
(S + 1)Dn1 s,1) (% _ sl ind
n( +n 1ZK( stPsb)
1

+ igﬁ{h2 (P,..) +

This result is a direct consequence of Theorem [B.11] and Lemma [3.7 We illustrate the
performance of our estimator with hidden Markov models

3.5.3 Application to hidden Markov models

Let Yl(l), e ,Y},?,Yl(z) e ,Y]\(,z) be random variables taking values in the measurable space
(#.Y). Let L bein {2,3,...,[(N1 A Ny)/2]} and n; = N; +1 — L for j € [2]. We define
the new random variables

X7 = (VY4 YY) d el € 2,

(2

taking values in the measurable space (Z,X) = (@ L,y®L). We adapt Assumption to this
context.

Assumption 3.7. Let (Y 2 H(l)) and ( @ H(Q)) be finite state space HMM with parameters

(K*wi,Q*,F*) and (K*,w},Q*,F )l such that Q* is irreducible and aperiodic.

Under this assumption QQ* has only one invariant distribution 7* and we define the dis-
tribution P* by (3.27). Let 7 > e and J = |log, ([(n1 —2)/2])]. Let S be the set given

by
s={oyu{[7];iefor,....J}}. (3.71)

Let Z1,...,7 k be subsets of #y such that Assumptionlﬂis satisfied. Let .# be a non-empty
subset of the model 77 (K,gﬂ, e ,9K> defined by (3.29). For s in S, we take .#, = s
with

vV 1
5(s) = —
&) = G DR =D ANz
where ;s is given by (3.36) and ni(s,1) given by (3.66)). The following result is proven in
Section B.E.3

Theorem 3.12. Let N{,Ny > K + L and P = ]35 (X(l),X(2)> be the estimator given by (3.67).
Under Assumption[3.6, there is a numeric constant C > 0 such that for all P € Py

CE[hQ(F,Pé)}§h2(F,//z)+nllzh2( )+n212h2( P)

tlog]
+ Lé* + inf {Ognognl + [n2/116, (X®) } (3.72)

telns] 2

+1)LV1 s
+lnf{(8 ) 0g ny +nflzK( bHPznd> }

sES nl
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In particular under Assumption there exists a positive constant C(Q*) such that

—log*n, logn2 log log ny

C(QME[h? (P, P;)| < h? (P*.ll) + Lé* + 7LV (3.73)

nq N9
where P* is given by .

Inequality (3.72)) is a consequence of Theorem and only requires Assumption[3.6l Under
Assumptionwe can control the different terms and obtain (3.73)). If e = 0, the ideal situation
is to have the same number of observations in each set, i.e. ny = ny = n. In this case we have

N — _log*n
C(QHE |h? (P*,P)| <h?(P*.4)+ LTV
@B (P B)] < 1 () 4 1V
and the first vanishes when the model is well specified which glves the rate n~'log?n with
respect to the squared Hellinger distance over ( T, T ) When € > 0 the quantity

V depends on € and we need to balance the second and third term in (3.73)), i.e. €2/V is of
order ny' up to a logarithmic term. Then the ideal situation only requires n2 to be of order
€2 up to logarithmic term and the bound on the convergence rate is of order 2. For example,

we would have €2 = nl“ log™ i1~ (d+2) ny in the situation of Theorem @ In both cases, it
shows that we recover a value of s that allows us to obtain the same rate as when the optimal
value is known. This is especially interesting for the robustness aspect of our estimator.

Let us consider a situation similar to Section|3.5.2| Let Zfl), .. Z](\}l),Zl(Q), . Z](V) be random
variables with any distributions and E(l) cee ](\}1) ,EP, . (2) be Bernoulli random variables

such that for all j € [2] and all i € [IV}],
yO — 5Y9 4 (1 - 5929,

The following result is proven in Section [3.E.4]

Corollary 3.6. Let P; = P; (X(l),X(Z)) be the estimator given by (3.67). If E\Y, 11), . EW Z(0)

ny ' ny ’
EP,ZP, e ,E%),Z%) ,X(l) and X2 are mutually independent, and if YV and Y° satzsfy As-
sumption there exists a positive constant C(Q*) such that

CQE 1> (P, B)] < w? (P, 77) +z€i(1 — ) +sz;§(1 )

e +7'LV10g ny logn2 loglogm,
ny %)

where P* is given by (3.27) and p? =P (Ei(j) = 1) for all j € [2] and i € [Ny].

One can see that our deviation bound 1s not 81gn1ﬁcantly worse as long as the average
proportions of contamination Ny ' SN (1 — pZ ) and Ny 1y (1 — p§2)) are small compared to
€+ TV% and % respectively. We interpret this result further for P* € .4, e =0
and n; = ny = n. Let us consider Huber’s contamination model with p(j )

=1 — Qeont for all
j € [2] and ¢ € [N]. In this situation we get

C(QE v (P P)] <L

Keont +

7V log? n]
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Our bound on the convergence rate is not deteriorated as long as the contamination rate aon;

is small compared to . We can also consider the situation ]P’(Ei(j ) = 0) = Ly, for some
subsets I; C [N] and I, C [N]. We get

7V log?n

1] + 1| | 7V log"n
N n

c@Epe (. p)] <1

Our bound on the convergence rate is not deteriorated as long as the proportions of outliers
v 2
|I1]/N,|I5| /N are small compared to the other term TV]%.
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Appendix

3.A Auxiliary results
We denote by C(Z") the set given by

)= {nt x 2™

n>1

Let d: & x o/ — R be a loss function where &/ C &x denotes a set of admissible probability
distributions. Let .# be a subset of o7, Let P: C'(Z") — .# be an estimation method.

Assumption 3.8. There exist constants Cy > 0,8 € (0,1] and non decreasing functions f,g
such that for all independent random wvariables X1, ..., X, with distributions Py,...,P, € <
and for all £ > 0

g (gd (PP (X)) < Cy C;g;[g;d(l%,@) + f(n) + g(n)§ﬁ> >1—¢¢

Many estimators satisfy such an assumption, see for instance mean discrepancy estimators
[5], T-estimators [16] or l-estimators [10]. We can get rid of the independence assumption with
the following result.

Proposition 3.4. Under Assumption for all random variables X1, ..., X, with distribu-
tions Py,...,P, € &/ we have

E [Z d (PP <n7X>)] < Co jnf 3 d(P.Q) + f(n)
i=1 i=1
3 * ind ?
+ g(n) [2+ K (PP )} ,
where
P'=L(X,,....X,) and P™ =L(X))®...® L(X,).

This result is obtained by applying Lemma that we prove hereafter, with P = P"¢ and
Q=P
3.A.1 Proof of Lemma [3.1]

We use Lemma 48 in [9]. For A € (0,a='/#), we have

Eq |\ (nl (6%).6) —nA - B)"|

< log (1 n /0+°° P (z (0(%),6) > A+ BHW) d§> LK (Q||P)

n

< log <1 4 /0+°0 efe—é/kdg) +K (Q|[P) = log <1_1A) +K(Q|P).

We have

Eq [(nl (6(X).6) = nA - B)lf’] <A {log (1_1A> LK (QHP)} .
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Assuming K(Q||P) < oo, minimization over A demands

A
Let A* be such a number. In that case
1 1
A*—l[l () K P}_ .
00 frow (25 ) H K @IPY| =
We set a(z) = x —log(1 4 z) for z in (0, + o0). Following the proof of Proposition 5 9], a is
increasing and

Vo >0,a ' (z) <o+ V2.
Since 2 = o' (K (Q||P)), we get

1-X*
1 N
= <
e = Lo S LHK(QIP) 2K (QIIP)

<2+ SK(QIP).

Finally, with Jensen’s inequality we get

B+ (243K (PQ)

n

Eq [l (6(X).0)] < A+

3.B Main results

This section gathers the proofs of Theorem [3.1] Corollary and Lemmas [3.2] .4 We
first give a formal definition of the p-dimension function that is originally introduced in Baraud
& Birgé [11]. We slightly modify some notation to adapt it to our context. The function
Y defined by satisfies Assumption 2 [11] with ap = 4,a; = 3/8 and a2 = 3v/2 (see
Proposition 3 |11]). Let n be a positive integer and .# be a countable subset of &y. For
y >0, Pl = Q" Prde 2% and P € 4 we write

B (P Py) = {Q eM: znj n? (P".P) +h* (P",Q) < y2} .
=1

If M is a countable set of probability density functions with respect to a o-finite measure v
such that # = {Q = q - v;q € M}, we write

w (V,M,%7Pindypay) - ]EXNP“"] l Sup |Z’n (X7p7Q)|] )
QEL%_V” (Pmd,P,y)

where

Zn(X7Q7q,) = Tn(X7q7q/) - EPi"dTn(X7Q7q,)7

and T,, is given by 1' We define w# (Pmd,P,y> = inf, Ay w (V,M,///,Pi”d,P,y), where the
infimum is taken over all couples (v,M) such that M is the class of density functions associated
to . with respect to a o-finite measure v. We define the p-dimension function by

/ ind n 3 2 / ind 3y2
D7 (P P® ) = l221/2 sup {y -w (P ,P,y) > 64H \/1.

As mentioned at the beginning of Section we consider cases for which we have a uniform
bound over the p-dimension function. More precisely we assume there is a non-increasing
function m — D,,(.#') such that

DY (P PE™) < D, (M), VP € DY VP € M.
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3.B.1 Proof of Theorem [3.1]

From Theorem 1 of Baraud & Birgé [11], we have that for all independent random variables
X1,...,X, with respective distributions Py, ...,P,, for all ) € .# and for all £ > 0, we have

Xn:hQ (P, P(n X)) < 7§n:h2 (P.Q)+ 2 (Dnél(?//)

i=1

+ 1.49+§> :

with probability at least 1 — e~¢, where v and & are given in [11] and satisfy v < 150 and
i—f < 5014 (see proof of Theorem 1 [13], page 32). We can take the infimum for @) over .# and

it shows we satisfy Assumption with Cp = 150, f(n) = 5014 (% + 1.49), g(n) = 5014
and § = 1. From Proposition [3.4] we have

n(s,b)
> n? (Pb+(i—1)(s+1), Ps)

=1

n(s,b)

E <150t 3 02 (Pori-1)e+1).Q)

Doy (M 3. /o,
+5014 <(£f)7()+349+ 2K(P bHPmd)>

for all b € [s + 1]. From (3.12]), we have

n R 5+1n(5b R
S0 (PB) =30 3 P (Purimnin, B2)
i=1 b=1 i=1
s+1n Sb) s+1 R
<23 32 1 (Prmonn Puo) 23 n(sb)h (P, )
b=1 =1
s+1n Sb) . s+1 .
23" > 12 (Popionyesn), Pop) +2 inf Y- n(s,b)h? (Pop, Q) + 20
b=1 i=1 Qe
s+1n(s,b) . N
<43 3 B (Pragony sH),Ps,b)Hég;;h? (P, Q) + 2.

b=1 =1

IN

Combining the inequalities above, we obtain

s+1 n(s,b)
<6OOZ mf Z R%( (Pot(i-1)(s11),Q) + 2 mf Zl P, Q)

Qen

E [i W (P, P,)

i=1

S“ Dyyso (A 3
+20056 S <<4”)7(> +3.49 + 7K (P*b||Pmd>> +2
b=1 ’

n D (A)
< T 2 A n(s71) .
< 602 inf, ;le h2(P.,Q) + 20056(s + 1) (4.7 +3.49

s+1
+30084 > K (Py,|[PIy) + 2.
b=1

Since ¢ < 2546 < 20056 x %, we get

20056
4.7

(5 + 1) [ Do) () +17]

Ep- [Xn: h? (R-, 155)
=1

< i 2(p,
<602 jnf, > W (P, Q) +

+ 30084 f K (Py,|[PTy) .

b=1
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3.B.2 Proof of Lemma [3.2]
For e € {0,1}", we denote by I(e) the set given by I(e) = {i € [n];e; = 1}. From the convexity
property of the Kullback-Leibler divergence, we have
K(L(Y)[LM) ® - @ L(Y,))
< P(E = e)K(L(Y[E = e) [[LV1]Er = 1) @ - @ L(Y,| By = en))
1}n

ec{0,

nP(Eze)K(.c« dera) © @ LE @ LiX)e & L(Z )

i¢i(e) icl(e) i¢l(e

nIP’(E:e)K<£< Dicre) || @ L(X )

i€l(e)

= 2
ec{0,1

’ }

= 2
ec{0,1

) }

We need an auxiliary result before ending the proof.
Lemma 3.8. For random variables A,B,C such that L(A) < L(B), we have
K (L(A)IL(B)) < K(L(AO)[IL(B) ® L(C)). (3.74)
With this result we have
K(ﬁ( Dieie) | ® L(X ) K(L(X)[|£(X1) ® - © L(Xy)),
i€l(e

which allows us to conclude.

Proof of Lemma 3.8
Let py and po be measures dominating £(B) and L£(C') respectively. We write
dL(B,C) dL(A,C) dL(A) dL(B) dL(C)
PPO T e P T Ao T Tdm T Tap YT T
We have

K (L(A,C)[|L(B) /pAc ,2) ( Pac(®,2) )ul(dx)m(dz)

= /pAc T,z 10g< Pac(z:?) )ul(da:)ug(dz)

+/pAc T,z 10g< x))“l (dz)ps(dz)
K(L(A,O)|I£(A) @ L(C)) + K (L(A)[[£(B)) -

The non-negativity of the Kullback-Leibler divergence concludes the proof.

3.B.3 Proof of Corollary
One can check that we have

n? (P.B) < 20 12}#( Y:).P) +2n° 12}#( Y),P.)

=1

<on~! Z(l —pi) +2n7! zn: h? (E(Y;), As) ,

i=1 i=1
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and for Q) in .4

n

i (20 7) 4231 (P.Q)

i=1

]
;fo
|/\

Z 1—pi) +2nh* (P,Q).
We can conclude with Theorem B.1] and Lemma [3.2

3.B.4 Proof of Lemma [3.3
We have

K(LX)[L(X1) @+ @ L(Xn)) = E[K(L(Xn| Xy, ... . Xna) [[£(Xn))]
+K(L(X, X ) [IE(X) @ @ LX),

and with the Markov property

EK (L (Xn| X1, ... . Xno1) [[£(Xn))] = E[K (L (X Xp-1) [|£(X5))]
:K([’(Xn—LX )”‘C( n— 1)®£( ))

Therefore

K(LX) LX) @ @ L(Xn)) = K(L(Xy,... X ) [[£(X1) @ @ L(Xn))
+ K (L (X1, X0) [[£(Xn1) ® L(X0))

and we can conclude by induction.

3.B.5 Proof of Lemma [3.4
If (X,H) a hidden Markov chain, with Lemma we have

K(LX)[L(X1) @@ L(Xn))
< znzK (L(Xi—1,Hi—1, X3, H) ||£(Xi—1,Hi—1) ® L (X;,H;))

We need the following result. For random variables Ay,As,B1,Bs, we have

K (£ (A1,B1,A2,B,) ||L (A1,B1) ® L (A2,Bs))
= K(£(A1,4) ||£(A1) ® £(A2))
+E [K (£ (By1,Bs|A1,As) || £ (B1] A1) ® L (Ba| Ap))] .

With the non-negativity of the Kullback-Leibler divergence we get

K(LX)[[L(X1) @+ @ L(Xy)) <) K(L(Hir,Hy) [|£(Hio1) ® L(H;)).

-

Il
)

7

3.C Kolmogorov processes

This section gathers the proofs of Theorems and Lemmas



3.C. Kolmogorov processes

3.C.1 Proof of Theorems [3.2 and [3.3

117

From Proposition 6 [11], we can take D, (Zx_x, mle]) = 91og(2[.%#\_ . m[€]|). From Theorem

there exists a positive constant C' such that
CEp- {hQ (F’ PSH < h* (F, ﬁL,@M) +e+n Y R (R‘?)
i=1
+n K (PL/[PL)

s+1
+

1+ log (2| Py s, alel])] -

Given the bounds on log(2|Fx_ x, ar[e]]) given by Lemma [3.6) we obtain the following inequal-

ities.

2

o For d =1 we have €2 = n=4/% log4/5 n and

7 _
log(2|Fx_x. mle]]) < log(9/m) + 5 log M + Kie '/

9__
= log(9/m) + §K1n1/5 logfl/‘r’n

2

e For d = 2 we have €2 = n=2/310g"3 n and

8

3 _
log(2[Fx_x, mle]]) < log (:) +9log M + Kae ' log¥? (1/e)
2

387 28
< log ( ) + ZKon3log?3n
s 3

« For d = 3 we have €2 = n~1/4 log1/4 n and

27327/2 3 33 L
log(2|fA_,,\+,M[5H) < log <7767T + > log M + Kqe 2
3

27 27/2,..3
— log (367‘- + 323K n1/2 log—l/Qn

UE!

This proves the bound (3.22)). Lemma allows us to conclude the proof of Theorem .

2
For d > 4 we have €2 = n~ @1 log? 273+ n and
g

1 1
10g(|f)\7’>\+7M[6]|) SlOng—|— (Kd+2_|_d+d2> 10g (d+1) (d+2)/2( )
1 — 1 1
<logCy + P (Kd +2+ p + d2> n @ logdlﬂ*dJrl

Lemma allows us to conclude the proof of Theorem

3.C.2 Proof of Lemma [3.5]
We have

I(o(Ye),0(Yiys)) = K(L (YY) [[£ (V) @ £ (Yies)) = E K (L (Yigs[ Vo) [[1£ (Yers))] -
Since (Y;)¢>o is stationary we have £(Y;,,) = P. For z € R? fixed, we write

Au(s) =K (L(D)[P),
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where Y/* is the solution of (3.17) satisfying Y = x. We follow the proof of Theorem 3.2.7 [7§]
with their notation. From (44) therein we have

A (s) <E [(log(Z) F U () + UW,) — 20(W,) — ; [ivup - AU](WM) F] C37)

where
o W is the Brownian motion starting from x,

« Fis the density of the distribution of X* over C(]0, s]) with respect to the distribution P
of W given by

1

P =exp (U(w) = UW) = 5 [IVUI = U)Wt

v is such that exp(—2v) is the Gaussian density of L£L(W;) with respect to the Lebesgue
measure, i.e.

exp(—2v(y)) = (27t) Y2 exp (—W) Wy € R% (3.76)

Let us check that the right-hand side of (3.75]) is finite. From (3.76)), we have —2v(y) <
—2log(2s). Also

—; /0 VU2 - AU] (W)t < —(’;5

where C' is given by (3.18)). Since EF = 1, we get
d Cs
Ay(s) <log(Z) +U(z) — B log(27s) — -+ E[U(W,)F].
We only need to consider the last term E [U(Ws)F]. We have

E[U(W,)F) = B [U,) exp (U(0) ~ U(W,) - 5 [IVUP = AWt

_ VO [U(Ws) exp (—U(WS) / (VU2 — AUJ(W,)dt ]

1
2
< LOTERUW) exp (~U(W))]

< VOFE [UH(W,) exp (~U(W,))]

<" F g,

where ¢ is defined on RT by ¢g(z) = x exp(—z). We end up with

Ay(s) <log(Z)+U(x) — glog(%rs) - C; + V@

d C S
< log(Z) — 5 log(2ms) — -~ +¢"“|g]|u (1+ e—%) . (3.77)

Therefore, A,(s) is finite for all s > 0 and all x € RY. From Theorem 3.1.29 and Theorem 3.2.5
of Royer [78], for all sy > 0, we have

A (s) < Au(so) exp (—2m(s — sp)), Vs > so. (3.78)
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Therefore with and ( - we have

1(0(%),0(Yer)) = E [ Ay, (5)
< exp (—2m(s — sg)) E [Ay,(s0)]

d C's
< ¢ 2mis-) [1og<z> — S log(2mse) = 20+ [V9] gl oe(1 + >]

d C s
— g7 2m(s=s0) [log(Z) b log(27msg) — % + |]g]loo(1 + e’%)Z’1 /Rd eU(x)dx]
=: C(sg)e 2",

for s > sy > 0 with C(sg) < oo since [pa e V@ dx < oo for all a.

3.C.3 Proof of Lemma 3.6

We divide the proof in two parts, first the case d < 3 and the case d > 4 in a second time.
Case d € {1,2,3}. For £ > 0 and v € (0,1), let

ﬁg# = {f e Fy: HTJZHQ <fand1l-v< )\min(zf) < Amax(zf) <1+ V}'

We first state the classic bound
3MN\¢
NBM) | ) < (2)

€

(3.79)

where By(M) is the ball of radius M in R? with respect to the Euclidean distance || - ||2.
Let By(M) [\//\_} be a \/A_-net of By(M) with respect to the Euclidean distance || - |2, with
‘Bg { ” < (BM/X_)% Let Sym(A_ Ay )[ngA_] be a ngA_-net of Sym(A_,\,) with respect

to the operator norm || - |[op, with [Sym(A_ A )[naA_]| < Ne(Ap,A_,dmar_). Let Fy™[e] be an
e-net, of F "1 with respect to the Hellinger distance. We define

T € By(M) [\/)\_,} :
Froopild = (det )29 (572 (-~ 7))5 v Sym(A— A4 )],
g€ Fy"[d

and we show it is an e-net of F_ x, » with respect to the Hellinger distance. For f € Fx_ x, wm,
there is ¥ in Sym(A_,A\;)[naA-] and T in By(M)[\/A_] such that

|7y —Z||2 < /A= and [[Xf — X|[op < Ana.

We write f = (det X)1/2f (Elﬂ : —|—T). Let us check that f belongs to F;"™. We have

7l = 11572 — D)l < 1T Tl o

Now

and

=3,
125 = Ilop = [|E725f 572 = I|]gp = [|[S72(Z5 — D)2 < ”fAHp < 14

Therefore f € F;™ and there is g € F;™[e] such that h ( f ,g) < e. Since the Hellinger distance
is invariant by translation and scaling, we have

h(f,(det D)™ 2g (572 =) =h(f.g) <e
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which proves that Fx_ x, amle] is an e-net of Fy_ x, ar. Therefore

3M
VA

We need to bound the different entropy numbers now. For a metric space (&7,d) and € > 0, we
denote by N (e,47,d) the minimal number of balls of radius €, with respect to d, to cover <.

The next result provides a bound on the entropy for the class of covariance matrices we are
considering. Let || -||,, denote the operator norm on square matrices induced by the Euclidean
distance. For matrices with real-valued eigenvalues, it is equivalent to the largest absolute value
of its eigenvalues.

d
| Fa_ g, mlel] < ( ) X Nx(Ap, Ao dngA-) x ‘Fc}mdk”-

Lemma 3.9. We have
3A+=A-) ford =1,

3
N (6 SO A, |-l < § () e = AP A ford =2 (3.50)
9 (2.35/4 /)\+(/\+—)\)7r> ford=3.

€

In higher dimensions, we have

a\d  dd-1)/2 ano ,
N (€, Sym(A- A1), || - |lop) < C <4> m@/\ﬂ (A —A)

x (d + 1)H@HD/2gd=1(@+2)/2(g _ 1)(d=1)/2—d(d+1)/2

9
. 1/2
U)Zth O = 357223.

Theorem 4 58] gives a bound on | E;"[€]| which allows us to conclude the proof of Theorem

B2
Case d > 4. We use Theorem 3 of Kur et al.[60]. We follow some of their notation. Let
d > 4. There exist positive constants &; and K, such that

log N(e,%,1,h) < Kae @ Dlog, , (e1)dHDd+2)/2)
where Z, ; is the set of distributions associated to
Far={f € Fat gl < & and 1/2 < \uin(57) < Amax(Bf) < 2}

Let F, ;le] be a set of probability densities with respect to the Lebesgue measure such that
Failel = {f(x)dx; f € F;5} is an e-net of .F, 7 with respect to the Hellinger distance and

log |7, 1le]| < Kqe @ Vlog, , (e71) D272,

Let By(M) [fd\/)\_} be a £;\/A_-net of By(M) with respect to the Euclidean distance || - ||z,
with | By(M) [€ay/A~ || < (3M/&v/A7)% Let Sym(A_ A )[A-/3] be a A_/3-met of Sym(A_\;)
with respect to the operator norm || - ||op, with [Sym(A_,A;)[A-/3]| < Nx(Ay,A-). We define

T € By(M) [€avA- ],
Faoapuld = (det )20 (72 (= 3)); % e Sym(A_ A )N /3],
g € Fyjlel
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and we show that #y_, mle] = {f(x)dx; f € Fa_ ., ,mlel} is an enet of Fy_ \, p with re-
spect to the Hellinger distance. For f € Fx_ ., um, there is ¥ in Sym(A_,A4)[A_/3] and T in
By (M)[£44/A_] such that

177 = 7ll2 < o/ and |55 — Sy < /3.
We write f = (det X)1/2f (Zl/Q : +T). Let us check that f belongs to Fui- We have

1z; — =l

Vo

[Z7ll: = [|27%(z; —T)[]2 < < &a,

and

12y — 2]
A

127 = 11| = |I=728 272 — 1)) = I2712(8 - B)2772)| < <1/3.

Hence
)\min(Ef) >2/3>1/2 and )\maX(Ef) <4/3 < 2.

Therefore we have f € F, i and there is g € F, ;[e] such that h (f(x)dx, ga:)da:) < e. Since the
Hellinger distance is invariant by translation and scaling, we have

h (f(x)dx, (det X2)~/2¢ (2_1/2(x - T)) dx) =h (f(x)dx, g(x)dx) <e,

which proves that .#,_ x, ale] is an e-net of #y_ x, m. Therefore

3M \*
| mle]] < (M) X Ny (Ap,A_,d) x ‘yd,f[e”'

With Lemma [3.9 we get

d
3M 3 d 7.‘_d(d—l)/Q -
[ Fa_pemle] < C <§d\/)\—_> (4) m@)\+)d(d D2 —A)?
\ )—d(d+1)/2

% (d 4 1)3@HD/2g@-D@+2)/2(g _ 1)(d-1)/2 ( -

X exp (Fde—(d—l) log(e—l)(d+1)(d+2)/2)

)\i(d—l)/QMd<)\+ _ )\_)d
< Ca \Hd+1)/2

exp (Fde_(d_l) log(€—1)(d+1)(d+2)/2) '

Proof of Lemma [3.9]

For d = 1, we have Sym(A_,A\;) = [A_,A;]. The result follows from classical entropy bounds.
Otherwise, every real valued symmetric matrix ¥ can be written as ¥ = UDU? where D is
the diagonal matrix containing the real eigenvalues of ¥ and U is an orthonormal matrix. For
21 = Uldiag(/\m, c. ,)\d71)UiT and 22 = Ugdiag()\m, e ,/\d72)U2T we have

131 = || < [|U1(Dy = D)UY || +[[(Ur = Uz) DaUY || + |[U2Da (U1 — Ua) ||
< |[D1 = Dal[ +2A4[|Ur = Us|
= Imax |)\i,1 - )\i,2| + 2/\+||U1 - U2||

1<i<d
Therefore

N (SymA_ A )l - [l€) < N (B((Ay = A-)/2)[] - [loce1) x N (ON(d), [ - |]€2)
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with € = ¢; + 2X;e5. We have the classic bound

d
N (B = A /20 loortr) < (3?) |

e For d = 2, the orthonormal matrices are of the form

_ [cos(f) —asin(f) B
Unp = (sin(@) o cos(f) ) 0 €10,2r],a € {—1,1}.

We have
Uao — Uagrl]* = 2[1 — cos(0 — 6')] < (6 — '),

and therefore .
T _6n /€,

€

N (ON(2),|[ - [l.e) <2

where the factor 2 comes from the presence of ¢ for positively and negatively oriented
basis. We obtain the final result for ¢; = 2¢/3 and €3 = €/6A,.

o We proceed similarly for d = 3. Every orthonormal basis in dimension 3 can be written
in the form

cos 6 cos 7y sin —esinysin 6
Uecppry = |sinfcos3 —cosycosfcosf +sinysinf e(sinycosé cosf + cosysinfj) |,
sinfsin 5 —cos~ycosfsin S —sinycos S €(sin~y cosfsin f — cosycos 3)

0 € [0,27],5 € [0,27],y € [0,27],e € {—1,1}. As before, one can check that we have

Ueo,8 — Ueor prl| <160 —0'

|Ueo,8 — Ueop |l <18 =517
Ueo,80 — Ueoprl| <160 — 0.

Therefore we have

N (ON(3), || - [,e) < (N ([0,2n],| - |,e/\/§))‘°’ <2 <3\/€§”> : (3.81)

where the factor 2 comes from the presence of € for positively and negatively oriented
basis. We obtain the final result for ¢; = €/2 and e = €/4\,.

o For higher dimensions, we have the following lemma.

Lemma 3.10. For d > 3, we can build an e-net ON(d)[e] of ON(d) with respect to the
operator norm such that

d(d—1)/2
ION(d)[e]| < Cmd(d—l)(d-ﬂ)ﬂ(d — 1)@/ 2=d@d=D/2 g > ]
(1) (A=
with C = ;5.

We obtain the final bound with ¢ = 25 and ey = & 4=L.
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Proof of Lemma [3.10
We prove this by induction. From (3.81]) we have the desired inequality for d = 3 with C5 =

316;#23. Let € be in (0,1] and d > 3. Let us now assume that for \; > 0 we have a A;-net

ON(d)[\] with
d(d—1)/2

(d=1)(d+2)/2( 7 _ 1\(d—1)(d+1)/2y—d(d—-1)/2
e Al (d=1) A .

ION(d)[M][ < C
Let U € R be a unitary vector, i.e. Uf +---+ U2, = 1. There is 6 € [0,27]¢ such that
U = f(0) with
U; = fi(0) := cosb; H sin é;,
j<i
with the convention 6,,; = 0 and that a product over an empty set of indices is equal to 1. We
define applications aq, ... ,aq,a4+1 by a; = id and

al(e) = (91 + g, ce ,91',1 + g,@i, R 7‘9(1) ,VZ € {2, e ,d+ 1}

One can check that the set of vectors A;(0),...,Aqs1(0) € R given by A;(6) = f(as(0)) for
i in {1,2,...,d + 1}, is an orthonormal basis of R?. We take n; = { Y dH_j—‘ Vi e{l12,....d}

A2
and we take

%+1[)\2] = {A(iﬂ“ 77777 Zd),’lj € {1,2, N ,nj},j € {1,2, . ,d}} C ON(d—|— 1),
o j 1<j<d

O[A,\g] = {A (é 2}) A€ g, B € ON(d)[)\l]}7

with
Lemma 3.11. The set

is a M\ + Vdre-net of ON(d + 1) with respect to the operator norm.

One can easily check that we have the following bound

aaball < (1) VAL

Therefore, we have

O A]] = [ON(d)[M]] X [ [Ao]]

s qd(d—1)/2 d(d—l)(d+2)/2(d B 1)(d_1)(d+1)/2)\—d(d—1)/2 v <2>dm
= 7 eld-1)(d-2)/4 1 o a
For A\ = e% and Ay = em, we get
|O[A1,A2]]
pd(d=1)/2 d+1 d(d+1)/2
(d=1)(d+2)/2( 7 _ 1\(d—1)(d+1)/2 —d(d—1)/2
< Cie(d—l)(d—z)md (d—1) (d — 1) €

x Vd! (\/Ew(d + 1)>de_d

d(d+1)/2
= C(d — 1) @HD/2g-13/qleld=)/2

d(d+3)/2 3d(d+2)/2_—d(d-+1)/2
D@2 (d+1) d € .
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We use the bound n! < orn"tie et and we get
|O[A1, ]|
d(d+1)/2
< C(d o 1)f(d+1)/2d71/2 (d o 1)!€(d71)/2

o(d-1)(d-2)/2
nd(d+1)/2

(d + 1)dd+3)/2qd(d+2)/2 —d(@+1)/2

<C(d— 1)—3/4d—1/2(27)1/4624(0}_1) (d+ 1) (d+3)/2 gd(d+2)/2 ~d(d+1)/2

o(d—1)(d—2)/2

We have
(d— 1)1 (2m) Ve miD < 1

for all d > 3. Therefore, we satisfy the desired property for d + 1 with ON[e] = O[A1,\z).

Proof of Lemma [B.11]

Let C = (Cy...C411) be in ON(d + 1). There is 0 in [0,27]¢ such that C; = A;(). Let B be
the matrix in ON(d) given by
(10
A0) C = (0 B) :

There exists 1;, .. ;, such that

,,,,,

w(2i; — 1) T T2
0 — —L | < — < ——__Vj 1,.
n; “n; T Jd+1-7 A
Lemma 3.12. We have
d—1
JA(0) — A0 + 2)llop < \|D_(d = K)BF,,.
k=0

Therefore we have
1A0) = AWiia)llop < d"2mho.
There exists B’ in ON(d)[A\1] such that ||B — B'||,, < A1. We define C' € ON(d + 1) by

1 0
C'= A, .., iv) (0 B') € ON[A1,Aq).
Then we have

1€ = Clop <

A®) (8 B - B)

<||B = B'l|op + [[A(0) — A3y,
< A 4 dYPm .

Proof of Lemma B.12
For § € R? and h € RY, we define Uy = f(0) and

U,L' - f(91 + hl, e ,01' + hi,elqu, e ,ed),’i € {1, e ,d}
Similarly, we write A® = A(0"9)) with

o) = (014 h1,....0; + hi0it1, ... ,04),
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fori € {0,1,...,d} and j € {1,...,d+ 1}. It implies A§°) = U and Agd) = U,;. We have

Az(f) = fi(a;(0"*))) = cos (aj(e(h’k))) [Isin (aj(e(h,k)>)

1<i
= COS <0 + ]12<] 9 + ﬂl<z Z> HS]H <91 + ]11<] 9 + ﬂl<khl>
1<i
and therefore
0if: <k
IT sin (9; + L5 + hl)
1<k
Az(erl) Agf) _ X [COS (0k+1 + ]lk+1<j% + hk+1) — COoS <9k+1 + ﬂk+1<jg>} ifi=k+1
[T sin (6 + L3 + Tii) X cos (6 + Lic;3)
1<
I£k+1
X [Siﬂ (0k+1 + ]].k+1<jg + hk+1> — sin (9k+1 + I]-k+1<jg>} ifi >k + 1,

h
= 2sin ( k+1> H sin (9; + Ill<j + hl)
2 1<k 2

0ife <k
—sin <9k+1 + Lyp1<ig + h'}“) ifi=Fk+1

™ h : iy
COS ((9k+1 + ]1’9+1<j§ + k2+1) k+1H<l<i sSin (9[ + ]11<j§>

X COs (01- + Ili<jg) ife>k+1.

We have (k+1<d, k> 0)

[JAGHD — AB2 = 5™ (A — A(@)?

v v

h h
= 4sin2 ( k2+1> Z H sin2 (91 + ILKjg + hl) [sinQ <9k+1 + ﬂk+1<jg + k2+1>

1<j<d+11<k

7T h 7 T
+ cos” <9k+1 + let1<j 5 kH) Z I] sin (91 + ]ll<j2) cos? (Hi + Ili<j2) ]

i=k+2 k+1<I<i

= 4sin? (hk;l) Z H sin? (95 + ﬂz<j§ + hl)

1<j<d+1 1<k
D,
) +1
= 4sin®
2

l(d+ 1 — k)] sin® (61 + Licj= +hl)
1<k 2

+ Z H sin? (91 —+ ﬂl<jg + hl>]
< 45in? (th) [(d%— 1— k)] cos® (6 + hy) + 1 — [] cos® (6, + hl)]

1<k 1<k
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Finally, with || - ||op < || - ||F we get

d—1
||A(d) - A(O)HOP < Z ||(A(k+1) - A(k))THOP
k=0
d—1

< Z(d - k)hi+1~

3.D Hidden Markov models

This section gathers the proof of Theorems 3.5, Corollary [3.3]and Proposition
BI1BZAB3

3.D.1 Proof of Theorem [3.4]

The next result is proven in Section 3.D.T] and gives a bound on the p-dimension function.

Proposition 3.5. Under Assumption and with §(s) given by we can take

) (M) = CLV [1 + log (%)]

with C = 3930.
With Theorem B.1] we have
CE 1 (P, 2,)] < * (P..4s) + 0~ Y 1* (P, P)
i=1

s+1

n 'Y K (P;b||Pg7gi) + (s + 1)Lvlog”
b=1

for some positive constant C. The following result is proven in Proposition and tells us
how well .#; approximates . .

Proposition 3.6. For K > 2, ww in Wy, Q,R in T and probability distributions Fy, ..., Fx,Gq, ...

on (#.,Y), we have
1 (Pog.rPopra) < 0P (wv) + (L —1) max h? (Qk., Ry
e[K

+ L max h, (Fk,Gk) .
ke[K]

With Proposition and inequality (B.5) in Lecestre [62] we have
h* (P.#s) < (K —1)L6 + Lé,VP € M. (3.82)

With the choice of § given in (3.38) we get

CE[12 (P.2.)] < 12 (P.ott) + 0 S0 (PLP) 407 K (P [P2)
i=1 b=1

1
+ Le* + (s + 1)LV ogn

n

for some positive constant C'. We now turn to the second bound in Theorem The next

result is proven later in Section

7GK
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Lemma 3.13. Under Assumption there are positive constants C(Q*) and
depend on QQ* such that

s+1

n~' YK (PLLI[PH) < C(Q)e @ s > L—1¥b € [s + 1],
b=1

and h? (P*,P;) < C(Q*)e @) for all i € [n].

In this situation, for P = P* and s > L — 1 we have

CE[1# (P P)] < (Pott) + gy + 0@
+LE+ (s+ 1)Lloi”,

for some positive constant. The condition on s leads to the desired inequality.

Proof of Proposition [3.5

From Proposition A.1. [62], we have

n(s,b) L KL 1)2
D7) (® P, Q®”(s’b)) < 545.3V [5.82 + log <(5+L)> +log, (TL(
i=1

o If V <n(s1)(K —1)/K, we have

127

r(Q*) that only

d(s,b)L

bgCKl+1V>+kg+<M&@>Sk%<ﬂﬂw4ﬁn@AVu<—nLM&

V" VD>

KL+1

KL—|—1 2(K —1 L KL+1n 571 L+1
:10g<( ) ) >+10g< V£+1) )

1 CKL+D%K?—UL

KK +1)E >+(L—|—1)1og< v

One can check that for L > 2, we have % < K2~ forall K

log (W) +log, (”(“‘;b)> < (2L — 1) log K + (L +1)log <

K

> 1. Therefore,

Ki)

KN KN
=2Le Ty C\V AN

o Otherwise V > n(s,1)(K — 1)/K and log (é%fé%) = log K. We have
(KE+1)? n(s,b) (KL +1)?Ktn(s,1)
log ( ——++ | +1 -] <1 —
Og( ssE )T\ Ty ) =8 Vv

Kn(s,1
:10g< ”‘(/S >>+(L—1)logK+210g(1+KL)

Kn(s,1
< 3Llog (V/\n(s

< 2log2+ 3Llog (%) :

) +2log(1+ KF)
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Proof of Proposition
With Lemma B.3 [62], we have

h(Puq.r, Porc) <h (wQOL, vROL) +

sl de)

with
U}QOL(kl, e ,kL) = ’LU],CIC2]§1,]€2 e QkL—:hkL ,Vkl, . ,kL € [K] (383)

Let p denote the Hellinger affinity defined by p = 1 — h? For p_ = minge(x] p (Qx,..Rx,.), we
have

h? (wQO", UROL> =1 p (wQO", vROY)
Z \/wklvlﬁQlﬂ szk’l kg« QkL_l,k:LRkL_l,kL

.....

=1- Z \/wklthkl,szkhkz s Qk’L—Q,kL—1RkL—27k’L—1p (QkL—17'7RkL—17‘>

ki,..., kr—1
<1l- P—- Z \/wklvkl Qkth Rk17k2 s Qka%kaleLvakal'
k1,...kp 1

By induction we get

h? (wQOF, vROY) <1 = p"p(ww) < B (wv) + (L — 1) mex h? (Qx, . Rx,.) -
€

We also have
L L L L
h2 (@Fk”®le> =1 —p <®Fk”®le>
=1 =1
L L
=1—[]p(Fk,Gr) SZ (Fr,, Gry)
=1 =1
which allows us to conclude the proof.

Proof of Lemma [3.13

Let s be not smaller than L — 1 and b be in [s + 1]. Since (Y;,H;), ;. is a hidden Markov
model, we have that
<X~(S7b) H(L,s,b)

¢ v )1§¢§n

is also a hidden Markov model, with
Xi(s’b) = Xpr(i-1)(s+1) and H; (host) — (Hb+(z 1)(s+1)5 - ,Hb+(if1)(s+1)+L71) .

From Lemma [3.4] we have

n(s,b)—1

(Prae) < X (e (0 ) e () 0. ().

=1

We can use the following result to bound the terms in the sum on the right-hand side of the
inequality.
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Lemma 3.14. Let A and B be random wvariables taking values in the finite sets o/ and B
respectively. We have

K (L(A,B)||L(A) @ L(B)) <2 dry (L(B|A = a), L(B)) .

acgl
For ki, ... kor € [K*], we have
P(H = (kg ko) [HE = (ko))
* *\s+2—L
- QkZL—lkaL T QkL+17kL+2 (Q )k;kLH

Therefore, we have

n(s,b)—1
( b||Pmd> <2 ; kez[;( dTV( s:l.—2 L %Qs+2 L>’

where v; = w*(Q*)*H~D+D+L=2 jg the distribution of Hypi (i—1)(s+1)+L—1- Since Q* is irreducible
and aperiodic, there exists a unique invariant probability 7* and there are positive constants

C(Q*) and r(Q*) such that
dry ((Q7)%..7) < C(Q7)e ™ @ Wk € [K*] vt > 1.
Combining the different inequalities we get
( bHPmd> < AK*(n(s,b) — 1)C(Q*)e @)+,

We have | |
W2 (P*.P) < dry (P*.P) = dry (7,0’ (Q")") < C(Q)e @00,

Proof of Lemma [3.14]
We denote by (&7 x %)" the set {(a,b) € &/ x B;P(A=a,B=0>)>0} We have

K(LAB)LA)®LB)= Y  P(A=aB=b)log (F%i :a)“[ﬁ = Eb))

(a,b)e (o x B)+
P(A=a,B=0)
< = — _
< Y PU—aB-b <P(A:a)IP’(B:b) 1)

(a,b)e(/ x B)*+
(P(A=a,B=b)—P(A=a)P(B=10))"

- (a,b)e(%af;x%ﬁ P(A=a)P(B=0)

For (a,b) € (o x B)T,

(P(A=a,B=0b)—P(A=a)P(B=0))*

P(A=a)P(B=>0)
=|P(A=a|B=0b)-P(A=a)| x [P(B=bA=a)-P(B=0)
<|P(B=0bA=a)-P(B=0).

Finally, we get

K (C(AB)||L(A)® L(B)) < 3 2dpv (£ (BJA = a), L (B)).

acd
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3.D.2 Proof of Corollary
We have

P (Xi =(Y/,... 7}/1‘,+L71)) >P(Ei=-=FEip1=1)=piPis1-..Pitr—1,
and with the convexity of the squared Hellinger distance

h2 (Pza P*) S DiPi+1 - - -pi+L—1h2 (PZ/;P*) + (1 — DiPi+1 - - -pi+L—1)
<K (PLP)Y+1—p)+ -+ (1 —pir),

where P/ = L(Y/,....Y/ ;_1). One can check that n > 14 N/2 with our conditions on L. With
Theorem 3.4 Lemma [3.2] and Lemma [3.13 we have

9 . A 5 . C *) L N
CE[n* (P, P.)] < h (P’%)+W+NZ(1—Pi)
i=1

* 71
@) L L 4 (s + 1)LV 2",
n

for some positive constant C' and s > L — 1.

3.D.3 Proof of Theorems [3.5] and [3.6]
With (3.45) and Theorem , we have

CE [ (P, P.)] < * (P..a) +n~' S * (P.P)
=1
L UK (PP
b=
1 logn

+ Le? 4 (s + DLAK  log (2| Fa_a, aalle)) =~

We can simply follow the proof of Theorems [3.2) and [3.3] to conclude.

3.D.4 Proof of Proposition 3.1

The proof relies on the following lemma.
Lemma 3.15. The set A of probability density functions, defined by
A - {(1'17 s ,ZEL) = (h(fEl) ce QL(J;L)a qi € 8 <@27n7,a7—'17d17Bl> ,\V/Z S {1a ce e 7L}} )
is VC-subgraph with VC-index 3+ dy + --- + dy.
> > . . .
As L > 2 and 115%}% dy > 2, Assumption is met with

K
T _ el -1 < L( >
V=3K"+K Lkz::ldk_K 3+Llr§r}€ag)%dk
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Proof of Lemma [3.15]

We have
A= {(271, e ,.CIZL) — fgl(.ilﬁl) .. fgL(.CEL);ei S @,,VZ S {1, .. ,L}}

Cexpo(V + B)

with B : (1‘1, c. ,{EL) — Bl($1) + - —FBZ(QZL) and

K
V = {(:cl,...,xL) — A+Z<77%7T’l(xl)>vnl S Rd,V’i € {1,,L},A S R} .

i=1
The set V' is a vector space of dimension 1+ dy + - - - 4+ d, and exp is monotone, therefore, from

Proposition 42-(i,ii) [9] and Lemma 2.6.15 [84] and Lemma 2.6.18-(v) [84], the class of functions
A is VC-subgraph with VC-index V(A) <3+ d; + -+ + d.

3.D.5 Proof of Proposition

We first need the following lemma to apply results of regular parametric models.
Lemma 3.16. Under Assumption[3.5, our model is reqular, i.e.

o ¢+ p(x;9) is continuous for all x,

o it is differentiable for all x,

o and the information matriz function

L6 106) = [, duplxio) Guplxi)” £2%

is well-defined and continuous.

We can now apply results of Ibragimov and Has'minskit [54}Lin particular (7.20) which is
a consequence of Theorem 7.6. Let x be a compact subset of ® such that & belongs to the
interior of k. There is a positive constants a(x) such that

lo-3I>  _a(w)

Y0 € nul? (Pog) 2 el T 0T 2 T gy

||¢ _5“27

with b(k) = max ||¢ — ¢||?. We know that c(k) := inf h? (P¢,P$> is positive. Therefore, there
PER HED\k

exist a positive constant C(¢) such that

¥0 € B (o F5) 2 Lo sl = A + Lo oel)

_ o 2 e 2 g 2
> C(9) [Hw—wl\ +[le-q| +,§"9_QH M]'
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Proof of Lemma B.16l
For ki,...,kr € [K] we have

L

P(X;0) 2 Wiy Qky ks - - Qg v iy, [ for, (1) (3.84)

=1

« Since 7, and Ay are continuous for all k in [K], then the applications 6, — fp, () are
continuous for all z € 2" and so is ¢ — p(x; ¢) for all x € #'L.

o The function u — p(x;u) is differentiable at the point u = ¢ for all x € & L since Ay and
n are differentiable for all £ € [K]. For all k € [K] and j € [ex],

L
O ;P 0) = 3 Wiy Qiay - Qo 2 Liyi (H Joy, W) O, for (1)
=1 il
L
Z Wi, le ko - - - QkL_l,kL H f@ki ($
=1
X 3" Ly (Do, mp(0), Ti()) + 9o, Ag(05)] (3.85)

=1

For k € [K — 1] and k' € [K] we have

L
Dup(X; §) = Z Qfigy -+ Qrep ik Jo (1) erkl (1)

-----

B Z QKkQ QkL lkaQK I erk l'l) (386)
and

L
0o, P 0) = D Wi, |Qkiks- Qupiir) erk, (1)
=1

k1,k2,....kL

L
= Z wlclek Ok; $z Z{ (k' )= (ky l,kl)—ﬂ(k' =(k;_ 1kl} H Qk] 1,k
ki ko, 1=2 2<j<L,
J#l
(3.87)
Since Aj and 7, are Ct, we just need to check that the functions
L
fi(dx)
0 [ Tra@d Ty ) TLn, ) o o) 20, (3.58)
p(dx)
¢ 1% (; Hfokl 7 fok,(xz)p( o) (3.89)
pi(dx)
= /@ , g Sou (1) )0 (3.90)

are well-defined and continuous for all kq,ki,....kr.k; k.k € [K],j € [dg],j' € [dr]iyi" € [L],
where

Tk(l') = (Tk71(l'), ... 7Tk:,dk (ZL’)) € de ,VJJ ceX.
We deal with integrability in the first time and then look at continuity, using (3.84)) repeatedly.
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e We have

L
o</, [T o, (20 fog (22

IN

=1

[asy

p(x; 0)
( k1Qk¢1 ko - QkL 1 kL) 1 /L/O/L H f9k; ($j):u<dx>
(wlekl ko« - - QkL,l,kL)

< 00,

and ([3.90) is well defined. Similarly

p(d
0< T3 () erkl T fek,(xl)p(ix)>
< (wy Qk/l,k'2~~Qk'L_1,k' / ’ (@i fo,, (xi)v(dz;)

(
<

Wi Qe k- Qki_l,k’L)_ \//@ ‘TE,j(xi) Joy, (zi)v(dz;) < oo,

and (3.89) is well defined. Finally

p(dx)
p(x; ¢

—-1/2

0 </ kj ‘TZ x5 xz Hfgkl Il)fek/(xl)

< (wklwk’lel,ngk’l,k’Q o Qrp ke Qk’L_l,k’L)
L
X /@L ) $Hf9kl ($l)f6k2 (1) p(dx)
=1
~1/2
< (wklwk;le,ngkﬁ,kQ - QkL,l,kLQk’Lil,k/L)
2 2
X \//g/ ‘TEJ(IZ) fgki (ZL‘Z)I/(CZZL'J\//Q/ ‘T*'J/(%') f@k,./ (l’i/)l/(dxi/) < 00,

~—

T

A(xi)TE/J/(x

5J

and (3.88]) is well defined. The Fisher information matrix /(¢) is well-defined for all ¢.
We now turn to continuity.
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e We have
[Tz foy, (1) fo,, (1) [T fre, (20) fi 07, (1)
p(x; ¢) N p(x; )

HlL:1 fek; (xl)
oy oo =TT o

L L
+ Hf% (1) H fo, (21)
H for (@
o T 011 oyt~ T
_ [t oo~y o
Wi, Qry gy - Qry ke

|p(X7 ¢) — (X7 ¢/>|
w, k Wk Q?{?l k2 Qk/ ey Q;CL 1 kLQk/Ir1vk/L

‘Hl 1f0k/ (z1) — Hl 1f9’ (21)

wk‘l kl k‘z o kL 1 k/‘L

L

11
p(x;0)  p(x;¢')

L

+

Therefore,

Iz for, (1) fo,, (1) [T fo, (w) f,, (1)
Lﬂ p(x; ¢) i) = Lﬂ p(x;¢') ldx)

27y (s Fo, @b Fy, )

wk’le’l,k’Q e Qk’L_l,k/L
w;ﬂwki Q;ﬂ»k?lepké s Q%L—lykL Qki—l’le

2dTV (®lL1 ngza ®lL:1 FQ;C/)
)

<

+

aY /
Wiy ey kg - - QkL—lykL

Since convergence with respect to the total variation distance and to the Hellinger distance
are equivalent, we get continuity of (3.90) with Proposition 3.6} Similarly, we have

Ty (i) s o, (@) o, (1) T (@) I o, (w0) fy, ()

/ yiL p(x;9) ldx) - / v p(x; ¢') ldx)

S Ty )l [THn fo, (20) = Ty S, (20
Wit Qe gy - - ka’Lil,k’L

Jou | Ty ()] Ip(x; 6) — p(x; ¢')| p(dx)
w;mwk'l Q;€1,k2Qkivk/2 T Q%Lq;’% Qk’JL—l’k/L

ST, (1) 'Hfz fou (@) = | JE fk;,e;cg(l“z) I

Y ;
W, Qk1,k2 Wk o1,kr

pi(dx)

<

(dx)
- .
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We have
[ﬂ [Ty (1) [p(xc; ) — plx ¢'>\ pldx)
L
|, 1T, (22) = T foy, ()| ()
 1<kyo IcL<K v =1
and
L L
[, 1T @l T fon (1) =TT oy, ()| ()
=1 =1
< /. 1 Tes(@i)] | o, (i) — fo, ()| v(da:)
2 [T (@) fo (20 (da: drv (., Fy
/|/w$)’f9 (zi)v(dw;) Z;Tv(e 9)
2 [T (@) for (200 (da: dry (Fy, , F,
/lk]x)|f0 (z)v(da;) ;TV(@Z 0)
As

/ |TEj x | ‘f&k(x) - f92($)‘ V(d:B)
\// |17 ()] ’fek@) - fggc(:r)’ v(dx) x \/QdTV (Fek’F%) — 0.

0;6%919

for all k£ € [K] and 60y € Oy, we get continuity of (3 - Similarly, we only need

lj/ |TE,j($)|2 ‘f@k (x) — for (x)’ v(dz) —— 0

to obtain the continuity of (3.88]).

3.D.6 Proof of Theorem [3.9

We start the proof with two lemmas that ensure we fit into the framework of Proposition

Lemma 3.17. The information matriz 1(¢) is definite positive for all ¢ in .

Lemma 3.18. Let (¢,)nen be a sequence in . [f%l_}ﬂ&o h (qun,Pg) =0, then we have nh_)rglo On =
0.

One can see that Lemma [3.18 implies that —inf A2 (P¢,P ) > 0 for all @ > 0. Therefore
llp—9||>a

$ED
we can apply Proposition [3.2. From Proposition , we get V < (3+ L)KL =5K3.

Proof of Lemma [3.17

For k = (ki,...,kr) € [K]X, the notation wQ©L(k) is defined by (3.83). Following Theorem 1
of Meijer & Ypma [72], we have

det(1(¢)) =04 IXN#0,> Ny,p(x;¢) = 0 for p-almost all x.
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We can use (3.85)), (3.86) and (3.87)) to get

L €k
0= Z wQOL erk Z ZZ)‘%H [ a% Jnkz(ekz) Tkz (xl)> + aGk gAkzwkz)}
ke[ 1= =1 j=1
w QL L
23 gy Lo ) = fopa)] ¥ 2 erk v
k1=1 k2. kL
L K-1 wQOL k
¥ D ) [fekl (20) = e ()] TT fou (),
1=2 kj=1k1,....k;_1,k111,--kL ki_1,k il

for almost all z. If we apply it to exponential distributions, we get

L
ke[K]E P
K-1 OL K
+ Z )‘wkl Z Qw()ekj . ~-0kL€ Oy 21 Ok, 2L
k1=1 ka,..., kr, k1
K-1 OL Kk
w
- Z /\wkl Z Qw()HKGkQ .. QkLe_eKzl_”'—ekLﬂfL
k1=1 ko,....kr, k1
K-1 w0 L(k)

L O
2 : 2 : —Op, x1——0, 1y
+ /\le—l,kl Qiekl et ekLe ! !
2 1-1,k1

1=2 k=1 kysil ki1,
L K-1 oL
_Z A MQ 0. 60 0. o0k T —OKai— =031
le—l’kl Q ki Yk _1VKYE - - - Uk .
1=2 k;=1 k;;i#l ki_1,k;
As 0, > -+ > Ok, we can identify the coefficients for each x + e ™= =0 % For k €

(K — 1]F, we get

L wQOr (k
0= —wQOL(k)le .. QkL (Z /\gkll’l> + )\wk1 Qw()le A gkL
=1

k1

L OL k

w

+ Z Qi gk(k)ekl ... 0y, for almost all x
=2 1—1,R1

_ _ _ _ “’h kaﬂz
Z0=20, == e, = 1+ZQ1¢; Ky
1,

This implies \g, = 0 for all £ € [K — 1] and there are quantities A}, and A7, such that A"”“ =5

for all k € [K — 1] and 22“71’:2 = Ay for ki,ky € [K — 1] and A} + (L — 1)\5 = 0. Therefore,
1,72

(13.91)) becomes

0= )\* Z Z QOL 9161 . .QkLefehxl*“‘*ekLIL (392)
k1=1ko,...kr,
_ )\* Z Z wQOL eKekQ ) ekLefHK:tlf...,gkaL
k2 ..... kL k1 1
L K-1 OL Kk
w
T Z Z /\le_l,kl M@kl .. .ekLe_eklwl_“'_gklzl
1=2 ky=1 kil Qk,,l,kl
K-1

OL(k
> A Mekl Ok Oy e T O m Oy
il
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For ko, ....kp € [K — 1)F71) we write k' = (K ko, ...,kr) and with identification with respect
to x > e KT 22= =0k 2L e have

K-1 w OL Kk’
0= —/\:U (Z wQOL(k)) 0K€k2 . HkL + )\QKJQQi()@K‘g]Q c. QkL
klzl QK,k’Q

* = /\QK,k2
:>)\w Z wlekl,k‘Q = wKQK,@»

k1=1 QKJﬂg
For k € [K — 1],
K—1
AQw Z Wiy Qpr
N ith 3.93
Qrcr wf with P = wKQKk (3.93)
Finally (3.92) becomes
0= )\* Z Z U)QOL ekl O Oy w1 =0k, T
k1=1ka,...,kL
K—1
- )\Z} Z Z wQOL(k) 9K9k2 .. .QkLe_erl_'“_ekLﬂﬁL
ka,....kp, k1=1

L
+ /\ZQ Z Z Z onLO{)Hkl o ekLe—letm—m—@kLzL

1=2 k1, €[K-1] k;€[K];
i¢{l-1,1}

L
+ AL Z Z Z BkszOL(k)ekl Ok, L 0K0, ... GkLe’aklxl*"'*(’lefl’aklxl*"'*e’%“
1=2 k;€[K—1] k;€[K];
il

L
— )\22 Z Z Z wQOL(k)le . le719K9kl+1 . ekLeieklIl7'"70’61—1xlflfeKzlf'"*GkaL

=2 k;_1,kie[K-1] k;€[K];
i1}
L K-1

— )\Z} Z Z Z 5kleOL(k)9kl .. le_QHKHKQkHI L. 9]%G_lexl_“'_aKzl_l_QKJ:Z_"'_Q’CLQCL.

1=2 k;=1 k;€[K];
i#l

Identification with respect to x + e 0x®1~0xZK giyeg

L-1K-1 K-1
0= =X, (Z wm) =X 20> Bk QE RQk k Qi) — Ny D BrowkQF g QK ks
1=2 k=1 k=1

I K-1 K-1
=0=\, |(1 —wg)Q% x + (L =2) > Wk BryQup,k Qs + Qi wKBkQQK,kQ]

ko=1 ko=1

. B ) =y K1 K—1
=0=X\, |(1 —wg)Q%k s+ (L —2) D | D we,Qryhy | Qe + Qe D D Wiy Qe o |

L k2=1 \ ki ka=1k1=1

where the last inequality comes from the definition of 8. One can notice the quantity between
the brackets is positive as a consequence of the definition of O. Therefore, we necessarily have
s, = 0 and consequently )\Z) = AK,1 =--- = Ag k-1 = 0 which means A = 0 and therefore the
information matrix is definite positive.
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Proof of Lemma [3.18

The parameters wy and Q4 are bounded so we can assume the sequences wg, and Q.
are converging, with respective limits wy and Q) ;,, even if it means extracting a subsequence.
For other parameters, it is always possible to extract a subsequence ¢y,) such that for all
k in [K], we have O ) — bi € [0,00]. We can deduce from the definition of ® that

07 > 05 > --- > 0j. Let us consider the following cases, dropping the dependency on 9 in the
notation.
o If 0f = 400, we have Oy e %% . dz —> Dirac(0). Since lim,, o h (P¢7n,P$), we get
that wy Q% 1, - Qi =01if K appears in ki,ka, ... kL.

o If 07 =0. We have B
P; ([0, +00)") < (e77%/0m)t —— 0,

n—oo
and
P¢n ([Hlm, + OO) ) > wankn kn L.

Since Jgrgo h (Pmapg) = 0, we must have w,”;(Q;k)L‘ =0.

This proves that Py, converges to

L
Poldx)= Y wi Qi Qb 0n [Le " da ... der,

Kook €[K]* i1
with [K]* = {k € [K];0; € (0,00)}, and necessarily P, = P;. We can easily identify the
different parameters which implies that (w*,Q*,0%) and (w,Q,0) are equal up to a permutation
o on [K]. The ordering of the 8, and the 6; ensures that this equality is true, not even up to
a permutation.

3.D.7 Proof of Theorem [3.10

We just need to check that we satisfy Assumption Then we can combine Proposition
and Theorem We use Definition 41 [9] that allows us to consider functions taking values
n (—oo, + oo]. From Lemma 2.6.15 [84], we have that

{x+ (21 — 21)(29 — 22); 21,20 € R} C {x > axy + bxy + 2129 + ¢; a,b,c € R}
is VC-subgraph with VC-dimension smaller than or equal to 4. With Proposition 42-(v) [9],
we get that {x — |21 — 21| - |z — 22|; 21,22 € R} is VC-subgraph with VC-dimension not larger
than 37.608. We now need the following result.

Lemma 3.19. If o C P(Z) is a VC-class with dimension V, then Foy o = {paa; A € o}
is VC-subgraph with dimension V' for any a in R where

paa(z) = { aifv € A,

+00 otherwise.

Since € :={C,, ., = [z1 £ 1] X [22 £ 1]; 21,22 € R} is VC with VC-dimension 4, we get that
F¢ o is VC-subgraph with VC-dimension 4. We can apply Proposition 42-(v) [9] one more time
which implies that ¥ = {x — ¢,, .,(x); 21,22 € R} is VC-subgraph with dimension at most
4.701(37.608 + 4) < 196, with

Gz1,29 (X) = pCzl,ZQ,O vV |{L‘1 - Zl| . |$2 - Z2|
]z =z fre — 2] if €[5 £ 1] X [20 £ 11,
| 400 otherwise.
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We need another lemma before we have a bound on the VC-dimension of

1—a)? 1
Sag = {x = fa(rr — 21) fa(re — 29) = ( 404) ggbm(x);zl,zg € ]R} .

Lemma 3.20. Let ¥ be a set of functions & — [0,00]. If 9 is VC-subgraph with VC-dimension
at most V, then 41 = {%;g € 54} is VC-subgraph with VC-dimension at most V, with the
convention 1/0 = 400 and 1/ + 0o = 0.

Combining this lemma with Proposition 42-(ii) 9], we get that .7, 5 is VC-subgraph with
VC-dimension at most 196. This proves that we satisfy Assumption with

V =4 x196 = 784.

Proof of Lemma [3.19]

Assume that .#,, has VC-dimension larger than V. Therefore, there is (x;,u;)icqv41) € (2 X R)[VH]

such that for each I C [V +1] we can find A in &7 such that i € [ < fa,(z;) > u;. Necessarily,
we have u; > a for all i € [V + 1] and therefore i € I < z; ¢ A;. Therefore, &7 can shatter
(4)i;n[v+1) Which contradicts the fact that its VC-dimension is at most V.

Proof of Lemma [3.20]

We adapt the proof of Lemma 2.6.18 [84]. Let (z;,u;)icfn) € (2 x R)" be such that for each
I C [n], we have g; € ¢ such that

1€l &

> Uj;.
91(951')

For all i € [n], we necessarily have u; > 0 and we define a; := max{gs(z;); —= > u;}. One

; g (i)
can check that we have

(i) > a; & L <
gr\Z; a; — S U
g1(z;)

Therefore & shatters (2;,a;);cp,; € (2 x R)" which implies n < V.

3.D.8 Proof of Proposition |3.3

For m = (my1,m12,m21,m22) € Wy and z € R we write

pﬂ',z = 7Tllfoz ® fa + 77'12][04 & fa(' - Z) + 7T21fo¢(' - Z) & fa + 7T22foz<' - Z) ® fa(' - Z)-
We define 7* € Wy by 7f; = w*(1 — ¢}y), 7y = w*¢iy, and 73, = (1 — w*)g5,. We also define
g: Wy xR —= R by
g(m,2) = 2h* (P o+, Py ) = /2 a (r1,20)dx,
R b
with a, . : R* = R defined by a, .(21,22) = |\/Pr.s — \/Pro+|- We will drop the dependence on

7 and z, and just write a = a, ,. Without loss of generality we can assume z* > 0 as we have
h*(Py ., Pre o+ ) = h?(Py ., Py .+). We define the set of parameters

Zy:{(w,z)EV\&;xR;ze <Z2\/Z*—ﬁ*,z*—|—5*>},

where * € (0,1] is set in the proof of Lemma which proves the desired inequality on %/.
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Lemma 3.21. There is a positive constant C(c,z*,m*) such that
g(m,2) > Clans" ) [(mhy — m)? + (], — m2)” + (w3, — m0)” + |2 = 2770,
for all (m,z) in & .
We also get that ¢ is lower bounded out of % with the following lemma.

Lemma 3.22. There is a positive constant C(«,z*,m5,) such that
g(ﬂ',Z) = C<0572*77T;2)7v(77>z) gé Y.

One can check that we have |z — z*|'=® = (|]z — z*| A1)'™* for (m,2) € #. And since
(m3, — 1) + (nhy — m12)° + (75 — 1) + (|2 — 25| A1) < 3 for all 7 and all z, there is a
positive constant C'(«,z*,7*) such that

g(m,2) > Clanz” ) [(mhy — 1) + (w7 — m12)” + (w3, — m21)” + (|2 — 2| A1),

for all 2. We now relate the distance to 7* to the distance to (w*,q*) with the following result.

Lemma 3.23. For w,q12,q21 € [0,1] we have
(m11 = m11)% + (M2 — ) + (121 — 75)?

> max (2(w —w )27 (3> (Qm - (121)2 ) (w )2 (Q12 - %2)2) :

This last result allows us to conclude the proof of Proposition [3.3]

Proof of Lemma [3.21]
We will repeatedly use the following inequality

A=)z -y

Yoy >0,z =y >
a2 O

(3.94)

Let (m,z) be in . Our goal is to lower bound a on subsets of ¢ by a quantity related to
the difference between some parameters. Inequalities (3.95)), (3.96), (3.98)) and (3.99) will be
proved later.

o For I}y = [-1,b)* with b = (2* A2 A1) — 1, we have

/111 a(x1,29)dz dry > Chalc) (11(;\ =1/2)° (mk, —m)?. (3.95)
« For
(%, 2"+ 1) x (z*,z* + (1 — )/ (w3 )2 — z*|) if 2* > 2,
f = (% V(z*=1), z*) X (z*, z* + (1—a()1(;?;§:$f);f1)+2 |z — z*|> otherwise,
we have

o 33—« 2 11—« o —a *|1—a
[ cmade =G (570) (575)  mT QAL = (396)
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o Let 5 € (0,1]. For

Ly =(-1,—(1—2A2") ) x(zVz"+b_,zVzZ +0by),
Iy:= (V2 +b_zVZ+by) x (=1, —(1—2ANz2");),
with
2V z*(1—p)
B
= (AA]/8) (1 =5)

b+ = ]lz\/z*zﬁ<1 - |Z - Z*D + ]lez*<B

Z*(1=p
> Loexp(l = ) + 12*<5(6)
and b_ = b,9, d € (0,1). We have

1—a)?(1A]2%]/2
[12a 5(71,5(]2 d[L'>(7T12—7T12) ( ) <82 | |/)

1—a)?(1A]z%]/2
a’ (x1,x9)dx > (7‘(‘21—77'21) 2 @) (82 [="1/2)
I

(b-‘r)l_a (1 - 5)19127

—

(b-‘r)lia (1 - 5)19217

—

with

alz — z*¥|

[12 = |7TT2—7T12’22 7+‘7T11_7T>1k1|(1_5)a ’
3b,

alz *|

* -z * «
Iy = {5y — | 2 2 | —5—— + |7 — 7 |(1 = B)%] ¢
5b,

Combining ([3.95)), (3.96]), (3.98) and (3.99)), we have

2 (1= ) (LA [="]/2)°

/CL2(ZII1,SL’2>dI Z (7TT1 — 7'('11)

16
ca@ (3= l—aNtr N .
Hle= P (o) (o) YA l/2)!
1—a)?(1A|z*]/2 .
+(7TT2_7T12>2( O'/) (82 |Z |/ )<b+)1 (1_6)1912
1—a)(1A]z*]/2 Y
(= e L QRN ooy gy,

for (m,2) € #. Then we can apply the following lemma.
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(3.97)

(3.98)

(3.99)

Lemma 3.24. Let g,A,,A2,A3,B be functions © — R and Dy,Ds3,Dp,C4,Cp be positive con-

stants such that
V0 € ©,g(0) > D1 AY(0) + D (A3(0)La, + A3(0)La,) + Ds(0) B,
where 2y and €3 are subsets of © given by
Q;:={0€0;4,(0) > CsA1(0)+ CpB(0)}.

Then we have

Dg D,
1+4C2’1+402’

9(f) = min (

for all 0 in ©.

) [A2(0) + A3(0) + A3(0) + B (0],
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In our situation, we get

/a2(ac1,x2)dx > C(a,z",m) {(ﬂ‘l — )’ + (Tl — m2)? + (7l — ma1)® + |2 — z*|1_°‘}

with

Q —Q 2 —« 11—« * 1/« * —a —a z*

43 (;»_70) (51—3a> (732) /(1A |2*|/2)! (1)2%—9|\/2)2
1+4Z% 1+ 4(1 — B)2e

IR

o 1= 0)

C(o,z",m") = min

1-a « * -«
() () ) AR (- ap
o2 ) a)
1+ 42 52(1A[z*[/2)2(1-B)2 L+ =57)
(1—a)(1 /\ |2*]/2)

QAL = =) o

We can optimize this bound with respect to 5 and 9, which gives * depending only z*, a and
7*. This concludes the proof of Lemma [3.21 We now prove the different inequalities.
Proof of (3.93). For x1,z5 € [—1,0)?, we have

11—«

o) = e P

Loy —rje(,]®1]*

]1 To—2* To|* ]] * H * 1% Xo|C
€(0,1 2 xr1—2z*|€(0,1 x2—2z*|€(0,1 1 2
\l ﬂ-Tl WTQ ‘ 2 | ( ]’ ‘ 7T* | 1 | ( ] | 2 ‘ ( ” ’ ‘ |

X k
|lzg — 2|2 . |71 — 2¥|*|we — 2*]* T |71 — 2*|
]1|x2—z|€(0,1]|w2‘a ]l|331—3|€( )
\lm1+7T12 lzs — 2|0 + a2 |21 — 2|%|zy — 2| |z — 2|

We set b = min(z*,2,1) — 1. For z1,25 € [—1,b)?, we have

1 -«
“o1s2) = g oafagere |V TV
and )
2 [1 B (_)l_a] * 2
/[_176)2 a(xy,x9) dridry > —r /T — VT
Finally, with (3.94)) we always have
I1—(1—2zAz*

)

(77 — 7T11)2 .

/[1 ” a(ry,x0)*dx dry >

>(1—aN1AV|ﬂ)
> 12
Proof of . We need to consider two different cases.

o First case z* > z. For x € Iy = (2*,2" +1) x (z* z*+V|z—z |) with V/ <
. — PR e
lz2—z] — |z2] Vw2l =
x € Iy, we have

l—«
x _ 1a/2
aw1,22) 2 21 — 2|02 |1y — o[0T (V 2~V )

we have

Z Z*|7

+
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For V = (1 — a)¥%(m3,)"/* < =L, we have

|z—z*|”

\/7.[._*_ VO(/Q
/ a?(z1,75)dxr = ( - 1 )+ (V|z =2z A1)
I22

2

(W>2k2)1/aa2(1 _ a)2(1—a)/a|z _ Z*|l—a

o 4

o Second case z* < z. For x € (% V(z* — 1),2*) X (2*,2" +alz — 2*|), b < 1/2 we have

( ) > l-«a " b\
a(zy,x Ty — | ——
D= 010y — 2r[efay — 24 22 1-0b

For b = (73,)"/* ¥ we have

+

(Vi - (%)),

+ (1 A |Z*|/2)1—oc b17a|z . Z*|17a

/ a?(x1,20)dx >
T2
2

(m3) """ (LA L271/2)' ™ |2 — =7 v P\ e
> = [ )
1—-0 2)1/a

1 (7 .

2
* [ * - *|l—a _ * 1/«
L @) (A2 e = o (L (L )N
= 4 4 1—b/(mgy) /e ’

: ey
Wlth b/ = m we have

2 * \1/a 1A 12*1/2 1—a  ella
/ a2(x17x2)dx > o (71'22) ( ’Z4|2/ ) ’Z z |
Iz2

X( 2+ (1 - a)(r3)" )( I —a )
2+ (1 —a) (14 (m35)Y) (1—a)2r+1)+2
S

8 <2 +32(_10i a)) (51—_30;)1_a

A2B—a) f1—a\'" | 1/ . . e
T B2-a) <5—3a> (m52) /" (LA ]271/2)' 7 [z = 27

Finally, we always have have

o? 3—« 271 —a\1™ % o * —a *|l—«
[ @z G (o) (55) Ve WAL =

Proof of . We prove it for I;5 assuming z* < z. The proof is similar for I5; and for z < z*.
Forb=0A(z*—1)and 0 <c_ <cy <1—|z—2*, weset 1o =(—1,b) X (z+c_,2*+1). For
x1,To € 19, we have

|zo—2|*T2y <1
|za|*

|/ (why — m2) + 7y (2225 — 1) + (7}, — )

lwo—2* |

£ |za—z|® £ lm2—2*1sp<1 * |[T2—2|*1zn<1
\/7-(12 | —z*|* T [z2]* T[Tz T T 22|

2|w1|%/2|zy — 2|/

o) =
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We also have

C+ .
—+ frz+c. <1
|zg — 2] ztcs t="

Tp,<1 ™ <U(zeoyeq) =9 1—2 ifz+c. <1<z+cg,
2 0 f1<z+ec_.
For ¢y = L,5p+(1 — |2 — 2%]) + Lo Z(lﬁ:ﬁ*) we have U(z,c_,c;) <1— p*. We also have
1— w2 — 2 <1-— =
|zg — 2*|@ c_+ |z — z¥
ﬂ * (67
S o Ci+|z_2*|1ia _ a‘Z z ’ Cc_
( c ) c_ c— + |z — 2|
c_+|z—z*|
alz — 2|
<=zl
c_

Therefore, with c_ = ¢, d, § € (0,1), on I;5 we have

2l 2|y — 2| (175 = maf = 5= — (g — ) (1= 57)°

T —a a(xq,x2) > 5 *.
If |75y — miz| = 2[|7f; — 1| (1 — B%)* + ]z — 2*|/c_] then
2) a/2 _ a2 *
|21 1lf2a 2| a(z1,13) > |75 v 12|

and

(m3y — m12)?

/112 a®(xy,20)dx > 3 {1 —(1—=2A z*)}[a] (e )™ {1 — (51’0‘}

2 (1= @)’ (LA 2| A2]) ()" (1= 0)
82 ’

> (T — T2)
Otherwise we have |77, — m2| < 2[|7f; — m1|(1 — ) + a|z — 2*|/b_].

Proof of Lemma [3.22]

We need to go through numerous cases and subcases. Let * be given in Lemma [3.21] Without
loss of generality we are going to assume that z* > 0.
Case 1: z > 0 and |z — z*| > B*. Let ¢ be a positive constant.

o Subcase 1.1: 2* > z or (z* < z and moy > ?7h,y). Forx € [ = (2 V 2* + %2V 2" + 1),
we have

(I =a) (Losaemog + Loes . m5y)
alwnr) = 2zy — 2V 2*|/2|my — 2V 2¥|e/2

and therefore

*
:H-z>z*722 + ]]-z*>z7r22 2

/Ia2(:r;1,x2)dx = 1 (1 — (ﬂ*)l"")
i (1 — a)?
- 4

(1-p5Y".
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o Subcase 1.2: 1< z* < z and oy < Awly. For & € (2%,25 + 1 A (|2 — 2*|/2))°, we have

|:L’1—z\< LA |z —2"/2 <1
ey —2| T z—2"=1A|z—2*/2 —

We have

v

11—«
al1,72) 2|zy — 2*[*/2]| 2y — 2¥|/2 (” 2T 7r22>
(1—@)\/7{'52 (1—6)

— 2|I1 _ Z*|a/2|$2 _ Z*la/Q

and therefore

* % 2(1-a)
/a2(]}1,$2>dI > 122 (1—¢? (1A |2 — 2|
I 4 2
3o (1 — 0)2

\2(1—a)
> T 2-a) (8%) .

e Subcase 1.3: z* € (0,1 — 8*] and 2* < z. Let b be in (0,1). For z € I = (2* — bz*,2*)” we

have
|z — 2% bz* b
|z T ozt —bzr 1—b
|z — 2*| < bz - bg < b .
|y — 2| T z—z2+bzr T 405 T 1-0
It implies

-« b \*
> O
a('xla'rQ) = 2|$1 . Z*|o¢/2|x2 _ Z*la/2 <\/7T722 (1 — b) >+7
and for b= b’ (73,)"** we get
f\2(1-a (1=a)/a (7y2(1-a) “\?
2 (2%)1) (m3,) (0') /
/Ia (xl,ﬂfg)dﬂf > 4 \/7; 7T2 >(< 1/2ab/ N
#\2(1—a) Lo pr !
() (rgy) 7 (20 Q2<1_1 . )

4 7-[-;2)1/204191 N

For b/ = Lo , we have
142(73,) L

11—«

(z*)2(1fa) (@2)1/& a?

1 2
2(1—a - * a _1 :
4 (1 +2(mhy) " + ﬁ) e ( 1+ (m3y) /20 + 1—a>

/a2(x1,x2)dx >
I

o Subcase 1.4: z* < z and z* € [1 — §*,1]. Let b be in (0,1). For z € I = (2*,2* + bB*)* we
have
|x1—z|< bg < b |
|ty — 2] T z—2z*=bB* ~ 1-b
|x1—z|< bg < b < b.
|z T o248 T 14+b 7 1-0
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It implies

-« b \*
> * | -
&(33'1,.’172) = 2‘1_1 _ Z*|a/2’$2 . Z*'a/2 <\/7T722 (1 _ b) >+7

and for b = b (m3,)"** we get

—a)/«a _ ’ oy 2
: (520 (mgy) = ()20, b
/Ia (1,x9)dx > 1 Ty | 1 — 1= V(msy) /2

+
* —a * « 2
(8 )2(1 )(7722)1/ a? 201—a) (1 _ v
> (0) 1 (= \1/2a | °
For v/ = HQ(W;Q)%/MJFﬁ we have

6* 2(1—a) T 1/a 042 1 2
/a2($1,$2)d$ > ( ) 1/2 22) 2(1—a) 1= 1+ (7r* )1/2a + L]
! 4 (1 +2(m3y) " + ﬁ) 22 —a

We can optimize the subcases 1.1 and 1.2 with ¢ = (8 /227 . Gathering the dif-

(8/2)°1” Y (1—a)(1-57)
ferent results, there is a positive constant C}(2*,m5,,) such that g2 a(x1,x2)dx > Cy(73y,2% )

for all z satisfying z > 0 and |z — 2*| > 1 — g*.
Case 2: z < 0.

e Subcase 2.1: 2* < 1. Let b be in (0,1). For z € (2*,2* + b)? we have ‘QT;:;*‘ < |"’“"‘1;1'T*| <2
and therefore

11—« b\"
> 2~ | = :
a(l‘hl‘Q) = 2|x1 _ Z*|Oé/2|l»2 — z*|a/2 [@ <2*> ‘|+

p21=a)[ S (5 ) 2
We get [, «qp)2 @ (21,09)dx > [ = () ]+. For b = z*(m3,)' /% (1 — a)'/* < 1,
we have

I

a2(1 _ a)2(1—a)/a<z*)2(1—a) (W§2)1/a
1 .

/ a’(xy,z9)dx >
(z*,2*+b)?

o Subcase 2.2: z* > 1. For x € (2*,2* + 1)? we have

1—a M9
>

Therefore we get [« .+ 1) a*(x1,x0)dx

Finally, we have

2(1 _ 2(1—a)/« «\2(1—a) (—* 1/«
/2 a2(x1,20)d > a’(l —a) (14/\ z") (73) .
R

Case 3: |z — 2*| < B* and 2z < 2*/2. Let b be in (0,1/|z — 2*|). For x € (z*,2* + blz — 2*|)? we
have

|z — 2*| blz — z*|
lz1| T 24 blz— 2t T

|z — 2*| blz — z¥|

x1— 2z Oz —zF A+ |2F =z
| I |+ | |
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Therefore we get

1—a
> 3o — b%| .
a(z1,29) > 2my — 2*[0/2|zy — 2*|/2 {\/ T2 .
We get
b2(1—a)|Z _ Z*|2(1—a) [ /7.‘.>2|<2 _ ba]i

2
a“(xy,xe)dx >
/(z*,z*+bzz*)2 ( ! 2) - 4

and for b = (73,)"/2%(1 — a)"/* < 1/|z — 2*| we have

* —a —a)/a x \(1—a)/a
2 |z — = ‘2(1 )<1 - 04>2(1 ) (732) * 2
dx >
/(z* *+b|Z_Z*|)2a (21,22)dz > 1 UpsLe’
* 2(l—« —a)/a * \1)/a
o? (|21/2)*" " (1 — @)1=/ (m5,)V
—_— 4 .

Proof of Lemma [3.24l
e For 6 in 2, N 3, we have
9(0) Z DlA% + D2,3 (A% + Ag) + DBBl_a
> min (D, Dy3, Dp) [A7 + A3 + A+ B~

e For 0 in Q, N QF, we have
g(e) 2 DlA% + DQ;;A% —+ DBBlia

and
A2 < (C4A; + CgB)* <20%A2 4203 B' .

For b = 1+202 N\

i fz)b% > 0 we have
9(0) > Doz A3 + (Dy = b2C3) A} + DasA3 + (Dp — b2C3) B~ 4 bA3

. Dp D, 2 2 2 1-a
Zm1n<1+20123,1+2031,D2,3> [A1+A2+A3+B ]

e For 0 in QF N QF, we have
9(0) > D1 AT + DgB'~®

and

A2 4+ A2 < 2(CuAy + CpB)? < 4C% A% + 4C3 B,
For b = 1+4CQ A 1+4CQ > 0 we have
9(0) > DasA3 + (Dy — b4C3) A} + (D — bACE)B' ™ + b (A3 + A3)

> min < D Dy ) {AQ +AS+ A2+ Bl’a} )

14+4C% 1+ 4C%

Finally, we always have

Dpg Dy
114031+ 4C%

g(0) > min ( D273> [A% + A3+ A+ B¢,

147
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Proof of Lemma [3.23

We assume there is w,w*,q12,q4%,q21,45; in [0,1] such that
1 = w(l — q12), T12 = W12, To1 = (1 — w)qxn

and

1 = w (1 = qfy), Ty = WGy, Moy = (1 — w")qy,.

Therefore, we also have

(m1 — m1)% + (M2 — 7,)° + (721 — 75y)?

> ;@U — w4 (L= w)gar — (1 — w)g,)?
=g ]+ [ )
—(1—w)(1 —w*)[1+ 2g21G5]

- Bw&] ((1—“’)_(1_7“0*) 1+ 2435

2
Fa-w [ @] - [0 - (L0
21

(1—w*)? * \2 2 ¥ \2
=21+ 2¢8) {(1 +2(431)7) (1 + 2¢31) — (1 + 2¢21¢3) }
_ (1 B w*>2 * 2
1 —w*)?
> Lm0 e g, (3.101)

- 3
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o Similarly, we have

(M1 = 731)% + (2 = 71,)° = w? gy + (1= qi2)?] + (") [(g,)* + (1 = g})?]
— 2ww” [qi2q7y + (1 — qu2)(1 — 7))

2
2 2 L Q12qyp + (1 — qm)(l - Cffz))
=lq¢i,+(1—gq (w —w
[ 2t ( 12) } aiz + (1 — q12)?

(q12q35 + (1 — q12)(1 — tﬁ‘z))j
qiy + (1 — q12)?
(UJ*)2 £ \2 £ \2 2 2
R R—" [((672)* + (1 = 012)) ((g12)” + (1 — q12)?)
12
— (126> + (1= q12) (1 = q))’]
_ (w*)Q (q12 - QT2)2
aty + (1 — q12)?
> (w)? (12 — q1)” (3.102)
Finally, with (3.100)),(3.101)) and (3.102)), we get
(m1 — m11)° + (T2 — 71,)° + (m21 — 7hy)?

1 . 1 —w*)? . N «
> max (2(w —w )2, (3) (QQ1 - (121)2 ) (w )2 (Chz - Q12)2> :

() [<qa>2 =g -

3.E Selection of the spacing parameter

This section gathers the proofs of Theorem [3.11] Lemma and Corollary

3.E.1 Proof of Theorem [B.11]

We first need the following result.

Lemma 3.25. Let .# be a finite set of probability distributions associated to the set of proba-
bility density functions M, with respect to the o-finite measure j. Let P=P (n,X, M) be the
p-estimator given by (3.7). Fort € [n], there is an event Q* such that P(Q*) > 1 — [n/t]5; (X)
and for all £ > 0, with probability at least 1 — 2| M|e~¢, we have

Lo > h? (H,P) < (4% + 1) inf 3" h?(P,Q)
i—1 Qe

ai

16.48

a1

8
+ 30 (€ +1.47) [1 + \/1 + 18ta%a0(t)} +

_ 32x1.175ta2 8
- a% + 3a1’

with ap(t) ap = 4,a; = 3/8 and a2 = 3/2.

Consequently, we have

E [znj n? (PLP)| <nP((2)°) + /OOO]P’ (119* SR (P.P) > u) du
i=1 i=1
4a e 16.48
< nfn/t]f (X) + (af + 1) ngf%; h? (P M) + o

8
+ 5 (247 +10g(21M]) [1 1+ 18tagao<t)} .
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1+ 18tadag(t) < 1+ 24" /T175. We get

with ¢ =

4a0+1_131 ¢

72 (p@ B
IEL;h (13 ,Ps)

()] <Colanh2(
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We apply this with M = M\g (X(l)) and conditionally on X

. One can check that we have

A

P

(x))

+ ¢ (247 + log(2|S])) [1 + 96v/2.35¢]

+ ¢4 + nano /] B (

_ 2x8 _
3a1

128
9

30 -1

16.48
ai

and ¢, = _ 131.84

3

X(2)> 7

As t can be any number in [ng]
we can take the infimum with respect to ¢ in the upper bound. Let P be in 2x. We get

E|n* (P.A)] <

< ffff( P)+ 2 e [.W (B pﬂ
+ inf {n? (2.47 +10g(2]S))) [1 + 96v2:35] + 2[na/t1: (2))}
2c)

From (3.14), for s in S, we have

We get

E [h2

We also have

(7.2 <

+

+

+ca(s+1) [Dn(s,l)(///) + 17} +co Z K (P:bHPinzfl)
b=

— inf

nl Qe(%s -

GRDIES

2w

anl

(7)ot

4
—I—ﬂ inf Zh2

Q2 21 (BY.Q) + s

1
s+1

ZK( SlPI)

462

ny

24+ 4c) &

2 (p(2)
%

Uz

inf
te[nﬂ
2 8¢y,
C2 + —inf

N9 nq seS

ot S0

.Q)

s+1

ni

h2 (Pl(l)aQ) S 2h2(ﬁ’%5) + 3 ihZ (pl(
=1

1i=1

g

{nl (2.47 +1og(2|S])) |1 + 96v2.35¢| + 2[na/t] 5, (X@))}

b

v p).
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Proof of Lemma [3.25]
For P, = L(X;),i = 1,...,n, we write

Hg o = i h? (P,Q) + 1* (P,Q").

i=1

Lemma 3.26. Let 6 > 1 and v > 0 be such that

e’ + Ze"sj” < 1.

Jj=1

Fort in {1,...,n}, there is an event Q* satisfying P(2*) > 1 — [n/t|p; such that for all p in
M and all £ > 0, we have

* a1 ..o 2(v+¢) —¢
P (sup {|Zn(X,p,q)| 1o — QHRQ} > = {1 +4/1+ 18ta%a} < 2|Mles,

qeEM

with P* = L(X) and a > ap(t) = S2ta3 | 8

ai 3a1”

We take § = 1.175 and v = 1.47 as in |11] Section A.1. Let £ > 0 and p € M. On the event
* defined by Lemma and with Proposition 3 [11], we have for all ¢ € M,

T, (X,p,q) <ET, (X,p,q) +1Z (X,p,q) |
<3 [aoh? (P.P) — anh? (P.Q)]

=1
ai ;.o 2(5 + U)
?HPQ T3

=3 [(w+ ) e - G0 (0]

[1 +y/1+ 18m3a0(t)]

+ 5(5 o) [T+ /1 + 18m§a0(t)] .
Then,
Y, (X,p) = sup T, (X,p,q)
qEM
< <a0 + ) Z n? (P, P)
- — 1nf Z h* (P,Q)
v iy V1+ 18ta%ao(t)} :
3
and

Y, (X,q) = sup T, (X,q,p)
qgeM

> T, (X,q.p) = =T (X,p,q)
>~ (a0 + Q)Zfﬂ P.P) +‘“Zh2 (P.Q)

_ z(g +v) {1 + \/1 + 18ta§a0(t)} :
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Since Y, (X,p) < Y, (X,p) + 8.24, we have

n

— > h* (P, P BN 2P Py — M inf STR2 (P
5 ;h (R,P)§2<ao+ Q)Eh (P,P) =5 ngf%;h (P )

4
+ g(f—i-v)

14+ 4/1+ 18m§a0(t)] +8.24.

Given that . is finite we can take P such that

'fnhQPi :nhQPiP.
dof, 215 (P.Q) =3 1* (P, P)
Hence we have
n N 4a n
()< (e g S
Snt (P P) < (Z541) dnf, 30 (PQ)

+ ?jl(f +v) [1 +y/1+ 18m§ao(t)} +

16.48

a1

Proof of Lemma [3.26]
Lemma 3.27. Fort in [n], there is an event Q* such that P(2*) > 1 — [n/t]|5:(X) and

18tG2H2 ’
1+ \/1 e
T

2
Vg, € MNz > 0P (]Zn (X,q,¢")| 1o+ > ?:c

) <27 (3.103)

Let £ > 0 and a > 0. We define ¢y = v 4+ £ and for j > 0,
Yy = 0y = dau;. (3.104)
Let ¢,¢' be in M. We apply Lemma according to the value of Hj .

o If there is j > 0 such that y7 < Hp o < y7,,, with probability at least 1 —2e~*/, we have

3]
Z,(X,q,¢) | 1o — ?HC??,Q, <

QLC] [ 18ta%H% Q’ aq 2
— |1 1+ —= | — —H”?,
3 + + Z; 2 e

2z, | 18tady? a
<=2 14+ — 22 2
=3 + + 2 5 Yi
2 .
< 2 [1 + /1 + 18ta2da — Sala}
3 4
<0,
for St
320ta; 8
> t) .= —_—. 3.105
P N (3.105

o If H3 o <3, with probability at least 1 — 2™, we have

a
|Zn(XaQaq,)|ﬂ-Q* - ElHé’Q/ S |Zn(X7Q7q/)|I]—Q*

2{23'()
< —|1+4/1 18152}.
S 3 {%— + Istasa
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Let p be in M. Finally, we have

T+1+ 18ta%aD
qeEM
2
< X IP’( X 5.q)|Lo- —(;H§7q>§°[1+ 1+18ta§aD

qEM:
HZ Q<y(2)

j=>0 gEM:
QSHP q<y

_ aq 2ZEO
P (sup {|Zn<X7p7q)’ Lo — QHE:Q} > ?

J+1
doo2e 4> Y 27
geEM: >0 gEM:
H5.a <0 vy <HE <uii
<2M| (e + Z e | =2|M| e~ (e | Z o= (v16)
g2l i>1

< 2[Mle¢ (e‘” + Ze_éj“) < 2[Mlet.

j=1

Proof of Lemma [3.27

We follow the proof of Sart [80] (Proposition B.1). Let ¢ be a positive integer in [n]. Let [ be
the smallest integer larger than n/2t. We derive from Berbee’s lemma and more precisely from
Viennet [36] (page 484) that there exist BY,...,Bs;, such that

e Fori=1,...,[, the random vectors
By = (Xz(i,l)m, X ) and B}, = ( X3 1yests - ,X(*Qi_l)t) (3.106)
have the same distribution, and so have the random vectors

Bia = (Xaictst - Xau) and Bjy = (X 1y X50) - (3.107)

e The random vectors By ,...,Bx;; are independent. The random vectors B}, ... ,B*;2
are also independent.

e The event
0= N {BJ =B} } {Bﬁ2 — B;.jz}

1<l

satisfies P ((Q*)C> < 215, (X).

Let ¢,¢' be in M. For simplicity, we write Z, , = Z(B,q,q') and we define

Zoaa zzl:l]zt:l{ (\/ (X5 1)t+j)> —E [¢ (\/q/ (X5 1)t+])>] } Ly(i—1)t+j<n

l

t

_ 4,9’ ) .

- Z Z Zz(i—1)t+j12(z—1)t+3§n
i=1j

=175=1
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and

Z;,q’ﬂ = Z Z {1/’ <\/(‘;/ (X(*2i—1)t+j)> —E lw (\/Cf]’ (X(*Qz‘—ntﬂ))] } Li-1yetj<n

m
_ 4,9
- 22(21 1)t+31(21 Dt+j<n-

Let £ be a positive real number. Since
| Zgg o > &= |2y 1| Tax > &/2 01 | Z] o]l > &/2, (3.108)
we have
P(|Zyg) Tar > &) <P (12 41l10 > €/2) + P (12,5100 > £/2)
<P (12744 > €/2) + P (12500l > €/2) -

One can notice that Z; ,, and Z; , , are sums of [ independent variables. Therefore, we can
use classic concentratlon 1nequa11tles First, we can see that

t

2
I
i=1

< ZZ tE |:( z 1) t—H) 112(i—1)t+j

i=1j5=1

s ()

<ty a [W(P.Q) + W (PQ)| = tay g .
=1

The last inequality comes from Proposition 3 in Baraud & Birgé [11] and a2 = 3v/2. Similarly
we have Vg o2 < ta3Lg . Therefore, Bennett’s inequality (see Proposition 2.8 and inequality
(2.16) in Massart [67]) guarantees that for all £ > 0 we have

(£/2)° )
2(ta3HZ , +£/6) )

IP)(|Zq,q’|19* > f) < 2exp <_

18ta3H2 _, . .
For x > 0, we take £ = %‘” [1 +4/1+ fa)@ and with probability less than or equal to 2e~*,

2 18ta2H2 ’
| Zyy |1 > % {1 + \/1 + W‘ . (3.109)

we have

T

3.E.2 Proof of Lemma
We have
615 (Y) - Supﬁ (U(Yh ... aYZ)7 0-(}/;+t7 <. aYn))
:SupdTV(;C(}/l, )@L( z+t77Yn)7£<Y'177Y727Y;+t77Yn))
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We use the notation X° = (X,,...,X,;) and similarly for E, Y and Z. The triangle inequality
implies

drv (£ (V) ® £ (Y1), L)
< Z P(E =-e)drv ( (YZ|EZ = 61) ® L(Y] +t| i+t — €?+t)a£(ylza 1t|EZ = el»Eszrt z‘+t))

ec{0,1}n
- 3 PE= 68 (X)) (X))
ee{0,1}" €= e;=1

We now need the following result to conclude.

Lemma 3.28. For any random variables Ay,As,B1,Bs, we have

B(0(A1),0(Az)) < B(0(A1,By1),0(As,Bs)).

Combining the different inequalities above, we get

Be(Y) < sup B (o (V) o(V1))
= sup Z P(E=¢€e)p3 <U<<Xj)j§i,),U((Xj)j2i+t,)>

i ec{0,1}n e;j=1 ej=1
<sup Y  P(E=e)3(0((X;)j<i), 0((X))jzite) = B (X).
v ec{0,1}n
Proof of Lemma [3.28

Let 1, p2, v and vo be measures dominating respectively £(A;), L£(A2), L£(By) and L(By).
We have

B (o(Ar),0(As))
— ;/‘pA(Ch,CZQ) — pa, (a1)pa,(az)|pi(day ) pe(das)
_ ;/‘/(pA,B(al,bl,(ZQ,bQ) — pi(a1,b1)pa(az,bz)) vi(dby)va(dby)| i (day ) e (das)

1
< 5 / |pA,B(alablaa27b2) —p1(a1,bl)p2(a2752)|V1(db1)Vz(de)M1(da1)M2(daz
=p (U(A1,B1); 0(A2,B2)) )

. _ dL(A1,A2) _dL(Ay) _ dL(Ag) _ dL(A1,B1,A2,B2) _ dL(A1,B1)
Wlth Pa = Ad,u1®,u2 5 pAl — duy pAz - dus pA,B - dp QUi Qua®uy ? p1 = dp @1 and
_ dL(A2,B2)
P2 = “gem

3.E.3 Proof of Theorem 3.12
From we have
W? (Pot.) < 2Le* + 2L(K —1)(s) + 2h* (P, 4
v
nq

< 2L + 21 (P,tl) +2(s+ 1)L

From Proposition we have D, s 1y (#;) < CLV logny, for a constant C. For S defined by
(3.71)), we have

1
51 =2+ [log.(|(m —2)/2))] <2+ 2221 < Clogy,
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for some positive constant C'. Theorem allows us to obtain ((3.72)).
The following result is proven in Section [3.E.3|

Lemma 3.29. Under Assumption|3.7, there exist positive constants r(Q*),C(Q*) > 0 such that
o forall j € [2] and alli € [n;], we have

W (PP P7) < O(Q)e @, (3.110)

o forallt € [ny], we have
B (X®) < Qe @, (3.111)
o foralls>L—1, allb in[s+1],

K (P, |[PI) < n(s,b)C(Q")e (@, (3.112)

From (|3.110)) we have

ni i} ni § OQ*
;hz (P),P") 7;,12 (PP < e(Q()_>1

For t = ny A [4r(Q*) logny|, with (3.111]) we have

(/113 (X(z)) - 1 for ny < r(Q*)"'4logns,
' ~ | C(Q*)ny! otherwise,

<ny' (C(Q) vV r(QY) Mlogns).

We have the following

loglog i —logr(Q")] _ 108 [*7] | _ loglogn: — logr(@) _ log ||
> = > —1
log T log 7 log 7 log 7

-2
= Tr(Q*)’l logn, > VLIQJ

2+ 7r(Q*) ' log ny

= 2 > 1.
n
. « o ny—2
For s = I'TJ‘I with ] _ [loglognllogfgr(Q )—‘ A \;1 g\fogj— JJ’ we have
log logny —log r(Q™*)
s < N T +1=1+7(Q*) logn,y,

and inequality (3.112) gives

s+1 ) .

S K (P, |[PI) < C(Q )nye 7@

b=1

24+ 7r(Q*) ' logn, y 1
ny ny

These last inequalities give ((3.73]).
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Proof of Lemma [3.29]

We just have to follow the proof of Lemma We already have (3.110) and (3.112). The
inequality (3.111)) can be deduced from the inequality

dry (Q%,J) < Ce™™,
and from the definition of j;.

3.E.4 Proof of Corollary
We have

() 709) j j j
P (X(j) (Y ’ '--ayiiL—l>> > P (Ei(J) == Ei(i)L—l = 1) Pz( )pz(i)l pz(i)L—la
and with the convexity of the squared Hellinger distance
n? (Y, P) <ppl)y . p <P5]),P*> +(1=p" Py
<02 (PP ) (1= ) e (1= ),

)

With Theorem Lemma [3.7] and Lemma [3.29 we have

cw) )
ni(e"@) —1)  ng(en@) —1)

where PV = £ (V.. ,Ygi)L_1>. One can check that n > 14 N/2 with our conditions on L.

CE [n* (P, P)| < h*(P*,.4) +

+L62+ii(l_pgnpif(l_p@)

i=1 =1
tlogl N
4 inf {ogogm + [ne/t]C(Q%)e™@ )t/2}
te(na] N9

]. *
+ ing {( 1)LV 28T | @ )S} ,
sE

ny

for some positive constant C' and s > L — 1. We can control the last terms with reasonable
choices of ¢ and s following the proof of Theorem |3.12]
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Model selection for finite state space
hidden Markov models

159



160 Chapter 4. Model selection for HMMs

Abstract

We observe n observations generated that we believe were generated by a finite state space
hidden Markov model and we aim at estimating the different parameters, i.e. stationary distri-
bution and transition matrix of the hidden chain and the emission distributions. This chapter
is an extension of the work made in Chapter[3] We establish a general result of model selection
and focus on two specific situations, the selection of the order for a fixed emission model, and
the selection of emission models among a collection for a fixed order.

4.1 Introduction

Let (Y;,H;); be a finite state space HMM with parameters (K*,w*,Q*,F*). If w* is invariant
with respect to Q* the process (Y;,H;), is stationary. As we did in Chapter , we aim at
estimating the different parameters through the distribution of consecutive observations. For
L > 2, we define the distribution P, by P, = P« g+ -, where

L
Pw,Q,F = Z wlekl,kQ e QKL,l,kL ® Fkl, (4-1)
=1

1<ky ook <K

and we have L£(Y;,Y;11,...,Yiyr—1) = Pp, for all i. In Chapter |3 we built an estimator of Pp,
on a fixed model, the order K and the emission models being fixed. This is restrictive as we
want to consider different emission models and/or different orders. We use model selection to
overcome this problem.

4.2 The model selection procedure

Let X1,X5,...,X, be random variables taking values in a measurable space (2 ,X). We denote
by Zx the class of probability distributions on (2",&X) and define the distribution P; :=
L(X;) € Py forall i € [n].

4.2.1 Reminders of p-estimation

We denote by v the function given by

[0, + co] — [—1,1]

z—1
T 71

(R

Let .# be a countable subset of & such that there is an associated set of density functions
M with respect to a o-finite measure u. Let pen be a penalty function mapping .# to R. For
n > 1, we denote by T,, and Y, the functions given by
"X Mx M — [-1,1]
Ty / = 7 (yi)
(x,9,4') = k§1¢ ( q(w))

with the convention 0/0 = 1, a/0 = +o0 for all @ > 0, and

XXM
" (%,q) = supgem { T (%,4,¢) — pen(Q)} + pen(Q)
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For x in 2™, we define the (nonvoid) set &,(x) by
gn(x):{Q:q-u|q€M,Tn(x,)< 1nfT (x, )—|—1136}

We denote by P (n,X,.# pen) any measurable element of the closure of &,(X) with respect to
the Hellinger distance and we call it a p-estimator on .#. The constant 11.36 is given by (7)
and (19) in |11] but can be replaced by any smaller positive number.

4.2.2 The estimator

For s € {0,1,. .. ,Smax },Smax = |(n —2)/2], we define s + 1 subsets of observations X (1) X(2)
., X5t by
X = Xy oaysrn) € Vi € [n(s.b)], (4.2)
for bin [s+1], where n(s,b) := V*ff*;’bJ > 2. We define the associated probability distributions
P;, and P;”éi by
n(s,b
P, =L (X"") and Py = ((g)) Py (i-1)(s41)- (4.3)

i=1
We denote for short P* = Pg, the distribution of X = (Xi,...,X,) and P = Py =
L(X))® - ® L(X,). Our estimator is obtained with the following statistical procedure.

1. Let s be in {0,...,[(n —2)/2]}. For bin [s + 1], we denote by P,, the estimators given
by
P,y = P( n(s,b), XY pen). (4.4)
2. We denote by P, =P, (A X,pen) any element of .Z that satisfies

s+1 s+1
Zn(s,b)h (Psb,P) < 1nf Z (5,b)h? (Psb,Q) + ¢, (4.5)
b=1

where ¢ is any fixed constant in (0,7671].

In order to evaluate the performance of our estimator we use the Hellinger distance h defined
as follows. For two probability distributions P and () on the same measurable space,

1 (PQ) = / <\/dP/du \/dQ/dp> m

where p is any measure that dominates both P and @), the result being independent of .

4.3 Application to finite state space hidden Markov mod-
els

4.3.1 The framework

Let Y1,Ys,...,Yy be random variables taking values in a measurable space (#/,))). Let L be
{2,3,...,[N/2]} and n be the integer given by n = N +1 — L. We define the new random
variables

X, = (Yi,Yieq, .. Y1) i=1,....n, (4.6)

taking values in the measurable space (Z°,X) = (6’/ L ,y®L). We denote by &y the class of

probability distributions on (#,)). Following the discussion in the introduction we might make
the following assumption.
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Assumption 4.1. Let (Y;,H;), be a finite state space HMM with parameters (K*w*,Q*,F*)
such that Q* is irreducible and aperiodic.

Under this assumption @Q* has only one invariant distribution 7* and we define the distri-
bution .
P = > Ty Qs -+ Qe ks & Fy.. (4.7)
1<ki,...k <K =1
We do not have identically distributed observations however the distribution P; converges expo-
nentially fast to P*. For K > 2 and subsets .% 1, ... ,.Z i of &y, we denote by S (K,?l, . ,?K)
the set of distributions defined by

Vk € [K],w € Wk,

oA a N . =
%(K,Jl))‘/K) T {Pw,Q,F7 Q E TK;F]C 6 yk‘

}CyXa

where P, o r is given by 1} Wk = {w € [0, 115w + -+ +wg = 1} and

K
Tk = {Q € 0,1 N Qi =1,Vie {1,... ,K}} .

J=1

Let A be a countable set and #, C Py for A € A. Let v be a o-finite positive measure on
(#,Y) and we denote by u the associated o-finite measure on (2°,X) given by u := v®L. Let
O be a subset of Ugso{K} x A,

Assumption 4.2. We dispose of countable sets (Fy)ren of probability density functions (with
respect to v) such that

1. for all X € A, the set of distributions Fy = {f -v; f € F\ € F\} is an e-net of F 5 with
respect to the Hellinger distance;

2. forall @ = (KA, ..., \g) € © and all ky, ...k, € [K] the class of functions

a, = {XE€FT o film) . fulan); fi € By V€ [L]}
is VC-subgraph with VC-index not larger than Vy,

-----

,,,,, My -

Then we write

For 6 = (K, \1,...,Ak) € O, let .#y be a non-empty subset of 7 := 7 (K,§A1, . ,?,\K).
We use model selection to build an estimator over the collection of models (])9 o We denote

their union by .# = Upee #s. To perform the procedure described in Section we need a
countable approximation of ./ .

For § € (0,1/K] we define the sets Wj i := WxN([6,1] N Q)" and T5 == TxN([6,1] N Q)" ¥,
Let 6 : © — (0,1] be such that §(0) € (0,1/K] for all § = (K ,\q,..., k) € ©. We define

Hy5 = {Pw,Q,f;w € Wik, Q € Tso), ks frr € Fa,.Vi € [K]} ;

where the sets (#,,),..<x are given in Assumption . We define .#y s as the following
countable set of distributions
 R(QkQL) S (K —1)8
%975 = Pw,@p € %’5; E|Pw/7Q/,F/ e My, h (Fk,Fé) <eVk e [K}, , (48)
h? (waw') < (K — 1),

which is a good approximation of .#y for small values of § and € and we take

M= ] Mys. (4.9)

0cO
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4.3.2 General result of model selection

Let A be a function © — R, satisfying 3 e 2 < 1. The following result is proven in Section

00
MBIl
Theorem 4.1. Let Yy, ... Yy be random variables on (%,)) and s be in {0,1,. .. Smax}. Under
Assumptz’on let Py = Py (. ,X,pen) be the estimator given by with

5(6) = 71(51)‘(/;(_1) A ]1( (4.10)

and

pen(Q) =k inf [837 (1 +log <K”<81))>> + A(@)] | (4.11)

0€0|Qe.#y Vo An(s,1

There exists a positive constant C such that

CEp- [1* (P, P)] <n™! f:l W (P, P) + Le + inf [hZ (Podty) + (s+1) (LVylogn + A(9)) ]
+nt f:l K (P, |[PVy) . (4.12)
b=1

In particular, under Assumption there exist positive constants C(Q*),c(Q*) such that for
s > ¢(Q*)logn we have

S
n

C(Q")Ep- [1? (P, P.)| < Lé* + inf [hQ (P, y) + = (LVylogn + A(0)) ] (4.13)

Inequality (4.12)) does not require any assumption on the data. Ideally we can take P in
My such that most of the distributions P; lie in a small neighborhood of P so that the first
term in the bound remains small compared to Le? + (s + 1) (LVg logn + A(G)). In the case

where we cannot take € = 0 and the quantity Vy depends on it, we have to take e going to 0
with n in a way that balances those two terms.

Under Assumption [4.1fthe term n ! Zn: h? (P*, P,) is negligible and a good choice of s guar-

i=1
s+1 .

antees the term n™! 3> K (Pz b||P7f5"bd) to be negligible as well with respect to the main term
b=1 ' ’

(s+1) (ng logn + A(H)). We define ¢ = Uy 76, with

@ irreducible ,
Ay =S Pyor € (0); Q aperiodic, . (4.14)
and w = Quw

If P* € .4 N, for s of order log?n and n large enough we have

CQE (P 2)] < B ing {LV,logn + 20)).
Predly

As long as A(6*) is of the same order as LV log n or smaller, we obtain the same rate as when
we only consider .#g-. We can obtain a better power of logn if we know c¢(Q*).

In addition of having good performances our estimator possesses properties of robustness. In
order to illustrate them we consider the following situation. Let Z1,...,Zy be random variables
with any distributions and Fj, ...,Ex be Bernoulli random variables such that for all i € [n],

Y= EY! + (11— E)Z
where Y’ satisfies Assumption The following result is proven in Section [4.B.2]
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Corollary 4.1. If E1,Zy,...,Ex,Zn and Y' are mutually independent, there exist positive
constant C(Q*),c(Q*) such that for s > ¢(Q*)logn we have

. L& _ _
* 2 * 2 : 2 *
C(QME[n? (P",P)] < ~ ;(1 —p) + Le* + inf (12 (P ) + (s +1) (LVglogn + A0))],
where p; = P(E; = 1) for alli € [N].
One can see that our deviation bound is not significantly worse as long as the average

N
proportion of contamination % > (1 — p;) remains small compared to the other terms. One
i=1

would typically look at the following situation. We assume that there exists f € O such that
P* € 4. For Hiiber’s contamination model, i.e. p; = 1 — cveope for all i, we get

C(QE [12 (P, B.)| < Lateon + 2 (LVglogn + A(B)) (4.15)

for s > ¢(Q*)logn. The bound on the convergence rate is not deteriorated as long as the
contamination rate acont is small compared to 2 (ng logn + A(?)). We can also consider the
situation P (E; = 0) = 1,¢; for some subset I C [N]. We get

L|T|

CQE [0 (P, P)] < = + % (LVglogn+ A®9)) (4.16)

for s > ¢(Q*)logn. As before, our bound on the convergence rate is not deteriorated as long
as the proportion of outliers |I|/N is small compared to * (LVg logn + A(?)).

4.3.3 Selection of the order
We focus on the specific situation where A is a single set {\}. Let J# be a subset of {2,...,n}

and
e = U {K} x {)\}K.

Kex
We consider the following case. There is a countable set F of probability density functions with
respect to v such that % = {f -v; f € F} is an e-net of % and the class of functions

Fe={xw fi(z)... fr(zr); fr e FYLE[L]},

is VC-subgraph with VC-index not larger than V. Then we satisfy Assumption and we have
Vi =K'V, We take © = Uger{K} x {A\}¥ and drop the dependency on \ in the notation.
The next result is a consequence of Theorem

Corollary 4.2. For pen given by with A(K) = KL and § given by , there exists
a positive constant C' such that

s+1

CE[1? (P, £.)] < n™ 307 (P P) + e + 3K (P, [P
i=1 b=1
+2 [hz (P i) + (s + )K"V l(’i"] (4.17)

In particular under Assumption there exists positive constants C(Q*),c(Q*) such that for
s > c(Q*)logn,

CQE[n (P B)] < L + inf [hQ (P, x) +L2KLVSIOgn].

n
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Inequality (4.17]) does not require any assumption on the data. We can see that the model
selection procedure allows to recover the performance we would get if we knew the model
M i realizing the best compromise between the distance h? (P*,/// K) and the dimension term

(s + )L2KEVn=tlogn. If P* belongs to .#, we denote by K* the smallest integer K in ¢~
such that P* € .4 . We get
. logn
C(QME [12 (P*, P,)] < L(k*)Pv 228t
(@[ (P, )] < iy v
for s > c(Q*)logn and € = 0. In particular, if we denote by K the smallest integer K such
that P, € A i, we have

E [h2 (P*, Ps)} > h? (P*,Ps> P (K < K* — 1) .

Since h? (P*,]K*_l) > (), we can deduce a bound on the probability of underestimating the
true order. Considering the problem of overestimation would require more work that we did
not do for lack of time.

We consider the following example. We take % = N and .Z p = {Poisson(\); A > 0} where
Poisson()) is the Poisson distribution with parameter A. It is defined by its density given by
pa(k) = /\kljlﬂ. We take M = (K, Fp,....Fp)for K€ # ={2,... N}. Let P(N) denote
the power set of N. For .#p = {Poisson(\); A € QN (0,00)} we satisfy Assumption with
e=0.

Theorem 4.2. Let Yy, ..., Yy be random variables on (N;P(N)) and s be in {0,1, ... ,Smax . Let
P, = P, (. X, pen) be the estimator given by with d,pen and A given by L (4.11
and A(K) = K*. There exists a positive constant C such that for all P € Px,

CB[1? (P.)] <7 S0 (. P) 7t STK (P12
=1 b=1

2<K<n

+ inf [hz (F,]K) + (s + 1) L*K* log n]
In particular, under Assumption there exist positive constants C(Q*),c(Q*) such that for
s > ¢(Q*)logn,

— 2<K<n

C(Q")Ep- [h* (P*, )] < inf [hz (P*,///K)—I—(s—l—l)LQKLlogn].

This result is a consequence of Corollary and Proposition [3.1, The comments made
earlier apply here as well.

4.3.4 Selection of the emission models

We consider another specific situation where the order is fixed and we want to select the
emission models. Let K be a fixed integer larger than 1. Let £ be a subset of A% and we take
© = {K} x L. The next result is a consequence of Theorem

Corollary 4.3. Let A be a mapping L — Ry such that Y. e®X < 1. For pens given by
AEE

with § given by , there exists a positive constant C' such that

s+1

CEp- [n? (P, P,)] <n™ S0 (P.P) + L& + 3K (P |Pry)
i=1 b=1

S — logn
- 2
+ir€1£{h (P,//A)—i—(s—i—l)LVA p }
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In particular under Assumption there exists positive constants C(Q*),c(Q*) such that for
s > c(Q*)logn, we get

* 2 * D 2 . 2 x 7 17 SlOgTL
cQ )E[h (P ,Ps)} < Lé* + inf lh (P ,///Q—i—LVA - ]

Inequality (4.17]) does not require any assumption on the data. We can see that the model
selection procedure allows to recover the performance we would get if we knew the model

M y realizing the best compromise between the distance h? (P*,],Q and the dimension term
(s + 1)LV \n~tlogn. If P* belongs to .4, we get
—«slogn

C(QE [n* (P, )| < LV ,

n

for s > ¢(Q*)logn and V" = min{Vy; A\ € A and P* € .#,}. We can apply this result for the
estimation of hidden Markov models with sparse multivariate normal emission densities.

Let d be a positive integer and Cov,.(d) be the set of d x d symmetric and positive-definite
matrices. We define Tt = {(4,j); 1 <i < j < d} and

Tt ={AcT {(1,1),22),....(dd)} C A}.

For Ain .7, we denote by |A] its cardinal and we denote by Cov_.(d,A) the subset of Cov.(d)
given by
Covyu(d,A) = {C € Covu(d);¥(i,j) € T*, (i.j) ¢ A< Cij =0}

We denote by G4(A) the set of probability density functions (with respect to the Lebesgue
measure) given by

exp (—%(x — )Ty (x - z))
(27)4/2 det(X)1/2

Ga(A) = {gzvg c2 € R zeRL YT e COV+*(d,A)} ,

and by ¥;(A) the associated set of probability distribution. We take A = J* and © =
{K} x AK. We take M p = H (K, Gy(A1), ... %(Ak)) for A = (Ay, ..., Ax) € AK. We satisfy
Assumption [£.2] with € = 0,

Gao(A) = {gzyg; zeQtrte Covi.(d,A) N QdXd} ,

and
Va=K'34dL) + LK* Y(|Ay| + -+ |Ag)).

Let o(R?) be the Borel g-algebra on R?. The following result is proven in Section [4.B.4]

Theorem 4.3. LetY:,...,Yy be random variables on (Rd,a (Rd)) withd < 14+2LKL-INLES
and s be in {0,1,... Smax}. Let P, =P, (A X ,pen) be the estimator given by with 8,pen
and A given by , and

A(Ay, ... Ag) = dLK" + LK*  ogn ((|A)| —d) +--- + (JAg| — d)),
respectively. There exists a positive constant C such that for all P € P,

B[ (P.2)] <! S0 (R P) 4 K (PLIP)
i=1 b=1

: 2 (D 7 271-L L—1
+ ot [h (PAZa) + (s +1)logn (dL*K" + LK (\A1\+~--+|AK|))]_
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In particular, under Assumption [{.1], there exist positive constants C(Q*),c(Q*) such that for
s > c(Q*)logn,

C(Q")Ep- [1* (P, B,)| < (4.18)

inf
Ae(TH)K

W2 (P*oln) + (s + 1)logn (ALK + LEM ([ Ay + -+ + | Ax])) ]

We can avoid a quadratic dependence on d and only have a linear one when there is a good
approximation of the true distribution that is sparse, i.e. if P* € .#a with |Ay|,... |Ag| of
order d.
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4.A General results

Let () ycq be countable subsets of &y, with © countable set. Let A : © — R be such that

3 NG

0cO

We assume we have the following bound on the p-dimension function (see Definition 4 [11]).
There exist D : © x N* — R, and K > 0 such that

D" (P,P) < D(0.n) + TD(0 n), (4.19)
for al P = Q" P, € 2°" all P = Q, P; € 45" and all n > 1. We assume D is
nondecreasing in n for all  in ©. For s in {0,1,...,Smax }, we take the penalty function given

by
D(0,n(s,1))

pen(Q) = Fdee(al\ge///e [ 4.7

+80)]
for all Q € M = Upeo My with k = 8 x 35v/2 + 74.

Theorem 4.4. For any random variables X1, ..., X, on (2 ,X), the estimator P, =P, (A X, pen)
satisfies

Ep- lzn: h? (Pi,]—é’s)] < 1nf [cl inf th (P, Q) + ca(s+ 1)

i=1 QAo ;

((T + 1)12‘(79,71(3,1)) L AWG) + 4) ]

s+1

+e 3 K (P[P,
b=1

with ¢; = 304 and ¢y = 30084.

4.A.1 Proof of Theorem 4.4

Let b € [s + 1] and P, be the estimator given by (4.4). From Theorem 2 of Baraud & Birgé
[11], we have

| (s,b) n(s,b)
Py ( > B (Porgonysin, Poy) < inf lfy s > 1 (Prrniorn: Q)

i=1 0eo i=1
4k (T 4+ 1)D(0,n(s,b))
N 17

+ A(0) + 1.49) ] + 4“5) >1—e V>0,
a1

a1

where v and k are given in [11] and satisfy v < 150 and i—’f < 5014 (see proof of Theorem 1
[13], page 32). Applying Lemma (chapter hmm), we get

n(s,b)
Qlen/£/9 Z h? (Pb-|—(z 1)(s+1)s Q)

i=1

o (LD, 5 )]

ap 4.7

< inf
0co

n(s,b
Z (Pb+ (i—1)(s+1)>» Ps b)
=1

4/1 * mn
o [3.49 + K (P*||p™)].
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From the definition of P;, we have

s+1 n(s,b)

Zh2 (Pzaps) Z Z h (Pb—i-(z 1) s+1)7]3>
i=1 b=1 i=1
s+1n(s,b) s+1 R
<23 > 12 (Porgoness Po) +23 n(sh) )0 (Poy, P)
b=1 i=1
s+1n(s,b) . s+1 A
<23 3 B (Posiionyorny, Pos) +2 inf S n(s,0)h* (P, Q) + 2
b=1 i=1 el
s+1n(s,b) R n
S 6 Z Z h2 (Pb+(i71)(s+1); Ps,b) + 4 inf Z h2 (PZ, Q) -+ 2.
b=1 i=1 Qe i

Since ¢ < 7671 < 1.53 x 5014, 4k /a; < 5014 and v < 150 (see proof of Theorem 1 in [13]), we
get

n s+1 n(s,b) N
Ep- [Z h? (Pz', Ps)] <6y Ep-, don? (Pb-i—(i—l)(s—i—l); Ps,b) + 4621222 W (P, Q) + 2
i=1 b=1 i=1 o=l
st n(sb) 4k [ (T + 1) Dy (0)
n(s,b)
62 525 [7 Qlen/f/lg X; h? (Pbﬂ 1)(s+1)5 Q) t < 17 + A(9))
42 3.49(s + 1 +§K( P, I[P +4infzn:h2(P- Q) +2
a s,b 5,b Qe pt v

< i . 2 .
< jnf [(67 +4) inf ; h* (P, Q)

241{(8 + 1) (T + 1)Dn(s’1)(9)
* ( 17

24K = * ind
+A@B)+349) | + = ZK (P2, lIPI) + 20
ai

a1

< 52(2 [304Qi€r}£/9§:1h2 (P;, Q) +30084(s + 1) <(T+ )4‘(79’71( ) + A(6) +4>]

s+1

+30084 > K (P7,||PT) .
b=1

4.B Application to HMMs

4.B.1 Proof of Theorem 4.1

From Proposition 5 in (chapter hmm) and our choice of ¢, we satisfy (4.19) with 7" = 0 and

D (0,n(s,1)) = 3930LV, ll + log (1%)]

From Proposition 6 and (77), we have
inf Y h*(P,Q) <2 inf th (P, Q) + 2(K — 1)L5(0) + 2Lé?
QeMo.s QeMo =1

<2 inf Zlﬂ (P, Q) +2(s + 1)LV + 2nLe,
Qe%Gz 1
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and

From Theorem [£.4] there exists a positive constant C' such that

CEp- [1? (P, £.)] < 0 Y12 (P P) + inf [m (P 7,) +nLé
i=1

+(s+1) (LVylogn + A(0)) ] + f K (P,|[PT).
b=1

This proves (4.12) and we turn to the second inequality. With Lemma 7?7 (chapter HMM), we

have 2 . 5
h*(P = Z (PP") + =3 (P.Py),
n; i=1 1:1
e g 20(Q)
NPy —— L
It leads to
(s+1)

C(@")Ee- [ (P, P.)] < inf [h? (P ) + (LVslogn + Aw))] @,

and we obtain (4.13) with s large enough.

4.B.2 Proof of Corollary
We have
P (Xi = (Y/,... 7Y¢,+L71)) >P(E; = =FEipr1=1) = piPiy1 .. DivL-1,

and with the convexity of the squared Hellinger distance

hQ(PmP*) < PiDiy1 - - -Pi+L71h2(P¢/aP*) + (1 — PiPit+1 - - -pi+L—1)
< hQ(Pilvp*) +(1=—p)+ A =piz1)+--+ 1 —pirr_1),

where P/ = L(Y/,...,Y/ ;_;). One can check that n > 1+ N/2 with our condition on L. With
Theorem 7?7 and Lemma 77, we have

logn
n

N
c(Q* )E[hQ(P* )} 21—;92 )+ Lé
mf[ P*//lg —I—s

(LVQ logn + A(G))] ,
for our condition on s.

4.B.3 Proof of Theorem [4.2]
One can check that we have Fp = £ ((0,00), log, idy, 1, B) with B(k) = — log(k!).
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4.B.4 Proof of Theorem 4.3
One can check that we have G4(A) =& (Rd X Covii(d,A),n,T,d+ |A| 0) with
T(x) = (377 (@ h1gi<a; (7)) i< )
(i,5)€A

1
n(z,C) = (CZ, D) (Cii>1§i§d ,—(Ci) i<y >

(3,7)€A

We define 75" by 7" = {Ae T |A| =4}, for j in {d,...,d(d 4+ 1)/2}. We have |7,

d(d—1)
( 2 ) One can check that we have

il =

k
Z e~ AlALAR) Z e~ ALK —LE" = logn((|A1|—d)+-+(|Ak|—d))
AeT+ AeT+
K
_ L _ L—1 _
—e dLK Z e LK logn(|A|—d)
AeT+
d+1)/2 K
—dLKL el — LKL 1logn(j—d)
=e > X e
j=d  AeT*
K
d(d—1)/2
_ _—dLKY Z <d<d_1)/2> —LKL-1j
=€ X n
j=0 J

_i\ Kd(d—1)/2
edeKL (1+n’LKL 1) (d-1)/

—_dLKL Kd(gfl)n—LKLfl

<e

<1

for d <14 2LKL-INLE !

4.B.5 Exponential families

Let d be a positive integer and n : ® — R be a function over a non-empty set ®. Let
T: 2 —RYand B: 2 — R be measurable functions such that

/ MO T@H+B@ (7)< o0, ¥ € B,
2
we denote by £ ( n,1.d B> the exponential family defined by

E(2nT.d,B) = {fy: 2+ MOTENFAOB@), o ¢ G,

where
A(¢) = —log (/% o(1(®),T(2))+B(x (dx))

It is a set of probability density functions with respect to . We consider the following situation.

Assumption 4.3. For all A € A,

o Z, is of the form

Zr={q-vige & (Qam D drBy)}, (4.20)
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o ®, is a countable subset of ®y such that Fy\ = {q-v;q € Fr} is a dense subset of F y,
with .F/\ =& (CI)/\, 77)\|q>>\, T)U d)\, B)\>

In that situation, we satisfy Assumption [£.2) with ¢ = 0 and

and therefore B
Vo=3K\+ LK (dy, +---+dy,),

for 0 = (KM, ... k).
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Abstract

We observe n observations generated by a hidden Markov model and aim to estimate the
different parameters. We do not assume the state space of the hidden Markov chain to be finite.
We consider the case of univariate normal emission densities and establish the identifiability
of the stationary distribution and Markov kernel given the distribution of two consecutive
observations. We can approximate such a distribution by finite mixtures of multivariate normal
distributions and we establish a risk bound for our estimator.

5.1 Introduction

Let (&,€) be a measurable space. Let m be a probability distribution on (&,€). Let @ be a
Markov kernel on (&£,€). Let .# be a set of emission distributions on a measurable space (#/,))
of the form

?:{Fh;heg},

and such that the application h +— Fj,(B) is measurable for all B € J. We say that (Y;,H;), is
a HMM with parameters (@‘",W,Q,?) if (H;); is a Markov chain with initial distribution = on
(&,€) and kernel @ on & x &, and

LMy,....Yx|Hy, ... Hy) = Fu,.

We adopt the same strategy we considered for finite state space HMMs assuming it is possible
to deduce the parameters from the distribution of consecutive observations.

Let (Y;,H;), be a HMM with parameters (&,7*,Q*,.%). If 7* is invariant with respect to Q*
the process (Y;,H;), is stationary. In that case, for L > 2 we have P, = L(Y;Yi1, ..., Yisr-1)

)

for all 7, where the distribution P, is defined by by

F)L(Bl7 C. ,BL> = /gL (}I th<Bl)> W*(dhl)Q<hladh2) e Q(hL_l,dhL),

for all Borel sets By,...,Br € Y. We will see that the stationarity assumption is not necessary,
only the ergodicity of Q* is required.
5.2 The framework

Let Y1,Ys,....Yy be random variables taking values in (R,B(R)), where B(R) is the Borel o-
algebra on R. Let L be in {2.3,...,|N/2|} and n be the integer given by n = N +1— L. We
define the new random variables

Xi = (}/;73/;'+17"'7}/;+L—1),7;: 1,...,7’L, (51)
taking values in the measurable space (RL,U(RL ))

Assumption 5.1. Let (Y;,H;);, be a HMM with parameters (&,m,Q*,.F) such that Q* has a
density q* with respect to some measure n such that

0<q- <(q")"(h1,ha) < q < +00. (5.2)
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Under this assumption @* has only one invariant distribution 7* and we define the distri-
bution P* by

P*(By,...,Br) = /gL (H Fhl(Bz)> 7 (dhy)Q* (h1,dhs) ... Q" (hp_1,dhL), (5.3)
} =1

for all Borel sets By, ...,Br € £. In that case we do not necessarily have identically distributed
observations however the distribution £ (Y;,...,Y; ;1) converges exponentially fast to P*. Our
aim is to estimate P* based on the observations (Y;);.

In what follows we believe P* is of the form with Gaussian emission distributions or can
be well approximated by such a distribution. We denote by A4 = {N(z,0%); (z,0%) =: h € 2}
the class of univariate normal distributions with /# = R x (0,00). Let H be the Borel o-
algebra on R. Let &2y and 2y be the class of probability distributions and Markov kernels on
(A H) respectively. For m € Py and Q € 2y, we define the probability distribution v, g on
(A7 HPL) by

Veo(dhy, ..., dhy) = w(dhy)Q(hy,dhs) ... Q(hr—1,dhr),

and the distribution P o on (RL,B (RE )) associated to the probability density function

_ (z1-h1)? _ (zp,—hp)?

s o
p,Q:(xl...xL)H/ Ve o
" C AL [2mo? \/ 2702 "

with respect to the Lebesgue measure. We have the following result of identifiability for a
compact hidden state space.

dhi, ... dhr), (5.4)

Theorem 5.1. Let K be a compact subset of 7. For all m,7’ € Py and Q,Q" € 2y such
that VW,Q(KL) = Vﬂ@/(KL) = 1, we have PW,Q = PWI’Q/ = Vr.Q = Vr' @' -

This result is proven in Section p.B.1] It is similar to the results of Gassiat et al.[46] for
nonparametric translation HMMs with general state space. Their framework differs from ours
but we can see that translation HMMs with Gaussian noise is a specific case of both their
framework and ours.

5.2.1 Reminders of p-estimation

We denote by & the class of probability distributions on (RL ,J(RL)>. We denote by ¢ the
function given by

z—1
T 71

(R

Let .# be a countable subset of & with an associated set of density functions M with respect
to the Lebesgue measure on R?. For n > 1, we denote by T,, and Y,, the functions given by

R x M x M — [—1,1]
Tn : (X,q,q/) — i 2/) ( q/(:lfl))
= a(:)

with the convention 0/0 = 1, a/0 = +oc for all @ > 0, and

R M
" (XaQ) = Supq’e/\/l Tn (Xaqvq,)
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For x in R we define the (nonvoid) set &,(x) by

é“’n(X)Z{qu-u

g€ MY, (Xq) < inf Y, (X)) + 11.36} . (5.5)
q

We denote by P (n,X,.#) any measurable element of the closure of &,(X) with respect to the
Hellinger distance and we call it a p-estimator on .#. The constant 11.36 is given by (7) and
(19) in [11] but can be replaced by any smaller positive number.

5.2.2 Our estimation procedure

We build a subset of the observations by taking them separated by blocks of length s. Formally,
for s € {0,1,. .. ,Smax },Smax := | (n — 2)/2] and b € [s + 1], we define

n+s+1-0>
b) = | ——| >2
for i € [n(s,b)]
X = Xpponys41) € REVE € [n(s,D)], (5.6)
and
X0 = (X i € [n(sb)]) .
We obtain s + 1 subsets X®V .. X+ with sizes n(s,1),...,n(s,s + 1) respectively. For
each block b € [s 4 1], we consider the probabilities P}, and P} which are defined by

P, = £ (X*") and Py := "&f) £(xt. (5.7)
=1

We denote for short P* := Pf ; the distribution of X = (Xi,...,X,,) and

P =P = L(X1)®- @ LX) =R P

=1

In order to measure the dependence within the XZ-(s’b) we use the Kullback-Leibler divergence

K defined as follow. For two probability distributions P and () on the same measurable space,

Jlog (42)dQ if Q < P,
+o00 otherwise.

K(QI|IP) = {

Our estimator is obtained with the following statistical procedure.

1. Let s be in {0,1, ... ,Smax}. For bin [s 4 1], we denote by P,, the estimators given by
P,:=P (n(s,b),X(s’b),///) .

2. We denote by P, = P, (Y,.#) any element of ./ that satisfies

s+1 s+1
> n(s,b)h? (Ps,b,ﬁs) < inf > n(sb)h? (Ps,b,Q) + ¢, (5.8)
b=1 At

where ¢ is any fixed constant in (0,1273].

In order to evaluate the performance of our estimator we use the Hellinger distance h defined

by ,
1 [d [dQ)

where p is a measure that dominates both @ and (', the result being independent of p.
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5.3 Approximation of general HMMs by finite mixtures

It is too complicated to consider the class of all distributions Py g for the estimation but such
a probability can be well approximated by a finite mixture when w and @) are supported on
compact sets. For K > 2, we denote by .Z i the set of distributions defined by

K L
%K = {Zwk(@FkJ;w € WK,F]CJ c W,Vk‘ S [K],Vl € [L]}, (59)

k=1 =1
where
Wi = {w € (0,1 wy + - +wi =1} (5.10)

For A > 0 and R > 1, we denote by € (A,R) the set of probability distributions given by

% (A,R) = {Pm@ dleRds e (O,oo),/D Q(hr—1,dhr) ... Q(hy,dhs)w(dh,) = 1} ,

(A,R,s)0)

with D(A,R,s,l) = ([l & sA] x s[1,R])L. We have the following approximation result that is
proven in Section [5.B.4]

Proposition 5.1. For K > 1+ (24A%L + 1)" (48A%L + )" and R > 1, L > 1, for any P.o
in €(A,R), we have

L-1
L B 1 D) K1/2L
h2<P7r,Q,«///K>SKL4L1( +\/_) exp< >

Ler

Ler " 12LR2V6

L
L+ V2, p? 2—1]

For a fixed R we can take a well-chosen value of K to obtain the desired approximation
guarantee. We build countable subsets of .# k to apply our estimation procedure. For 0 < § <
1/K, we define the subset .# s by

K L
%K,é = {Zwk®Fk7l;w € W(S,KaFk,l < 35,% € [T],Vl € [L]},

k=1 =1

with .7 := {N(2,0%); 2 € Q,0 € QN (0,00)} and W g := Wi N ([6,1] N Q)*.

5.4 Main result

Our main result is the following theorem and is proven in Section [5.B.2]
Theorem 5.2. Let ]58 = ]f’s (Y, Mk s5) be the estimator given by with
_3+2L 1 B 9 oL
A and K = [(12V6LR? logn)?"| . (5.11)

There exists a positive constant C' such that for all R € [1,(n/12v/6L1logn)Y**] and all P €
Py, we have

CE |[n* (P, P,)| <h?(PE(AR)) +n" i n? (P, P)+ f K (P7,|[Pi)

=1 b=1

oL log2LH
+(s+1) (12v6) " REp2E T (5.12)

n
where A = A(Rn) = 142\\;5_1R10g1/2n. In particular under Assumption there exist

positive constants C(Q*),c(Q*) such that for s > c¢(Q*)logn,

C(Q)E [n* (P*.B,)] < h* (P, %(A,R)) + (12\/6)2L L2L+2R4L@. (5.13)

n
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Inequality (5.12]) does not require any assumption on the data. One should notice that the
statistician does not need to specify a value of A and R. In fact, we could have in the bound
an infimum with respect to R in [1,(n/12v/6L logn)'/4X] of the quantity

2L+1
W2 (PE(AR)) + (s +1) (12v6) ™ pirp2Lalos

n
We can deduce from ([5.13)) a bound on the convergence rate over the class

¢ = |J €*(R) with €*(R) := {Pw,Q € |J €(A,R); Q satisfies } :
R>0 A>0

For P* = P,. o- in €*, there exist R* > 0 such that P* € €*(R*) and for s of order log® n we

have
2043

C(@Q"E [n? (P, P)] < (12v6)’ L geplos” 0

n
for n large enough. This result does not require information on the constant ¢(Q*). If it were
the case we could take an optimal value of s and obtain a slightly better power of logn in our
bound.

To illustrate the robustness of our estimator we consider the following situation. Let
Z1,...,4n be random variables with any distributions and FEj,...,Ex be Bernoulli random
variables such that for all i € [n],

Yi=EY/ + (1 - E)Z,
where Y’ satisfies Assumption The following result is proven in Section

Corollary 5.1. Let R be in [1,(n/12v/6Llogn)" /4], Let P, = P, (Y, #x;) be the estima-
tor given by (5.8) with 6 and K given by . If B\, Zy, ... Ex,Zn and Y' are mutually
independent, there exist positive constants C(Q*),c(Q*) such that for s > ¢(Q*)logn we have

N
C(QME [n* (P, P)] < h*(P"€(AR)) + f] Z(l —p) (5.14)
+ (12\/6) L2L+2R4L510g2L+1 7
n

where A = A(R,n) := Y 12 —Rlog"*n and p; = P(E; = 1) for all i € [N].

One can see that our dev1at10n bound is not significantly worse as long as the average

N
proportion of contamination A Z (1 —p;) remains small compared to the last term on the right

hand side of - One would typlcally look at the following situation. We assume that the
model is well specified, i.e. P* € €*(R*). For Hiiber’s contamination model, i.e. p; =1 — qeont
for all 7, and for n large enough we have

R S 10g2L+1
C(QE [B? (P, P,)| < Logon: + (12\/6) [ (pryei08 T
n
for s > ¢(Q*)logn. The bound on the convergence rate is not deteriorated as long as the
L
contamination rate oo, is of order not larger than (12\/6)2 L2+2 Rl logu%. We can also

consider the situation where P(E; = 0) = L;e; for some subset I C [N]. For s > ¢(Q*)logn
and n large enough we get
2041

CQE [1* (P, P,)] < LJVI‘ + (12v6)™" ez (pryieslos T n

n

As before, our bound on the convergence rate is not deteriorated as long as the proportion of
outliers |I|/N is small compared to the second term on the right hand side.
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Appendix

5.A General
5.B General hidden Markov models

5.B.1 Proof of Theorem [5.1]

We use the extension to the multidimensional case of Theorem 1 of Bruni and Koch [20] (see
4.(b) on page 1352) with n = 2L,p = L and D = K* which is a compact subset of R*. We
can take

Ay ={\:(hy,.. hy) € (2 diag(}, ... ,07)) € RE x RP*EY

with the notation h; = (z;,02) and
o 0
0 &

For a probability distribution A on D, we denote by P4 the distribution on R associated to
the density

diag(dl, R ,dL) =

LBl hl /20’% e—(wL—hL)2/2G'i
B

The results of Bruni and Koch [20] give the identifiability P4 = Pa# = A = A, for all
distributions A,A” on D. We can conclude taking A = v, o and A" = v .

pa - ([L’l,..., A(dh1,7dhL)

5.B.2 Proof of Theorem 5.2l

From Lemma|3.15/and Section|3.4.3, we have that {m = 9o 02(T1) - g2y 02 (T1); 2 ER, o? e (O,oo)}

is VC-subgraph with VC-index 3 + L@ = 3 4+ 2L. The p-dimension function is properly
defined in Baraud & Birgé [11]. With Proposition A.1 of Lecestre [62], we get

Dyon) (Mrcs) < 545.3K (3 + 2L) [5.82 +log <W> +log, (%)] .

For 6 and K given by ([5.11])) we have

L L
Diys,1 (Pks) <C (12\/6)2 RM 241 10g2Lnlog ((12\/6[/}%2 log n)2 \Y, n)

<C (12\/@% RELL2IA2 g2l

where C' is a numeric constant that can differ from one line to the next. One can easily check
that for A = A(R,n),

Rl?\/éLRQ log n)2L-‘ > 14 (244%L + 1)E(48A2L + 1) .
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With Proposition [5.1] and Lemma B.2 [62] we get

(K —-1)(342L)

h2 (Qa =///K,5) S 2h2 (QaﬁK) + 2

n(s,1)
<u2(Q ¢(AR) + 25 _;8;31)* 2L)
R (e

(12v/6LR? logn)™" (3 + 2L)
n(s,1)

< 4h* (p, €(A,R)) + 2

+4 [1 + (12v6LR*log n)*%} : [R12L +—

» (2\/12\/6(1 + \/5)) log"/? " pLAL

1- 2_L]

e n

We can apply Theorem [3.1| and obtain (5.12)). The next lemma is proven in Section |5.B.5|

Lemma 5.1. Under Assumption [5.1] there are positive constants C(Q*) and r(Q*) such that
s+1

n Y K (PLLIPHY) < C(Q)e @ Vs > Lt m —29b € [s+1],
b=1

and

h? (P*,P) < C(Q")e @V i ¢ [n].

We can deduce ([5.13)) from this result and (5.12)).

5.B.3 Proof of Corollary
We have

P (Xi =(Y/,... aYi/Jqu)) >P(E; = =FEi,1=1)=piPis1 .- -Pirr-1,
and with the convexity of the squared Hellinger distance

W (P, P*) < pipis1 - - - Pivr—1h* (PL,P*) + (1 = pipis1 - - - Disr—1)
<K (P, PY+(1—p)+-+(1—pisr1),

where P/ = L(Y/,....Y/ ;_1). One can check that n > 14 N/2 with our conditions on L. With
Theorem 5.2 Lemma [3.2] and Lemma [5.1} we have

C(QME [n* (P, P,)| < h* (P*,6(A,R)) + ]LV %(1 — i)

i=1

or 1 2L+1 .
s+ 1) (12\/6) RALT2L+2 0g . n 4@ )s’

for some positive constant C(Q*),r(Q*) and s > L — 1.
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5.B.4 Proof of Proposition [5.1

Fora > 0 and 0 < ¢ < @ < o0, we denote by 9%,,;.(T,a,0,5) the set of mixture probability
distributions of the form

T

Z wt.gz;pa;‘,l (xl) R QSZ;L,O';L (xL)y
t=1

where w € Wr, of, € [0,0],2{; € [~a,a] for all t € [T] and [ € [L]. If H is probability
distribution on (R x (0,00))", we define the density function

pu(T1,...xL) = /ghl(xl) oo Gy (xp)H(dhy, ... dhy),
and its associated distribution Py (dz) = py(x)dz.

Lemma 5.2. Letn>1,a>0and 0 < g <o < co. If H is supported on ([—a,a] x [o,7])",
then for K > n*(2n — 1)L 4+ 1 and M > a + 7/log, (275?), we have

n _(M—a)? Ny
e [rerrear\t e UEEE
drv (P, %mie (T, a,0,7)) < (QWQQ)L/Z Ing? 2 (2 - 1)

As a direct consequence of this lemma and the fact that the Hellinger distance is invariant
to translation or scaling we have the following. For any [ € R, any probability distribution H
supported on ([l + sA] x s2[1,R?])" and for T > n*(2n — 1)~ + 1, with M = Am we have

o\ A poae
2 _\y o (2A4Am)" | (eLA* (m + 1) € (oL
h (PHagmia:(Taa7Q7U)) < (27’()[’/2 om + 92 (2 _1) )
for m > 1+ %, /log, (2rR?) = m_ > 1. Therefore,
2, 2
_A21;72L \/T/2

2 . G i
h (PH,gmm?(Taa’aQJO-)) S mzlrrnlffl (27T)L/2

L 2,2\ R(2L
< inf (2 2/7TAm> (MAm) —i-(
n

n R
(@A(n + )" | (LA + 207" | ¢ il g0
2n 2

— 1) L—-1 A2m2
(2 2/7rAm) e 2R,
m>m_—+1 2

We denote by W the Lambert W function restricted to (0,00) such that W(z) is the only

positive number such that W (z)e"'® = z. For
V2W (1/4eR2L)R | 942
= /2 and n >
" A n AN S W1 /4eR?L) R
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we get

/N

L (9L A2m2\" R oL _ 1 L1 2 2
2 2/7TAm) (em) + (2) (2 2/7TAm> BT
n

- <4R\/nW(1 /4eR?L) /W)L (eLAR*W (1/4eR?L))"

+ —iR (22 _ 1) <4R\/nW(1/4eR2L)/7T> o e~ W(1/4eR?L)
= (4R\/nW(1/:eR2L)) Rexp (—nW(1/4eR2L))

s 2

4\/nW(1/4eR2L) L2 1] |

Following the proof of Proposition 3.5 |62], we have W (z) < z for all z > 0 and W (w) > z(1—x)
for all x € (0,1). Therefore,

1 1 1
L) > _ > —
W(l/4eR°L) = 5 mor (1 4@R2L) = 12LR

and

nW(1/4eR?L

T

h2 (P, %Gmin(T,a,0,7)) < (43\/ )) _ Rexp (—nW(1/4eR’L))

2

n\ ! n n 2k —1
< | 24— —_ 2 .
—( VeLW) eXp( 12LR2>>< [ VIer T2 ]

For K > 1+ (24A%L + 1) (48A2L + 1), the set

. [4\/nW(1/ieR22L) L2 1]

~ R?W(1/4eR?)
is not empty, e.g. [24A?L] € B. We set n = max B > 1, i.e.

1 1++2
=|—-11 1 K —1 1/L:H < K1/2L
n Ll { —i-\/ + 8( ) < ,

L I 2A?
B=<neN:K>n"2n—-1)"+1and n >

and we have

k
K2k —1D)EF4+1<T < (k+1D)Qk+ D)+ 1= n=FkF>TY" :
Ve +1)(2k + 1)
As x — ——2 s non-decreasing on [1, + 00), we have n > K'/?!/\/6 since K > 2.

(2z+1)(z+1)
Finally, we have

h? (PH,MK) < h? (Py,Ypmie(K,a,0,7))

L—1
1 D) K1/2L

< (2 L\/_Kl/QL exp | ——— | x
edLm 12LR2\/6

L—1
L1 1++/2 K2
< Kz exp | —
el 12LR2\/6

L
4Lem 2

L
1+\/§K1/4L+R2 -1
Ler 2
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We can conclude by noticing that if P € € (A,R) the distribution H(dhy,...,dhy) =
m(dh1)Q(hy,dhs) ... Q(hp_1,dhy) is supported on ([l + sA] x s2[1,R?])" for some | € R and

s> 0.
Proof of Lemma [5.2]
We follow the proof of Lemma C.1 in [62]. For any y > 0 and n > 1, we have

= (DR (ew)”

nn

<

For y = Z (’”lzo_zl =1 ‘

l

2\ K
2

1 "_1 X — Z
2 (1) — (27T)L/201_ Z |2k <H o

L =
1 e ||x—z 2\"
2 o )
— (2m)L 20y .. 0g n
1 nl ok (e [12)F . C -1 1
One can see that B2y o kz—:o ok ‘ =N is a polynomial function in 21, ...,2p,07 ', ...,0p
of the form
L 2(n-1)
—(2h+1) jr —(2lL+1)
> Z S ooty AT g7,
=1 35;=0 [;=0

From Lemma A.1 in Ghosal & van der Vaart [49], there is a discrete distribution H' with at
most n*(2n — 1)* + 1 support points such that

/ Aoy Bt rg g (L gLy = / Aoy Bt g D aH (B k),
for all j; =0,...,2(n—1)and all [; =0,...,n — 1. Hence, we have

[pr(X) — par (%)

1 I (=DF (1x — 2|2 g
< — dH(hy,...,h
< |pa(x) /(ZW)L/201...UL,§) K12k H o g, o he)
1 (DR (|1x — 2|2 g
(x) — dH'(hy,...,h
+ prr(x) /(2#)’3/201...(@];) K12k H o 2 Ugs e he)
e X—Z 2 "
1 2| o
< 2
- (27T)L/20'1 o, n dH(hl’ 7h )
e X—Z 2 "
1 2/ o |la )
H
+/(27T)L/20'1...0L n AH' (b, o)

Let M be greater than a. For I C [L] we define the set
A =A{x;|z;| > M > |z;|,Vi € [,Vj ¢ I}

such that R” is the disjoint union of the (AD e
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o For x € Ay ie. ||x|| = max; |z;] < M, we have

2 (eL(M+a)2>"

|pH(X) _pH’(X)| < (27TQ2)L/2 o>

o For x € A; with I # (), we have

/IZT Wexp (—W) dH (hy,... hr)

)

e ().

el

and the inequality holds for pgy as well.
We have

sup  |pu(x) — par (%) dx
lxlloo <M 2] oo <M

S [ pu(x) v pi(x)da

IC[L):T#0

1 eL (M +a)”\"
<
~ (2mg?)t/? ( 2no? ) AmlooSM e

1

s T (oo (o)

IC[L):1#0

(2M)* <eL (M + a)2>”

= (21?)L/? Ing?

TR S @Mt (exp (—M) \/ﬁy['.

2(2mg?)H/? IC[L]:1#0

Finally, for M > a + 7y/log(2752) and T' > n*(2n — 1)F + 1, we get
drv (Pr,9miz(T,a,0,0)) < dry (pu,pa)
n (M- a)2 —
(2M)E (eL (M + a)2> ¢ e V2o
2

- (270?)L/2

5.B.5 Proof of Lemma [5.1]

Let s be not be smaller than L — 1 and b be in [s + 1]. Following the proof of Lemma we

have
(s,b)—1

(Pre) < X (e (0 ) e () 0. (7).

=1
For spax > s > m + L — 2, we have

dﬁ(H(LSb) Hz(fls b)) 9+

]

<
dC(H"Y)y @ LHLY) ~ a-

< o0
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With Theorem 7 of Verdd [86], there is a constant C' such that

K (P, |[PVy)

<C f; n(i_l dry (£ (HED 1Y) L (HEY) @ £ (H))

(s,b)—1
T e o) s D)

=1

(s,b)—1
O\ X Bl (£ (Hision o) £ (o))
- =1

We have that & is an accessible (m,(Q_) small set, with )_ given by Q_(dx) = ¢_n(dx). From
Theorem 11.4.2 of Douc et al.[33], the kernel @Q* has a unique invariant probability distribution
7* and there exist positive constants C'(Q*) and r(Q*) such that

dry (ﬁ(Q*)t,W) < C(Q")e @,
for any probability distribution £ on (&,€). We get
K (P;,/[PUy) < 20\/ZC(Q*)(n(s,b) ~ 1)e @)+,
: , o
We also have

h? (P*,P;) < dry (P*,P) < dpy (7 ,L(H;)) = dpy (7*,7Q71) < Ce (@61,
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