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Abstract: We consider the problem of estimation in Hidden Markov mod-
els with finite state space and nonparametric emission distributions. Effi-
cient estimators for the transition matrix are exhibited, and a semiparamet-
ric Bernstein-von Mises result is deduced. Following from this, we propose a
modular approach using the cut posterior to jointly estimate the transition
matrix and the emission densities. We first derive a general theorem on
contraction rates for this approach. We then show how this result may be
applied to obtain a contraction rate result for the emission densities in our
setting; a key intermediate step is an inversion inequality relating L' dis-
tance between the marginal densities to L1 distance between the emissions.
Finally, a contraction result for the smoothing probabilities is shown, which
avoids the common approach of sample splitting. Simulations are provided
which demonstrate both the theory and the ease of its implementation.

Keywords and phrases: Bernstein-von Mises, contraction rates, cut pos-
terior, efficiency, Hidden Markov models, inversion inequality, semiparamet-
ric estimation.

Received June 2022.

1. Introduction

Hidden Markov models (HMMs) are a broad and widely used class of statisti-
cal models, enjoying applications in a variety of settings where observed data
is linked to some ordered process, for which an assumption of independently
distributed data would be both inappropriate and uninformative. Specific ap-
plications include modelling of weather [3, 35|, circadian rhythms [34], animal
behaviour [18, 38], finance [43], information retrieval [47, 54], biomolecular dy-
namics [32], genomics [60] and speech recognition [50].

In this paper, we consider inference in finite state space HMMs. Such models
are characterised by an unobserved (latent) Markov chain (Xy);>1 taking values
in [R] = {1,2,...,R} with R < o0, evolving according to a transition matrix
Q. Conditionally on X; = j, Y; ~ F; where F} is the emission distribution with
associated density f;. These models generalise independent mixture models,
which are obtained as a special case when the X; are independent and identically
distributed. Here we assume that R is known so that the parameters in such
models are then @ and F = (Fy,..., FR).
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Most of the work on HMMs considers parametric models, where the emissions
are assumed to admit densities in a parametric class {fg : € ©} where © C R?
for some d < 00, see for instance [11, 20, 23]. However such an assumption leads
to inference which is strongly influenced by the choice of the parametric family
{fo : @ € ©}. This problem has been often discussed in the literature, see for
instance [50], [21] or [60], especially but not solely in relation to clustering or
segmentation. In the seminal paper [24], the authors show identifiability under
weak assumptions on the emissions, provided the transition matrix is of full
rank, paving the way for estimation of semiparametric models. In [4], it is shown
further that the number R of hidden states may be identified. In [6, 33] and
[16], frequentist estimators of @ and £ = (f1,..., fr) respectively have been
proposed using spectral methods, showing in particular that @) can be estimated
at the rate 1/4/n. Frequentist estimation of the emission densities has also been
addressed using penalised least squares approaches [15] and spectral methods
[16]. However, no results exist on the asymptotic distribution of frequentist
estimators for (), nor on efficient estimation for (.

Although Bayesian nonparametric estimation methods have been considered
in practice in Hidden Markov models, see for instance [60] or [21], little is known
about their theoretical properties. While [57, 58] established posterior consis-
tency under general conditions on the prior and refined the analysis to derive
posterior concentration rates on the marginal density of ¢ successive observa-
tions, gé’F, no results exist regarding the properties of Bayesian procedures
when seeking to recover the parameters @ and F, or other functionals of @, F
which are often of interests in HMMs. For instance, when interests lie in cluster-
ing or segmentation, the quantities of interest are the smoothing probabilities,
being the conditional distribution of the latent states given the observations.
In [16], the authors obtain rates of convergence for frequentist estimators of
the smoothing probabilities, but their result requires either a sup-norm conver-
gence for the estimator f or splitting the data into two parts, with estimation
of f based on one part of the data and estimation of the smoothing probabil-
ities based on the other part of the observations. In this paper we intend to
bridge this gap, concentrating on Bayesian semiparametric methods while also
exhibiting non-Bayesian, semiparametric efficient estimators of Q.

We first construct a family of priors IT; on (Q, F) which we show in Theorem 2
leads to an asymptotically normal posterior distribution for /n(Q — Q), of
variance V detailed therein. Here Q is a frequentist estimator, exhibited in
Theorem 1, for which \/n(Q — Q*) converges in distribution to N(0, V), with
Q™ being the frequentist true parameter under which the data is assumed to be
generated. Consequently, Bayesian point estimates associated to such posteriors,
such as the posterior mean, enjoy parametric convergence rates to Q* and,
importantly, credible regions for ) are asymptotically confidence regions. In
Theorem 3, we then refine this construction to obtain a scheme for which V' is the
optimal variance for semiparametric estimation of @, i.e. it is the inverse efficient
Fisher information. Semiparametric Bernstein-von Mises properties are highly
non trivial results and correspondingly sparse in the literature, moreover in [13,
14, 22, 51] a number of counterexamples are exhibited, where semiparametric
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Bernstein-von Mises results do not hold. Since this property is crucial to ensure
that credible regions are also confidence regions and thus robust to the choice
of the prior distribution, it is important to study and verify it.

Our approach to obtaining these results follows the ideas of [27], extend-
ing their work on mixtures to the more complex HMM setting. In particular,
the construction of Q (together with the prior on @,F) is based on a para-
metric approximation to the nonparametric emission model, with the property
that estimation in this model with appropriately ‘coarsened’ data leads to a
well-specified parametric model for estimation of (). Once we reduce to such a
parametric model, we have asymptotic normality of the corresponding MLE as
in [9] as well as Bernstein-von Mises for the posterior as in [17], although the
intuition that our ‘coarsened’ data is less informative translates to an inefficient
asymptotic variance V. We then show that we can construct efficient estimators
of @ by adjusting the degree of coarsening with the sample size, similar to the
approach of [27]. The proof techniques in our context are however significantly
more complex, since the notions of Fisher information and score functions are
much less tractable in hidden Markov models (see for instance [19]).

The prior distributions II; (dQ,dF) considered above, which lead to the
Bernstein-von Mises property of the posterior on @, rely on a crude modelling
of the emission densities and are therefore not well behaved as far as the esti-
mation of F is concerned. To overcome this problem, we adapt in Section 4 the
cut posterior approach (see [8, 12, 36, 42, 49]) to our semiparametric setting.
Cut posteriors were originally proposed in the context of modular approaches
to modelling, where a model is assembled from a number of constituent models,
each with its own parameters ; and data Y;. In the usual construction, the cut
posterior has the effect of ‘cutting feedback’ of one of the (less reliable) data
sources Y; on the other parameters (associated to more reliable data).

Our approach, though also modular, departs from this setting in that we use a
single data source but wish to choose different priors for different parts of the pa-
rameter. We consider a conditional prior II3(dF|Q), then combine II; (dQ|Y1.x)
with the conditional posterior Il (dF|Q,Y7.,) to produce a joint distribution
over Q and F. In this way, we construct a distribution over the parameters
which is not a proper Bayesian posterior, but which simultaneously satisfies
a Bernstein-von Mises theorem for the posterior marginal on @, and is well-
concentrated on the emission distributions and other functionals such as the
smoothing probabilities. Through this construction, we manage to combine the
“best of both worlds” in the estimation of the parametric and nonparametric
parts. We believe that this idea could be used more generally in other semipara-
metric models.

As previously mentioned, the existing posterior concentration result in the
semiparametric HMMs covered only the marginal density gng of a fixed number
£ of consecutive observations, see [57]. A key step in obtaining posterior con-
traction rates on the emission distributions F' is an inversion inequality allowing
us to deduce L' concentration of the posterior distribution of the emission dis-
tributions from concentration (at the same rate) of the marginal distribution
of the observations. This is established in Theorem 4, from which we derive



1818 D. Moss and J. Rousseau

contraction rates for the cut-posterior on f in Theorem 5. This inversion in-
equality is of independent interest and can be used outside the framework of
Bayesian inference. We finally show in Theorem 6 that these results lead to pos-
terior concentration of the smoothing distributions, which are the conditional
distributions of the hidden states given the observations, building on [16] but
refining the analysis so that we require neither sup-norm contraction rate on
the emissions f, nor a splitting of the data set in two parts.

Organisation of the paper The paper is organised as follows. In Section 2,
we introduce the model and the notions involved, together with a general strat-
egy for inference on @) and f based on the cut posterior approach. In Section 3,
we study the estimation of @), proving asymptotic normality of the posterior
and asymptotic efficiency. In Section 4, the cut posterior approach is studied,
posterior contraction rates for f are derived together with posterior contraction
rates for the smoothing probabilities. Theoretical results from both sections are
then illustrated in Section 5. The proofs for the efficiency of the estimation of
Q@ (Proposition 1), for the inversion inequality (Theorem 4), and for the conver-
gence of the smoothing probabilities (Theorem 6), are presented in Section 6.
The other proofs are deferred to the appendix. The appendix also contains a
general contraction rate theorem for cut posteriors, together with an exposition
of relevant results in the literature and further details of simulations.

2. Inference in semiparametric finite state space HMMs

In this section we present our strategy to estimate @ and F = (Fy,..., FR),
based on a modular approach which consists of first constructing the marginal
posterior distribution of @ based on a first prior II; on (Q,F), and then com-
bining it with the conditional posterior distribution of F given @ and Y7.,, based
on a different prior IIy(dF|Q).

2.1. Model and notation

Hidden Markov models (HMMs) are latent variable models where one observes
Yi.mn = (Yi)1<t<n whose distribution is modelled via latent (non-observed) vari-
ables X1., = (X¢)1<t<n € [R]™ which form a Markov chain. In this work we
consider finite state space HMMs:
YilX, ™ Fx,, Po(Xi=rXis1=5)=Qu ns<R, t>1 (1)

and the number of states R is assumed to be known throughout the paper.

The parameters are then the transition matrix Q@ = (Qyrs)r,s<r of the Markov
chain and the emission distributions F = {F).},<g, which represent the condi-
tional distribution of the observations given the latent states. For a transition
matrix ) we denote by pq its invariant distribution (when it exists).

Throughout the paper we denote by F* = {F}},<r and Q* respectively
the true emission distributions and the true transition matrix. The aim is to
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Fic 1. Visual representation of data generating process of HMM.

make inference on F*, Q*, and some functionals of these parameters, using like-
lihood based methods and in particular Bayesian methods. We assume that the

distributions F}, j = 1,..., R are absolutely continuous with respect to some
measure A on ) C R% d > 1 and we denote by ff,..., ff their corresponding
densities.

When the latent states (X;);>1 are independent and identically distributed on
[R], the parameters are not identifiable unless some strong assumptions are made
on the F}’s, see [5]. However, in [24], it is proved that under weak assumptions on
the data generating process, both ) and F are identifiable up to label swapping
(or label switching). More precisely, let Pg?F be the marginal distribution of ¢

consecutive observations from model 1 with parameters @Q and F, so that

R -1
Poe(dyi) = Y po(i) [T (Qii B, (dye)) F, (dye). 2)
i1,eie=1 t=1

Under assumptions of ergodicity, pg exists and is unique. For example, this
holds under the assumption Q;; > 0 for all ¢, j € [R], see for instance equation
(1) in [25]. Denote by Q = AR c [0,1]#*® the R— fold product of the R — 1
dimensional simplex and let P be the set of probability measures on R¢. Consider
the following assumption:

Assumption 1. (i) The latent chain (X;);>1 has true transition matrix Q* =
(Q;;) satisfying det Q* # 0.

(i) The true emission distributions {F*} %

7, are linearly independent.

From [24], if Assumption 1 holds, then for any @ € Q and any Fy,...,Fgr €
P, if PS’)F = [P’S’BF then Q = Q* and F = F* up to label swapping. By “up
to label swapping,” we precisely mean that there exists a permutation 7 of [R)
such that 7Q = @Q* and "F = F*, where "Q = (Qr(),~(s),7»5 € [R]) and
"F = (Frq),- -, Fr(r))- The requirement for such a permutation 7 is unavoid-
able, since the labelling of the hidden states is fundamentally arbitrary. Corre-
spondingly, the results which follow will always be given up to label swapping. In
a slight abuse of notation, we will sometimes interchange F and f = (f1,..., fr),
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the latter being the densities of F with respect to some measure A in a dominated
model.

The likelihood associated to model (1), when (F}),¢[r) are dominated by a
measure A, is then given by

R n—1
Ln(QvF) :g(”)(Q,F)(yl,,yn) = Z pQ(Zl) H Qit,it+1fit(yt)fin(yn)'
i1ein=1 =1

(3)
Extension to initial distributions different from the stationary one is straight-
forward, under the exponential forgetfulness of the Markov chain which holds
under our assumptions below, see Section C.5.
If I1 is a prior on Q x F&, with F = {f : R? —» R : [ f(y)d\(y) = 1}
being the set of densities on R? with respect to A, then the Bayesian posterior
II(-|Yi.,) is defined as follows: for any Borel subset A of Q x F®, we have

Ja Ln(Q, F)II(dQ, dF)

I(A|Y1m) = Josrr La(Q.F)I(dQ, dF)’

(4)

This posterior is well defined as soon as pg exists II— almost surely, which
holds for instance when II(min; ; @;; > 0) = 1, which implies that the transition
matrix is ergodic IT— almost surely by the earlier remarks. Throughout the paper
we consider the parameterisation of Q given by Q = (Q,s, € [R],s € [R — 1))
so that for each r we have Q,r = 1 — > _, Qrs. Hence, specification of the
matrix @ amounts to specification of the (R) x (R — 1) matrix Q € Q for which
S Qs < 1 for all 7, and we will identify Q with Q (and Q with Q) when
making statements about asymptotic distributions.

It will be helpful to consider that the stationary HMM (X,,Y});>1 arises as
the restriction to {t > 1} of a process (X¢,Y;)icz indexed by ¢ € Z, where
the (X{)iez and the (Y;);<o are not observed. This is possible to define by
considering the reversal of the latent chain.

We use P, to denote the joint law of the variables (X¢, Y;)icz under the sta-
tionary distribution associated with the parameters Q*, F*. Estimators, given
a sample of size n, are then understood to be random variables which are mea-
surable with respect to the o-algebra generated by the observations (Y;)1<¢<n.

2.2. Cut posterior inference: A general strategy for joint inference
on Q and f

In Section 3.1 below we construct a family of prior distributions II; on Q X
FT such that the associated marginal posterior distribution of @ satisfies a
Bernstein-von Mises theorem centred at an asymptotically normal regular es-
timator Q. Specifically, this means that with probability going to 1 under P,,

||H1(TH€1‘1,3111% Vn(TQ = Q) € (1)|Y1m) = N(0,V)|l7v = op. (1) (5)
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and

miSIl \/E(TQ - Q*) =" N(Oa V)a (6)

TE

where =* denotes convergence in distribution under P, and where Sg is the set
of permutations of [R].

However, the choice of II; which we require for this control over ) leads to
a posterior distribution on F which is badly behaved, see Section 3. In order to
jointly estimate well both @ and F, we propose the following cut posterior ap-
proach. Counsider a second conditional prior distribution Il (dF|Q) which leads
to a conditional posterior distribution of F given @, Yi., of the form

 L(Q,F),(dF|Q)
HQ(dF|Q,Y1n) - f]_-R Ln(Q,F)HQ(dF|Q) .

The cut posterior is then the probability distribution on Q x F given by
cht(d(Q7 F)‘Yln) - Hl(dQ‘Yln)HZ(dF|Qa Yl:n)' (7)

Note that, if II5(dF|Q) = II;(dF|Q), then II.,.(d(Q,F)|Y1.,) is a proper pos-
terior distribution and is equal to II; (d(Q, F)|Y1.,). The motivation behind the
use of the cut posterior ., (d(Q,F)[Y1.,) is to retain the good behaviour of
IT; (dQ|Y1.) in terms of estimating @, while being flexible in the modelling of
F to ensure that the posterior distribution over both F and @ (and functionals
of these parameters) are well behaved.

Adapting the proof techniques from [29] to posterior concentration rates for
cut posteriors, we derive in Section 4 contraction rates for cut posteriors in
terms of the L' norm of gg)F - gS’AFM where gS’)F is the density of IPS’?F with
respect to the dominating measure A\. We show that, under suitable conditions
and choice of €, = o(1), cht(HgS’)F — gg)*)F 1 < enYim) =14 o0p,(1).

To derive cut posterior contraction rates in terms of the L' norm of f — f*,
we prove in Section 4.2 an inversion inequality in the form

R
* * 3 3
ST = £ S1Q = Q1+ 195 — 95 pellr,
r=1

which is also of independent interest.

We also derive cut-posterior contraction rates for the smoothing probabilities
(po.r(Xi = -|Y1:n))i=1,...n in Section 4.3. In contrast with [16], concentration
rates for (pg r(X; = :|Y1.n))i=1,...n do not require a splitting of the data into
2 groups, nor do they require to to have a control of f,. — f¥ in sup-norm. We
can avoid these difficulties thanks to the Bayesian approach as is explained in
Section 4.3.

In our implementation of the cut posterior, we adopt a nested MCMC ap-
proach of the kind detailed in [12] and [36], see Section 5 for details.

In the following section, we present II; and show that the associated marginal
posterior distribution Iy (dQ|Y1.,) is asymptotically normal in the sense of
Equation (5).
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3. Semi - parametric estimation of Q: Bernstein-von Mises property
and efficient estimation

The prior II; is based on a simple histogram prior on the f1, ..., fr. For the sake
of simplicity, we present the case of univariate data; the multivariate case can
be treated similarly. Without loss of generality, we assume that the observations
belong to [0, 1] and note that, if Y = R, we can transform the data to [0, 1] via
some C' diffeomorphism ¢ prior to the analysis. The prior relies on a partition
of the space [0,1] into finitely many intervals {I;,I5,...}, and transforming
the data is equivalent to constructing a prior based on the corresponding par-
tition {¢p71(I1), ¢ (I2),...} of R. The construction of II; is analogous to the
construction considered in [27].

Let M € N with M > R and consider Z,; = (I,(,fw),m < k) a partition
of [0,1] into sps bins, with x() : N — N a strictly increasing sequence. Given
Znr, we consider the model of piece-wise constant densities as the set, Fjus, of
densities with respect to Lebesgue measure, in the form:

KM KmMm
w .
fo = E (_Mm)]ll,(,{”h min wp, >0, E W =1, (8)
m=1 |I7 | m=1

where |I7(nM)| denotes the length of interval Iy(nM). For instance, one could consider
a sequence of dyadic partitions with x; = 2M. Such partitions are admissible for
sufficiently large M in the sense we detail below, and are used for the empirical
investigation of Section 5.

The parameters for this model are then @ and w(, = (wmr)lei;'j’iM, the
latter of which varies in the set

KM
s = {wn € [0,1F 5 7wy = 1,97 € [R]}.

m=1

Through (8), we identify each w(,; € 2y with a vector of emission densities
f,

@)
Qs is identified with a prior distribution IT over Q@ x Fi¥. The corresponding
posterior distribution is denoted IIy;(+|Y1.,) and is defined through (4).

Throughout this section, we write w,. := (wWmr, m < kpr) and we denote by
M(Zy) the hidden Markov model associated with densities of the form (8).
Note that, for all M > 0, M(Zyy) is of dimension (xy — 1)FR(R — 1) < oo.

A key argument used in [24], to identify Q* from gg’*) £+ 1s to find a partition
Ty for some M > 0 such that the matrix

e F ]\1}, and thus a prior distribution Il; over the parameter space Q X

* M * M
Fx .o, Fr(Is
F* (Toy) = 5 ( ! ) 5 ( & )
" .M « M
Fpa™), ..., FaIdh)

has full rank. We call such a partition an admissible partition.
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Definition 1. A partition Zy; is said to be admissible for ff,..., f5 if the rank
of F*(Zyr) is equal to R.

Remark 1. Although we are using piece-wise constant functions to model the
emission densities, we do not assume that the f*, r € [R] are piece-wise constant
and the simplified models M are not meant to lead to good approximation of
the emissions densities. However, as far as the parameter @) is concerned, the
likelihood induced by such a model is not misspecified but instead corresponds to
a coarsening of the data. Specifically, it corresponds to the likelihood associated
to observations of Y;(M) = (]IIY‘“ (Yi), -+, L an (Y3)); for such observations this
simplified model leads to a well-specified likgfihood. Note also that, although
we are modelling densities with respect to Lebesgue measure, we do not require
F* to have density with respect to Lebesgue measure since the quantities of
importance are the probabilities F:(L],VLI)), r € [R], m € [Kpm]-

This particular coarsening was introduced in the context of mixtures by [27].
It is not at all obvious how other types of coarsening can be found, which are
associated with well-specified parametric models for the coarsened data and the
parameter of interest Q.

3.1. Asymptotic normality and Bernstein-von Mises

In this section, we study the asymptotic behaviour of the marginal posterior
distribution of @ under model M(Zy;), together with the asymptotic normality
of the maximum likelihood estimator Qn, m in this model. As mentioned in
Remark 1, the likelihood associated to model M(Zys) is given by

R n—1
. M
La(@wan) = Y. polin) (H Qi foor, (V] )>> Fur, VD), (9)
0150in=1 t=1
ith the abuse of notati YOy g om0 ) b
with the abuse of notation f,, (Y;™") = Em:lW ort=1,...,n.
In other words, our likelihood becomes one of a hidden Markov model with
finite state space and multinomial emission distributions. Under P,, the coars-
ened observations Yl(f) arise from a hidden Markov model with multinomial
emission distributions, governed by parameters @?M) and transition matrix Q*,

with w},. = F:(I&M)). We write § = §M) .= (Q,w(nr)) for the parameter of
M(Zyr), and suppress the superscript on 6 when the dependence on M is clear.

Asymptotic normality of the maximum likelihood estimator (MLE) of para-
metric finite state space hidden Markov models was considered for instance in
[9], who showed that the MLE was asymptotically normal with covariance ma-
trix given by the inverse of the Fisher information matrix, which is given by the
limiting covariance matrix of the score statistics; see Lemma 1 of [9].

Let Jaz(0) be the Fisher information matrix associated to the likelihood (9):

J]w(e*) = lim ,

n— 00 n
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as defined in [9]. We also write Jj/[Q, Q], Jm|w, w], and Jys[Q, w] to denote the
sub-matrices corresponding to the second derivatives with respect to (Q,Q),
(w,w) and (Q,w) respectively.

The following theorem demonstrates that asymptotically normal, parametric-
rate estimators of the transition matrix exist, although such estimators may not
have optimal asymptotic variance.

Theorem 1. Let M > 0 and Zp; be an admissible partition for F*, and let
QR’M = Q%M)(Ylm) be the MLE in model M(Zy), given observations Yi.,.
Grant Assumption 1, and assume also that the transition matriz Q* is irre-
ducible and aperiodic, and that w,. > 0 for all m € [kp] and all r € [R]. We
then have (up to label-swapping)

\/E(Qn,M - Q*) =" N(07 j]_\/jl)y
where j];f is positive definite and
Tir = ()10, Q1 = Ju[Q, Q) — Tu[Q. wlTlw, ] Tur[w, Q).

The main difficulty in the proof of Theorem 1 is showing that the Fisher
information matrix Jy; is invertible.

Proof. The model M(Z,) is a regular parametric HMM, hence using Theorem
1 of [9], we establish asymptotic normality of the MLE for the parameter § =
(Q,w(ar)) as soon as Jy is invertible. We prove invertibility of Jas in Section C.1,
then projecting onto the () co-ordinates gives the result. O

To derive the Bernstein-von Mises Theorem associated to model M(Z,,), we
need the following assumption on the prior distributions on @ and Wiy

Assumption 2. (i) The prior Il on @ has positive and continuous density on
Q.

(ii) The prior on w(pr) has positive and continuous density with respect to
Lebesgue measure.

Theorem 2. Let M > 0, Zp; be an admissible partition for £, and let 11, be
a prior satisfying Assumption 2. Grant Assumption 1, and assume also that
that the transition matriz Q* is irreducible and aperiodic, and that w},, > 0 for
all m € [kp] and all v € [R]. We then have (up to label-swapping)

ITLar (V(Q = Quoar) € (VY1) = N(O, TyM)llrv = op. (1)

As with the proof of Theorem 1, parametric results apply as soon as the
Fisher information matrix is seen to be invertible.

Proof. Inspecting the proof of Theorem 1 of [9], we see (for 0 = (Q,w (),
Jar = Jar(6%) the Fisher information and I, = log g, the log-likelihood) that

~

V(0 — %) = n" 3 03 Vol (6%) + op. (1),
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which up to op, (1) is equal to the T;, of [17] at which their Bernstein-von Mises
result (Theorem 2.1) is centred. Then this result implies the total variation
convergence, in [P,-probability, of the posterior to the given normal distribution,
by considering the marginal posterior on Q. We remark further that the MLE
6 is regular, which follows from the characterisations of Fisher information in
Lemmas 1 and 2 of [9], the expansion of the MLE above, and an application
of Le Cam’s third lemma (Example 6.7 of [55]) along the lines of the proof of
Lemma 8.14 in [55]. O

An interesting feature of Theorems 1 and 2 is that they essentially only
require that Zp; is an admissible partition of F*. For a given partition, this is
an assumption on F*, and indeed the choice of the partition is important. Note,
however, that under Assumption 1 and, for instance, if the (Lebesgue) densities
f¥ are positive and continuous, then for all sequences of embedded partitions
(Zar)ar with radius going to 0 there exists an M such that Zs is admissible for
F*. More discussion is provided in Section 5.

Combining Theorems 1 and 2, we see that credible regions for ), based on the
posterior associated to I, are also asymptotic confidence regions. Their size
may not be optimal however, even asymptotically. To ensure that such credible
regions have optimal size while being asymptotic confidence regions, we would
require that j]\j[l is the best possible (asymptotic) variance, but this is not true
in general; while j]\_/[l is the efficient covariance matrix for the estimation of @
in model M(Z,y), it is not necessarily the semiparametric efficient covariance
matrix for the estimation of @ in model (3). The existence of an efficient esti-
mator of @ in the semiparametric hidden Markov model, with likelihood (3),
has not been established, although the fact that \/n-convergent estimates of Q
exist in the literature (see Section C.1) indicate that semiparametric efficient
estimation of @ should be possible.

In the following section we construct an efficient estimator for () and a prior
leading to an efficient Bernstein-von Mises theorem.

3.2. Efficient estimation

In [27], in the context of semiparametric mixture models with finite state space,
the authors also consider the prior model (8) for the emission distributions.
They derive for fixed M a Bernstein-von Mises theorem similar to Theorem 2
and they show that, if we let M = M, increase to infinity sufficiently slowly
as n — oo, and if the corresponding partitions Zy;, are embedded with radius
going to 0, then J M, converges to the efficient semiparametric Fisher matrix for
the mixture weights. This allows them to define an efficient estimator, whose
value given n observations is the maximum likelihood estimator in the histogram
model with M,, bins.

In this section we prove a similar result, however the proof is significantly
more involved than in the case of mixture models. To study the theory on
efficient semiparametric estimation of @) in the semiparametric HMMs, we follow
the approach of [46]. We first prove the LAN expansion in local sub-models,
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which allows us to describe the tangent space, and then we prove that Jur
converges to J as M goes to infinity where J is the semiparametric efficient
Fisher information matrix for ). Throughout Section 3.2 we assume that the
F} have density f* with respect to Lebesgue measure on [0,1] and that the
following holds:

Assumption 3. For all i,j € [R], 7> 0.

8.2.1. Scores and tangent space in the semiparametric model

We begin by exhibiting the local asymptotic normality (LAN) expansion for our
model, following the framework of [46]. As is usual in semiparametric efficiency
arguments, this involves identifying the score functions and LAN norm along
one-dimensional sub-models passing through the true parameter; see Chapter
25 of [55] for discussion in the iid setting. Since these sub-models are themselves
parametric, this identification can be made by following the framework of [19],
who considered asymptotic normality in the context of parametric HMMs. A
more thorough treatment, alongside a recollection of the relevant definitions and
results in [46], is provided in [48], we aim to give an overview.

The first step is to exhibit a LAN expansion for the semiparametric model
we consider. The parameter space is © = Q x F? and we consider the tangent
space, in the sense of Definition 1 of [46], at the parameter (Q*, f*) as

H={(a,h),a e RFFD h= ()R, h €M),

where H, = H,(f7) = {h. € L*(f}) : [hf} = 1,||hr]lec < o0}, and where we
use the parameterisation Q deﬁned in Section 2.1. Write

en<a,h>=(cz* S B ) T @%))

Then 6,,(a,h) is a perturbation of the parameter 8* = (Q*,f*) along the path
characterised by a given element (a,h) € H. Consider the sub-model

Oun = {0 = (Q" +ta, (f7 (1 +thy) : v € [R])), |t] < €},

for some ¢ (depending on a, h) sufficiently small that ©, 1 C ©. Then, for given
a, h and for sufficiently large n, the perturbed parameters ,,(a,h) are elements
of ©4n. This means that, for each a,h, we can make an asymptotic expansion
of the log-likelihood ratio between 6,,(a, h) and 8* by considering the likelihood
in the sub-model ©, 1. To this end, we expand the gradient of the log-likelihood

£ (1), in O at to = 0 as

TV E(a’ \/_ ZA((L ‘) +or2p, )(1)

where
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A = AW‘)(Y_ %) = Eu[d(Xpm1, X, Vi) Y- ooit]

+ Z (X1, X5, Vi) [V oo] — Eld(Xio1, X, Vi)Yo ooin1])

1=—00

(10)

and where, writing a,g = — > ars and Qrr =1—>__ Qrs,

R R R
O(Xp—1, X, Yi) = Z Zﬂ{kal =7 X = s} a,;,s + Z WXk = s}hs(Ya).
r=1s=1 T8 s=1
(11)
These formulae arise as an application of the results of Section 6.1 of [19] to the
(parametric) model O, p.
We note that the contribution of the first term of the right hand side of (11),
which may be rewritten as

R R-1

gg (H{Xk L=rXp =5t HXia ::,Xk :R})am

re rR

to the expression defined in (10) is precisely the score function for estimation
in the model O, ¢, in which the emission densities are fixed and known. We
see that this is equal to aTSQ*(Y,oo;k), for Sg- the score at @* in the R x
(R — 1)-dimensional parametric model with known emissions and unknown Q.
Specifically, Sg takes the form

Sq=(r, ) (Y_oor)
[FD*(X]C,1 = T‘,Xk = S|Y—ook') _ P*(Xk,1 = ’I“,Xk = Rly—oo:k)

*
s rR

! {uﬂg(xi_1 = Xi=sY_ ) —Pu( X =7 X, =s]Y__,_,)

k
>

P.(Xi1=mX,=R|Y_ _,)—P.(Xi1=7X,=R|Y__, ;) }

*
rR

*
rs

(12)

where we index with (r,s) € [R] x [R — 1] for convenience sake, but consider
Sg- as a vector of length R(R — 1).
We then rewrite (10), substituting also the expression in (11) as

AP = aTSg. + Z { (Xp = 7Y o) b (Vi)
_ (13)
+ Z (P*(Xl = T|Y—Oo:k) - I]:D*(Xz = TY—oo:k—l))hr(}/i)}~

1=—00
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To set notation for what follows, we will denote the r** summand of the
above display, for a given direction h,., as

Hr(hr)(y—oo:k) = P*(Xk = 7‘|Y—oo:k)hr(Yk)

k—1
+ Z (P*(Xz = 7”‘Y—oo:lc) - P*(Xi = T|Y—oo:k—l))h7’(Yi)'

(14)

The above discussion means that, through a Taylor expansion, we can write
I = (ah 1 d? wh
ln(0n((a,h))) — £,(0,) = ﬁ I;Ak,oo “on _W|t=t1€% ' )(t)

1
= An,(a,h) - 5”(0“’ h)H%—L + OP*(1)7

with #; € (0,n71/2) and by choosing ||(a,h)|2, the Fisher information at t = 0
in the model O, p, which is defined in [19] as the L? norm' of A(()‘?;l). We

have A, ,n) = ﬁ Sy AE:(’:), is linear in (a,h) and satisfies A, (,n) —
N(0, ||(a,h)||3,), by the discussion directly preceding Theorem 2 in [19]. We also
used above the local uniform convergence of the second derivative of the score to
the Fisher information matrix at ¢ = 0 in ©, n, which is guaranteed by Theorem

3 of [19).

The preceding discussion shows that our model is LAN, which is the first
step in understanding efficient estimators of a parameter of interest. In our
case, the parameter of interest will be v,,(Py,0, (a,n)) = @, Which has ‘derivative’
0(a,h) = a € R? in the sense of [19], with p = R(R — 1).

Following what precedes, we apply the convolution theorem also described
in [46], and originally proven in [56]. This theorem essentially states that the
limiting law of a regular estimator is lower bounded by that of a Gaussian ran-
dom variable, whose covariance matrix is the covariance of the efficient influence
function, which is itself characterised by the tangent space and the parameter
‘derivative’ v.

The arguments are similar to those used in the iid setting, see for instance
Section 25 of [55]. The finer details of the application of [55] to our context
are given in [48]. This essentially involves identifying influence functions o7
for estimation of one-dimensional functions b7'Q at b7 Q*, as we vary b € RP.
By considering the elements for which a = 0, we first find that 1'}1? is in the
orthogonal complement (with respect to the LAN norm on ) of the linear
span of the scores in the models O, which is the span of the H,(h,) as we
vary r and h, € H,. Write A for the projection onto this space, and write

So = Sq — ASg (15)

1The L? norms of all A;:(’:) coincide by stationarity.
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for the projection of the score function Sg onto the orthogonal complement of
this space, which we call the efficient score. By making further standard argu-
ments, we find that the influence function v/ has variance bT J~1b, where J is
the covariance matrix of the efficient score Sg-, which is the efficient information
matrix. By varying b, this characterises the optimal limiting covariance matrix
as J~1, the inverse efficient information matrix.

In the following section, we show that .Jy; converges to J when M goes
to infinity and that, if M, is a sequence going to infinity slowly enough, the
sequence of estimators (Qn M, )n>1 is asymptotically efficient and the posterior
distributions Iy, (dQ|Y7.,) satisfy the efficient Bernstein-von Mises theorem.

3.2.2. Approximation by the models M(Zys)

To prove that Jy; converges to J, we require some additional assumptions on
the true generating process and the partitions:

Assumption 4. Forallr = 1,..., R, the densities f;* are continuous, (Lebesgue)
almost-everywhere positive, linearly independent and

fr(x) fr(x)

Vr,s <R 0 <inf < sup @)
z s

v fi(x)

< 00.

We also consider a sequence of partitions with vanishing radius.

Assumption 5. The sequence (Zas) m>rg of partitions is embedded, and

max Vol(I(M)) =0, as M — oo,
m<kp

where Vol(A) denotes the Lebesgue measure of A.

Assumption 5 is directly under the control of the practitioner, and is verified
for instance by considering nested dyadic partitions, as is done in Section 5.
Assumption 4 is an assumption on the data generating process, although is
very common in the context of semiparametric efficiency. Note also that, under
Assumptions 4 and 5, there exists My > 0 for which Zyy, is admissible for £*.

In Proposition 1, we show that the efficient Fisher information matrix is
precisely the limit of Jy;. To do this, we first define the efficient scores S (M)
for the histogram models, whose covariance matrix will be J;, analogously to
what was done in Section 3.2.1 in the context of the full semiparametric model.

Recall, from Remark 1, that the likelihood in the model with piece-wise con-
stant emissions corresponds to a likelihood of a HMM with multinomial emis-
Iﬁﬁﬁfi)% and so
we emphasize in our notation that the scores in M(Zy;) depend only on these
summaries. A straightforward adaptation of the earlier presentation then leads

sion distributions and observations Yi(M) = (1,0 (Ys), -, 1
1
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us to define the score functions for @ in M(Zys) by
SéM)(T s)(Y(M) )
Po(Xp 1 =7, Xp = s|Y M) CP(Xpr =1 X = Ry

*
rs rR

-1 {um*(xi1 =, X, =sY My P (X, = X, = sV )

k
>

CP(Xia = X = RYW)) - Pu(Xi =1, Xi = RV )}

*
T8

ocotk—1

’I“R
(16)

for (r,s) € [R] x [R — 1]. For the model Z), the perturbations on the emissions
vary in

KM
Hoas ={h =Y anls, (), am €R, /hf:’M(y)dy =0}.
m=1

and we then define, for h, € H, ur,

Hoar(h) (YD) = Pu(X; = r[Y 2D ke (V)

k—1
+ 3 (P =0 — P = VD)) (V).

1=—00

(17)
Following again the arguments of Section 3.2.1, we write A, for the projection
onto the space spanned by the H, rs(h,), and finally define

(M) M) (M)
SQ* ./4 SQ* )

whose covariance matrix is Jy, the efficient Fisher information matrix for the
model M (Zyy).

The convergence of S D) 4o S’Q* is then established by a martingale argument.
To show convergence of the projection operators Ay; to A is more involved; we
use a deconvolution argument which shows that boundedness in the space of
the nuisance scores H,(h,) implies boundedness of the h, in the index space
H, (and likewise for H, as(hr), Hr ar). These intermediate arguments, and the
proof of the following results, are in Section 6.

Proposition 1. Grant Assumptions 1, 3-5. Then

SO0 = Sge, M = o0
where the convergence is in L?(P,). Moreover, we have Jy; — J as M — oo
where J > Jyr is the efficient information for estimating @ in the full data
model, and is invertible.
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From Proposition 1, we deduce the following result.

Theorem 3. Let Q,, = A%M") where M,, — oo sufficiently slowly. Then under

Assumptions 1, 3-5, Qn is a Py-reqular estimator and satisfies (up to label-
swapping)
V(Qn — Q%) =* N(0,J7")

where J is the variance of the efficient score function, as defined in Proposi-
tion 1. In particular, Qn is an efficient estimator of Q in the full semipara-
metric model. Moreover, for 11, a sequence of priors placing its mass on mod-
els M(Zy,) respectively, and satisfying Assumption 2, we have (up to label-
swapping) that

[ (vA(@ = Qu)Ya) = N (. T = 0n. (1)

4. Cut posterior contraction

In what follows, we study contraction rates for the cut posterior IT.,:(-|Y1.n)
defined in Section 2.

4.1. Concentration of marginal densities g( )

In this section, we present Proposition 2 which controls cht(Hgg p, gQ* o]l <
€n|Y1.n). This result follows from Theorem 7, which is an adaptation of the
general approach of [29] and is of independent interest; see Section B for full
details.

For the sake of simplicity, we consider a prior in the form ITy(df|Q) = Iz (df);
extension to the case where the prior Il depends on @ is straightforward from
Section B. Note that, in any case, the conditional posterior on f given @) depends
on () through the likelihood.

Hence, similarly to [57], we consider the following assumptions used to verify
the Kullback-Leibler condition.

Assumption 6. Let ¢,, &, > 0 denote two sequences such that &, < ¢, = o(1)
and néi — 00. Assume that the prior IT, on FF satisfies the following conditions:

A. There exists Cr, > 0, depending on the choice of prior Il and a sequence
S, C FE such that I, (S,) = exp (—Cn2n€2) and such that, for all f € S,,,
there exists a set S C Y and functions fl, ..., fr satisfying, for all 1 < i < R
and for Cr g = 4 + log( +10%

min; Q* )

(mml Q* )5
i) = HwP | W) - )| 2.

S

5200 o (145 ) aqa) <
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/ Ji(y) max log (%((5)) ) Ady) < Cr,qés;

[ )+ @A) < &,

B. For all constants C' > 0, there exists a sequence (F,), -, of subsets of F¥
and a constant C’ > 0 such that -

I, (FS) = o (exp (—Cné2)), and N (%’fm d) Sexp (C'nel) ,
where N (%,fn,d) is the f3-covering number of F,, with respect to d(f, f) =
ol = fillo-

Proposition 2. Let (Y:)i>1 be observations from a finite state space HMM with
transition matriz Q and emission densities £ = (f)r=1,.. r. Grant Assump-
tions 1-5, and consider the cut posterior obtained by choosing 111 as the prior
IIps of Theorem 2 associated to the admissible partition Ty, and s such that
Assumption 6 is verified for suitable €,,&, satisfying ne2 > logn. Then, for
any K, — oo,

3 3
Mo ({(Q, ) 95k — 957 -

up to label-swapping.

L, > Knen}|Yn) = op, (1),

Remark 2. Given Proposition 2, we may use the results of [57] to derive pos-
terior contraction rates for a number of priors II,. We explore the case that Il
is a (product of) Dirichlet process mixture of normals in Section 4.4, as this is
a popular choice for density estimation.

Remark 3. We could also choose II; =11, ,, equal to II,, for some M, — oo
sufficiently slowly to give the refined control over the marginal cut posterior on
Q@ as described in Theorem 3.

4.2. Concentration of emission distributions

Proposition 2 applies the general contraction result of Theorem 7 to obtain an
estimation result for the marginal distribution of the observations. Given that
we already have control over the transition matrix in this setting when using Iy
as a histogram prior, it remains to establish concentration rates for the emission
distributions. Theorem 4 allows us to translate a rate on a marginal distribution
into a corresponding rate on the emission distribution.

Theorem 4. Let the HMM satisfy the assumptions of Proposition 2, and let
g(g*)’ be the marginal density for three consecutive observations under the pa-
rameters (Q*,f). Then there exists a constant C = C(f*,Q*) > 0 such that, for

sufficiently small Hgg’)f —g® s

R
* 3 3
S = £l < Clige s = 611

r=1
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Remark 4. Theorem 4 provides an inversion inequality from L' to L', which
has interest in both Bayesian and frequentist estimation of emission densities.
It is the first such result for the L! distance, with Theorem 6 of [15] estab-
lishing a similar inequality in the L? case. Given that the testing assumptions
of Theorem 7 (and more generally, of results based on [29]) are much more
straightforward to verify for the L' distance, our result has particular interest
in the context of Bayesian (or pseudo-Bayesian) settings.

Using Proposition 2 and Theorem 4 together with Theorem 2, we easily
deduce the following.

Theorem 5. Let Yi., be distributed according to the HMM with parameters
Q* and £*, and grant Assumptions 1-5. Let 1I; = Il and let Ty satisfy
Assumption 6. Then, for €, as in Proposition 2 and any K, — oo, we have
(up to label-swapping)

* K’ﬂ *
Hew:({11Q — Q7 > %’rﬁ?ﬁ}%“fr = frller > Knen}[Yin) = op, (1),

and
Mewe(V(Q = Quar) € ()[Yien) = N (0, T3 v = op. (1)

4.8. Concentration of smoothing distributions

When clustering data, the smoothing distribution P.(Xy, = x|Y1.,) is often of
interest. Our final main result concerns recovery of these probabilities using a
(cut) Bayesian approach, establishing contraction of the posterior distribution
over these smoothing distributions in total variation. We do so by combining
novel arguments with the inequality given in Proposition 2.2 of [16]. We recall
the notation 0 = (Q, f).

Theorem 6. Grant the assumptions of Theorem 5, together with

max || /f¥ |1 < oo, (18)

r€[R]
and assume that

My (max|| fi||z, > €"%|Q) < C'e™2™™%;  max||ff]|, <™ (19)
1 1

for some constants y,C" > 0. Then, for €, as in Proposition 2 for which ne> — 0
and for any K,, — oo, we have (up to label swapping)

cht(”PG(Xk - x|Y1:n) - P*(Xk - x|Y1:n)||TV > Knen|Y1:n) - OP*(I)-

Remark 5. The requirement that ne2 — 0 is used in the proof, although we
expect that this condition is not fundamental and it may be possible to weaken
with appropriate proof techniques. It is not clear if assumption (19) is crucial,
although it is anyway very weak and satisfied, for instance, by choosing a prior
IT, for which En, (|| f-||22) < oo for all 7.
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4.4. Example: Dirichlet process mixtures of Gaussians

In this section, we show that Assumption 6 is verified when II5 is a Dirichlet
process mixture of Gaussians. We use the results of Section 4 of [57], in which
Assumption 6 is verified for £* = (f*)E | with each f* in the class

P(B,L,v)={f € F:log f is locally 8 — Holder with derivatives [; = (log L2
and Iy, (y) — I, (2)| < rL(y)ly — 27~ when [z —y| <4},

and satisfying weak tail assumptions which we give in Assumption 8. Here
B >0, L is a polynomial function, v > 0 and kg = [8] — 1 for [-] the usual
ceiling operator.

The following result, which is a corollary of Theorem 4.3 of [57], shows that,
for prior choices satisfying Assumption 9, the conditions of Theorem 5 are
verified with

en = 0~ 7 log(n)', (20)

-1
Wheret>t02<2+%+%) (%+2) .

Corollary 1. Let Y7., be distributed according to the HMM with parameters QQ*
and £*, and grant Assumptions 1-5. Let II; = Iy, and let the prior Il on F&
take the form of an R— fold product of Dirichlet process miztures of Gaussians,
in which the base measure o and variance prior I, satisfy Assumption 9. Sup-
pose further that the true emission distributions (ff)E | satisfy Assumption 8

(2

and that, for each i, fF € P(B,L,v). Then Theorems 5 and 6 hold with €, as
-1
n (20), where t > to > (2—|—%—|—%) (%4-2) .

Proof. The proof follows from [57] who showed that Assumption 6 is verified
under the stated assumptions with A(dy) the Lebesgue measure, appropriately

__B . . .
chosen B,,, €, = n~ 25F1 log(n)to with £y as in the statement, and €, as in the

statement. O

The rate n~ ¥ is minimax optimal for the classes P(8, L, ) under iid sam-
pling assumptions, see [45]. Although not proved here, we strongly believe the
rate €, to be minimax up to logn factors, since an iid sampling assumption
corresponds to estimating f1,..., fr after observing Xi.,, Y7., which is easier
than estimating f1,..., fgr from Y7., only. We thank the anonymous reviewer
for pointing this out to us.

Remark 6. It is also possible to verify the conditions of Proposition 2 in the
case of a countable observation space, again by following the example set out in
[57]. In this case, Assumption 6 is verified with A(dy) the counting measure
on N by using a Dirichlet process prior on the emissions whose base measure
satisfies a tail condition, and under a tail assumption on the true emissions. In
this case, a parametric rate up to log factors is obtained.
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5. Practical considerations and simulation study

In this section, we discuss the practical implication of the method and results
described in the previous sections?. As described in Section 2.2, we consider a
cut posterior approach where II; is based on a histogram prior on the emission
distributions and where Iy is a Dirichlet process mixture of normals for the
emission densities. We first describe the implementation of II; (Q|Y1.s,).

5.1. MCMC algorithm for Q

We first define the construction of the partition Zp;. In Section 3, it is de-
fined as a partition on [0,1] (or more generally on [0,1]?), but this is eas-
ily generalized to a partition of R (or R) via an appropriate C; diffeomor-
M

phism ¢. In this section we restrict ourselves to dyadic partitions, i.e.
(61 ((m — 127 M), 7 (m2=M)), m = 0,---,2M — 1, where ¢ : R — [0,1] is
a (' diffeomorphism.

Recall that, for Theorems 1 and 2 to be valid, we merely require that Z(M) =
(L(qim, m < 2M —1) is admissible and that, forall < R,m < 2M -1, F* (L(nM)) >
0. Interestingly Theorem 3 does not restrict the choice of ¢, but restricts the
choice of M. In practice, however, the choice of M and ¢ matters and more
details are provided below.

Once Zy; is chosen, we consider a prior on @Q,w,, (suppressing the M hence-
forth) and, for the sake of computational simplicity, we consider the following
family of Dirichlet priors:

Vi S Rv Ql = (Qz]a] € [R]) ~ D(’Yﬂ, e ;’YiR)
wi. = (Wim,m € [QM]) ~D(Bi1, -, Bignm).

We then use a Gibbs sampler on (Q,w, X) where given X, Y7.,,,

n
ind
Qi. ~ D(vi1 + 141, ViR + MR), Nij = E Ix, =i x,=j
t=2

n
ind 7 % 7
wi. ~ D(Ba +N(§ ),"' s Bigm +N2(1\3,1)7 N = E 1
t=1

(M)

Yielm ', Xy=13’

and the conditional distribution of X given Q,w,Y is derived using the forward-
backward algorithm (see [44] or [23]). To overcome the usual label-switching
issue in mixtures and HMMs, we take the approach of Chapter 6 of [44] which
deals with MCMC in the mixtures setting, in which the authors propose rela-
belling relative to the posterior mode as a post-processing step (with likelihood
computed also with forward-backward).

2Code is provided at https://github.com/dm1729/HMMs .


https://github.com/dm1729/HMMs 

1836 D. Moss and J. Rousseau

In our simulation study, we have considered R = 2 hidden states with tran-
sition matrix and emission distributions

. (0.7 03 . .
@ (0.2 0.8>’ FY ~ N(=1,1),F5 ~ N(1,1).

We have considered data of size n = 1000, 2500, 5000, 10000, obtained by
restricting a single simulated data set of size 10000. To study the effect of M
we run our MCMC algorithm targeting I1y (+|Y7.,) with xky = 2,4, 8,16, 64, 128
bins.

We took v;; = B;; = 1 so that independent uniform priors over the simplex
were used for rows of the transition matrix and the histogram weights, and chose

fasent 3
o) = {C+ny ly <3

with ¢,n € R chosen so that ¢ is continuous. The sigmoid y +— (1 +e7¥)7!

is a popular transformation from R to [0, 1]. However, its steep gradient near
y = 0 means that a uniform partition of [0,1] is mapped to a partition of R
concentrated tightly around y = 0. This in turn leads to an over-coarsening
of the data, with many data points lying in the two unbounded bins of the
partition which extend to co. The linear interpolation in the range |y| < 3 is
thus intended to provide more discrimination between data points lying in this
interval, which includes the vast majority (approx 97.5%) of the data.

We ran the MCMC for 150000 iterations for each binning, discarding 10000
iterations as burn-in and retaining one in every twenty of the remaining draws,
for a total of 7000 posterior draws.

The fitted distributions for ¢ under the priors II;, with varying M, are
shown in Figures 2, 3, 4 and 5, and demonstrate Theorems 2 and 3 as we detail
below. To make an additional comparison with a typical Bayesian nonparametric
approach, we also fitted a model with a prior II’, which uses Dirichlet priors on
the transition matrix as in II; and Dirichlet process mixtures of Gaussians to
model the emission densities. We defer further details of II’ to Section 5.2 as
it is more relevant as a comparison with Il5, since both have a much higher
computational cost in comparison to I1;. In Figure 6, we compare distributions
for the transition matrix under II'(+|Y7.,) with the distribution under II; (+|Y7.,,)
for a selection of values of M, but we emphasize the large difference in compute
time.

Even when kj; = 2, the posterior distribution under the prior II;, as n
increases, looks increasingly like a Gaussian, though its variance is quite large.
For slightly larger values of )y, this Gaussian shape is preserved but with lower
variance, demonstrating Proposition 8 which states that the Fisher information
grows as we refine the partition. However, we can also see that taking kj; too
large leads to erroneous posterior inference, which may simply be biased (for
instance when n = 5000 and we take xj; = 64) or lose its Gaussian shape entirely
(for instance when n = 1000 and xp; € {64,128}). This demonstrates that



Efficiency and cut posterior in semiparametric HMMs 1837

— 2bins

F1G 4. Posterior draws for Q under priors I11 with Ky € {2,4,...,128} bins when n = 5000.

The dotted orange line is the reference mean, taken when ky; = 4. The dashed green lines
are the bounds of the 90% credible set when kp; = 8.
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Fic 5. Posterior draws for @ wunder priors 111 when n = 10000, when wusing kKpr €
{2,4,...,128} bins.
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F1G 6. Posterior draws for Q under priors II1 (for kpr € {2,4,8,16,32}) and I’ (DP Mizture
line) when n = 2500 (top) and n = 10000 (bottom).
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the requirement of Theorem 3, that M,, — oo sufficiently slowly, has practical
consequences and is not merely a theoretical artefact.

While the latter issue (of a non-Gaussian shaped posterior) is easily diagnosed
by eye, the former issue (of a biased, Gaussian-like posterior) is somewhat more
worrisome, as the bias cannot be so easily identified when one does not have
access to the true data generating process. In Figure 6, we see preliminary
empirical evidence that this problem of bias may also be present when taking a
fully Bayesian approach based on the prior II’, indicating that our approach may
work better than a fully Bayes approach if M,, can be tuned well. We emphasize
however that this simulation study is very limited in scope, and is only intended
to demonstrate our results rather than to make conclusive comparisons.

For the histogram prior II;, we propose the following heuristic to tune ks
after computing the posterior for a range of different numbers of bins. For a small
number of bins (say kpr = 4), take the posterior mean as a reference estimate
(say QO), which should have low bias and moderate variance. For higher ks
values, compare Qo Kas-specific posterior mean and the 1 — « credible sets Cy,
for a = 0.05,0.1 say. We consider that kj; is not too large if Qo is well within
the bounds of C,. We have added some further markings to Figure 4 which
illustrate this approach.

We emphasize that it is most important not to refine the partition too quickly,
so even when adopting this heuristic one may wish to favour lower values of k.
When fitting Il as discussed in Section 5.2, we used posterior draws based on
one possible refinement, in which ky; = 4 for n = 1000, Ky = 8 for n €
{2500, 5000} and ks = 16 for n = 10000 — see Figure 7.

5.2. MCMC algorithm for {f.}2_|

After simulating draws from the marginal posterior II; of ), we then use a Gibbs
sampler to target the cut-posterior distribution Iy(f|Q,Y), for which the prior
II5(f|Q) is a Dirichlet mixture as follows. For each hidden state r (whose labels
are fixed after relabelling in Section 5.1), we use independent dirichlet Process
mixtures of normals to model f,:

fily) = / boon (v — WP (), PO DP(My, N (e 0?)), (21)

with My = 1, p. = 0 and Jf = 1. The kernels ¢, are centred normal distri-
butions with variance v = o2, and v(") is equipped with an InvGamma(a,, 55 )
prior?. Note that the scale parameter o is fixed across u’s for each r. The MCMC
procedure will rely on the following stick breaking representation of (21) involv-

ing mixture allocation variables sV = (s{"));<, and stick breaks (Vj(r))jeN

3We remark that Proposition 1 verifies the conditions of Proposition 2 under an inverse
gamma prior on the standard deviation. We have instead adopted in our simulations the
common practice of placing an inverse gamma prior on the variance for computational conve-
nience.
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Fic 7. Cut posterior mean and pointwise 90% credible bands for emissions when refining the
partition with n = 2500 (top), n = 5000 (middle) and n = 10000 (bottom), each with C = 10
interior iterations. See top plot of Figure 8 for n = 1000.
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associated to a vector of weights (Wj(r))jGN:

iid ) inde )
}/1|Xa Hy S50, W~ ¢U(’")(' - H.(sf(l))a SZH/aX:Ha 02 ~7 W(Xl)a

W]-(T) — Vj(T) H(1 — V"), X ~ MarkovChain(Q) (22)
i<j
‘/J(T) %5(17MO)7 Mgr) NN(MHO—S)’ /U(r) ~ InVGamma‘(a(ﬂﬁU)'

In order to approximately sample from the corresponding posterior, we re-
place the above prior with the Dirichlet-Multinomial process (see Theorem 4.19
of [30]) with truncation level Spax = [v/1], in which W is instead sampled from
a Dirichlet distribution with parameter

a:<M0 Mo MO). (23)

3 ) 3
Smax Smax Smax

This truncation level is suggested as a rule of thumb in the remark at the end of
Section 5.2 of [30]. Further details on implementation can be found in Section E.

Nested MCMC For the i*" draw from the cut posterior, we would ideally
sample first Q; from IT; (-|Y"), and then f; = (fi), from 5 (+|Q;, Y). For the first
step, we used Algorithm SA1 with burn in and thinning. However, we encounter
difficulty when simulating from II5(-|Q;,Y"), as the @; changes when 4 changes,
and so an MCMC approach effectively needs to mix ¢ by ¢. In order to achieve
this, we run a nested MCMC approach (see [49]) in which, for each 4, an interior
chain of length C' is run, taking the final draw from the interior chain as our i*”
global draw.

Concerns about the computational cost of nested MCMC have been ex-
pressed, especially when there is strong dependence between the two modules
(in our case, representing the transition and emissions) as in Section 4.2 of [40].
However, we found little improvement beyond C' = 10 interior iterations, see
Figure 8. We expect that this is down to the well localised posterior I1; (-]Y) on
@ which means that the Q;, and hence the targets II5(-|Q;, Y"), don’t vary too
much ¢ by . Plots of the posterior mean when C' = 10 are detailed in Figure 7.
Since we used the thinned draws of @) from II;, we ran 7000 such interior chains.

When using such a small number of iterations for the interior chain, nested
MCMC is not costly compared to other cut sampling schemes (see e.g. Table
1 of [40]). We further suggest that the computational cost compared to fully
Bayesian approaches with fixed targets is not as high as it may seem, given
that the use of such interior chains should, at least partially, subsume the need
for thinning. Indeed running such interior chains with a fixed target for each ¢
would be precisely the same as thinning. A more detailed development of this
idea can be found in Section 4.4 of the supplement to [12].

Comparison to fully Bayesian approach As mentioned in Section 5.1, we
also consider the fully Bayesian model with prior IT’ as a means of comparison.
The prior I’ independently places a Dirichlet prior on the rows of the transition
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First hidden state Second hidden state
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Fic 8. Cut posterior mean and pointwise 90% credible bands for emissions with n = 1000
and four bins. Top: C = 10 interior iterations; Bottom: C = 100 interior iterations.

matrix as discussed beforehand II;, as well as a Dirichlet process mixture prior
over the emission densities as discussed earlier in this section for Il,.

In the implementation of II’, we ran the MCMC for 70000 iterations, discard-
ing the first 10000 as burn-in and thinning at a rate of one in ten observations.
This was chosen so that we had an approximate matching with the computa-
tional cost of 7000 iterations of the cut posterior, each with 10 interior iterations.
We plot the resulting emission densities in Figure 9. In comparison to Figure 7,
the pointwise bands seem to capture the ground truth more accurately. We re-
mark however that Theorem 5 only provides guarantees on L' concentration
and so the plots will not entirely reflect the theory; L' credible sets are rather
less easily visualised. We also emphasize our earlier comment from Section 5.1,
that the simulation study is limited in scope, and is not intended to provide
conclusive comparisons with other approaches.

6. Proofs of main results

We first prove Proposition 1.

6.1. Proof of Proposition 1: Convergence of the scores

Throughout this section, Assumptions 1-5 are assumed to hold.
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F1G 9. Posterior mean and pointwise 90% credible bands for emissions, with n = 2500 (top)
and n = 10000 (bottom) under fully Bayesian posterior with prior IT'.

Recall that
H, = {h € L3(frda), / W) frdz = 0},

and

Hoas == 3 @i, () am € R [ B (0)dy =0}
m=1

Define P to be the space spanned by the nuisance scores {H (h) : h = (hy)r<r, hr
€ H,} in the full semiparametric model, and also Pjps to be the space spanned
by the nuisance scores {Hns(har) : har = (hem)r<r, hrms € Hen} in the
histogram models M(Zys). Here H(h) = (H.(h,) : » € [R]) with H, as in
Equation (14), and also Hp(hy) = (Heps(hy) @ v € [R]) with H, pr as in
Equation (17). Denote also G§; = 0(Y}<M) ct < /f) and G = o(Y; : t < {), for
le”.

To prove Proposition 1, we prove convergence of sequences of nuisance scores
in Pjs to nuisance scores in P, and also convergence of the score functions S (M)
to Sg-. Recall that the scores Sg« in the model with known emissions are given

by (12), with the scores SP) associated to data Y (M) being given by (16).

Proof of Proposition 1. Write Ay, for the orthogonal projection onto Py, and
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A for the orthogonal projection onto P. Define
SOP =850 — Ay ST and  Sg- = Sq- — ASq-.

To prove Proposition 1, it is enough to prove that S'g\:[) converges to S’Q*. A
major difficulty here is to prove the convergence of Ay S to AS in L?(P,), with
S € L?(P.), because, contrary to the mixture model case considered in [27], the
sets Pys are not embedded.

In Lemma 3, we prove using a martingale argument that SC(Q]ZI) converges to
Sg+ in L*(P,) as M goes to infinity. Then

a(M & M M
1555 = 8a- e, <1557 = Sa- s+ An (Sq- = SG) 12+ (A = Anr) S22

= [[(A = Aar)Sq-+[l 2 + o(1).

We now prove that ||[(A — A )S||z2 = o(1), for all S € L?(P.). As mentioned
earlier, the non trivial part of this proof comes from the fact that the sets Py
are not embedded. Hence we first prove that the set Py is close to the set Py,
where

Poar = {H(har), har = (heoat)r<rs henr € Hoar )

More precisely, we prove in Lemma, 1 below that Ay S — Ay S = 072(1), where
Ay is the projection onto Pys. Since the partitions are nested, the Py, are
nested; reasoning as in [27], we then obtain that (Ax;S)azen is Cauchy, and so
converges to some AS. Then, arguing as in [27], we identify AS with AS in
Lemma 5. The argument involves first showing that A is a projection onto a
subspace of P, and then showing that elements of P are well approximated by
elements of P, by approximating the corresponding h,. € L3(f7) by histograms
(hy.ar)aren. This terminates the proof of Proposition 1. O

Lemma 1. For any element S € L*(P.),
1A S — AniSla = o1).

Proof. As will appear in the proof, a key step is Lemma 2 which says that,
for any sequence hj; bounded in L2, if Hys(har) = op2(1), then hy = or2(1).
Lemma 4 also applies for L? bounded sequences, and implies that, for any
bounded sequence hys, (Hyr — H)(har) = or2(1).

To prove that Ay S — Ay S = or2(1), we decompose

ApS — ApS = A S — Ay An S + Apr A S — A S.

We first prove that Ay Ay S — Ay S = or2(1), and then that AM(AMS -95) =
or2(1). Define hjps such that Ay S = Hpr(har); we have that ||Hpr(har)ll2 <
IIS||2- Also, by Lemma 4 and using the fact that orthogonal projections onto a
space minimize the L? distance to that space (which includes H(hy)),

| AnrAnrS — AnrS|l2 < |(H — Har)(has) |-
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Suppose now that, along a subsequence, ||has||2 — co. Then, along this sub-
Hy(ha)
17as]l2

sequence, HM(”hIWIHQ) — 0 in L? and we can apply Lemma 2 to
conclude that HfiITl\z — 0 in L? along this subsequence, when in fact this sub-
sequence has constant unit L? norm. We thus get a contradiction and con-
clude that sup,||har||2 is bounded. Then, by Lemma 4, we have that Ay S =
Hys(hyr) = H(hy) + 0n,(1). Thus ||(Hy — H)(har)ll2 — 0 and || Ay Ay S —
AprSll2 = o(1). ) . 3

We now control Ans(AnS — S). Considering Ap (S — Ay S) = H(hyr) for
some hy; = (hy o, 7 € [R]) and h,. pr € L3(f7) in model M, we have

| A S — Anr AnS)22 = (S — Am S, A (S — AprS))
= (S — AnS, H(hn)) = (S — AnS, Hyr(har)) +Rar,

=0 as (S—AnS)LHnr (har)

where

[Ras| < |ISll2ll(H — Har)(har) |2 = 0,

with the convergence following as before using Lemma 2 and the boundedness of
|H (ha)lln, by |S]|n,- Thus Ap(ApS —S) = or,(1) and Lemma 1 is proved.
|

Lemma 2. Fizr € {1,...,R}. Let hpy = (hyar,7 € [R]) be a sequence of step
functions on the partztwns of model M(Zyr) with ||har|| = >°, | he |2 < 1 and
hr,M S IHTVM Then

2 2
Lﬂ:*) Lﬂ;’*)

Proof. Assuming Hjs(hps) — 0, Lemma 6 implies that, for all k£ > 0,

Z Z hoov (Y )P (X = 7|Y_pi0) = 01, (1).

r=1k'=—k

For shortness sake we write g* = gg) g+ and we will abuse notation and write

y; :=y—; for 7 €N, so y; is y_1 etc. Expanding D1 (hypr), we thus have that

D P (o) f; ZM

yo y1)

Bt (Y1) ¥ (y1) L2(P,)
+§ BAL AN A LAl ey E LB,
9* (Y0, 1) I3 (0)Qrs

r

Since, for any function H,

|:H2(1/ba}/1):| — H2(y0;y1)
g* (Yo, Y1)? 0,12 9* (Yo, Y1)




1846 D. Moss and J. Rousseau

and, since [|g*|| < max, ||f|loc < 0o by continuity, we obtain

ZhrM Yo)f7 (Yo Zpstrfs (y1)

2 2 (24)
+ g b ae (Y1) £ (g1 ) oy E I3 (40)Qrs )

Note further that the family of functions of y; given by y1 — (3, P Q% f2 (y1))F_,
is linearly independent. Consider now a partition I, I, ..., Ir of [0, 1] such that

F”"j :A f:(yl)dylv T:j € {17R}7

defines a matrix F' = (F;) of rank R. Such a partition always exists by
Lemma 17. Define also

A= [ SnQu L. e {1 R
IJ' s

with A = (A,;), define D, = diag(p},...,px) (which is invertible under As-
sumption 3) and recall Q* = (Q%,). Then we can write AT = FTD,Q* and
note that A also has rank R. Now, integrating the y; coordinate out of Equa-
tion (24), we get, for all j =1,...k,

ZhrM yo = Z/ r, M yl yl prdylzf yO rs

7‘:

B (1,3)
+ 0r2(dyo) (1)-
Let }NLM = (ilr,M)g«%:p hy = (hr,M)§:1 and By = (BM(T,j))Tj. Then the pre-
ceding display may be rewritten as
hat (yo) = —(A") 7' B Q" £ (o) + 012 (ayo) (1)- (25)
—_— ——
Bo,m

Now, from its definition, (Bas)as is a bounded sequence in a finite dimen-
sional space and so converges to some B along a subsequence. Working on this
subsequence, we then get the limit

—(AT)'BTQ" £* (yo) = h(yo).
N———

By

= L*(d
hM(yO) ( Y0)

Consider now Dy (hys), which again vanishes under our assumptions and by
Lemma 6, and take the limit in M along the subsequence where we just estab-
lished convergence. As before, abuse notation by replacing Y by Y} for k € N.
Expanding and multiplying through by joint marginals, we get at the limit

Z(BO Z p92Q9291Q91rf€2(y2)f91 (yl)

T 51,52
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+ Z(Bof*(yl))r > P, Q5L Qi £2 (W) £, (v2)

51,52

+ Z Bof*(y2)) Z PrQrs, Qs s, fo, (1) fe,(yo) = 0. (26)

51,52

Rewriting (26) into matrix products, we obtain

Z[f*(yz)TDpQ*}mf;(y1)(Q*Bof*(yo))51
+Z BO yl s1 Q £* (yo))sl(f*(y2)TDpQ*)S1

+Zf* )T BE DyQ" o £ (51) (Q*F* (40))sy = 0.

By linear independence of the the set of functions {fX(y1)}s=1,.. r, we have
that, for all s, the coefficients vanish so that, for all s;, we get

[£(y2)" DpQ]5, (Q"Bof (90))sy + ) Borrsy (Q°F (0))r (£ (y2) " DpQ*),

r

+ [f*(y2)TBgDpQ*]81 (Q* " (y0))s, = 0.

We can now repeat the argument, instead viewing the expression as a linear
combination of the linearly independent set of functions {fF(y2)}s=1,. r- Ex-
panding what precedes for each s;, we get

Zf (12)P;Qr5, (Q"Bof* (10))s, + Y Bors, (QF* (y0))w (£ (42)) P} Qs

rr!

+ D7) (BE DpQ s, (Q°F" (0))s, = 0,
so that, for each 7, s; we get that
Pr Qs (Q"Bof*(y0))s, + > Bows, (QF (40)) P} Q5

+ (BgDPQ*)T51 (Q*f*(yO))sl =0.

Expanding in terms of the linearly independent functions {(Q*f*),
(Y0)}r=1.....r, We get

> prQr, (Q"BoQ* )y (QF)p (y0) + D Bows, (@7 (10))wp; Qs
+ Z 151:r/(BgDpQ*)rr’(Q*f* (¥0))r =0,

which then gives, for each r,7’, s1, that

: rsi (Q B Q* 1)517”/ + BOT 51prer' + ]lsl—r (BgDpQ )rr’ = 0.
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In particular, setting s; = r’ we get that, for all r,r’,
PEQr (Q*BoQ )i + Boprppi Qs + (BY DyQ*) s = 0.

By Assumption 3, Qj; > 0 Vi,j and so we can divide through to get

(BgDpQ* )rr’
Q:r’

for some a depending on 7’ alone. Write D, for the diagonal matrix whose
diagonals are the a(r"). Then

(BgDPQ*)TT’ = p:Q:r’a(T/) = (DPQ*Da)rr’~

Equivalently, we can write B = (D,Q*)D,(D,Q*)~!. Recalling the earlier
definition of By, we had

= p:a(?“/),

By =—(AT)"'BTQ",

with each column of B expressible as the integral over I 7, with respect to y,
of Dph(y1) = DpBof*(y1), and thus expressible as B = D, ByF. We can then
substitute into the previous display to see that

By =—(A")"'"F"B{ D,Q".
The expression of A as AT = FTD,Q* allows us to write
BO _ _Q*le;I(FT)leTBg“DpQ* _ _Q*le;IBg“DpQ* _ _Da~

This means that Bl = —D, = (D,Q*)D.(D,Q*)"!. So Q'D,Q* = —D,
which gives

a(r)Q:s = —Q:SG(S).
Taking r = s and dividing through by Q7. gives a, = 0 for all 7, hence By = 0
and h = 0. This means hy, (yo) — 0in L?(dyo) and so h, pr — 0in L2 (f,-(yo)dyo),
and so in L?(P,) under Assumption 4, which is what we wanted to show. [

Lemma 3. For S(QA:[),SQ*, as in (16) and (12), and for any choice of j, we
have that
M M
SOOI ) = S (Yooey)

0o:g
in L2(P.).

Proof. Without loss of generality we take j = 0. We first show that we can,
uniformly in M, truncate the series in (16) to an arbitrary degree of accuracy.
We prove that, uniformly in M,

E P.(Xj_1=a,X; =0|G}) — Pu(X;_1 = a,X; =b|Gy}') = or2(p,)(1),
j<—J
(27)
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as J goes to infinity. Using Lemma 19, we have that there exists p < 1 and
C' > 0 such that, for all j < —1 and for all M,

P.(Xj-1 = a, X; = blGy) — Pu(Xj-1 = a, X; = bGy)) < Cp™.

L2(P.)

Analogous results hold with G, G! in place of G%,,G},. Therefore, for all € > 0,
there exists J(e) > 0 for which

>

i<=J()

P (Xj-1=a,X; =bGY) — P(X;-1 = a,X; =bG;}')

L2(P.)

+ P*(Xj,1 :a,Xj:b|g0)—[F°*(Xj,1 :a,Xj :b|g_1) < €.

L2(P.)

It now suffices to prove for all j that

L*(P.
P.(X; 1 =a,X; =blg4) " S P(X,_ = a, X, = b|G)). (28)

Firstly, we show that, for each ¢ = —1,0, the G{, form an increasing sequence
of o-algebras G§, C G4, for M < M’, and that the limiting o-algebra G :=
o (UMeN g@) is equal to G'. We suppress the dependence on ¢, since the proofs
for each case are the same. For the sake of presentation, we code the coarsened

observations Yi(M) as their projection onto the left endpoint of whichever interval

of the partition Zy; contains Y;: Yi(M) =¢;ifY; € IJ(-M) = (ej,ej+1).

To see that the Gy, form a filtration, we wish to show that every set in Gy, is
also in Gpr41. Every set in these 0— algebras is generated by the preimages of the
left endpoints of intervals under Y, for some i. Suppose the partition Zy;1; is
obtained from Zy; by splitting one bin. The events {V; = ¢;}, for j =1,..., M
and e; the endpoint of bin j, generate Gys. For the split bin, if we split bin M
in Zps into bins M and M + 1 in Zps41, then we can express {YM = e;} =
{}/Z-MJFI = ej} for j < M and {}/ZM = BM} = {Y;-MJFI = ejyj}U{Y;-M+1 = eMH}.
Hence we can express these events as events in Gps41, and by induction the
argument remains true for any nested sequence of intervals.

To see that each Gy C G it suffices to note that {V; = ¢;} = {V; €
lej,ej41)} € G. This shows that Goo C G. To show that G C Go, note that the
Borel o— algebra on [0, 1] is generated by the sets (¢, 1]. So it suffices to check
that the sets {Y; > t} are in G, as these sets generate G. But, for all t € (0, 1),
there exists a sequence e ar) <t converging to ¢ and such that e a1 > ¢
also converges to t. Thus {Y;" >t} = {Y; > e, a)41} increases to {Y; > t}
and {Y; >t} = limy {YM >t} C Goo. Therefore, the conditional probabilities
appearing in the histogram score expression (16) form a bounded martingale
in L? with G, = G*, £ = —1,0. The L? martingale convergence theorem them
implies that (28) holds for any j, ¢, and Lemma 3 is proved. ]

The proofs of the following results, which are used in the proofs of Lemmas 1
and 2, are deferred to Section C of the appendix.
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Lemma 4. If hyr = (hyar)r<r with supy, >0 b arl| 2252y < L < 00, then
Hyr(har) = H(har) + op, e,y (1).

Lemma 5. Let Ay Pus, A, P be as in the statement of Lemma 1. Then, if
A = limy o0 Apr, we have A = A.

Lemma 6. Let hys be a sequence of step functions on the partitions of model
M(Znr) with bl = X [hemllze < 1, such that hyar € LE(fF). For any
k>0,

R 0
L*(P,
Hg(har) © Z Z wr (U )P (X = 1V 4e0) “ 57 0.

6.2. Proof of Theorem 4

The proof of Theorem 4 works by contradiction. If there exists no C' > 0 such
that, for all f with Hg(s) gg’)fw ||z sufficiently small,

3 3
195 = 95k 11
SE = frl T

)

then there exists a sequence of emission densities £™) such that || 90 gQ el =
o(1) and
(3) (3)

_ e
lim inf ”ngn Ja.r L =

m L = Sl
For j = 2,3, r € [R], and £ as above, set

g =98l g
n,j r R . ’
S = fr 2ol = il
and write h™ = (h? : r € [R)]).

Since lim inf,, A, 3 = 0, there exists a subsequence ¢;(n) such that Ay, ()3 —
0, which 1mphes also that A¢1(n) o — 0 since A, o < A, 3. We have by assump-

tion that ||gQ £61(m)) gQ e |l — 0, and by applying Lemma 7 we can find a

further subsequence ¢ (¢1(n)) such that £#2(¢1(M) _, £ in L1 For notational
convenience we write A,, ; for the terms Ay, 4, (n)),; along this subsequence, and
in general any index with n is now interpreted as being along this subsequence.
Since Zilﬂfﬁ — f¥ler = 0, A, 2 — 0 implies that

D (PQ s (7 () (y2) + B (y1) £2 (y2)) = 011 (1),

T,
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where P = diag(p7,...,p}y). Partition I1,...,Ir such that F*, as defined in
Lemma 7, has rank R. Define also H" = (H");» = [, h'(y)dy. We have, for
any integrable function G and any i € [R], that

/ / Gy, o) dyrdys > / / Gy, o) dyrdye > /
R JR R JI; R

which implies in particular that

/ G(y1,y2)dy:

I;

dy? )

D (PQ)rs (Fip i (y2) + HI 2 (y2)) = o011 (1)

T,

This gives us
(F)T(PQ")N" = —H, (PQ)f" + or1(1).

The sequence H,, is bounded, and so converges to some Hy along a subsequence
¢3(n) which we pass to. Then, since F* is of rank R, we may write

h" = —((F")"(PQ)) ™ (H")"(PQ) f* + 011 (1),

=B

and so h" — (Bif*), in L' for each r = 1,..., R. Next, since we have that
Apz—0in L', we get

D (PQ)rsQut (7 (1) F3 (y2) i} (ys) + f (w1 )% (y2) 1 (y3)

r,8,t

+ hy(y1) f5 (y2) £ (y3)) = oL, (1)-

Replacing A} by its limit (B1£*),., we get that, for Lebesgue-almost-all y1, y2, ys3

> (PQ)rsQut (£ (W) £1 (y2) (Baf*)e(ys) + £ (y1) (Brf*)s(y2) £7 (vs)

7,8,

+ (Bof™)r(y1) £ (2) f7 (y3)) = 0

Under Assumption 4, we have continuity of f* and so in fact the above display
holds for all y1,ys2,ys. This expression is of the form of Equation (26) in the
proof of Lemma 2, and the same proof techniques show that B; = 0 and hence
[Ih™|| = or1(1). This yields the desired contradiction as ZfithfHLl =1 for
all n € N. We conclude that no subsequence can exist for which A, 3 — 0, and
hence that liminf,_,. A, 3 > 0, which terminates the proof of Theorem 4.
The proof of Theorem 4 uses the following result, which we prove in Sec-
tion C.6 of the appendix.
1 3
Lemma 7. Consider a sequence of densities £ such that gg)*)’fm) g (iy )

1
gg*),f*. Then £(") Lgy) f* along a subsequence.
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6.3. Proof of Theorem 6

To prove Theorem 6, we make use of Lemma 21 which allows us to approximate
the MLE by an estimator which does not depend on the observation for which
we control the respective smoothing probability. Intuitively, this result says that
a single observation does not influence our MLE too much.

Proof of Theorem 6. The starting point of the proof is Proposition 2.2 of [16].
Let 0 = (Q,f) and ||Q — Q*|| < M,/y/n so that Q;; > ¢/2 > 0 with ¢ =
min; ; Q7 ; < %, under Assumption 3. Set p =1 — g/(1 — g), then

cr * *
Ap = [|Po(Xx = - [Yiin) = Pu(Xg = - [Yin) 2w < r [Pllug — w*ll +1Q — @7
no o lo—k|

ap *
+£§::1 C*(n) mf‘x|fs(y€)_fs(n)| ’

where ¢*(y) = min,e(r) Y er) Qrsfi(¥) 2 aD_, fi(y), and C* is a constant
depending only on Q*, f*. Throughout the proof, we reuse C'* to denote a generic
constant depending only on Q*, f*. First, for any K, — oo, if

% A Kn * r ne2
By = {0, |Q" = Qll = —=: max|[f; = fillzr < Knen} 0 {max||frll2 < 7"},

NG

for v defined in (19), then Theorem 5 together with condition (19) gives I,
(BS|Y1.n) = op, (1). Recall also that ne2 — oo, so that, for z, > 0,

cht(Ak > Zn€n|Y1:n) S cht({Ak > Znen} N Bn‘Yln) + O[P’*(l)~

Since ||I1; (dQ|Y1:n) — 0 (Q|Y1:0)dQ|| 7v — 0, where Dn(Q|Y1.0) is a Gaussian
density centred at the MLE of variance .J ~“1/n, we have eyt — Hewel|7v =
op, (1), where Il.,; is the measure ¢, (Q|Y1.,)dQI2(df|Q,Y1.,). Moreover, on
B,

¢ " gtk
B e DD w0 — Y0 (29)
To prove Theorem 6, we thus need to control the sum in (29) under the posterior
distribution. In [1], the authors use either a control in sup-norm of f, — f*, or
split their data into a training set used to estimate f*, and a test set used to
estimate the smoothing probabilities. We show here that, with the Bayesian
approach, we do not need to split the data in two parts nor do we need a sup-
norm control. We believe that our technique of proof might still be useful for
other approaches.

We split the sum in (29) into |¢ — k| < T, and |£ — k| > T,, where Tye,
converges arbitrarily slowly to 0. We first control, for all r € [R] and any z,, > 0
going to infinity,

_ [€—k| . Y,)) — £*(Y,
.. | B, N Z p \fc( (e})/) fr(Yo)| > 26 Z Je-rrz by
|e—K|<T, e [e—K|<T,
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Z .., [Bn ﬂ{ |fr(Ye)(— fr (Yol > Znenpwwz}‘ylm} .

c. (Y
|6—k|<T, «(Y2)

(30)
To bound (30), we need to study the quantities 7y, ¢(2)=ILcys [ Bn N An(2;£)] Yiin],
where z > 0 and
Lfr(Ye) — 7 (Ye)| }
Az 0) = - > Z€pn o .
0= { B

Write Ly, (Y1, 0) = 3., fs(Ye)L—¢(0, ), where L_4(0,s) depends on Yy,’ and is
given by

L_4(0,5) = L(y1.0-1,0)Po(X¢ = 5|Y1:0-1) L(Yo11:0| Xe = 5, 0).

Note that

L(y€+1:n|X£ =S, 9) = ZQSS’L(yZ+1:n|XZ+1 = 317 9)

€ l% Z/L(yf+1:n|Xg+1 = 3/7 9)7 Z/L(y5+1:n‘Xl+1 — Sl79) 7

and also that Po(X, = s|Y1.4-1) € [g,l], which together implies, denoting
L_4(0) = max, L_4(0,s), that

Lt.5) € | TL-0).L100)]

This implies that the cut posterior mass of A,(z,£) N B, is bounded as

cht(An(Z;g) N Bn|Y1n)
4 Jp, VA e)( Fr)Le(0) (3, fs(Yo) 2 (dflQ) 6 (Q|Y1:n)dQ  (31)
7 Jp, L-e(0)(3, £+(Ye))12(dflQ)¢n (Q[V1:n)dQ '

Applying Lemma 21, we also have, uniformly in ¢ € [k —Tnk +T,) NN,

lpn (Q|Y1.)dQ — qﬁn(Q|Y1 £dQ||rv — 0, where ¢,(Q|Y.) is a Gaussian cen-
tred at the estlmator defined in Lemma 21 and also of variance J~!/n, which
depends only on Y‘. Hence, with

<

(Y1, ) () $(Q[Y,,)dQ
D, (¢) ’

where D (€) = [ L_o(0)(S, fo(Ye)a(df)$n (QIY1;1)dQ. we have

cut(A‘Y ) fA

I Yin) — Mewe (- Vi = 1).
0 T, (Y1) t(1Yrn)llrv = op, (1)



1854 D. Moss and J. Rousseau

Hence, it suffices to control each summand of (30) with ., replaced by
Hgi)t We first focus on lower bounding the denominator D,,(¢). Writing §2,, =

Do fs(Yo) > > fx(Yy)/2}, it is immediate that

Dy (0) Z/B L_o(0)10, M2 (df)¢n (QIY7;,,)dQ (Z f;‘(Yz)/2>-

n

We will show that we can replace the above bound with a bound in probability,
in which the integrand does not feature the indicator Tq, . This is similar in
spirit to concentration results based around the framework of [29] (including
our own Theorem 7), where a key ingredient of the proof is to lower bound the
denominator by a suitable quantity. We have that

P, ( /B ni_e(e)ng Iy (df) 6 (Q|Y1)dQ) < 1 /B L_e(e)m(df)%(@lﬁf)dQ)

n

- Y
_[P’*(/Bn 0(0)10e o (df) 6, (Q|Y7,1)dQ > = /BnL (O (df)p (Q[Y0)d >

. [ [, L—e(0) 10 Ta(df) b (QIY7,1)dQ YH
IB L_¢(0)3(df) ¢, (Q[Y1,)dQ |

. [fgn (O)P(QS Y72 (df) b (Q mum]

- J5. Loe(O)5(df)p (QIY7,))d ‘

Now, we can bound the probability in the integrand by

P.(Q5Y1) <Zste Zf nm)
:m(Z(f( o) — fo(Y2) >Zf (Y2)/2

S

Yl n)
Yoslfa(ye) — fs(ye)l
=2 > i)

We can bound the conditional density by f*(ye|Yy,!) < 3, f#(ye), so that

£ el Y10 ) dye.

PV < 2> [1f5 = fello, < 2RKen,
which in turns implies that

p*( / L_(0)10,T2(df)dn (Q|Y7,)dQ <
By

1

3 [ LodOMaans, (QY)0Q) < 1RE, e,

n
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Thus, on this event of probability at least 1 — 4RK,€,, we can bound the
denominator as

= EZ N /B Lo O (d06n QY1) (32)

=M(Y1,,)

and so, on this event,
118 (An(2:0) 0 By Yiun)
16 [, Tan o (2, fs(Yo) Lo e(0)11(df) 90 (Q]Y3,)dQ
7 Y fr (Y M (Y7
16 [ [, Vau (i) (O, [£(Ye) = £ (Vo) D L—e(0) 2 (df) ¢ (QIY1,))dQ
' . fr(YO)M(Yy,)
J1
S, Vi sy L e (0TI (df) 6 (Q|Y1,1)dQ

; O ]

1:n

<

IN

Ja

Now, using E, [J1] = E.[E.[J1|Y,;}]], together with the fact that f(yg\Yl(:;g))dyg
<>, fi(ye)dye, as well as the bound on || fs — fF||z1 on By, we obtain

S, Solfs = Lo (O)112(df) 6 (Q1Y1,)dQ
M(len)
To bound J, note that 14, .0y < [fr(Ye) — £ (Yo)l/(zen D2, £ (Ye)), so that
L < A, | (Y0) = £ (Y0 L e(O) U2 ()60 (QIY1,)AQ
o zenM (Vi) X, £ (V)

<RK

E. [Jl] < E. < RKnen-

)

and bounding as before with J;, we obtain E,[Js] =, This implies that

Po| > T (Ao M 22050) 0 By Vi) > €

Ie_kISTn
e (Yo) M (Y1) 16RK €, ple=kI/2Fc,
< P, | D, (¢) < S22 i) | 22700t
< > () < . e i Y s
|6—k|<T, |e—k|<T,
< T,.K,€en n ﬁ
€ Zn€

Recall that T}, < €2[K,¢,]" ! and z,, > K, /€2, so that the above bound becomes

P, Z ﬁgi)t(An(pf‘sz‘/zzn;E) N Bu|Y1n) > €| <ce, (33)
|6—k|<T,

for some constant ¢; independent on n and e.
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Returning to the original goal of bounding (29), and having now bounded
the sum over |¢ — k| < T,,, we study the sum over |¢ — k| > T},. For this, we will
bound the sum under Il.,; defined previously. First note that

R
P, [3@, c.(Yr) < e*L"”Ei} <n / z_:lpl‘fi (y)dy

cu(y)<e Enme T

<uf Ve lgye b 2y
cu(y)SeEnneh

< C*neannei/2

— K
where we use that ¢, (y) > >, p%f7(y), and that /¢, is L' bounded by some C*
from condition (18). As soon as L,ne2 > Lglogn with Lg large enough, which is

possible since ne2 > logn by assumption, we have P, [EI@, e« (Y) < e~Lnnen | =

o(1) and we can bound ¢, (Yy) > e~Ln"¢. for all £. Next, we define

An(f) =q6; Z p‘eik“fr(yé) - f:(Yé)| < ZneneiL"m"
[£—k|>Ty

We write

Gy JBanage €O ()00 Q1Y) dQ
cut( n n( )| 1:7l) — fB efn(e)—(n(g*)H2(df)¢n(Q‘Y1:n)dQ

n

_ Na(Au(0)
D, ’

where we write the denominator as D,, and write N,,(A,,(€)¢) for the numerator.
Using Lemma 9 which shows that P,[D,, < e L+".] < L together with
n(Q|Y1:) < nfiE=1/2 e obtain, with probability greater than 1 —O(1/L,),
and with L,, going arbitrarily slowly to infinity,

Mewt(B 0 An(0)¢[ Y1) < ebnnes / 15, e O~ Oy (dF) b (Q[V1:n)dQ

n

C*e2LnneirnR(Rfl)/2 o—k| . 00 ()£ (6%)

S S [ U= (et O (g
nen |0—k|>T, Bn

< Cuetlenen 37l / 1Y) — £ ()| =)L, (df)dQ,
[6—k|>Tn B

where, in the final line, we again use that logn < ne2 to consolidate the expo-
nential. This implies that II.,.(B, N A, (¢)¢|Y1.,) is controlled under P, as

73Lnnei
e | S e / o (Y2) — £2(¥) et OO L (df)dQ > ©
By

L
|6—k|>T, "
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. p—Tn e—3Lnne,
<e | S [ U6 - @O0y > P
|e—k|>T, ' Br "
+0(1)
C.L, Ty o3Lnnes, .
< CROREE S [ Eoullfv) - £ (Y a(de)iQ + of1)
n B
[—k|>T, "
, R
< CLu™ S [ [ L))+ 2 )duata) + o(1)
s=1 n
< CLyg™ 8 S [+ 472 Tlde) + o)
< C,pTretlnnen 4 o(1) = o(1), (34)

with the final equality holding as soon as T, log(1/p) > 5nL,e2. We recall
that, in order to establish Equation (33) earlier in the proof, we required that
Tyen — 0 arbitrarily slowly. We thus use the assumption ne3 — 0 to choose T,
so that both conditions may hold simultaneously.

Finally, combining (34) with (33) and (29), and since K,, and L, can be
chosen to go arbitrarily slowly to infinity and ne2 > logn, we obtain that, for
any z, going to infinity,

cht(Ak > Znen‘Yl:n) = op, (1)7

which terminates the proof. O

7. Conclusion and discussion

In this paper we use the cut posterior approach of [36] for inference in semipara-
metric models, which we apply to the nonparametric Hidden Markov models. A
difficulty with the Bayesian approach in high or infinite dimension is that it is
difficult (if not impossible) to construct priors on these complex models which
allow for good simultaneous inference on a collection of parameters of interest,
where good means having good frequentist properties (and thus leading to some
robustness with respect to the choice of the prior). As mentioned in Section 1,
a number of examples have been exhibited in the literature where reasonable
priors lead to poorly behaved posterior distributions for some functionals of
the parameters. We believe that the cut posterior approach is an interesting
direction to pursue in order to address this general problem, and we demon-
strate in the special case of semiparametric Hidden Markov models that it leads
to interesting properties of the posterior distribution and is computationally
tractable.

Our approach is based on a very simple prior IT; on @, f used for the estima-
tion of @ based on finite histograms with a small number of bins. This enjoys
a Bernstein-von Mises property, so that credible regions for @ are also asymp-
totic confidence regions. Moreover, by choosing M large (but not too large), we
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obtain efficient estimators. Proving efficiency for semiparametric HMMs is non
trivial and our proof has independent interest. Another original and important
contribution of our paper is an inversion inequality (stability estimate) com-
paring the L' distance between gg )f1 and gg’ )f? and the L' distance between f;
and f. Finally, another interestiné contribution is our control of the error of
the estimates of the smoothing probabilities using a Bayesian approach, which

is based on a control under the posterior distribution of

S Irwi)

despite the double use of the data (in the posterior on f,. and in the empirical
distance above). It is a rather surprising result, which does not hold if f, is
replaced with fr constructed using ¥, ..., Yn, unless a sup-norm bound on fr —
£ is obtained.

Section 5 demonstrates clearly the estimation procedures and highlights the
importance of choosing a small number of bins in practical situations. Here,
there remains open the question of how to choose this number in a principled
way, and an interesting extension of the work would follow along the lines of
the third section of [27], in which the authors produce an oracle inequality to
justify a cross-validation scheme for choosing the number of bins.

Finally, the paper deals with the case where R is known. This assumption is
rather common both in theory (see for instance the works of [26], [16] or [7]) and
in practice (for instance in genomic applications as in [60]). The identifiability
results of [4] and [24] do show that R can be identified as well, leaving open the
possibility to jointly estimate R, together with @ and f. We leave this direction
of research for future work.

L= | fr(yi) — £ (v
E;U(y) F (i)l

Appendix A: Proofs of main results

In the following section, we detail the proofs of Theorem 3 and Proposition 2.

A.1. Proof of Theorem 3

The proof of Theorem 3 follows from Proposition 1 and Lemma 8.

Lemma 8. Let (Znr)nr be a sequence of embedded partitions, let M be such that

Tar is admissible for £, and grant Assumptions 1, 3 and 4. Then the matriz
1 — Ju

s positive semi-definite.

Proof. Consider the MLE for 6 = (Q(6),w,,(#)) for parameters in Q x Q,; in
the model with partition Zy,.

By the remarks at the end of the proof of Theorem 1, the MLE is regular.
This means that, for all parameter sequences 8,, of the form 6y + n~2h with
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h € |[—H, H] for some fixed H, /n(0(™ — 6,,) converges in distribution under
Py, to a variable, say Z, of fixed distribution, say pz. Explicitly, this means
that for Borel sets A we have

Po,, (\/ﬁ(é(") —0,) € A) — puz(A) as n — oco.

Here 6, is a sequence of parameters in Q x ;. However, any likelihood-based
estimator depends on the observations only through the probabilities of each bin
assignment, by considering the multinomial model with the count data. Thus, we
can replace Py, with any law from the full semiparametric model for which the
transition matrix @,, is the same and the functions f, have the corresponding
w s (0r) as the bin assignment probabilities, and the above convergence remains
true.

Since Zps41 is made by splitting bins in Zy;, a collection of weights w(M+1) =

(wm MAD < Kkpr+1) for the partition Zysyq is identified with weights w™M) for

T = 3ty (my Wi ) where Chyy (m) satisfies

the partition Z»,. We set wr,
I3 = Uy ety (my Lo’ ™). This implies that the MLE for the model M (Zas)

may be obtained by maximising the likelihood in model M(Zys11) subject to the
LD

constraint that the quantities coincide for all m’ € Ch(m). Regularity

(M+1)
of the constrained MLE With1r|1 Thr+1 |lb then inherited from its regularity as a
global MLE in Z 4, by the preceding discussion.

Moreover its asymptotic variance, which is given by the inverse Fisher infor-
mation J for the model with partition Z;, is lower bounded by the inverse
Fisher informatlon for the model with partition Zp;11 by Lemma 11, hence
J ]\7[1 — jz\}1+1 is positive semi definite. O

Proof of Theorem 3. We have, by inspecting the part of the proof of Lemma 8
concerning regularity, that under any sequence of the form P} = Py« (4 n), where

0*(a,h) = (Q*+ . f(1+ J=hs) : 7 € [R]) witha € RAE=D and h, € L3(f),

Ruyn i=dpL ( (\f(@ —(Q" + %)) € ')»MM) -0,

where pps is Gaussian of covariance equal to jj\}l by Theorem 1. Here dpy,
is the bounded Lipschitz metric which metrizes weak convergence. By tak-
ing M, — oo sufficiently slowly, we have Ry, , — 0 also. Since, for any
t € REE-D (T ]y #)~1 is decreasing by Lemma 8 and bounded below by
(tTJt)~! the efficient variance, it converges and the limit is equal to (t7.Jt)~!
by Proposition 1. This implies weak convergence of the measures pas, to pw,
the centred Gaussian measure whose variance is J~1, and applying the triangle
inequality in the metric dgy, proves the first claim.
For the Bernstein-von Mises result, we have from Theorem 2 that

HHM(\/E(Q — Qn) Y1) — N0, JJ;})H = Rarm,

TV
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where RMJL — 0 in P.— probability as n — oo. Refining the sequence from
before, so that M, — oo sufficiently slowly that we additionally have Ry, » —
0, and noting that Jy;, — J, we get

| s, (V@ = Qu) i) = N0, TN
< ||, (VA(Q = Qu)Yiin) = N0, T35
= op, (1).

7—1 7—1
™V + HN(Ov J ) _N(07 JMn)

v

A.2. Proof of Proposition 2

The proof of Proposition 2 is a direct consequence of the following result, which
shows that Theorem 7 applies to semiparametric HMMs of the type described
in Section 2.2. For the construction of Iy, a C; diffeomorphism ¢ is implicitly
used (if necessary) in order to consider histograms on [0, 1]

Proposition 3. Let (Y:):>1 be observations from a finite state space HMM with
transition matriz Q and emission densities £ = (f,)r=1,..r. Consider the cut
posterior based on 11y associated to the partition Lyr and Ils.

(i) Under Assumptions 1-5, Assumption 7 is satisfied with T, = {Q; ||Q—
Q*|| < zn/\/n}, with z, — oo sufficiently slowly and ¢,, the restriction to T, of
the Gaussian density centered at Qn,M with variance j]\j[l /n.

(i) Choosing gy such that Assumption 6 is verified for suitable €, &, with
ne2 > logn, the assumptions of Theorem 7 are verified for the same €, and any
K, — oo.

Proof. (i) The idea of the proof is as follows: We know from Theorem 2 that
IT; (-|Y7.) is close in total variation distance to the normal distribution centred
at the estimator Q Then the restriction of this distribution to a ball of radius
zn, centred at Q*, where M,, — oo slowly, will be close in total variation to the
original normal distribution with high probability as n — oco.

Let p1 5, be the normal density of variance jj\jll /n centred at Q, where Q is the
estimator from Theorem 2. Let py ,, be the restriction of this normal density to
{Q:|Q — Q*|| < zn/+/n} where z,, — co. Fix € > 0 and choose n large enough
that P.(]|Q — Q*|| > ca/,//n) < € where 1 > ¢ > 0 is a constant. Let p3,, be
the density obtained by restriction of p1,, to {Q : [|Q — Q*|| < (1 — ¢)zn/v/n}.
Then, for sufficiently large n, we have with probability exceeding 1 — € that the
support of ps,, is a subset of the support of ps, in which case

||p1,n —P2,n ‘Ll < ”pl,n - p3,n||L1-

But the variance of py, is of the order O(n™!) and 2z, — oo so, as n — oo,
the support of ps, approaches the support of p1, and ||p1, — psnlzr — 0.
But then ||p1,n, — p2,nllzr — 0. Thus, with probability exceeding 1 — €, we have
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that ||p1,, — p2nller — 0 as n — oo. Since € > 0 is arbitrary, we conclude
[PLn = P2nllLr = op. (1).

Taking ¢,, = p2,» as above, for any z, — oo, we verify Assumption 7 for any
€, for which ne2 > logn.

(73) This is a consequence of Theorem 3.1 in [57]. The choice of 7,, also
provides verification of the hypothesis of Lemma 3.2 of [57] and establishes
the required control on KL divergence described in (35). To satisfy the testing
assumption (36), it suffices to note that, for large enough n, 7, is a subset of

{Q:Q;; > ng Vi,7 < R} under Assumption 3. |

Appendix B: General theorem for cut posterior contraction

In this section, we present a general theory for contraction of cut posteriors,
which is developed in the style of the usual theory for Bayesian posteriors of
[29]. The main result of this section is Theorem 7, from which Proposition 2
follows.

Consider a general semiparametric model in which there is a finite dimen-
sional parameter ¥ and an infinite-dimensional parameter 7. Suppose we wish to
estimate the pair (¢,7) governing the law Py of a random sample Y7., € V™.
Assume the data is generated by some true distribution P? = Pl = and con-
sider the following two models:

Model 1: Consider a model 7 x F; on pairs (¢, n) such that ¥* € T but for
which we do not require that n* € F;. Consider a joint prior II; over this space
yielding a marginal posterior on 9 given by

L (d0[Yi.n) = / L, (d0, dy|Yion)-
Fi

Model 2: Consider a model on 7, conditional on ¥, with a prior ITy(-|¢). We
denote the parameter set for n by F2 and we assume that n* € F5. We obtain
in this model, a conditional posterior distribution ITs(dn|Y1.,,d).

Definition 2. The cut posterior on (¥,7n) is given by
eyt (dﬂa d77|Y1:n) =1 (dﬁ‘yl:n)HQ(dn‘ﬂa 1/l:n)-

Write Pgm for the law of the observations Y7.,. Define for some ¢ > 0 and
some loss function d(-,-) on Py, ,

Bg(€) = {(19777) : d(lpg,'rp Pe*ﬂ]*) < 6}7 M,G > 07

with Bj(e) its complement. Define also the Kullback-Leibler neighbourhoods of
Pl = Pg*,n* as

Vn(lpfae) = {(19777) : ’C(Pz*,n*“}mg,n) < n62}7

digg"’* is the Kullback-Leibler divergence.
2N

where K(Py. . |Py ) = Elog
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We now present a general theorem to characterize cut-posterior contraction
result, in the spirit of the now classical result of [29]. Our main additional
assumption for the cut setup is that we have sufficiently good control over IIy,
similar to the kind established in Section 2 in the HMM setting, which we detail
now.

Denote by 71 (+|Y1.,) the marginal posterior density of 9 with respect to some
measure p; on 7, associated to the prior II; on ¢, 7.

Assumption 7. For all sequences z,, — oo there exist 7,, C T with 9* € T,
€, = 0o(1), and a non-negative, random function ¢,, on 7, with supp(¢,) C T,
such that

||7T1(|Y1n) - ¢n('|yltn)||L1(u) = OPQ(l)v
and

uTger ([ eoman) = oc.),
and dK > 0 such that

P} sup ¢n(9) > eK“i] =o(1)
VET

Assumption 7 is mild, and holds for instance if ¢,, is a Gaussian distribution
with mean ¥ and variance i./n for some semi definite matrix i, where D —9* =
Opn (1/4/n). In this case, T, = {[[¢ — ¢¥*|| < K, /n} with K,, — oo arbitrarily
slowly, since we have

Er ( / ¢Z(19)u(d19)) <2 vol(Ty) < ne2 K,
Tn

sup ¢ () < nY? = o(efnmen),
VET,

2
as soon as ne;, = logn.

Theorem 7. Let Assumption 7 hold with ne? — oo, and assume that there
exists C > 0 such that, for any ¥ € T, sets S, (¥) C Fa satisfying

U {9} x 80(9) € Vi(PL, €0), Jnf TIo(S,(0)]9) > e=Cren. (35)
e n
VeTn

Assume also that there exist L, — 0o, Fan () C Fo and i, : Y* — {0,1}
such that

sup Ha(Fo(9)°]0) < e Lrmn, set Uy = | {9} x Fam(),
VETn VET,

[E:wn = 0(1)7 sup 3771(1 _ ¢n) S C/e—2Lnn6i, (36)
9, n
APy, B S Ken

for some K, K > 0. Then, as n — oo,

cht(Bg(KnEn”Yl:n) = OPZ} (1)
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Remark 7. Typically K,, = O(v/L,), when the tests (36) are constructed as
a supremum of local tests. Given some L,, — oo for which the conditions are
satisfied, we can choose L, — oo arbitrarily slowly, and consequently we can
choose K,, — oo arbitrarily slowly.

The proof of Theorem 7 which we present below is a rather simple adapta-
tion of [29]. As in [30], we have simplified the common Kullback-Leibler neigh-
bourhood assumption involving variances of the log-likelihood ratio using the
technique of Lemma 6.26 therein.

Remark 8. By placing an additional assumption on neighbourhoods for higher-
order Kullback-Leibler variations, the assumption on the existence of the se-
quence L, — oo can be replaced with an assumption that L,, = L for a con-
stant L > 1 4 C — the proof is similar but uses a different (though standard)
technique for proving the evidence lower bound. In this case, we can choose K,
a constant.

Proof of Theorem 7. The proof is an adaptation of the proof on posterior con-
traction rates, as in [29]. Under Assumption 7, it suffices to prove the claim
when we replace the cut posterior Il.,; with the distribution

1(dd, dn) = 60 (9)(d0)TLa (], Vi),

Write also By = B§(Kpen) N (T, x F), the subset of Bf(K,e,) on which II is
supported, and 6, = u(7,).

Writing J,, () for the random variable (B9, Y1.,), we have J,(9) =
No (9)
Dy (9)

where

Nut) = [ D)

an):/; el M=t ("L, (d(n]9).
2

Write also II(By| Y1) = I(Be|Y1:n)Un +T1(Be Vi) (1 — ¥y) Lae +TI(Be|Yi:n)
(1—4y,)1q,, where Q, = {supycr, ¢n(?) < eK"Ei}. By the testing assumption,
the first term vanishes in probability, while the second term vanishes under

Assumption 7. For the remaining term, we have, for L, — oo to be chosen
later, that

Lo, (1=9n) [ Jn(9)¢n()p(dd)

T’!‘L

< [ 1 sty n(O)u(d) (1)

n

+(1 - w/ Lo, No(9)eCFEnmen g, (9) u(dd), (L)

n
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using the fact that J,(9) < 1. We can bound E.[I1] as

2

0l < ([ P*{an)ge<C+En>"fi}u<dﬁ>>é[&( sma)|

n Tn
by an application of Cauchy-Schwartz. Now, noting that by Lemma 9 and under
the assumption of sufficient prior mass on the S, (%), we have for any L, = o
that .

PAD,(9) < "t} = O(Ly ),

and so

NI

RN | S Ou(an)) <o)

under Assumption 7, by taking z, = o(L,,). We bound E,[I3] by
E.[l5] < e(C+Ln)nei[E* (/ /_ [61,1(19,7;)71”(19*,77*)(1 _ ¢n)¢n]n2(d(nﬁ)u(dﬁ)>
n v By

< eertond ([ [, el U)oL, (a1 0)ud0))

Using Fubini’s theorem again, alongside the assumption on type II errors and on
the sieves, and the deterministic bound on ¢, () over §2,, from Assumption 7,
we bound what precedes by

< (K4CHEne (/ /B Eonl(1 = ) (Lyer . 0)
n I3

; nneﬂ,nw>1H2<d<n|19>u<cw>)

Se(mcm)mz{< / / C’eLn”EiHQ(d(n|ﬂ)u(d19)>+ / eL""Eiu(dﬁ)}
n v By

n

< e(KJrCJrin)nei (CfleannefL + e*LnTLEi)

Choosing L,, = o(L,,), we get the required convergence. O

Lemma 9 provides the lower bound on the denominator used in the proof of
Theorem 7. The proof is standard but we include it for completeness, it follows
almost exactly the proof of Lemma 6.26 in [30].

Lemma 9. Let A,(9) = {D,,(9) > Iy (S, (9)|9)e Lm0} where L,, — 0o and
Sy, (9) is such that there exists T, with

U {9} x S (9) € Vo (P, €n).
V€T

Then B
sup P, (A, (0)%) = O(L; ") = o(1)
/1967—”71/

as n — 0o.
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Proof. We show that, for each 9, with P,-probability tending to one,
/ eln(@m) _ eln(ﬁ*,n*)l—b(d(nw) > HQ(Sn(ﬁ)|ﬁ)e—nMﬂ,ei7
F2

for any M,, — oo. It suffices to show the above equation holds when we restrict
the integral to S, () C Fa, for which we have {9} x S,,(9) C V,(P.,¢€,). By
dividing both sides by I (.S, (¢)]9), we see that it suffices to show that, for any
probability measure v supported on S, = S,,(¢), that

/ () _ (1) gy () > e Mneh
S'n

By applying the logarithm to both sides and using Jensen’s inequality, it suffices
to show that, with high P, probability,

7= / n(8,m) = L (9", 7")dv(n) > —nMye2.
S.

n

Arguing as in [30], we obtain
P.(Z < —nM,e2) = O(M,; ) = o(1)

as n — oo for any M, — oo. Since the bound does not depend on ¥} and
uses only that {9} x S, (9) C Vo(Po,€n), we obtain the desired bound on the
supremum. O

Appendix C: Proofs of technical results

Section C is devoted to a number of technical proofs which are required the
main results, but are reasonably standard in their approach.

In Section C.1, we prove that the Fisher information matrix is invertible for
general, discrete state-space, discrete observation HMMs. This is necessary to
apply the results of [9] and [17] in the proofs of Theorems 1 and 2.

In Section C.2, we gather some properties of the Fisher information matrix,
showing a Cramér-Rao bound for estimation in HMMs, and showing a local
uniform convergence result for the expected information from n observations.

In Section C.3, we collect technical lemmas used for the deconvolution argu-
ment which forms the key part of the proof of Theorem 3.

In Section C.4, we state a result which implies the existence of an admissible
partition.

In Section C.5, we gather some results from [19] concerning the ‘forgetting’
of the hidden chain.

In Section C.6, we collect technical lemmas which feature in the proofs of
Theorems 4 and 6
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C.1. Non-singularity of Fisher Information

In what follows, we establish invertibility of the Fisher Information matrix for
general multinomial Hidden Markov models.

Proposition 4. Consider a multinomial HMM with latent states X; € {1,..., R}
and discrete observations Y; taking values in the set of basis vectors of R™, which
we denote {e1,...,en}. Denote by Q € REXE the transition matriz of (X), and
let Q € R*E pe the matriz whose R columns w, = (wmr)f\,{:l are the emission
probabilities for the r** state, with r € [R).
Denote 0 = (Q,Q) € RP the HMM parameter, and write J(0) for the Fisher
Information matriz with entries given by
32
J(0)ij = — nh_{fgo Eo m logpg(Y1,...,Yn)

—Jn(‘g)ij

Then, if Q,€) have rank R, J is non-singular.

The idea of the proof is to exhibit estimators with L? risk of order n=/2.

We then show that the local asymptotic minimax result of [28] implies that the
existence of such estimators guarantees a non-singular Fisher information. We
use the spectral estimators proposed in [6], the control of which is established
in [48].

Proof of Proposition 4. By an application of the van Trees inequality, analo-
gously to the derivation preceding Theorem 16 of [28], we obtain for the HMM
that (for p the parameter dimension)

2

(n) T (H(n) * ch )
E,. vt "™ — (0" +—=))) |q(h)dh
/Bp(o,m 6 Feh/vn ( ( ( vn )

1 ch
> yT 3J+n/ IO+ Lygnyan |,
<02 s )

which holds for any vector U. Here J, is the joint Fisher information for n
observations as in Proposition 12, and ¢ is a density on R? such that J, :=

r g0} , . - :
fR p VqVq' —=—=dz is non-singular. Rescaling, we get that, for any vector U,
q

(ﬁUT(é(”’ e+ j—hﬁ») g(h)dh

(n)
Ey.
/BP(O.,l) 0*+ch/\/n

-1
1 1 ch
>yuT —J+/ —J (0" + =—=)q(h)dh U.
(CQ Ty om ( \/ﬁ) (h)
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Taking a limit in n and applying Lemma 12 stated below gives that the limit
inferior of the left hand side is at least

-1 1
1 1 h 1
lim ur (CQJ(, +/B o — (0" + ;ﬁ)q(h)dh> U=0" (CQJq + J(e*)) U.

Call the matrix on the right hand side which we invert J.. It is indeed in-
vertible for sufficiently large c, since J, is invertible and the set of invertible

1
matrices is open. Denote its matrix square root by JZ. Now suppose IV* such
1
that (V)T J(0*)V* = 0. Then, by writing V = J. 2U, we get

urjtu
sup UTJ7IWU = sup ——5—
=1 wizo UTU
T T y7*
= sup VV>VV = Ac?,

iizo VIV = v+T g v+

with A a fixed constant not depending on c. Taking the limit as ¢ — oo gives
that (upper bounding also the averaging over the law gdh by the supremum
over h)

2
A ch
liminf sup liminf sup EU" (\/EUT(G(”) - (0*+))> = +o0,
€00 =y nee ey O TRV NG
or equivalently,
R 2
liminf sup liminf  sup [E((,n) [(\/HUT(G(") — 9)) } = 400,
T U= VT 66 I< 4
which contradicts the local uniform bound of Proposition 5. d

The following proposition establishes the existence of an estimator with suit-
able risk, as required for the arguments of Proposition C.1.

Proposition 5. Let 0 = (Q,Q)) be the parameter for the HMM described in
Proposition 4 and let 0* be such that the identifiability conditions of Assump-
tion 1 hold. Then there exists an estimator 6 such that, for any € > 0 sufficiently
small, we have, as n — o0,

Q

sup Egl0—0|2 <

—(1+o(1)),
o671 <e n

up to label-swapping.
Proof. Let 6 be the spectral estimator constructed in [48]. We have that

Eqll0 — 0|2 :/0 tPo (10 — 0| > t)dt.
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Setting t = % we get

. 2 . Cx
Eoll6 — 6]2 = —ZPy(||0 — 0| > —=)dz.
=0l = [ ol -0l > Lydo
The bound of Lemma 10 is valid for z > 1, and so

2 30?2
ze ¥ dr < —.
0 2n

R 02 02 e e}
Egll6 — 0”% < W + o

Since the bound is valid on a small neighbourhood around 6, it holds in supre-
mum over that neighbourhood. O

C.1.1. Construction of spectral estimators

Spectral estimation of HMMs has been addressed by a number of previous works
[1, 2, 6, 7, 16, 33]. In [1], the authors exhibit estimators for emissions in para-
metric HMMs with a /n rate in probability, but we require convergence in
expectation. In [16], a convergence in expectation is shown but the rate con-
tains a logarithmic factor which is not sufficient for our use in the proof of
Proposition C.1. In [2], the authors exhibit estimators for which the concen-
tration is sub-Gaussian, which would permit integration to an in-expectation
bound, but their work only concerns two-state HMMs. We defer the details of
the construction to [48]. The final result which we arrive at in the reference is
as follows:

Lemma 10 (Spectral Estimators). Recall 6 = (Q,Q) and let 6 = (Q,Q) to be
the spectral estimator detailed in [48]. Then there exists a T € Sg such that, for
all € > 0 small enough,
A C
sup Py max ||0; —76;] > _x) <e ™

l0—0 | <e i=1,...,R \/ﬁ - ’
for some C = C(R,Q).

C.2. Fisher Information and asymptotic lower bound

The following result gives a lower bound on the asymptotic variance of regular
estimators and is used in the proof of Lemma 8.

Lemma 11. Let 0, be a regular estimator in the histogram model M(Zyr)
with M fized. Let Z denote the random variable whose law is equal to the limit
distribution of the scaled and centred estimates \/ﬁ(én —0*) under P, asn — co.
Then

Cov(Z) > J(6%),

where J(0) is the Fisher information matriz at the parameter 6.
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Proof. Consider estimation of the one-dimensional parameter A”#. Recall from
Lemma 12 that for any sequence 6,, — 6, we have J(6) = lim,,_, %Jn(ﬂn), with
Ji, the joint Fisher information for n observations, as defined in Lemma 12.
We follow the arguments of Gill and Levit [31]. Let m be a fixed prior density
n [—1,1] and J(7) = [E[(logw(&))/z]. For a given H > 0, let n(H,n) be the
rescaling of this prior to the interval A = [0y — n_%H, 0o + n_%H] for given
H > 0. Then, applying the van Trees inequality, we get

1

E Tpon _ T 2>
WO =N 2 T

where the left hand expectation is taken over the joint law of the parameter
and the data given the parameter (with the parameter distributed according to
7(H,n)) and the expectation in the denominator is over § having that law also.
Dividing through gives

" 1

E[vn(6" - 6))” > REATTu ()N + J (m) /H?

Taking first n — oo, then H — oo, we obtain the result, applying also
Lemma 12 to get convergence of the expectation term in the denominator to
the Fisher information. O

The previous result requires the following convergence property of the Fisher
information matrices. We also use it in the proof of Proposition C.1.

Lemma 12. Let 6, — 0. Denote J, = Jy(lM)

observations in the model with M bins given by

the Fisher information for n

Jn(0) = [EO[_Vg log Ln(e)]a

and J the Fisher information for the model. Then

1
—Jp(0,) — J(0).
~a(0n) > J(0)
When 6,, = 0 the result is simply the definition of J. The interest is hence in
establishing local uniform convergence.

Proof. Theorem 3 of [19] establishes the result in the case of observed informa-
tion?,
1
__v3ln(9n) - J(@),
n

a.s. under Py. Moreover, the Fisher and Louis identities [41] show that bound-
edness of the complete observed information and complete scores (which take
simple forms) implies boundedness of the observed information. Write J = [MN
and p for the counting measure on this space with associated densities pg(y). We

4The result as stated in the reference conditions on the value Xo = zp — the general
statement follows and can be found explicitly in Theorem 13.24 in [20].
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have since the observed information is bounded and py, (y) — pe(y) pointwise
and so in L'(u) by Scheffé’s lemma [52],

%Jn(en): /y —%Vélnwn)pen(y)du(y)

- /y —%Vﬁln(Gn)pe(y)dﬂ(y) +o(1)
= J(6%) 4+ o(1).

C.3. Technical results for the deconvolution argument

Here, we collect the technical results required to prove Lemma 2.
Let us recall some notation for what follows. For r € {1,...,R}, and g €
L2(f7), define

—1

Hy0(9) = 9(yo)Pe(Xo = Gp)+ Y () (P+(X; = r|G3)—Po(X; = r[Gy/)),

j=—o00

and define H,.(g) similarly but with the conditioning being on the sigma algebras
GY and G~!. Then define, for g = (g1,...,9r),

Huy(g) =Y Henl(gr); H(g) =D He(gr).

These are the score functions in the sub-models with fixed transition matrix,
and emission densities varying along the path characterised by g.

Our first technical result allows us to eliminate certain terms when we make
the main deconvolution argument. We recall G* = o(Y_o.¢).

Lemma 13. For g € H, and j < k <0, we have
E.[9(Y;)P.(X; =7(G°)[Yio] = 0.
Proof. We first note that
[E* [g(}/J>P(XJ = 7A|g0)‘YYk:O} = E*[g()/})]lXj:"’|YkZO]
= [E*[HE*[Q(}/})]IXj:r|Yk:Oa X]] |Yk:0]7
by using usual properties of conditional expectations. Given X, Y; and X; are
conditionally independent of Yj.o and thus E.[g(Y;)1x,=-|Y0, X;] = Ei[g(Y})

1x,=-|Xj]. Since X; has values in the discrete set [R], we can explicitly write
the conditional expectation as

R
Eclg(Yi) L, —|X;] = D Eulg(¥)) x| X; = ',

r’'=1

= E[g(V))IX; = rllx;=



Efficiency and cut posterior in semiparametric HMMs 1871

But, since g € L?(f*dr) has zero expectation against the emission distribution
for state r, the right hand side vanishes and hence so does its expectation given
Yio0. U

In the following section, we relate the score functions Hj; in the binned
model to score functions H in the full model, where the perturbation g is in the
‘direction’ of a histogram.

C.3.1. On the difference Hyy — H

Lemma 14. If har = (hrar)r<r with supyy > hrarllp2 gy < L < o0, then
Hy(har) = H(har) + or2(1).
Proof. We have, for each r,

Hyoap(hoent) = hooar (0) P (Xo = 7|G3))

Y ) (Po(X; = rIG3) — Pu(X; = rlG3):

j=—00

Hr(hr,M) = hT,M(?/O)P*(XO = T|g0)

B bl (B = rig?) — B.(X; = 11G7))

(37)

We will show that H, ar(hrar) — Hy(hear) = 0r2(1). Let € > 0 be arbitrary, and
J = J(L,e) > 0 be such that 2Lp”~! < £(1 — p). Then Lemma 19 implies that

—J
D b () (Pu(X; = 716°) = PL(X; =7|G7))

j=—o00

—J
+ D By (Pu(X; = 7(GY) — Pu(X; = 7(Gy))

j=—00

2€
< =
L2(P.) 3

We have now reduced the problem to the case where the sums in (37) are over
j > —J. Since ||h]|2 = O(1), to show convergence of the remaining difference
between H, ps and H,, it suffices to show that P, (X; = r|gﬁ/1) - P.(X; = r|GY)
in L*(P,) for {=0,1and —J <j <0.

We use Lemma 18. Let K > J. We then obtain, for all j > —J and £ = 0, —1,

NE

P.(X;=7r|G") =Y Pu(X; = [V, Xi = 8)Pu(X_x = 5/G5)

Il
-

S

(X5 = 1Yo i0)(L+ O(p )P (X_ i = 5IGL,)

Il
Fgm

@
Il
—_
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- (1+O ﬂ’+K ZP =1Y_go)Pu(X_k = s|G)

= (1 + O(p]+K)) *(X] = T‘Y,Kto).
Similarly, P.(X; = r|G%,) = (1 + O(pHE)P.(X,; = r|Y}7)). Then

sup [P.(X; = 7|Gy,) — Pu(X; = 7(G°)|

—o00:0

< sup |P(X; = r[Gh;) — P(X; = r[Y 30|

Y_oci0

+ sup [P(X; = |V U) = Pu(X; = rlYor)]
—00:0

-+ sup ||p*(Xj = T|Y—K:€) - P*(X] = T|g£)|
Y_c:0

By choosing K sufficiently larger than J, we have seen that the first and third
terms are small, and bounded above by g77 uniformly in j > —J. It remains to
bound the second term. We have

M
IP.(X; = T|Y—(K:)€) — Pu(X; = r|Y_k.0)]
M
P*(Y—(K-)€|Xj =7) P.(Y_g|X;=7)

=P.(X;=r) : -
! P*(Y_(AI/([)Z) P*(Y—K:é)

We write

P.OY X =r) = Y 1., H Foz, V)P (X g = 2_sce0| Xj = 1),

LT—K;-rXg

and similarly for Y_g.,. The true emissions f; are continuous functions on the
compact set [0, 1], hence they are uniformly continuous and hence are approxi-
mated in L>([0, 1]) by the histograms fo. with wy = ([, f(y)dy : m € [ku]).
Since there are a fixed number of such terms, we can choose M large enough
that, for each j, the preceding display is bounded above by g%7. Putting every-
thing together and using Hoélder’s inequality, we get that

”HT,M(hr,M) - Hr(hr,M)”L?(IP*) <e

The general case follows by summing over 7, which concludes the proof. O

C.3.2. Deconvolution argument

The next lemma essentially provides a reduction of the deconvolution argument.

Lemma 15. Let hys be a sequence of step functions on the partition Lys with
\harll = Do |hraellee < 1, such that by pr € Hyag. For any k >0,

L2 (P.
HM(hM) 0 — Z Z hM yk’ Xk/ :T‘Y_k:o) (—) )0
r=1k'=—k
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Proof. For notational simplicity, we will write, for any index j and o-algebra G,

hat (Y5)P(Xo0|G) = ZhrM «(Xo =1[G).

By Lemma 14, we have Hp(ha) (—>*) 0 < H(hu) —>*) 0. Denote

by Y* the vector (Y_O_O;k). Note that H(hn)(Y_oo:0) = Gar(Y?) has the same
distribution as G/ (Y7) Vj < 0, by stationarity of the latent chain. Define

0 0
DM 1D, 1) = 3" Gu(¥7) =Y hat (V)P (X;16°)

+ D ha(Y)(Pa(X;1G°%) — Pu(X;16771)

Using Lemma 13 with k& = 0 to eliminate the terms which condition on G°, we
obtain

E.(D™ (R, 1)[Yo) = har(Yo)P+(XolYo) — Z E(ha (V)P (X;16771)|Y)

j=—o0
= 0[,2 (1)

Using Lemma 19, we obtain, for a particular p < 1 which does not depend
on M, that

J—1
D Bl ()P (X167 H[¥0)
J—1
= D7 Eulhui(y))Pu(X,1677)) +0(07) = 0(").

=0

with the right-hand sum vanishing because the E.(has(y;)Px(X;|G771)) = 0,
by Lemma 13. The term O(p”) is uniform in M since ||has||r2p.) < 1, and by
choosing J large enough this term can be made arbitrarily small. We conclude
that

Pt (Yo) Py (Xo|Yo) = 0r2(1),

as M — oo. By instead applying Lemma 13 with £ < 0, we can argue similarly
that, for all £ > 0,

(M —

> bt (e )Pu(Xpr = 7[Y_eo) = 0r2(1).

R
=1k'=—k

r
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C.3.3. On the convergence on A

The proof of the following result is very similar to the proof of Lemma 1 in [27],
which used that the spaces of score functions for mixture models were nested
to show convergence.

Lemma 16. Let /Ly[ P, A, P be as in the statement of Lemma 1. Then
A=A :=limpy_ o0 Apr.

Proof. We have by the arguments of [27] that for any S € L*(P,) (AnS)u
is Cauchy, as the spaces Py are nested. By completeness of L?(P.), we then
establish convergence to some element AS € L?(P,.). Since Ay, are projections,
A is also a projection onto its image, which is some subspace

MEeN

Recall that P is defined as the closure of the linear span of the H(h) functions,
as in the statement of Lemma 1. By definition, P is closed and, since Py C P
for all M, we must have Cl (UMEN 75M) C P. We show that any element in
H(h) € P can be written as the L? limit of some sequence in [ J,;¢y Py First,
choose a sequence hy; — h in L?(P,) such that [|hys||z2 < 2||h||zz for all M,
which is possible under Assumption 5. We now wish to show that, for all
r € [R],

(hra1 (Y0) — o (10)) P (Xo = 7(G?)

-1
+ > (he(ys) = heae () (Po(X; = 7IG°) = P(X; =7IG7)) (38
Jj=—00
vanishes in 2. By Lemma 19, we can choose J sufficiently large negative that

J
Y (helyy) = heae () (P (X = 71G%) = Pu(X; =1]G7) <

j=—o00

€
9

Since ||hrarlln2 < 2||he||r2, J can be chosen so that the above holds uniformly
in M.

To control the finitely many remaining terms, it suffices to note the L*°
boundedness of the probabilities and the L? convergence of hj; to h, and so, for
M sufficiently large, the remaining finite sum is bounded by §, hence (38) has
L? norm at most €. Since e was arbitrary, we conclude that P C P, and so the
two spaces coincide and A = A as claimed. O

C.4. Admissible partitions

The following lemma is well-known in the identifiability literature. We recall it
here for completeness.
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Lemma 17. Let FY, ..., Fy be linearly independent distribution functions on
[0,1]. Then there exists a partition I, ..., Ir of [0,1] which is admissible in the
sense of Definition 1.

C.5. Forgetting of the hidden chain

The following results are from [19]. Recall that ¢ = min;; Q; > 0 under As-
sumption 3. The first result quantifies the exponential forgetting of the hidden
chain.

Lemma 18 (Douc et al. 2004, [19]). For all s € [R], k, k' € Z, and j > k, we

have
sup [|P.(X; = [ Xk = s, Vi) — Pu(Xj = | Yiear )| 7y < 0775,
k:k’

where p = 11__25 .

The second of these results follows from applying Equation (20) of [19] to both
the known-emission model and the submodels on the emissions. It in particular
ensures that the score functions we consider are well-defined.

Lemma 19 (Douc et al. 2004, [19]). For h € L?(P.), j <0, r,s € [R], and for
P.— almost all Y_o.0,

|P*(Xj,1 = 57Xj = T|ono:0) - P*(Xjfl = S;Xj = T|ono:71)| < P_j_l
and
[MY{PL(X; = r[Y_oco) = Pu(Xj = r[Yooim1)} < [R(Y))]p ™77,

1-2
1

9. In particular, by integrating the square of both sides, we have

where p = T

IROGHP(X; = 7Y -oc0) = Bul(X; = 1Y csi-)Hl 2.y < IBlzacenyp™

Lemmas 18 and 19 remain true when replacing Y by Y (M) the coarsened
data. The choice of p is made independently of M, as it only depends on the
transition matrix Q*, which is the same in all histogram models as it is in the
semiparametric model.

C.6. Technical results for the proofs of Theorems 4 and 6

We employ the following lemma (Lemma 7 of the main text) in the proof of
Theorem 4 to eliminate certain terms.

Lemma 20. Consider a sequence of emissions £ such that gg) gy gg) £

in L'Y(dz?). Then £ L, g« along a subsequence.
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Proof. Write P = diag(p*). Since || (3) )
roof. Wri = diag(p*). Sin 9o« g ~ 9@+ g+

(2)
gQ* 7‘-‘*

2
= 0(1)7 HQ(Q*)J"(”) -

1 =o(1) and

S T (PQ s (1 (1) 7 (y2) — £7 (1) £2 (y2)) = 012 (1),

7,8
Construct a partition I1,...Ig of R such that F} = fI’_ frdy is of rank R and
define F. (n) = I, frn )dy. Then we get, for all 7,

ST PQ ) (FS f(y) — Ff2(y)) = opa (1),

T8

Since g(Q) fy) gg’,? ¢+, Theorem 2.3 of [58] establishes weak convergence of the

emissions, which then implies F" — F* and so
(F)T(PQME™ = (F*)T(PQ")E* + 011 (1),
which implies £ = £* + 071 (1). O

In the proof of Theorem 6, we use the fact that the approximating distribution
for the posterior II; (+|Y7.,) can be chosen to not depend on the observation Y.
The difficulty in the proof compared to the iid setting arises from the dependence
structure, but, by the exponential forgetting (Lemma 18), we can prove that the
1/4/n scaled joint score functions coincide up to o(1) terms, and hence so do
the y/n— scaled MLEs.

A

Lemma 21. Grant Assumptions 1-5, let § = ( ,W) de ote the MLE in the
model with admissible partition Ty and define 0= = (Q~¢, &%) by

. . N
0= = 0"+ LTI, (39)

where Ylf,f =1,...,Y_1,Yeq1,...,Y,) and

n

A Zle YilViio) + Y bVl 2). (40)
=041
Let L,, C [n] be an index set whose cardinality satisfies |Lp]log|Ly| = o(n).

Then, for all e > 0,
P.(3 €L, :vnQY — Q| >e) =0

asn — o

Proof. We may write the log-likelihood for the parameter § = (Q,w) as

lo(Y1,...,Y,) = Zle(Yilyl;i—ﬂ, (41)
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where the ¢ = 1 term is the unconditional likelihood. Note that (40) corresponds
to the log-likelihood based on observing Yl(:;@. Standard arguments for showing
asymptotic normality (see e.g. [9]), using Taylor expansions of the derivative of
the expression (41), give

I

NG

for R, = Op, (Supge[9*7é]||%D;lg(YLn) + Jarl]), the error in approximating the
Fisher Information with the negative log-likelihood. The uniform law of large
numbers for the observed information as given in Theorem 3 of [19], together
with the consistency of the MLE (see e.g. [39]), then implies that R,, = op, (1).

For the estimator 6(—9), we have, for each [ € L, by the definition in (39),
that

\/ﬁ(é — 9*) = VG* ZO* (len) + Rn»

. . J1 L
V0! = 07) = SET I )

Hence )
~ ~ J _ B
\/ﬁ(e_z - 9) = %(V@* lef(YMf) — Vg=lp- (Yl:n)) - R,

Note that the R, term does not depend on ¢, and vanishes in P, — probability.
We will show that, for each ¢ € L,,, P, [ﬁ(Vg*le_*z(Yfrf) — Voslg«(Y1in)) > e] =
o(|£,]71), so that a union bound implies

1
vn

from which the result follows. The argument is based on the exponential for-
getting properties, and the expansion of the score considered in [19]. For the
full log-likelihood (41), we have through the Fisher identity as in [19] that the
log-likelihood of 8 given Yi.,, and X, = z, denoted [,,(8, Xo = z), has gradient
at § = 0* given by

Po(A € Ly —=(Volpg (Vi) =Volo-(Yin)) > €) < [Lolop, (1Ln] ™) = 0p, (1),

1

1 n
(0. Xo=2) = — 3 Apoe.
\/ﬁve (0, Xo =) \/ﬁ; k,0,

with

k
Ak,o@ = By~ lz Vo= log(QXi—I;Xini’Yvi)

i=1

Yb:kraXO = $‘|

k—1
— Ep- lz V- log(QXi717Xini,)/i> Yo.p—1,X0 = -'17‘| s

i=1

which can be seen by writing the log-likelihood as a telescoping sum and using
the Fisher identity to write each term as a conditional expectation of the full
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likelihood. We can do the same for the likelihood without Y*: define

k
v _
Al(c,(),i: = Eg- lz Vo= 10g(QXi71,Xini,Yi) 0;]57 = £L"|

=1

k—1

—L
— Ep+ Z Vo= log(QXi—hXini,m) YE)(;kf)lﬁ Xo = .’1?‘| .
=1

We remark that the term Al(_og = 0 which corresponds to the missing contribu-
tion from Y in the expansion of the likelihood. Then we can write

£+1+4+L,,
—£
TVG*Z( )<9 Xo —SC Z AkO:c—’—_ Z Ak()ar:—’__ Z AkOm'
k<é 1 k=0+1 k>L

The first sum remains unchanged compared to the expression without the miss-
ing data point. Lemma 8 of [19] shows that we may replace the Ag o, by Ay o
where the latter is defined conditioning only on the Y. — the same argument
made there shows the analogous result for the A,(Cjolil with respect to the anal-

ogously defined A,(JOZ). We note that, under Assumptions 3 and 4, the Ay o

and A,;g are bounded uniformly in X .y, Y(.), and so, for any L, = o(y/n) to be
chosen later, we have that for some constant C' > 0 depending on Q* and w*,

1 L+1+4Ly, £+1+L,

k=0+1

It remains to control the difference between the remaining contributions for suit-
ably chosen L,,. Similarly to what is done in [19], we define A, by conditioning
instead on Yy,.,. Write Ay, as a telescoping sum:

Ak,m = [Eg* [Vg* IOg(QXk717XkWXk,Yk)|Ym:k]
k—1
+ Z Eg- [VO* 1Og(QXi—1gXini7}/i)
i=m-+1

— Ep-[Vg- log(Qx,_, x,wx,,v:)

m:k]

m:k71]~

Then their equation (19) states that, for k > m > m/, 5

[Eg« [V log(Qx,_, x,wx; v;)|Ym:k] — Eo« [V log(Qx,_, x,wx, vi) Y k]|l

<20p ™,

where p* € (0,1) is a constant which depends on 6* alone. Furthermore, their
equation (20) states that

”[E@* [VG* IOg(QXifhxinin)|Ymik] — Ep- [Vﬁ’* log(QXi—l;Xini7Yi)|Ym:k_1]||
<20p5

5Their result is only stated for m < 0, but by stationarity extends to all m € Z.
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Combining the above two displays in the same way as Lemma 10 of [19], we
have, for a suitable constant C(Q*,w*) that

(k—t—1)/2—-1
Ak — Agetillrze.) < C(QF,w*)= 1=,
Arguing similarly for the case of A,;f), we see that
(k—t—1)/2—1
1856 = At llise, < CQ W) ET—

The A,;ﬁﬂ = Ay ¢+1 as the conditioning excludes Y; in either case, and so the
above displays combine to give

(k——1)/2—1

186 = Arolliee.) < 20(@7 w4

Applying Minkowski’s inequality then gives that

= 0(p:""?).
L2(P.)

Z (A;;f) — Akyo)

k>0+1+Ly,

Choosing L, = 2M log|L,| for sufficiently large M > 0 we have pf”/2 =
elloglLn)(Mlogp.) — | |Mlogp. — o (%) Therefore we finally obtain that for
all I = o(n/logn)

1 —l—
Po(—=(Volg! (Vi) = Vorlo (Vi) > €) < 1/m

and, since |£,| = o(n), the claim is proved. O

Appendix D: Assumptions required for the application of
Theorem 5 to Dirichlet process mixtures

In this section, we detail the assumptions required for Proposition 1.
We will need the following assumptions on the behaviour of the emissions,
which are assumptions (T1)—(T3) of [57].

Assumption 8. (i) There exist positive constants My, 79, Yo such that, for all
1<i<Randally € R,

fi(y) < Mo exp(—oly|).

(ii) For all 1 < 4,5 < R there exist constants T; j, M; ;, 7 j,Vi; < Yo such
that
I ) < f7 ()M, jexp(rizlyl™), |yl > Tij.
high

(iii) For all 1 <4 < R, f7 is positive and there exists ¢; > 0 and yl°¥ < y;
such that f; is non-decreasing on (—o0,y!°?), bounded below by ¢ > 0 on

( low ,high high
b

y°,y; "), and non-increasing on (y 00).
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We will further require the following assumptions on the choice of prior, which
are Assumptions (G1) and (S1)—(S3) of [57]. These assumptions are verified by
standard choices of Gaussian base measure and inverse gamma prior on the
standard deviation.

Assumption 9. (i) a(R\ [~y,y]) S exp(—Cry**) for y large enough and some
Cl, a1 >0
(ii) B. o ~ II, where II, is an Inverse Gamma distribution.

Condition (ii) of Assumption 9 on II, can be relaxed; we essentially II, to
admit a Lebesgue density 7, which behaves like an inverse — Gamma near 0 and
has tails bounded by some power of 1/0 near infinity (see for instance [37]).

Appendix E: Details on MCMC algorithms used in Section 5
E.1. MCMC Algorithm for 11,

In this section we describe the algorithm (Algorithm SA1) used for the simula-
tion study in Section 5. Sk denotes the symmetric group of order R and where
we use subscripts to refer to algorithm iterations. In our R implementation, used
the RHmm package [53] for the forward-backward algorithm in the simulation of
the hidden states and computation of the log likelihood, and the gtools package
[59] for generation of permutations and Dirichlet draws. In our python imple-
mentation, we used the JAX package [10] to write both the forward-backward
algorithm and the MCMCS.

Algorithm SA1: Algorithm for MCMC draws targeting posterior of Q.

Input : Binned data Y (M) ¢ [kar]™, number of hidden states R, prior parameters ~,
B, iterations I, initial hidden states value Xt
Output: List of I draws of Q
Initialise X1 = X;nit
fori=1,...,]+bdo
Draw transition matrix Q; ~ P(Q|X;), histogram weights w; ~ P(w|X;,Y),
‘ hidden states X;4+1 ~ P(X|Y, Qi,w;)

end
Compute iprap = argmax; log IT1 (Q4, w;|Y)
fori=1,...,I do

‘ T, = argmin, cg . d (((T)Qi, Myw;), (Q’L‘MAP7(£1'NIAP))
end
return {("i)Q,—};l

E.2. MCMC Algorithm for Il

In Algorithm SA2, we detail the MCMC procedure we implement in R and
python/JAX. Once again, we make use of the forward-backward algorithm to

6 All code is documented at https://github.com/dm1729/.
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simulate latent states, allowing us to exploit the simple structure of the full
likelihood. One key difference is that our algorithm requires allocation to a
bivariate latent space (with total number of states RSpax) involving both the
HMM hidden state and the Dirichlet mixture component. Since the forward
backward algorithm is O(N K?) with K the number of states and N the number
of samples, and since we take Spax = L\/N |, the overall implementation is
O(N?). The GPU capability of JAX code is of particular help here, as the
computations for the forward-backward algorithm with a large number of states
involve large matrices.

E.3. MCMC Algorithm for II’

The MCMC algorithm of II’ is obtained by modifying Algorithm SA2 to remove
the interior loop over ¢ = 1,...,C and sampling a transition matrix ) from the
conditional distribution given the latent states, as in Algorithm SA1, at the
beginning of each outer loop over i. As with Algorithm SA2, the complexity is
O(N?) and so using it to target the marginal posterior on @ is much slower
than using IT;, as discussed in Section 5.

Algorithm SA2: Algorithm for MCMC draws targeting cut posterior of
emissions. Within the loop over ¢, we adopt the convention W? = W;_;
and W2, = Wy etc.

Input : Data Y € RY, Thinned transition matrix list (Qi);=1,... ;> number of

hidden states R, prior parameters Mo, ao, 8o, fic, 02, interior iterations C,
initial hidden state value X;n ¢, truncation level Smaz-
Output: List of T draws of {f,}2
iid

Initialise Xg = X;n4¢; variances () InvGamma(as, Bs); weights
w) = (W1<T>, R wi) ) ~ Dir(a) with & = a(Mo, Smaz) as in (23); allocation

S”YL(I/(Z'
variables So = (So1,-..,Son) as in (22)
fori=1,...,I do
forc=1,...,C do

Sample locations (ufi(”, e ,u;’g(” )r=1,...,r from P(,uﬂSf*l, X?fl, Y)

..... R from P(vf| S~ X7 4, V)

Sample weights (W7, ..., Wi ),y | g from P(We|SET!, X
Sample latents (S, X¢) from P(S§, X§|u§,vs, WE,Y,Qy)

end

Store (wi,vs, Wy, S;) = (,ul-c,vc Wic7 SZC)

70

Sample variances (v’ ) )r=1

end
fori=1,...,7 do

| Compute fi(r> from (p4,vi, Wi, Si) by evaluating (an approximation of) (21)
end

return {fi(r)}

I

i=1
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