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Abstract

This paper develops a simple and computationally efficient parametric approach to the
estimation of general hidden Markov models (HMMs). For non-Gaussian HMMs, the
computation of the maximum likelihood estimator (MLE) involves a high-dimensional
integral that has no analytical solution and can be difficult to approach accurately. We
develop a new alternative method based on the theory of estimating functions and a
deconvolution strategy. Our procedure requires the same assumptions as the MLE and
deconvolution estimators. We provide theoretical guarantees about the performance
of the resulting estimator; its consistency and asymptotic normality are established.
This leads to the construction of confidence intervals. Monte Carlo experiments are
investigated and compared with the MLE. Finally, we illustrate our approach using
real data for ex-ante interest rate forecasts.
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1 Introduction

In this paper, a hidden non-linear Markov model (HMM) with heteroskedastic noise is

considered; we observe n random variables Y1, ..., ¥, having the following additive
structure
Yi=Xi+e )
Xiy1 = bgy(X;) + 09y (Xi)Nit1,

where (X;);>1 is a strictly stationary, ergodic unobserved Markov chain that depends
on two known measurable functions by, and oy, up to the unknown parameter 6. In
addition to its initial distribution, the chain (X;);>1 is characterized by its transition,
i.e., the distribution of X;,1 given X; and by its stationary density fg,. We assume
that the transition distribution admits a density Ilg,, defined by Ilg,(x, x")dx’ =
Pg,(Xi+1 € dx'|X; = x). For the identifiability of (1), we assume that ¢; admits a
known density with respect to the Lebesgue measure denoted by f;.

Our objective is to estimate the parameter vector 8y for non-linear HMMs with
heteroskedastic innovations described by the function o, in (1) assuming that the
model is correctly specified, i.e., 8y belongs to the interior of a compact set ® C R”,
with r € N*,

Many articles have focused on parameter estimation and on the study of asymptotic
properties of estimators when (X;);>1 is an autoregressive moving average (ARMA)
process (see Chanda (1995), Staudenmayer and Buonaccorsi (2005) and Costa and
Alpuim (2010)) or in a regression context with measurement error (see, e.g., Zhou
et al. (2010), Miao et al. (2013) or Fan et al. (2013)). However, for more general
models, (1) is known as HMM with potentially a non-compact continuous state space.
This model constitutes a very famous class of discrete-time stochastic processes, with
many applications in various fields such as biology, speech recognition or finance. In
Douc et al. (2011), the authors study the consistency of the MLE estimator for general
HMMs, but they do not provide a method for calculating it in practice. It is well-
known that its computation is extremely expensive due to the non-observability of the
Markov chain and the proposed methodologies are essentially based on expectation-
maximization (EM) approach or Monte Carlo-based methods (e.g., Markov chain
Monte Carlo (MCMC), Sequential Monte Carlo (SMC) or particle Markov chain
Monte Carlo, see Andrieu et al. (2010), Chopin et al. (2013) and Olsson and Rydén
(2007)). Except in the Gaussian and linear setting, where the MLE can be processed
by a Kalman filter, the calculation will be relatively fast but there are few cases where
real data satisfy this assumption.

In this paper, we do not consider the Bayesian approach; we consider the model
(1) as a so-called convolution model, and our approach is therefore based on Fourier
analysis. The restrictions on error distribution and rate of convergence obtained for
our estimator are also of the same type. If we focus our attention on (semi-)parametric
models, few results exist. To the best of our knowledge, the first study that gives a
consistent estimator is Comte and Taupin (2001). The authors propose an estimation
procedure based on least squares minimization. Recently, in Dedecker et al. (2014), the
authors generalize this approach to the models defined as X; = bg,(X;_1) +n;, where
bg, is the regression function assumed to be known up to 6y and for homoscedas-
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tic innovations 7;. Also, in El Kolei (2013) and EI Kolei and Pelgrin (2017), the
authors propose a consistent estimator for parametric models assuming knowledge
of the stationary density fy, up to the unknown parameters 6y for the construction
of the estimator. For many processes, this density has no analytic expression, and
even in some cases where it is known, it may be more complex to apply deconvo-
lution techniques using this density rather than the transition density. For example,
the autoregressive conditional heteroskedasticity (ARCH) processes form a family of
processes for which transition density has a closed form as opposed to the stationary
density. These processes are widely used to model economic or financial variables.

In this work, we aim to develop a new computationally efficient approach whose
construction does not require the knowledge of the invariant density. We provide a
consistent estimator with a parametric rate of convergence for general models. Our
approach is valid for non-linear HMMs with heteroskedastic innovations, and our
estimation principle is based on the contrast function as proposed proposed in a non-
parametric context by Lacour (2007) and Brunel et al. (2007). Thus, we aim to adapt
their approach in a parametric context, assuming that the form of the transition den-
sity I1g, is known up to some unknown parameter 6y. The proposed methodology is
purely parametric, and we go a step further by proposing an analytical expression of
the asymptotic variance matrix E(é,,), which allows us to consider the construction
of confidence intervals.

Under general assumptions, we prove that our estimator is consistent and gives
some conditions under which the asymptotic normality can be stated and also pro-
vides an analytical expression of the asymptotic variance matrix. We show that this
approach is much less greedy from a computational point of view than the MLE for
non-Gaussian HMMs, and its implementation is straightforward since it requires only
Fourier transforms, as in Dedecker et al. (2014). In particular, a numerical illustra-
tion is given for the three following models: a Gaussian AR(1) model for which our
approach can be well understood, an AR(1) process with Laplace’s noise in order to
study the influence of the smoothness of observation noise on the estimation of the
parameters since it is known in deconvolution to affect the convergence rate (see, e.g.,
Fan et al. (1991)), and a stochastic volatility model (SV) also referred to as the unob-
served components/stochastic volatility model (see, e.g., Stock and Watson (2007),
Chan (2017) and Ebner et al. (2018)). There is a large literature on the fitting of SV
models (see, e.g., the reviews in Ghysels et al. (1996), Bos and Shephard (2006) and
Omori et al. (2007)). All are based on Bayesian methods, and in particular, Markov
chain Monte Carlo (MCMC) methods. We therefore propose an alternative estimation
method that is simple to implement and quick to calculate for this model, which is
widely used in practice. We provide a simulation study for both linear and nonlinear
examples and in a Gaussian and non-Gaussian setting. We then compare the empirical
performance of the proposed method with other methods from the literature. We also
illustrate the applicability of our procedure on a real dataset to estimate the ex-ante real
interest rate, since it is shown in Holston et al. (2017) and more recently in Laubach
and Williams (2003) that interest rates are subject to considerable real-time measure-
ment error. In particular, we focus on the great inflation period. We show that during
this period, the Gaussianity hypothesis of observation noise is not verified and that
in this study, an SV-type model gives better results for the latent variable estimation.
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1618 C.Chesneau et al.

In this context, the Kalman filter is no longer optimal and therefore leads to a bias in
parameter estimation, since in this case we approach the noise density by a Gaussian
density to construct the MLE. This bias in the parameters propagates in the estimation
of the latent variable (see El Kolei and Patras (2018)). This cannot be overlooked in
models where the latent variable to be predicted is used to make political decisions. It
seems important to study estimators other than the MLE that cannot be calculated by
the Kalman filter. In this regard, our approach therefore provides better results than
the (quasi-)MLE estimate.

The remainder of the paper is organized as follows. We present our assumptions
about the Markov chain in Sect. 2. Sect. 3 describes our estimator and its statistical
properties, and also presents our main results: the consistency and asymptotic nor-
mality of the estimator. Simulated examples are provided in Sect. 4 and the real data
application is in Sect. 5. The proofs are gathered in Sect. 6.

2 Framework

Before presenting in detail the main estimation procedure of our study, we introduce
some preliminary notations and assumptions.

2.1 Notations

The Fourier transform of an integrable function u is denoted by u* (1) = [ e " u(x)dx,
and it satisfies the equation (u*)*(x) = 27 u(—x). We denote by Vyg the vector of
the partial derivatives of g with respect to (w.r.t.) 6. The Hessian matrix of g w.r.t. 6
is denoted by V92 g. For any matrix M = (M; ;);,;, the Frobenius norm is defined by

1M = /33" IM; j|*. Finally, we set Y; = (Y;, Yit1), and yi = (yi, yit1) is @
given realization of Y;. We set ( ® s)(x, y) = t(x)s(y).

In the following, for the sake of conciseness, P, E, Var and Cov denote respectively
the probability Py,, the expected value [Eg,, the variance Vary, and the covariance
Covg, when the true parameter is 6y. Additionally, we write P, (resp. P) the empirical
expectation (resp. theoretical), that is, for any stochastic variable X = (X;);,P,(X) =
(1/n) 37—, Xi (resp. P(X) = E[X]). For the purposes of this study, we work with
ITy on a compact subset A = Ay x A,. For more clarity, we write Iy instead of TTg14
and we denote by ||.||4 (resp. ||.||124) the norm in L1 (A) (resp. L2(A)) defined as

lael] 4 =/f|u(x,y)\fan(mu(x,y)dxdy, el % =/fuz(x,y)fao(x)lA(x,nydy.

2.2 Assumptions

For the construction of our estimator, we consider three different types of assumptions.
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A1 Smoothness and mixing assumptions

(i) The function to estimate I1g belongs to 1.1 (A) NIy (A) and is twice continuously
differentiable w.r.t. € © for any (x, x") and measurable w.r.t. (x,x’) for all
0 in ®. Additionally, each coordinate of VyIly and each coordinate of Vezl'lg
belongs to L1 (A) N Ly (A).

(ii) The (X;); is strictly stationary, ergodic and o-mixing with invariant density fg,.

Assumptions on the noise ¢, and innovations 1,

(iii) — The errors (g;); are independent and identically distributed (i.i.d.) centered
random variables with finite variance, E [sf] = ‘752~ The random variable &1
admits a known density, f;, belongs to L(R), and for all x € R, fF(x) # 0.

— The innovations (n;); are i.i.d. centered random variables.

Identifiability assumptions

(iv) The mapping 0 +— Pmy = H [Ty — Ig, HZ — || Ig, ”i with my defined in (2)
admits a unique minimum at 0y and its Hessian matrix denoted by Vy is non-
singular in 6.

Sect. 3.3 provides further analysis and comments on these assumptions.

3 Estimation procedure and main results
3.1 Least squares contrast estimation

A key ingredient in the construction of our estimator of the parameter 6 is the choice
of a “contrast function” depending on the data. Details about contrast estimators can be
found in Van der Vaart (1998). For the purpose of this study, we consider the contrast
function initially introduced by Lacour (2007) in a nonparametric setting, inspired
by regression-type contrasts and later used in various works (see, e.g., Brunel et al.
(2007) and Lacour (2008a, b, c¢)), that is

1«
Pumg =~ mo(yi), )
i=1

with mg 1y — Qng (y) — 2Vn,(y). The operators Q and V are defined for any
function 4 € L1 (A) N1y (A) as

h*(u, v) 1 e (1, 0)
I i(xu+yv) _ ixu
Vi(x,y) = // ) 7 (—o )dudv, On(x) = 7 /e fs*(_u)du

and must meet the following integrability condition:

A2 The functions T1};/ f¥, (d11g/360;)*/ f; and (821'[9/89j80k)*/f€* for j,k =
., belong to L (A).
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1620 C.Chesneau et al.

This assumption can be understood as I} and its first two derivatives (resp. (1'[5)*)
have to be smooth enough compared to f*.

We are now able to describe in detail the procedure of Lacour (2007) to understand
the choice of this contrast function (see, e.g., Lacour (2007) and Brunel et al. (2007)
for the links between this contrast and regression-type contrasts). A full discussion of
the hypothesis is given in Sect. 3.3.

Owing to the definition of the model (1), the Y; are not i.i.d.. However, by assump-
tion A 1(ii), they are stationary ergodic,1 so the convergence of P,,mg to Pmy as n tends
to infinity is provided by the ergodic theorem. Moreover, the limit Pmy of the contrast
function can be analytically computed. To do this, we use the same technique as in the
convolution problem (see Lacour (2008a,b)). Let us denote by Fx the density of X;
and Fy the density of Y;. We remark that Fy = Fx*(f; ® f;) and Fy = F3(f¥® f),
where * stands for the convolution product, and then by the Parseval equality we have

3] = _ [ [
sl = [ [rorc= oo [ [mir= [ [ 07
1 —
=5 [ [T = [ [ va,r = Etve, o

Similarly, the operator Q is defined to replace the term | Hg(X i» y)dy. The oper-
ators Q and V are chosen to satisfy the following Lemma (see (Lacour 2008a, 6.1.
Proof of Lemma 2) for the proof).

Lemma3.1 Foralli € {1, ..., n}, we have

1. E[Vn, (Y)] = [ [ Tg(x, y)Igy(x, y) fo, (x)dxdy.
2. E[Qn, (¥)] = [ [ TI2(x, y) fo, (x)dxdy.

3 E[Vh, (Y)IX1, ..., Xu] = Ha(X)

4. E[Qn, (YD)|X1, ..., Xul = [ To(X;, y)dy

It follows from Lemma 3.1 that

Py = / / M2(x, ) fuo (O)dxdy — 2 / / My Cx. )Ty (. 9) fip (6)dxdy

= |ITTol3 — 2(TTp, Tgy)a = |[TTo — Mgy | — || TTao | - ©)

Under the identifiability assumption A1(iv), this quantity is minimal when 6=6;.
Hence, the associated minimum-contrast estimator 6, is defined as any solution of

o~

0, = arg 191;13 P,myg. (@)

1 We refer the reader to Doukhan (1994) for the proof that if (X;); is an ergodic process then the process
(Y;)i, which is the sum of an ergodic process with an i.i.d. noise, is again stationary ergodic. Moreover, by
the definition of an ergodic process, if (¥;); is an ergodic process then the couple Y; = (Y;, Y; 1) inherits
the property (see Genon-Catalot et al. (2000)).
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3.2 Asymptotic properties of the estimator

The following result shows the consistency of our estimator and the central limit
theorem (CLT) for o-mixing processes. To achieve this aim, we further assume that
the following assumptions hold true:

A3 (i) Local dominance: E [supge(a ‘Qng (Yl)u < 0.

(ii) Moment condition: For some § > 0 and for j € {1,...,r}:
248
Ef|Q o2 Yy < 00.
;0

(iii) Hessian local dominance: For some neighborhood U of 6y and for j,k €

{1,...,r}
}oo

+00
) =V'eO)V, " Q0)=20)+2)Q;10). Q)
j=2

0 22 (Y1)

30, 90;

E | sup
oeld

Let us now introduce the matrix X (6) given by

where Qo(0) = Var (Vgmg(Y1)) and Q;j_1(0) = Cov (Vomg (Y1), Vomo(Yj)).

Theorem 3.1 Under Assumptions A1-A3, let O, be the least square estimator defined
in (4). Then we have

-~

6, — 6y in probability asn — o0.

Moreover,
V@, —00) = N (0, 2(6)  inlawasn — oo.

The proof of Theorem 3.1 is provided in Sect. 6.1.
The following corollary gives an expression of the matrices €2(6p) and Vj, defined
in X(0) of Theorem 3.1.

Corollary 3.1 Under Assumptions AI1-A3, the matrix 2 (6p) is given by

+o0
Q(60) = Q1(60) + (60) +2 ) Q;(60),
Jj=3
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1622 C.Chesneau et al.

where

Q1(60) = ELQ3, o (D] + 4BV, 1, (Y1)] = 4E[Qy, iz () Vo, (Y1)

2 2
- {E(/vgném,y)dy) +4IE<V9H0(X1)>

—4E</WH5<X1,y)dy)E(vene<X1>)},

2
Q(0) =E [ / VoI5 (X1, y)dy / VQHZ(Xz,y)dy} —E[ f venz(xl,wdy}
-2 (E [(/ VeII3(X1, y)dy> \Z He(Xz)] + E[Qvgng(Yz)VVﬁng (Yl)])

—4 (E [/ VI3 (X1, y)dy] E [VoTT(X2)] + E [VeI1(X))]?

-E [VVgl—Ig (YI)VVQHQ (YZ)])

and the covariance terms are given for j > 2 as

Q;(¥) = Cov ( / VoT2(X1. y)dy. / Vo3 (X, y)dy)

+ 4<(Cov (VoTla(X1), VoIlo (X)) — Cov (/ VoTI2(X1, y)dy, veng(xj)> )

where the differential VoTly is taken at point 6 = 6.
Furthermore, the Hessian matrix Vg, is given by

. dllg 0dIly
(Va],),, =2 ((@ W> f> Ny
J.k

The proof of Corollary 3.1 is given in Sect. 6.2.

Sketch of proof Let us now state the strategy of the proof. The full proof is given
in Sect. 6. Clearly, the proof of Theorem 3.1 relies on M-estimator properties and on
the deconvolution strategy. The following observation explains the consistency of our
estimator: if P,,my converges to Pmy in probability, and if the true parameter solves the
limit minimization problem, then the limit of the argument of the minimum 0, is 6. By
using the uniform convergence in probability and the compactness of the parameter
space, we show that the argmin of the limit is the limit of the argmin. Combining
these arguments with the dominance argument A3(7), we prove the consistency of our
estimator, and then, the first part of Theorem 3.1.

Asymptotic normality follows essentially from CLT for mixing processes (see Jones
(2004)). Thanks to the consistency, the proof is based on a moment condition of the
Jacobian vector of the function my(y) = Q m (y)—2Vn, (y) and on a local dominance
condition of its Hessian matrix. These conditions are given in A3(ii) and A3(iii). To
refer to likelihood results, one can see these assumptions as a moment condition of
the score function and a local dominance condition of the Hessian.
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3.3 Comments on the assumptions

In the following, we provide a discussion of the hypotheses.

e Assumption A1(i) is not restrictive; it is satisfied for many processes. Taking the
process (X;); defined in (1), we provide conditions on the functions b, ¢ and n
ensuring that Assumption A 1(i7) is satisfied (see Doukhan (1994) for more details).

(a) The random variables (n;); are i.i.d. with an everywhere positive and con-
tinuous density function independent of (X;);.

(b) The function bg, is bounded on every bounded set; that is, for every K > 0,
SUP|y|<k |bg, (x)] < oo.

(c) The function oy, satisfies, for every K > 0 and constant 01, 0 < o1 <
inf |y <k og,(x) and SUp|y|<k 06 (x) < o0.

(d) There exist constants C, > 0 and C, > 0, sufficiently large M; > 0,
M> > 0, c1 > 0and ¢ > 0 such that |bg, (x)| < Cplx| + c1, for [x| = M,
and |og, (x)| < Cslx| + c2, for |x| > M> and Cp, + E[]Cy < 1.

Assumption A1(iii) on f, is quite usual when considering deconvolution estima-
tion. In particular, the first part is essential for the identifiability of the model (1).
This assumption cannot be easily removed: even if the density of ¢; is completely
known up to a scale parameter, the model (1) may be non-identifiable as soon as
the invariant density of X; is smoother than the density of the noise (see Butucea
and Matias (2005)). The second part of A1(iii) is a classical assumption ensuring
the existence of the estimation criterion.

e For some models, Assumption A2 is not satisfied. In particular, for models where
this integrability assumption is not valid, we propose inserting a weight function ¢
or a truncation kernel as in (Dedecker et al. 2014, p. 285) to circumvent the issue
of integrability. More precisely, we define the operators as follows:

Oty ) = 5 [ EEBL LD gy = CxB)
*K B, 27_[ fg*(_u) ’ I’L*KBn f_gk®f_£k )

where K Zn denotes the Fourier transform of a density deconvolution kernel with
compact support and satisfies |1 — K gn (t)] < 1}4>1 and B, is a sequence which
tends to infinity with n. The contrast is then defined as

n—1

1
Pumg =~ Orz,k, (V) = 2Viigak, (o). ©)

i=1

This contrast is still valid under Assumptions A1-3 by taking K, (1)* = 1j;<,
with B,, = +o0.

e It should be noted that the construction of the contrasts (2)-(6) does not need
to know the stationary density fg,. The second part of Assumption A1(iv) is an
exeption because the first part concerns the uniqueness of Pmg, which is strictly
convex w.r.t. 6. Nevertheless, the second part requires computing the Hessian
matrix of Pmy to ensure that it is invertible and secondly to calculate confidence
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1624 C.Chesneau et al.

intervals. For the latter, we propose to use in practice the following consistent
estimator for the confidence bounds:

Z Q 22 (Y1) = 2V, (Yo), @)

z—l 392 302

because, under the integrability assumption A2 and the Hessian local dominance
Assumption A3(iii), the matrix Ve is a consistent estimator of Vy,. This matrix
and its inverse can be computed in practice for a large class of models.

e The local dominance Assumptions A3(i) and (iii) are not more restrictive than
Assumption A2 and are satisfied if for j, k = 1, ..., r the functions sup, g IT5/ £,
and supee@(82H9/89j89k)*/f8* are integrable.

e In most applications, we do not know the bounds of the true parameter. The com-
pactness assumption can be replaced with: 6y is an element of the interior of a
convex parameter space ® C R”. Then, under our assumptions except for the
compactness, the estimator is also consistent. The proof is the same and the exis-
tence is proved by using convex optimization arguments. One can refer to Hayashi
(2000) for this discussion.

4 Simulations
4.1 Linear autoregressive processes

We start from this following HMM:

{YiZXi+8i )

Xiv1 = ¢oXi + ni+1,

where the noises ¢; and the innovations 7n; are supposed to be i.i.d. centered random
variables with variance respectively 052 and 002 0

Here, the unknown vector of parameters is 6y = (¢, 0& 77) and for stationary and
ergodic properties of the process X;, we assume that the parameter ¢ satisfies |¢g| < 1
(see Doukhan (1994)). In this setting, the innovations 7; are assumed Gaussian with
zero mean and variance og 0 Hence, the transition function Ig, (x, y) is also Gaussian

with mean ¢x and variance 00 . To analyse the effect of the regularity of the density
of observation noises on the estlmatlon of parameters, we consider three types of
noises:

Case 1: ARMA model with Gaussian noise (super smooth) The density of &; is
given by

folr) = — ( xz) R
xX)= ———exp|—— ), x .
‘ O/ 21 P 2052

@ Springer



Parametric estimation of hidden Markov models by least squares... 1625

We have f(x) = exp ( x2/ 2) The vector of parameters 6 belongs to the compact

subset © given by ® = [— 1 +7r;1—r] x [02,; 02, ] witho2, > 02 +F where r,

7,02 and o2, are 1 W ider thi diti 2 2
‘min max positive real constants. We consider this condition ((70’77 > oy)

for integrability assumption but one can relax this assumption (see Sect. 6.3 for the

discussion on Assumptions A 1-A 3).

Case 2: ARMA model with Laplace’s noise (ordinary smooth) The density of &

is given by

fe(x) = fz;%exp (—Z—f|x|> ,x € R.

It satisfies f*(x) = 1/(1 +02x%/2).
Case 3: SV model: log — X2 noise (super smooth) The density of ¢ is given by

fe(x) = «/%_n exp <% — %exp(x)), x € R.

We have fe (x) = (1 JNT2ET (1/2 +ix) e €% where £ = Ellog(§7, )] and
Var[log(é )= = 72/2, and I'(x) denotes the gamma function defined by
'kx) = fo - 1 t dt. For the cases 2 and 3, the vector of parameters 6 = (¢, 02)
belongs to the compact subset ® given by [—147; 1 —r] x [amm, 024 ) withr, o2,

and o2, positive real constants. Furthermore, this latter case corresponds to the SV
model introduced by Taylor in Taylor (2005):

Rl-‘rl - eXp ([_-H) El-‘rl’
Xiy1 = ¢oXi +nit1,

where B denotes a positive constant. The noises &; 1 and n; 1 are two centered Gaus-
sian random variables with standard variance 02 and 002

In the original paper Taylor (2005), the constant f is equal to 12. In this case,
by applying a log transformation Y;1; = log(RH_l) E[log(&l pland gy =
log(Sl ) — E[log(gl 1)1, the log-transform SV model is a special case of the defined
model (8).

For all these models, we report in Sect. 6.3 the verification of Theorem 3.1 assump-
tions.

4.1.1 Expression of the contrasts

For all the models described above, we can express the theoretical and empirical
contrasts regardless of the type of observation noise used. These expressions are given
in the following proposition.

2 We argue that our approach can be applied when we introduce a long mean parameter y in the volatility
process.
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1626 C.Chesneau et al.

Pmy P"mg Pﬂmé‘ P, mé’z

Fig.1 Contrast functions. a Pmg as a function of the parameters ¢ and a,? for one realization of (8), with
n = 2000. b aneG, c angL. d ang( . e-h Corresponding contour lines. The red circle represents the
global minimizer 6 of Pmg and the blue circle, the one of ang, ang and P,,m g( , respectively

Proposition 4.1 For the HMM model (8), the theoretical contrast defined in (3) is
given by

oy + 00, 2(2 — 1)
Py = —1 4 ———1 — | — — 5 SO
2/moy00,, oy (=1 —¢5) —mop (14 ¢~ — 2¢¢o)

and the empirical contrasts used in our simulations are obtained as follows:

1 1 2 o A;
P mG = — — - €X - . P
e 2Jmo, n 7{((7,% — (92 + Do2) ; P 2(0,% — (#*>+ 1o?)
1 2 A;
niM 2Jmo, n 2no) ;exp 207 < on ~ 209070 (A o)

+ ¢?o (A7 — 6.Aia,72 + 303)),

where A; = (Yi41 — ¢Yi)2.

The notations P,,meG and ang correspond to the case 1 and case 2, respectively,
(see Fig. I for avisual representation of these contrasts as a function of the parameters
¢ and o,% ).

For the SV model (case 3), the inverse Fourier transform of ITj;/ f;* does not have an
explicit expression in particular because of the gamma function I' in f;*. Nevertheless,
the contrast can be approached numerically using a fast Fourier transform (FFT) and
is also represented. Figure 1 depicts the three empirical and true contrast curves as
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functions of the parameters ¢ and O’% for one realization of (8), with n = 2000. It
can be observed that these three empirical contrasts give reliable estimates for the
theoretical contrast, and in turn, also a high-quality estimate of the optimal parameter
for the three types of noise distributions considered in this simulation study.

4.1.2 Monte Carlo simulation and comparison with the MLE

Let us present the results of our simulation experiments. First, we perform a Monte
Carlo (MC) study for the first two cases to study the influence of the noise regularity
on the performance of the estimate (case 3 has the same regularity as case 1). For the
first case, we compare our approach to the MLE. This case is favorable for the MLE
since its calculation is fast via the Kalman filter. Indeed, the linearity of the model and
the gaussianity of the observation noises make the use of the Kalman filter suitable
for the computation of the MLE. However, this is no longer the case for non-Gaussian
noises such as Laplace noises. For noises other than Gaussian noises, the calculation of
the MLE is generally more complicated in practice and requires the use of algorithms
such as MCMC, EM, Stochastic Approximation of EM (SAEM), SMC, or alternative
estimation strategies (see Andrieu et al. (2010), Chopin et al. (2013) and Olsson and
Rydén (2007)), which require a longer computation time. In the case of Laplace’s
noise, we use the R package tseries Trapletti and Hornik (2019) to fit an ARMA(1,1)
model to the Y; observations by a conditional least squares method (Hannan and
Rissanen 1982). Moreover, it is important to note that even in the most favourable
case for calculating the MLE, our approach is faster than the Kalman filter as it only
requires the minimization of an explicitly known contrast function as opposed to the
MLE where the Kalman filter is used to construct the likelihood of the model to be
maximized.

For each simulation, we consider three different signal-to-noise ratios denoted by
SNR (i.e., SNR = 07 /07 = 1/07, with 6 equals to 1/40, 1/20 and 1/10 corre-
sponding to low, medium, and high noise levels, respectively). For all experiments,
we set ¢ = 0.7 and generate samples of different sizes (i.e., n = 500 up to 2000)
while keeping the financial and economic context in mind. We represent the results
obtained, on boxplots for each parameter and for 100 repetitions in Figs. 2 and 3
(corresponding to cases 1 and 2, respectively). We can see that, as already noticed in
the deconvolution setting, there is little difference between Laplace and Gaussian €;’s.
The convergence is slightly better for Laplace noise. Moreover, increasing the sample
size leads to noticeable improvements in the results. In the Gaussian case (Fig. 2), the
MLE provides better overall results, which is not surprising since in case 1, it is the
best unbiased linear estimator. However, we can see that for the ¢ parameter, our esti-
mator is slightly better. The estimation of the variance o> is more difficult, especially
as the SNR decreases. For Laplace’s noise (Fig. 3), our contrast estimator provides
better results, whatever the number of observations and the SNR. The differences with
the MLE are even more significant when estimating the variance 05. The contrast
approach is an interesting alternative to the MLE in the non-Gaussian case.

Our estimation procedure allows us to deepen our analysis since Theorem 3.1
applies and as we already mentioned, Corollary 3.1 allows to compute confidence
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Fig.2 Boxplots of parameter estimators for different sample sizes in case 1. The horizontal lines represent
the values of the true parameters a,% and ¢
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Fig.3 Boxplots of parameter estimators for different sample sizes in case 2. The horizontal lines represent
the values of the true parameters O‘,% and ¢
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Fig.4 Coverage probabilities for 95%Cls versus sample size n (Case 1 top Case 2 bottom) based on 1000
simulations

intervals (Cls) in practice, i.e., fori = 1, 2:

. [ e/ (On)e; . [/ (6,)e;
P 6ni—z1—ar2 ’Tnl <00, <Oni+21—a2 'Tnl — 1 —a,

as n — 00 where z1_q/2 is the 1 — /2 quantile of the Gaussian distribution, 6 ;
is the ith coordinate of 6y and e; is the ith coordinate of the vector of the canonical
basis of R2. The covariance matrix X (6,) is computed by plug-in the variance matrix
defined in (7).

We investigate the coverage probabilities for sample sizes ranging from 100 to
2000 with a replication number of 1000. We compute the confidence interval for each
sample and plot the proportion of samples for which the true parameters are contained
in the corresponding confidence intervals for the two cases 1 and 2. The results are
shown in Fig. 4. It can be seen that the computed proportions provide good estimators
for the empirical coverage probability for the confidence intervals of both parameters,
whatever the type of noise. We can also see that these proportions deviate slightly
from the theoretical value as the noise level increases. Indeed, the size of the ICs tends
to increase as the noise level increases.

4.1.3 Sensibility of the contrast w.r.t. o2

In this section, we focus on the sensitivity of our contrast estimator when we relax the
assumption A 1(iii), that is, we assume that f; is known up to the unknown %2- Many
authors have addressed this issue from both a theoretical and practical perspective. We
can highlight the following works, although this list is not exhaustive: in the context
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of Efromovich (1997) and Neumann and Hossjer (1997), where the error density is
unknown and estimated from additional direct observations which come from the
error density. Meister (2004) considered a testing procedure for two possible densities
competing to be the error density. Butucea and Matias (2005) introduced a uniformly
consistent estimation procedure when the error variance o2 is unknown but restricted
to aknown compact interval. In Kappus and Mabon (2014), the authors considered two
different models: a first one where an additional sample of pure noise is available, as
well as the model of repeated measurements, where the contaminated random variables
of interest can be observed repeatedly, with independent errors. In Delaigle and Hall
(2016), the authors proposed a completely new approach to this problem, which does
not require any extra data of any kind and does not require smoothness assumptions
on the signal distribution.

To estimate %2 here, we use the approach proposed in Meister (2004), which is
very simple to implement and yields good results. Let us present the methodology. We
consider the absolute empirical Fourier transform defined by

| I
- 1) == lle
on (1) 'n E e

J=1

In the sequel we denote (k,)nen, (wn)nen and (Uy%)nEN three sequences of positive
numbers described below. We set

on(k
&r% = —an_2 log (wl( n)>,

ck,?

where C and > 0 are arbitrary constants not stipulated to be known, so they might
be misspecified in practice. If we know the regularity of the density of X;, that is,
if f € F, where F is the ordinary smooth or super smooth function class, one can
choose these parameters according to it. For all examples considered in this section, the
stationary density fp is super smooth. Otherwise, we fix these parameters arbitrarily
and set w,, = k, /log(k,) with k, — oo. Thus, the estimator of 052 is defined as

0 if6? <0

Gr.=162 if&2el0,02]. (10)
o} ifG2 > o}

To analyse the sensitivity of our approach w.r.t. the noise variance 082, we applied
our contrast estimator defined in Proposition 4.1 for the AR Gaussian model where
we plugged the estimator given in (10). We then compared our results with the MLE
estimation where the same variance estimator is used. The results are shown in Fig. 5
for each parameter and for a different number of observations. For the construction of
the estimator (10), we took the following parameters C = 1/4, § = 4, a,% =1 and
k, = «/n and a number of MC trials equal to 50. We tested different sets of parameters
to see the influence of these parameters. As the influence was negligible, we did not
report all the tests.
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Fig.5 Left. Estimation of ¢ with unknown 082. (Horizontal line: true value). Right. Estimation of J,% with
unknown %2~ (Horizontal line: true value)

The results obtained are similar to those of the Sect. 4.1.2. We note that whatever
the number of observations, the MLE is more robust in this favourable case (Gaussian
measurement noise). Nevertheless, our approach gives as good results as when the
variance is assumed to be known. The given estimator (10) is a good alternative in
practice when we relax the hypothesis on the knowledge of the observation noises and
is readily implementable.

4.1.4 Sensibility of the contrast w.r.t. the truncature of the asymptotic variance
matrix

The asymptotic variance of our estimator X (0) defined in (5) suggests computing
the covariance matrix (@), which requires the computation of the infinite sum of
covariance terms. In practice, we use the following empirical covariance with lag j

defined as
~ o~
Qb =- > (Veme(Yi—U)) (veme(Yi)>,

n. =
i=|jl+1

and the sum in (5) has been truncated for a large value of j. In this part we wish to
analyze the influence of this truncation on the asymptotic variance of our estimator. The
illustration is made for the Gaussian AR model. In Table 1, we report the asymptotic
variance w.r.t. the truncation denoted J and the number of observations n. We note that
the asymptotic variance decreases w.r.t. J and no longer varies for a given moderate
lag, whatever the number of observations. This phenomenon is explained by the fact
that at a certain rank jo, we have that for j > jo the covariance terms £2; are infinitely
small and negligible in front of €21, which is in agreement with the mixing assumption
A1(ii), satisfied for the AR process. Furthermore, as expected, the asymptotic variance
also decreases with the number of observations.
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Sy wer i o for 2 : 10 -
n = 500, 1000 and 5000 n =500
¢ =0.7 0.2367 0.2364 0.2338 0.2338
J,% = 0.4299 0.4287 0.4211 0.4211
n = 1000
¢ =0.7 0.1671 0.1664 0.1653 0.1653
a,% = 0.3032 0.3008 0.2977 0.2977
n = 5000
¢ =0.7 0.0747 0.0744 0.0739 0.0739
oZ=1 0.1356 0.1345 0.1332 0.1332

n

4.2 NonLinear autoregressive processes

We conclude this simulation study with an example of a nonlinear process of the form
Vi=Xite (11)
Xit1 = ¢osin(X;) + ni41,

where the noises ¢; and the innovations n; are supposed to be i.i.d. centered ran-
dom variables with variance respectively 052 and 002,77' The transition density is given
by Ilg,(x, y) = f;(y — ¢osin(x)) (see Mokkadem (1987)). In spite of the explicit
expressions of the Fourier transforms of Ilg, and f;, the contrast does not admit an
explicit expression but can easily be calculated by FFT or numerical integration. More
precisely, in this typical example, the operator Vp, in the contrast is not explicit, but
we give in Sect. 6.3 some details of its computation. For this example, we compare
our contrast to the MLE computed with the Extended Kalman filter (EKF) adapted to
nonlinear models. The latter, after a linearization of the model, can be used to compute
the likelihood. Nevertheless, the properties of EKF are known to be good when the
model is not strongly nonlinear, which is not the case for the drift function given by
the sinus. We therefore propose to also compare our approach with the more general
SAEM (see Delyon et al. (1999) for more details). Given the unobservable character of
the variables X;, the latter uses a conditional particle filter (see Lindsten (2013)) in the
expectation step. For this experiment we take SNR = 1/40, ¢g = 0.7, O’O =05,a
number of replications M C = 50 and we generate samples of different smes n = 500,

1000 and 2000. For the SAEM, we took a number of particles equal to 50 in the con-
ditional particle filter and a number of iterations (denoted nblter) for the convergence
of the EM equal to 400 (below this threshold, there was no convergence). The results
are represented by boxplots for each parameter (see Fig. 6) and synthesized in Table 2,
where the mean square error (MSE) is given and computed as

MSE (6. ) = —— Z(qﬁ, $0)> + Gy j —op0)
/_l
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Fig.6 Boxplots of parameter estimators for different sample sizes and M C = 50, nblter=400 and NbPar-

ticles=50 for the SAEM. The horizontal lines represent the values of true parameters O‘% and ¢. Left:

parameter 0‘,%. Right: parameter ¢

Table 2 Nonlinear AR(1): MSE

for n = 500 up to 2000 and 500 1000 2000
MC =50 Contrast
0.0049 0.0029 0.0014
EKF
0.0074 0.0049 0.0042
SAEM
nblter=100 0.0073 0.0061 0.0051
nblter=400 0.0062 0.0032 0.0026

The number of particles for the SAEM is 50

We observe from Table 2 that the EKF gives worse results than the two other
approaches, in terms of MSE. This result was expected and in accordance with the
properties of the EKF when the model is not linear. The contrast gives better results
than the SAEM method, whatever the number of observations and the number of
iterations considered in the EM step. From Table 2, we can see that the results for
SAEM tend to be better and closer to the contrast when we increase the number of
iterations (nblIter=100 to nblter=400). Indeed, the results of SAEM depend strongly on
the initial condition for # and the number of iterations that control the convergence of
the algorithm. We voluntarily tested different thresholds for the number of iterations
since, for nblter=100, the convergence did not take place for the drift parameter ¢. On
the other hand, the SAEM results do not depend on the number of particles chosen
since a conditional filter has been used with an ancestral resampling step, which
allows the use of a reasonable number of particles in terms of computation time (see
Lindsten (2013) for more details). Contrary to the SAEM, our approach does not
require parameter calibration and gives good results, even in a nonlinear framework,
whatever the initial condition.
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5 Application on the ex-ante real interest rate

Ex-ante real interest rate is important in finance and economics because it provides
a measure of the real return on an asset between now and the future. It is a fruitful
indicator of the monetary policy direction of central banks. Nevertheless, it is important
to make a distinction between the ex-post real rate, which is the observed series,
and the ex-ante real rate, which is unobserved. While the ex-post real rate is simply
the difference between the observed nominal interest rate and the observed actual
inflation, the ex-ante real rate is defined as the difference between the nominal rate
and the unobserved expected inflation rate. Since monetary policy makers cannot
observe inflation within the period, they must establish their interest rate decisions on
the expected inflation rate. Hence, the ex-ante real rate is probably a better indicator
of the monetary policy orientation.

There are two different strategies for the estimation of the ex-ante real rate. The
first consists of using a proxy variable for the ex-ante real rate (see, e.g., Holston
et al. (2017) for the US region and more recently in Laubach and Williams (2003) for
Canada, the Euro Area and the UK). The second strategy consists of treating the ex-ante
real rate as an unknown variable using a latent factor model (see, e.g., Burmeister et al.
(1986) and Hamilton (1994b, a)). Our procedure is in line with this second strategy in
which the factor model is specified as follows:

Yt :a—i—X,—i—St

(12)
Xr =¢Xi—1+m,
where Y; is the observed ex-post real interest rate, X; is the latent ex-ante real interest
rate adjusted by a parameter «, ¢ is a parameter of persistence and &; (resp. ;) is a
centered Gaussian random variables with variance 082 (resp. a,%).

This model is derived from the fact that if we denote by Y/, the ex-ante real interest
rate, we have that Y = R, —Z; with R, the observed nominal interest rate and Z; the
expected inflation rate. So, the unobserved part of Y° comes from the expected inflation
rate. Furthermore, the ex-post real interest rate Y; is obtained from Y; = R; —Z; with
7, the observed actual inflation rate. As a result, expanding these expressions to allow
for expected inflation rate Z; gives

YIZRZ_IIe"’IIe_It:YIe‘i‘Et,

where ¢, = Z;7 — I, is the random variable for inflation expectation. If people do not
make systematic errors in forecasting inflation, &; can be assumed to be a Gaussian
white noise with variance denoted by %2- This assumption is known as the Rational
Expectation Hypothesis (REH). Thus, the REH lends itself very naturally to a state-
space representation (see, e.g., Burmeister and Wall (1982)), and defining X; = Y/ —o
as the ex-ante real interest rate adjusted by its population mean, «, yields the mod-
elization (12).

The dataset was split into in and out-of-sample monthly data sets. The in-sample
contained 75% (it ranges from 1 January 1962 to 1 March 1973) of the total dataset
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(a): Observed ex-post real rate. (b): Observed actual inflation rate.

Fig.7 a Observed ex-post real rate. b Observed actual inflation rate

and the out-of-sample contained the remaining 25% (from 1 April 1973 to 1 March
1975, i.e., for a horizon of two years). This places us in the period of great inflation for
the US region. More precisely, the ex-post real interest rates, Y; (depicted in Fig. 7a), is
calculated as the difference between the logarithm annualized nominal funds rate and
the logarithm annualized percentage inflation rate, /; (depicted in Fig. 7b), obtained
from the consumer price index for all urban consumers. The data are available from
the Federal Reserve Economic Data and for them, we consider two of the models
previously studied, the Gaussian AR model and the SV model.

Let us denote 6 = (a, ¢, 03) the vector of unknown parameters to be estimated.
We estimate the unknown parameter vector 6 on the in-sample in two stages: first,
we minimize the contrast introduced in this paper to estimate the unknown parameter
vector 6 on the in-sample. The second step is devoted to the ex-ante real rate forecasts
and the expected inflation rate forecasts on the out-of-sample by plugging 9 obtained
from the in-sample set in the first stage by running a Kalman filter. So all forecasts are
computed using the pseudo out-of-sample method.

The value of the estimation obtained in the first step is as follows: @ar = 1.5699,
Gsv = 2.1895, gar = 0.5750, psy = 0.8500, 62, = 4.4048 and 62, = 3.1756 and
the forecasts obtained from the out-of-sample are shown in Fig. 8. A first examination
of our results reveals that our forecasts expected inflation series is plausible for the
two models. Nevertheless, the results are better for the SV model: the Mean Squared
Forecast Error is divided by a factor 10 for the SV model. The Lilliefors test Lilliefors
(1967), a variant of the Kolmogorov-Smirnov test when certain parameters of the
distributions must be estimated which is the case here, suggests that during the great
inflation period the data are no longer Gaussian and exhibit more like a distribution
with heavy tails. The null hypothesis is rejected at level « = 0.05. This result may
explain why the SV model is significantly better than the AR model. The mean of the
forecast errore; = Z; — ff is sufficiently close to zero and the Ljung box test accepts
the null hypothesis, meaning that the forecast errors are not correlated for the two
models. The correlograms for the two models are given in Fig. 9. These results are
consistent with the rational expectation hypothesis. If one compares the results of the
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Fig.8 a Ex-post real rate forecasts. b Expected inflation rate forecasts
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(a): Correlogram of & for AR model. (b): Correlogram of ¢ for SV model.

Fig.9 a Correlogram of ¢; for AR model. b Correlogram of ¢; for SV model

parameters estimation for the two models, one can see that the persistence parameter
¢ is higher for the SV model than the AR model. On the other hand, the variance
is lower. Therefore, the variance of fte is smaller than that of Z; for the SV model.
These results are consistent with the economically intuitive notion that expectations
are smoother than realizations. Most importantly, these results corroborate those of
the thorough analysis in Stock and Watson (2007) and Pivetta and Reis (2007), whose
findings show that the persistence parameter is high and close to one for this period
of study.

Conclusion
In this paper, we propose a new parametric estimation strategy for non-linear and non-
Gaussian HMM models inspired by Lacour (2008b). We also provide an analytical

expression of the asymptotic variance matrix ¥ (6,) which allows us to consider the
construction of confidence intervals. This methodology makes it possible to bypass
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the MLE estimate known to be difficult to calculate for these models. Our approach
is not based on MC methods (MCMC or particle filtering methods), which avoids the
instability problems of most of the proposed methods when minimizing the criterion
following MC errors (see Doucet et al. (2001)). The parameter estimation step in
HMM models is very important since it is shown in El Kolei and Patras (2018) that the
bias in the parameters propagates in the estimation of the latent variable. This cannot
be overlooked in models where the latent variable to be predicted is used to make
political decisions. In this paper, for example, we looked at the prediction of ex-ante
interest rates and found that during periods of high inflation, the annualized inflation
rate has a distribution with heavy tails. Thus, in this context, the SV model seems
more appropriate and gives better results. Nevertheless, since this model is no longer
Gaussian, it seems important to study estimators other than the MLE that cannot be
calculated by the Kalman filter. In this context, we provide a new and simple way
to estimate the parameters in a Gaussian and non-Gaussian setting. This provides an
alternative estimation method to those proposed in the literature that are largely based
on MC methods.

6 Proofs
6.1 Proofs of Theorem 3.1

For the reader’s convenience, we split the proof of Theorem 3.1 into three parts: in
Sect. 6.1.1, we give the proof of the existence of our contrast estimator defined in (3).
In Sect. 6.1.2, we prove consistency, that is, the first part of Theorem 3.1. Then, we
prove the asymptotic normality of our estimator in Sect. 6.1.3, that is, the second part
of Theorem 3.1. Section 6.2 is devoted to Corollary 3.1.

6.1.1 Existence of the M-estimator

By assumption, the function my(y;) = Qng (yi) — 2Vn, (yi) is continuous w.r.t. 6.

Hence, the function P,my = ,ll Z?:l mg(Y;) is continuous w.r.t. 6 belonging to the
compact subset ®. So, there exists 0 belongs to © such that infgce Ppmg = Pymyz. 0O

6.1.2 Consistency

For the consistency of our estimator, we need to use the uniform convergence given
in the following Lemma. In this regard, let us consider the following quantities:

1 ¢ 1 ¢ 1 ¢
Pug =~ ho(Y); PuSy=—3 Voho(Y), PuHy=—3 Vihs(Ys),
i=1 i=1 i=1

where hg(y) is a real function from ® x ) with value in R.

Lemma 6.1 Uniform Law of Large Numbers (see Newey and McFadden (1994a) for
the proof). Let (Y;)i>1 be an ergodic stationary process and suppose that:
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1. hg(y) is continuous in 0 for all y and measurable in y for all 0 in the compact
subset ©.

2. There exists a function s(y) (called the dominating function) such that |hg (y)| <
s(y) forall @ € ® and E[s(Y1)] < oco. Then

sup |P,hg — Phy| — 0 in probability asn — oo.
6e®

Moreover, Phy is a continuous function of 6.
By assumption Iy is continuous w.r.t. § for any x and measurable w.r.t. x for all
6 which implies the continuity and the measurability of the function P,mg on the

compact subset ®. Furthermore, the local dominance assumption A3(i) implies that
E [supgee Img(Yi)|] is finite. Indeed, by assumption A3(i), we have

ol = | Oz () = 2V, (v0)

< |@m 0| + 2|V, 00)] < oo.

Lemma 6.1 gives the uniform convergence in probability of the contrast function:
for any ¢ > 0, we have

lim P (sup |P,mg — Pmy| < 8) =1.

n—oo Hec®

Combining the uniform convergence with (Newey and McFadden 1994b, Theorem
2.1 p. 2121 chapter 36) yields the weak (convergence in probability) consistency of
the estimator. O

6.1.3 Asymptotic normality

For the CLT, we need to define the «-mixing property of a process (we refer the reader
to Doukhan (1994) for a complete review of mixing processes).

Definition 6.1 («-mixing (strongly mixing process)) Let Y := (Y;); denote a gen-
eral sequence of random variables on a probability space (2, F, Pg) and let 7" =
oYk, ..., Yy). The sequence Y is said to be -mixing if «(n) — 0asn — oo, where

a(n) ;= sup sup |Pg(ANB) — Py (AP (B)].

k=1 AeFk BeFg,

The proof of the CLT is based on the following Lemma.
Lemma 6.2 Suppose that the conditions of the consistency hold. Suppose further that:

(i) (Y;); is c-mixing.
(ii) (Moment condition): for some § > 0 and for each j € {1, ...,r}

& | |2me (YD) 2+
_— < OQ.
30;

@ Springer



Parametric estimation of hidden Markov models by least squares... 1639

(iii) (Hessian Local condition): for some neighborhood U of 6y and for j,k €

{1,...,r}:
]E|:sup i|<oo.
oeld

Then, 0, defined in (4) is asymptotically normal with asymptotic covariance matrix
given by

3%2mg (Y1)
9000k

Z(00) = Vg, ' Q00 Vs,
where Vg, is the Hessian of the mapping Pmg given in (3).

Proof The proof follows from Hayashi (2000) (Proposition 7.8, p. 472) and Jones
(2004), and by using the fact that, by regularity assumptions A1(i) and the Lebesgue
Differentiation Theorem, we have E[Vezmg Y] = VgE[mg YD O

It just remains to check that the conditions (ii) and (iii) of Lemma 6.2 hold under
our assumptions A3(ii) and A(iii).
(ii): As the function Iy is twice continuously differentiable w.r.t. 8, Vy; € R? and so
also Hg, the mapping mg(y;) : 6 € © — my(y;) = Ql‘[ﬁ (vi) — 2V, (y;) is twice
continuously differentiable V6 € ® and its first derivatives are given by

Vome (yi) = Vo Q2 (vi) — 2Vo Vi, (yi)-

, %1;;’ and 2 ST belong to L; (A), therefore

one can apply the Lebesgue Differentiation Theorem and Fubini Theorem to obtain

By assumption, for each j € {1,...,r}

Vomo(¥i) = [ O, () = 2Veum, 30| (13)

Then, for some § > 0, by the moment assumption A3(ii), we have

2+
[Vamo )17 = | Qg,m2 () = 2Ve,m, ()

)‘2+3

+ C2 |Ve,m, (vi < 00,

248
<G ) Qveng i)

where C and C; denote two positive constants.

(iii) For j,k € {1,...,7}, ;9 I;gk and -2 30 39 belong to L1 (A), the Lebesgue Differen-

tiation Theorem gives
Vime ) = [ Quama ) — 2Vean, 0]
and, for some neighborhood U of 6, by the local dominance assumption A3(iii),

o] <o
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This ends the proof of Theorem 3.1. O

6.2 Proof of Corollary 3.1
By replacing Vgmy (Y1) by its expression (13), we have, for j = 1,
1(0) = Var [ 0, m (Y1) — 2V, (Y1) |
= Var (Qveng (Yl)) +4Var (Vo,n, (Y1) — 4Cov (QWH% ). Vo,m, (Y,)) .

Owing to Lemma 3.1, we obtain

Var (Qg,n2 (")) = ElQy, 12 ("] — E[Qq, 2 (D

= E[Qy, 3 (YD1 — E[ / VoIT5 (X1, y)dyl*.
In a similar manner, using again Lemma 3.1, we have

Var (Vg,n, (Y1) = E[Vy,n, (YD?] — E[Vy,n, (YDT?
= E[Vy, 1, (Y1)?] — E[VsTTo(X1)]

and
Cov (Qq,mz (Y1), Vo1, (Y1) = Bl Qg 2 (V1) Vi, (Y )]
~ B [ Va1 )y B T (X))
Hence

Q1(0) = Var (Vgmg(Y1))
= E[Qveng(Y1)2] + 4E[Vy,n, (Y1)?] — AE[Qv, 2 (YD) Vv, (Y1)]

— <4E[v9ne<xl)]2 +E[ f Ve I3 (Xy, y)dyl?
_4E[ / VoI2(X1, y)dy]E[vene(xl)]> .

For j = 2, we have

() = Cov (Vgmy (Y1), Vamg(Y2))
= Cov (g, (1), Qg2 (¥2)) = 2Cov Oy, 2 (Y1), Vyn, (Y2))

—2Cov (Qy,m3 (Y2), Veun, (YD) + 4Cov (Vem, (Y1), Vo, (Y2))
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where the different terms are obtained from Lemma 3.1. Thus

Cov (Qy,m2 ("), Oy, (1) =E[/ van(%(xl,y)dy/venﬁxz,y)dy}
-E [/ VoIT3 (X1, y)dy:| E [/ VoI5 (Xa, y)dy] .

Cov (g, (Y1), Vo, (Y2)) =E [(/ VoTI2(X), y)dy) Vo Hg(Xz)]
—-E [/ VeT2(X1, y)dy:| E[VeIT1(X2)].

Cov (Qvgng(Yz), Vv, (Y1)> = E[Qveng(Yz)vang (Y]

—IEU vené(xby)dy}ll«:[wn(m)].

Cov (Vv,m, (Y1), Vw11, (Y2)) = E[Vy, 11, (Y1) Ve, (Y2)] — E[VeITXDIE [VeIT(X2)].

Now, by using the stationarity assumption A1(iv) of (X;);>; we obtain that

2
2,(60) =E [ / VoTI2(X1, y)dy f VoI (Xa, y)dy} _E [ f VoI2(X1, y)dy}
-2 <E [(/ VoIT5 (X1, y)dy> Vene(Xz)] +ElQy,m2 (Y2) Vv, (Yl)]>
4 (E [ / VoI (X,, y)dy] E [VyT1(X2)] + E [V TT(X)) T2

—E [y, (Y1) Va1, (Y2)])

Calculus of the covariance matrix of Corollary 3.1 for j > 2: By replacing
Vomg (Y1) by its expression (13), we have

Q;(0) = Cov (Vomg(Y1), Vamg(Y))
= E[Vomg(Y1)Vomg(Y ;)] — E[Vome (Y1) E[Vgma(Y;)].

It follows from Lemma 3.1 and the stationarity assumption A1(iv) of (X;);>1 that

E[Vomg(Y1)] = ]E[/ VeII3(X1, y)dy] — 2E[VeTTe(X))].

Moreover
E[Vgme(Y;)] = E[/ Vel'lg(xj)] —2E[VeITe(X)].
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Hence
E[Vgmg (Y1) ]E[Vamg(Y )] = E[ / VoI (X1, y)dylE[ / VoIT2(X ., )dy]
K] / VoI (X1, y)dyIE[VeTls (X ;)]

2BV, Ty (X)) ]E] / VoIT2(X ., )dy]

+4E[Vo o (X)E[ Ve ITo (X ;)]
On the other hand, we have

E[Vomo(Y1)Vomg(Y;)] = E[(Qvgng(Yl) —2Vy,n, (Yl))(Qvgng(Yj) —2Vy,n, (Yj))]

=E[Qv,m2 (Y1) Qy,m2 (V)] = 2E[Qy, 2 (Y1) Vv, 1, (Y )]
- 2E[VV01'I0 (YI)QV@Hg (Y/)] + 4E[VV(/H0 (Yl)VV()H() (Y/)]

Furthermore, conditioning by X., and using the Tower property, we obtain
E[Qy, 1z (YD) Qy,m2 (Y))] = EI / VoI5 (X1, y)dy / VoTI3 (X, y)dyl.
Similarly, we have

E[Vv,m, (Y1) Ve, (Y ;)] = E[VgI1p(X1) VaIlo (X;)].

Noting thatfor j > 2 the stationarity of (X;);> implies that E[ QVg 2 (Y1) Vo, (Y;)]
= E[Qy, m (Y Vv,n, (Y1)]. Hence,

E[Vome(Y1)Vome(Y ;)] = ]E[/ VoI5 (X1, y)dyngl’Ié(Xj, y)dy]

+4E[VeITg (X)) Vo ITo (X ;)] — 4E[Qv9n§ Y1) Vv, (Y;)].
By using Lemma 3.1, the last term is equal to
E[Qveng(Yl)vang (Y] = E[/ VeII3(X1, VdyVgIlg(X;)].
Therefore, the covariance matrix is given by

Q;(0) = Cov (Vomg (Y1), Voma(Y;))

—El / VoI (X1, y)dy / VoT2(X ;. y)dy]

B[ / VoI (X1, v)dyIE[ / VoI (X, )dy]
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+ 4E[ Ve ITo(X1) Vg ITg(X;)] — 4E[VgITg (X JE[ Ve e (X)]

— 4E[ / VoI1Z (X1, y)dyVeIlg(X;)] + 4E[ / Vo153 (X1, Y)IE[Ve o (X)].
Thus
Cov (Vomg(Y1), Vemg(Y;)) = Cov (f VeHé(Xl,y)dy,/VeHS(Xj,wdy)

+ 4<(C0v (VoTlo (X1), VoTly (X))

— Cov (/ VgH%(X], y)dy, Vel'Ie(Xj)>> :

Expression of the Hessian matrix Vy: We have
_ 2
Pmg = [Tgll3 —2(Mg, Mgy), -

Under A1(i), V6 in ®, the mapping 6 +— Pmyg is twice differentiable w.r.t. 6 on the

compact subset ®. For j € {1, ..., r}, at the point 6 = 6, we have
oP oTIl oIl oIl
S0y =2( 2 ) =2 (S g, ) = 2( S22 Ty — Ty, ) = 0
06, 06, 00, 20,

and for j, ke {1,...,r}:

92Pm 921 dIly oIl 0Ily oIl
— ) :2(<_9, [Ty _H90>+<_9, _6>> 22(<_8’ _6>> .
20,001 90,61 90" 00 [/ ; 4 Wk~ 00 [/ jx

The proof of Corollary 3.1 is completed. O

6.3 Contrast and checking assumptions for the simulations

Contrasts for the linear AR simulations To compute the several contrasts defined in
Proposition 4.1, the following quantities are essentially required: (1'[5 (x,0))*, TI5 (x, y)
and f(x). For the model defined in (8), the square of the transition density is also

Gaussian up to the parameter 1/(2 /na,%) with mean ¢x and variance 03 /2. Hence,
we are interested in computing the following Fourier transform:

(l'[g(x,O))* = /eix“(/l'lg(u,v)dv)du = feiix"l:lg(u)du
= (Mp(x)*.

By integration of the Gaussian density, we have that [Ty (x) = 1/ (2 /no,%) Vx, which
is integrable on ILj(A). Nevertheless, for the cases 1 and 3 (super smooth noises),
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Assumptions A 2 and A 3(i)—(iii) are not satisfied since x > (l:Ig(x))*/fS* (x) is not
integrable despite the fact that the numerator and denominator taken separately can
be integrated. In this case, we introduce a weight function ¢ belongs to S(R), where
S(R) is the Schwartz space of functions defined by S(R) = {f € C*°(R), Va, N
there exists Cy ¢ s.t. [VE f(x)] < Cy.o(1+ [x)7N}.

Hence, Yo € S(R), we have

. . . 1 , 1
0, 1‘1*> =/g0(x)dx/l'[g(u)e_’x"du = 7f<p(x)dx/e"“‘du = 7<§0,50>,
< ’ 2 /710,72 2 /710,72

where 8, is the Dirac distribution at point x.
Hence, by taking ¢ : u > ¢(u)e’™" / f¥(—u) € S(R) with @ : u +> 2we™
obtain the operator Q as follows

1 L BT - 1 1
Q]'[(%(x) — Z/elﬂlwdu = <(p, Hz> = —2<(p’ 50> = —@(0),

S&(—u) 2 [7o] 2, /na?

u?

2
oeU we

€

where ¢(0) = 1 for all cases in Sect. 4. Here, we take ¢ dependent of 082 since we
assume that this variance is known but one can take any function ¢ such that ¢/ f* is
in S.

For H;(x, y) we make the same analogy, that is let IT, g(v) the function v
ITy (u, v) Yu. For the Gaussian transition density Ty we have Vu,

2

. - 1 )] ) o2

(Mo (y)* = /e_’yvl'le(u,v)dv = /e_’”—e 27y = idw=7),
2ro}

Let ITy g (1) be the function u — (I, ¢(y))* Vy. Then, we have Vo € S and Vy

<<ﬂ’ Hy,6> = /w(x)dx/e‘”‘“(Hu,e(y))*du
02
= /(p(x)dx/ef"x”e’i‘j’“y*%yzdu

(72 .
e‘TnYQ/gp(z—d)y)dx/e_’”zdu

2

e—”z”>’2<<o<. — o). 1*>

2
%1

2
e‘2y2<<o<. — ), 80> =e 7 p(—py).

Hence, the operator Vpy, is obtained as follows for the case 1, i.e.,
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1 R o (73
Vi, (x, y) = ﬁ//wl(u)wz(v)e’(”“ )%dudv

o oo
B (s
= f?i(—'jl))>eiyv7ivz< f?<(—ui>em</ eiiw(uwv)dw)d")dv

RS @2(v) _%,
_ Pl v _ 1*
=0 (< (= ov, >)

L[ 20 -
= @(—pv)dv
fE(= v
:L ooy (0 0=0-@2=20+60 5 | 7
2
=L (efiv(y—m)—(a,%fo&(1+¢2>>%) dv
2w

_ ! exp ( _ %)
\/271(0,3 —62(1 4 ¢2)) 202 —a2(1+9%))’

where ¢ @ u — eix”gél(u)/fg*(—u) with ¢1 @ u +— 2me=o and @ v
¢~ =02 and such that @, ¢ and ¢y € S. For the cases 2 and 3, one can make

the same computations by replacing f;* by its expression given in Sect. 4.

Checking assumptions A1-A3 By inspecting the function bg, : x > ¢ox one can
easily see that regularity assumptions are well satisfied and, if ¢¢ satisfies |¢pg| < 1,
the process is strictly stationary. It remains to check Assumptions A1(iv) and A2-A3.
The strict convexity of the function Pmg implies that 6 is a minimum and Assumption
Al1(iv) also requires to compute the Hessian matrix belonging to S, (where S
represents the space of symmetric matrix). The stationary density fj, is here a centered
Gaussian density with zero mean and variance 002,)7 /(1 — ¢§), so the Hessian matrix
Vg, 1s given by

Vip == | —1+4

(see Corollary 3.1). Nevertheless, we assume here that fj, is unknown, so the Hessian
matrix is consistently estimated by

n—1
Z Qazn2 ¥y — 2V()21-[0 (Yi).
z_l 392 02

The computation of this matrix can be easily done for Gaussian AR processes whatever
the noises since all derivatives of the Gaussian densities are explicit.
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As we have pointed out, the integrability Assumptions A2 and A3(7) and (iii) are
not satisfied for Gaussian AR processes with super smooth noises (cases 1 and 3),
hence the introduction in practice of a weight function ¢ belonging to the Swchartz
space S is then mandatory. On the other hand, for Laplace noises the convergence
towards zero of the modulus of the Fourier transform is polynomial and the func-
tions (IT3/ f), (3I19/06;)*/ f5 and (321'19/86‘./891)*/]”8* have the following form
C1(0) P(x) exp(—C2(0)x?) (meaning that they are super smooth and so integrable)
where C1(6) and C»(0) are two constants well-defined in the compact parameter set
® and P(x) a polynomial function independent of 6. Hence, moment conditions and
local dominance are satisfied.

Contrasts for the nonlinear AR simulations Consider the nonlinear process in (11).
For this model the transition density is Gaussian with mean by, (x) = ¢¢ sin(x) and
variance 0’02’ 0 In the same manner the square of the transition density is also Gaussian

with the same mean by, (x) and variance a& 0 /2 up to the constant of normalization
1/(24/mo9,,). Hence, the computation of the operator Qng remains unchanged, and

we have to compute the operator Vpj,. Because of the nonlinearity of the drift function,
this operator does not admit an explicit form and is given by

1 > ~ i(xu+yv l'I*(u, v)
Vi, (x, y) = ﬁ//(ﬂl(u)wz(v)e( Y )mdudv

P1)¢2(v) ’<W+}'U)</ —iwu * )
4”2// fF(—uw) fF(—=v) ¢ (IMy,p ()" dw |dudv
= L 92(v) iyv L(u) fu / *iwufivhe(w)*évz ) )
- 4n? f*(—v)e ( f;‘(—u)e ( € dw |du |dv
(/)I (M) zu(x—w) < M iyvfibg(w)v—évz )
T an? // fE(—= u) f*(_v)e dv |dwdu

(/)I (M) iu(x—w) 1 v, —iv(y—bg(w))— n+a2 v?
=0 // fs*(_u)e V(e tv=be Ydv |dwdu

y—bg )2

~ o
. // Z @) iu—w) <2ﬂ;[ 2o tof) )dwdu
T fE(—u) 27(02 + 02)

T 207 40d) dw

- (y—bg (w))
_ L 1 / Q‘;l(u) eiux(/efiuwe 3 >du
2 27.[(0% + Usz) fg (_M)
2

_ —bgw))?
/@(M)(/\eiiuw 1 e o7 +07) dw)du
[27(0} 4 02)

i —a2y2 ~ 2.2
where ¢ 1 u > 2we e %W / ¥ (—u) and @y 1 v > eIV T
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