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Online EM Algorithm for Hidden Markov Models

Olivier Cappé
LTCI, Telecom ParisTech & CNRS

Abstract

Online (also called “recursive” or “adaptive”) estimation of fixed model parameters in hid-
den Markov models is a topic of much interest in times series modelling. In this work, we
propose an online parameter estimation algorithm that combines two key ideas. The first
one, which is deeply rooted in the Expectation-Maximization (EM) methodology consists in
reparameterizing the problem using complete-data sufficient statistics. The second ingredient
consists in exploiting a purely recursive form of smoothing in HMMs based on an auxiliary
recursion. Although the proposed online EM algorithm resembles a classical stochastic ap-
proximation (or Robbins-Monro) algorithm, it is sufficiently different to resist conventional
analysis of convergence. We thus provide limited results which identify the potential limiting
points of the recursion as well as the large-sample behavior of the quantities involved in the
algorithm. The performance of the proposed algorithm is numerically evaluated through sim-
ulations in the case of a noisily observed Markov chain. In this case, the algorithm reaches
estimation results that are comparable to that of the maximum likelihood estimator for large
sample sizes.

Keywords Hidden Markov Models, Expectation-Maximization Algorithm, Online Estima-
tion, Recursive Estimation, Stochastic Approximation, Smoothing

1 Introduction

Hidden Markov modelling is a key concept of statistical time series analysis, which has had a
wide-ranging practical impact over the latest forty years. Hidden Markov models (HMMs) in their
classical form (i.e., when the state variable is finite-valued) are sufficiently simple to give rise to
efficient inference procedures while allowing for useful modelling of various practical situations.
Ever since the pioneering contributions of [Baum and Eagor] ([[967), Baum et al] ([970), the EM
(Expectation-Maximization) algorithm has been the method of choice for parameter inference in
HMMs. The EM algorithm is a dedicated numerical optimization routine which aims at maximiz-
ing the (log) likelihood of a batch of observations. It tends to be preferred to its alternatives due
to its robustness and ease of implementation.

This contribution is devoted to online parameter estimation for HMMs, in which the available
observations are only scanned once and never stored, allowing for a continuous adaptation of
the parameters along a potentially infinite data stream. In the case of HMMs, online parameter
estimation is a challenging task due to the non-trivial dependence between the observations. The
EM-inspired methods proposed so far have been either based on finite-memory approximations
of the required smoothing computations (Krishnamurthy and Moord, [1993) or on finite-memory
approximations of the data log-likelihood itself (Rydéd, [997). An alternative consists in using
gradient-based methods ([Le Gland and Mevell [1997) which do not directly follow the principles of




the EM algorithm. Kantas et al] (B009) provide a comprehensive recent review of these methods,
including more advanced aspects for models that require the use of simulation-based methods.
Recently, Mongillo and Denévd (P00§) proposed an online version of the EM algorithm for HMMs
in the case where both the states and observations take a finite number of values. The key
ingredient of this algorithm is a recursion which allows for recursive computation of smoothing
functionals required by the EM algorithm. However, this recursion appears to be very specific and
its potential application to more general types of HMMs is not addressed by [Mongillo and Deneve
(R00]).

The purpose of this paper is to build on the idea of Mongillo and Dencvd (R00§) in light of
the framework introduced by [Cappé and Moulined (P009) for online EM estimation in the case
of independent observations. The first contribution of the paper is an algorithm that extends
the proposal of [Mongillo and Denévd (P00]) to general HMMs, with possibly continuous obser-
vations. This algorithm is based on the key observation that the recursion used in
Jenevd (RO0Y) is an instance of the recursive smoothing scheme for sum functionals introduced
by Eeitouni and Dembd (1985), Elliott et al] ([995). Although a complete analysis of the proposed
algorithm is currently lacking, we provide a first result that identifies the possible limiting points
of the algorithm. These coincide with the stationary points of a limiting EM mapping that may
be interpreted as the limit of the EM recursion under an infinite number of observations. This
interpretation which generalizes the argument of Cappé and Moulined (R009) for the case of in-
dependent observations also provides some interesting insight regarding the behavior of the batch
EM algorithm when used with a large number of observations.

The remaining of the paper is organized as follows. Section || opens with a brief review of
our modelling assumptions and of smoothing computations in HMMs. The proposed online EM
algorithm is then introduced in Section R.3. Section [P is devoted to a discussion of the online
EM algorithm and, in particular, of its connections with previous works and of its numerical
complexity. Section f contains preliminary results pertaining to the convergence of the method,
with corresponding proofs to be found in the appendix. Finally, in Section f] we apply the online
EM algorithm to the estimation of the parameters of a Markov chain observed in Gaussian noise
and illustrate its performance through numerical simulations.

2 Online EM Algorithm for HMMs

2.1 Model and Notations

It is assumed that the state and observation sequences, (X¢, Y;)icz are generated under a stationary
Hidden Markov model with unknown parameter 6,, where (X;) takes its values in some finite set
X. The notations 4y, , py,, Py, and Ey, refer to, respectively, the likelihood, the joint density of
the states and observations, the probability, and, the expectation under the model parameterized
by 6. In practice 6, is unknown and one only has access to the observation sub-sequence (Y;)¢>0,
where, by convention, the initial observation time is taken to be 0. In this context, the initial pdf
v of X is arbitrary and £, 9, p,g, P,g and E, g are used to denote, respectively, the likelihood,
the joint density of the states and observations, the probability, and, the expectation under the
non-stationary model that has initial pdf v and 6 as parameter. Hence, Py refers to the probability
under 6 of the stationary HMM process (X, Y;)iez while P,y denotes the probability of the non-
stationary process (Xi,Y:)ieny which is started with initial distribution v for Xy. Note that v
itself is not considered as a model parameter as it cannot be estimated consistently from a single
trajectory (see Chapters 10 and 12 of [Cappé et al], 00 for further discussion of this issue). The




state transition matrix and state conditional pdf (probability density function of Y; given X;) that
characterize the HMM are denoted, respectively, by gg(x,z’') and gg(z,y).

To make the EM recursion explicit, a key requirement is that the model belongs to an expo-
nential family. In the following, we will thus make the following assumptions.

Assumption 1.

(i) Exponential Family

Po(@e, yelwe—1) = hwe, ye) exp ((P(0), s(we-1, 21, 41)) — A0)) (1)

where (-) denotes the scalar product, s : (x',z,y) € X2 x Y+ s(2’,x,y) €S is the vector of
complete-data sufficient statistics, 1 (-) is the (non-necessarily invertible) function that maps
0 to the natural parameterization and A(-) is the log-partition function.

(ii) Explicit M-Step For all S € S, the complete-data mazimum likelihood equation
Vop(0)S — Vo A(0) =0,

where Vg denotes the gradient, has a unique solution denoted by 0(S).

Assumption [l-(ii) states that the function 6 : S € S + 6(S) € © that returns the complete-
data maximum likelihood estimator corresponding to any feasible value of the sufficient statistics
is available in closed-form. Note that the form used in ([]) is in fact slightly more general than the
HMM case. Indeed, if both gy and gy belong to exponential families:

qo(z',x) = h?(z’, z) exp ((¥*(0), s7(a', 2)) — AU(0)) ,
g0(z,y) = W (z,y) exp (¢?(0), s7(2,y)) — A9(0)) , (2)

we then have A(0) = A%(0) + A9(0),

o0 = (i) stz = ()

We will not make use of this specific structure when describing the algorithm and we thus stick
to the concise representation of ([[J). Sections and B.9 and [} provide more details on the nature of
the function s in specific examples of HMMs.

Under Assumption [l], the k-th iteration of the usual EM algorithm applied to observations
Yo = (Yo, ..., Y,) takes the following familiar form:

E-Step Compute

1 n
Sk:+1 - Eu,Gk [ S(Xt—laXtayvt) Yb:n

n
t=1

M-Step Update the parameter estimate to 01 = 0(Sk11).

To avoid unnecessary notational complexity, we have omitted in (B]) the initial term % log pu.o(z0,Y0)
from the normalized complete-data log-likelihood. The influence of this term is vanishing with n
and it is not necessary to take it into account for online estimation.



2.2 Recursive Form of Smoothing

We briefly recall here a key ingredient of the proposed algorithm which makes it possible to
compute recursively the normalized sum %E,,,g > iy s(Xi—1, X+, Y2)| Youn] by use of an auxiliary
recursion. Curiously, this idea which dates back to, at least, feitouni and Dembd ([L98§) and has
been extensively studied by [Elliott et al] ([[995) remains largely under-exploited (see discussion in

Chapter 4 of [Cappé et all, R00Y).

In addition to the usual filter,
gbn,u,@(x) = PV,G (Xn = $| Yv(]n) ) (4)

define the following intermediate quantity

n

1
pn,u,&(x) = EEV,G [tzl S(Xt—laXtayvt)

Yo, Xn = x] . (5)

Obviously, these two quantities allow the computation of the sum of interest as

n

Z S(Xt—17 Xta }/t)

t=1

YO:n

1
Z ¢n7V79(x)pn,V,9(x) = EEV’G

TEX
The appeal of this decomposition is that ¢, , ¢ and p, , ¢ can be updated recursively according to
the following proposition.
Proposition 1. Initialization For x € X, set
l/(x)gg (x’ YVO)
Dwex v(a)go (2, Y0)
pove(x) =0.

Pop0(x) =

Recursion Forn >0 and x € X, it holds that

Zx’e)( gbn,u,@ (CC/)QQ (CC/, Cﬂ)ge (x, YnJrl) (6)
zx’,x”eXQ (bn,lfﬁ(x,)q@(x,a 1’”)99 (1'”7 n+1)

1
pn—‘,—l,u,@(x) = Z {n+ 1S($,,$,Yn+1)

r'eX . (1 B ) pm,,,e(ﬂﬁl)} = Pno(z')ge(2', ) , (7)

n+1 z’eX ¢n,u,6($”)%($", ,I)

¢n+1,u,€ (1') -

In Proposition fl] above, the rightmost term in (),

¢n,u,9(9€/)q9(m', 1‘)
wex Pnpo(@")a(z", )

Tn+1,v,0 (5'3/|5'3) = D

corresponds to the backward retrospective probability P, ¢(X, = z'|Xn11 = x,Yp.,), which does
not depend on the newly available observation Y,,;1. The main argument in proving Proposition
is to check that

Poo(Xi = x4, Xiv1 = 2441 | Xn1 = Tog1, Yomt1) =

Z Pu,@(Xt = xt7Xt+1 - xt—l—l‘Xn = xn7Yb:n)Pu,€(Xn - xn’Xn—i—l - xn—l—hyb:n) 5
TnEX

for all indices 0 <t < n — 1 which implies the claimed result by summation on t.



2.3 Online EM Algorithm

Proposition EI constitutes a recursive rewriting of the computation required to carry out the E-
step in the batch EM algorithm. By analogy with the case of independent observations studied
in Cappé and Moulineq (R009), the proposed online EM algorithm for HMMs takes the following
form.

Algorithm 1. Chose a decreasing sequence (yn)n>1 of step-sizes, which satisfy the usual stochas-
tic approzimation requirement that Y., i vn = 00 and Y., <1V < oo. Also select a parameter

initialization 6y and a minimal number of observations nmin required before performing the first
parameter update.

Initialization Compute, for x € X,

. B v(z)gs,(, Yo)
¢0($) - Za:’EX V(f)géo(xla Yb) )
po(z) =0.

Recursion Forn >0,

Compute, for x € X,

Zx’e.}\f ¢n (x/)QQn(x/a 1’)gén(-%', Yn-l—l)
Zx’,x”é)& an(x/)Qén(xl’ x”)gén(:c”, Yn+1) 7

Gni1(w) = (8)

’ N ’ én Na, I7
ﬁn-l—l(x) = x;{ {’Yn+13($ , L, Yn-i-l) + (1 - 7n+1)pN(x )} ZJC,,EX(;:((;GZ()Z@”?;/,’ :C) .

(9)
If n > nmin, update the parameter according to

Opi1 =0 (Z ﬁn+1(ﬂf)¢§n+1(ﬂf)> ; (10)

zeX
otherwise, set 011 = 0.

In Algorithm [I], the role of npyiy, is only to guarantee that the M-step update is numerically well-
behaved as it is well-known that in most models the maximum likelihood estimation equation is
degenerate for very small numbers of observations and, hence, the function # may not be properly
defined. For this purpose, a very small value of ny;, is usually sufficient (for instance, nyi, = 20
is used in the simulations of Section p.3).

3 Discussion

We first discuss connections of the proposed algorithm with earlier works before discussing its
numerical complexity in more details.

Quite obviously, Algorithm [| is intended to generalize the online EM algorithm of
Moulineq (R009) to the case of dependent observations. In the case of independent observations,
(B) and () reduces to a simpler recursion of the form:

~ ~

Snt1 = Tnt+1Egg,) [5(Xna1, Y1) Yaga] + (1 — ym41) S0, (11)

5



which can be analyzed using the arguments developed for the analysis of stochastic approximation
(or Robbins-Monro) schemes under Markovian random perturbations. The HMM framework how-
ever implies several key differences. First, in HMMs it is necessary to maintain an approximate
filter (in through () which, hopefully, becomes an acceptable proxy for ¢n,u,én when approaching
convergence. More importantly, as it is no more possible to compute the conditional expectation
of the complete-data sufficient statistics online, we require the auxiliary recursion of (f). Although
directly inspired by the exact recursive smoothing formula of ([), this auxiliary update cannot be
put in the usual stochastic approximation form. And thus, in contrast to the online EM algorithm
of Cappé and Moulined (R009), Algorithm [I] cannot be analyzed using off-the-shelf mathematical
arguments. Both the need to maintain an estimate of the filter and the presence of the backward
retrospective probability in (ff) constitute significant departures from the usual stochastic approx-
imation framework. Thus a complete analysis of the convergence of Algorithm [l| is a challenging
mathematical problem and we provide in Section [ below important —though limited— arguments
in that direction.

Algorithm [l| is related to the EM-based approach suggested in Eq. (51) of [Kantas et al{ (2009)
which however lacks the idea of a recursive implementation of smoothing (in this work, the authors
propose to use a particle filtering method to approximate the smoothing functional). Chapters 4
and 5 of [Ford ([998) and [Elliott et al] (003) consider the use of Proposition [ for online estimation
of the parameter of a Markov chain observed in additive noise —an example that we will discuss in
more detail in Section [} and for a linear state-space model with known noise characteristics.
(1998) however does not acknowledge the generality of the approach and the role of complete-data
sufficient statistics and is constrained to the choice of 7,, = n~!, which in simulations gives poor
performances compared to alternative choices of step-sizes (see Section [f below). To the best of our
knowledge, the first instance of a particular case of Algorithm [I| appears in the work of
nd Denevq (R008) who considered the specific case of finite-valued observations.
lenevd (R00§) however entirely rediscovered Proposition [ under an equivalent form discussed
below and thus failed to identify some of the general principles underpinning Algorithm fl.

g o

3.1 Comparison with the Algorithm of Mongillo and Denévd (R00§)

This section is devoted to a more detailed analysis of the difference between Algorithm [l| applied to
the case of finite-valued observations and the actual proposal of Mongillo and Denévd (R00). This
difference is not significant from a practical point of view but is important for the understanding
of the behavior of the algorithm.

Mongillo and Deneve (R0O0§) considered the particular case of finite valued HMMs in which
the observations (Y;);>1 also take their values in a finite set V. In such a situation, it is easily
checked that for any parameterization of the model, the complete-data sufficient statistics may be
chosen as s(X;—1, Xy, Y}) = (I{Xy—1 =4, Xy = 4, Y} = k})(i,j,k)eXQXy- The recursion derived by
Mongillo and Denevq (R00§) for this case is based on recursively updating the product 7, ,¢(x) =
®nw,0(x)pnyo(x) rather than p, , g(x). The probabilistic interpretation of the new term 7, , ()

isE, 0[O0 s(Xi—1, X4, V1)) 1{X,, = 2}| Yo.n]. By multiplying (f) by qgnﬂ(x) and using (f), one




obtains the following online update

R bn () (2, 2)gy (2", Yni1)
Tn+1(T) = Yot § S(ml7x7yn+1) - 7 en/ /9n 1" : 1
r’'ex Zx’,x”eé‘ﬂ ¢n(w )QQn(x » L )gén(x 7Yn+1)

R g5 (7', 7)gg (', Ynt1)
(1= 900) 3 Fala) R
r’eX Zx’,x”EXQ ¢n($ )Qén(x y L )gén(x 7Yn+1)

which coincides with Eqgs. (15)-(16) of [Mongillo and Denévd (R00§), for the particular choice of
complete-data sufficient statistics discussed above.

Of course, using either (§) and () or ([2) is practically equivalent. But the results of Section
indicate that q@n and p,, have very different limiting behaviors: the auxiliary recursion (f]) should
converge to a fixed deterministic limit while the same is not true for the approximate filtering
recursion (f). Hence the use of decreasing step-sizes for ([) only is justifiable while its use in ([L2)
is less natural (and/or potentially misleading) as 7, should not be expected to converge to a
deterministic limit.

Regarding the choice of the step-size, Mongillo and Denévd (R00J) consider the cases where,
either, the step-size -, is small but non-decreasing, which may be useful for tracking potential
changes but is not sufficient to guarantee the consistency of the approach. The other option
mentioned by Mongillo and Denevd (200§) is to use 7, = n~! by analogy with the work of
ahd Hintor] ([999) and the case of the batch EM algorithm. The range of step-sizes mentioned in
Algorithm [I] is chosen in reference to the theory of stochastic approximation and by analogy with
Cappé and Moulineq (P009). As will be illustrated below, in the numerical simulations of Section f,
the choice of v, = n~! should definitely be avoided for HMMs and we instead recommend using
step-sizes of the form ~, = n~% with « in the interval (0.5,0.8), possibly combined with Polyak-
Ruppert averaging (see Section p.J below).

3.2 Implementation and Numerical Complexity

Regarding the numerical complexity of Algorithm [I, observe that in the case considered by
Mongillo and Denévd (P00§) where s(X; 1, X, Y;) = (1{X;-1 =4, X; = 5,Y; = E}) i kyexz xps
s(X;_1,Xt,Y}) is a vector of dimension |X'|? x |))| (where |-| denotes the cardinal of the set). Thus,
the numerical complexity of ([[J) is of order |X|? x |))| per observation. For this case, it is indeed
possible to bring down the numerical complexity to the order of |X|* + |X'|? x || operations by
updating separately the terms corresponding to the two statistics (1{X;—1 = i, X = j})( jyex>
and (1{X; = j,Y: = k})(jp)exxy (see the example considered in Section f] for more details). Inter-
estingly, the numerical complexity of the batch EM algorithm for this model, when implemented
using traditional forward-backward smoothing (Rabinei, [[989), is of the order of (|X|* + |X|x|V|)
per observation and per iteration of the EM algorithm. The comparison is not directly meaningful
as the batch EM algorithm does necessitate several iterations to converge (see numerical illustra-
tions in Section [.J). The scaling of the numerical complexity of the online-EM algorithm with
respect to |X| can constitute an hindrance in models with a large number of states. This being
said, the complexity of online gradient-based approaches, is equivalent as the main burden comes
from the necessity of updating, via a recursion related to (f]), one coordinate of the gradient for
each of the pairs (z,2') € X? of state values (see, e.g., [Le Gland and Mevel, [997). When the
transition matrix is structured —i.e., parametered by a low dimensional parameter rather than by
all its individual entries—, the numerical cost of implementing the online EM approach is reduced
to an order of the number of parameters times |X|?.




4 Some Results on Convergence

In this section, we provide two important elements regarding Algorithm [ll. The first is a gen-
eralization of the argument of Cappé and Moulined (P009) that makes it possible to identify a
deterministic limit for the EM update as the number of observations tends to infinity. Interest-
ingly, the form of this limit is non trivial and substantially different from the case of independent
observations. The second result pertains to the limiting behavior of the auxiliary quantity py(z)
of ([Q) that is instrumental in Algorithm [. As discussed in the previous section, a complete
analysis of the convergence of Algorithm [l| is still lacking but it is possible to show that when
the parameter is frozen (i.e. when the M-step update of ([[]) is inhibited), p, converges to a
deterministic quantity. This limit does not depend on x (or, in other words, |p,(z) — pn(2')| — 0)
and is related to the limiting EM mapping. This result, although limited, is very important to
understand the nature of the asymptotic attractors of Algorithm [l In this section, we will work
under the assumptions of Douc et al] (R004) which guarantee the asymptotic normality of the
MLE, adapted to the (simplest) case of a finite state space X.

We start by a closer inspection of the limiting behavior of the normalized score function
(gradient of the log-likelihood). Under suitable assumptions (see below), the normalized HMM

log-likelihood % log ¢, ¢(Yy, ..., Yy,) converges, Py almost surely and in L', to the limiting contrast
¢, (0) = Eq, [log Lo(Yo|Y—oc:-1)] - (13)
The same is true for the normalized score 2Vglog ¥, ¢(Yy,...,Y;) which converges to Ve, (6).

Such consistency results have been established, under various assumptions, by (among others)
Baum and Petriq (]1964), Bickel et al] (L99§), Douc et al] (004). Now, thanks to Fisher identity,
for all n,

1

n
~Eup | > Vologps(Xe, Yi|Xe-1)| Yo

1
EVG loggl/,@(}/ba cee 7Yn) =
t=1

1
+ EEV,G [VG Ingl/,G(X07 }/b)‘ Ybn] . (14)

As already discussed, the last term on the r.h.s., whose influence is vanishing with increasing
values of n, can be ignored. Hence, the consistency result for the score function combined with
([4) implies that LE, ¢ [ Y11 Vo log pe(Xy, Y| X¢—1)| Youn) converges Py, almost surely to Vg, (6),
the gradient of the limiting contrast. Now using the exponential family representation in (fl), the
non-vanishing term in the r.h.s. of ([4) may rewritten as

1 n
~Eug | Y Vologpp(Xp, Vil X1)

t=1

YO:n

n

Vou(6) {%Ee [ (X1, X0, )

t=1

Yb:n

} —VoA(0). (15)
The following theorem defines the limiting behavior of the r.h.s. of the above equation, and thus,
the limiting behavior of the EM update for HMMs (see Appendix [A] for the corresponding proofs).

Theorem 1. In addition to Assumption [], assume that (i) X is a finite set; (ii) the parameter
space © is compact and 0, lies in the interior of ©; (iii) the transition matriz is such that qo(x, ') >



€ > 0 for all 0 € ©; (iv) supysup, go(y) < oo and Ee, [[loginfs gs(Yo)|]] < oo, where go(y) =
Y2 90(x,y); and, (V) g, Ag, g, Ag in (B]) are continuously differentiable functions on the interior

of ©. Then the following properties hold.

(1)

S~

n
El/70 [ S(thlaXtaY;ﬁ) }/0:11 — EG* (EG [S(XflaXO)}/O”YfOO:OO]) 3 PG* a.s. (16)
t

=1

(i) The fized points of the limiting EM algorithm
Or1 =0 {Eq, (Bq, [s(X_1, X0, Y0)| Y-00:00])} (17)
are the stationary points of the limiting likelihood contrast cg, ().

Theorem [I| provides an interpretation of the limiting form of the classical EM algorithm when
used on very long sequences of observations. In the case of HMMSs, this form is quite complicated
and it is interesting to compare it to the case of independent observations investigated by
bnd Moulined (R009). If the observations are assumed to be independent, the law of large number
implies the convergence of the normalized log-likelihood to ¢y, (6) = Eg, [log £9(Yp)]. In this case,
it is obvious that maximizing ¢y, (f) is equivalent to minimizing the Kullback-Leibler divergence

D(ly,|lg) = [log Kgg((;)) Ly, (y)dy. In the HMM case, D(¢y, |¢p) needs to be replaced by the expression

of ¢g, (0) given in ([[), which is a consequence of the tower property of conditional expectation
and of the forgetting property of the filter (Douc et al], R004)). However, in contrast to the case of
independent observations, it is no more straightforward to provide an explicit expression for the
gradient of cg, (7). The key idea here is the use of Fisher identity in ([[4) which yields the limiting
term found in the r.h.s. of ([[f). The use of Fisher identity also explains the particular form of
conditioning found in ([L§), which involves both the infinite future and past of the trajectory. This
expression also suggests that being able to compute or approximate smoothed functionals of the
state recursively is indeed a key requirement for online estimation in HMMs.

The next result shows that under parameter freeze, the online EM update equation (§) con-
verges to a deterministic constant function, equal to the r.h.s. of ([L6).

Corollary 1. Under the assumptions of Theorem [@, Algorithm [1 used without (IQ) —that is, with
0, equal to a fixed value 0 — satisfies

pn(x) — Eg, (B [s(X_-1, X0, Y0)| Y_no:o)) 5 Py, a.s., forallz € X.

Corollary [l] shows that under parameter freeze the auxiliary quantity p,(z) converges to
a constant limit that does not depend on z and that is equal to the limit obtained in ([l]).
Note that since ¢,(z) is a probability on X, this implies that 00> cx a1 (2) i1 (2)) tends to
0 {Ey, (Eg[s(X_1,X0,Y0)| Y_oo:o0])}. This result together with Theorem [[-(ii) suggests that Al-
gorithm ] can only be stable at the stationary points of the limiting contrast cg, (§). The argument
is only heuristic at this stage as Corollary [l| is obtained under the artificial assumption that the
evolution of the parameter is frozen. Corollary [Il however highlights an essential characteristic of
Algorithm [I} in contrast to q@n(x) which does approximate the infinite past filter and hence varies
with each observation, p,(x) converges to a deterministic limit that is independent of x. This
property, which can be verified in simulations, justifies the form of Algorithm [l and in particular
the use of a stochastic approximation type of update for p,(x) only.



5 Application to Gaussian HMMs

5.1 HMM with Product Parameterization

For the sake of concreteness, we consider in following the case where the state variables (X3)
take their values in the set {1,...,m}. In addition, assume that, as is often the case in practise,
the parameter 6 may be split into two sub-components that correspond, respectively, to the state
transition matrix gy and to the state-conditional densities {gg(i, ) }1<i<m. In the fully discrete case
considered in Mongillo and Denevd (R00§) for instance, the parameter @ consist of the transition
matrices ¢y and gy parametered by their respective entries, with the constraint that each line of
a transition matrix must sum to one. In the case of Gaussian HMMs used in speech processing
as well as many in other applications, the parameters are the state transition matrix gy and
the mean vector and covariance matrix associated with each of the m state-conditional densities
{96(i, ) }1<i<m (Rabinet, [989).

In such a model, there are two distinct types of EM complete-data sufficient statistics which
give rise to two separate forms of the auxiliary function pj, , 6:

. 1 . . ‘
Prwolindki0) = —Eyg | > 1{Xe1 =1, Xy = j}| Yo, Xn = k] : (18)
t=1
1 n
Pranoi:h:0) = ~Bup | > 1{X, = i}s(¥}) Yo:n,Xn:k] : (19)
t=0

where the form of s itself depend on the nature of the state-conditional distribution gy(x,-) —see
Gaussian example below. There’s a slight difference between ([[d) and (f), which is that ([9) also
incorporates the initial (¢ = 0) conditional likelihood term, i.e., the contribution corresponding to
the rightmost term on the r.h.s. of ([[4). As noted earlier, this difference is minor and does not
modify the long-term behavior of the algorithm.

With these notations, Eq. () in Algorithm [[ is implemented as

/3(71;+1(i7j7 k) = ’Yn-i-l(s(j - k)fn-i-l(z‘]) + (1 - ’Yn-i—l) Z pAgL(Zu% k,)fn-f-l(k,’k) ) (20)
k=1
57 1, k) = 0(1 — k)s(Y, — mAg'k‘/A K|k
P91 k) = ng10(i — B)s(Yoga) + (1= ymyr) Y 9506 K ) Pnga (K [K) (21)
k'=1

where ¢ denotes the Kronecker delta (i.e., (i) = 0 iff i = 0) and the notation 7,1 (i|j) refers to
the approximate retrospective conditional probability :

n(i)gy, (i, 5)
Sy n(i)g; (i, 5)

A complete iteration of the online algorithm involves the approximate filter update (§) and the

N

statistics updates (RQ) and (1) followed by an application of the M-step function 8 to SZ (i, 5) =

Sy B (i Gy k) dngr (k) and 87 (i) = 37y 521 (iy k) dnt1 (k). The form of the M-step depends
on the exact nature of gy and gy. If the transition matrix gy is parametered simply by its entries,
the update is generic and is given by

S1i.d)
S S8(,7)

Fry1(ilf) = (22)

45,(i3) = 0 (1) = (23)

10



For the update of the state-dependent parameters, one needs to be more specific and the form of
the equations depend on the choice of the state conditional density gg(z,-). In the multivariate
Gaussian case, the function s has to be chosen such that s(y) consists of the three components
{1,y,yy'}. The corresponding components of the approximated EM extended statistics are de-
noted, respectively, by S9 0 5’%71, 5’%72. If the state conditional Gaussian densities are parametered

n
by their mean vectors, (i), and covariances matrices, 3y(i), the M-step update is defined as

s SY (1)

(1) =0(89,,89 )=’ 24
0 =8 (St 80) = 520 1)
Spa(i)
S0(0)
The derivation of (23) and (4)-(R3) is straightforward but some more details are provided in the
next section for a particular case of Gaussian HMM.

25,(0) = 0 (58,0:5.1.94,) = — g ()1t () (25)

5.2 Markov Chain Observed in Gaussian Noise

In the numerical experiments described below, we consider the simple scalar model
=X+ Vi,

where (V;) is a scalar additive Gaussian noise of variance v and (X;) is a Markov chain with
transition matrix ¢, which takes its values in the set {u(1),...,u(m)}. Although simple, this
model is already statistically challenging and is of some importance in several applications, in
particular, as a basic model for ion channels data (Chung et al], [[990) —see also, e.g., (Robertd
bnd Ephrain], P00§) for discussion of the continuous time version of the model as well
(B00T), for an up-to-date account of models for ion channels. The parameter 0 is comprised
of the transition matrix g, the vector of means p and the variance v.

In this case, the intermediate quantity of the batch EM algorithm may be written —with
constant terms omitted, as

0388 ) loga(i,g) — 5 D (Sha(i:0) — ()2 0) + 1712 (0)) (26)
i=1 j=1 i=1

n

. 1 . .
S%(Z,j) = EEV,G [Z H{Xt—l - Z7Xt :j} Yb:n ’
t=1
1 [ n
Spo(i) = ~Bug | D 1{Xi =i} You | .
L t=0
1 ' n
Spa(i) = ~Eug | D 1{Xy = i}Yi| Yo | |
L t=0
1 [ n
Sy 2(i) = EEV,G Z X, =i}V Yo
L t=0

11



Maximization of () with respect to gy, pg and vy directly yields (23) as well as

u(e) =0 (850,59, ) = ioﬁi , (27)
o8 (SL50500) — it (S12l0) - @S00) o)

doiny Sz,o(i)

It is easily checked that, as usual, the M-step equations (R3) and (Bg) satisfy the constraints that
q be a stochastic matrix and v be non-negative. Note that for this particular model, the use of the
statistic S , could be avoided as it is only needed in the M-step under the form 77" | S7 , (i), which

is equal to % Yoo Y;2. Algorithm B below recaps the complete online EM algorithm pertaining to
this example.

Algorithm 2 (Online EM algorithm for noisily observed m-state Markov chain).
Initialization Select 6y and compute, for all 1 <i,j,k,<m and 0 <d <2,
QZB (kﬁ) V(k)géo(ka YO)
0 - m 5
Zk’:l géo(k7 Yb)
ﬁg(l’ja k) =0 )
50, k) = 8 — KV

Recursion Forn >0, and 1 <i,5,k,<m, 0<d <2,

Approx. Filter Update

: S B (KiK', K, (K, Yosn)
Pnt1(k) = m 2 (LIS (B L 1" ’

ST s O ) (- R7) g5, (K Y1)
where gy (k,y) = exp [—(y — fin(K))?/20,).

Stochastic Approximation E-step

Prig1 (B3, K) = Ynt10() — k)P (ilf) + (1 — Y1) Z ph (i, 5, K )1 (K )
k=1

P 1 i k) = Yas 1800 — )Yy + (L= ya1) 3 50 (i K s (K )
k'=1

where t41(i]5) = Gn()dn(i,5)/ S5y dn(i')in (i’ J).-

12



M-step If n > nmin,

n+1 { ] Z pn+1 { .7, ¢n+1( )
k'=1

L St1(0,4)

Gn+1(6,0) = S mg
Zj/— Sn-q-l(Z 7'

SZ.H d Z pn-i—l d Z k )¢n+1( )
k'=1

ot
fin+1(i) = SZH 19 ;
S n+1, O( )
Sy (S010l) = 210 ()80,

D1 =
" z;ﬂ z+10( )

5.3 Numerical Experiments

Algorithm [ is considered in the case of a two-state (m = 2) model estimated from trajectories
simulated from the model with parameters

q*(17 1) = 095 ) :u*(l) = O 9
Q*(2?2) = 07’ //J*(Q) =1 ’
v, =0.5.

With these parameters, state identification is a difficult task as the separation of the means
corresponding to the two states is only 1.4 times the noise standard deviation. The optimal filter
associated with the actual parameter does for instance misclassify the state (using Bayes’ rule) in
about 10.3% of the cases. As will be seen below, this is reflected in slow convergence of the EM
algorithm.

All estimation algorithms are systematically started from the initial values

gx(1,1) = 0.7, pue(1) = =05,
4+(2,2) = 0.5, 1.(2) =05,

Uy = 2,

and run on 100 independent trajectories simulated from the model.

Figure [l illustrates the consequences of Theorem [] by plotting the estimates of the parameters
q(1,1) and p(1) obtained by the batch EM algorithm, as a function of the number of EM iterations,
for two different sample sizes: n = 500 (dotted lines) and n = 8000 iterations. To give an idea
of the variability of the estimates, Figure [I] feature the median estimate (bold line) as well as the
lower and upper quartiles (lighter curves) for both sample sizes. The first striking observation is
the slow convergence of EM in this case, which requires about 50 iterations or so to reach decent
estimates of the parameters. When comparing the curves corresponding to the two samples sizes,
it is also obvious that while the variability is greatly reduced for n = 8000 compared to n = 500,
the median learning curve is very similar in both cases. Furthermore, the plots corresponding to
n = 8000 provide a very clear picture of the deterministic limiting EM trajectory, whose existence
is guaranteed by Theorem [

13



10 20 30 40 50 60 70 80 90 100
EM iterations

Figure 1: Estimated values of ¢(1,1) (top) and u(1) (bottom) as a function of the number of batch
EM iterations for n = 500 (dotted lines) and n = 8000 (solid lines) observations. The plot is based
on 100 independent runs summarized by the median (bold central line) and the upper and lower
quartiles (lighter lines).

Indeed, the large sample behavior of the batch EM algorithm is rather disappointing as using
a fixed number of iteration of EM does involve a computational cost that grows proportionally
to n but will converge, as n grows, to a deterministic limit which only depends on the parameter
initialization. This is all the more regrettable that from a statistical perspective, it is expected
1/2 towards the actual value 6, of
the parameter. This behavior of the batch EM algorithm is illustrated on Figure f which displays,
from left to right, the estimation results for the parameters associated with the first component
(q(1,1), u(1)), as in Figure [l], together with the noise variance v (rightmost display). The results
obtained on the 100 independent runs are here summarized as box and whiskers plots. Figure [,
which should be compared with Figure f] below, shows that when using a potentially large (here,
50) but fixed number of iterations the variability of the batch EM estimates does decrease but the
accuracy does not improve as n grows. Clearly, statistical consistency could only be achieved by
using more batch EM iterations as the number n of observations grows.

In contrast, Figure fJ which corresponds to the online EM algorithm (Algorithm [)) used with
Y = n" 96 does suggest that online EM estimation is consistent. For the smallest sample sizes
(n = 500 or n = 2000), the estimation variance is still quite large and the online estimates are
not as good as those obtained using 50 batch EM iterations. But for sample sizes of n = 8000
and larger, the online EM estimates are preferable despite their somewhat larger variance. In this
application, the choice of a slowly decreasing step-size appears to be of utmost importance. In
particular, the choice ,, = n~!, despite its strong analogy with the batch EM case (see Section [
as well as [Neal and Hintorl, [999) provides estimates that are not robust enough with respect to
the choice of the initial parameter guess. Simple step-size schemes of the form v, = n~“ perform
very poorly in this example when « is set to values higher than 0.8. Figure [] features a more
complex choice of step-sizes which was hand-tuned based on pilot runs. Even with this preliminary
phase of step-size tuning —which would hardly be feasible in real-life applications of the method—

that the true maximum likelihood estimator converges, at rate n™
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Figure 2: Estimation results when using 50 batch EM iterations. From left
values of ¢(1,1), u(1) and v for values of n ranging from 0.5 to 128 thousands of samples. Box
and whiskers plot based on 100 independent runs.
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Figure 3: Estimation results when using the online EM algorithm with 7,, = n~%6. From left to
right, estimated values of ¢(1,1), u(1) and v for values of n ranging from 0.5 to 128 thousands of
samples. Box and whiskers plot based on 100 independent runs.
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Figure 4: Estimation results when using the online EM algorithm with v, = 0.01 for n < ng and
Y = 0.5(n — ng) ™! for values of n > ng, with ng = 10000. From left to right, estimated values of
q(1,1), 1(1) and v for values of n ranging from 0.5 to 128 thousands of samples. Box and whiskers
plot based on 100 independent runs.

it is observed on Figure [ that the results are not significantly improved compared to the simple
choice of 7, = n=%% as in Figure B. The comparatively higher variability observed for the largest
sample sizes (32 and 128 thousands) on Figure [ is caused by a very slow reduction of the bias
of the parameter estimates when -, = n~t. In contrast, parameter trajectories corresponding
to the choice of v, = n~9%6 look much less smooth but provide more reliable estimates, without
requiring model-specific tuning of the step-sizes. This observation —which is also true, but to a
lesser extent, in the case of independent observations— is certainly a consequence of the temporal
dependence between the observations and, correlatively, of the time needed for the filtering and

smoothing relations to forget their initial state.

Method MATLAB 7.7 | OCTAVE 3.0
Online EM 1.57 5.66
Batch EM (one iteration, recursive) 1.24 3.98
Batch EM (one iteration, forward-backward) 0.31 2.94

Table 1: Computing times in seconds for a record of length n = 10000 observations (Intel Core 2
E6600 2.4 GHz processor).

The comparison between Figures f] and ] is not meant to be fair in terms of computing time,
as shown by Table . The 50 batch EM iterations used to produce Figure f| take about 10
to 40, depending on the implementation of batch EM, times longer than for the corresponding
online estimates of Figure B Being fair in this respect would have mean using just five batch EM

!The MATLAB /OCTAVE code used for the simulations is very simple and is available as supplementary material.
It is mostly vectorized, except for a loop through the observations, and hence it is expected that the differences in
running times are indeed representative, despite the use of an interpreted programming language.
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iterations which, as can be guessed from Figure [ll, is not competitive with online EM, even for
the smallest sample sizes. Note that a different option would have been to also consider running
the online EM algorithm several times on the same batch data, following Neal and Hintor ([[999).
In the case of hidden Markov models however, this way of using the online EM algorithm for
fixed-sample maximum likelihood estimation of the parameters appears to be less straightforward
than in the case of i.i.d. data and has not been considered.

The two batch EM implementations featured in Table [| correspond, respectively, to the use of
the recursive form of smoothing based on Proposition [l| and to the usual forward-backward form
of smoothing. The former implementation is obviously related to the online EM algorithm, which
explains that both of them lead to rather similar running times. As discussed in Section f, due
to the fact that the whole m x m transition matrix g is here used as a parameter, the numerical
complexity of the online EM algorithm and of the recursive implementation of batch EM scale as
m*, compared to m? only for the batch EM algorithm when implemented with forward-backward
smoothing. Hence, it is to be expected that the forward-backward implementation of batch EM
would be even more advisable for models with more than m = 2 states. On the other hand, when
m is large it is usually not reasonable to parameterize the transition matrix ¢ by its individual
entries.

In order to provide a more detailed idea of the asymptotic performance of the algorithm,
Figure [ displays results similar to those of Figure B but centered and scaled as follows. Each
parameter estimates, say 0, is represented as v/n(#, — 0,) and further scaled by the asymptotic
standard deviation of € deduced from the inverse of the Fisher information matrix. The Fisher
information matrix has been estimated numerically by applying Fisher’s identity to (Rf) so as to
obtain

Si(i, ) Sn(i,m)
q(i,j)  q(i,m)
89, — n(i)S%,

1 n,l s
Evp(i) 10g£0(YO:n) = - 4

1 .
nvq(”) log £g(Yo.n) = (for 1 <j<m),

1
202

Ms

1 . . .
~V, log £y (Yon) = (59,56:0) = 20(3)S5,, () + 12(0)S5,0()) -

=1
The information matrix has then been estimated by averaging the gradient computed in 6, for
100 independent sequences of length one million simulated under 6.

Additionally, Figure [j also displays results that have been post-processed using Polyak-Ruppert
averaging ([Polyal, [[990, Ruppert, [[98§). In Figure fi, Polyak-Ruppert averaging is used starting
from 7,y = 8000. That is, for n > 8000, 6,, is replaced by 1/(n—8000) S°7_¢o0; On- For time indices
n smaller than 8000, averaging is not performed and the estimates are thus as in Figure f], except
for the centering and the scaling. Under relatively mild assumptions, averaging has been shown
to improve the asymptotic rate of convergence of stochastic approximation algorithm making it
possible to recover the optimal rate of convergence of n~1/2. At least for (1) and v, Figure
suggests that in this example the proposed algorithm does reach asymptotic efficiency, i.e., becomes
asymptotically equivalent to the maximum likelihood estimator. For ¢(1, 1) the picture is less clear
as the recentered and scaled estimates present a negative bias which disappears quite slowly. This
effect is however typical of the practical trade-off involved in the choice of the index nays where
averaging is started. To allow for a significant variance reduction, n,yg should not be too large. On
the other hand, if averaging is started too early, forgetting of the initial guess of the parameters
occurs quite slowly. In the present case, the negative bias visible on the left panel of Figure [ is due
to Navg being too small (see corresponding panel in Figure Bl). Although, this could be corrected
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Figure 5: Estimation results when using the online EM algorithm with 7, = n~%% with Polyak-
Ruppert averaging started after n = 8000. From left to right, estimated values of ¢(1,1), u(1)
and v for values of n ranging from 0.5 to 128 thousands of samples. The estimated values are
centered and scaled so as to be comparable with a unitary asymptotic standard deviation. Box
and whiskers plot based on 100 independent runs.

here by setting n,ys to twenty thousands or more, it is important to underline that optimally
setting nayg is usually not feasible in practice.

6 Conclusions

The algorithm proposed in this paper for online estimation of HMM parameters is based on two
ideas. The first, which is inspired by (B000) and [Cappé and Moulineq (R009), consists in
reparameterizing the model in the space of sufficient statistics and approximating the limiting EM
recursion by a procedure resembling stochastic approximation. Theorem [I| provides a first argu-
ment demonstrating that this idea can also be fruitful in the case of HMMSs. The second element is
more specific to HMMs and relies on the recursive implementation of smoothing computations for
sum functionals of the hidden state which is provided by Proposition f. As discussed in Section [,
this possibility requires that the auxiliary quantity p,, ¢ defined in (ff) be approximated during
the course of the algorithm.

Although the performance reported in Section [ is encouraging, there are several questions
raised by this approach. The first is of course the theoretical analysis of the convergence of
Algorithm [, which is still missing. Although originally inspired by stochastic approximation
ideas, it seems that Algorithm [[] would be difficult to analyze using currently available stochastic
approximation results due to the backward kernel operator #,,.1(z'|z) involved in (). As discussed
in Sections f and f.3, the proposed algorithm may become less attractive, from a computational
point of view, when used in models with many distinct state values. In such cases and, more
generally, in cases where the state-space X of the hidden chain is no longer finite, a promising
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approach consists in using some form of Monte Carlo computation to approximate (§) and ({).

Cappd (R009) and Del Moral et al] (R009) report encouraging first results in that direction.

A  Proofs

Theorem [l mainly relies on the use of a two-sided forgetting result which is first proved in Corol-
lary B below. This result generalizes the one-sided forgetting bounds of Douc et al] (2004) and
allows conditioning with respect to both past and future observations, which is required for study-
ing the asymptotic behavior of ([4) and related quantities. The proof of Theorem [[] then mostly

relies on the results of Douc et al] (2004).

Lemma 1. Given q a transition matriz on the finite set X such that q(z,z’) > € > 0 and « and
B probabilities on X, define

a(z)q(z, 2')B(x")

x,2'€X? a(x)q(x, 1'/),8(.%',) .

Ja7q75(x7x/) = z
Then
1
[ Jar 0,81 — Jangallt < - (llax = azlls + (|81 = B2ll1) , (29)

where ||uly =, |n(z)| denotes the L' or total variation norm.

Proof. Lemma [[] is obviously related to the application of Bayes’ formula. Hence, one may apply
Lemma 3.6 of [KiinscH (R001) to obtain || Ja, ¢ — Jas.qsll1 < 2lla1 ® B1 — as ® Ba|1. The r.hs.
of (29) is obtained by noting that |aq (z)B1 (2) — aa(z)B2(2")| < |a1(z) — az(z)|B1(2') + |Bi(z') —
Ba(a')]aa (). O

Corollary 2. Under the assumptions of Theorem [], for any function f such that 0 < f < || fls
and probabilities p1 and py on X2, and any index 1 <t <n,

> Eg [f(Xio1, X0)| Yo, Xo = 2, X, = 2] p (2, 2')

z,x’' €X?

- Z Ee[f(thlaXtNYvO:n,XO:ann:x]/@(x,x,) <

z,x'eX?

where p = (1 —€).
Proof. First apply Lemma [lf to the familiar forward-backward decomposition

a;j(z) = Po(Xi—1 = 2|You—1, Xo = 20y)
Bi(xl) X PG(th:nan = an“Xt = .%'/) ,

for i = 1,2 (where the normalization factor in the second equation is determined by the constraint
> zex Bi(z) = 1) to obtain
Eo [ f(Xi—1,X¢)| Yoin, Xo = 0,1, Xn = Tn1]

[1f lloo

€

— Eg [ f(Xi—1, Xt)| Yon, Xo = 20,2, Xp, = Xy 2] | < (lea — azllr + |51 — B2ll1)
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observing that Pp(X;—1 = 2, Xy = 2/|Y.e—1, Xo = %0,i, Xn = @ni) = Ja,.qp,8- Next use, the one-
sided forgetting bounds of Douc et al] (R004) (Corollary 1 and Eq. (20)) to obtain ||a; —asl|j; < p'~!
and [|81 — B2||1 < p"*. The result of Corollary [ follow by the general inequality |u1(g) — pa(g)] <

sl — pallisup,, L,ez2 l9(21) — g(22)]- O

Note that the fact that the backward function S3;(z') = Pp(Yin, Xn = 2| Xt = 2') may be
normalized to a pseudo-probability, has been used in the above proof. This is generally not the

case outside of the context where X is finite (Cappé et al], P003, Briers et all, P010) but it is

easily checked that Corollary P holds in greater generality under the “strong mixing conditions”

discussed in Section 4.3 of [Cappé et all (£007).

Proof of Theorem []. Corollary f| implies that

2
|E0 [S(XflaXO,YVON an:n] — Ky [S(Xfl,X(], Yb)| Yfm:m” < EpnM(}/E]),

for m > n, where M(y) > sup, ./ |s(z,2',y)|. M(y) may be chosen as M(y) = >, 1+ [s9(z,y)|
due to the fact that s?(z,z’) is a vector of indicator functions when X is finite. As, 6, lies in the
interior of O, standard results on exponential family imply that M (Yp) has finite first and second
order moments under Py . Hence, the a.s. limit of Eg [s(X_1, Xo, Y0)| Y—rn:m] as m — oo, which
is denoted by Eg [s(X_1, X0, Y0)| Y-_0c:00, exists and has finite expectation under Py, . Similarly,

n

1 & _ _
=3 (B [5(Xim1, X0, Y3)] You] = Bo [s(Xem1, X, Yo) | Yooeioel) € — D7 (017 49" ) M(Yy).
t=1 t=1

As Ey, [M(Yp)?] < oo, standard applications of Markov inequality and Borel-Cantelli Lemma
imply that the r.h.s. of the above expression tends Py, —a.s. to zero. Hence, the quantities
1B, 0 > s(Xim1, X0, Y2)| Yo] and 2 370 Eg [0 s(X_1, Xo, Y0)| Y_oo:ec) have the same limit,
where the latter expression converges to Eg, (Eg [$(X_1, X0, Y0)| Y-00:00]) by the ergodic theorem.
This proves the first assertion of Theorem [l

For the second statement, one can check that the assumptions of Theorem [I] imply (A1)-(A3)
of Douc et al] (2004) as well as a form of (A6)-(A8)f. Hence, proceeding as in proof of Theorem 3
of Douc et al] (R004]), shows that ([[4) converge a.s. to the gradient Vgcy, () of the limiting contrast
defined in ([13). Eq. (1) combined with the previous result then shows that parameter values 6 for
which Vgcp, (6) vanishes are also such that Vg () {Eq, (Eg [s(X_1, X0, Y0)| Y_oc:00))} — Vo A(0) =
0, that is, 6 {Ey, (Eg [s(X_1, X0, Y0)| Y_ocie0))} = 0. O

In order to prove Corollary [ll, one first needs the following simple lemma.

Lemma 2. Let (ex)r>0 denote a deterministic sequence and (x)r>1 a sequence of step-sizes such
that v € [0,1], > 451 M = 00, and, zkzlfyz < 00; define 1, = (1 — Yp)ri—1 + ykex for k > 1.

Then

(i) Tn = D j—1 whek +wiro, where wip =y [T7_;(1 — ;).

(ii) rn and 2 57 ey have the same limit.

2Theorem 3 of Pouc et al] (R004) deals with the Hessian of the normalized log-likelihood. As we are only
concerned with the gradient here, one can drop the second order conditions in (A6)—(A7). Furthermore, as the
assumption of Theorem ﬂ are supposed to hold uniformly on ©, the set G can be dropped in (A6)—(A7), which
provides a law of large number for the score that holds for all values of 6 € ©.
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Lemma [}-(ii) can be proved using Abel transformation noticing that Y j._; wi is by definition
equal to one and that for the range of step-sizes considered here, (w})1<k<n is @ non-decreasing se-
quence (it is equal to n~! when y; = k! and strictly increasing for sequences of step-sizes that de-
crease more slowly). Lemma ] shows that we may concentrate on the case where v, = k! to prove
Corollary fl. Applying Proposition [l, 5, is then equal under parameter freeze to Pn,v0 defined in @)-
In light of Corollary [, Pn.v,0 has the same behavior as the term % Yo Evols(Xio1, Xe, Yi)| Yol
that was analyzed above when proving Theorem [l.
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