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ORACLE INEQUALITY FOR MISSPECIFIED NPHMMS

Nonasymptotic control of the MLE for misspecified
nonparametric hidden Markov models

Luc Lehéricy LUC.LEHERICY @MATH.U-PSUD.FR
Laboratoire de Mathématiques d’Orsay

Univ. Paris-Sud, CNRS, Université Paris-Saclay

91405 Orsay, France

Abstract

We study the problem of estimating an unknown time process distribution using nonpara-
metric hidden Markov models in the misspecified setting, that is when the true distribution
of the process may not come from a hidden Markov model. We show that when the true
distribution is exponentially mixing and satisfies a forgetting assumption, the maximum
likelihood estimator recovers the best approximation of the true distribution. We prove
a finite sample bound on the resulting error and show that it is optimal in the minimax
sense—up to logarithmic factors—when the model is well specified.

Keywords: misspecified model, nonasymptotic bound, nonparametric statistics, maxi-
mum likelihood estimator, model selection, oracle inequality, hidden Markov model

1. Introduction

Let (Y1,...,Y,) be a sample following some unknown distribution P*. The maximum likeli-
hood estimator can be formalized as follows: let {Pg}gco, the model, be a family of possible
distributions; pick a distribution P; of the model which maximizes the likelihood of the
observed sample.

In many situations, the true distribution may not belong to the model at hand: this is
the so-called misspecified setting. One would like the estimator to give sensible results even
in this setting. This can be done by showing that the estimated distribution converges to
the best approximation of the true distribution within the model. The goal of this paper is
to establish a finite sample bound on the error of the maximum likelihood estimator for a
large class of true distributions and a large class of nonparametric hidden Markov models.

In this paper, we consider maximum likelihood estimators (shortened MLE) based on
model selection among finite state space hidden Markov models (shortened HMM). A finite
state space hidden Markov model is a stochastic process (X, Y;); where only the observa-
tions (Y};); are observed, such that the process (X;); is a Markov chain taking values in a
finite space and such that the Y; are independent conditionally to (X;); with a distribution
depending only on the corresponding X. The parameters of a HMM (X, Y;); are the initial
distribution and the transition matrix of (X;); and the distributions of Y; conditionally to
Xs.

HMMs have been widely used in practice, for instance in climatology (Lambert et al.,
2003), ecology (Bovd et al., 2014), voice activity detection and speech recognition (Couvreur and Couvreur,
2000; Lefevre, 2003), biology (Yau et al., 2011; Volant et al., 2014)... One of their advan-
tages is their ability to account for complex dependencies between the observations: despite
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the seemingly simple structure of these models, the fact that the process (X;); is hidden
makes the process (Y;); non-Markovian.

Up to now, most theoretical work in the literature focused on well-specified and paramet-
ric HMMs, where a smooth parametrization by a subset of R? is available, see for instance
Baum and Petrie (1966) for discrete state and observations spaces, Leroux (1992) for gen-
eral observation spaces and Douc and Matias (2001) and Douc et al. (2011) for general state
and observation spaces. Asymptotic properties for misspecified models have been studied
recently by Mevel and Finesso (2004) for consistency and asymptotic normality in finite
state space HMMs and Douc and Moulines (2012) for consistency in HMMs with general
state space. Let us also mention Pouzo et al. (2016), who studied a generalization of hidden
Markov models in a semi-misspecified setting. All these results focus on parametric models.

Few results are available on nonparametric HMMSs, and all of them focus on the well-
specified setting. Alexandrovich et al. (2016) prove consistency of a nonparametric max-
imum likelihood estimator based on finite state space hidden Markov models with non-
parametric mixtures of parametric densities. Vernet (2015a,b) study the posterior consis-
tency and concentration rates of a Bayesian nonparametric maximum likelihood estimator.
Other methods have also been considered, such as spectral estimators in Anandkumar et al.
(2012); Hsu et al. (2012); De Castro et al. (2017); Bonhomme et al. (2016); Lehéricy (2017)
and least squares estimators in de Castro et al. (2016); Lehéricy (2017). Besides Vernet
(2015h), to the best of our knowledge, there has been no result on convergence rates or
finite sample error of the nonparametric maximum likelihood estimator, even in the well-
specified setting.

The main result of this paper is an oracle inequality that holds as soon as the models
have controlled tails. This bound is optimal when the true distribution is a HMM taking
values in R. Let us give some details about this result.

Let us start with an overview of the assumptions on the true distribution P*. The first
assumption is that the observed process is strongly mixing. Strong mixing assumptions
can be seen as a strengthened version of ergodicity. They have been widely used to extend
results on independent observation to dependent processes, see for instance Bradley (2005)
and Dedecker et al. (2007) for a survey on strong mixing and weak dependence conditions.
The second assumption is that the process forgets its past exponentially fast. For hid-
den Markov models, this forgetting property is closely related to the exponential stability
of the optimal filter, see for instance Le Gland and Mevel (2000); Gerencsér et al. (2007);
Douc et al. (2004, 2009). The last assumption is that the likelihood of the true process has
sub-polynomial tails. None of these assumptions are specific to HMMSs, thus making our
result applicable to the misspecified setting.

To approximate a large class of true distributions, we consider nonparametric HMMs,
where the parameters are not described by a finite dimensional space. For instance, one
may consider HMMs with arbitrary number of states and arbitrary emission distributions.
Computing a maximizer of the likelihood directly in a nonparametric model may be hard or
result in overfitting. The model selection approach offers a way to circumvent this problem.
It consists in considering a countable family of parametric sets (Sps)arem—the models-
—and selecting one of them. The larger the union of all models, the more distributions
are approximated. Several criteria can be used to select the model, such as bootstrap,
cross validation (see for instance Arlot and Celisse (2010)) or penalization (see for instance
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Massart (2007)). We use a penalized criterion, which consists in maximizing the function
1
(S,6€S)— - log po(Y1,...,Y,) — pen,(S),

where pg is the density of (Y7,...,Y,) under the parameter # and the penalty pen only
depends on the model S and the number of observations n.

Assume that the emission distributions of the HMMs—that is the distribution of the
observations conditionally to the hidden states—are absolutely continuous with respect to
some known probability measure, and call emission densities their densities with respect to
this measure. The tail assumption ensures that the emission densities have sub-polynomial

tail:
1

Yo > e, P* <sup’y(Y1) > vD(")> < o
v

where the supremum is taken over all emission densities v in the models for a function
n +—— D(n). For instance, this assumption holds when all densities are upper bounded by
eP(™) A key remark at this point is the dependency of D(n) with n: we allow the models to
depend on the sample size. Typically, taking a larger sample makes it possible to consider
larger models. A good choice is to take D(n) proportional to logn.

To stabilize the log-likelihood, we modify the models in the following way. First, only
keep HMMs whose transition matrix is lower bounded by a positive function n — o_(n).
We show that taking this lower bound as (logn)~! is a safe choice. Then, replace the
emission densities v by a convex combination of the original emission densities and of the
dominating measure A with a weight that decreases polynomially with the sample size. In
other words, replace v by (1 —n~%)y+n~%X for some a > 0. Taking a > 1 ensures that the
component \ is asymptotically negligible. Any a > 0 works, but the constants of the oracle
inequality depend on it.

A simplified version of our main result (Theorem 8) is the following oracle inequality:
for all @ > 1, there exists constants A and ng such that if the penalty is large enough, the
penalized maximum likelihood estimator én satisfies for all t > 1, n € (0,1) and n > ny,

a

with probability larger than 1 — e™! — n ™%

. , , A (logn)®
K(0,) < (1+1n) dirrf(lﬁ‘g%@ {5ggK(9) + penn(S)} ot
where K () can be seen as a Kullback-Leibler divergence between the distributions P* and
Py. In other words, the estimator recovers the best approximation of the true distribution
within the model, up to the penalty and the residual term.

In the case where the true distribution is a HMM, it is possible to quantify the ap-
proximation error infgeg K(6). Using the results of Kruijer et al. (2010), we show that the
above oracle inequality is optimal in the minimax sense—up to logarithmic factors—for real-
valued HMMs, see Corollary 12. This is done by taking HMMs whose emission densities are
mixtures of exponential power distributions—which include Gaussian mixtures as a special
case.

The paper is organized as follows. We detail the framework of the article in Section 2.
In particular, Section 2.3 describes the assumptions on the true distribution, Section 2.4
presents the assumptions on the model and Section 2.5 introduces the Kullback Leibler
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criterion used in the oracle inequality. Our main results are stated in Section 3. Section 3.1
contains the oracle inequality and Section 3.2 shows how it can be used to show minimax
adaptivity for real-valued HMMs. Section 4 lists some perspectives for this work.

One may wish to relax our assumptions depending on the setting. For instance, one
could want to change the dependency of the functions B(n) and o_(n) on n, change the
tail conditions or the rate of forgetting. We give an overview of the key steps of the proof
of our oracle inequality in Section 5 to make it easier to adapt our result.

Some proofs are postponed the Appendices. Appendix A contains the proof of the
minimax adaptivity result and Appendix B contains the proof of the main technical lemma
of Section 5.

2. Notations and assumptions
We will use the following notations:

a V b is the maximum of ¢ and b, a A b the minimum;

For x € R, we write 27 = 2 V 0;

N*={1,2,3,... } is the set of positive integers;

For K € N*, we write [K] ={1,2,...,K};

Y? is the vector (Yy,...,Y3);

L2(A, A, ) is the set of measurable and square integrable functions defined on the
measured space (A, A, ). We write L2(A, ;1) when the sigma-field is not ambiguous;
e log is the inverse function of the exponential function exp.

2.1 Hidden Markov models

Finite state space hidden Markov models (HMM in short) are stochastic processes (X¢, Y7 )1
with the following properties. The hidden state process (X;); is a Markov chain taking value
in a finite set X (the state space). We denote by K the cardinality of X, and 7= and Q
the initial distribution and transition matrix of (X;); respectively. The observation pro-
cess (Y;); takes value in a polish space ) (the observation space) endowed with a Borel
probability measure A\. The observations Y; are independent conditionally to (X;); with a
distribution depending only on X;. In the following, we assume that the distribution of Y;
conditionally to {X; = x} is absolutely continuous with respect to A\ with density ~,. We
call v = (7;)zex the emission densities.

Therefore, the parameters of a HMM are its number of hidden states K, its initial
distribution 7 (the distribution of X7), its transition matrix Q and its emission densities
7. When appropriate, we write p(x r q,,) the density of the process with respect to the
dominating measure under the parameters (K, 7, Q,~). For a sequence of observations Y},
we denote by 1, (K, 7, Q,~) the associated log-likelihood under the parameters (K, m, Q,~),
defined by

(K, 7, Q,7) = logp(K,ﬂ',QP/) (")

We denote by P* the true (and unknown) distribution of the process (Y;);, E* the

expectation under P*, p* the density of P* under the dominating measure and [ the log-

likelihood of the observations under P*. Let us stress that this distribution may not be
generated by a finite state space HMM.
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2.2 The model selection estimator

Let (Sk,mn)Ken mem be a family of parametric models such that for all K € N* and
M € M, the parameters (K, m, Q,v) € Sk, m,n correspond to HMMs with K hidden states.
Note that the models Sk ar,, may depend on the number of observations n. Let us see two
ways to construct such models.

Mixture densities. Let {f:}¢cz be a parametric family of probability densities indexed
by = c R%. Let M C N*. We choose Sk Mmn to be the set of parameters (K, 7, Q,~)
such that Q and 7 are uniformly lower bounded by (logn)~! and for all x € [K], 7,

is a convex combination of M elements of { f¢}eczn—p na-

L? densities. Let (Ey)aenm be a family of finite dimensional subspaces of L2()Y, \). We
choose Sk i to be the set of parameters (K, 7, Q,y) such that Q and 7 are uniformly
lower bounded by (logn)~! and for all x € [K], 7, is a probability density such that
vz = g V 0 for a function g € Ejs such that ||g||2 < n.

In both cases, we took a lower bound on the coefficients of the transition matrix Q that
tends to zero when the number of observations grows. This allows to estimate parameters
for which some coefficients of the transition matrix are small or zero. We prove the choice
(logn)~! to be a good choice in general in Theorem 8.

For all K € N* and M € M, we define the maximum likelihood estimator on Sk rsn:

(K, 7k My Qi Moy YK0Mm) € Arg max lln(KﬂT, Q7).
(K,m,Q)€Sk,mm

Since the true distribution does not necessarily correspond to a parameter of Sx sy, tak-
ing a larger model Sg ar,, will reduce the bias of the estimator (K, 7x arn, Q K, Mns YK, Mn)-
However, larger models will make the estimation more difficult, resulting in a larger vari-
ance. This means one has to perform a bias-variance tradeoff to select a model with a
reasonable size. To do so, we select a number of states K, among a set of integers K,
and a model index M, among a set of indices M,, such that the penalized log-likelihood is
maximal:

N ~ 1 R A N
(KnyMn) € arg max <_ln(K7 7"'K,M,n:(QK,M,ny"YK,M,n) - penn(K, M))
Kekn,MeM, n

for some penalty pen,, to be chosen.
In the following, we use the following notations.

S, =U Kek, MeM,, Sk mn is the set of all parameters involved with the construction
of the maximum likelihood estimator;

° S}?Mn = {y|(K,7,Q,y) € Sk.mn} is the set of density vectors from the model

SK Mmn- sﬁﬁ) is defined in the same way.

2.3 Assumptions on the true distribution

In this section, we introduce the assumptions on the true distribution of the process (Y;)i>1.
We assume that (Y});>1 is stationary, so that one can extend it into a process (Y;)icz.
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2.3.1 FORGETTING AND MIXING

Let us state the two assumptions on the dependency of the process (Y});.

[Axforgetting] There exists two constants Cy > 0 and p. € (0, 1) such that for all i € Z,

for all k, k' € N* and for all yf—(kvk') e YVE+1

|log p* (yilyi~ ) — log ™ (yily, )| < Cupl™ !
For the mixing assumption, let us recall the definition of the p-mixing coefficient. Let
(Q, F, P) be a measured space and A C F and B C F be two sigma-fields. Let

pmix(-A7 B) = sup ‘COI‘I‘(f, g)‘
feL2(Q,A,P)
geL2(Q,B,P)

The p-mixing coefficient of (Y;); is defined by
pmix(n) = pmix(o-(}/iyi Z ’I’L), U(Yui < 0))
[Axmixing] There exists two constants ¢, > 0 and n, € N* such that

Vn = ny,  pmix(n) < de” "

[Axforgetting] ensures that the process forgets its initial distribution exponentially
fast. This assumption is especially useful for truncating the dependencies in the likelihood.
[Axmixing] is a usual mixing assumption and is used to obtain Bernstein-like concentration
inequalities. Note that [Axmixing] implies that the process (Y;);>1 is ergodic.

Even if [Axforgetting] is analog to a -mixing condition (see Bradley (2005) for a
survey on mixing conditions) and is proved using the same tool as [Axmixing] in hid-
den Markov models—namely the geometric ergodicity of the hidden state process—these
two assumptions are different in general. For instance, a Markov chain always satisfies
[Axforgetting] but not necessarily [Axmixing]. Conversely, there exists processes satis-
fying [A*mixing] but not [Axforgetting].

Lemma 1 Assume that (Y;): is generated by a HMM with a compact metric state space X
(not necessarily finite) endowed with a Borel probability measure u. Write Q* its transition
kernel and assume that Q* admits a density with respect to p that is uniformly lower bounded
and upper bounded by positive and finite constants o* and o . Write (v})zex its emission
densities and assume that they satisfy [ ~vi(y)pu(dz) € (0,400) for ally € Y.

Then [Axforgetting] and [Axmixing] hold by taking p. = 1 — %, C,=—— ¢ =

1—ps
—log(1—0c*)

5 and n, = 1.

Proof This lemma follows from the geometric ergodicity of the HMM.
For [Axforgetting], see for instance Douc et al. (2004), proof of Lemma 2.
For [Axmixing], the Doeblin condition implies that for all distribution 7 and 7’ on X',

/ Ip*(Xp = @[ Xo ~ 7) = p"(Xp = 2[Xo ~ ) |u(dz) < (1= 02)" || — 7'
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Let A € 0(Y;,t > k) and B € o(Y;,t < 0) such that P*(B) > 0. Taking 7 the stationary
distribution of (X;); and 7’ the distribution of X, conditionally to B in the above equation
implies

[P*(A]B) —P*(A)] = '/P*(A\Xn = 2)(p"(Xn = ) — p" (Xn = z[B))u(dx)

N

/ (X, = 2) — p* (X, = 2|B)|u(de)
<21 —of )™

n

Therefore, the process (Y;)i>1 18 ¢-mixing with ¢pix(n) < 2(1 — 0* )™, so that it is p-
mixing with pmix(n) < 2(dmix(n))/? < 2v/2(1 — 0 )2 (see e.g. Bradley (2005) for the
definition of the ¢-mixing coefficient and its relation to the p-mixing coefficient). One can
check that the choice of ¢, and n, allows to obtain [A*mixing] from this inequality. [ |

2.3.2 EXTREME VALUES OF THE TRUE DENSITY

We need to control the probability that the true density takes extreme values.

[Axtail] There exists two constants B* > 1 and ¢ € [0, 1] such that

VieZ, VkeN, Vux>1, P*(|logp*(Vi|Y; )| > B*u?) <e ™

In practice, only two values of ¢ are of interest. The case ¢ = 0 occurs when the
densities are lower and upper bounded by positive and finite constants. If the densities
are not bounded, then ¢ = 1 works in most cases and corresponds to subpolynomial tails.
Indeed, the lower bound on log p*(Y;|Y;}!) is always true when taking ¢ = 1 and B* =1
by definition of the density p*, resulting in the following equivalent assumption:

[Axtail’] There exists a constant B* > 1 such that

*

. 1
VieZ, VYkeN, Yv>e, P*(p*(YAYZ.Z__kl))vB)é;.

This can be obtained from Markov’s inequality under a moment assumption, as shown
in the following lemma.

Lemma 2 Assume that there exists § > 0 such that

2

Then [Axtail] holds for ¢ =1 and B* = %EMS_
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2.4 Model assumptions

We now state the assumptions on the models. Let us recall that the distribution of the
observed process is not assumed to belong to one of these models.

Consider a family of models (Sk an)Ken+ Memnen+ such that for each K, M and n,
the elements of Sk ar,, are of the form (K, 7, Q,~) where 7 is a probability density on [K],
Q is a transition matrix on [K] and v is a vector of K probability densities on ) with
respect to .

2.4.1 TRANSITION KERNEL

We need the following assumption on the transition matrices and initial distributions of S,,.
[Aergodic] There exists o_(n) € (0,e~!] such that for all (K, 7, Q,7) € Sy,

inf N >o_ d inf > o_(n).
m,ml’Ié[K}Q(x7x) o_(n) an xlelbqﬂ(x) o_(n)

[Aergodic] is standard in maximum likelihood estimation. It ensures that the pro-
cess forgets the past exponentially fast, which implies that the difference between the log-
likelihood %ln and its limit converges to zero with rate 1/n in supremum norm.

2.4.2 TAIL OF THE EMISSION DENSITIES

When (K, 7, Q,v) € S, [Aergodic] implies that under the parameters (K, m, Q,~), for all
x € [K], the probability to jump to state x at time ¢ is at least o_(n), whatever the past may
be. This implies that the density p(K,mQﬁ)(YtD/f_l) is lower bounded by o_(n) >, vz(Y:).
Furthermore, it is upper bounded by " 7,(Y;). Thus, it is enough to bound this quantity
to control p(x r q,,) Without having to handle the time dependency.

For all v € SS?) and y € ), let

by(y) =log > 7a(y).
xT

We need to control the tails of b, like we did for logp* in order to get nonasymptotic
bounds. This is the purpose of the following assumption.
[Atail] There exists two constants ¢ € [0,1] and B(n) > 1 such that

Vu>1, P*| sup |by(Y1)| = B(n)u?| <e™™.
'YES'E;{)

This assumption is often easy to check in practice, as shown in the following lemma.
Lemma 3 Assume that one of the two following assumption holds:

1. (subpolynomial tails) there exists D(n) > 1 such that

Vu>1, P*| sup by(Y1) > D(n)u| <e ™.
vesy
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2. (bounded densities) there exists D(n) > 1 such that

sup sup by(y) < D(n).
yey ﬁ/esgg)

Consider a new model where all v are replaced by v = (1 — n~ %)y +n~% for a fized
constant a > 0. Then [Atail] holds for this new model with ¢ = 1 (resp. q = 0 with the
second assumption) and B(n) = D(n) V (alogn).

Changing the densities as in the lemma amounts to adding a mixture component (with
weight n~® and distribution A) to the emission densities to make sure that they are uniformly
lower bounded. We shall see in the following that if ¢ > 1, then this additional component
changes nothing to the approximation properties of the models, see the proof of Corollary 12.
This is in agreement with the fact that this component is asymptotically never observed as
soon as a > 1.

2.4.3 COMPLEXITY OF THE APPROXIMATION SPACES

The following assumption means that as far as the bracketing entropy is concerned, the set
of emission densities of the model Sk s, (without taking the hidden state into account)
behaves like a parametric model with dimension m ;.

[Aentropy] There exists a function (M, K, D,n) — Caux > 1 and a sequence (mps)prem €
NM such that for all § > 0, M, K and D,

N yH’Yx(y)l sup [b./(y)|<D NS

(v)
V' €Sn V€S rr € lK]

mpar
smax<cj;“",1> )

where do, is the distance associated with the supremum norm and N (A,d,¢€) is the
smallest number of brackets of size € for the distance d needed to cover A. Let us
recall that the bracket [a;b] is the set of functions f such that a(-) < f(-) < b(+), and
that the size of the bracket [a;b] is d(a,b).

Note that we allow the models to depend on the sample size n, which can make Cyy grow
to infinity with n. To control the growth of the models, we use the following assumption.

[Agrowth] There exists ¢ > 0 and ngrowth such that for all n > ngrowth,

sup log Caux (M, K, B(n)(log n)?,n) < nS.
K,M s.t. K<n and mp<n

A typical way to check [Aentropy] is to use a parametrization of the emission densities,

for instance a lipschitz application [—1, 1]™M — S;’)Mn This reduces the construction of a

)

bracket covering on S}g W . to the construction of a bracket covering of the unit ball of R™ .
In this case, Cyux depends on the lipschitz constant of the parametrization. An example of
this approach is given in Section 3.2 for mixtures of exponential power distributions.
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2.5 Limit and properties of the log-likelihood

In this section, we focus on the convergence of the log-likelihood. First, we recall results
from Barron (1985) and Leroux (1992) that show the existence of its limit in a general
setting. Then, we show how to control the difference between the log-likelihood and its
limit using the assumptions from the previous Sections.

2.5.1 CONVERGENCE OF THE LOG-LIKELIHOOD

The first result comes from Barron (1985) and shows that the true log-likelihood converges
almost surely with no assumption other than the ergodicity of the process (Y;)i>1.

Lemma 4 (Barron (1985)) Assume that the process (Yi)i>1 is ergodic, then there exists
a quantity I* > —oo such that

1
-l — " as
n " n—oo

and
I* = lim E*[log (YY)

The second result follows from Theorem 2 of Leroux (1992). A careful reading of his
proof shows that one can relax his assumptions to get the following lemma. Note that the
definition of [,, extends naturally to the case where 7 is not a vector of probability densities,
or even a vector of integrable functions with respect to A, through the formula

n

n—1
W(K,m,Q) =log Y w(z1) [[ Q@i wirr) [ [ va: (V2)-

{E{LG[K]" =1 =1
Lemma 5 (Leroux (1992)) Let K be a positive integer, vy a vector of K nonnegative and
measurable functions, Q a transition matriz of size K and 7 a probability measure on [K].

Assume that the process (Yi)i=1 is ergodic and that E*[(log~,(Y1))"] < +oo for all
x € [K]. Then:

1. There exists a quantity [(K,Q,~) < 400 which does not depend on m such that

1
hmsup Eln(Kvﬂ-)Qv’y) < Z(K7Q77) P*-a.s.

n—oo

and such that if inf w(x) >0, then
z€|K]
1 k
—1,(K,m,Q,y) — I(K,Q,y) P*-as.
n n—00
2. Assume I(K,Q,~) > —oo. Then the almost sure convergence also holds in L' (P*).

3. Assume E*|logv,(Y1)| < +oo for all x € [K]. Then l(K,Q,v) > —o0.

10
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When appropriate, we define K(K, Q,~) by

K(K7 Qvly) =1 - l(K7 Qvly)

Note that when 7 is a vector of probability densities, K(K,Q,~) > 0 since it is the
limit of a sequence of Kullback-Leibler divergences: under the assumptions of Lemma 5, if

inf > 0,
:(:IEI%K] 7T($)

1 *
K(K,Q,7) = lim —KL(Pypn|Pypkrqa))-

2.5.2 APPROXIMATION OF THE LIMIT

The following lemma controls the difference between the log-likelihood and its limit. When
[Axforgetting] (resp. [Aergodic]) holds, the log-density of Y; conditionally to the pre-
vious observations converges exponentially fast to what can be seen as the density of Y;
conditionally to the whole past, that is p*(Y;]Y'!) (resp. p(K,QW)(Y;-]Y_";})). Strictly
speaking, we define the limit of the log-density L}  and L; (XK, Q,7), which can be seen
respectively as log p*(Y;|Y'2}) and logp(K,Qﬁ)(Y;]Y_i;}).
For all i € Z, k € N*, let
Liy = logp* (ViV},

where the process (Y;);>1 is extended into a process (Y;)iez by stationarity. Likewise, for
allt € Z, k e N*, (K, m,Q,v) € S;, and for all probability distribution px on [K], let

Lijpu(K,Q,v) = logp(K,Q,'y)(Y;"Y;i__klyXi—k ~ 1),

where p(x q,,) is the density of a stationary HMM with parameters (K, Q,v). When p is
the stationary distribution of the Markov chain under the parameter (K, Q,7), we write

Li,k(K7 Qv ’7)

Lemma 6

1. (Douc et al. (2004)). Assume [Aergodic] holds. Let p =1 — 13;5780. Then for

all i, k, k', p and /',

sup  |Lig (K, Q,7) — Lig (K, Q,7)] < p"*F=1/(1 - p)
(Kvﬂva'Y)eSn

and there exists a process (Ljoo)icz such that for all i and p, Ly, k—) L; o in
—00

supremum norm (when seen as a function of (K, 7, Q,7)) and for all i, k and p,

sup  [Liku(K,Q,7) — Lino(K,Q,7)| < p*71/(1 = p).
(K,’]’F,Q,“{)ESn

2. Assume [Axforgetting] holds, then for all i, k and K/, |L;‘k - L;"k,| < Cop™' =1 and
there exists a process (L} . )icz such that for all i, L, " L} . and for all i and k,
’ W k—oo 7

Lk = Lisol < Cupl™h.

11
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3. Assume [Axforgetting] and [Aergodic] hold. Under P*, the processes (L} )icz and
(Li oo (K, Q,7))icz are stationary for all (K,m,Q,v) € S,,. Moreover, if (Yi)i1 is
ergodic (for instance if [Axmizing] holds), they are ergodic and:

e if [Atail] holds, then for all (K, 7, Q,v) € Sn, (K, Q,~) exists, is finite and
UK, Q,7) = E*[L1,0(K,Q,7)];
o if [Axtail] holds, then I* exists and is finite and
" =E*[L] o)

Proof The second point follows directly from [Axforgetting].
The third point follows from the ergodicity of (¥;);>1 under [A*xmixing], from the in-
tegrability of L; - and L ., under [Atail] and [Axtail] and from Lemmas 4 and 5. [ ]

Note that under the assumptions of point 3 of Lemma 6, one has K(K, Q,~) = E| 1,00
L1 (K,Q,7)] € [0,400) for all (K,m,Q,v) € S,, (recall that v is a vector of probability
densities in this case), or with some notation abuses:

o (P10
p(K,Q,’y)(YﬂYBoo)
= Ejo_|KL®}, o [Pyvo_cam)|-

Thus, K(K,Q,~) can be seen as a Kullback Leibler divergence that measures the dif-
ference between the distribution of Y7 conditionally to the whole past under the parameter
(K, Q,~) and under the true distribution. It can be seen as the prediction error under the
parameter (K, Q,).

In the particular case where the true distribution of (Y;); is a finite state space hidden
Markov model, K characterizes the true parameters, up to permutation of the hidden states,
provided the emission densities are all distinct and the transition matrix is invertible, as
shown in the following result.

K(K,Q,v) =E

Lemma 7 (Alexandrovich et al. (2016), Theorem 5) Assume (Y;); is generated by a
finite state space HMM with parameters (K*,n*, Q*,~v*). Assume Q* is invertible and
ergodic, that the emission densities (7;)gek+) are all distinct and that B* [(logv;(Y1))"] <
oo for all x € [K*]| (so that I* < o).

Then for all K € N*, for all transition matriz Q of size K and for all K-uple of
probability densities ~y, one has K(K,Q,~) > 0.

In addition, if K < K*, then K(K,Q,v) =0 if and only if (K,Q,7y) = (K*,Q*,v*) up
to permutation of the hidden states.

3. Main results

3.1 Oracle inequality for the prediction error

The following theorem states an oracle inequality on the prediction error of our estimator.
It shows that with high probability, our estimator performs as well as the best model of the

12
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class in terms of Kullback Leibler divergence, up to a multiplicative constant and up to an
additive term decreasing as %, provided the penalty is large enough.

Theorem 8 Assume [Axforgetting], [Axmixing], [Axtail], [Aergodic], [Atail], [Aen-
tropy] and [Agrowth] hold.

Let (war)mem be a nmonnegative sequence such that ) o e”™ < e — 1. Assume
o_(n) = Cy(logn)~! and B(n) = Cglogn for some constants C, > 0 and Cp > 1+ %
(where ¢ is defined in [Agrowth]). Let a > 0. For all K and M, let

R A . 1
(K7 WK,M,TL;QK,M,H7’YK,M,TL) € arg mazxr _ln(K77T7Q7fY)7
(K7W7Q77)€SK,A1,R n

A 1 R 2 N
(K.M) € arg mar <5ln<KmK,M,n,QK,M,n,vK,M,n)—penn<K,M>>

logn
K<3¢,

M s.t. mpy<n
and let ) ) ) )
(K, 7,Q. %) = (K, T g x1 Qi it Vi 3rm)
be the nonparametric mazximum likelihood estimator.
Then there exists constants A and Cpep, depending only on o, C,, Cp, ny and c, and a
constant ng depending only on «, C, and Cp such that for all

2 — Py B* C,
= Ngrowth V1o Vexp | Co | (1+Cy) V Peve?) ) v exp Vexp i/ —(n«+ 1),
1— py Cp 2

for all t > 1, for all n < 1, with probability at least 1 — e~ — 2n~¢,

K(K,Q,9) < (1+ inf inf K(K,Q,
(K, Q,7) < (1+n) i {(KJ,QW)EsK’Mn (K,Q,7)

M s.t. mpy<n

A (1 T+q
+ 2pen,, (K, M)} + Et%

as soon as

C on 1 T+q
T {wM + (logn)* 9 (ma K + K — 1)

pen,, (K, M) >

x ((logn)*loglog n + log Cus) }

The proof of this theorem is presented in Section 5. Its structure and main steps are
detailed in Section 5.1, and the proof of these steps are gathered in Section 5.2.

Note that this theorem is not specific to one choice of the parametric models Sk a7 n:
one can choose the type of model that suits the density one wants to estimate best. In the
following section, we use mixture models to estimate densities when ) is unbounded. If )
is compact, we could use L2 spaces and this oracle inequality would still hold.

The powers of logn in the term (logn)"+? come from:

13
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e The limitation of the dependency to the log n most recent observations, which induces
a factor (logn)?;

e The dependency of o_(n) and B(n) on n, each of them at the root of a factor (logn)?;

e Truncating the emission densities (possible thanks to assumptions [Atail] and [Axtail]),
which induces a factor (logn)?4;

e The use of a Bernstein inequality for exponentially a-mixing processes, which intro-
duces a factor (logn)? compared to a Bernstein inequality for independent variables.
However, together with the previous point (the truncation of the emission densities),
the two points only induce a factor (logn)!+d.

In the term (logn)?loglogn of the penalty, a factor logn comes from the limitation of
the dependency and a factor lognloglogn from o_(n). Finally, the term (logn)3t? in the
penalty comes from the dependency of B(n) on n, from truncating the emission densities
and from using a Bernstein inequality for exponentially c-mixing processes.

3.2 Minimax adaptive estimation using location-scale mixtures

In this section, we show that the oracle inequality of Theorem 8 allows to construct an
estimator that is adaptive and minimax up to logarithmic factors when the observations
are generated by a finite state space hidden Markov model. To do so, we consider models
whose emission densities are finite mixtures of exponential power distributions, and use an
approximation result by Kruijer et al. (2010).

Assume that (Y;);>1 is generated by a stationary HMM with parameters (K*, Q*,~*),
which we call the true parameters. We consider the case )J) = R endowed with the proba-
bility A with density G : y — (m(1 + %?))~! with respect to the Lebesgue measure. In
order to quantify the approximation error by location-scale mixtures, we use the following
assumptions from Kruijer et al. (2010).

(C1) Smoothness. log(viG)) is locally S-Holder with 5 > 0, i.e. there exists a polynomial
L and a constant R > 0 such that if r is the largest integer smaller than 3, one has

Vy,y st ly =y | <R
9" log(v;Gx)
oy"

9"log(12G»)
oy"

(y) — )| <rlLy)lz -y

(C2) Moments. There exists € > 0 such that

2B+e
‘ M og(viGy), || 7 .
e[| e mam <o

/ ()5 (1262 ()dA(y) < oo

(C3) Tail. There exists positive constants ¢ and 7 such that

YEG) = O(e™WIM).

14
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(C4) Monotonicity. (viGy) is positive and there exists vy, < yar such that (yiG,) is
nondecreasing on (—o0, y,,) and nonincreasing on (ys, +00).

All these assumptions refer to the functions (v:G,), which are the densities of the
emission distributions with respect to the Lebesgue measure. Hence, the choice of the
dominating measure A does not matter as far as regularity conditions are concerned.

Note that Kruijer et al. (2010) only assumed (C3) outside of a compact set. However,
since the regularity assumption (C1) implies that (v:G)) is continuous, one can assume
(C3) for all y without loss of generality.

It is important to note that even though we require some regularity on the emission
densities, for instance through the polynomial L and the constants 8 and 7, we do not need
to know them to construct our estimator, thus making it adaptive.

We consider the following models. Let p > 2 be an even integer and

1
1
oT (1+5>

Let M = N*. We take Sk a1 as the set of parameters (K, 7, Q,~y) such that

— P
e Y.

Y(y) =

e infQ >0 _(n):= (logn)~! and inf7 > o_(n),
e For all 2 € [K], there exists (sy1,...,50m) € [37 UM, (o, .- pon) € [—ryn]M
and wy = (Wg1,...,wz ) € [0, 1] such that > wz; =1 and for all y € R,

1 1 1 Y 1 [y — e
= 1—- — ) —— o e
%) n? i < "2> Ga(y) ;wx’lsx,iw ( Sa,i )

In other words, the emission densities are mixtures of A (with weight n=2) and of M
translations and dilatations of .

Lemma 9 (Checking the assumptions) Assume inf Q* > 0, then:
o [Axforgetting] and [Axmixzing] hold.
o Assume (C3), then [Axtail] holds by taking B* > log|| >, Villce and ¢ = 1.
e [Aergodic] holds.

e [Atail] holds for all n > 10 by taking B(n) = 5logn, K, € {K|K < n} and
M, = {M |mpr < n} with myr = 2M.
e [Aentropy] and [Agrowth] hold for any ¢ > 0 by taking my; = 2M and Cyyy = dpn3.
Proof The first point follows from Lemma 1.
The second point follows from the fact that the densities 7} are uniformly bounded
under (C3) and by taking ¢ large enough in Lemma 2.

[Aergodic]| holds by definition of the models.
See Section A.1.1 for the proof of the last two points. [ ]

15



L. LEHERICY

Remark 10 One can also take (sg1,...,Szm) € [%;n]M
taking B(n) = 6logn and Cyy, = 2pn®.

The results of this section remain the same when the weight of \ in the emission densities

of Sk.mn is allowed to be larger than n™2 instead of being exactly n=2.

, in which case Lemma 9 holds by

Lemma 4 from Kruijer et al. (2010) implies the following result.

Lemma 11 (Approximation rates) Assume (C1)-(C4) hold. Then there exists a se-
quence of miztures (garz)m such that n=2 4 (1— n_2)gM,w S S;Q,M,n for alln > M and

KL(Y:|grre) = O(M 2P (log M)2ﬁ(1+§)).

Proof Proof in Section A.1.2. [ |

Corollary 12 (Minimax adaptive estimation rates) Assume (C1)-(C4) hold. Also
assume that inf Q* > 0. Then there exists a constant C > 0 such that for all M > 3 and
n>=M,

inf K(K*,Q,7) < C <Lg M | A2 (1og M0+ log n)9>
(K*,m,Q,Y)ESKk* aon n

Hence, using Theorem 8 with pen, (K,M) = (KM + K?)(logn)'®/n, there exists a
constant C' such that almost surely, there exists a (random) ng such that

Ao —28 1642 — +2
Vn = ng, K(Kp, Qn,9n) < Cn2ti(logn) " 7 25+
—28
< Ot (logn)'0+~.
Proof Proof in Section A.1.3. [ |

This result shows that our estimator reaches the minimax rate of convergence proved
by Maugis-Rabusseau and Michel (2013) for density estimation in Hellinger distance, up to
logarithmic factors. Since estimating a density is the same thing as estimating a one-state
HMM, this means that our result is adaptive and minimax up to logarithmic factors when
K* = 1. As far as we know, knowing whether increasing the number of states makes the
minimax rates of convergence better is still an open problem. It seems reasonable to think
that it doesn’t, which would imply that our estimator is in general adaptive and minimax.

4. Perspectives

The main result of this paper is a guarantee that maximum likelihood estimators based on
nonparametric hidden Markov models give sensible results even in the misspecified setting,
and that their error can be controlled nonasymptotically. Two properties of both the models
and the true distributions are at the core of this result: a mixing property and a forgetting
property, which can be seen as a local dependence property.
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These two properties are not specific to hidden Markov models. Therefore, it is likely
that our result can be generalized to many other models and distributions. To name
a few, one could consider hidden Markov models with continuous state space as stud-
ied in Douc and Matias (2001) or Douc et al. (2011), or more generally partially observed
Markov models, see for instance Douc et al. (2016) and reference therein. Special cases of
partially observed Markov models are HMMs with autoregressive properties (Douc et al.,
2004) and models with time inhomogeneous Markov regimes (Pouzo et al., 2016). One could
also consider hidden Markov fields (Kunsch et al., 1995) and graphical models to generalize
to more general distributions than time processes.

Another interesting approach is to consider other forgetting and mixing assumptions.
For instance, Le Gland and Mevel (2000) state a more general version of the forgetting as-
sumption where the constant is replaced by an almost surely finite random variable, and
Gerencsér et al. (2007) give conditions under which the moments of this random variable are
finite. Other mixing and weak dependence conditions have also been introduced in the lit-

terature with the hope of describing more general processes, see for instance Dedecker et al.
(2007).

5. Proof of the oracle inequality (Theorem 8)

5.1 Overview of the proof

By definition of (K, #,Q,4), one has for all K < 1;5:, for all M such that my; < n and for
all (K, 7r s Qi YEM) € Sk Mop

1
- ;ln(K7 Tr,M> QKM YK, M)

3|>—‘

1, N
+ pen,, (K, M) — pen, (K, 1)

where K and M are the selected number of hidden states and model index respectively.
Let ) .
V(Ka U Qv 7) = (El;kz - Eln(Kv T, Qa 7)) - K(Kv Qy/y)a
then
K(K,Q,%) < K(K, Qg um,vk,m) + 2pen, (K, M)

+v(K, mx m, Qr v, Vi) — peny, (K, M)
- V(K77%7Q7;Y) _penn(K,M)-

Now, assume that with high probability, for all K, M and (K, 7, Q,~v) € Sk, n,

|V(K77T7Q77)| - penn(K7 M) < nK(Kv Q/y) + Rn (2)

1

for some constant n € (0, 3

inequality leads to

), some penalty pen,, and some residual term R,. The above

(1 - n)K(Ka Q/.AY) < (1 + T’)K(Ka QK,Ma’YK,M) + 2penn(K7 M) + 2Rn7
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and the oracle inequality follows by noticing that HZ 1+4n and 7 L — 2 when 7 € (0, 1)
Let us now prove equation (2). The following remark will be useful in our proofs: since

lee[K} p(K,W,Q,'y) (Xk—l - x/lylk_2)Q(x/7 ‘T)fo’(Yk—l)
> welk] P m Q) (Xe—1 = 2|V )y (Vi)
€ [o-(n); 1] using [Aergodic],

P(K,7,Q,) (Xk = x|yik_1) =

one has for all k, p and (K, 7, Q,v) € S,

Lijku(K,Q,7) € [logo_(n) +log > v(Yi)ilog > (Vi
z€[K] z€[K]

=[logo_(n) —|—b7(}/;-);b7(}/;-)] (3)

and finally for all k, k' € N*| for all u, ¢/ probability distributions and for all (K, 7, Q,~)
and (K/7 ﬂJa le 7/) € Sn7

|Li,k,u(K7 Q/y) - Li,k’,u’(K,7 Ql7/7,)| log + |b ( 7«)| + |b’yl(}/1)|7

4
| Li e u (K, Q) — Ly | <log 7= + [0y (Ya)[ 4 [ L] 1. .
Approximate v(K,m, Q,~) by the deviation
(tgg Q) Zt K,Q) (Yiip) —E°lt EK)QW)(YBk)]
where D > 0 and
tE?QW) VO — (L s — Lo (K, Qy’y))l\LakW(supﬂ/esgy) b/ (Yo))<D
for a fixed = € [K]. Note that Ht%g Q) Hoo < 2D +log g,l(n) thanks to equation (3).
Considering these functions # K) has two advantages. The first one is to limit the

time dependency to an interval of feﬁgth k, which makes it possible to use the forgetting
property of the process (Y;)iez. The second one is to consider bounded functionals of this
process, for which one can get Bernstein-like concentration inequalities. The error of this
approximation is given by the following lemma.

Lemma 13 Assume [Atail], [Aergodic], [Axtail] and [Axforgetting] hold. Also assume

B(n) > B* and 0_(n) < ;:Z: A ﬁ Then for all u > 1, with probability greater than

1 —2ne ", for all (K,m,Q,v) € S,,

1
V(K 7, Q, ) — (tEf;(())W)))‘ < <6B(n)u‘1 + log a_(n)> e U

o_(n)

where p =1 — o (1)
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Proof Proof in Section 5.2.2. [

((Bu)

The following theorem is our main technical result. It shows that ( (K.Q) ) can be

controlled uniformly on all models with high probability.

Theorem 14 Assume [Aergodic], [Aentropy] and [Axmixing]. Also assume that there
exists n1 such that for all n > nq, for all K < n and M such that my; < n,

69007 (mpar K + K2 — 1)ke™*P(logn)? (k + log Caus) < 1. (6)

Let (wpr)mem be a sequence of positive numbers such that y,,e”"M < e—1. Then
there exists constants Cpe, and A depending on n, and c, and a numerical constant ng such
that for all ¢ > 0 and n = ny1 V ng, the following holds.

Let pen,, be a function such that for all K <n and M such that my < n

en 1
pen,, (K, M) > Cr (n« + k +1)? <D+log (n)> (logn)*(my K + K* — 1)
o_
1 (D + log —Ufl(n)) (lOg ’I’L)2 | . 2 D | C
- \/ auxr
x € ne +k+1 <ogn+ Oga_(n)+ +log >
+ 1| |D+lo ! (logn)? + ! v <D tlogs (n)> (log n) w (7)
ga_(n) & ny +k+1 M
Then for all s > 0, with probability larger than 1 —e™*%, for all K < n A 20+(n) and M such

that myr < n and for all (K, 7, Q,v) € Sk, Mn,

71t )| — Penn (K, M) < B[t (V)]
<D—|—log (n)>(logn)2 s

1
logn)? + — .
)(ogn) +e\/ ne+k+1 n ®)

1
+ A(ns + k +1)? (D + log
o_(n)

Proof Proof in Section B. [ |

The last step is to control the variance term E[tE?Q’ )( )] by K(K,Q, 7).

Lemma 15 Assume [Atail], [Aergodz'c] [Axtail] and [Axforgetting] hold. Also assume

that B(n) > B* and o_(n) < 3 = ”* A 1+C Ae~2. Then for all k such that

1 1
k> — (1 2log —— | ,
mvw<%”+ %axm>

one has for all D >0, v > logn and (K,7,Q,7v) € Sy,:
22

1 (D) i \2
E*[t Yi )% < K(K,Q,~) + 22,
3(2B(n)v? + log 071( )) [ (K, Q,’Y)( i-k)’] ( )+ n
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Proof Proof in Section 5.2.3. [

Now that the main lemmas have been stated, let us show how the assumptions of
Theorem 8 leads to the desired oracle inequality.
Let C, and Cp be two positive constants and let

o (n) = Cy(log )~
B(n) = Cplogn.

Let a > 0. In order to have ne™ < n~¢, take
u=(1+ «a)logn.

Note that v > 1 for all n > 3. The assumptions on v and k are v > logn and
k> U%(n) <10gn + 2log 0%(70) (note that the assumption on k entails pF~1 < (1 — p)/n).
Thus, there exists an integer ng depending on C, such that if n > ng, these assumptions

hold for
{k = C%(log n)?

v =logn

In order to get eE*[tE?Q ,Y)(Y-i_k)2] <nK(K,Q,v) + % using Lemma 15, one needs

(2

o

1.3 1 2
-2 - <ZC’B(log n)' 4 log — + log log n> .
€M C,

2
This quantity is smaller than % (C’B \/logc% v 1) (logn)?(+9) . Let C. = 48(1 +
a)?(Cp Vlog C% V1) and

1= Ce(logn)*+a)
D = B(n)ud = Cp(1+ a)i(logn)'*4

There exists an integer n(, depending only on C, and « such that for all n > ny,

1 1
<D + log J—(n)> (logn)? = <QC’B(1 + )?(log n) ' 4 log ol + log log n) (logn)?

 (logn)!~
€

and therefore

1 2
1y (D -+ 105 457 ) (ogm) _ (logm)' ™
€ ne +k+1 = € ’

Thus, there exists an integer n{; depending on C,, Cp and « such that for all n > nfj V

exp(C’o((l—l—C’*)\/%Vez))VeXp(%)\/exp \/ %(n* + 1) (so that k = C%(logn)2 >n.+1,
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B(n) > B* and 0_(n) < ;:Zi A ﬁ A e~2), equation (7) is implied by

2Chen 16

pen, (K, M) > o

<1ogn>4%<1og n)a

x |war 4+ 2Cp(1 4 a)i(logn)> 4 (my K + K? — 1)

X (Cia(log n)? <log CLJ + log log n> + log Caux> ] )

such that equation (8) (combined with Lemma 15) implies

_ (D) 16 4Ce 3+¢ 8
17k (2 (¢, )| — Penn (K, M) < K(K, Q,7) + Az (logn) ;(logn) o~

o

such that equation (5) implies

~ nu 12C5(1 4+ a)?(log n)t?  4(logn)? 4
V(K,?T,Qa’Y)—Vk(tEﬂ(;ﬁ;)) < 5 J(logn) + (log n)

notl C2n n

and such that when [Agrowth] holds and when mjy; < n and K < n, equation (6) is
implied by

2
138007Tn2c—(10g n)2e_4(1+0‘)q03(1°g")1+q (logn)®n® < n
for all n > ngrowtn, which is itself implied by
276007 n2 (log n)5€_4CB log nnC <n
Co
i.e.
276007

= (log n)°ni+¢—4Ce < 1,

which holds for all n > n{ (up to modification of nj) when Cp > 1 + %. Putting these
equations together proves Theorem 8.

5.2 Proofs

5.2.1 UPPER BOUNDS FOR THE MOMENTS OF THE TAILS

u

Let W be a nonnegative random variable such that for all v > 0, P*(W > uf) = e~
(if ¢ > 0; otherwise W = 0). Assumption [Atail] implies that there exists a coupling
of W and SUP_ g |b4(Y1)| such that on the event {supyes(w) |by(Y1)| = B(n)}, one has

SUp_ g 1b4(Y1)| < B(n)W P*-almost surely. Therefore, controlling the moments of W is
enough to control the moments of SUP_ g b~ (Y7)].
For u > 0, let

Eq(u) = E[W Ly,
Vo(u) = EWV*1ys).
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Lemma 16 For allu > 1,

Proof One has

Ey(u) = /t>OIP>(W > v u)dt

_ _¢1/q
=ule “+/ et
t>ud

=ule ™ + q/ T e~ Tqr
T>u

N

ule™™ +/ e Tdr since ¢ < 1
T>u

< 2ule™™.

Likewise,

Vi () = /b>O]P’(W > a VbV ul)d

)

= 2" 4 2/ et dt
t>ud
= ue " + 2q/ T2 e~ TgT
T>u

= u?%e™" 4+ 2qu e + 2¢(2¢ — 1) / T2 2= Tqr
T>u

by integration by parts, which is enough to conclude.

5.2.2 PROOF OF LEMMA 13 (APPROXIMATING THE LIKELIHOOD)

Let t(x.q) : YBk — Loy — Lo (K,Q,7v). Then, since

— 1 * *
v(K,m Q) — nk(t(k,qq) = - Z( ric1— Lig)
i—1

1 n
- Z(Li,i—lﬂr(Ka Q,7) = Lir(K,Q,7))
=1

- E[sz],oo - Lg,k] + E[LO,OO(K7 Qa ’Y) - LO,k,:E(Ka nyY)]y
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one gets using Lemma 6 and [Axforgetting] that

" pli=DAk=1 (-OAE-T Pkl
V(K7 Q. ) — k(tx.q)l E: =, %3 §: 1 p+@
1 9pk=1 ( 1 k1>
+ T O N —7 = + 20
np(l — p)? 1—p nps(1 — py)
LA

np(l—p)*  1-p

as soon as

which holds for o_(n) < ;:Z: A H—LC*
Then, note that
_ — /,(B(n) uq
Uk(t(r,Q) — HtKQw E:tKQm me@w s by (D))>B(nyu

* 0
-k [ (K.Q) (Y—k)]‘\Lak\\/(supﬁ/es(,y) |b,Y/(Yo)|)>B(n)u‘1]‘

We restrict ourselves to the event (), {|L; |V (Squy'eS,(ﬁ) b (Y3)]) < B(n)uf}, which
occurs with probability greater than 1 —2ne™" using assumptions [Atail] and [Axtail]. On
this event,

~ z :t KQW |L eV (sup (,Y)’bwl(Yi)’)>B(n)uq
v €Sy
Moreover,

* 0 (B(n)u? X
Bt (@) (Yok) — t(Ker))(Y—O )| =E Ht(K,Q,’y)(Y—Ok)’1|L8yk|v(sup’ylesg) 16, (Yo))> B(nyut]-

Equation (3) ensures that [tk q ) (Y2,)| < [L§ |+ sup [0y (Yo)| + log 5 ( 7> so that
,Ylesgb’Y)

* B(n)u?
B[ty (Vo) =t oy (V2D

<E” [’La,k\ <1Lak|>B(n)u‘1 T LL;  I<Bn)ui< sup |by (Y0)|>]

4 ES’,L’Y)

+E*| sup ‘b'y’(YO)‘ <1 sup b,/ (Yo)|>B(n)u? +1 sup bvr(Yo)SB(n)uq<LOk|>]

y'esy) sy +es()
1
log O'—(’I’L) 1|Lak\>B(n)uq +1 sup [b./ (Yo)|>B(n)u?
B v s
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[Atail] and [Axtail] imply that SUp_, g by (Yo)| /B(n) and |Lg x|/ B* can be upper
bounded by the random variable W defined in Section 5.2.1, which means that for all u > 1,

% n)ud
BTt . (Vo) ~t i oy (V2]

< B*Ey(u) + B(n)uiP* | sup |by(Yo)| > B(n)u?
’*{’ES»E{Y)

+ B(n)Eq(u) + B(n)ulP*(|Lg x| > B(n)u?)

1 ” q
+ <10g - (n)> <]P’ <7/s€1;15)7) b (Yo)| > B(n)u )

+ ([ Lokl > B(n)uq)>

1
< 6B dem™ + 2 log —— | e ™
6B(n)ule™ + <Oga_(n)> e
as soon as B(n) > B*, which concludes the proof.

5.2.3 PROOF OF LEMMA 15 (CONTROLLING THE VARIANCE RESIDUAL)

Lemma 17 Assume [Atail], [Aergodic] and [Axtail] hold. Assume o_(n) < e~2 and let
V(K7 Qﬁ) = E* [(sz],oo - LO,OO(Ky vi))z] :

Then for all v > 1,

1
3(2B(n)v? + log ——

o_(n)

4
FVK.Q) SK(K.Q7) + e

Proof We need the following lemma :

Lemma 18 (Shen et al. (2013), Lemma 4) For any two probability measures P and Q

with density p and q and any X\ € (0,e™],
P\’ 1) P\, (p_1
Ep <log —> < H(P, Q)2 12+2 <log—> + 8Ep <log —> 1 (— > —)
q A q qg A
where H(P, Q) is the Hellinger distance between P and Q:
H(P,Q)* = —2Ep|(a/p)'/* — 1] = / (VP — Va)*dx.
Take P = P;o\Y:; and Q = PYO\Y:;,(K,Q,W)’ so that Ep(log§)2 = V(K,Q,~v). Using

equation (4), one gets

) 2

1

<log£> < | sup [by(Yo)| + |Lg o] + log —
q “/,ES'EL’Y) 0—

1 1\?
<2(1+7) sup |baY/(Y0)|2 +2(1+ 7')|L(’§7oo|2 + <1 + —> <10g —)
’Y/ES»S;/) T 00—
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for any 7 > 0. Let v be a real number such that 2B(n)v? = log% — log %W, then
p 1> . 1 1
1{=2>2— ] <1| sup |b/(Yo)| +|Lj | = log — —log ——
(225 (yeww ()] 1L ] > log § — log s

<1 sup [by (V)| V |Lj ol = B |
~'esyy) ’

so that

o) 24

<16(1 + 7)E* | |L§ o7 <1Lgm>3(n)uq + 1Ly <Brywi< sup |, (Y0)|>]

,Y/esgb’Y)

+ 16(1 + T)E* sup ‘b’Y’(YO)P (1 sup [b,/(Yo)|>B(n)ve +1 sup |b’y/(Y0)|<B(n)Uq<|L6,oo|>]

y'esy +esly) v es{y
1 1)\?2

+8 <1+_> (1og_> B
T o—

[Atail] and [Axtail] imply that SUP_, g by (Y0)| /B(n) and |L§ ool/B* can be upper
bounded by the random variable W defined in Section 5.2.1, which means that for all v > 1,

2 1
(bs) 1(5>3)
q q A

<16(1+7) ((B*)qu(v) + B(n)*v* 1P < sup [by(Yo)[ > B(n)vq>>

1\Laoo|>B(n)vq +1 sup [b./(Yo)|>B(n)v?
v s

SEp

'y’ES,(J)
+16(1 4 7) (B(n)*Vg(v) + B(n)*v*P*(|L 4| > B(n)v?))

2
+8(1+§) (1og : ) (P*<sup rb¢<sfo>r>B<n>vq>+P*<!La,k\>B<n>vq>>

o— (n) ,Y/eSgL’Y)

<o (10 2) (e ) a2 e

< 64e™" <<log U_l(n)>2 - 4B(n)%QQ>

as soon as B(n) > B* by taking 7 = 1.

Therefore, for all v > 1 such that the real number A\ defined by 2B(n)v? = log% —
log 0%(”) satisfies A < e (i.e. 2B(n)v? > 4 — log 0%(”), which holds as soon as v > 1 and
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* * 1_ ’

+64<<1og0%(n)>2+43( )2 2‘1>e v

< EY:; [KL(]P’Y vl ”]P’yo\y ;,(KQW))] <12 +2 <2B(n)vq +log 0— (”)) >

2
+ 64 <log +2B(n)v > e’

1
o(n)
using that the Kullback Leibler divergence is lower bounded by the Hellinger distance. The
condition 2B(n)v? > 4 —log ( y ensures that 12+2(2B(n)v? +log - (n)) < 3(2B(n)v? +
log 071@))2‘ Finally, using

E ;[KL(P; V-1 1 HPYO| 700,(]{ Q;y))] = K(K7Q77)7

one gets
1)’ 1)
K, 2B(n)v? +1 K(K 4 2B(n)v? +1 -
V(K. Quy) < 3 (200" +log ) K(KLQua) + 04 (280 +log ) e
2

and the lemma is proved by dividing both sides by 3 <2B (n)v? + log a,l(n)> . |

The next step is the control of the difference between V(K, Q, ) and E*[t E K)Q i, (Y ,)?).
Taking ¢ (x,q,4) YO —s L§ & — Lok (K, Q,7), one has by definition of tEK)Qﬁ)

x7,(D 7 * 3
B[t g (Vi) < Bt (Vi) -

Then,

B[t (k.qu) (Yiig)?]— V(K,Q,)|
= |E* [(Lak - LO,k,x(K, QaV))Z] - E* [(Laoo - LO,OO(Ka Q,V))z”
SE (Lo — Looo) — (Lokz — Looo) (K, Q,7))
X ((Lo g — Lok, (K, Q,7)) + (Lj 0o — Lo,0o(K,Q,7)))]

k—1 1
<2 E* + 2log
o_(n)

1 —
<(2B<n) +2B7)(1 + Ey(1)) + 2log o%n))

<4B(n) +log U_l(n)> .

B

2 sup by (Yo)| + [Lo| + | Lo ool
,Y/esg}’)

AS)
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using Lemma 6, equation (4), Lemma 16, B(n) > B* and the condition on o_(n) (which
implies p > p. and 1Tlp > C,). Therefore, under the assumptions of Lemma 17, one has

1 (D) ;32
E*[t Y!
3(2B(n)vi + log 071( )) | & Q’W)( =)
64 _ 4pF1 < 1 >
<K(K,Q,y)+ —e "+ 4B(n) + 1
(K, Q.7) 3° 3(1 — p)(2B(n)vi + log %W)? (n) +log o_(n)
4 B Spk—l
K(K,Q, —e '+
(K, Q) + 3° 3(1 —p)(2B(n)ve + log a,l(n))
64 2pF~1
K(K, - .
Let us take k > —{giz + loglé;p) +1 and v > logn, so that
4 2pk 1 4 2i(1-
3 31—p) " 3n 3(1-p)
22
<z
n
The constant p is defined by p = 1 — o-() _ 54 that < —t—~ and — log(1 — p) <

1 —o_(n)?’
log m. Therefore, the condition on k holds as soon as

log p o—(n)

k> U_L(n) <logn + 2log U_l(n)> 9)

using that loglogx < (logx)/e for all x > 1 and that e(1 — 1/e) > 1. Therefore, for all k
satisfying equation (9), for all D > 0 and v > logn,

1
3(2B(n)v? + log 071( ))

) 22
E* (0 g (Yior)?] < K(K,Q.7) +

which concludes the proof.
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Appendix A. Proofs for the minimax adaptive estimation

A.1 Proofs for the mixture framework

A.1.1 PROOF OF LEMMA 9 (CHECKING THE ASSUMPTIONS)
Checking [Atail] By definition of the emission densities, b,(y) > —2logn for all v € s\,

Moreover, for all y € Y and v € Sﬁ}%,n,

bfy(y) < log Z <1 v/ maxy, s %1/} (y;u))

ze[K] GA(y)

1 _
<log K 4+0V <maxlog gzﬁ (%) — log G,\(y)>
H,s

1 y—p\” 2
<logn + 0V | max logg— — + log(1 +y~) + log
H,s

| )
2I'(1+1/p)
<logn+0V <— min(y — p)P + log(1 + y?) +log M + 10g7r> ,
m

where we recall that the maximum is taken over y € [—n,n] and s € [17,1]. By the choice
of IC,, and M,,, one also has K <n and my; < n,ie. M < %
If y € [-n,n],

by(y) <logn+0V (log(1 +y?) + log M + log )
<logn+0V (log(1 + n?) +log(n/2) + log )
<

4logn + log(me/2) < 5logn
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as soon as n > 5. Otherwise, one can take y > n and then

by (y) <logn +0V (—(y — n)? +log(1 + y?) +log M + log )

<1
<logn+ 0V (—(y —n)? +1log(1 + 2(y — n)* + 2n?) + log M + log )
<logn +0V (=YP +log(1 4 2Y?) + log 2n? + log(n/2) + log )

by writing Y = y — n and using that log(a + b) < loga + logb when a,b > 1. Since
maxy >o(—Y? + log(1 + 2Y2)) < log3 as soon as p > 2, one gets

by(y) < 4logn +log3m < Slogn

as soons as n > 10.

Checking [Aentropy| and [Hgrowth] Let us first assume that there exists a constant

L, such that the function (u,s) — %&S’_“)) is L,-Lipschitz for all y (where the

origin space is endowed with the supremum norm). Then a bracket covering of size € of

([n,n] x [37, 1) provides a bracket covering of {v(:|z)} 5 of size Lpe. Since there

vesy el
exists a bracket covering of size € of [n,n] x [+, 1] for the supremum norm with less than
(42 v 1)? brackets, one gets [Aentropy] by taking Caux = 4L,n and ma = 2M.
Let us now check that this constant L, exists.

01 y—p\’
e (- (1))

0 ()
o Gi(y)

1
27 (14 2)(1+?)

_ i = (- (=2))
2nl(1 4 3)(1 4+ y2)s? | s s
|
< S—2Yp Lexp(=Y?P)
< M2ZV VP Z 2
by writing Y = |y — u|/s and Z = YP. Likewise,
9] _ ! BRI S Ui P (_ <y—u>p>
o Ga(y) 2n0(1+ )1 +y?) | s Ts sPH s

1
< 5lpZ —1|e”
s

2P

<n2

as soon as p > 2. Thus, one can take L, = pn?, which corresponds to Caux = 4pn®. With
this Chaux, checking [Hgrowth] is straightforward for all ¢ > 0.

A.1.2 PROOF OF LEMMA 11 (APPROXIMATION RATES)

Let F(y) = e~W". Lemma 4 of Kruijer et al. (2010) ensures that there exists ¢ > 0
and H > 68 + 4p such that for all x € [K*] and u > 0, there exists a mixture g, , with
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O(u~!|log ul[P/T) components, each with density 1v(=£) with respect to the Lebesgue mea-
sure for some p € {y| F(y) > cdu'}, such that g, , approximates the emission density ~7:

max K L(v, ng,x) = O(u_w)'

Take s = ullogu|~'"7. When |u| > s7%, one has F(u) < exp(—cs™™) = o(cds™).

Thus, for s small enough, all translation parameters u belong to [~s~!,s7!]. Moreover,
by definition of s, the mixture g, , contains fewer than s~1 components when s is small
enough. Finally, we use that

s=u|logu|"'"7 = u < s|logs|'tT.

Taking s~' = M and 9gM,z = Gu,» concludes the proof.

A.1.3 PROOF OF COROLLARY 12 (MINIMAX ADAPTIVE ESTIMATION RATE)

Denote by h the Hellinger distance, defined by h(p, )2 = Ep[(1/q/p—1)?] for all probability
densities p and ¢ associated to probability measures P and Q). Let

H2(K7Q7’Y) = E;goo |:h2(p§/1‘ygoo7pY1|YEOO,(K,Q,'y))}

be the Hellinger distance between the distributions of Y7 conditionally to Y. under the
true distribution and under the parameters (K, Q,~) (see Lemma 6 for the definition of
these conditional distributions).

The following lemma shows that the Kullback-Leibler divergence and the Hellinger dis-
tance are equivalent up to a logarithmic factor and a small additive term.

Lemma 19 Assume that [Axtail], [Axforgetting], [Atail] and [Aergodic] hold with
B(n) = Cglogn and o_(n) = Cy(logn)~!.

Then there exists a constant ny depending on Cp and C, such that for all n > nq V
eXp(g;;), one has for all (K,Q,~) € S,

H2(K,Q7"}/) < K(K7Q7’7) < 5CB(IOgn)2 <H2(K,Q,’Y) + %) .

Proof The lower bound comes from the fact that the square of the Hellinger distance is
smaller than the Kullback-Leibler divergence. For the upper bound, we use Lemma 4 of
Shen et al. (2013): for all v > 4 and for all probability measures P and @) with densities p
and q,

KL®|q) < h2(p,q) (1 + 20) + 2Ep Klogg) 1 {1og§ > UH .

Take p = p;l\yi)oo and ¢ = Pyi|y°_ (K,Qn)" Then logg < ‘b-y’ + ‘Lioo‘ + log —a,l(n)

— o0

and 1 {logg > v} < 1{[by| = (v —log o%(n))} VI{[L] | = (v — log cr%(n))} Taking
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v = 20pg(logn)?, one gets that there exists n; depending only on Cz and C, such that for
all n > ny, v+logo_(n) = (Cplogn)? and 1+ 2v < 5Cp(logn)?, so that

K(K,Q,7) <5Cp(logn)"H*(K, Q,7)
+Cp(logn)® {P*(|by] > Cp(logn)®) +P* (L] | = Cp(logn)?)}
+ 2B (|17 00| + 14)
% (L{IL] oo| = Cp(logn)*} v 1{[by| = Cp(logn)*})].

Note that [Axtail] also holds for Lj . using the uniform convergence of Lemma 6.
This implies that P*(|L] .| > Cp(log n)?) < exp(—logn) < n~! since Cp(logn) > B* for
n > eXp(g;;). Likewise, [Atail] implies that P*(|b,| > Cp(logn)?) < n~L.

The last expectation of the above equation can be written as

2E*[(a + b)1{a Vb > Cp(logn)?}]
where a = |L7 | and b = |by[. Then, note that

2E*[al{a Vb > Cp(logn)*})] =2E*[al{a > Cp(logn)?})]
+ 2E*[al{b > Cp(logn)* > a})]
<4Cp(logn)%e™ 18" 4 20 (log n)*P*[b > Cp(logn)?]
<4Cp(logn)?e™ 18" 4 2Cp(log n)?e~ 8™

(logn)?
n

<6CpB

using Cplogn > B* and Lemma 16 for the first term and [Atail] for the second one.
Likewise,

2
9E*[b1{a Vb > Cp(logn)?})] < 603(1%7"),

so that finally

1 2
K(K.Q.7) < 5C5(05n)"H2(K, Q.7) + 1405 Ognn) :

which concludes the proof. [ |

Let M € N*. Let ga, be the approximating densities given by Lemma 11 and write
Yz = n 24+ (1 — n gy, for all z € [K*]. The following lemma controls the error
H(K*, Q", (Ym,2)) coming from the approximation of the densities.

Lemma 20 Assume o_(n) < inf Q, then

R Q" m)e) < (24 ) R
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Proof Let pj = p*(X1 = z|Y°) and p, = pix+q-, (sz) (X1 = 2[Y? ). The Cauchy-
Schwarz inequality implies that (/Y. , az — />, bs)? < 3. (/@z — Vbs)?, so that

2

h? (ZPZ’Y}ZPﬂM,x) = / \/Zp?ﬂ; - \/ > pevaa | dA
< [ Sz - vy
<2 [ 32 (/3 = VTR + (VP = VBD)

<2pr (Vs ¥00,) —I—QZ\/p_w N/%

Thus, one needs to control the expectation of the second term. Since p, and p} belong
to [0_(n); 1] by minoration of their transition matrices, one has

Z —\/Pi)? € [4 401( )]Zw:(px—p;i)z-

The following equation follows from a careful reading of the proof of Proposition 2.1 of
De Castro et al. (2017) by noticing that the roles of v* and 7y, are symmetrical in their
proof.

; ax, |% —i) — Ym2(Y_s)|
lem Pal S 53—y Z S (Y VY e (Yo)

Therefore, using the Cauchy—Schwarz 1nequahty.

2
> (pe —15)* < <Z |Pa —p?gl)

16 [ maxg (V=) — e (Yoi)
s <o_<n>>2<1—p>3§p <z ROV >y vtV z>> ‘

Since \/7|b < |v/a — Vb|, one has
max, [VE(Y) = e (V) \? _ [ maxe (v (y) — yare(»))?
<z (Y vz (Y %) < >, m VS e W)

< Z/ D i)
Hy| (m- Voarelw))

=4 P ),
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so that
1
E* * » 2 < ]E* . — *\ 2
[ ] <t [ 0]
16
< W2 (Ve Yade)s
(o Gyt 20002
which concludes the proof of the lemma. [ ]

Finally, since [va+b— +/c| < |v/a —+/c| + +/|b] for all b € R, a = (—b) VO and ¢ > 0,

one has for all x

% X 4
h’z(’}/:m’YM,x) < 2h2(’7m7gM,x) + ﬁ

i} 4
<2KL(v;llgn,z) + et

Therefore,

log n)2
K(K*, Q" (Tar2)2) < 1505 5 )

32 4 "

(0-(n))*(1 = p)*

Since o_(n) = Cy(logn)~! and (1 — p)~! < (0_(n))~}, there exists a constant C such
that for all n > 3,

2
K(K*, Q*’ (’YM,x)x) < C (@ + M—2ﬁ(10g M)2ﬁ(1+§)(logn)9>

by definition of the densities gz z.

The choice of penalty verifies the lower bound of Theorem 8. Thus, the oracle inequality
of Theorem 8 with n =1, @« = 2 and ¢t = 2logn entails that for n large enough and for any
sequence (M), such that M, < n/2 for all n:

A A~ 1 9
K(K,Q,%) <2K(K*,Q*, (Yar, 2)x) + 2pen, (K*, M,,) + AM

2
<2C (M + M28(log n)26(1+f:>+9>
n

1 15 1 9
o UoBm gy gy o8 )
n
28(1+p/7)—6
Taking M,, ~ nﬁ(log n) 24T , one gets the announced rate.
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Appendix B. Proof of the control of 7, (Theorem 14)

Let us give an overview of the proof of the control of 7.

The first step of the proof is to obtain a Bernstein inequality on 7 () for a single function
t. This is done using the mixing properties of the process (Y;); and by noticing that y(t)
is the deviation of an empirical mean.

The second step is to transform the inequality on one function ¢ into an inequality on the
supremum over all function ¢ belonging to a given class. This step involves the bracketing
entropy of the aforementionned class. The control of this entropy is where the shape of the

penalty appears.

+D)
(K,Q)
ters (K, 7, Q,v) € Sk mn. However, this upper bound is of order n=1/2 (up to logarithmic

factors), which is suboptimal. The third step of the proof gets rid of the n~Y2 term by
considering the processes

At this stage, one is able to upper bound the supremum of 7 ( ) over all parame-

7t )]
Wk Mn = sup D) (X.Q7) 5
(K,7,Q7)ESK,Mmn EX [t(K,Q,y)(ZOP] + T vin

for some constants xx rr,. The last step of the proof consists in taking appropriate g ar,n
in order to have with high probability and for all K and M

Wk vn < €
WK,M,nJE%{,MW < penn(K, M) + Ry

for a residual term R,, depending on the probability, which leads to the desired inequality

_ D x7,(D
V(Ka 7T7 Q7 ’Y) € SK,M,nv ’Vk(tEK?Q,»y))’ - penn(K7 M) < EE [tEK?Qﬁ)(ZO)ﬂ + Rn

The concentration results are stated in Section B.1. The control of the bracketing
entropy is done in Section B.2. Finally, the choice of xx a7, and the synthesis of the proof
are done in Section B.3.

In the rest of this Section, we omit the dependency of o_, B, Wk v, xx m and Sk v
on n in the notations. We also introduce the notation 6§ = (K, 7, Q,~) for (K, 7, Q,v) € S,
to make the notation shorter. Given 6 € S,,, we write my, Qg and yy its components.

B.1 Concentration inequality

First, let us introduce some notations. Let D > 0, K > 1, M € M and k£ > 1. For all
1 €L, let Z; = Y;Z_k Define for all & > 0 the sets

B, = {6 € Sk | B[t (Z0)%) < 02}

Let dj be the semi-distance defined by di(t1,t2) = E*[(t1 — t2)?(Zo)]. Let N(A,d,€) =
ef(Ade) denote the minimal cardinality of a covering of A by brackets of size € for the
semi-distance d, that is by sets [ti,t2] = {t: V¥ ——= R, t;(-) < t(-) < t2(-)} such that
d(t1,t2) <e. H(A,d,-) is called the bracketing entropy of A for the semi-distance d.

The first step of the proof is to obtain a Bernstein inequality for the deviations of a

single t(P)(Z;).
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Theorem 21 Assume [Axmixing] holds. Then there exists a constant Cy, depending on
cs and ny such that the following holds.

Let t be a real valued, measurable bounded function on Y*+1. Let V = E*[t?(Zy)]. Then

for all X € (0, Cmiz(n*+k+11)||t||oo(logn)2) and for all n € N:

n C2 (i + k+ 1)2(nV + [|t]|2)N2
= log E* Z;) —EU(Z;)) | < % -
6(\) = log E" exp A;@( ) =EUZ| S 726, i+ ko Dl (log )72

Proof The following result is a Bernstein inequality for exponentially a-mixing processes.

Lemma 22 (Merlevede et al. (2009), Theorem 2) Let (A;)i>1 be a stationary sequence
of centered real-valued random variables such that ||A1|lcc < M and whose a-mizing coeffi-
cients satisfy, for a certain ¢ > 0,

Vn € N, Qmiz(n) < e 2en,

Then there exists positive constants C7 and Cy depending on ¢ such that for all n > 2

and all \ € (0, W),

< 02)\2(71’0 + M2)

logE < )
08 R exb 1 —C1AM (logn)?

i=1

where v is defined by
v = Var(A;) + 22 |Cov (A1, Ai)l.

i>1

Assumption [A*xmixing] implies that the a-mixing coefficients of (Y;); satisfy amix(n) <
e~ ™" for all n > n, since 4damix(n) < pmix(n) (see for instance Bradley (2005)). However,
this is not enough to apply the previous result: one needs the inequality to hold for all n
(and not for n larger than some constant) and for the process (Z;);. To do so, we partition
the process (Z;); into several processes for which the above result applies, and then gather
the inequalities.

Consider the processes (Zj(n, +k41)+;)i With a-mixing coefficients az j(n). By construc-
tion, they satisfy az;j(n) < e*™" for all n > 1 and j € {1,...,n. + k + 1}. Apply
Lemma 22, one gets that there exists two positive constants C; and Cy depending on c,
and n, such that for all function ¢, all A € (0, W) and all n € N:

¢;(A) :=1logE" exp | A (HZign.+hs1)+i) — B Zign.sh1)+7))
i—1
CoX?(nw + 1t%.)
S T O[] (log )2
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where, denoting V = E*t?(Zp):

v = Var(t(Z;)) + 2 Z [Cov (t(Z5), t(Zi(n.+k+1)+5)]
i>1

SV 42V Y |Corr (HZ;), HZin,+h+1)+5)]
i>1
<V <1 -+ 8Ze—0*"*i)
i>1
8V

Tl — e

using [Axmixing]. Finally, using that EHle A; < Hle(EAf)l/ k for any positive integer
k and any positive random variable (4;)1<;<k, one gets

1 nx«+k+1
N — ((ne + 4+ 1N,
6N < ; 0j((ne + k4 1)A)
so that
o < o (s + k4 12N (nV + [|t]]3)
o) < 1—Ci(ny + k+ DAt o (logn)?
which concludes the proof. [ |

The following result follows mutatis mutandis from the proof of Theorem 6.8 of Massart
(2007) using the previous theorem.

Lemma 23 Assume [Axmixing] holds. Then there exists a constant C* > 1 depending
on ny and ¢, such that the following holds.

Let T be a class of real valued and measurable functions on Y*1 such that T is separable
for the supremum norm. Also assume that there exists positive numbers o and b such that
forallt € T, ||t|lo < b and E*t*(Zy) < o? and assume that N(T,dy,d) is finite for all
0> 0.

Then for all measurable set A such that P*(A) > 0:

Ef os (1)

N b(loin)2 log <P*}A)>

E = \/ﬁ/ VH(T, dy,u) Andu + b(logn)?H(T,dy, o).
0

E* <sup\1/k(t)\‘A> <C*(ne +k+1)
teT

where

Now, by taking 7 = {téD) |0 € B,} and b= 2D + log J%, one gets the following lemma
from Lemma 4.23 and Lemma 2.4 of Massart (2007):
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Lemma 24 Assume that there exists a function ¢ and constants C' and ox pr such that
T — @ 18 nonincreasing and

Vo = ox,m E < Cy(o)y/n. (10)

Then for all xx ar = o pr and z > 0, one has with probability greater than 1 —e™*:
_ (D
. 72 (t5”")|
K,M ‘= Sup
0€SK, M E*[te (Z0)?] +33%{7M

p(xK,m)
x%(,M\/ﬁ

1 1 2
TR —— —|—<2D+log—> 7‘2(20“) ] (11)
':UK,MTL g_ IIJ‘K7MTL

The two remaining steps are the control of the bracketing entropy which will lead to equation
(10) (see Section B.2) and the choice of the parameters zx p and z (see Section B.3).

C

<4C* (ny +k+1)

B.2 Control of the bracketing entropy
B.2.1 REDUCTION OF THE SET

For all § € Sk ur, let g9 = (9,2)ze[Kx) Where

i Po(Xp =2, Yy =yl Yy =yb™") if [Lixl v sup [by(yr)| < D,
967:0 : yo — 0'eS,,

0 otherwise.

In order to control the bracketing entropy of {téD) | 8 € By}, we control the bracketing
entropy of the set G := {gy | 0 € Sk a} for the distance

dg(g917g92) = E;Okfl [ Z /‘991,$(Y0k_17yk) - g@z,m(Yok_layk)’
z€[K)

X Lr  [Vsupgres,, [bgr ()| <DIAYR) | -

Remark 25 In the rest of Section B.2, we always assume that
Ll V sup [by(yx)| < D (12)
0'eS,

since if this is not the case, then téD) (yx) = téP) (yx) = 0. This means that only the yy
satisfying equation (12) are relevant for the construction of the brackets.

For all 0 € S, one has

> goa= Y po(Ve =yl Xi = 2)Qo(z, 2 )po(Xp1 = 2|V = yf )

z€[K] z,x'€[K]
€lo 1] Y po(Vi =yl X = 2)po(Xp1 = 2/ Y5 =457
z,x’ €[K]
— [0_7 1]ebe(yk)
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so that for all 8 € Sk ar,

dem\e

z€[K]

Let [a, b] be a bracket of size € for G with the distance dg such that o_e™?/2 <> _a, <
>, b < 2eP. Then

2
<log2ax — logax> < <log %:;D + log 26D> logz Gy — logz b,
<D+10g—> Zlam— -

using that o_ < 1/4 and |loga — logb| < |a — b|/(a A D).
Therefore,

2
dp. <log2ax,logaI)
2
e /(logzam —logsz) (Yo~ ye)p™ (Ve = wal Yo ) A (dys)
1
<4 (D + log J—) yk 1 [/ Z |az — b (Y ,yk)L;;’kA(dyk)]
/Z\ax—b (Y i) A (dyk)]

1
4<D+10g—> ]E*kl
g_

1 e2P
=4(D+log — | —
( + log O'_> o dg(a, b)7

so that

2
(D) Y o-¢€
N({t 0e€B,},di,e) <N | G,dg, 13
({tg " | }dy,€) G.dg <4(D—|—log%)€2D) (13)

where N is the minimal cardinality of a bracket covering of G such that all brackets [a, b]
satisfy o_e P /2 <3 a, <3, by < 2eP

B.2.2 DECOMPOSITION INTO SIMPLE SETS

The aim of this section is to prove the following lemma.
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Lemma 26 Let e € <0, e (%)kH) Then

_ o_\* €
N(g7d976) < N {WG}GESK,M7d007 (7) W

o_\k €
x N ({QG}GGSK,M7d°°’ (7) W)
o_\k €€_D
x N <{79}063K,M’d°°’ <7) m)

where do 1s the distance of the supremum norm and where vy denotes the function (z,y) —
Yo(y|x).

Let:
e [a,b] be a bracket of {7g}gesy ,, of size € for the supremum norm ;
e [p,q] be a bracket of {Qg}ges, ,, of size € pour the supremum norm ;
e [u,v] be a bracket of {ys}ges, ,, of size e for the supremum norm.

Without loss of generality, one can assume o_ < a(z) < b(z) < 1 and o < p(z,2') <
q(z,2') < 1 for all z,2" € [K] since all elements of {mg}ocs, ,, and {Qglocs, ,, satisfy
these inequalities. One can also assume that there exists § € Sk s such that mp € [a, b],
Qo € [p,q| and 7y € [u,v]. Under this assumption, all brackets that we construct are non
empty and for all y € Y, e P (1 — Ke) <> uylz) <., v(ylz) < el + Kee™P.

Using the approach of Appendix A of De Castro et al. (2017), one can write gy , as the
following product of matrices

K 0 0 o
90.2(Yo) = (:uo\k—lFHk—l = Fk—l\k—lQG)x Yo (Y| x)
where

Buwlw) = Y Qo(wi,zir)vWiralwits) .- Qo(wr—1, 2)v0 (yi|2k),

ak  e[Kk-i
mo(x) Bojk ()
wek) T0(2) ok (")’
Bil (i) Qo (wi-1, i)V (yil i)
> weik) Bik (@) Qo (wi-1, 2)v0 (yilx)

Fﬁk(‘ri—h xl) =

To clarify the role of these quantities, observe that

B (i) = Po (V11X = ),
Ng\k(x) = Py(Xo = z[Y}),
Fl (i, mi) = Po(Xi = 2|V, Xi1 = @),
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so that
Now, let
app(@) = > planza)u@ialwi) - p(@e—1, o) ulyelor)
m§+1€[K}k*
Sp(z) = Y a(wi wir)v(Wipalzi) - q(@e—1, 2r)v(yelze)
L mﬁle[K}k*
) — @0
Zx/e[m b(a')dor (")
o) - M)
Zm’e[K] a(@) ok (2')
and

Fie(@io1, i) = ai\k(xi)l)(xi_l,a:i)u(yi\xi)
A > velk) Ok (@) q(zi—1, 2)v(yil2)

i (o1, 71) = St (i) a(@i1, i) v(yi|w:)
i i—1,4e) —
! er[K] Oéi\k(x)p(xi—h x)u(y;|x)

[v,w] and [f;, gix] are brackets of {Ng\k}GESK,M and {Fﬁk}QESK,NI for all © € {1,...,k}.
Moreover, if one has a bracket covering of the sets {7g }gesy, 1, {Qo}oesk ,, and {70 foes s
then this construction gives a bracket covering of {,ug‘k}(;eg}{, . and {F|k}9€SK  for all

ie{l,... k}.

The next step of the proof is to control the size of these new brackets.

Lemma 27 Assume € < 2K, then

i — 0 ki
> vk e (@) — 0 ()] 4 (i) .
g_

sup

1<i<k EIG[K} ()
and i
> weik) (@) u(yilz) = i ()v(yslo)] ( 2 ) —
sup <41 — €.
1<i<k er[K] Oéi\k(x)u(yi|$) o—

Proof Using minimalist notations, one has

i+1 J J k
E |eix(2) — 61 ( E Z P iy tioalpi_y — Gy gE vk

z€[K] j=i+1 kE[Kk i+1

i+1 ]+1 k
+ E g D; " Wit1- p] g — vl gy
=it ghe[Kb-it1
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Then, note that for all j,

i+1 j—1 j j j+1 k
E P Ui Py oui|piy — G |vigg T gk
ahe[K]k—it1

<€ Z pz+1ui+1 .. .pz:%uj_1 Z (uj + ee_D) o Z (uk + EE_D)

el e[k z;€[K] zr€[K]

7

and
i+1, . j—1, Jj It k
Py Wik1 - Py oUj—1P_qUiDy . DUk
she[K]k—it1
k—j+1 i+1 Jj—1
Zo_ § p: Wit1 - - - Pj_oUj—1 E Ug -~ E U -
el lelK)i—i zj€[K] zR€[K]
so that

i+1 j J k
sze[K}k*iH Dy Wit1--. uj—l‘pj—l - qj—l‘vj s Qg Yk

i+1, . J . k
xfE[K}k*iJrl pz Ui41 - - - u]_lpj_luj .. 'pk—luk

—-D
—l—leu@
S k j+1 H

UZ
-D
e
< kj+1H< _Dl—K6)>

_ 6 1 k—j+1
S it 1 - Ke ’

i1, j , PvER! k _
ake[K)k—i+1P; Uity .- Py_q|uj —vjla; g vk € ( 1 >k J

i+1 J k k—j+1 —
zwfe[K}kfiJrl Pp Wil Uj—1Pj_qUj - Dy q Uk o 1—-Ke

and likewise

Therefore, when eK < 1/2, one has

er[zq | () — Ggpre(2)] k 2 k—j+1
> welk] ilk(T) S2e Z ( >

j=i+1

k—i 9\ @
<% (-)

a=1
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which gives the desired result. The proof of the second case is similar and comes from the
fact that

> lawp(@)ulyile) — Sp(x)v(yl)|

z€[K)

i+1 J J k
< g E WDy Uig - - uj_1|pj_1 - qj_1|vj Q1 Vk
j:i+1xke[zqk—i+1

i+1 J J+1 k
+ g E wipy Wit - Pj_g|ug —vilai Rk
j=i ghe[K]h—it1

[ |
Lemma 28 Assume € < %, then
2 k+1
lv — wlj1 <5<—> €
o_
and
9 k—i+2 2 k+1
swpsup (o)~ e <5(2)e<s(2) e
1<i<k z€[K] 0— 0—

Proof With minimalist notations, one has

bo

Sl —wl =3 s Zbé m

o 2 laa — b9
< zba 2 b z zba
< > laa — bd| +2:|aoz—b6|
> bo > aa
- 2 Y la—bla+ > bla— 4|
S >

2 2 \*
<—<e+4<—> 6),
g_ g_

using that o_ <a <b < 1.
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Likewise, for all i € {1,...,k} and x € [K],

/€K

apu oqu

Séqu S apu

apu — oqu
\% + Z |6qu]

<o2lopu — 0qv|
> apu
o2 lau—dvjg + 3 aulp —q|

> apu

92 92 k—i+1
<— (4 — et+el.
o_ o_

1
Sapu > dqu

Define n = 5(:%)fe. Equation (14) implies that as soon as n < 1 — Ko_ (and
in particular < 1/2 since we assume K < 20%), it is possible to enlarge the bracket
[fz|k,gz\k] into a bracket [ fi‘ ko 9 gi,] of size smaller than 37 for the norm of Lemma 28 such
that f/ i /(1 —n) and gg‘ /(14 n) are transition matrices.

For instance, one can take any f’ and ¢ such that 0_11T < f/ < f<g<g <117
coefficient-wise and such that f'1 = (1—7)1 and ¢'1 = (1+ 7)1 (where 1 is a vector of size
K whose coefficients are all equal to 1). One can construct such a matrix f’ (resp. ¢') by
taking a suitable barycenter of the lines of 0'_11T and f (resp. 117 and g) for the lines of

f' (resp. ¢'). The only condition is Ko_ <1 —n < max,(f1), < max,(¢91), <1+n< K,
which is true when n <1 — Ko_.
Let

Ax(yg) = (Vf{\k—l e fllc—l\k—lp)x u(yg|x)

k
Bm(yo) = (ng\k_l e 92_1|k_1Q)x v(yx|T)

[A, B] is a bracket of G, and this construction gives a bracket covering of G.

Lemma 29 Assume € < 5= A 702 (%)F*L. Then for all yf,

2 k+1
S AW Frp)e — W8k - - Ghyp)a| < Thy = 35k <0—> ¢
z€[K] _

and

2 k+1
Z I( Vfl\k f;’qkp)m - (wgg‘k . ..g;glkq)ﬂ < 53k <0_> c.

z€[K]
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Proof Note that

Z I( Vfl\k fllc\k)r_(w9/1|k gk\k Z (v fl\k fl,c|k)r|
ze[K] z€[K]
k
Y i G = L) - Frp)al-
Jj=12€[K]

Then, we use that fi"k/(l —n) and gg‘k/(l + 1) are transition matrices (and thus are 1-
Lipschitz linear operators of L!([K])):

k
Vg Foge = w91s - - Gl < flw =]l (1 =)

k
+ 5wl + 0P sup sup [1f (2, ) — gyl i (L - n)*,
sl 1<i<k z€[K)

so that using Lemma 28:

k
v Flig - Frgge = @i Gl <n+ llwln (14737

j=1
k—1
<[ 14301+ (1+n)
7=0
< <1 +3(1 + n)%)

<n+3(1+n)(e" = 1),

One can check that for all 2 € [0, 3], 3(1 + x)(e® — 1) < 6z. Replacing = by kn, one gets
that for all n < %,

Vg - Frp = @91 - - Gl <n+ 6kn < Thn.

For the second part, note that

Z I( Vfl\k fllf‘kp)x - (W9/1|k'~9;f\kQ):c‘

z€[K)
< Z Z ’(Vf{|k e f/lg\k):v’l’m’,m - (w.gi\k E g;f\k)r’qw’,w‘
x x/
< Z Z |(Vf{|k T fllf\k)w’ - (w9/1|k s g],g\k)m’|%c’,x

+ZZ Vf1|k fk|k |px’,x_q:c’,x|-

Since the brackets are not empty, one has > ¢, » < 14+Ke for all 2" and Zm,(ufﬂk . f,’f‘k)x/ <1

(since Vfﬂk . fé“f is the lower bound of a non empty bracket of {pxk‘ylkﬂ |0 € Sk.m}), so
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that

W Frpp)a = @dhpg - - Gyl

z€[K]

< (1+ Ke) Z (W fig - Frp)ar — (W3 g - - Gpi) | +KEZ(Vf{|k o A

ZC/

< (14 Ke)35k <—> €+ Ke.
o_

Finally, We use that since € < %, one has (1 + Ke€)35 < &25 and since Ko_ < 1, one has
K<l ( L )k-‘rl H

Lemma 30 Assume € < 5= A 10:(5-)%. Then

2 k
dg(A, B) < 106k (—) e.
g_

Proof By definition,

dg(AB) =B, Y / A (VE) — Bo(Y)IMdYR).

z€[K)

Taking some fixed Y ~!, one has
> [ 14tw) - Buw) )
= Z / \U(?Jk\x)(’/f{|k—1 e f/lf_1\k—1p):c - U(yk’l’)(WQ/ukA i 92_1|k—1Q)x‘)\(dyk)
<X [ lutarle) = ol s - SN )
R S [ RRSS SR y  P ASp R 7L

Since we assumed the brackets to be non empty, one has [v(y|z)A(dy) < 1+||v—ulle =
1+ee P and Zm(uf{|k—1 . fllf—l\k—lp)x < 1 (it is the lower bound of a non empty bracket
of {pXk‘kal o 10 € Sk ar}). Therefore, one gets with Lemma 29 that

0 I

dg(A, B) <ee™” Z(Vfﬂk—l oo fretpp—1P)e

xT

(14 ee” Z I( Vfl\k 1 f]i;—l‘k;—lp)m - (W9/1|k—1 e 92—1|k—1Q)$|

9 k
<ee P + (1 +eeP)53(k - 1) <—> €.
o
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Finally, notice that ee=? < 1 and 1 < 53(2)* to conclude. [ |

Lemma 29 implies that sup,, |(I/f{‘k e f,glkp)m—(wglllk e Q;c|kQ)fv| < = 53(k—1) (2 )Pe
Therefore, since the bracket [A, B] is not empty, one gets by using the assumption on u and
v that

(o_ —1)e P(1 - Ke) Z A, Z B, < (1+7)(eP + Kee™P),
z€|K] z€[K]

from which we deduce that the desired inequality o_e " /2 < Exe[K} Ap < er[K} B, <

D / o_ 1 .
2e” holds as soon as ' < - and € < g, i.e.

o_ 1
S 4(53(k — 1)(2)k) Nk

1 o_

which is implied by € < 155z (T)k—Irl since K < J% This concludes the proof of Lemma 26.

B.2.3 CONTROL OF THE BRACKETING ENTROPY OF THE SIMPLE SETS AND SYNTHESIS

Lemma 31 Let 6 > 0, then

K—1 \*
N ({Wg}gesKyM,doo,@ < max (T, 1> ,

o1 \KE-D
N ({QG}GESK,]uadOO76) < max <T7 1) )

Let Cauy = Cauxe” V (K — 1), then by [Aentropy],

/ my K
Caux
, 1 .

N ({10}0€55.01> dooy 5 7) < max (

1 (a, )k—l—l

Then, Lemma 26 ensures that for all € < 1567 (5

)

D
log N (G,dg,€) < (mMK+K2—1)logmax<< > M,l),
o_

€

so that using Equation (13) and letting H(u) = H({téD) | 0 € Bs},dg,u), one has for all
4(D+log X-)e2P

_ _\k+1
< ———Vmx (F)

4(D +log L)e2P\ ? k Do
R (e N E e

o_ o_ €2

k/2+1 21¢5D/2 /k—caux/ 1)

1 2
< 2(my K + K? — 1) log max <<D + log 0_—) <0_—>

€
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Then, since 2/0_ > 1, one gets that for all € > 0,

1Y (2 \"?2165/2\/kCus’
H(e)éQ(mMK+K2—1)logmaX<(D—i—log—) < > ¢ ¢ ,
€

9\ F+1/2
109 <—> keD/2 C’aux’> .
o

B.3 Choice of parameters

The goal of this section is to find a function ¢ and a constant C' for which equation (10)
holds, and to choose the weights xx »s of Lemma 24.

Lemma 32 Let A,B,C € R, H : x € R} — Alogmax(%,C), and () : v € RY —
oVTA(1 + y/logmax(£,C)). Then:

PH(z) < o),

/0 VH(u)du < ¢(x)

Let

o(u) = uy/2r(my K + K2 — 1) <1+

k+1/2 5D/2 [T 1
{ log max ( <D _|_ log L) (i) 216 kCauX ,
o_ g

u

9 \ k+1/2 1/2
109 <—> keP/2 C’aux’> } )
g_

The function z — @ is nonincreasing, so x % is decreasing and one can define

oK, as the unique solution of the equation (1 + /2D +log L-logn)p(z) = /na? with

unknown x, when a solution exists. By definition of F, one has

2

1
Vo >oxm, E<o(o)vn <2D + log _) (log n)2 wg)

(2D lo—lon
+log ;=) (logn)? ()T

2D + log —logn

< 1/2D—|—log—logn> o(o)v/n.
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We define D' := (2D +log -1-)(log n)? in order to lighten the notations. Using equation
(11), one gets that for all z > 0 and xx ar = ok v, With probability larger than 1 —e™?

)

Wicar <AC* (s + k4 1) (1 4 VD) A8 [ 2y
TRMVT Tre,m™ Lrm™

z

<4C*(ne +k+1) KM 22 +D 22
TK,M Tr,M™ T oM™

1 z
xK,MZE o.M+ )

where # > 0 is such that 20 + D'6% <

Let € > 0, and let us take

S 107 (n. +k+1_) Then

Wi v <AC™ (ns + k + 1) [0+ 0 + D'6?]
<e€

and
Wi may yy SAC* (nw + k + 1) |0k i + \/ng,M + D/ﬂ
<4C* (ny +k+1) —Hx%(M + D’f]
L ’ n

1
<8C*(n« +k +1) i

1 I3

Take z = s + wyr + K, then since ) ,,e”"M < e — 1, one gets that with probability
larger than 1 — e™%, for all M, K and for all functions pen such that

pen, (K, M) > 8C*(n.+ k +1) [1

g0k + (D +

)

l)wM—l—K
0

one has

0

Wi @k ar — pen,, (K, M) < 8C*(ny + k + 1)(D' +

D/
40* (ne +k+1) )

Using that ﬁ < max(1, § for all x > 0, one gets that there exists € such that

i'n
A possible choice of 0 is

29+D/92§mand
1 D’ 1
_g * * k 1 P
7 3C* (ny + k+ )maX<I2C*(n*+k—|—l) 6)
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Therefore,
Wk mxa o — pen, (K, M) < 24(C*)*(ny 4+ k + 1)? D'+l\/ U -
K,MTx M — ben, (4, S * e 12C*(n.+k+1)/) n
as soon as

1 D’
> N2 (n, +k+1)2 2
pen, (K, M) > 24(C*)*(n k+1) <€ \ 12C(n. + & 1)> OK M

1 D’ ’LUM—I—K
D'+ =v
+< +e 12C*(n*+k+1)> n

The last step of the proof is to find an upper bound of ox /.

Lemma 33 Let A, B, C and E be functions N — [1,00), and ¢ : z — xA(1 +

logmax(Z,C)). Let o be the only solution of the equation 9202(3)% = + with unknown

T

x € RY. Let

2
f(n) = [W(l + /log B(n) +1logn)| .

Assume that there exists ny such that for all m > nqy, f(n) < n. Then

An)E
Vn = ny, o< %(1+\/IogB(n)+logn).
In our case,
A= \2r(myK + K2 1),
1 9 \ k+1/2
B = (D + log —> <—> 21"P/2 \/ kClausc
o_ _
9 \ k172
C =109 <—> keD/2 V Caux/7
o_
E=14+vD <2vD'
Hence

f(n) < 86227 (mp K + K2 — 1) e~ *P(log n)?

D—i—logo%
1 2

<2log <D+log —) + (2k + 1) log — + 2log 21 +5D+logk‘+logCauxl+2logn> .
o_ o_

By using that 1 < k < n, that log(D +log 1) < D +log J%, that log Cauy’ < log Caux +
> >

o_
D +logn, that U% 2K > 4 and by assuming n > 3 and k > 2, one gets:

f(n) < fream(n) = 6900m (mar K + K2 — 1)ke™*P (log n)? (k + log Cax) -

o1
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Now, assume that there exists n; such that fKM(n) < n for all n > nq, then

8 K+ K?-1)D
Vn > nq, o2 < m (ma K + ) <2+210g21+310gn
n

1 2
+ 2log <D+log—> + 2k + 1) log — +6D+logk+logCaux>,
o_ o_

so that

4 K+ K?—-1)D’ 2
Vn = nq, 02<67T(mM : ) <logn+k‘log—+D—|—logC’aUX>.
o_

Therefore, there exists a numerical constant Cpen such that the condition on the penalty
is implied by

C D
KM) > 22n,+k+1?|D(=V—-—T" K+K?—1
pen (6 00) > 220 41412 D' (1 e ) (a2 - 1)
2 1 D’
1 Flog — + D +1log Cow ) + (D +2v —2 .
(logn+klog =+ D+ log >+< T C*(n*+k+1)>wM]
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