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Consistency of the maximum likelihood estimator in
hidden Markov models with trends

L. Lehéricy*, A. Touron*T

Abstract

A hidden Markov model with trends is a hidden Markov model whose emission
distributions are translated by a trend that depends on the current hidden state and
on the current time. Unlike standard hidden Markov models, such processes are
not homogeneous and cannot be made homogeneous by a simple de-trending step.
We show that when the trends are polynomial, the maximum likelihood estimator
is able to recover the trends together with the other parameters and is strongly
consistent. More precisely, the supremum norm of the difference between the true
trends and the estimated ones tends to zero. The convergence of the maximum
likelihood estimator is illustrated on simulated data.

Keywords: hidden Markov model, maximum likelihood, inhomogeneous process, con-
sistency
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1 Introduction

A hidden Markov model (shortened HMM in the following) is a joint process (Xy, Y;)i=1
where (X;);>1 is an (unobserved) Markov chain and conditionally on (X;);>1, the ob-
servations (Y});>1 are independent and the distribution of Y, (the emission distribution)
depends only on X;. In most generalizations of HMM, the joint process (X, Y;)¢>1 is still
a Markov chain. We say that the process is inhomogeneous when this chain is inhomoge-
neous, that is when the distribution of (X, ;) conditionally to (X;_1,Y;_1) depends on ¢.
In particular, in inhomogeneous HMM, the transition matrix and emission distributions
may vary over time.

As far as we know, few inhomogeneous generalizations of HMM have been studied
theoretically. Let us review them before stating our contribution. They can be divided
in four categories.

Diehn et al. (2019) focus on the case where a rapidly fading phenomenon affects the
distribution of the observations. Their model is a trivariate process (X;,Y;, Z;);>1 where
only (Z;);>1 is observed, such that (X;,Y;);>1 is an homogeneous HMM and (X}, Z;);>1 is
an inhomogeneous HMM. Their key assumption is that the distance between Z; and Y;
tends to zero fast enough when ¢ tends to infinity. In this sense, the process (Z;);>1 is a
perturbation of the process (Y;);>1 by a rapidly fading inhomogeneous noise. The main
theoretical result of their article is that the estimators based on maximizing either the
true likelihood 6 + pzne(Z7) or a quasi-likelihood 6 + pynjg(Z7) are consistent (here
pyr)e is the density of the vector (Y7,...,Y;,) under the parameter #). This can be seen
as a proof that the maximum likelihood estimator for homogeneous HMM is robust to a
temporary perturbation of the data.

A second generalization has been considered by Touron (2018) to handle periodic
phenomenon. The author introduces periodic hidden Markov models, where the transi-
tion matrix and the emission densities vary periodically over time. He shows that such
models are identifiable under general assumptions and that the maximum likelihood es-
timator is consistent. The consistency proof relies on a transformation of the process
into an homogeneous HMM. Models with periodic parameters are of particular interest



in the study of meteorological phenomena. For instance, Ailliot and Monbet (2012) use
Markov-Switching Autoregressive (MS-AR) models with periodic emission distributions
and transition matrices in order to account for both the daily and yearly seasonalities of
wind speed.

Inhomogeneity can also be introduced in the process by considering that the transition
probabilities of the hidden Markov chain depend on an exogeneous variable. Bellone
et al. (2000) and Hughes et al. (1999) chose this approach to model precipitations, taking
a vector of atmospheric variables as the exogeneous variable. However, no theoretical
results on the consistency of the MLE are given in these papers.

Finally, we may assume that the transition probabilities or the emission densities of
the HMM change over time in a way not encompassed by the previous cases. For example,
this allows to model phenomena with slow or long-term evolution, such as economic or
meteorological data recordings spanning over several decades, as in (Touron, 2019, Part
IT), where the author is interested in generating realistic temperature recordings over
the last half century. To account for the global warming, he uses HMM with trends
similar to the ones studied here. We could not find any theoretical result on this type of
generalization outside of our paper.

Note that some models that are presented as time-inhomogeneous in the literature
are actually homogeneous according to our definition. This is the case of the Markov-
switching models considered since the work of Hamilton (1989) and more recently by
Pouzo et al. (2016) and Ailliot and Pene (2015) for instance. These models are a gener-
alization of HMM where the hidden state X; depends both of the previous hidden state
X;_1 and on previous observations, let’s say Y;_; for an order one model, and where the
observation Y; depends both on the corresponding hidden state X; and on previous obser-
vations. The authors state that this model is “non-homogeneous” because the transition
kernel of the hidden Markov chain depends on previous observations. Our motivation for
not calling these models inhomogeneous is that the joint process (X, Y;);>1 is a homoge-
neous Markov chain. As such, their proofs are based on the same approach as for HMM
and other homogeneous generalizations such as the autoregressive models with Markov
regime of Douc et al. (2004).

In this paper, we introduce a new inhomogeneous generalization: hidden Markov
models with trends. A HMM with trends is a trivariate process (X;,Y;, Z;);>1 taking
values in X x R? x R? for some finite set & and some integer d (which we assume to be 1
for the sake of simplicity) where only the process (Y;);>1 is observed, such that (X, Z;)>1
is a homogeneous HMM and that there exists a vector of functions (7}).cx from N* to
R?, the trends, such that

Y, =Tx,(t) + Z;.

Here, the trends are polynomial functions of time. As a consequence, they may diverge.

Adding trends to a HMM allows to deal with non periodic and non vanishing inhomo-
geneities. However, this makes existing approaches such as Douc et al. (2004) inapplicable
since they rely heavily on the homogeneity of the process. Our main contribution is a
new method of proof that shows that the maximum likelihood estimator recovers the
parameter of the homogeneous HMM (X, Z;)¢~1 as well as the trends with respect to the
supremum norm, see Theorem 1.

Let us give an overview of the proof of this theorem.



First, we introduce the notion of “blocks”. This notion relies solely on the true
parameters. A block is a set of hidden states whose trends are equal up to translation.
In particular, since the trends are polynomials, if two trends are not in the same block,
they will eventually diverge from one another.

For each time ¢, let B; be the block of X;. The block variables (B;);>1 are unobserved,
yet the log-likelihood of the process (Y;):>1 is asymptotically the same as the log-likelihood
of the process (Y;, Bt)i>1, see Theorem 3: since trends of different blocks diverge, it
eventually becomes apparent which block a given observation comes from.

Given a constant M > 0, we say that a function belongs to the tube of a block at
time n if its distance to the trends of this block remains bounded by M during the first
n time steps. In the following, the bound M on the distance must not depend on n.

The second step of the proof shows that the trends of the maximum likelihood esti-
mator end up in close proximity to the true trends: Theorem 5 shows that eventually, the
trends of the maximum estimator are all in the tube of a block and each tube contains
at least one trend of the maximum likelihood estimator.

Let us give an idea of the proof of Theorem 5. When a tube contains no estimated
trend, each observation from its block is far from the estimated trends, which inflicts a
heavy loss on the likelihood. On the other hand, if an estimated trend is in no tube,
then eventually it is far from all observations. We assume that the transition matrix is
lower bounded, so each state should be visited a non-zero proportion of the time. How-
ever, when a trend is far from all observations, the posterior proportion of observations
generated by the corresponding state tends to zero: each time this superfluous state isn’t
seen worsens the likelihood a little more, to the point that eventually, removing the trend
improves the likelihood of the estimator. Thus, asymptotically, each estimated trend is
in a tube and no tube is empty.

The third step is to de-trend the observations by substracting a representative T, of
the trends of the block:

2= Y~ Ti (1)

The process (Xy, (Z], By))i>1 obtained this way is also a HMM with trends, yet it is
still not homogeneous under the parameter 6 since the residual trends 7Y — T} of (Z})>1
(where b is the block that contains T?), while bounded, are not constant. Fortunately,
as the number of observations grow, these residual trends become “flatter”, because they
are polynomials with bounded degree that are bounded on [0, n]. Thus, during small time
intervals, the de-trended process behaves like a homogeneous HMM under the parameter
6, which allows to explicitly compute the limit of the log-likelihood, see Theorem 10.
The identifiability of the model and the consistency of the maximum likelihood estimator
follow from the properties of this limit.

Simulations based on two parametric models illustrate the consistency of the max-
imum likelihood estimator. Moreover, an empirical study of the rates of convergence
suggests that it converges with parametric rates.

Section 2 introduces the model and assumptions used in the following. Section 3
presents our main result: the consistency of the maximum likelihood estimator (Theo-
rem 1), as well as an outline of its proof. The technical proofs are postponed to the
appendices. Section 4 contains the numerical study. Finally, Appendices A to D contain
the proofs of the different steps of the consistency proof.



Notation For each positive integer K, [K| denotes the set {1,...,K}. For a < b
integers, write Y instead of (Y,,...,Y}).

2 Model and assumptions

Let K* be a positive integer. Let v* = (7})ze[x+] be a vector of probability densities
on R with respect to the Lebesgue measure. Let (X;);>1 be a Markov chain on [K*|
with transition matrix @* and initial distribution 7*. For all z € [K*], let (Z])i>1
be a sequence of i.i.d. random variables in R such that these sequences are mutually
independent and independent on (X;);~1 and such that for all z € [K*|, Z¥ has density
7, with respect to the Lebesgue measure. Let Z"** = max,cx+ |Z]| and Z; = ZXt.
Finally, let T = (T} ),¢[x+ be a family of functions Ry — R and let Y; = Z; + T, (t)
for all integers t > 1. The (T ),c(x+ are called trends.

The process (Xy, Z;)i>1 is a homogeneous hidden Markov model with parameter
(K*, 7, Q% ~*) and (Xy,Y;)s>1 is a hidden Markov model with trends with parameter
(K*, ™, Q% ", T*).

Remark. The random variables Z** are i.i.d. and independent of (X;)i=1. They allow
to bound Z; uniformly for all possible values of X;.

Consider a sample (Y7,...,Y,,) generated by a hidden Markov model with trends
(X4, Y3)i>1 with parameter 0* := (K*, 7%, Q*,+*,T*), which we call the true parameter.
The goal is to recover this parameter. In the following, we write P* the distribution of
the process (X4, Y;);>1 and E* the corresponding expectation.

Let o_ € (0,1).

(Aerg) A stochastic matrix @) satisfies (Aerg) when all its coefficients are lower bounded
by o_:
Vo, o', Qx,2') > o_.

For each K € N* let X7 be the set of stochastic matrices of size K which satisfy
(Aerg) and Ak be the set of probability vectors of size K. Let I' be a set of density
functions on R and for each d € N, write R;[X] the set of polynomials whose degree is
at most d.

Let K and d be positive integers. The model considered in this paper is

o= LKJ ({[K’]} x Agr x 9% x TK x (Rd[X])K')

K'=1

Each § = (K% 7% Q% ~% T?) € © is a parameter of a HMM with trends. Write P?
the distribution under the parameter 6. Assume that the true parameter belong to the
model: 0* € ©.

Endow I' with the pointwise convergence topology (i.e. g, 9 if and only if for all

z € R, gu(2) — g(2)). Assume that I" is compact.
n—oo

We will use the following assumptions.



(Amax) FEnvelope function. There exists a nonincreasing function ¢g : R, — R, such
that ¢ +—> 0 and

Vyel VzeR ~(z) <g(lz])

(Amin) Lower bound function. There exists a nonincreasing function m : R, — R
such that
Vyel VzeR ~y(z)=m(lz]) >0.

(Aint) Integrability of the lower bound function. The function m defined in (Amin)
satisfies
VM >0 E*|logm(M + Z;"™)| < co.

(Acentering) Centering of the emission densities. 0 is a median of the emission densi-
ties, that is:

1

Vyel / v(2)dz = =.

2<0 2

(Aid) Identifiability. @Q* is invertible and there exists ¢ € N such that the densities
(7a(- = T3(t)))we[x+) are pairwise distinct.

Equivalently, @* is invertible and the couples (73 (-—A(x)), b*(x)).c[k+) are pairwise
distinct, where the functions b* and A are defined in Definition 2.

(Areg) Regularity of the emission densities. There exists a modulus of continuity w
(that is a nondecreasing function Ry — R, U {400} that is continuous at 0 and
such that w(0) = 0) and a nondecreasing function L : R, — R, such that

v(z +n)

V(z,n) e R?® Vv el
(z,m) ot v

log

] < L(=wln))

and such that
VM >0, E*[L(M+ Z"™)] < oc.

As an example, consider I' as the set of densities of the distributions N(0, s*) where
s € [s_,s4] for 0 < s_ < s; < oo. Then (Amax), (Amin) and (Acentering) are
immediate, (Aint) is straightforward since |logm| can be chosen as growing at most
quadratically to infinity, the part of (Aid) on the densities holds when all states with
equal trends have different variances, and the functions L and w in (Areg) can be com-
puted explicitely.

3 Consistency of the MLE

Let n € N*. The maximum likelihood estimator 6, = (Ké",ﬁé",Qé”,vé",Té") is an
element of

1
arg max — log pf.. (Y]").
pe0 N !

where pgo/ln is the density of the distribution of Y;* with respect to the Lebesgue measure
under the parameter 6.
The main result of this paper is the following theorem.
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Theorem 1. Assume that K* is known and that (Amazx), (Amin), (Aint), (Acenter-
ing), (Aid) and (Areg) hold. Then almost surely, there exists a sequence of (random)
permutations T, of [K*] such that
Vo, 2’ € [K*], Qé"(Tn(m),Tn(a:’)) — Q*(x,2'),
. n—oo
\V/Z € R’ \V/I € [K*]v /an(x)(z) — /Y;(Z)a
- " n—o00
Vo € [K*], [T — T lloojom] — O.
n (%) z Y n—oo
We say that the maximum likelihood estimator converges up to permutation of the
hidden states. Without convention on the ordering of the hidden states, it is not possible
to get rid of this permutation.
Note that trends converge in supremum norm. This is considerably stronger than
assuming that the coefficients of the polynomial converge. It is also intrinsic in the sense

that it shows the convergence of the trends when seen as continuous functions and not
just as polynomials. Therefore, it could be extended to other types of continuous trends.

Since the trends are polynomial, two trends are either equal up to translation (we
say that they are in the same block) or diverge from one another. The first part of the
proof, resulting in Theorem 3, makes use of this fact to show that the block from which
an observation comes can be assumed observed once the number of observations is large
enough.

Definition 2 (Blocks of trends). Let R* be the equivalence relation defined on [K*| by
eR*x" if and only if T, — T7, is constant. Let

B* = [K"]/R"

be the set of “blocks” of true trends.
Let us denote by b* : [K*] — B* the quotient mapping and let

B, :=b*(X;)
be the block from which the observation Y; is generated. For each b € B*, write
TZ = I;in{m|x6b}
the reference trend of block b and let
Aca® € [K*] v T (1) — Thu (1)

be the function which maps the index of a trend to the difference between the corresponding
trend and its reference trend.
For all 6 € ©, write

0a(6) = log pin (V7"
(12(0) = log pfy gy (V. B)Y)

n

the log-likelihoods of 0 with respect to the processes (Y;)i=1 and (Y, By)>1-

7



Figure 1: Tllustration of the tubes of trends and of a 6 that is not in ©9K(M).

Define the tube of size M of a block at time n as the set of functions R, — R which
are at a distance smaller than M of the reference trend of this block on [0,n] (and as
a consequence is at a distance smaller than M during the first n time steps). Since the
observations (Y;);>1 are clustered around the true trends (see Figure 3 for instance), the
estimated trends and the tubes will eventually match. This behaviour is formalized in
Theorem 5 below by proving that there exists a large enough M such that for n large
enough, 6, € ©9K(M), where for all M > 0 and n € N, ©9K(M) is the subset of ©
defined by

(1)
(2)

If § € ©9K (M), each tube of size M + ||Al|o contains at least one trend 77, z € [K?], and
each trend T, z € [K’] is in a tube of size M + ||Al|o, see Figure 1 for an illustration.

The following theorem states that when 6 € ©9X(M) (that is, informally, when
the trends are loosely identified) and provided that the number of observations is large
enough, the log-likelihood associated to the observed process (Y;);~1 can be approximated
by the log-likelihood of the process (Y;, B;)i>1 where we know which block of trend each
observation comes from.

Let us first specify what we mean by the log-likelihood of the process (Y, B;)i>1-
Since the true trends are either in the same block or diverge from one another, the
tubes eventually have empty intersection. Once this is the case, given § € O9¥(M) and
r € [K’), we may define b?(x) as the block whose tube contains the trend T?. The
log-likelihood EgY’B)(G) is the log-likelihood of a inhomogeneous HMM whose emission
densities at time ¢ are (y,b) € R x B* — 79(y — T?(¢))1(b = b’(z)) for each x € [K"].

Vo € @K (M), Vot e [K¥], 3w e[KY, ||Th — T wjon <
and Vz € [Ke], dz* e [K7], ||Tx —Tg\|oo7[07n] <



Theorem 3 (Adding block information). Assume (Amazx), (Amin) and (Aint). Then
for all M > 0, almost surely,

909K (M) | T n n—+00
Theorem 3 in proved in Appendix A, together with the following corollary.

Corollary 4. Assume (Amaz), (Amin) and (Aint). Then there exists a finite £(6*)
such that

%en(m N

n—00

Corollary 4 is a key argument in the proof of the following theorem, proved in Ap-
pendix B.

Theorem 5 (Localization of the maximum likelihood estimator). Assume (Amaz),
(Amin) and (Aint). Then there exists M > 0 such that almost surely, there ezists
Nie € N such that for all n = ny,.,

0, € ©9%(M).

Let us give an intuition on the last steps of the proof. We know by Theorem 3
that =/, (0) ~ %E%Y’B)(G). That means we may de-trend the observations by letting
Zl =Y, — T, (1), and L0,(8) = L2 (9) = L47P)(9). Under a parameter 6 € O0K (M),
this new HMM with trends (X3, (Z}, Bt))i>1 is “locally homogeneous”. Let us explain
what this means.

Rescale the trends of Z] so that the time index lives in [0, 1] by defining

DY u € ]0,1] — T (nu) — Tho ) (n10). (3)

Since the functions D" are bounded and polynomial, they live in a relatively compact
subset of the continuous functions on [0, 1] for all n, x and § € ©9%(M). In particular,
we control how fast they vary, and thus how well they can be approximated by piecewise
constant functions (see Figure 2), which correspond to a HMM with a succession of
homogeneous regimes.

0 u 1
Figure 2: Approximation of one trend of the de-trended HMM (black) by the correspond-
ing trend in a succession of homogeneous HMM (purple).

Let %K%Y’B) [N](#) be the log-likelihood corresponding to such an approximation when
the sample (i.e. the time interval [0,n] before rescaling) is cut into N pieces, and let

9



¢h°m (9 n,u) be the limit of the normalized log-likelihood of a homogeneous HMM with
parameters given by 6 frozen at time nu, that is of a homogeneous HMM (X, (Z], Bt))t>1
with transition matrix Q% and emission densities (2',b) + 7%(2' — D%"(u))1(b = b?(x)),
x € [KY. The previous paragraph means that the following sequence of approximations
holds:

=3~

2
2= =
MZ L

,— 1
(hom (G,n, ZT> when n — oo

=1

~ "™ (9, n,u)du by Riemann integration.
[0,1]

To conclude, we use that the latter quantity, the integrated log-likelihood, is maximized
only at the true parameters, as shown in Proposition 11.

Let us now state these intermediate results more rigorously. For all K’ € N*, for all
K'-uple v = (72)ze[k of measurable functions and for all D = (D, ),k € RE et

7(7, D) = (' = 72(2" = Dz))seix)
be the vector of functions v translated by the vector D.

Definition 6 (Log-likelihood of homogeneous HMM). Let K’ € N* be a positive integer,
7 be a probability measure on [K'], Q be a transition matriz of size K', v be a vector
of K' emission densities on R and b be a function [K'] — B*. Let (Xi, (Zs, By))is1
be a homogeneous HMM taking values in [K'] x (R x B*) with parameter (m,Q, (v, ®
Lb(z))ee(K])- i

Denote by Letom(w,Q,~, b){(Z,0)7} (resp. £"™(Q,~,b)) its normalized log-likelihood
associated with the observations (2,b)? (resp. the limit of the log-likelihood, if it exists),
that s

1 . 1 -
ﬁfzom(m Qa Y, b){<27 b)?} = E IOg Z T(J;l)Q(J;l? IQ) st Q(‘rn—l? ITL) nyft (gt)]'b(a:t):i)t

opelK) =1

and ]
(@, 7, b) = lim —"(m, Q. 7, b){(Z, B)i}: (4)

n—oo

The following Lemma ensures the existence of the limit of the normalized log-likelihood
in Definition 6. It relies on results from Douc et al. (2004) on homogeneous HMM.

Lemma 7. Assume (Amaz), (Amin) and (Aint). Let K' € N*. Then almost surely,
forallQ € X%, v € T, D € RX' and b : [K'] — B*, the quantity

("™(@Q,7(v, D), b)

from Equation (4) exists, does not depend on the choice of the initial measure ™ and is
finite when (Zy, By), = (Y; — T, (1), By):.

10



Definition 8 (Integrated log-likelihood). We call integrated log-likelihood the following
mapping:

K 1
0" (Q,7,®,b) € | S5 < %L ([0, 1)% x (B +— / o™ (Q, (v, D (u)), b)du
0

K'=1

For all M > 0, let

DM):= | {Di"6ecedf (M) e K} (5)

n>24K(d+1)

where D" is defined in Equation (3). By definition of ©9¥ (M), D(M) is a subset of
L>°([0,1]) uniformly bounded by M + ||Al|~. Let CI(D(M)) be its closure in L>(]0, 1]).

Proposition 9. Let M > 0. Assume (Amazx) and (Amin). Then CI(D(M)) is a
compact subset of C°([0,1]).

Theorem 10. Assume (Amaz), (Amin), (Aint) and (Areg). For all M > 0, the
function €™ is continuous on Uﬁ,zl Y9 x TE x CUD(M))X" x (B)X" and almost surely,

Sup | 2,(0) — E7UQP A0, (D), b0)| — 0. (6)

9cO9K (M) | TV n—=00
Proposition 9 and Theorem 10 are proved in the first part of Appendix C.

Now, assume that K™* is known and take K = K*. The following proposition ensures
that the only maximizer of the integrated log-likelihood is the true parameter.

Proposition 11. Assume that (Amaz), (Amin), (Aint), (Acentering), (Aid) and
(Areg) hold. Let (Q,7,D,b) € X% x 'K x CUD)K x (B*)X be a mazimizer of (™, then
D is constant and (Q,~,D,b) = (Q*,v*, A, b*) up to permutation of the hidden states.

The proof of Proposition 11 is in the second part of Appendix C.

We may now prove the consistency of the maximum likelihood estimator. By Theo-
rem 5, there exists M > OAsuch that almost surely, there exists a (random) integer nj.
such that for all n > nje, 6, € OPK(M). For n > nj., let

(Qny ) = (Q%,7),
D = (DI )aelr);
b, := b,

For all n = niee, (Qn, Vi, Dnybn) € % X K x CI(D)E x (B*)X, and this set is
compact by compactness of I' and Proposition 9. Let (Q,7,D,b) be the limit of a
convergent subsequence (Qu(mn), Yo(n)» Dp(n): Pom))n=1, then by continuity of ™ and by
the uniform convergence of equation (6),

1 ) int int * Lk *\ *
W&p(n)(&o(n)) 7306 <Q777©7b> </t (Q )Y 7A7b ) - €<9 )7

11



by Proposition 11, and by definition of the maximum likelihood estimator

1 . 1 .
W&om)(@ ) < — L) (Opn))-

p(n)

Hence ™(Q,~,D,b) = £(6*) = (™(Q*,v*, A, b*), which means that (Q,,D,b) =
(Q*,v*, A, b*) up to permutation of the hidden states by Proposition 11. Thus, the MLE
sequence (Qn, Yn, On, bn)n>1 has only one possible limit: the true parameter. Theorem 1
follows.

4 Simulations

4.1 First experiment: rate of convergence

In this first example, we consider the following HMM with trends (X3, Y;);>1 with K* = 3
states. The emission distributions are centered Gaussian distributions with respective
variances (07)? =5, (03)* = 10 and (03)? = 15. The trends are given by

Ti(t) = a(t+10%)?%,  T3(t) =T7(t) =5, T5(t) =317 (1),

with @ = 1078, Thus T} and Ty belong to the same block while T diverges from the two
other trends. Finally, the transition matrix is

0.7 0.2 0.1
Q = (02 06 0.2
0.1 0.1 08

The model is as follows. The number of states K* = 3 is assumed known. The set I'
of possible emission distributions is taken as the set of centered Gaussian distributions,
without constraint on the variance. The lower bound on the transition probabilities is
chosen as 0 = 0. Even if I' is not compact and o_ is not positive, contrary to the
theoretical result, the maximum likelihood estimator is still able to recover the param-
eters. Finally, the maximum degree of the trends is d = 4. Note that the model is
over-parametrized, as it contains all the trends in R4[X] while the degree of the true
trends is only 2. This reflects the fact that in practice, we may not know the degree of
the true trends.

We simulate 10 independent realizations (X;,Y})1<i<npa, With np., = 10°. Figure 3
shows the data points corresponding to one of these 10 trajectories. Figure 4 illustrates
the fact that for each z € [K*], [T — Tl oo,jon] —> 0, where TO is the maximum

likelihood estimator of Ty computed from the first n observations.
For each simulated trajectory and for several n € {1,..., nyax}, Wwe compute:

e The errors on the trends |7 — Tf"||m7[07n], 1 <z <K

e The error on the transition matrix ||Q* — QP |7, where || - || » denotes the Frobenius
norm,

e The error on the variances max, |(c7)? — 62|

12
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Figure 3: Left panel: a simulated trajectory of length 100000 of the observations of the
HMM with trends (Xy, Y;)s>1. Each color corresponds to a different state (state 1: black,
state 2: red, state 3: green). Right panel: a focus on 10000 < ¢ < 20000.
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Figure 4: Convergence of the estimated trends Tf” (dashed lines) to the true trends T
(solid lines).
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Figure 5: Rate of convergence of the maximum likelihood estimator. The red dots are the
means of the log-errors across the 10 simulations, the blue line is the linear fit to these
means and the black bars represent the range of the log-errors across the simulations.

We plotted the logarithm of these errors against logn (see Figure 5). These graphs
suggest a linear decrease of the logarithm of the errors with respect to logn. Therefore,
we can conjecture that as n tends to infinity, n®||Q* — Q’*||r is bounded in probability
for some o > 0, and that the same property holds for the other parameters (possibly
with a different «). Based on this experiment, it seems reasonable to conjecture that
the maximum likelihood estimator achieves the parametric rate of convergence a = 0.5.
However, proving this claim would require further investigation that go beyond the scope
of this paper. It is also worth noting that in this example, we chose simple parametric
emission distributions, whereas the model described in Section 2 for which our main

result holds only requires the set of emission densities to be compact, not necessarily
finite-dimensional.

4.2 Second experiment: the trends have not diverged yet

In this section, we consider a HMM with trends whose trends have not diverged during
the experiment, which is an assumption on which the proofs rely heavily. We show that
the MLE is still able to recover the trends and the homogeneous parameter accurately.
This is especially relevant for practical applications where one may not have enough time
to see the trends diverge.

Fix the maximum number of observations to n = 10000 and consider the following
HMM with trends (Xy, ;)1 with K* = 2 states. The trends are defined by 77 () = 0

_n\2
and T5(t) =3 (t e ) — 1. The emission distributions are centered gaussian distributions
2

14
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Figure 6: Simulated data points. The red lines are the true trends.

with respective variances (0})* = 1 and (03)? = 2 and the transition matrix is
. 0.7 0.3
= (03 03):

Figure 6 shows the simulated observations (Y;)i<t<, as well as the true trends 77 and
T5. The two states are not clearly separated: the trends will eventually diverge, but we
don’t have enough observations to make use of this. However, the maximum likelihood
estimator is able to recover the trends even in this situation.

The model is as follows. The number of states K* = 2 is assumed known. As in the
previous section, we take o_ = 0, I' as the set of centered Gaussian distributions and
d=4.

Figure 7 shows the estimated trends obtained using the EM algorithm (Dempster

et al., 1977) together with the true trends. The estimated transition matrix and variances
are

. (074 0.26 o
Q:(0.22 0.78)’ (62,62) = (1.13,2.11).

The precision of these estimations can be further improved by increasing the number
of data points. The trends and the homogeneous parameter are already well estimated.
An intuition to explain this convergence even when the trends have not diverged is that
the trends vary slowly enough for the homogeneous approximation of Theorem 10 to hold.

A Block approximation

In this appendix, we shall prove Theorem 3 and Corollary 4.
Let us begin with a few definitions. Let

E:teN'+— b,b'eByi.ft. e |T;(t) — Ty (¢)]

15



T®

Figure 7: True (full lines) and estimated (dashed lines) trends.

be the minimum difference between the reference trends of two distinet blocks at time ¢.
Note that E(t) diverges to +o0 since the true trends are polynomials.
Let M > 0 and

ni(M) :=inf{n € N*|Vt > n, E(t) > 2M}.

Let n > ny(M), so that the tubes of size M at time n have no intersection. Let
0 € O9K(M — ||A|l») and & € [K?], where A is as in Definition 2. Then, by equation (2),
there exists a block b?(x) € B* (which is unique since n > ny(M)) such that T? is in the
tube of size M of b’(z) a time n. In particular,

sup | Tho (1) — T (1)) < M. (7)

te{l,...,n}

The proof aims to make the following approximations rigorous.
0 1y 0 _
logpyt‘ylt—l(}/tp/lt D logp%,Bt|Yf*1<KaBt’Y1t N
o 9 — —
~ longt,BHYfA,Bi*l(th’Bt|}/1t 1,B§ 1)’

hence the two following steps.

A.1 Step 1: introduction of the trend block B; in the log-
likelihood

Assume (Amax), (Amin) and (Aint). Let us show that the following quantity tends
to 0 uniformly in 6.

1ng§/t|ylt—1<yt|ylt_1) — 1ng§/t,Bt‘Y1t_l()/t7 BYi ™)

> DX =2 YT, (Y - T (1)
CEtG[Ke]

Z pe(Xt = xt|Y1t_1)7rt (E/t - Taft(t»lbo(zt):Bt

th[Kg]

= log
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This can be rewritten as

log pf, . (Yo Y{™1) = logpf,  ems (Y, BifY{™)
= log(py, vy (Bi|Y1) ™)

~1
— log ({1 — Py (b B st b # Bt}]Yf)} > .8
Intuitively, when ¢ is large, since the trends get further from one another, the proba-

bility to get the wrong block converges to zero.

Lemma 12. Assume (Amaz) and (Amin). Then for all t € N*,

0 — (] -1
Csup [logply e (GVEY) — Toggh, s (Y BV )
00K (M —||Alls)

(B M — 2 A} )\ 9(0)
<1°g<{1 o-m(M + Zp™ 1 [A].) } Aa_m<M+z;W+|\A||oo>>

= h(E(t), Z™)
with the convention {z}7' = +oc if 2 < 0.
Proof. Proof in Section A.4.1. O

Summing in ¢ results in

n

< 3 h(E(), 27,

t=1

sup

00K (M—[|Alloe) | TV

1 1 & B
—0,(0) — - ZIngfq,Bt\Yf”(Y;’ B|Y! ™)
=1

The function e € R, —— h(e, z) is non-negative, non-increasing for all z € R and
tends to 0 as e tends to +o0o. Moreover, under Assumption (Aint), h(0, Z{"*) is in-
tegrable by definition of h. Thus, under Assumption (Aint), the law of large numbers
implies that for all £ > 0

< E*[R(E, 277

lim sup sup
n—00  HEORK(M—[|Allo0)

1 1 & -
~£,(0) - ~ > logpl, sy (Y BY{™)
t=1

n

The dominated convergence theorem ensures that E*[h(E, Z]")] — 0 as E — +o0.
Thus, we obtain the following uniform approximation of the normalized log-likelihood:

1

1 ¢ _
Sla(0) = = > ogpl, s (Vi BV
t=1

" — 0. 9)

n—o0

sup
0€ORK (M —[|Allo)

A.2 Step 2: conditioning on the blocks Bi‘l

Assume (Amax) and (Amin). The following lemma is a consequence of the lower bound
on the transition matrices, see for instance Lemma 1 and Corollary 1 of Douc et al. (2004).
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Lemma 13 (Exponential forgetting). There exists C' > 0 such that for all n € N*,
Yy € R", 0 € © and for all probability measures 7,7 on [K?]:

> %y (@[T Xo ~ ) = Py (@] T Xo ~ ) < Cp”
z€[K?)

—— € (0,1).

Besides, under (Aerg), for all € ©, z € [K?], y7~' € R" and for all probability
measure 7 on [KY]:
pi{n|yln71(x|y7fil,X0 ~ 71') >0_.

Hence, using the inequality |logz — logy| < ‘x yl for all z,y > 0: for all n € N*,
0 €O, yr €R" be B* and for all probability measures 7, 7’ on [K?]:

|10gp@n,3 o=t (Yns by, Xo ~ ) — logpgfn,BMYln_l(yna blyr ™", Xo ~ )|

> Ik, e @Y Xo ~ ) = e (@lyr T Xo ~ 7Dy, g x, (U D1)

z€[KP)
S 9
0— Z Py, B.|xn (Yn: bl)
z€[K?)
C n
< ="

Changing the constant C' if necessary, for all a € N*:

sup

HEOQK (M —|A o0 ) ZIngY Bilyy ™ (Y3, B

1 - —a a
LS ol s (5 BV B <

t=1

It remains to condition on B;_,, .
Lemma 14. Assume (Amazx) and (Amin). Then for all a € N*,

sup

0 @OK(M ”A” ) Zlogpy BlYt lBt a()/;, Bt’Yt 1 Bt a)
S

1 _ _
—EZIngg/LBt'YItfl’B%fl(}/t?Bt‘}/lt LB
=1

20113 (1 WSUEO M2 )

o 0 m(M + Z" 1 [|Al]0)
n—1

. 2(ZK2 Z h/ Zmax)

18



Proof. We show that when (Aerg) holds, for all § € O%%(M — ||A|»), t < n, a € N¥,
yt € Yt and b} € (B*),

log;thBIYt LB (Y, belyy ™ 077) — long Bi|Yi~L Bl (Yo, belyi ™ b5 1)‘

2 0 *\ (ant)—1 1 a

i o (P ) (0
9 /-
_ sup ’ya:z (yl - sz (7’))

2K? L 2, €[K?) s.t. b0 (x;)7b;

<5 ) S . (11)
T i=(t—a+1)V1 Z fyx(yl _Tz(z))
x€[K?]

Then, we show that under (Amax) and (Amin), for all § € O9X(M — ||A|ls) and
T < n

0 9 /-
sup Vo, (Vi = 17, (7)) .
2,€[K) s.t. bO(z;)#£B; <1A g{E@G) — M — 27> — ||Al|ec }+) (12)
DAY = T(0)) m(M + Z7* + Al )
z€[KY)

=: W(E(), Z"),

and the lemma follows by summing over ¢ and ¢. The details of the proof can be found
in Section A.4.2. O

Therefore, almost surely,

1 n
lim sup sup - log p? 1 (Y, B[V
nhoo €OQK(M—[Allw) | ™ ; Yo By '

1 < 1
— EZlngf/thYltfl’Bifl(K;Bt‘}/lt LB

t=1

n——+o0o

9 K2 n—1
< limsup (C’p“ 2 Zh' ), Z77%) )

20 K?
3

[0 (E, Z")]

< C' (B W(B, Z7)| log B* (I (B, Z1")))

for some explicit constant C” and for all E sufficiently large to have E*[W/(E, Z™*)] < 1/2
using Assumption (Adiv), the law of large numbers, the fact that the mapping e —
h'(e, z) is non-negative, bounded by 0 and 1 and non-increasing for all z, and by taking

= [M%ﬂ] Since the function e — h'(e, z) tends to 0 as e tends to +oo for
all z, the dominated convergence theorem ensures that almost surely,

sup log p? 1 (Y, BYEh
0209 (M—[|All) Z Yo Bl

S0k g e Vi B B 0.
t=1

n—oo
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Let %E%Y’B)(G) = %logp?Y,B)?((Y, B)}). Combining the above equation with equa-
tion (9) yields Theorem 3.

A.3 Application: existence and finiteness of the relative en-
tropy rate

Theorem 3 implies that Corollary 4 holds: since §* € ©9X(M) for all n € N* and M > 0,

lenw*)—le(w)(e*) — 0.

n n n—+00

Let Z; = Y, — Tg,(t). Then %E%Y’B)(Q*) = %K%Z/’B)(Q*). Moreover, under 6%, the
process (X, (Z{, Bt))i>1 is a homogeneous and ergodic HMM with emission densities
(2/,b) — vh (2 — A(2*))1(b = b*(z*)) for z* € [K*| with respect to the measure
Leb ® ug«, where pp- is the counting measure on B*.

Since it is homogeneous and ergodic, Barron (1985) shows that there exists £(6*) >
—oo such that

1 ..,
— 2B (%) — 0(6").
n

Then, all emission densities are upper bounded by ¢(0) under (Amax), so that the
positive part of their logarithm is integrable. Therefore, Leroux (1992) implies that
0(0*) < +o0 and Corollary 4 is proved.

A.4 Proofs
A.4.1 Proof of Lemma 12 (current block)

First note that this quantity is non-negative: the denominator contains less terms, and
all of them are non-negative. Hence it is enough to find an upper bound. To this aim we
will use Assumptions (Amax), (Amin) and (Aerg):

log pfy, et (VoY1) —log pfy, e (Vs BtlYf_l)‘

9(0)

o- sup m([Y; = Ty, (t)])
1 €[KY) s.t. bl (z)=DBy

< log

< log =~ 1x,—0r [ —1 f Zy+T5(t) = T2 (¢ .
o T *zu:m " ( Ogm(zte[m . B9 ()= 2 e+ T (0) = L)

When X; = zj,

inf
LUtE[Ke] s.t. be(cvt):b*(JJZ‘)

Tt

Zy+ T (t) — T4, (1)

< |Z + inf
z:€[K?] s.t. b?(zt)=b*(z})

S 2 M A [|A]le

The o) (1) = T, (8)] + A(})
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using equation (7), hence

—logm < inf
zt€[K?] s.t. bO(zt)=b*(z})

24T (1) Ti(tﬂ) < —logm(M + Z"™ + || All).
This yields

9(0)
—m(M 4 ZP 4 || All )

‘logpiﬂy;—l(KIYf‘l) —logply, g yer (Ve B YY)

< log
g

Let us show the second bound. We can rewrite it as
logp%YltA(Y}Dﬂt*l) — logpf’z,Bt\Yf*I(na Byt Y

Z P (Xe = 2| Y{ ™ (Vs — Tﬁt (1) Lb6 ()28,
th[KG]

S P (X = wlV (Y - T (1)

th[Kg]

=—log|1-—

> (X =Y ) (Ze+ T3 () = T2 (D) Lpo a2,

x 0
— _log | 1— Z Ly, t€[KP]
€[K*]

D (X = a2+ T (1) = T1, (1)

SCtE[Kg]
*)
Using (Amax), (Amin) and (Aerg),
sup 9(1Z + T3 (8) = T, (1))
(*) < 1 €[K?) s.t. b (z4)#£By
oo Y ml|Z+T5 () = T4,(1)))
.Z‘tE[Ke]
sup g({IT: (1) = T (O] = 2 }4)

< 1 €[K?) s.t. bl (z4)#£By

h o sup m(|T5 () — T, ()] + Z*™)
.Z’tE[KQ}

Let 2 € [K?] such that b?(x) # B;. When X, = 7,
Yo = TO0)] = 12+ T3 (6) — T2(0)|
> T, (6) = T(0)] — 27 — A(s})
2 [Ty, (1) — Thoy ()| = M = Z" — [|All
> E(t) = M = Z — [[Allo

and

sup m(| Ty (t) — Ty, (1) + Z7) <m(_inf [T (8) = T3, ()] + Z)

T €[KO) x€[KY]

< m(M + Z5 + [|All)

21



using equation (7). Therefore,

*) g{E®) = M = 2" — [[Allsc}+)
S om(M+ 2+ Allk)

(13)

A.4.2 Proof of Lemma 14 (recent blocks)

Proof of equation (10) Without loss of generality, one may assume a < ¢ (otherwise,
the proof holds by replacing a by a A t).

Pyt e (s bl B°)
pfft Bt\Yt 1Bt 1(yt7bt|y1 ! bt 1)
s e e Bl B)

+ Py pyetpemen,, W 0y 0 (B) T\ (B0 })
Py e e (B ™\ LB o™ 070,

hence

|p§/t Bt|yt*1 Bt*a(ytabt‘yiiabiia) th Bt|Yt 1 Bt 1(yt, bt|yt 1 bt 1)’
th i+1‘Yt71 Bt*”((B*)a ! \ {b a+l}|y1717 biia) |:th Bt‘ytfl Btfl (yt7 bt‘yiila bfiil)
+thB |Yt lBt 1(yt,bt\yt 1 bt @ (B*)a 1 \ {b —a+1 )]

2th 1 |yf 1Bt a((B*)a 1\{b a+1}|y§_17bﬁ_a) Z pgft,Bth(ytath)'

T€[KY)

Finally, since under (Aerg)

Pyt e e el B0) = D 0, (s )P e o (al ™ 057)
zeX
= 0_ Zp%,Bt\Xt(yu be|r)
reX

and the same inequality holds for pf/ Byi-Lpit (ye, be|yt ™, b7 1), we obtain equation (10)

using |logz — logy| < ‘x y‘ for all z,y > 0.

Proof of equation (11) Since

t—1

BY N\t = U (B < (B {bi}) x (B

i=t—a-+1
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by union bound,

P~ et (B A Aba i 07

< Z Pl it o (BN {bi} i~ 677)

zta—l—l

—= Z Z pB |X B*\{b }|x1’)pX |Yt lBt a([I/’Z|yt 1 bt a)

t=t—a+1 z,€[K?)

t—1
= 0
= Z Z 1b9(xi)7ébi Z pXi|Yi7Xi—1,Xi+1 ($z|yz, Ti—1, xi+1)

i=t—a+1z,c[KY] xi—1,%i41€[K)

0 t—1 1t—a
XpXifl,Xi+1|Y1t717Bi7a(x1_17xl‘f‘llyl 7b1 )

Then, use that for all 2;_1,z;1; € [KY),
Py xos vt e (Tien, i |yi 07 < 1

and that by the Markov property and (Aerg) for all z;_1,z,7,,, € [K’]

chmp(i (xi+1’x)p§(i|Xi_1(x|xifl)

pg{mlx,-,l ($z‘+1 |$i—1)

pg{i|Xi717X¢+1 (x’xi—la xi—i—l) =

> Q" (x,2141)Q° (wi-1, x)
> o?
so that
pg(iIYi,Xi,l,Xm (fz ’yi, Ti-1, l’z’+1)

p_ex X 1,XZ+1(%‘|951' 1, l’z‘+1)7§2 (y; — Ta_ (7))

Z pX [Xi—1,X 1+1<ZC|£IZZ 17x1+1)7x(y Te( ))

z€[KY]

5 (xi]Ti1, xig1) 9( 0 (1))

Xi| X1, X1 il Tim1s Lit1) Vo, \Yi i
o > Al — T0)

ze[K)
Thus,

p%t ;+1|Yt_1,B§_“<(B*)a ! \ {b a+1}|yi_1’b§_a)
Z 1b9($z‘)¢bip§(ilxz‘f1,Xi+1 (i zi1, x”l)%ﬁi (Y — Tgi (2))

t—1 =
A o2 " Ay — 1))

i=t—at+la; 1,m;41€[KY) _

-1 sup Vo, (i = T7,(3))
K €K0] st bY(a;)b;
=D O

it > A0y - T2))

z€[KY]

\
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Proof of equation (12) Using (Amax) and (Amin),

sup Vo, (Vi = T7.(0)) sup g(IYi = I7,(3)])

x; €[K?) s.t. b?(z;)#£B; ;€K s.t. b?(z;)#B;

<lina _
> Y= T1(0) sup m(|Y; — T;(4)])
z€[KY)
z€[KY)
sup 9(1Zi + T3 (i) = T7. ()

z;€[KO] s.t. bl (z;)#b* (x])
< 1 t=x] LA
Z Xe=a; sup m(|Z; + 1. (1) — T7(3)))
ze[K°]
g{E{t) = M = Z™> — || Alloo} +)
m(M + ZP> + [|A| )

by the same arguments as in the control of (*) in equation (13).

B Localization of the MLE

In this section we shall prove Theorem 5. Assume (Aerg), (Amin), (Amax) and
(Aint).

B.1 Preliminary: compactness results

Recall that for all M > 0 and n € N, ©9%(M) is the subset of © defined by

Vo € O9K(M),  Var e [K*], 3xe[K?, |T5 =T wpom <M
and Vz € (K%, Fa* € [K*], |Th — T ooom < M. (15)

To prove that the maximum likelihood estimator belongs to such a set, we consider
relaxed versions of (14) and (15). Let

Lip(z,a*,0) = {t € {1,...,n}: |Ti(t) = T2(t)| < D},

T(a,n,D):=0€0O: ﬂ U L, p(x,z*,0)| = na p,

o €[K*] z€[K?]

U(a,n,D):=L0€0:Vrc K, U I, p(x,2*,0)| > na

T*€[K*]

T corresponds to a relaxation of (14) and contains the parameters 6 such that all
true trends are close to at least one parameter trend during most of the first time steps.
Likewise, U corresponds to a relaxation of (15) and contains the parameters 6 whose
trends are close to at least one true trend during most of the first time steps.

By construction of these sets, for each 6 € T (a,n, D) (resp. 6 € U(c,n, D)) and for
each x* € [K*] (resp. x € [KY]), there exists at least one x € [K] (resp. x* € [K*]) such
that I, p(z,2*,6) > na/K.
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Figure 8: Rescaled trends of a parameter in U((5,n, B). Every parameter trend is at
bounded distance of at least one true trend. However, some true trends may be far from
all parameter trends.

Proposition 15. For all a € (0,1] and D > 0, there exists M(a, D) > 0 and ny =
A4K(d+ 1)/« such that

Yn > ng, V0 € ©, Vo € [K], Va* € [K*],
\L.p(z,z*,0)| 2 na/K = ||Tr — T,f”oo,[o,n} < M(a, D).

It follows that 6 € T (a, n, D) (resp. 6 € U(a, n, D)) is equivalent to (14) (resp. (15))
up to changing M:

Definition 16. Let o € (0,1], n > 1 and D > 0.

— For all 0 € T(a,n,
such that I, p(x, x*,
(a
(x

— Forall €U
such that I,, p

7

x,x ,0 > na/K.
In the following, we omit the dependency in o and D and write 2*(0, x,n) and x(0,z*,n).

Corollary 17. For all a € (0,1] and D > 0, there exists M(a,D) > 0 and ny :=
4K (d+1)/a such that

e 6 € T(a,n, D) = Va* € [K*], T2 — T e llooion < M(a, D),
"l 0eU(a,n D)= Ve € K, 1T o — Tolooom < M(a, D).

Hence, for all a, 8 € (0,1], for all M > 0 and D, B > M and for all n,
60K (M) C T(a,n, D) UG, n, B) € O (M(a, D)V M(3,B)).  (16)

Proposition 15 is a direct consequence of Arzela—Ascoli’s theorem and of the following
result.
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M(a, D)

M(a, D)

0 1

Figure 9: Rescaled trends of a parameter in 7 («,n, D). Every true trend is at bounded
distance of at least one parameter trend. However, some parameter trends may be far
from all true trends.

Definition 18. For all € ©, n € N* and z € [K"], let
SO € [0,1] — TY (nu)

be the trend T? whose time variable has been rescaled from [0,n] to [0,1]. Likewise, define
S the rescaled true trend corresponding to the state x*.

Theorem 19. Let ¢ € (0,1] and D > 0. Then the set

S = U U U {S" — 53"}

nzno 0€O  (z,2*)€[KOx[K*] s.t. |In,p(z,2*,0)|>ne
is relatively compact in the set of continuous functions (C°([0,1]), | - [|oc)-

Remark. This result, together with Arzela—Ascoli’s theorem, entails that S is uniformly
equicontinuous in addition to being a bounded subset of L>([0,1]). This will be used in
Section C.

Proof. Let € € (0,1] and D > 0. Let us first give another representation of the elements
of S.

Lemma 20. For any S € S, there exists (uf, ..., uj,;) € [0,1]*"" such that

Vi g, | -l > G
Vi, [S(uf)| < D.
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Proof. For S € S, let n(S) = ng, 0, x € [K’] and 2* € [K*] be such that S = ¢ — §="
and |I, p(z,z*,0)| = ne. Let us define (uy, ..., u3,,) iteratively. Let Ay = I,, p(z, 2%, D)
and, for all ¢ > 1,

ot e Ay ;
o A=A 1\B(Z>m >

The closed ball B <t;9 , U{(ETl)n) contains at most 1 + {2

—=—-n > 1. Thus, for all i > 0,

€ 3 .

In particular, A; # 0 for all 7 € {0,...,d + 1}, which makes it possible to define
.,d + 1} concludes the proof. ]

<3 n ele-

€t n __&
4K (d+1) 4K (d+1)
ments since 4K(d+1)

(t)1<i<a+1. Taking uf =

The next lemma is a straightforward consequence of the Lagrange form of the inter-
polation polynomial.

Lemma 21. The mapping

{(m)Z c [0, 1]+ s.t. ﬁgf |u; — ;| > O} x R (CO([O, 1)), HHOO) (17)

(ul,...,ud+1,81,...,3d+1) — Pu,s

is continuous, where P, s is the only polynomial with degree at most d such that P(u;) = s;
forallie{l,...,d+1}.

To conclude, note that S is a subset of the image of the compact set {(u;); €
[0, 1] st inf;z; |u; — uj| > e/(4K(d+ 1))} x [-D, D]**! by the mapping (17). O

B.2 The MLE is in 7 (a,n, D)

The key idea of this section is that if one of the true trends is far from all parameter
trends, then the observations coming from this true trend will significantly reduce the
likelihood.

Let a € (0,1),n>1, D >0and 0 ¢ T(«a,n, D), then
U ﬂ L, p(z,x", | > n(l — )
z*€[K*] z€[K?)

with the notations of Section B.1. In particular, there exists 2%-(6) € [K*] such that

11—«
K*

( Lnp(z,25(0),0) > n (18)

z€[KY)
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Write I21(0) := Neeprcoy In,p (@, 25(6), 0)C, then

1 n
S0,(0) = > logp (ViYEY)
t=1

n

{D - Z7™}s)

1 g
<1 - E 1x,—2 o]
0g g(O) + n Xt 7—(0) 0og g(0>

teItar ()

We used the fact that under Assumption (Amax),

P = ) P =2V - T (1)

z€[K?)

< Y dxe—er sup N2+ T (t) — TE(1))

z*€[K*] z€[KY)

< Y L= sup g({|T5 (1) = T = Z7™)

z*€[K*) @€ (K]

< Y Luewg(inf, (1T~ T20)| - 27,

z* e[ K*]
Lemma 22. For all§ € ©, D > 0 and z* € [K*], the set

() {t 0. |T5(t) = T7(t)] > D} (20)

z€[K?)
has at most A := (d + 1)X connected components.
Note that I7(0) = (20) N {1,...,n}.

Proof. The functions (¢ — Ty () — T2(t)) ek are polynomials whose degree is at most
d. Their derivatives vanish at most d — 1 times, and the set of times ¢t where they are
larger than D in absolute value is a union of segments containing either, a zero of their
derivative, +00 or —oo. Hence there are at most d+1 such segments. Thus, INn,D,;v* (0) is an
intersection of at most K sets, each of them having at most d + 1 connected components.
Therefore, one may take A = (d + 1)¥. O

Definition 23. For alln € N*, D > 0, 2* € [K*] and 0 € ©, write J(n,D,x*,0) the
largest connected component of (20). In case of tie, choose the first one for the usual
order in R.

Thus, by the pigeonhole principle and equation (18),

—«
AK*'

Write J@(0) := J(n, D,z%(0),0) N {1,...,n}, then using equation (19):

[ J(n, D, 27(0),0) N {1,...,n}| >

{D—Z>},)
9(0) '

1 1 9(
ﬁen(e) < log g(0) + - Z 1x,=22 (0) log

teJfar(9)
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Lemma 24. Let 0 > 0 and assume (Aerg). Then, almost surely,

o S
liminf inf inf — g 1x,—p 2 —.
n—oco Sc{l,..n}z*€[K*] N 4
S segment
|S|=d6n

By “segment”, we mean a set of the form [a,b] NZ for some (a,b) € R

Proof. The idea is to split {1,...,n} into segments of size gn and to control the infimum

of the empirical mean over each segment. Each segment of size larger than dn contains
at least one of those segments. The proof is detailled in Section D.1. m

Apply Lemma 24 to S = J®(0): almost surely,

(1 —a)o_

liminf  inf Z 1x,=ax () 2 TAAKT

(22)
n—oo 0¢T (a,n D) v T (0)

Lemma 25. Let § € (0,1), (U)i=1 a sequence of i.i.d. non-positive integrable random
variables and (8,)n>1 a non-decreasing sequence of [0, 1]-valued random wvariables such
that iminf,, . 0, = & a.s. For all 5 € [0,1], let us denote by qu () the 5-quantile of Uy,
(N

qu(B) = inf{u s.t. P(U; < u) = (}.

Then, almost surely,

limsup sup ZU,: < U11U1>qu(1—5)]-
n—oo  Sc{l,. ,n}n teS

|S|=0nn

FEquivalently, if (Vi)i=1 is a sequence of non-negative i.i.d. integrable random vari-
ables and (9,)n>1 a non-increasing sequence of [0, 1]-valued random variables such that
limsup,,_,. 0, < 0 a.s., almost surely

limsup sup E Vi <EWVily2q (1-9))-
n—oo  Sc{l,..,n teS
|S|<6nn

Remark. The supremum is taken over all subsets S, not only segments.
Proof. Proof in Section D.2. [

Forallt > 1 and D > 0, let UP = log % UP is non-positive by definition.
Then, taking

(1-a)o_

0= ‘i
On,

= inf inf E 1x,— zx
m2n 0¢T (c,m,D)
tlear
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one has liminf, ,. d, > ¢ by equation (22). Therefore, Lemma 25 combined with equa-
tion (21) implies that almost surely,

1
limsup sup —£,(0) <logg(0) + E[UP1

D (1—a)o_ ]
n—oo  §¢T(a,n,D) T Ur'2qyp (1= )

4AK*

Note that UP = fP(ZM>) < 0 where fP : 2 € R, log% fP is non-

decreasing, s0 qyp(zmax) (1 —0) < fP(gzmex(1 —0)) for all 6 > 0. Thus, for all z > 0,
Loz gzmax(1-8) < 10 ()2 0 (gmax (1-6)) S 1§D (2)2,p (1)
and since UlD <0,

E[UP1 a-me_ | <E[UP1

l—a)o_ .
UP>q,0(1— )" ¥)]

ZmaXZQZmax(lf A1AK*

Then, for all > 0, the monotone convergence theorem applied to the right-hand side

entails

B0 up2g,n0-0) 77, —o

Thus, under the assumptions of Corollary 4, there exists D(«) < 0o such that

limsup  sup lgn(@) <(07) -

n—o0o  0¢T (a,n,D(a)) T
so that almost surely, for n large enough,

0, € T(a,n, D()).

B.3 The MLE is in U(3,n, B)
Let o, 8 € (0,1), n > EE D~ 0 B > M(a, D) and 0 € T(a,n, D)\ U(B,n, B).

Since 6 ¢ U(, n, B), one 1of its trends is far from all true trends. We show that removing
the state of this trend increases the likelihood of the observations. An interpretation is
that because of (Aerg), a proportion at least o_ of the observations is supposed to come
from the (superfluous) state, but no observations appears in the vicinity of its trend,
which penalizes the likelihood.

By definition of U(8,n, B), there exists x,(0) € [K?] such that

() Lus(zu(0),2",0) > n(1 - B). (23)
r*e[K*]
Write I7(0) := (e epice) In.n(2u(0), 27, 0)¢ and let Y be the parameter of the HMM

with K? — 1 hidden states, with hidden state space X" = [K?] \ {zy(f)} and other
parameters defined by



By construction of ©, 8V € ©. Note that for all 2,2’ € X7

7 (2) = PY(X, = x| X1 # 2(6))
=P/(X, = 2|Vt > 1, X, # 2y(0))

and
Vs>1, Q% (z,2) =P ( Xy =2 | X, = 2, Xo41 # 2u(0))
=PI Xy =" | Xy =2, Vt > 1, X, # 24(0)),
so that
Veoi|t=1), P"(A) =P(A|Vt>1,X, #xyul)).
Then

L") = ZIng (Yo [ Y™ a(0) ¢ X1),

n

with the abuse of notation z € X! < (Is € {1,...,t} X, = z). By Assumption (Aerg),

PPV =p" (Vi Xy = au(0))p" (Xe = 2u(0) | Y{7)
+ " (V| Xy # au(0), Y )P’ (Xy # au(0) | Y1)
< (1= )p’ (Ve | Xy = a(0)) + (1 — o)’ (Vi | X # 2u(0), Y1),

~(,(0 ——Zlogp (Ve | Xo # 20(0), Y1) < log(1 —0-)

t=1

J/

PV | X, = 2(0))
T Zlog( V1% 2 <9>,Yf—1>)'

J/

-~

(@)

-~

(i7)
The next steps are:
e Prove that (i) is close to +£,(0") for large enough n.

e Prove that (i7) goes to zero uniformly in 6 € T (o, n, D) \U(S,n, B).

First step: controlling (i) We shall prove that for an adequate choice of 5 and B,
almost surely

—log(1 — O',)‘

A
(i) =~ al8")] < =55

n

lim sup sup
n—oo T (a,n,D)\U(B,n,B)

The following forgetting property allows to control what happens in the distant past.
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Lemma 26. For allt > 1, § € ©, for any probability measures pi and v on [K°), for all
r € [K%) and Y{,

log p? (Vi | Vi, Xy # 2, Xo ~ p) —log p? (Vi | Vi1, X; # 2, Xo ~ v)| < Opf

where p=1— 17— and C = W

Proof. Proof in Section B.4.1.

O
Let a € N*. It follows from Lemma 26 that for all ¢, almost surely,
log p” (Ve | Y™, Xy # ay(0)) — log p” (Vi | Vi, Xy # a(0), 2w (0) ¢ X17)| < Cp*. (24)
It remains to add X/}

t—as1 to the conditioning. This is the goal of the following lemma

Lemma 27. Assume (Amaz) and (Amin). Then for all a € N*

sup
0€T (,n, D)\U(B,n,B) | TV

Zlogp (YAY{ ™ Xy # ay(0), m(0) ¢ X77°)

- Zlogpemmt—l, wu(0) ¢ X7)

t=1

20K 1 g({B = Z=},)
- (5 > (1 D))))

N

_. 2&[(2 ( ZhU Zmax > )

Overview of the proof. First, show that for all § € T (a,n, D) \U(5,n, B), t

and ¢} € V',

<n,a€eN*
log p° (yelyi ™", X # au(0), 3 (0) ¢ Xi7%) — log p’ (yelyi ™", au(0) ¢ X7)
2 —a
< =" (wul0) € XI ot X £ m(O),m0) ¢ XE0)(25)
- 2K? i 'qu( (Y — T’ () (8) (26)
< —
g i=(t—a+1)V1 Z 73:( Te(l))

z€[KY)
Then, under (Amax) and (Amin), for all € T (a,n, D) \U(S,n, B) and i

g({B - Z"™ %) max oy
PYIM(Q)(Y T u(0 )(Z)) < LA m(ZZmax + M(Oé,D)) - hU<B7 Z; ) ifie Ig(9>7
> AUV = T)

1 if i ¢ IV(6).
z€[KY]

(27)
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so that

n 6 - o ;
0 00\ T
[ Z Ve (Yi = T5(4)) " i¢IU (0) n ieI¥ (0)
z€[K?]

1 n
<B4 =S hy(B, zm
5+HZ;U( )

since |IV(0)] > n(1 — 3) by Equation (23) and hy (b, z) > 0 for all b,z > 0. The lemma
follows by summing equation (26) over t. The details of the proof can be found in
Section B.4.2. O

Thus, equation (24) and Lemma 27 imply

2

20K
< Op* + 3 (B+E* [hy(B, Z")]) .

(i) — Le,(6)

n

lim sup sup
n—oo 0T (a,n,D)\U(B,n,B)

Now choose a large enough that

—log(l —0o_)
P 9
then S such that
20K? —log(l —o_
iSSP 8 )
fopd 9

Finally, note that 0 < hy(b,z) < 1 for all b,z > 0 and that hy(b,z) — 0 when
b — oo for all z, so that by the dominated convergence theorem, there exists B such
that

2 _ —
2 o (B, 2] < —BL2),

which ensures that for all @ € (0,1) and D > 0, there exists 5 € (0,1) and B > 0 such
that

(i) — L0, (8)

n

—log(1 — 0_)'

<
3

lim sup sup
n—oo 0T (a,n,D)\U(B,n,B)

This concludes the proof of the first step.

Second step: controlling (i)
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Lemma 28. Assume (Amaz) and (Amin). Then

sup (74)
0T (a,n,D)\U(B,n,B)

o g({B — Zmax} )
< tzllog (1 + o_m(Z> 4 M(a, D)))

1 9(0) + o-m(Zp> + M(a, D))
+ ﬁ Z 1t§£[}{(9) log ( ({B _ Zmax}+) + g-_m(ZgnaX + M(Oé, D))>

:_Zhl Bzmax _|__ Z VB

t¢]U ()

Proof. We show that

g{B = Z"}y)
POGX = au0) ) om(Zp + M(a, D))
P(Ye| X # au(0),Y{™) 9(0)
o_m(Z"™ + M(«, D))

if t € 1Y(0),

it t ¢ 1V(6).

The lemma follows by summing over t. The details of the proof can be found in
Section B.4.3. N

Note that under Assumption (Aint),
E*[—logm(Z"™> + M(a, D))] < oo
Hence,

E*[hyy (0, 2")| < E* [{log (0-m (£ + M(a, D)) + g(0))}, ]
+ E*[—log(o_m(Z"™ + M(«, D)))]
<log2 + |log g(0)| + E*[—logm(Z** 4+ M(«, D))] — log o

< OQ.

Thus, since b — hy; (b, z) is nonincreasing and converges to zero when b — oo for
all z, the dominated convergence theorem together with the law of large numbers imply
that there exists B such that

1 —log(l —o_
limsup—Zh' (B, Z") < M.

n—oo N 6

Then, apply Lemma 25 to the i.i.d. non-negative random variables (V;?);~; using the
fact that |IV(0)| > n(1 — B), which yields

lim sup - VE < EVELys N
n—00 QGT(anD)\Z/{(ﬁnB) t¢; 1 *ViP2q, (1 ,3)]

Note that

E*V}® <log((1+0-)g(0)) —logo_ + E*[—logm(Z"* + M (e, D))],
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which is finite thanks to (Aint). Thus,

* B
E Vi lypog, pa-p) P 0,

so that there exists § such that

—log(1 — O',)'

lim sup sup — Z VB 5

n—oo 0T (a,n,D)\U(B,n,B) t%IU(G

Hence, we proved that there exists f(a, D) € (0,1) and B(«, D) > 0 such that

—log(l —o_
lim sup sup (17) < M’
n—oo 0T (c,n,D)\U(B,n,B) 3

which ends the second step.
Putting together the results of the two steps, one gets that for all « € (0,1) and
D > 0, there exists § € (0,1) and B > 0 such that almost surely,

1 1 log(1 —o_
lim sup sup —0,(0) —sup —£,(0) | < log(1 —0-) <0,
n—oo  \ 0T (e, D)\U(Bn,B) T bco N 3

so that for n large enough, 0, & (T (v, n, D) \ U(3,n, B)).

Together with Section B.2, this implies that for all a € (0,1), there exists 5 € (0, 1)
and D, B > 0 such that 6, € T(a,n, D) NU(B,n, B) for n large enough, which entails
Theorem 5 by equation (16).

B.4 Proofs
B.4.1 Proof of Lemma 26
We shall use the inequality
’Cu _ C’,,\
C,NC,
with C, = p?(V; | Y{', Xy # 2, Xo ~ p) and C, = p?(Y; | Yo', X; # 2, Xo ~ v).

|log C), —log C,)| <

|C - C | = ‘p%Y;’Xt#:B’YE)t—l?XONM) pe(Y;faXt%fE ‘ YE)t_leONV)
1 vl =

PX A2 Y L Xo~n) PP #2 YL X~ )
_|B, B,
A, A
One has

B, =Y p'(Yi| Xo =)' (X, =a' | Y§™', Xo ~ p)

z'#£x
=Zp9(Yt|Xt:x ZQ,,p (X =2" | Vi, X ~ ),
vt e [K]
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which yields

Y PV X =) KB, <(1—02) Y P (V| X, =)
1/751 z/;ém

and the same result holds for B,. Besides,

= Zpe(Xt =2’ | Yy Xo ~ p)

r#x!
= Z Z Qzumlpg(Xt_l = l'” }/Ot_l,X() ~ ,u)
x/;gz x”G[KG]

Hence,

o- <A, <1—-0_

and the same result holds for A,. Then, letting ¢,(z') = p?(X;—1 = 2’ | Y{™', Xo ~ p),
we get, using the above expressions:

Ay — Al <( oo = dullx
Bu= B, <(1=0) Y p(Yi| Xi = 2)|dp— bulhr-
/751,
Thus,
B, B,
€. =Gyl = ‘A—#——V
1
< —— A " (BulA, — A+ A,|B, — B,|)
2(1 —o_
<SS 0 K= )l - ol
Z =
Furthermore,
1 o (1—-0_)
CunNCy =03 '(Yi | Xy =)
Finally,

[log €y —log €| < 51l 6n — ol

(1—p)? )

It remains to prove that ||¢,—¢,||1 < p'', which follows from the geometric ergodicity
of the HMM. See for instance Corollary 1 of Douc et al. (2004) or Proposition 2.1 of
De Castro et al. (2017).

tf
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B.4.2 Proof of Lemma 27
Proof of equation (25) For allt > 1 and y! € R,

pe<yt ’ yi_l,xu(e) §é X{_a7Xt 7é :EZ/I( ))
= (e Ly 2u(0) & X" (@u(0) & X(Zganyn |97 2u(0) € X07° X, # au(0))
"‘pe(yt'yi_l u(0) & Xf “ Xi # au(0), my(0) € Xft la—i-l)Vl)

x p’(zu(0) € € X(apyr |01 au(9) & X17% X, # xu(9)),
so that
7 (ye |y 2u(0) & X1 Xo # 2u(8) — 07 (e |yt wu(0) & X7))
<P’ (xu(0) € X{ 2y Lol au(0) & X{7 X, # au(0))
<P (e 4 (0) & X0) + 2 (e | i7" 2ua(0) € XU X, # au(6), mu0) € X2, )

<2 (au(0) € X7 loiau(0) ¢ XU X #au(0) Y Ay —TI).
Pl KO\ 2 (0))

In addition, under (Aerg),

PPy |yt wu(8) & X1 Xe # 2u(9))
= Z pe(yt|Xt = Jf)p0<Xt =1 yifla zu(0) & Xffa)

vl KO\ o (®))
>0 Y A -T)

we[KO\{zu(0)}

lz—yl
TAY

and the same holds for p?(y; |y ™", 24(0) ¢ X?), so that using that |logz —logy| <
for all z,y > 0, we obtain that for all t > 1 and y! € R?

|log p?(YV; | X17% # x4(0), Xy # x4(0), YY) —log p’ (Vi | X! # 24(0), YY)
< %p (ZL’Z,{(Q) € Xét a+1)\/1|y (9) ¢ Xf_aaXt 7& l’u(@))
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Proof of equation (26) By union bound,

pe(‘rU(Q) € Xft__l(ﬁ_l)\/l yi_lv,m/l(e) ¢ X{_G7Xt 7£ l’u(e))

t—1
< D DX =au0) [yl wu(0) € X{0 X0 # au(0))
i=(t—a+1)V1
t—1
= Z Z pe(Xi = 301/1(9) | Vi, Xio1 = i1, Xiy1 = $i+1)

i=(t7a+1)V1 xi,1,$¢+1€[K9]

X p(Xi1 = @1, Xy = o |y au(0) & X779 Xy # ay(6))

t—1
< ) S P =au(0) |y, Xi = wim1, Xi = 2i4)
Z:(t—a+1)vl (1,‘7;_171‘1'_;'_16[[{9]
B tzi > PI(Xi = 2u(0) | Xin = 251, Xiga = 2y )72, 0) (% — Tt 00 (0))
i=(t—at 1)V 251,201 1 €[K0] Z PI(Xs = | Ximy = 2im, Xiyr = 2 )V (ys — T2 (3))

2€[K°]
Using the Markov property and (Aerg), for all z;_y,z;,, € [KY],
P(Xi=2| X1 =21, Xiy1 = 1441) € [02,1].
Hence,

P’ (2u(0) € X(tt_—la—i-l)vl |yt 2 (0) ¢ X17% X, # au(0))
< tzi Z 7§u(6) (yi — Ta?u(e) (2))
by 2 > Ay — T2(0)
i=(t—a+1)V1z;_1,2;41€[K] “ — Yz \Yi x
r€[KY)

<

| DN

K? tz_i Vzu(e)@i - Tfu(e)(i»
g i=(t—a+1)V1 Z %ﬁ(yi - Tf@))

z€[KY)

which concludes the proof.

Proof of equation (27) This quantity is always bounded by 1 since all terms are
nonnegative. In addition, under Assumptions (Amax) and (Amin), for all i € IY(6),

X Xi=x* /- .

e[ z€[K?]

. * [ - 0 . max
o ({ nt 20 = 72,001 - 2 })

m (Zf“ax + sup inf |T7.(d) — Tf(z)\)

o+ e[K*] 2€[K?]
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Since 0 € 'T(oz,n, D)\U(B,n, B), Corollary 17 ensures that inf (o) |15 (i) — T2 ()] <

M(a, D) for all z* € [K*] and i € {1,...,n}. Moreover, by definition of 1Y (6), inf« e[+ |Tr (1) —
77 (@] = B for all i € I7(0), so that
Yeu) Vi~ Try@) 9B - 28
Z V(Y — TO(i)) m(Z + M(a, D))
z€[K]
for all ¢ € IV (), which concludes the proof.
B.4.3 Proof of Lemma 28
Under Assumption (Amax),
P (Y| Xy = 2y(0)) = %2”( (Y — Tfu(e)(t))
x*e[K*]
< sup g ({|T;: — T - 27}
z*€[K*]
< inf |77 Ty — ZmaX} ) :
o({ing im0 -T2 000 - 2
hence, for all 0 € T (a,n, D) \U(B,n, B),
B— zmax) ) ift e 1V(0),
g(0) otherwise.

On the other hand, under Assumptions (Amin) and (Aerg),

PV, Xy # 0y (0) | VI
(X0 # 2 (0) [ Y7
> Y PMIX =YX =2 Y
2€[K0),xa1(0)

>o. Y. PM|X=x)

z€ (K] xay ()

o S A-Tw)

w€[KO)a#zy (0)
o Y x> WZLHTRE) - TIR)
x*e[K*] z€[K),x7#x1(0)

>o_ inf sup (2" + [T (t) — T ()])
2T E€K] 2K astay (0)

>0 (Zmax + sup inf T (t) — Tg(t)|> :

P(Ye| Xe # 2u(0),Y{™') =

zre[K*] v€[K O] aay/(0)
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Using 6 ¢ T (a,n, D) and Corollary 17, for all z* € [K*],

* 0
T~ T < Mo, D).

For example, we can choose © = x(#, 2*,n) (defined in Definition 16) We know that
zy(0) # x(6, 2", n) because we chose B > M(a, D), so that |T7. (i) =17, 4 (1)| > M(a, D)
for at least one i € {1,...,n}, and because |T}% (i) — Tg?(e o) (z)\ M (o, D) for all
i €{1,...,n}. Therefore, for all 0 € T (a,n, D) \U(B,n, B),

P (Y] Xe # 2u(0),Y{7) = 0-m(Z"™ + M(a, D)),
which concludes the proof together with equation (28).

C Integrated log-likelihood

In this section, we use the fact that the observed process (Y;);>1 may be replaced by the
process (Y; —T% (1), Bt)¢>1. While this process is not homogeneous under the parameter
6, its distribution varies slowly over time. We take advantage of this property to show
the uniform convergence of the log-likelihood by approximating (Y; — T, (t), B;)i>1 by a
process that is locally (in time) homogeneous under the parameter §. The limit can be
written as an integral of limits of log-likelihoods of homogeneous HMM, hence the name
integrated log-likelihood.

C.1 Convergence of the log-likelihood to the integrated log-
likelihood

Assume (Aerg), (Amax), (Amin), (Aint) and (Areg). In this section we shall prove
Theorem 10. Let M > 0.

The normalized log-likelihood associated with the HMM (Y}, B;);>1 can be written as

%zym(e):%mg S m @)@ w2) - Q a1, 10)

—=

VY, = T2 (1))

8
=3
%)
—+
~
Il
—

1 - !
=l 3 W) @ [ (-0 (7)),

(29)

with D% w € [0,1] = T¢(nu) — Tho(w (nu) and Z; := Y, — Tj,(¢). Note that Zj =
Zy + A(X}). Recall that D(M) is defined by Equation (5).

Theorem 19 implies that CI(D(M)) is compact, where Cl(-) denotes the closure with
respect to the supremum norm topology, hence Proposition 9 holds. Together with
Arzela—Ascoli’s theorem, this entails that D(M) is uniformly equicontinuous and uni-

formly bounded by M. Hence there exists a continuity modulus v such that for all § > 0
and all (s,u) € [0,1]?,

|s —u| <d =  sup sup  sup |D%"(s) — D% (u)| < v(6). (30)
n>4K(d+1) 009K (M) z€[K?]
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Figure 10: Construction of the trends of the homogenized process.

Definition 29 (Log-likelihood of the homogenized process). For each n > 0 and 6 €
O9K(M), let

e = tos Y A @)@ ) Q)

z] s.t. Vi, b?(zt)=B¢
t
% Z/ D@n
11 (7222 (o] 52])),

be the normalized log-likelihood of the process where each residual trend is made constant
over segments of length n.

Remark. This quantity is indeed a log-likelihood: L1055 n](0) = %E;Y’B)(H[N ,nl]), where
the parameter ][N, n] is defined by noNn = 79, QGTL[N’”] = 7, AN = 40 BN — 1o
and

Vi € (K], TIN(0) = o (0) + DI(LN ) (31)

However, 0[N, n] has piecewise polynomial trends instead of polynomial trends, so that
it does not belong to ©.

%E%Y’B) [n](6) is an approximation of the log-likelihood of equation (29). Assumption
(Areg) together with Equation (30) ensure that for all 6 > 0, n > 1, § € ©9%(M),
re[K%andte{l,... n}

¢ , , ¢
¥ (Z{ — pon (ﬁ)) . [efL(lzmM)w(u(a))’ eL(lzt\+M)w(u(a)>] ~ (Z; _pon (5 {%J )) |

hence, for all 9 > 0 and n > 1,

L4YP(0) - LP05(0) < wlel6) x -3 202+ )

sup "
t=1

0cOOK (M) | T

< w(v(8)) x %Z LAl + M+ Z75). (32)

t=1

Remark. Under (Areg), the law of large numbers entails that almost surely, for all
N >1,

limsup sup
n—+oo 9e©IK (M)

1
ZyY:B)gy _ —p¥,B) | —
TR0

<w (,, (%)) E*[L(|Alloo + M + Z7)].



Recall the following notation. For all K’ € N*, for all K'-uple v = (7V3)ze[x, of
measurable functions and for all D = (D,).cx1 € RE' let

7(7, D) = (Z/ — %6(21 - Dz))EE[K’}
the vector of functions v translated by the vector D.

Definition 30. Let  be a probability measure on [K'], Q be a K’ x K’ transition matriz,
v be a vector of K' emission densities on R and b be a function [K'] — B*. Let
(X1, (Zs, By))e=1 be a homogeneous HMM taking values in [K'] x (R x B*) with parameter
(7, Q, (Ve @ Lb))ze(x))-

Denote by 20h™(m,Q,~, b){(Z, b)Y (resp. ("™(Q,~,b)) the normalized log-likelihood
of the parameter (m,Q,~,b) for the observations (Z, l;)? (resp. the limit of the log-
likelihood, if it exists), that is

1 N | T
—00™(7, Q.7 b){(2,0)1} = ~log Y w(21)Q(x1,22) ... Q(@nr, zn) | [ Ve () Lpar )=,
" " zhe[K' t=1
and !
éhom(Qa’%b) = nlgrolo ﬁgfhzom(ﬂ-7Qv’%b){(Z7 BYIL} (33)

The following Lemma ensures the existence of the limit of the normalized log-likelihood
in Definition 30 as well as its uniform continuity with respect to the parameter. It is a
consequence of a result concerning homogeneous HMM stated in Douc et al. (2004).

Lemma 31. Assume (Amaz), (Amin), (Aint) and (Areg). Let K' € N*. The
following points hold.

o Almost surely, for all Q € X5, v € 'Y, D € RE and b : [K'] — B*, the quantity
£h0m<Q0, 7(70; D)7 b)

from Equation (33) exists and is finite almost surely under P* when (Z;, B;); =
(Z}, By):.

o [or all K' € N*, the mapping
(Q%,~4%, D, u,b) € 27, x T x CUD(M))X" x [0,1] x (B*)K
— £(Q%, (7%, D (u)), b)
1s continuous and its domain is compact, so that it is uniformly continuous.
e Almost surely, for all N € N*,

1
sup sup —Kzom(w,Q,T('y,@(u)),b){(Z’,B)ii’f
(W,Q,'Y,@,’M,b) SE{O ,,,,, (N*l)’n} n

—£"™(Q, (v, D(u)),b)| — 0

n—oo
where the supremum is taken for (7,Q,7v,D,u,b) € A x5 xI'E' x CI(D(M))K" x
[0,1] x (B*)X".
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Proof. Proof in Section C.3 [

As a consequence, the family of functions

U {uel0,1] — fhom(QaT(%Q(U))ab)}Qez‘; ~ePE DeD(M)K' be(B*)K’
K'=1

is uniformly equicontinuous, which ensures the following result.

Corollary 32 (Riemann approximation of the integral). The quantity

1 =— i
- hom 0 0 On [ 6
va (@ (e () )

— /1 éhom (QQ’ T (79,©9,n(u)) ’be) du
0

Ry := sup sup
n>n1(M) 0€09K (M)

(34)

satisfies
Ry — 0.
N—+o00
The integrated log-likelihood £ from Definition 8 is continuous by uniform continuity
of /"™ We may now prove the main result of this section, that is the convergence of the
normalized log-likelihood to the integrated log-likelihood.

Proof of Theorem 10 By the triangle inequality and using Equations (34) and (32),
for all n > ny (M) and N € N,

1 .
—K(Y’B) (‘9) . glnt(@6‘7 797 @0,n7 b@)

sup b

0cOOK (M) | T

1 1 . max
<w (u (N)) ﬁ;L(HAHooJrMJth )+ Ry

1 (Y,B) 1 1 — hom 0 0 o0n i 0
ﬁ€n7 N (9> N ¢ Q Y 7@ ' N 7b .
=0

For the sake of simplicity, assume that § is an integer. By Equation (31), for all
0 € O9K(M), there exists [N, n| such that

+ sup
0cO9K (M)

n

%gle,B) [i} (0) = lg(Y:B)(Q[N, nl),

N n
so that
1 1 1 in
Ly M 5 o™ (L 0B
S (e (o () ) (o)



where ngv " is defined as the distribution of Xiyin conditionally to (Y, B)ﬁ:ﬂﬁ under
N

N
the parameter 6]V, n]. Hence, Lemma 31 implies that almost surely,

EZ;Y,B) (0) . gint(q297 ,YG, @9,71, b9)

n

. 1 * max
< ]\}1611{;* {w (V (N)) E*[L(||Alloo + M + Z{"*)] + Rn

=0.

limsup sup
n—+oo 90K (M)

The conclusion follows from Theorem 3.

C.2 Maximizers of the integrated log-likelihood and identifia-
bility

In this section we prove Proposition 11. Assume (Amax), (Amin), (Areg), (Aid) and

(Acentering) and assume that K* = K is known.

Remark. Assumptions (Areg), (Amazx) and (Amin) can be replaced by

Vo€ ©, VzelK*], z€Rw~——~%2) is continuous,
Ve e [K*], ~i(z) — O

|z] =400

Ve e [K*], VzeR, ~7i(z)>0.

The maximum of ™ is reached at (Q,v,® = (D,)ze[x+), b) if and only if the integrand
is maximal for almost every u € [0, 1], which means under (Aid) that

(Q, (7( — D,(u)) ® 1b(ﬂf))xe[K*]> = <Q*7 ('Y;( — A7) ® 1b*(z))xe[K*]>

up to permutation of the hidden states for all u € [0, 1].

Let us assume that the permutation is not constant at u. Since there are only a finite
number of possible permutations of [K*], there exist two sequences (u;);>1 and (v;)i>1
converging to u, one corresponding to a permutation p and the other to a permutation

p' # p, that is

Yol = Do) = Yy (- = Alp(2)))  and  b(z) = b*(p(z))
Yo+ = Da(vi)) = 750 (- = AW (2)))  and b(z) = b*(p/(x))

Therefore, by continuity, for all z € [K*]

(o) (- = Alp(2))), b7 (p(2))) = (V) (- = A (2))), b (P'(2))),

so that p = p’ according to (Aid), which contradicts the assumption that the permutation
is not constant in u. Therefore, the permutation does not depend on wu.

One may assume without loss of generality that the permutation is the identity, in
other words () = QQ*, b = b* and

Vi>1, Vzel[K, {

Vue[0,1], Vze[K"], (- — Du(u)) =7;(— Ax)).
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Here, we took u in the whole segment [0, 1] instead of a subset with measure 1 because
the mapping u € [0, 1] — 7, (-—D,(u)) is continuous under (Areg). If D, is not constant
at some x € [K*], this entails that 4} is invariant by translation, so that it is constant,
which contradicts (Amax). Therefore, ® is constant.

Finally,

Vo e [K7, L /<D Yoz — Dy)dz = / vz — Ax))dz

2 2<D4

using (Acentering), so that D, is a median of v%. To conclude, note that under (Amin)
and (Acentering), A(x) is the only median of .

C.3 Uniform convergence of the homogeneous log-likelihood

Let us prove Lemma 31. The following theorem is a reformulation of Proposition 2
of Douc et al. (2004). Note that their proof also works when the space of parameters is
not parametric.

Theorem 33. Let V be a Polish space and write D(V) the set of nonnegative functions
of V. Let K' € N*. Let Qg+ be the set of transition matrices of size K' and Ay the set
of probability measures on [K']. Let (V;)i>1 be an ergodic and stationary process taking
values in YV with distribution P*.

Consider a compact metric space ) and mappings w — Q¥ € Qg and w —>
v € DWV)X'. Assume that w — Q¥ is continuous and for all v € V, the mapping
w— ¥ (v) € Rf s continuous. Finally, assume that there exists a constant o_ > 0
such that

: : w N>
B, )20 5
sup sup supvs(v) < oo, (36)
weQ ze[K'] veV
E* |sup <10g Z ’Y;u(vl)> < 0. (37)
wehd ve[K) -

For all me Ak, w € 2 and v} € V", let

1 1 i

iy w AW ny . w OV a w

(m QA e} = oy YD wl@)@(0,52) - Q(wanr ) [[10)
P Ee[K/|™ t=1

be the log-likelihood corresponding to the HMM with parameters (m,Q¥,~*) and to the

observations vY.

Then for all m € Ak and w € €, there exists a finite [(Q¥,v*) such that almost
surely,

1 w w n w w
In addition, for all N € N*, the mapping w — 1(Q¥,~*) is continuous and

1
sup sup _ln<7T7 Qw7/yw){‘/1n} - Z(Qw77w) — 0

weN WEAK/ n n—oo

almost surely.
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Let us check these assumptions. First, let V =R x B*, V; = (Z], B;) and
0= {w —(Q,7,9,u,b) € 2% x I x CUD(M))* x [0,1] x (B*)K’} .

By Proposition 9, €2 is compact. It is also metrizable under (Areg): for instance, let
(x;)i>1 be a dense sequence in R, endow I' with the distance

dr(v,7) = Z 27 (Iy(zs) — 7' (@)| A 1)

and thus €2 is metrizable as a product of metric spaces.
By the uniform continuity of CI(D(M)), the mappings

w=(Q,7,9,u,b) € Q+— Q¥ :=Q
w=(Q,7,9,u,b) € Qr—1°(2",b) := (72(2' = Do) L) (D)) e[

are continuous for all (z/,b) € R x B*. The lower bound (35) on the transition matrices
is ensured by (Aerg) and the upper bound (36) on the densities is implied by (Amax).
Finally, the integrability condition (37) follows from the fact that for all w = (Q, v, =
(Dx)mG[K’]a u, b) < Q,

z€[K']

inf, 74(Z} = Da(u)) > m(M + Z7™)
z€e[K'

by (Amin), and E*[—logm(M + Z"*)] < co by (Aint).
Thus, the previous theorem holds, which shows that the application

W UQ”, 1) = 1"™(Q, 7(7,D(u)), b)

is continuous on €2. For the uniform convergence, let 7y be the uniform distribution on
[K'] and let

1 W w STn
Ss,n(w) = Eln(ﬂ'Ua Q Y ){‘/s—;rl
for all s,n € N* and w € €.
The theorem implies that almost surely,

lSom(cu) —1(Q”,~*)| =0.

n

lim sup
n—oo weN

Hence, for all € > 0, there exists a (random) n(e) such that,

L Som(w) — 1@ 7| <. (38)

Vn = n(e), sup
n

weN

The following Lemma is a reformulation of Lemma 2 of Douc et al. (2004) for compact
nonparametric parameter spaces.

Lemma 34. Under the same assumptions as the previous theorem, for all v € V",
1

sup sup |ln<7T7Qw7’Yw){U711} - ln(ﬂ-U7Qw7’7w){U?}| < "9
weN TeEAK (o
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Therefore,
w w STn 1
[1Ssn(@) = Iy ximms @ Y HVETH < =

Note that

ln(ﬂ-Xs+l|nyX1N7rU7 77 ){ sﬁin S+n(7TU7 a’y ){V +n} _l (ﬂ—U7 w’,yw){‘/ls}

= (5 +n)S0,54n(w) — 55 s(w),
so that
1
_z.

[nSsn(w) — (s +1)Sp stn(w) — $Sp.s(w)| <

o

Thus, equation (38) entails that for all s > 1, n > n(e) and w € Q,

[nSsn(w) —nl(Q¥,7*)| < (25 +n)e + %
(

Therefore, by Lemma 34, for all n > n(e) and s € {0,...,(N — 1)n}:

1 2
sup sup |—ln(m, QY vV — U(Q¥, )| < 2N — 1)e + —5,

weQmeA, | T no-

which concludes the proof.

D Miscellaneous proofs

D.1 Proof of Lemma 24

Let us first state a Hoeffding inequality for uniformly ergodic Markov chains using (Aerg)
(see e.g. Glynn and Ormoneit (2002)): for all € > 0, z; € [K*] and n > 5—,

1< o?e?
PPN =) = 2Dt 2 ¢ | X = | <o (<5n)).
t=1

The value of P(X; = z*) in the inequality is the one corresponding to the stationary
distribution so it is bounded below by o_ using (Aerg). Thus, for all 6 > 0, € > 0,
n > s=— and z; € [K"],

on/2 0_2 625
6”2]_th\ _—E)Xlle <exp(— _4 n)
Assume n > 5( - Choose € = 0_/2 and apply a union bound on a covering R of

{1,...,n} in at most 2n/J segments of size dn/2:

do_ 2n ot
f — 1 \— — .
<;2Rn2 i ) Fon (~55)

Borel-Cantelli’s lemma yields the result.
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D.2 Proof of Lemma 25

Without loss of generality, we assume 9,, — § almost surely (this is possible by replacing
dn by 6, A6 in the first statement and §,, V § in the second).

Let us first show that the two statements are equivalent. Assume that the second one
holds. Let (U;)i=1 and (6,,), as in the first statement. Apply the second one to the i.i.d
sequence of non-negative integrable random variables (—Uy)>1:

) 1
limsup sup -— E (_Ut) <E[<—U1)17U12fqu(5)]
n—oo  Sc{l,..n}" teS
|S|<onn

< —E[Ui1y,<qu(5)]-

Add E[U;] on each side and use the law of large numbers:

i 1
limsup sup — Z Uy < E[U110, 54, 5))-
n—oo  Sc{l,..,n}7 pye
|S|<nn
Finally, replace 6, by 1 — d,, 6 by 1 — ¢ and the sets S by their complementary to
obtain the first statement.

Let us now show the second statement (regarding non-negative random variables).
Given a random vector (Vi,...,V,), we write V1) < V(o) < ... < V|, its order statistics.
Let 0 € (0, 1) and let (d,,),, be a non-increasing sequence of [0, 1]-valued random variables
whose limit is § almost surely.

For all 8 € (0,1), write gy (8) := V{|gn)) the empirical S-quantile. Then

1 1 &
sup " Z Vi=— Z Vilvizgy (1-5,)-
t=1

Sc{1,...n tes
|S|<dnn

Let us show that almost surely

1O 1 ¢
- > Vilvizara-s,) — - > Vilvsga-9)

t=1 t=1

— 0
n—oo

and the result will follow by the law of large numbers. Thus we have to show that

1 n
- Z Vi (Loy a-s)<viciv-.) + Lav(1-5,)<vi<av (1-5)
t=1

goes to 0 almost surely. Using Hoeffding’s inequality, for all g € (0, 1),
P( {tefl..n}st iz a(®) _

n n

P(V; >qv(ﬁ))‘ > 10g”> <on2,

In particular, taking 5 = 1 — §, Borel-Cantelli’s lemma shows that almost surely, for
large enough n,

1 1
Gy (1—6— Og") <av(l—0) < gy (1—6+ Og"),

n
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so that there are at most v/nlogn terms between ¢y (1 — 9) and gy (1 — §). Hence there
are at most v/nlogn + (4, — d)n terms between gy (1 — ) and Gy (1 — 0,,). As (6,), is
non-increasing, this yields

R . logn
CIV(1—5n)<QV(1—5)<C]V<1—5+ i >,

which ensures that these terms are bounded above by gy (1 — 3§ + 4/ loin). Thus, almost
surely, for n large enough,

logn

n

1 n
- D Vi (g a-a)<vicav(1-60) + Lav(1-su)<Vicar (1-)) < [ + (00 — 5)] qv(1—0/2),
t=1

which indeed converges to 0.
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